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SUMMARY 

This thesis is concerned with the phenomenon of Rising Damp, 

which is a complex example of the simultaneous flows of volume 

(water), heat, solutes and electricity within a"porous material. 

The physical complexity of this natural occurrence has 

required that the phenomenon be reduced into a series of 

scientific areas or related topics, which are presented as 

separate chapters. A full account of the structure of the thesis 

can be found in the introduction section. 

The common areas covered in this work are mathematical 

description of the loss of moisture by damp porous materials (i.e. 

evaporation) and of the movement of moisture within unsaturated 

porous materials both in terms of non linear "Diffusivity" type 

expressions lChapter Threel or more usefully in terms of non 

linear "free energy" type expressions (Chapter Eight); capillary 

suction developed in damp walls. 

Other less common topiCS investigated are leaching of soluble 

materials from the porous matrix and prediction of the consequent 

increase in matrix permeability to fluid; electro kinetic aspects 

of Rising Damp; "coup~ing of transport processes within porous 

materials. 

Several of the topics discussed in this work are common to 

several scientific ~isciplines giving rise to a 'looseness' and 

'multiplicity' of nomenclature. To overcome this problem" 

particular care and space has been devoted to explaining the 

terminology used in this work, which is especially useful to 

readers who are unfamiliar with this area of study. 



To conclude, the thesis covers the essential aspects of 

Rising Damp and, as such, it may be used as a platform from which 

the phenomenon can be investigated more comprehensively. 
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INTRODUCTION 



The work presented in this thesis is an examination of the 

phenomenon of Rising Damp in walls of buildings and other structures. 

Superficially the name of the phenomenon suggests that it is merely 

a natural occurrence characterised by an excess of moisture within 

the porous building material, and as such the presence and movement 

of moisture could simply be explained in terms of surface physics 

(e.g. surface tension, contact angle, capillary pressure, etc.). 

Detailed inspection of the phenomenon reveals it to be in fact 

a much more complicated process involving the simultaneous flows of 

moisture, heat, solutes and electricity. The flow process is 

complicated further owing to the coupling or interaction between 

the various potentials and flows, e.q. a pressure potential not only 

produces volume flow of solution but may also produce flows of heat, 

electricity and solutes, and consequently generate their corresponding 

potential gradients. 

The complexity of the phenomenon means that work is spread over a 

wide range of subjects. Consequently the usual thesis format has 

been modified to accommodate the large number of topics to be 

discussed. The phenomenon has been reduced into a number of major 

topics, or groups of related topics, which have been presented as 

separate chapters. References are included at the rear of each 

chapter, together with a list of symbols. 

To understand the phenomenon more clearly it is necessary to 

develop mathematical expressions to describe the moisture cycle 

through all its flow stages, when in contact with porous building 

materials. In other words expressions.are required to predict the 

movement of salt, moisture, electricity and heat between the limits 

of the water table (or source of moisture), the soil, the wall, and 

finally the atmosphere. 
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Much of the theory required to describe the flow processes 

connected with Rising Damp has been developed, previously, in other 

fields which also involve moisture flow through porous materials 

(e .• g. soil science, physics, .agricultural, civil and chemical 

engineering). The aim of the present work is to bring together the 

existing theories and knowledge to provide a foundation from which 

the phenomenon can be evaluated. 

This broad source of information has resulted in two special 

problems. The first which is only a minor one, is the 

'looseness' of nomenclature and symbols which have been used to 

represent some physical properties. This problem is usually 

encountered when comparing material from different academic 

disciplines although it can occasionally be observed within the same 

field of study. The slackness of nomenclature can lead to confusion 

or even worse to misleading ideas and results particularly where 

information is gleaned from figures. It is for this reason that 

particular care and space has been used to define the symbols and 

nomenclature used throughout this work. 

The second problem_:which was morejmportant was the, ,choice of a 

suitable system of units. Science is generally moving towards the 

S.I. system of units. However for the work presented in this thesis, 

the c.g.s. system of units has been adopted. 

The reasons for this choice are that for the most part, the c.g.s. 

system appears to be the one that is most common to all the disciplines 

in this field of study and that much of the published literature has 

used the c.g.s. system. Furthermore it is more convenient to use the 

(frequently required) conversion of moisture flux (mass flow of moisture 

per unit area of porous material per unit time) to a velocity of 

moisture in the c.g.s. system than in the ·S.I. system, although as 

emphasised below the conversion factor between the two systems is often 

a multiple of ten. 
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The c.g.s. system in common with the S.l. system, is a system of 

'absolute' units and for the most part the difference between the 

c.g.s. and S.l. values are merely multiples of ten. There is however, 

in this work, one area where other differences occur both between the 

magnitude (other than multiples of ten) and theoretical description of 

physical coefficients in the two systems. The special area is that of 

electro-kinetics. Even so there is no great difficulty involved since 

the differences between the two systems ha~ been specifically noted, 

together with the conversion(s) from one system to the other. 

The presentation of both systems of units does have the advantage 

that it clarifies the position of both systems with regard to each other 

which is useful for readers who are unfamiliar with electro-kinetic 

theory and the different unitary systems. 

The preceding paragraphs provide some hint of the layout that has 

been adopted, in this work, to describe the phenomenon of Rising Damp. 

The following is an outline of the structure of this thesis. 

Chapter One provides an outline of the scope of the problems 

caused by excess dampness. Also included are brief discussions of 

damage caused by excess dampness and its origins; the forces that can 

induce moisture to move and their interactions with each other. 

Chapter Two is a collec~ion of 'porous ma'terial' terminology, 

descriptions and definitions. It was intended that this chapter 

should provide a background knowledge to readers who are not acquainted 

with the field of moisture movement through unsaturated porous 

materials. 

The chapter consists of three separate parts. The first part is 

devoted to surface physics (surface tension, contact angle, etc.). The 

second section is concerned with the macroscopic effects of the inter-

action of the fluid and the porous material. The chapter is concluded 

by a discussion of hysteresis in porous materials. 
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The equation of motion of moisture has been derived in Chapter 

Three. It was developed from the Navier-Stokes expression. The 

basic expression was then expanded into a series of Diffusivity type 

expressions. The flow coefficients and potential gradients of the 

Diffusivity expressions were individually discussed together with the 

factors which affect the flow coefficients. 

Chapter Four is concerned with the electro-kinetic aspects of 

Rising Damp. The mechanism inducing moistura movement within a 

porous material when subject to an electrical potential gradient was 

examined. The electro osmotic flow coefficient was derived from 

basic principles and the factors which affect the flow coefficient were 

also discussed. 

The 'moisture cycle' was completed in Chapter Five in that the 

topic of evaporation was discussed. 

evaporation were examined. 

Several methods of estimating 

In Chapter Six the more complex topic of leaching was covered. 

Leaching of porous materials is peculiar since it appears to be both 

a consequence and a cause of Rising Damp. It is a consequence of 

rising dampness because the upward movement of moisture leaches soluble 

salts from within the porous building materials. It is a cause of 

dampness since an unleached ~uilding material may exhibit a low 

permeability to moisture, whilst a leached building material might 

offer little resistance to moisture flow and consequently allow a 

greater volume of moisture to enter into the wall. 

The emphasis of the chapter was concerned with the prediction of 

the rate of change of moisture permeability with respect to the volume 

of fluid injected through the porous .material. In essence leaching is 

a problem of predicting the relative motion and stability of a moving 

interface. 

The experimental work conducted for this project has been presented 

in Chapter Seven. The chapter was devoted, mainly, to the effects of 
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leaching upon the saturated permeability to moisture of plaster of Paris 

cores, to complement the theoretical aspects developed in chapter Six. 

Other experimental topics included a long term survey of the 

capillary suction developed by a wall suffering from Rising Damp, and a 

feasibility study to determine whether the hydraulic properties of 

unsaturated permeability, moisture content and evaporation rate (into 

still air) could be measured simultaneously and correlated against 

capillary suction. 

Chapter Eight is a discussion of several, more general aspects of 

Rising Damp. The equation of motion of moisture was re-expressed in 

terms of Energy equations rather than Diffusivity type expressions 

(c.f. Chapter Three). Also included in the chapter is an analysis of 

the relative magnitude of the various modes of moisture movement 

through soils; a discussion of the cures and treatments of dampness; 

a physical description of Rising Damp. The chapter is concluded with 

suggestions for further work and conclusions. 
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CHAPTER ONE 

ASSESSMENT OF THE PROBLEM AND PHENOMENON OF 

RISING DAMP 



1. Defining Rising Damp 

Buildings can suffer wall moisture problems for a variety of 

reasons and in several cases the occurrence of damp is mistakenly 

attributed to Rising Damp. Strictly Rising Damp is the movement 

of moisture from the ground into the wall because of failure or 

lack of a damp proof course. Rising Damp should not be confused 

with other wall moisture problems caused by faulty piping or 

guttering, or because of structural failures of building materials, 

e.g. fractured lintels and walls(1)-(S). 

2. Origins of wall moisture 

Moisture from the ground can infiltrate into a wall because 

of the following reasons:- (i) originally no damp proof course 

was installed in the wall. (ii) the damp proof course was 

installed inadequately or subsequently the damp proof. course 

failed • (iii) the damp proof course was bridged by conducting 

. (1)(4)(5) 
porous mater1als • 

Wall moisture problems caused by (i) and (ii) above are 

difficult to cure. The degree of difficulty of curing moisture 

problems caused by (iii) is determined by the nature of the 

"bridge". Examples of bridges are (a) earth piled up against a 

wall above the damp proof course. (b) raised paths straaaling the 

damp proof course. (c) rendering the wall surface across the damp 

proof course. (d) mortar droppings in the cavity between the walls. 

(e) solid porous floors which are higher than the wall damp proof 

course, and have no damp proof layer themselves. 

The "bridges" associated with (a), (b), (c) can be easily 

removed, thus curing the rising danp whereas removal of the 

"bridges" type (d), (e) is more difficult. 

-6-



3. Problems caused by damp walls 

The presence of excess moisture in a wall leads to building 

problems in itself, but additional problems are caused by soluble 

salts present in the wall moisture. The major problem is damage 

both to the wall and surrounding materials. The following list 

represents a brief summary of some of the common damp problems:-

(1) Frost action. Spalling of building materials due to "frost 

1 
,,(2) (3) (13) 

cyc e . 

(2) Efflorescence. (6) - (16) (28) The frost cycle damage is 

exacerbated by the damage caused by efflorescence and vice 

versa. Additional problems associated with efflorescence are 

those of loss of evaporative area because of pore clogging and 

'reduced evaporation because of dissolved salts(14); chemical 

damage to cement mortar (Sulphate attack) (17) (18) and plaster 

(spalling and bubbling); and staining of wall paper. 

-7-

(3) Leaching. Leaching of soluble salts from the wall, particularly 

from cement or mortar, which causes an increase in moisture 

permeability of the structure. In addition this soluble 

material adds to the problem of efflorescence. 

(4) Osmotic gradient. The salt gradient developed in the wall may 

cause additional mOi,sture flow particularly if the wall acts as 

b 
(7) (19) 

a semi permeable mem rane • 

(5) Rotting and corrosion. Corrosion of metal will occur. Wet 

and dry rot of timber, furniture and household goods (3) (5) (18) (20) 

and also mould and fungi growth. 

(6) Fuel consumption. Increased fuel consumption because of 

• . (2) 
contLnual evaporative cooling resulting in a low room temperature • 

(7) Health and comfort. (21-22) Damp cold rooms are uncomfortable, 

and sometimes they may be a contributory factor to ill health 

(bronchitis, arthritis and hypothermia). 



Particular examples of buildings suffering from excess 

moisture conditions are discussed by Seiffert(23) , whilst a more 

general discussion of the problem of moisture and its effect upon 

(24) 
building materials is discussed by Handisyde ,Simpson and 

Horrobin(2S) and Benster(S) •. 

Further literature published by the Building Research 

Establishment relating to the damage caused by dampness, the 

treatment of dampness and corresponding choice of building 

materials can be found in Appendix I. 

4. Forces or potential gradients causing moisture movement 

There are four groups of potential fields or forces which can 

move moisture in porous materials. These are:-

surface tension forces acting at the curved fluid interfaces, 

producing a difference in pressure across the meniscus. In 

addition hydrostatic pressure forces are also included in this 

category. 

can either occur solely in the vapour phase or solely in the 

liquid phase or simultaneously in both phases. Liquid phase flow 

is attributed to density differences (thermosyphon effect). Flow 

in the gaseous phase is attributed to vapour diffusion, arising 

from the difference in vapour pressure between the hot and cold 

liquid. 

Water is evaporated from the warm areas and is condensed at 

the cold areas. Where the hot and cold areas are connected, bulk 

(pressure induced) flow of liquid may occur from the cold to the 

hot areas. The cyclical flow of fluid is often called the 

"capillary-distillation CYCle,,(26) (27). 

-8-
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Thermal flow is often induced by the effect of temperature 'gradient 

upon surface tension and/or contact angle at the solid-liquid-gas 

interface. 

centration gradient is normally associated with that of osmosis 

through a semi-permeable membrane or partial ("leaky") semi-

permeable membrane. It is a , consequence of efflorescence 

from building materials that salt concentration gradients are 

developed, but whether the building materials act as semi-permeable 

membranes is difficult to assess; although slight reference to 

, (7) (19) 
this point has been publ1shed • 

porous media and aqueous solutions permeating the porous media 

" I I k" h (29) g1ves r~se to severa e ectro- 1net1c p enomena . The two 

phenomena most relevant to Rising Damp are Electro osmosis - move-

ment of salt solution with respect to the porous media because of 

an externally applied electric field - and Streaming Potential -

generation of an electrical potential gradient across a porous 

material because of bulk solution flow within the porous material. 

5. Coupling of flow potentials and forces 

Quantitative description of movement 'of moisture through 

porous materials or membranes is complicated by the fact that the 

different flows, forces and potential fields interact with each 

other. 

A simple example of this interaction is Streaming Potential. 

The primary force is that of pressure, inducing movement of fluid 

within the pores of the permeable substance. A consequence of 

this fluid flow is ,the development of an electrical potential 

(streaming potential) across the porous medium acting to drive 

fluid back through the porous material and opposing the pressure 

potential. In addition it is not unreasonable to assume that 



other potential fields are developed which tend to produce moisture 

movement. 

Any of the potential fields may be chosen as the primary force 

with the other potentia Is being developed because of the coupling 

action. More than one primary force may be applied simultaneously 

in such a fashion that the desired bulk liquid flow is all in the 

same direction. 

The interaction or coupling of the forces can be represented 

as a matrix 

J, 
l. 

= 

= 

= 

= 

LjjXj 

L
21

X
1 

L
31

X
1 

L
41

X
1 

+ Lj2X2 

+. L
22

X
2 

+ L32X
2 

+ L
42

X
2 

+ L
13

X
3 + L14X4 

+ L
23

X
3 + L

24
X

4 

+ L33X3 + L
34

X
4 

+ L
43

X
3 + L44X

4 

J, represents the net flux of a particular variable i.e. volume 
l. 

(water), 1; salt, 2; heat, 3; and electrical current, 4. The 

respective forces, either primary or secondary, are represented by 

The L, , terms represent the flow coefficients which relate 
l.) 

the flow to the corresp~nding potential. Generally where i = j, 

the coefficients describe the direct (primary) effect whereas for 

i ~ j, they describe the cross-effect from interference by other 

fluxes and, therefore, they are sometimes describ~d as coupling 

coefficients. 

Usually flow through porous membranes occurs at constant 

temperature, hence the temperature terms will become zero, leaving 

electric, solute and pressure terms. Coupled flow of these 

-10-

variables have been discussed in the literature(30)-(43). Usually, 

the relationships governing the flow equations are assumed to be 
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linear, which together with the Onsager law means that the overall 

flows can be characterised by six phenomenological coefficients. 

Although the fluxes of volume, salt and electricity are fully 

described by these expressions, their usefulness is very limited 

since there can be considerable variation of the magnitude of 

several of the coefficients. As an example consider the flow 

coefficient which is directly related to the pressure potential. 

This coefficient is normally known as the hydraulic conductivity 

(or filtration coefficient), and is the proportionality coefficient 

in Darcy's relationship. 

For saturated porous materials, this coefficient is normally 

regarded as a constant, but for unsaturated porous materials the 

coefficient is a function of the suction or moisture content of the 

porous material and its magnitude may vary by a factor of one 

million. Because the Darcy coefficient is now a variable, flow of 

fluid through the same porous material at different moisture contents 

may be regarded as flow through different porous media each with its 

own particular value of the Darcy coefficient and corresponding 

phenomenological coefficients. Determination of the values of all 

the coefficients at different moisture contents is a very tedious 

process, if not an impo~sible one. 

In view of the above stated difficulty of application of the 

phenomenalistic equations, flow relationship will only be developed 

for the 'direct' coefficients and forces, with special reference to 

coupled coefficients where the coupled phenomena are important. In 

. (34) 
addit10n Kedem and Katchalsky stated that for very coarse 

membranes volume flow and exchange flow are independent. Each of 

the-flows are determined only by its conjugate force. 



6. Extent of dampness within a wall 

The extent of the damp area within a wall is essentially 

determined by the relative net flows of moisture into and out of 

the wall. Changes in either flow will change the area (volume) 

of wall affected by excess dampness. In section 4, the four 

potentials causing moisture movement within the porous material 

were mentioned and generally it is changes in these potentials 

which produce moisture movement in the wall. 

Normally variations of these potential fields are governed 

by environmental factors, although additional factors may affect 

the magnitude of the various fluxes and potentials. 

Usually moisture flow into the wall is by'infiltration from 

the ground, although when the air humidity is high water can be 

extracted from the air by hygroscopic salts in the wall, and by 

capillary condensation. Also when the high humidity is 

accompanied by a temperature drop, water may condense on the wall 

surface because the dew point temperature of the air has been 

exceeded. 

Flow of water from the wall is by evaporation and sometimes 

by drainage. The evaporative flux can be positive (loss of 

moisture from wall) or negative as described above. Drainage of 

moisture from the wall is associated with a falling water table in 

the ground upon which the wall is situated. 

The most obvious environmental factor that affects the two 

flows is the weather, in particular its seasonal variations. In 

the winter months the ground is wetter, rain more prevalent, and 

the water table higher, all of which lead to higher moisture levels 

in the wall. The humidity of the air is higher which means a 

lowering of the evaporation rate. The problem of efflorescence 

also becomes more prevalent in the winter months, which may lead 

-12-
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to clogging of pores and extraction of moisture from the atmosphere 

with a consequent increase in the wall moisture level. During the 

summer months the situation is reversed and the wall tends to dry 

out. 

Another seasonal (and also diurnal) variable is that of wall 

temperature. 
(44) 

Edlefsen and Anderson have shown that increasing 

wall temperatures will cause water to drain from the wall into the 

ground causing a consequent increase in the height of the water 

table. The seasonal temperature variation tending to reinforce 

the drying conditions described above. 

An additional factor which affects the degree of dampness in 

a wall is "leaching". It is different from the other factors 

inasmuch that it is not directly dependent upon the weather. 

Soluble salts are 'leached out' of the mortar by moisture passing 

through it, making the mortar more permeable to water. Also the 

salts are concentrated at the evaporative surface, with the 

possibility that concentration potentials become established which 

can then act as an.additional moisture driving force. 

A superficial analysis of the effects of the flow factors 

indicates that the extent of dampness in a wall will progressively 

increase (leaching and s,alt pore clogging} but superimposed upon 

this increase will be a cyclical variation (seasonal fluctuations). 
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Appendix I 

Summary of Building Research Establishment Digests relating 

to the topic of moisture in buildings. 

First Series 

No. 

11 

20,21 

23 

31 

33 

41 

47 

68 

86 

90 

123 

Title 

No title, but paper concerned with damp proof 

courses in walls 

The weathering, preservation and maintenance 

of natural stone. parts I and II 

Condensation problems in buildings 

Concrete in sulphate-bearing clays and ground 

waters 

The causes of dampness in buildings 

The treatment of damp walls 

The control of lichens, moulds and similar 

growths on building materials 

Damp-proof courses 

Damp-proof treatments for solid floors 

Colourless water proofing treatments for 

damp walls 

Sulphate attac,k on brickwork 

Second Series 

.Year 

1963 

1950 

1950 

1951 

1951 

1952 

1963 

1954 

1956 

1956 

1959 

No. Title 1st publ. Latest ed. 

27 Rising Damp in walls 

54 Damn-proofing solid floors 

55,56,57 Painting walls I, II, II 

65,66 

75 

77 

Selection of clay building 

bricks 

Cracking in buildings 

Damp proof course 

1962 1969 

1965 1968 

1965 1969,1967,1968 

1965,1966 

1966 

1966 

1968 

1970 

1969 
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No. 

89 

90 

Title 

SUlphate attack on brickwork 

concrete in sulphate-bearing 

soils and ground waters 

125 Colourless treatments for 

masonry 

139 Control of lichens,moulds 

and similar growths 

174 Concrete in sulphate-bearing 

soils and ground waters 

176 Failure patterns and 

implications 

177 Decay and conservation of 

stone masonry 

197,198 Painting Walls 

I. Choice of paint 

1st pub!, 

1968 

1968 

1971 

1977 

1975 

1975 

1975 

1977 

II. Failures and remedies 1977 

200 Repairing brickwork 

201 Wood preservatives, 

application methods 

1977 

1977 
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Latest ed. 

1971 

1970 



CHAPTER TWO 

POROUS MATERIAL TERMINOLOGY 
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1. Introduction 

Rising Damp is a natural example, albeit a complicated one, 

of the flow of fluid through a porous material. The study of 

this phenomenon covers a wide variety of scientific subjects 

extending from the fundamental aspects of surface physics to the 

engineering description of the macroscopic flow of moisture. The 

purpose of this chapter is to summarise the more common and useful 

subjects that are required to describe Rising Damp. 

Because of the wide variety and "general" nature of the sub

jects, it is more convenient to group .the references in terms of 

related topics in keeping with the layout of the chapter, although 

where necessary specific references will be cited. Both the 

specific references and grouped (general) references can be found 

at the end of this chapter. 

The first group of references is concerned with the physics 

of surfaces, the individual topics being surface tension, contact 

angle, contact angle hysteresis and finally spreading of fluids 

on surfaces. The second group is related to the macroscopic 

effects of the interaction of the fluid and th.e porous material. 

The individual topics are porosity, permeability, saturation and 

saturation states, and finally saturation, capillary pressure and 

the pF sc:ale. The third group is a brief discussion of the topic 

of hysteresis in porous materials. 

2.1 Surface tension 

Consider a drop of liquid surrounded by its vapour. A mole-

cule in the interior of the liquid experiences the attraction of 

all molecules surrounding it. Because of the symmetry of 

attraction, there is no resultant force on the molecules in the 

bulk. In the surface the molecules are attracted more strongly 

by the dense liquid than by the rare vapour. This difference in 



attraction causes the liquid to behave as though enclosed in a 

stretched skin. Because of the difference in attraction work 

must be performed to raise the molecule to the boundary. When 

the surface is extended more molecules are raised and the work 

done against the molecular forces during this process is called 

the work required against surface tension. The dimensions of 
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surface tension are force per unit length or energy per unit area, 

these units are dimensionally identical. 

Strictly surface tension is a measure of the free energy of a 

',material in contact with,own vapour. When the liquid is in contact with 

another substance (either an immiscible liquid or solid) the free 

(interfacial) energy is called interfacial tension. The relation-

ship between the interfacial tension and the corresponding surface 

tensions was stated by Dupre, which for a liquid(1)-liquid(2)-gas 

system is 

+ ( 1 ) 

where WL1L2 is the amount of work required to separate a unit area 

of interface between the two liquids L1 and L2• YL1L2 is the 

interfacial tension between the two liquids and Y
L1G

, Y
L2G 

are the 

corresponding surface tensions. A sign convention is adopted 

such that when work is done on the system it is positive and when 

work is performed by the system it is negative. Similarly when 

new surface is created, energy is consumed and when the surface 

interface is decreased energy is released. 

2.2 Contact angle 

When a liquid is placed upon a flat solid, the liquid will 

spread until equilibrium is attained. The angle measured through 

the liquid is called the contact angle as indicated in Fig. 1. 

By convention the contact angle is measured through the more dense 

fluid. 



Fig. 1. 

Fig. 2. 

o 
The contact angle e . 

(al (bl 

Hysteresis of wetting. 
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A sessile drop on a plate. 

(cl 

The base of the drop does 

not change when the volume increases from (al to (bl or 

decreases from (al to (cl. 
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Th 1 b t 00 d 180°. e ang e can vary e ween an When the angle is 

0°, the liquid is said to wet the solid and as the contact angle 

eO increases the liquid wets the solid less and less. Contact 

angles are also observed between liquid-liquid-solid and liquid-

liquid-gas systems. 

The contact angle, eO, is important as is capillary pressure, 

P , and surface tenSion, y, since together they determine the 
c 

relative motion between solids and liquids. Unfortunately know-

ledge of contact angles is much less satisfactory than that of 

surface tension. In addition the theory relating to contact 

angles and surface tension is controversial. Further problems 

are incurred since the experimental values of surface tension and 

especially contact angle are subject to variability. 

Experiments designed to measure contact angle may be arranged 

into two groups, those which involve surface tension to estimate 

contact angle and those that do not. However both groups 

indicate that contact angle is subject to hysteresis (1) • 

Hysteresis may be simply demonstrated by considering the 

following example. A drop of liquid is placed on a horizontal 

plane surface (Fig. 2a). When equilibrium is attained a contact 

angle or narrow rang~ of contact angles will be established. If 

a small volume of liquid is added, the drop will become taller, 

but the area of the base will not change (Fig. 2b). The contact 

angle will be greater for the drop in (2b) than in (2a). Altern-

atively liquid may be removed such that the drop becomes shorter, 

once again without changing the base area (Fig. 2c). This will 

result in a smaller contact angle. 

Eventually a situation is reached where addition or sub-

traction of liquid causes a sudden change in the base area of the 

drop. The two extremes of contact angle, measured just before 
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rapid movement of the drop occurs, are called the advancing contact 

angle, e~, when the base expands and the receding contact angle, 

o 
eR' when the base contracts. Both the advancing and receding 

angles may be observed on a single drop when the support is tilted 

(Fig. 3). 

A summary of the more common explanations of contact angle 

hysteresis are given below:-

(1) The jerky motion of the drop (Fig. 2) involves the whole 

volume of liquid and hence the bulk viscosity of the liquid may 

determine the contact angles. 

(2) Surface roughness would cause hysteresis even if a 

o . contact angle eo remained constant (Fig. 4). Although eO remains o 
o 0 

constant, two apparent contact angles e1 ' e2 can be observed. 

(3) When a liquid is moving over a solid, the advancing 

contact angle is between vapour, liquid and dry solid whilst the 

receding angle is associated with vapour, liquid and wet solid 

surface. 

(4) There may be some interpenetration of solid and liquid 

which may cause swelling. In this case the advancing angle meets 

an unaltered solid whilst the rear of the drop recedes from a 

swollen surface. 

(5) When the solid is soft a ridge may be formed along the 

three phase line. This may cause hysteresis as in (b) above. 

2.3 Surface tension, spreading and contact angle 

Consider a three phase system consisting of two immiscible 

liquids Ll ' L2 and a gaseous phase. YL1G ' YL2G and·YL2L2 are 

the respective surface tensions of liquid 1 and the gaseous phase, 

liquid 2 and the gaseous phase and the interfacial tension between 

the two liquids. 



Fig. 3. 

Fig. 4. 
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Drop on a sloping plate showing advancing (e~) and 

di (eo) 1 rece ng R contact ang es. 

Hysteresis of contact angle caused by surface roughness. 

The true contact angle eO remains constant when the 

three phase line moves, but the apparent angle changes 

° ° from e
1 

to e
2

• 
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The oldest relationship between the above surface (and inter-

facial) tensions was proposed by Young in 1805, which, for the 

system above is expressed as 

= (2) 

where YLIG > YL2G • 

Antonoff in 1907 proposed a more generalised form of Young's 

equation which dealt with miscible systems, i.e. 

Y~lL2 = (3) 

where Y~lG ' Y~2G are the respective surface tensions of the two 

liquids when mutually saturated with each other, and Y~lL2 is the 

interfacial tension between the two liquids. For a completely 

miscible system, there will be no interface and obviously , 
LIL2 

will be zero. 

Another fundamental formula relating to surface tension was 

also proposed by Dupre (1866) which for a liquid-liquid-gas system 

can be expressed as 

= + (4) 

where WL1L2 is called the work of adhesion between the two 

different liquids. It is the amount of work required to separate 

unit area of the liquid-liquid interface. Dupre's equation (4) 

may be applied to either miscible or immiscible liquid-liquid 

systems. 

When equation (4) is applied to a single liquid, L, it yields 

(5) 

where WLE is called the work of. cohesion of the liquid and it is 

the work required to separate unit area of liquid to create new 

liquid-gas interfaces. 

Combining equations (2) and (4) yields 

(6) 
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Equation (6) states that the work of adhesion between the two 

liquids is equal to the work of cohesion of the li·quid of lower 

surface tension (L2). An equation similar to equation (6) can 

also be derived for miscible liquid systems. 

When applied to a solid-liquid-gas system equation (4) is 

expressed as 

- + (7) 

where W
SL 

is called the work of adhesion between the solid and 

liquid. It is the amount of work required to separate unit area 

of solid and liquid in contact with each other. 

If Young's relationship (Eq.(2) ) is applied to the solid-

liquid-gas system and furthermore if the liquid exhibits a contact 

o 
angle, 6 , with the solid (Fig. 5), the expression relating the 

surface tension is 

= + 6
0 

cos 

Combining equation (8) with (7) yields 

= o 
Y

LG 
(1 + cos 6 ) 

(8) 

(9) 

This equation expresses the fundamental relationship between the 

adhesion of the liquid to the solid, and the contact angle. 

The necessary condition for spreading to be possible is that 

the process shall involve a reduction in the free energy of the 

system. Consider a drop of liquid resting on a solid. If the 

liquid spreads to cover an additional square centimetre of solid 

surface, then there is an increase of both the liquid-gas and 

liquid-solid interfacial areas and a corresponding reduction of 

the solid-gas interfacial area. 

The change in free surface energy associated with the change 

in area described above must be negative, ·i.e. energy is lost by 

the system. Mathematically the energy change is expressed thus 

= + ( 10) 



Fig. 5. 

gas 
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~G solid 

Alleged equilibrium of a drop on a horizontal solid. 

Tension Y
SG 

balances the sum of the tensions Y
SL 

and 

Y
LG 

Cos eO. 
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where ~f represents the free energy change. Equation (8) can be 

combined with eqn. (10) to eliminate Y
SG 

to yield 

= (1 eo) Y
LG 

- cos 

The same free energy change can be obtained by subtracting the 

work of adhesion between the solid and liquid (eqn. (9) ) from the 

work of cohesion of the liquid phase (eqn. (5) 

= 

= (1 eo) Y
LG 

- cos (11 ) 

Equations (7), (8) used to derive the free energy relation-

ships, eqns. (10), (11) are of only limited use and validity. 

Equation (7) may only be used when there is no additional energy 

consumed through change in the principal radii of curvature of the 

liquid (c.f. section 2.4). Another implicit assumption associated 

with the derivation of equation (7) is that the changes in area for 

each of the three interfaces are the same, this assumption is not 

always the case(2). This assumption is also necessary to validate 

eqn. (8). Further treatment of the applicability and validity of 

equations (7) and (8) is discussed by Bikerman(31), and Davies and 

Rideal (32) • 

2.4 Surface tension and free energy 

The free energy of a system can be expressed by 

= u ~p - ~ W - s ~ T 
m 

where ~f, the free energy difference; ~P, the pressure difference; 

~ W , is the mechanical work performed, excluding that of 
m 

expansion of a gas against a pressure, P; ~ T, the temperature' 

difference; U, specific volume of the fluid; s, the entropy of 

the fluid. In the present work, the physical properties are 

related to a gram of fluid unless stated otherwise. 
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A system in which the area of the vapour-liquid inter-

face can be varied without changing the curvature. 

P is the piston which can raise the liquid level from 

mm to nn. 
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For a reversible isothermal change and assuming that the 

volume also remains constant, the free energy change can be 

expressed as 

l!.f = u l!.P - l!.W 
m 

(12) 

Equation (12) states that the free energy change consists of two 

components, one associated with a pressure change in the liquid, 

which is caused by a change in the radius of curvature; the other 

component is the work associated with creation of new liquid 

surface. 

Consider the following example which elucidates the different 

free energy changes when a liquid spreads over a surface. Fig.6a 

is an example of a system in which no change of liquid curvature 

occurs. When the piston, P, is pushed into the vessel, the 

liquid rises in the funnel from level mm to nn. 

The liquid surface remains horizontal because the angle of the 

funnel has been chosen such that the angle between the funnel wall 

and the liquid surface is equal to the contact angle eO. 

Neglecting hydrostatic pressure changes due to the difference 

in height of levels mm and nn, and the surface energy changes 

associated with the changes in area between the solid and gas, and 

solid and liquid, the free energy change is proportional to the 

increase in area of the gas-liquid interface 

(l!.f) t ne 
= 

where (l!.f) is the total free energy change of the system; 
net 

(13) 

(l!.A) is the total change in area of the liquid-gas interface: 
net 

Y
LG 

is the surface tension between the liquid and the gas. 

A similar system can be found in Fig. 6b except that the 

angle of the funnel has been altered such that the liquid surface 

is no longer horizontal but curved. When the piston is moved 

inwards, the meniscus not only rises but also increases in radius 

When it moves from level mm to nn. 



n 

p 

Fig. 6b. 

n 

A system in which the area and the curvature of the 

vapour-liquid interface are varies simultaneously. 

Curve nn has a greater radius of curvature then 

curve mm. 
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Once again, neglecting the hydrostatic energy component and 

the surface energy components associated with the solid-liquid and 

solid-gas interfacial areas, energy is used to create liquid-gas 

surface and in addition further energy changes are involved 

because of the change of radius of liquid curvature. The change 

of liquid curvature is simultaneously accompanied by a pressure 

change throughout the bulk liquid. 

The pressure difference across a curved liquid-gas interface, 

where R1 ' R2 are the principal radii of curvature measured at 

right angles to each other is given by 

= = YLG W (14) 

where ~Pc' the pressure difference across the interface; w, 

(}1 + }2) Schematic representation of the principal radii of 

curvature can be found in Figs. 7a, 7b. 

Where the radii of curvature are the same, equation (14) is 

reduced to 

= (15) 

where R is the 'common principal radius of curvature. 

Equation (15) is. normally associated with menisci in small 

cylindrical capillaries in which the principal radii are the same. 

Note where the liquid meniscus is concave towards the vapour, the 

pressure in the liquid just below the interface, is less than the 

pressure in the vapour phase. 

Returning to the example found in Fig. 6b, the total free 

energy change, ignoring the hydrostatic, solid-liquid and solid-

gas changes when the level rises from mm to nn, is given by 

(M) t ne (16) 



Fig. 7a. 

Fig. 7b. 

-----------

Principal radii of curvature, Rt' R2 of a fluid 

interface. 
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Pendular ring of fluid between two solid surfaces. Rt' 

R2 the principal radii of curvature in the vertical 

and horizontal planes respectively. 
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where n is a coefficient whose magnitude depends upon the number of 

processes occurring during the motion. For example, if the liquid 

contains a solid sediment, this may dissolve (or more may be 

precipitated) when the piston moves, provided the solubility of the 

sediment is a function of pressure. If the liquid in Fig. 6b is 

pure and incompressible and the volume of the vessel is denoted by 

(V) then the free energy change of equation (16) can be 
net 

expressed as 

(lIf) t ne 
= (17) 

Note the neglection of hydrostatic pressure and solid-liquid, solid 

gas surface energy terms means that n is equal to (V)net Y
LG

• 

The expression relating the pressure drop across a phase inter-

face and its principal radii of curvature (c.f. equation (14) ) is 

commonly known as Laplaces equation. For a curved interface in a 

circular capillary (R
1 

= R2 = R) and zero contact angle, the 

pressure difference across the interface is given by 

t1P = = (18) 

where r, radius of the capillary and R, the common principal 

radius of curvature. 

When the contact angle between the liquid and solid is eO 

(Fig. 8), the pressure difference is expressed by 

t1P = Y cos eO (~) 
LG r 

(19) 

i.e. R equals r(cos eo )-1. 

3.1 Porosity p 

Porosity of a material is defined as the fraction of the bulk 

volume of the material that is not occupied by the solid skeleton 

of the material. One may distinguish two types of porosity, 

namely absolute or effective. Absolute porosity is a measure of 

the total void space with respect to the bulk volume regardless of 



Fig. 8. 

" 
) , 

Fluid meniscus in a capillary tube of radius r, 

exhibiting a contact angle eO. R is the common 

principal radius of curvature. 
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the interconnection of the pore voids. Effective porosity is the 

percentage of interconnected void space with respect to the bulk 

volume. It is an indication of conductivity to fluid but not 

necessarily a measure of it'. 

3.2 Darcy's Law 

PermeabilitY,is that property of a porous material which characterises 

the ease with which a fluid may be made to flow through the material 

by an applied potential gradient. The equation which defines 

permeability in terms of measurable quantities is called Darcy's 

Law. 

If steady horizontal flow of an incompressible fluid is 

established through a porous material of length, 1, in the 

direction of flow and constant cross-sectional flow area, A, then 

Darcy's Law is defined as 

= .Q. 
A 

= K' V 4> (20) 

3 -1 where Q is the volumetric flow rate (cm sec ); J v' the macro-

-1 
scopic fluid velocity (cm sec ); V 4>, the applied pressure 

potential, which is assumed to be linear; K', a coefficient of 

proportionality. 

Unfortunately, Darcy's Law is used in many different 

disciplines (soil science; physics, civil, chemical and agri-

cultural engineering). Consequently a wide variety of different 

systems of units have arisen. Also there is considerable loose-

ness in the usage of the definitions of permeability and hydraulic 

conductivity, often one becoming synonymous with the other. The 

following is a brief attempt to clarify some of the common systems 

of units into a systematic pattern. 

The potential, 4>, (eqn. (20) ) can be expressed as either 

energy per unit volume of fluid or energy per unit mass of fluid 

or as energy per unit weight of fluid. The dimensions of the 
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proportionality coefficient K' will vary accordingly. The 

coefficient K' is often referred to as the Darcy coefficient. 

(1) 
-1 -2 Energy per unit volume of fluid (g cm sec ) 

The potential, ~, has the same dimensions as those of pressure 

(force over area). The pressure potential can be expressed in 

terms of height of fluid i.e. P
L 

g hw where P
L

, the fluid density; 

g, the gravitational acceleration and h , the height of fluid. 
w 

The dimensions of the potential gradient, V~ (force over volume) 

-2 -2 expressed in the c.g.s. system of units are gm cm sec The 

3 -1 dimensions of the coefficient k' are cm sec gm Furthermore 

the coefficient K' can be expressed as 

K' = 
k 
)l 

where k is the specific permeability of the porous material (cm2); 

-1 -1 
)I, the viscosity of the fluid (g cm sec ). 

Sometimes the units of specific permeability, k, are expressed 

in terms of their pioneer as darcys, d, or millidarcys, md (1 md = 

0.001 d) where 

1 darcy 
3 -1 1 (cm sec ) • 1 (c.p) 

1 (cm2) 1 (ats. cm-1) 

-9 
9.87 x 10 Cl 

Note c.p , centipoise and ats. , atmosphere (of pressure). 

(2) 
2 -2 Energy per 'unit mass (cm sec ) 

-3 
To convert a potential with dimensions of ergs cm to one of 

-1 
ergs gm one divides the former by the fluid density, PLo The 

dimensions of the potential gradient are cm sec-2 i.e. the dimensions 

of acceleration. The dimension of the proportionality coefficient 

is time i.e. sec. 

(3) Energy per unit weight. (cm) 

-3 To convert a potential from ergs cm to a potential expressed 

as ergs per unit weight, one divides by PLg. The potential has 

the dimensions of length and is often called hydraulic head, h • 
w 
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The gradient of this p0t"ential is called hydraulic gradient and is 

dimensionless. The coefficient, K', is called hydraulic conduct-

-1 
ivity, K, and obviously has the dimensions of cm sec i.e. 

velocity. Expressed in terms of the specific permeability and 

fluid properties, the hydraulic conductivity coefficient is 

expressed by 

K = 

3.3 Saturation 

The saturation of a porous medium with respect to a particular 

fluid is defined as the fraction of the void volume of the medium 

filled by the fluid. If the fluid is denoted by the subscipt w, 

then the fractional saturation with respect to this fluid is 

defined thus 

volume of fluid in the medium 
= 

total volume of voids in the medium 

Another method of expressing saturation with respect to water, 

is moisture content. It is usually defined upon a dry weight 

basis i.e. grams of moisture per gramm of dry solid. Alternatively 

moisture content can be expressed volumetrically i.e. 

e· c.c. of moisture 
c.c. of porous material 

Fractional saturation can obviously vary between 0 and 1 or 0 

to 100% on a percentage basis. Zero saturation corresponds to a 

moisture content of zero, whilst a saturation of one (or 100%) 

corresponds to the highest moisture content value. 

3.4 Saturation states 

When the percentage saturation of a fluid passes from 0% to 

100%, one may distinguish three types of fluid saturation states, 

namely pendular, funicular and insular (Fig. 9). For simplicity 

consider a simple air-water system where the porous material is 
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.• WATER DAIR ~SOLID 

AIR 

r funicular insular . 1001~ ________________________ -L __________ -4I° 

% Saturation 

pendular funicular 
o 100 

WATER 

Fig. 9. Water-air saturation states. 
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I ____ R 

Fig. 10. 

I 

Change in principal radii of curvature of a moving drop 

of fluid in a capillary tube of varying radius. 
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initially dry. At very low water saturations (Fig. 9a) the water 

forms immobile rings around the grain contact points; these rings 

are called pendular rings and have a doughnut shape, so to speak. 

If the saturation is very low, these rings do not touch one 

another nor do they communicate with each other, except perhaps 

through very thin films of water on the solid surface. As the 

water saturation is increased the size of the pendular rings also 

increases and finally at a sufficiently high fluid saturation they 

touch to form a continuous mesh of fluid. The saturation at which 

this transition takes place is termed the equilibrium to the 

wetting phase, i.e. the phase which preferentially adheres to the 

solid surface (Fig. 9b). Above the critical saturation, the 

wetting phase (water) offers a continuous but tortuous path to its 

movement under the application of a pressure gradient. This 

saturation state is called the funicular state. 

As the saturation of the wetting fluid is increased further a 

situation develops when the non-wetting fluid (air) can no longer 

exist as a continuous phase, and it breaks into individual globules 

or bubbles. The transition is called the equilibrium saturation 

to the non-wetting phase. The non-wetting phase is now dispersed 

and said to be in a state of insular saturation. An insular 

globule of non-wetting fluid moves only by virtue of the 

differential pressure applied across it within a moving wetting 

fluid. These moving globules often become lodged in the necks of 

pores. In order for the globule to be displaced, the pressure 

difference across it must be sufficient-to squeeze it through the 

. capillary restriction, but such squeezing offers a large resist-
, 

ance, the so called Jamin effect. 

For a circular capillary, the pressure change observed when 

the principal radius of curvature changes from Rl to R2 (Fig. 10) 

can be expressed as 
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= (21) 

3.5 Saturation and capillary pressure 

The void space of a porous material contains many sharp 

recesses. If the liquid saturation is increased, water 

preferentially collects in the recesses to form menisci. Further 

increases in liquid saturation cause the radii of curvature of the 

gas-liquid interfaces to alter, which consequently changes the 

pressure difference across the interface in accordance with 

equation (14). 

Generally liquid menisci are concave towards the vapour phase 

in porous materials, hence the pressure in the liquid phase, just 

below the interface, is lower than the pressure in the gaseous 

phase. Assuming that the gaseous phase is at atmospheric pressure, 

the pressure in the liquid will always be less than atmospheric 

pressure until the material becomes fully saturated. The pressure 

in the liquid phase will steadily become less negative as the 

liquid saturation increases since the radii of curvature Ri' R2 

increase with liquid saturation (c.f. eqn. (14) ).' 

The negative pressure difference is often called capillary 

suction, capillary tension, capillary potential or capillary 

pressure. The magnitude of the pressure difference is often 

related to the height to which a column of fluid will rise up a 

ciroular capillary. 

Consider a capillary of radius, r, with the base of the 

capillary-immersed-in'fluid (Fig:"11). The'liquid'meniscus is 

assumed to be concave to the vapour and consequently fluid is 

drawn up into the capillary. The equilibrium height, h , of the 
w 

column of fluid is measured from the free water surface denoted by 

Q which is used as a datum. If the pressure at Q is Po and the 

pressure in the liquid just below the meniscus is P
1 

the pressure 



Q 

Fig. 11. 

y 
LG 

Rise of fluid in a capillary tube. P is the 
o 

atmospheric pressure; Pl , the pressure under the 

fluid meniscus; h , the he~ight of the capillary rise; 
w 
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o e , the contact angle; and Y
LG 

the interfacial tension 

between the fluid and gaseous phase. 



-46-

difference can be expressed by 

hP = = (22) 

Neglecting the small variation of the fluid vapour pressure and 

air pressure over the height, h , the total pressure above the 
w 

meniscus can be taken as Po also. Using Laplace's equation 

(egn. (14) ), the pressure across the interface is given by 

2 ~=s eO 

Po - P1 = r 

and combining eqns. (22) and (23) yields 

2 YLG 
cos eO 

PL g hw = r 

The sign convention adopted in this work is thatr is 

(23) 

(24) 

positive when concave to the vapour and increasing h is measured w 

in an upward direction. 

If the contact angle eO is less than 90
0 

fluid will rise up 

the capillar~ and if eO is greater than 900 fluid will be 

depressed in the capillary. o 0 For e exactly equal to 90 there is 

no difference in height between fluid in the capillary and the 

free water surface. 

It is obviously apparent, although it has not been stated 

directly, that saturation (or moisture content) vs. capillary 

pressure curves may be determined for different porous materials. 

Similarly, because permeability of a given fluid phase is depend-

ent upon the saturation of that phase (i.e. increasing the 

saturation provides a greater area for flow and a consequent 

increase in permeability) curves of·permeability vs. capillary 

pressure can also be determined. 

~he fact capillary curves of many porous materials have 

several features in common has lead to attempts to devise some 

general equation to describe all such curves. (3) Leverett 

approached the problem from the standpoint of dimensional 
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analysis. Reasoning that the capillary pressure should depend 

upon porosity,~; interfacial tension, Y
SG 

and on some sort of 

mean pore radius Leverett defined a dimensionless function which 

he called the j-function 

j (S ) 
w 

= 

In the equation above the ratio of the permeability, k, to 

the porosity, $, was taken as being representative of a mean pore 

radius. 

Similarly the capillary pressure (or capillary potential), 

like the applied potential in narcy's Law can either be expressed 

as energy per unit volume, unit mass or unit weight of fluid. The 

moSt common unit used to express the capillary potential is the 

height of a column of water (ergs per unit weight). It should be 

noted that the dimensions of capillary pressure in the Leverett 

j-function are energy per unit volume. 

Between the limits of saturation, the capillary pot"ential 

can change by a factor of more than 1 million (x 106 ) therefore 

the potential is commonly plotted on a logarithmic scale. 

Schofield"(4) was the first to express the capillary potential 

in terms of a logarithmic scale which he" called the pF scale 

(analogous to the pH scale for expressing acidity or alkalinity of 

liquid solutions). The pF is defined as 

pF = (25) 

where h is the height of a liquid column of unit density (usually 
w 

water) which is equivalent to the capillary suction or capillary 

potential. 

4.1 Hysteresis in porous" materials 

Another phenomenon associated with the interaction of fluids 

and porous materials is hysteresis. A process is said to exhibit 
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hysteresis if, when the direction of change of an independent 

variable x is reversed a dependent variable Y fails to retrace the 

values through which it passed in the forward process. An 

example of hysteresis is the absorption and desorption of a gas 

a porous material. The partial pressure of the gas is 

usually chosen as the independent variable (x) and the amount of 

material absorbed as the dependent variable (Y). 

The aDsorption and desorption processes are normally brought 

about by altering the partial pressure of the gas, directly in the 

gaseous phase, or indirectly through the 

liquid phase. The two processes with liquid phase changes are 

imbibi tion (wetting, infiltration) and drainage (drying). 

The partial pressure of the gas can be equated to the 

reduced vapour pressure of the gas aboVe a curved phase interface 

(c.f. eqn. (14) ), and hence the independent variable can be 

expressed in terms of the pF scale (eqns. (22) - (25) ). Similarly 

the amount of material absorbed (dependent variable) can be 

expressed in terms of saturation (or moisture content). 

Hysteresis of the hydraulic functions of porous materials has 

been attributed to a number of possible causes(S) including (i) 

contact angle dependence on whether the porous material is 

wetting or drying (ii) the geometry of the pore space and the 

associated possibility of multiple stable positions of a gas-

liquid interface in such pores (iii) the effects of air (gas) 

entrapment and (iv) particle rearrangement in unconsolidated 

porous.media. 

The hydraulic functions of interest are hydraulic conduct-

ivity - moisture content, (K(e»; hydraulic conductivity -

pressure head, (K(h»; and moisture content - pressure head, 
w 

There is little doubt of the hysteretic nature of the 



e(h) function(4)-(8) (10) (12)-(22); with further references in 
w 

cited papers. The K(h ) function will also exhibit 
w 

h t i (9) (11) (14) (16) (17) ys eres s because of the interdependence of 

the K(e) and e(h ) functions. The K(e) function appears to be 
w 
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single valued (17) (21) (22) or exhibit very slight hysteresis(,l1) (14) (18). 

4.2 Hysteresis terminology(12) (13) (23) (24) 

The hysteresis envelope consists of a primary ascending curve, 

(or alternatively, a primary wetting curve) and a primary 

descending curVe (sometimes called a primary drying curve) which 

together define the main lopp (or boundary loop) (Fig. 12a). The 

boundary loop represents the extreme range of values over which 

hysteresis can occur. If the ascending or descending path along 

the,boundary curve is reversed before the limit of the loop is 

reached, a new path is traversed. This neW path is called a 

primary scanning curve (Fig. 12b,c). Similarly, if the path along 

the scanning curve is reversed before the limit of the boundary 

curve is reached, more new paths are traversed. These new paths 

are known as secondary scanning curves (Fig. 12d). 

4.3 Domain concept 

From a macroscopic Viewpoint hysteresis curVes are found to be 

smooth and continuous,. although from a m'icroscopic viewpoint the 

curves exhibit a series of discrete jumps, i.e. Haines Jumps. 

Normally hysteresis curves can be regarded as representing the 

macroscopic behaviour of the system. Thus it is reasonable to 

assume that the mechanism responsible for the hysteresis must 

occur at a microscopic level. The net behaviour of the whole 

system being governed by the average behaviour of a set of micro

systems (domains) (24)-(29). 

In a porous material the interconnected pore space may be 

regarded as being sub divided into a series of voids which are 

connected to each other by smaller openings, usually called 
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Suction + 

Primary ascending and descending curves. 

Suction -+-

Primary descending scanning curves. 
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Fig. 12d. 
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Suction -+ 

Primary ascending scanning curves. 

Suction -+ 

Secondary ascending and descending scanning curves. 
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windows. If the voids and windows vary in size, then for a small 

change in capillary potential only a small number of voids will 

empty or will fill up, with the result that the macroscopic 

response of the system to a change in capillary potential will 

appear to be smooth and continuous. In other words the overall 

behaviour of the system will be related to the size and number of 

both the voids and the interconnecting windows. 

It is important to determine whether the domains act depend-

ently or independently of each other. A typical example of 

independent domain behaviour is that of absorption of a vapour. 

The vapour is able to penetrate into every connected void, thus 

enabling each void to act independently of its neighbours, as the 

process of absorption proceeds. 

The process related to absorption 

the liquid phase is imbibition. 

which occurs solely in 

The behaviour of the 

system is now critically,' aependent upon the movement of the vapour

liquid interface through the voids as liquid has to flow from one 

void to another. Obviously this process will be an example of 

dependent domain behaviour. Similarly de saturation via the 

liquid phase (drainage) will also exhibit dependent domain 

behaviour. 

Desaturation through the gaseous phase is more complicated. 

Initially when the porous material is fully saturated, loss via 

the vapour phase can only occur at the periphery of the porous 

material. Increasing the capillary suction will cause some of 

the outer menisci'to collapse and retract into the porous 

material. Further increases in capillary suction will cause more 

menisci to collapse, until the gaseous phase has access to all the 

voids. Thus the initial behaviour of the system is of the 

dependent kind, whereas the latter behaviour of the system can be 
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said to be of the independent kind. 

The concept of independent domains developed to account for 

(12) hysteresis generally has been shown by Poulovassilis to be 

applicable to the hysteresis displayed by porous materials. 

(14) (17) 
However Topp and Miller and Topp stated that the independ-

ent domain model was inadequate to explain porous material hysteresis. 

Furthermore Poulovassilis and Childs(20) and Topp(19) indicated 

that the independent domain model was applicable to some porous 

materials but not to others. 

The problem of whether hysteresis in porous building materials 

can be explained in terms of the independent domain model is of 

little consequence in comparison to the problem that arises from 

the fact that hysteresis is observed in the hydraulic functions. 

The great problem that arises is that hydraulic conductivity, K, 

which is a function of the fluid properties and fluid saturation, 

becomes dependent upon the previous wetting and drying history of 

the porous material. Also the moisture diffusivity, De' will 

likewise. be dependent upon the moisture history, since De is 

proportional to K. For natural problems, i.e. Rising Damp, the 

previous wetting and drying history is not known. In. addition 

when large areas of damp porous materials· are considered, some 

regions may be drying whilst others may be becoming more 

saturated, which makes the accurate prediction of the moisture 

flows very difficult if not impossible. 

Furthermore in the application of the domain concept it is 

assumed. that there are no permanent intrinsic changes within the 

porous material. With respect to Rising Damp, changes in 

intrinsic permeability can occur because of s~!._~.i-ys~a:L~~.s~tior:~f.e. 

either by simple precipitation of salts blocking the pores, or by 
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salt pressure (or ice pressure as caused by frost action) bursting 

the framework of the porous matrix. Alternatively intrinsic 

changes may occur because of dissolution of soluble constituents 

of the matrix through leaching. Both efflorescence and leaching 

will :t"estrict the application and Use of the domain concept •. 
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List of symbols and units of Chapter Two 

A 

(6A)net 

De 

~fA 

(6f) t ne 

~f 

g 

h 
w 

J 
v 

K 

k 

p 

Q 

R 

r 

s w 

s 

T 

W 
m 

2 area for flow (cm ) 

total change of 2 area (cm ) 

moisture diffusivity of a porous material (cm2 sec-I) 

-2 free energy change per unit area of surface (g sec ) 

2 -2 total free energy change (g cm sec ) 

2 -2 free energy change per gram of fluid (cm sec ) 

-2 gravitational acceleration (cm sec ) 

height of a column of fluid; pressure head of a column 

of fluid (cm) 

-1 macroscopic velocity of fluid (cm sec ) 

Hydraulic conductivity; Darcy coefficient of a porous 

-1 material (cm sec ) 

permeability to fluid of a porous material (cm2) 

-1 -2 pressure (g cm sec ) 

-1 -2 capillary pressure (g cm sec ) 

3 -1 volumetric flowrate of fluid (cm sec ) 

principal radius of curvature of a fluid meniscus (cm) 

principal radii of curvature of a fluid, measured 

perpendicularly to each other (cm) 

radius of a ~apillary (cm) 

fractional or percentage saturation of fluid W 

2 -2 0 -1 entropy per gram of fluid (cm sec K) 

(0 oK) temperature C, 

all mechanical work per gram of fluid excluding that of 

expansion of a gas against a pressure P 

WLL work of cohesion, defined as the amount of work required 

to separate unit area of surface of the same liquid, L, 

-2 to create new fluid interfaces (g sec ) 
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work of adhesion, defined as the amount of work required 

to separate unit area of interface between two liquids 

-2 L1, L2 to create new fluid interfaces (g sec ) 

WSL work of adhesion between a solid, S, and liquid, L,. 

y 

y' 

e 

eO 

eO 
A' 

eO 
R 

11 

PL 

U 

~ 

~ 

w 

It is defined as the amount of work required to separate 

unit area of interface between a solid and a liquid to 

-2 
create new fluid interfaces (g sec ) 

interfacial or surface tension, where subscr.ipts S, L, G 

refer to the solid, liquid and gaseous phases respectively 

comprising the fluid interface (g sec-2 ) 

interfacial or surface tension of miscible systems where 

the subscripts S, L, G refer to the solid, liquid, and 

gaseous phases respectively comprising the fluid inter-

-2 face (g sec ) 

moisture content of a porous material 

fluid contact angle 

advancing and receding fluid contact angles respectively 

fluid viscosity (g cm-1 sec-1) 

-3 density of the fluid in the liquid phase (g cm ) 

3 -1 specific volume of the fluid (cm g ) 

generalised p'ressure potential 

porosity of a porous material 

a factor defined as the sum of the reciprocals of the 

principal radii of curvature, i.e. 

= 
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1. Introduction 

The equation of motion describes the movement of moisture 

within saturated and unsaturated porous materials. The equation 

was developed from the fundamental Navier-Stokes expression and 

expanded into a series of diffusivity type expressions, which_were 

initially proposed by Philip(l). Diffusivity type coefficients 

were derived for moisture flow in both the liquid and vapour phase, 

when influenced by gradients of pressure, temperature, electricity 

and solute concentration. The free energy gradients associated 

with each of these potential gradients are investigated. To 

conclude this chapter the influence of various factors upon the 

magnitude of the diffusivity type coefficients is also examined. 

2. The Navier-Stokes equation 

The flow of a fluid is described by the Navier-Stokes 

equation, which relates the viscous, inertial, body and pressure 

f . 1 d· th fl d . 11 . (2) (3) orces 1nvo ve 1n e ow process an 15 usua y wr1tten 

Du au 
= + (~'V)~ Dt at 

-VF' 
VP !!. (~ (V·~) + V

2
u) (1) = - -+ p p 

where p is the fluid density; ~, the fluid viscosity; u, the 

linear fluid velocity vector; F', the body forces per unit mass 

of fluid (e.g. gravity); P, the pressure. The first term on the 

right includes all body forces, the second term represents forces 

associated with the pressure potential, the remainder of the terms 

on the right hand side represent viscous forces. 

For an incompressible fluid, (V·~) = 0, and the Navier-Stokes 

equation is reduced to 

Du 

Dt 

au -=- + (u·V)u at = (2) 
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Furthermore for slow steady flow; and combining the pressure and 

body forces which are now represented by a general potential ~, 

equation (2) may be expressed as 

= (3) 

Differentiating eqn.(3) with respect to direction gives 

= (4) 

[
a2 a2 a2 ) 

where the operator '12 = axz- + ayz + WJ and u, v, ware the 

respective fluid velocities in the x, y, z directions of a set of 

orthogonal axes. In complete vector form eqn.(4) is written 

= (5) 

but for an incompressible fluid, the div of a velocity vector, 

(v·~), is equal to zero, hence 

= o (6) 

Generally the velocity of fluid flowing through a porous 

material is small, and the passages in which the fluid flows are 

also small. Assuming that the magnitude of the inertial terms, 

(~·V)~, are small in comparison to the viscous terms and that there 

is steady flow of an incompressible, (constant density), fluid 

then the mass flow is given by equation (6). 

Most treatments of flow in porous media are based upon 

Poiseuille's Law and Darcy's Law. It is of some interest to 

consider these laws and interpret them in relation to the Navier-

Stokes equation. 

3. Poiseuille's Law 

Poiseuille's Law for steady laminar flow of a fluid in a 

straight cylindrical pipe is 

Jv = (7) 
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where Jv, the mean flow velocity; r, the radius of the pipe; 

d~/dx, the potential gradient in terms of energy per unit mass of 

fluid. 

4. Darcy's Law 

For steady linear flow of an incompressible fluid through a 

porous material, Darcy's Law is expressed as 

Jv (8 ) 

where Jv, the mean flow velocity; k, the permeability to the 

fluid; V~, the potential gradient expressed in terms of energy 

per unit mass of fluid. Jv, ~ are averages oVer regions whose 

dimensions are large compared with those of the individual pores. 

Differentiating the velocity terms (Jv) of equations (7) and 

(8) with respect to distance, leads to the Laplacian equation 

described by equation (6). 

Equation (7) refers to an exactly linear flow in a special 

and precise geometry, whereas equation (8) applies to conditionally 

linear flows (inertial terms very small) in a generally unknown 

geometry exhibiting certain statistical regularities, but both 

state that a macroscopic flow velocity is proportional to a macro-

scopic potential gradient. For laminar flow in a cylindrical tube, 

a parcel of fluid possesses a constant linear velocity throughout, 

whilst in the porous medium the magnitude and direction of the 

velocity change continuously. The failure of linearity of the two 

systems is expressed by a critical Reynolds number, which, relates 

the inertial forces to the viscous forces. 

For flow in straight cylindrical pipes, Reynolds number N 
Re 

's d f" d (4) .... e 1ne as 

d u P 
Jl 

(9) 

where d, the pipe diameter; u, the macroscopic mean fluid velocity 
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of the pipe; ~,the fluid viscosity; p, the fluid density. 

The critical Reynolds number for laminar flow in pipes has 

been found experimentally to be in the neighbourhood of 2200. 

Similarly a Reynolds number for flow in porous materials can 

also be defined(5)-(11). The characteristic length is now taken 

as the sq~are root of the permeability instead of the pipe 

diameter; hence 

= 
Ik u p 

~ 

where k is the permeability to fluid and has the dimensions of 

length squared. 

The critical Reynolds number for flow in porous media has 

(10) 

been experimentally found to be in the neighbourhood of 0.1. By 

substituting the permeability Reynolds number, NR ,into Darcy's 
ek 

Law, another dimensionless group, the permability friction factor 

is defined 

= (11 ) 
1 

where Nf ' the permeability friction factor group;V~, the potential 
k 

gradient per gram of fluid. 

The .laminar flow of fluid along a cylindrical pipe is 

restricted in the sense that fluid flow is parallel to the axes of 

the cylinder whereas flow through porous media can take place in 

all directions. If the permeability (or hydraulic conductivity) 

varies with direction, the porous material is said to be anistropic, 

and·the permeability (hydraulic conductivity) variation -is -

(11 ) 
expressed by a symmetrical second order tensor • In the 

simpler case where the permeability is independent of direction, 

the material is said to be isotropic and the permeability (hydraulic 

conductivity) is a scalar quantity only. For the sake of 
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simplicity, it is assumed that the permeabilit~es (hydraulic 

conductivities) of porous building materials are isotropic. 

5. The principles of moisture movement in unsaturated porous 

materials 

The flow of fluid through a fully saturated porous material 

is described by Darcy's Law (egn.(8) ). The permeability to 

fluid, k, of the porous material is normally regarded as being a 

constant. However for flow through an unsaturated porous material 

the permeability is no longer constant. As the fluid saturation 

of a partially saturated medium is reduced, the area for fluid flow 

is correspondingly reduced, with a consequent· reduction in the 

value of the permeability. Darcy's Law for an unsaturated porous 

material can be written as 

Jv = - K' (9) V~ (12) 

where Jv, the macroscopic fluid velocity; K' (9), the Darcy 

coefficient which is now a function of the volumetric moisture 

content, 9; ~,the potential which for present purposes is 

composed of only the pressure and gravitational potentials. 

In addition to the law of motion, i.e. Darcy's Law, the flow 

of fluid must obey the principle of conservation of matter. This, 

for free. space, is usu~lly expressed as lithe net excess of mass 

flux per unit time, into or out of any infinitesimal volume element 

in the fluid, is equal to the rate of change of fluid density with 

respect to time in the volume element multiplied by the free 

volume of the element". Mathematically the above statement can 

be expressed as 

= - v· (p!!) (13) 

where p is the fluid density and !!, the fluid velocity vector. 

For flow within porous materials eqn.(13) must be modified 

·to allow for the fact that not all the space in the elementary 
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volume is available for fluid flow. For isothermal fluid flow 

through an unsaturated porous material, eqn.(13) is modified to 

yield (12) (13) 

= -v· (p~) (14) 

where P
B 

is the bulk density of the volume element including both 

the mass of solid matrix and the mass of fluid. 

If the liquid density is assumed to be constant, eqn. (14) can 

be reduced to 

as . 
at = -v-u (15) 

3 
where S, the volumetric moisture content (i.e. cm of fluid per 

3 cm of pore matrix inclusive of the void space) • 

. Combining equation (15) with equation (12) noting that Jv is 

equivalent to u 

as 
at = V·K'V~ 

If the potential, ~, is expressed as energy per unit weight of 

fluid (i.e. dimensions of length) then K' becomes equal to the 

hydraulic conductivity, K, which has dimensions of velocity 

(L T-1). Usually the potential ~ is expanded into the form 

(16) 

~ = W + h (where h is taken as positive in an upwards direction) 
..w w 

to allow for the gravitational potential in the vertical, h , 
w 

direction. W, which also has dimensions of length, is limited to 

the pressure potential only and has the same numerical value as ~ 

in the x, y directions. Hence equation (16) can be expanded to 

yield 

as 
at = 

Alternatively eqn. (17) can be expressed in terms of the 

. (1)(3)(14)-(21) 
volumetric m01sture potential 

(17) 
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ae 
at = (18) 

where DeL (= K aw/ae ), the liquid moisture diffusivity at constant 

temperature and e, the volumetric moisture content. 

Similarly for isothermal polyphase flow of moisture, it can 

be sho~ (1) 

ae 
at = (19) 

where De refers to moisture diffusivity and the other subscripts, 

L, V,'A refer to liquid, vapour and adsorbed phase fluid flow. 

. (22) - (24) 
Diffusivity type expressions have also been der1ved 

for thermally driven flow, which when combined with eqn.(19) yield 

= (20) 

where DT is the net thermal diffusivity, and it represents the sum 

of the thermal flow coefficients in the liquid, vapour and adsorbed 

phases. Discussion of the applicability and limitations of eqns. 

(19) and f d 1 h 
(1) (3) (17) (18) (20) 

(20) can be oun e sew ere • 

In addition to pressure and temperature potentials, solute 

and electrical potentials also induce moisture to move through a 

porous material; the next flux of water may be expressed as 

Jv = (21 ) 

where Jv is the macroscopic mean fluid velocity; (Vf), the free 

energy potential gradient and the subscripts (P, T, C, E) refer to 

the free energy gradients produced by pressure, temperature, solute 

and electrical potential differences. Note that the gravity 

potential has been combined with-the' pressure potential' and th".-

free energy gradient can be expressed as energy per unit volume, 

unit mass and unit weight or even per mole of fluid. 

and ~ are the coefficients that relate the flux of, moisture to 

the corresponding potential gradient. It is assumed that the 

moisture flux is linearly related to the respective free energy 
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potential gradients. Combining eqn.(21) with eqn. (15) leads to 

ae 
at = (22) 

Eqn. (22) can be re-arranged into the more familiar diffusion 

type equation, where the individual diffusivities are defined by 

K (Vf) '" K~V = D V 
'" '" a::a« cc '" '" 

= (D"'L + D",V + D"'A) V (23) 
'" 

D is the net diffusivity corresponding to the potential "', and it 
'" 

is the sum of the diffusivities of the liquid, vapour and adsorbed 

phases. 

Equation (22) expressed in diffusivity form 

ae 
at = (24) 

Note the terms in square brackets represent the separated potentials 

of pressure and gravity. 

Equations (22) and (24) are expressions that describe movement 

of moisture due to free energy gradients of pressure, temperature, 

concentration and electricity. The net diffusivity associated 

with each potential is the sum of the diffusivities of the liquid, 

vapour, and adsorbed phases. However the adsorbed phase may be 

considered as an extension of the liquid phase, but with physical 

properties that are different to those observed in the bulk 

solution. Furthermore these same physical properties are no 

longer constant but vary in relation to their distance measured 

from the solid surface. 

For the sake of. simplicity, flow in the·adsorbed phase.will 

be assumed to be an extension of flow in the liquid phase, and as 

such will not be discussed as a separate flow. Combination of 

the adsorbed flux and the liquid phase flux is justified on the 

basis that adsorbed phase flow will only be significant for very 

dry porous materials of high internal surface area and noting that 
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in relation to Rising Damp, the main problem is that of excess 

moisture and hence the magnitude of the adsorbed flux is likely to 

be small in comparison to the liquid phase flux. 

Theories relating to adsorbed phase flow have been developed 

by Phi lip (1) and Babbitt(25). Flow in thin films near solid 

surfaces has been examined both theoretically and experimentally 

.. (26)-(29) 
from a macroscopic standpoLnt in a SerLes of papers by Kemper • 

Kemper treated the adsorbed phase as an extension of the liquid 

phase but with physical properties different to the bulk solution. 

Transport,of moisture can either be classified as convective 

or diffusive in character, and that both types of transport can 

occur in any of the phases. Convective transport is opposed by 

viscous forces and driven by mechanical forces, i.e. gravity, 

pressure .. Diffusive transport of moisture may be considered as 

due to a gradient of thermodynamic potential, i.e. osmotic free 

energy. Klute(20) stated that additional contributions to the 

moisture flux could occur because of deformation of the solid 

matrix. However for rigid materials, as are most building 

materials, these contributions will be non existent. 

Determination of the magnitudes of individual diffusivities 

is difficult owing to the interference and interaction of the 

various potentials upon the proportionality coefficients, upon the 

solid-liquid interaction and upon each other. Before discussing 

the interacting effects of the potentials and coefficients, it is 

necessary to define the free energy of moisture in an unsaturated 

porous material. 

6. Free energy per unit mass of moisture in an unsaturated 

porous material (30) 

(30) 
The absolute free energy of a system has been defined as 

£ = u + Pu - Ts (25) 

where U, the internal energy of the fluid (sum of the internal 
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kinetic and potential energies); P, the pressure; u, the specific 

volume per gram of fluid; T, the absolute temperature; s, the 

entropy per gram of fluid. 

f is an arbitrary chosen function, useful because of its 

property that at equilibrium, df = 0, for all possible infinitesimal 

changes. 

For a reversible process the change in free energy, df, may be 

expressed as 

df = dU + Pdu + udP - Tds - sdT (26) 

From the 1st Law of Thermodynamics 

dU = dq - dW = Tds - dW (27) 

where dq (= Tds) is the heat energy change of the process; dW, 

the'total amount of work. Note dW can be defined as Pdu + dWm 

where dW represents all mechanical work excluding that of expansion 
m 

of a gas against a pressure P. 

Combining eqns. (26) and (27) yields 

df = udP - sdT - dW m 
(28) 

For isothermal changes 

df = udP - dW m 
(29) 

and if the pressure also remains constant 

-df = dW m 
(30) 

Equation (30) states that the decrease of free energy equals 

the work performed (excluding that of expansion against constant 

pressure) by the system. However with irreversible processes 

some of the work will appear as heat, and hence 

df = 

Le. -df >d 'w • 
m 

-d'W - dW m heat 

For irreversible (finite) changes the decrease in free energy 

is a measure of the maximum work dW that can be performed by the 
m 
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system" at constant temperature and pressure on its surroundings. 

If water is removed from a porous material, the free energy 

decreases as a consequence of the work done. If f is free water 

chosen as a datum such that ff· t was equal to zero then the 
ree wa er 

free energy changes of water in a porous material is always le~s 

than zero (c.f. term capillary suction). A more useful expression 

therefore is the free energy relative to free pure water, f , 
o 

where in finite difference form, the free energy difference is 

ex,;ressed by 

Ilf = ullP - silT - t.W 
m 

6.1 Effect of pressure on free energy 

From equation (3D and for isothermal changes where no 

(31 ) 

mechanical work is performed, and in the absence of soluble salts 

= = f! udP (32) 

For incompressible fluids, i.e. liquid, where the specific volume, 

u, is almost independent of pressure 

Ilf = u f: dP = (33) 

and noting, that for water, in the c.g.s. system of units, u
L 

is 

approximately unity. 

With gases (compressible fluids) and assuming the gases to be 

ideal, i.e. PUG = RT, where R is the universal gas constant per 

gram of gas then 

= = f
B RT dP 
A P 

RT 

as R, T are constant •. With vapours, and assuming~hem to be ideal, 

the expression may be written thus, 

= (34) 

where p is the vapour pressure of the liquid (water) in the porous 

material and p is the vapour pressure of free pure liquid (water) o . 



at the same temperature. Note that (pIp ) may be taken as the 
o 

relative humidity of vapour above the porous material. 

For a liquid and vapour in equilibrium with each other, 

combining eqns. (33) and (34) 

= RT In E.... 
Po 

which for water (uL = 1) 
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IlP = (35) 

Equation (34) can be used to derive the effect of surface 

tension and radius of curvature of the air-water interface upon 

. (15) 
the vapour pressure and free energy of porous material m01sture , 

i.e. 

= (36) 

Noting that uL is equal to (l/PL)' and that if the principal 

radii of curvature are the same R1 = R2 = r and that the variation 

of vapour pressure with height is small ( (p - p ) = 0) then o 

In E..... -[~~) 2YLG 
= 

Po r 

arid p -= Po exp - [2>G UL) 
RT 

(37 ) 

The minus sign is included in eqn. (37) because the actual values 

of R1, R2 , r are assumed as positive if the meniscus is concave 

towards the vapour. If positive values of r are substituted into 

eqn. (37), the pressure comes out less than that over a flat surface. 

Note that in a raindrop (spherical), the radii of curvature- are._ 

convex towards the vapour, and hence the vapour pressure over a 

raindrop is greater than that of a flat surface. 

Combination of eqn. (37) and (35) yields 



= = 

AP = 

The pressure term, AP, of eqn. (38) can be expanded, and 

= g (-h) 
w 
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(38) 

(39) 

(40) 

where g, the gravitation acceleration; h • the pressure head of 
w 

liquid. Equation (38) expresses the relationship between the 

pore pressure, humidity, and surface tension - principal radius of 

curvature upon the vapour pressure and free energy of moisture 

within a porous material. 

6.2 Effect of solutes on free energy 

Assucing Raoult's Law is applicable to a solvent in a dilute 

solution, the vapour pressure, -Pt of the solution is proportional 

to its mole fraction 

p = c' x 
L 

i.e. 

where c', a constant of proportionality and~, the mole fraction 

of solvent. For two solutions of differing compositions XL' x LO 

then 

and 

RT ln E- RT ln 
XL 

l1f f - f (41) = = = 
Po xLO 0 

If xLO represents pure solvent (Le. xLO = 1, f 
0 

= 0) then 

f = 

= (42) 

where the subscripts P,T refer to constant temperature and pressure. 
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The mole fraction of solvent and solute can be expressed by 

" M MS L 
><r. = Xs = 

ML+MS ~+MS 

where M
L

, the moles of solvent; MS' the number of moles of ionic 

species in solution (31) • Note, for present purposes, the degree 

of dissociation of the solute is assumed to be constant, and 

independent of the concentration of the solute. 

Furthermore 

1 ; 

Combining eqns. (42), (43) 

[~~L) 
P,T 

= 
RT 

= 

-dx 
S 

~ 

which upon integration with respect to xS ' and noting that for 

pure solvent xSO = O. 

= 

Equating eqn. (44) and (41) 

I1f 
-RTl1x 

S 
= 

where I1f is equal to f - .fo and I1xS is equal to Xs - xSO' 

(43) 

(44) 

For isothermal changes and·where no external work is involved, 

the free energy change of the liquid is a function of the pressure 

and concentration of the solute only and 

= dP 
[
afL) 

+ axs 
P,T 

Changes in pressure and concentration may be adjusted such that 

the overall free energy change is zero. 

= 
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and substituting for the partial differentials 

= 
RT x d KS and upon re-arranging 

L 

= 

With dilute solutions, it is reasonable to assume that xL is 

approximately equal to unity. On integration, the expression 

above yields 

IlTr = (45) 

The pressure difference, 6rr, is known as the osmotic pressure, and 

eqn. (45) is known as Van't Hoff's Law. Note that 6P is equal to 

P2-P1 and 6rr is equal to rr2-~1 and 6xs is equal to xS2-xS1 ' 

Comparison of equations (33), (44), (45) shows that 6rr is equal to 

-6P and that free energy increases as mechanical pressure increases 

but free energy decreases as osmotic pressure increases, i.e. as 

concentration difference of solute increases. In other words 

addition of solute to a solution has a similar action to that of 

applying a suction to the solvent in the porous material. 

6.3 Effect of a force· field on free energy 

Assuming that the temperature and external pressure remain 

constant the free energy difference is given by. 

6f = -6W 
m 

The free energy change produced by a force field is the sume of 

two components. One component being due to the hydrostatic 

pressure, (6f)p .caused by the attraction of the force field on the 

overlying super incumbent layers of fluid. and the other component 

being due to position in the force field. (6£) F' • 

The pressure energy component is given by 

(6£)p = J: \J dP (fr.) 



and the force field component (Fig. la) 

(!IF) F' = f: K 
dL = 

o 
KdR. cos e 
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(47), 

where K is the magnitude of the field~; dR. cos eO represents the 

component of distance travelled in a cirection parallel to that of 

the force field. When the force field vector K and the path 

vector L are colinear, cos eO = 1 (when the particle moves in the 

direction of the force field) and cos eO = -1 (when the particle 

moVes in the opposite direction of the force field). 

Consider the folloWing example of a column of water at equil-

ibrium (Fig. lb), in a force field 2 (gravitational) whose intensity 

is independent of the height y, measured from a datum s. The 

force field component is given by 

= JAB 2: dy = (48) 

The total free energy is the sum of the hydrostatic and force 

field components 

= = JAB u dP + (49) 

Since the column is in equilibrium the free energy difference 

between the points A and B (and all other points in the column) 

is zero, and 

dP 
dy = = -gp (50) 

Equation (50) shows the rate of change of hydraulic pressure with 

height in a column of fluid of density p (and specific volume). 

6.4 Effect of electrical potential upon free energy 

is 

Under isothermal isobaric conditions the free energy change 

= -l1W 
m 
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K 

Direction of field 

of force 

Fig. la. 

y= y 

y = 0 

Fig. lb. 

Relation between the direction of the force field 

acting on a body and its path of motion. 

A 

---....1.._B_-'-_ s 

Direction of gravita

tional field of force 

Column of fluid at equilibrium under a gravitational 

force field. 
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Assuming that there are charged particles (ions) present in the 

moisture within the porous material, and that the whole of the 

mechanical work involved is solely by the action of the electrical 

potential difference upon the charged particles, then 

!If = - (51) 

+ where (a) is the amount of charge associated with unit mass of 

fluid, and !lE is the electrical potential difference. 

The electrical free energy difference eqn. (51) is similar to 

the pressure free energy difference 

u !lP (52) 

The mechanical pressure difference, !lP (force OVer area) can be 

replaced by an electrical pressure difference which can be 

expressed thus 

(a)' !lE (53) 

where !lPE is the electrical pressure; (a) " electric charge density 

per unit volume of fluid; !lE, electrical potential difference. 

Equations (52) and (53) can -be combined to yield eqn. (51). 

6.5 Effect of temperature on free energy 

From eqn. (31) for conditions of constant pressure, zero 

mechanical work and in-the absence of force fields and soluble 

salts, 

[af) _ 
aT P 

= -s 

= 

and 

= -Cs -s )T 
B A 

= -!ls T 

where T is the absolute temperature at which the process is 

carried out. 

(54) 

Since the free energy of state B and reference state A, are 

both temperature dependent, the-free energy change !If is also 

temperature dependent and the change of free energy with respect 

to temperature is given by 
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(a(M») 
aT p 

= -f1s 
p 

(55) 

The subscript P denotes that the free energy change is 

carried out at constant pressure, and that the free energy changes 

are also carried out at constant (fixed) temperature although' 

different free energy differences are obtained at different fixed 

temperatures (ref. (3) p.98). 

7. Factors affecting the diffusivity coefficients 

The factors affecting the diffusivity coefficients can be 

grouped into three categories:-

(i) Intrinsic changes, i.e. changes which directly affect the 

solid matrix, altering the pore sizes and pore geometry. Examples 

of intrinsic changes are swelling of the matrix because of salt or 

moisture adsorption; dissolution or deposition of materials (salts, 

ice); thermal expansion and in extreme caseS melting, deformation 

of the matrix by pressure and gravity forces, particularly with 

unconsolidated materials. 

(ii) Direct changes in the fluid properties which are 

explicitly expressed in the diffusivity, i.e. viscosity of the 

fluid. 

(iii) Changes of fluid properties, which indirectly affect 

the diffusivity, by their action upon the hydraulic functions and 

their derivatives. 

For most building materials it can be assumed that thermal 

and pressure variations on the matrix geometry are negligible and, 

likewise, that thermal and pressure changes in' the fluid, which 

indirectly affect the matrix goemtry are negligible. The remaining 

intrinsic factors are (a) alteration of the pore sizes and 

structure by leaching (which is discussed in Chapter Sixland 

deposition of salts. (b) swelling of the matrix through 

hydration or adsobtion of salts. 
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Changes of fluid properties mentioned in (ii) and (iii) above, 

are discussed under the appropriate diffusivity sections. In 

addition because of the simularity of the adsorbed phase to the 

liquid, i.e. a region where the fluid properties are no longer 

constant, and the joint diffusivity D , is given by 
a 

D' 
aL 

= 

and the net diffusivity, D 
a 

D 
a 

= (56) 

Because of the high moisture contents associated with Rising Damp, 

it is assumed that the contribution of the adsorbed phase can be 

neglected. Also, for future reference the.joint diffusivity D'aL 

will simply be denoted by D • 
aL 

7.1 Moisture liquid diffusivity 

The liquid phase diffusivity, DeL is defined as 

= 

where ke is the unsaturated permeability at a given moisture 

content, e; ~,the fluid viscosity; (3hw/3e)e is the rate of 

change of suction pressure head of water, of density p , with 
W 

respect to the volumetric moisture content of the fluid; g, 

the gravitational acceleration. 

(57) 

The diffusivity is affected by changes of viscosity and/or 

moisture content. The relationship between the diffusivities at 

different viscosities and moisture contents is given by 

= [
ah J . 
aew e1 (58) 

as shown in Fig. 2a, b. 

Assuming that the viscosity does not change and that the 

solid-liquid contact angle is unaffected by changes of temperature, 

pressure, salts, and electrical· potential, then for a given 



Fig. 2a. 

2 

Fig. 2b. 

2 

e 
Change in suction pressure head (h ) with respect to 

w 

moisture content (9) at point 1 and 2. 

2 

e 
Change in unsaturated fluid permeability (ke) with 

respect to moisture·· content (9) at points 1 and 2. 
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Moisture content 

Equivalent curves of suction pressure head (h ) and 
w 

moisture contact (9) owing to changes of interfacial 

tension (liquid-gas) for the same porous material. 
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porous material, the moisture content is only affected by variations 

of surface tension. 

Consider a liquid whose surface tension has increased from 

Y
LG1 

to Y
LG2

• Because of the higher surface tension, the fluid 

meniscus will support an increased pressure difference before 

collapsing. The increased pressure difference (h ) is represented 
, w 

in Fig. 3 by curve 2 • If the surface tension' is doubled then, 

for any given moisture content, the new liquid height (h ) will 
w 

obviously be twice the equivalent height as that on curve 1. 

Alternatively for any given suction, (i.e. h, Fig. 3), increasing 
w 

the surface tension is equivalent to reducing the suction by the 

ratio YLG1/YLG2' with a consquent increase in moisture content 

a (32) 
from.a t to 2 • The ratio of the two diffusivities is given 

by (58), where the permeabilities are determined at their 

respective moisture contents. [ahw) is determined at point A and 
aa a1 

[ahW) is determined at point B. 
aa a2 

Surface tension and Viscosity are both affected by temperature 

and salt concentration. For the sake of simplicity it is 

assumed that the temperature coefficients of surface tension and 

viscosity for pure wate7 are the same as those for salt solutions. 

Prediction of the solute coefficients is more difficult since the 

individual diffusivity coefficients for each salt will be different 

and furthermore with respect to Rising Damp, the moisture contains 

a mixture of salts of varying compositions • 

. The . change of viscosity, and surface tension of ,water __ with 

(33) 
respect to some common salts can be found • The effect of 

electrical potential fields on the surface tension of salt 

1 t ' h b f d t I' 'bl (34), 1 ' so u ~ons as een oun 0 ne neg 191 e Slnce e ectrlc 

fields as high as 6700 volts per cm produced a change of surface 

tension of less than two percent of its normal salt free value. 
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Equation (58) is not applicable to porous materials whose pore 

structure is altered intrinsically by adsorption of ions or water. 

A typical example of intrinsic alteration is that of swelling of 

clays particularly those containing sodium montmorillonite. The 

alteration of pore structure can be produced by simple swelling or 

by failure of the material because of unequal swelling or by 

deflocculation. The liquid moisture diffusivity is affected by 

both the permeability function and the (3hw/3e) function. Pore 

conductivity is approximately proportional to the fourth power of 

the pore radius and hence the conductivity can be greatly 

influenced by small changes in radius although the magnitude of 

any overall change will also be influenced by the pore size 

distribution. 

It is obvious that for the same degree of swelling, porous 

materials composed of fine pores will be affected to a greater 

extent than coarser pored porous materials, since the relative 

change in pore radius in the latter material is much smaller. 

Because of the difficulty in predicting the degree of 

swelling in response to external conditions and predicting the 

effect· of this swelling upon the hydraulic functions, calculation 

or theoretical prediction of intrinsically induced change in 

diffusivity value is very difficult if not impossible. For this 

reason, it is assumed that for rigid porous building materials 

intrinsic changes are negligible and hence can be ignored. 

7.2 Moisture vapour diffusivity 

Philip(l) proposed that the equation representing water 

vapour diffusion through a salt-free porous material in a non-

turbulent free atmosphere was 

= -a(~-e)D Vp 
atm v 

(59) 
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-2 -1 
where Qev' is the vapour flux density (g cm sec ); a, tortuosity 

factor approximately equal to 0.66; $, the porosity; e, the 

volumetric moisture content; Datm, the molecular diffusivity of 

water vapour in air; p, the density of the vapour. 
v 

Eqn. (59) was modified(22) by the inclusion of a flow.factor, 

v , to allow for the mass flow of vapour arising from the difference 

in boundary conditions governing the air and vapour components of 

diffusion; 

= -aV($-e)D tm Vp a v 
(60) 

and V is equal to (P/P-p) where P is the total pressure and p is 

the partial pressure of the vapour. 

Introducing the relationship, 

= = [

-h gl 
Psv exp R; J 

where p is the density of saturated vapour; h, the relative sv 

(61 ) 

humidity; hw' the suction water pressure head; g, the gravitation 

acceleration; T, the absolute temperature; R, the universal gas 

constant per gram of water; into equation (60) 

= 

Expressed in diffusiv~ty form eqn. (62), becomes 

ah Qev Psv L [~h g~ . ·w w 
J ev = = aV($-a)D -- exp· ae va 

Pw atm P RT RT 

= -D va 
av 

w 

= 

where Dav is the moisture vapour diffusivity; ka ' the vapour v . 

conductivity; J av ' the vapour flux expressed as a velocity of 

liquid water; p, the density of water. 
w 

(62) 

(63) 

(64) 

Currie(35) has shown that the simple relationship a($-a) is 

only of limited applicability and that, in general, a more complex 
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expression must be used. This complex reltionship will be 

represented for brevity by an unspecified function fn(~-S), which 

is not simply a function of the gas-filled porosity alone. 

. . (36) (37) 
Using CUrrie's modified tortuosity funct~ons, Rose 

expressed the vapour flux in the form 

= L. 
RT 

IIhD • (ahw) VS 
DT as . 

(65) 

where ° is the gaseous diffusion coefficient through the porous 

material; D
T

, the gaseous diffusion coefficient through the 

porous material when the pore space is full of gaseous mixture; 

DO' is the gaseous diffusion coefficient in free air; 

the function f (~-S) which is equal to the terms ~(~-S) in the 
n 

expression presented by Philip. 

The first factor on the right hand side of eqn. (65) is a 

constant of water, the second factor, (DT/D
O
)' is a constant of 

the porous material which accounts for the tortuosity or presence 

of the soil matrix. Finally the third factor, CVhD/D
T
), is a 

variable determined by the h -S curve. 
w 

The density of saturated water vapour, p ,is a function of 
sv 

temperature only. Similarly the mass flow factor, II , is also 

temperature dependent because of its relationship to p • In sv 

addition the flow factor is obviously pressure dependent as is the 

molecular diffusion coefficient of water vapour in air (D). 
atm 

Up to twenty atmospheres, the molecular diffusion coefficient is 

inversely proportional to the total pressure, P, and roughly 

1.5 (38) 
varies with the absolute temperature at T 

For pure water, Phi lip et al (22) has shown that h is virtually 

independent of temperature. However, when salts are dissolved in 

the water, determination of the relative humidity becomes more 

complicated. In the presence of salts, the relative humidity of 

the solution - pure water is given by(31) (39) 
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h = - exp (-n/N) (66) 

where n is the number of molecules of solute and N, the number of 

molecules of solvent. 

If the solute does not dissociate, the number of molecules of 

solute is proportional to the number of moles of solute, M 
s 

dissolved in the solvent. Similarly, the number of molecules of 

solvent is proportional to the number of moles of solvent, M , in w 

which the solute is dissolved. As an example, consider 1 gm-mole 

of sodium chloride dissolved in 180 gms of water (i.e. N = 10). 

If the sodium chloride does not dissociate then (n/N) is equal to 

(1/10) • Alternatively if the sodium chloride is completely 

dissociated into sodium and chloride ions, the ratio (n/N) is now 

equal to (1/5). Generally the degree of dissociation is only 

fractional, 0 < x < 1, and hence as an example for sodium chloride 

NaCl Na+ + Cl 

1-x x x 

Hence 1 mole of sodium chloride produces l+x moles of particles in 

solution and hence the ratio of (n/N) is equal to (1+x)/l0. 

With dilute solutions of ionic salts, x may be regarded as 

equal to unity. Similarly for dilute solutions, the mole fraction 
, 

of salt x (=(M )/(M +M ) ) can be simply'expressed as the ratio 
s s s w 

(M IN ), i.e. the number of molecules of solute divided by the 
s w 

number of molecules of solvent is proportional to the mole fraction 

of solute added (c.f. Raoult's Law - Section 8, eqns. (41)-(45) ). 

n 
N 

= c' x 
s 

(67) 

where c' is the number of moles of ionic species produced in 

solution per mole of solid salt. Note c' is a function of solute 

concentration. 

Moisture in a wall contains several salts, and the number of 

each of the ionic species in the moisture will be governed by a 
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solubility matrix and also by a salt - reaction matrix both of 

which are temperature dependent. Because of the temperature 

dependence of the two matrices, the relative humidity of wall 

moisture will 'also 'be a function of temperature. 

7.3 Thermal vapour 'diffusivity 

A theory of vapour diffusion under thermal gradient has been 

. (22) 
proposed by Philip and De Vr1es ; where the thermal vapour 

flux, in terms of liquid water velocity, was defined as 

= 
ap 
h~VT aT (68) 

It is assumed that there are no salts in the water, 1. e.' h is not 

a function of temperature. AlternatiVely, using the notation of 

Rose (c.f. eqn. (63)-(65) ) and the modified tortuosity factor, 

(40) eqn. (68) may be expressed 

-D 
=--11 
~ DO 

= (69) 

where D
TV 

is the thermal vapour diffusivity. 

The rate of change of saturated vapour pressure with temp-

erature, (ap laT), is taken as that of pure ,free water. 
sv 

Discussion of the factors affecting the other variables can be 

found in the previous section. 

7.4 Thermal liquid diffusivity 

Darcy's law for flow within an unsaturated porous material is 

(c.f. eqn(18) 

J 
V 

= - K V ~ 

where J is the macroscopic fluid velocity; K, the hydraulic 
v 

conductivity; ~, the pressure head potential (restricted to 

pressure and gravity). 

(70) 

When the potential difference is produced by a temperature 

gradien t, flow in the liquid phase, corresponding to eqn. (70) is 
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ah 
= - K(e) aT

w 
VT (71) 

where J
TL 

is the macroscopic mean velocity of thermally induced 

moisture movement; K(e), the hydraulic conductivity, shown as a 

function of volumetric moisture content, e; (ah faT) is the rate 
w 

of change of suction pressure head with respect to temperature, T. 

Assuming that the difference in h is determined only by 
w 

ill . t (22) (40) cap an. y 

= -K(e) 
ah 

w (72) 

where Y
LG 

is the surface tension of the liquid. However, since 

the potential h is directly proportional to the surface tension, 
w 

then 

h aYLG 
J TL -K(e) w 'ii'T = 

YLG aT 

= -K(e) h y" VT = -D VT w TL 

where DTL is thermal liquid diffusivity which is equal to K(e)hwY" 

and y" is equal to 1 

YLG 

y" is slightly dependent upon temperature, however, in the range 

o 0 -3 0 -1 10 e to 30 e, a constant value of -2.02 x 10 (e ) can be 

assumed. Assuming a constant value introduces an error of 

approximately :2% over the range 100 e to 30oe. 

7.5 Solute vapour diffusivity 

Addition of a solute to a solvent lowers the free energy and 

vapour pressure of the solvent. This effect may be thought of as 

being equivalent to directly increasing the suction of the liquid 

phase. Because of the close relationship between the two 

processes upon.the vapour pressure and relative humidity of the 

solvent, moisture movement in the vapour phase due to differences 

. in solute concentration (c.f. eqn.(66) ) has been included in the 



-91-

section discussing moisture vapour diffusivity (i.e. Section 14) 

and as such will not be treated as a separate diffusivity in this 

work. 

7.6 Solute liquid diffusivity 

Because of the similarity between the free energy changes 

produced by addition of a solute to a solvent and the application 

of a negative mechanical pressure (suction) to the solvent, it is 

convenient to express solute-induced moisture flow in terms of 

osmotic pressure rather than concentration difference, 

= -K (Llf)' 
C C = 

where (Llf)~ is the free energy difference, per unit volume of 

(73) 

moisture; KC the proportionality coefficient; Vn, the osmotic 

pressure; J
CL

' the macroscopic mean velocity of moisture in the 

liquid phase. 

Combining osmotically induced moisture flow and mechanically 

induced moisture flow yields (20) (41) (42) (46) 

or 

J 
v 

J 
v 

= = 

= Kp(-VP + pVn) 

where 0, is known as the reflection coefficient or osmotic 

efficiency coefficient. 

(74) 

(75) 

The difference in sign, in equations (73), (74), (75), between 

the mechanical pressure gradient and osmotic gradient is intro-

duced because the osmotic moisture flux is in the direction of 

increasing solute concentration (greater suction) whereas the 

pressure flux is in the direction of decreasing pressure. 

o is the osmotic efficiency coefficient and it is equal to 

the ratio (KC/!),) (41) (46) • The range of 0 is from 0 to 1. o 

will equal 0 where KC is equal to 0, i.e. salt concentration 

gradients cause no moisture flow. o will equal 1 when KC is equal 

to Kp' in which case the osmotic pressure gradient is as efficient 
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in causing moisture to flow as is the mechanical pressure gradient, 

(i.e. a semi-permeable membrane). 

Although values of a can be used to determine the value of KC' 

caution is required in a direct conversion of a wget values of 

RP' because the osmotic efficiency coefficient is also influenced 

by ~. Thus a factor may alter the value of a but not 

necessarily alter the value of Kc and hence the value of 0 is 

altered because of variations in ~. 

The osmotic efficiency coefficient and flow of moisture and 

ions in thin films adjacent to charged mineral surfaces has been 

l.'nvestigated b K d k (26)-(29) (41)-(47) y emper an co-wor ers • The 

major theme of Kemper's study is an investigqtion of the relative 

movement of moisture and salts in the films, assuming that only 

pressure and solute gradients are active in producing moisture 

movement .. 

The close proximity of the solid surface has considerable 

influence on the relative motion of solute and solvent particularly 

with flow in the thinner films. Differences in the relative 

mobility of solutes and solvent in thin films give rise to the 

process of salt-sieving, whereby the concentration of solute in 

the bulk solution is r~duced on passing through a fine-pored 

membrane or a membrane containing thin films of solution. 

Conversely, the greater the restriction of solute, the greater will 

be the efficiency of the osmotic potential in causing moisture 

movement. When the solute is totally restricted, the osmotic 

efficiency coefficient is equal to unity and the osmotic potential 

is equally effective as the pressure potential in producing 

moisture flow. 

Charged solid surfaces play an important role in the 

restriction of solute. The charged surface attracts ions of 
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opposite polarity and repels those of similar polarity, and 

providing the film is thin enough, these ions will be partially or 

totally restricted from the film. Obviously this electrostatic 

effect is increased as the film thickness is decreased. In 

addition, the diffusion coefficients of the various ions are lower, 

measured near to the solid surface, than in the bulk liquid, which 

also contributes to the restriction of solute. The decrease in 

ionic diffusivity is attributed to the increased viscosity of 

water near the solid surface(42) and furthermore Wang et al (48) 

has shown that the diffusion of ions through water is approximately 

inversely proportional to the viscosity of water. 

In addition to the above mechanisms of solute restriction 

Kemper(42) investigated the effects of geometric factors upon the 

restriction of solute to solvent. He developed an equation to 

predict the value of a in relation to the radius of the solute 

molecules and found that there was good agreement between the 

theoretical values of a and experimentally determined values. 

The experimental values of a were measured for relatively 

. (45) large organic molecules, however further experJ.ments using 

ionic materials showed that geometrical restriction is 

practically negligible as a factor causing restriction of ions. 

Furthermore for ionic materials the electrostatic effects 

(negative adsorption of ions possessing a similar polarity of 

charge to that of the solid surface) are the most important factors 

determining the degree of salt restriction. 

Kemper stated that the ability of salt concentration gradients 

to cause solution movement is increased by:- (i) saturating the 

material with monovalent rather than divalent cations. (ii) using 

divalent rather than monovalent anions. (iii) decreasing the water 
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content (i.e. reducing the film thickness). (iv) decreasing the 

average concentration of the bulk electrolyte. It is important 

to note that the porous uembranes (clays) used by Kemper were 

negatively charged and that for positively charged surfaces the 

role of the cations (+ve ions) and anions (-ve ions) in (i) and 

(ii) above is reversed. 

Kemper's conclusion that in the case of ions, the electro-

static effects are the major factor in determining solute restric-

tion is in agreement with predictions based upon the "diffuse 

double layer" concept. Consider an infinite plane surface of 

fixed charge density, (0
0

) (i.e. surface is assumed to be 

negatively charged). In the absence of other charged particles 

the.field intensity of the charge would decrease linearly with 

distance, x, normal to the charged surface (curve 1 Fig. 4). 

However, when ionic solutions are present, cations will be 

attracted towards the surface and anions will be repelled from 

the surface. The increased cation concentration near the 

surface reduces the field intensity in excess of the rate when no 

ions are present (curve 2 Fig. 4). 

The charge density variation with respect to distance from 

the surface can be exp,:essed as the gradient of an electrical 

. b (49) - (55) potential, as g1ven y 

= 
-411 (a) , 

E 
(76) 

where E is the electrical potential; V2, the Laplacian operator 

the dielectric constant of the medium. 

In the case of monovalent ions at room temperatures (i.e. 

E/k'T « 1), the change in electrical potential with respect to 

distance, x, from the solid surface is :(53) 



Solid 

surface 

~ no ions present 

~ ions present 

- X 

distance normal to 

solid surface 

. Fig. 4 •. Variation of charge (crI near a solid surface in the 

absence of ions (curve 11 and in the presence of ions 

(curve 21. 
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E = (77) 

where E is the electrical potential at a distance x measured 

normal to the surface; EO is the surface potential; the 

concentration of ions at a large distance from the surface, i.e. 

the bulk liquid concentration; z, the valency of the ion; e, the 

charge on an electron; E, the dielectric constant; k', Boltzmann 

constant; T, the absolute temperature. 

The concentration of ions associated with this potential is 

given by (ref • (53) page 180) 

... ... 
n = n exp (z e E/k'T) and 

0 

n = n exp (-z - e E/k'T) (78) 
0 

Both the fluid velocity and solute concentration are determined by 

their distance from the surface and it is the relative difference 

between the two functions that gives rise to the process of salt-

sieving when an ionic solution is induced to move by a pressure 

gradient acting parallel to the solid surface. 

From eqn. (77) we can see that as the solute concentration 

(proportional to n ) is increased, the potential normal to the 
o 

surface is correspondingly reduced at all distances. This means 

that the relative concentration of anions near the surface has 

increased and more salts are transported across the membrane, 

(i.e. a is reduced). Similarly if monovalent cations are 

replaced by divalent cations, then once again the potential normal 

to the surface is reduced and a, the osmotic efficiency coefficient 

is correspondingly reduced. When divalent anions are replaced by 

monovalent anions, the relative concentration of anions, given by 

eqn. (78) is increased and consequently the osmotic efficiency is 

lowered. Finally, if the film thickness is increased, then the 

relative flow area affected by the diffuse layer is decreased and 

because of this more anions will be transported across the film 
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consequently reducing the osmotic effid ency cOE'fficient once 

again. 

The changes in the value of a as determined and predicted by 

Kemper, are in complete agreement with the predictions based upon 

a qualitative analysis of the "diffuse double layer" theory. 

7.7 Electro osmotic coefficient 

The theory of electro osmosis and the derivation of the 

electro osmotic coefficient is discussed more fully in Chapter 

Four. The electro osmotic coefficient derived in Chapter F014r 

is the same (diffusivity) coefficient as defined in equation (23) 

where ~ is the electrical potential. For the saKe of consistency 

the coefficient should nominally be called the electrical liquid 

diffusivity but because of the greater popularity, and not wishing 

to create further confusion, usage of the term "electroosmotic 

coefficient" will be continued. 

Liquid flow is induced by the action of an (externally applied) 

electrical potential gradient upon the mobile part of the diffuse 

double layer. The magnitude of the electro osmotic coefficient 

is increased by raising the temperature owing to the relative 

lowering of the fluid viscosity (56) (57). 

The effect of solute concentration upon the electro osmotic 

coefficient is more complex. Initially the coefficient increases 

with increasing concentration (58) • However, further increases in 

the salt concentration result in a lowering of the value of the 

coefficient (59) • 

The magnitude-of theelectro osmotic coefficient-is approx

imately related to the excess viscous drag force between the 

cations and the anions. At high concentrations, an increase in 

solute concentration has little effect upon the drag force. It 

does however, lower the electrical efficiency of the process since 



the additional ions reduce the electrical resistance of the 

solution and in order to maintain the same moisture flux a higher 

electrical current is required. 
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At lower concentrations, ""increasing the amount of solute 

increases the differential drag force, because the degree of_ 

adsorption or repulsion of anions (or cations) has correspondingly 

been increased. 

Consider an initially uncharged membrane that preferentially 

adsorbs anions (or desorbs cations) at the solid surface such that 

they may be regarded as immobile. On the addition of a small 

amount of ionic solute, the surface acquires a negative charge and 

the cations form the diffuse double layer. Further addition of 

solute results in a larger number of anions becoming attached to 

the surface and correspondingly a greater number of cations 

becoming associated with the diffuse layer; which consequently 

increases the.electro osmotic effect. 

This process will continue until the surface has become 

saturated with anions. Further increases in solute concentration 

merely result in an increased anion (and cation) concentration in 

the bulk liquid, which as stated above ultimately reduces the 

electro osmotic effect. It is obvious that for the example above, 

any factors which reduce the mobility of anions will consequently 

increase the electro osmotic effect. Restriction of anions has 

been discussed in the previous section with respect to salt

sieving and the osmotic efficiency coefficient, 0. 

It has been stated that film thickness (i.e. moisture content 

or for fully saturated porous materials, porosity) is a factor 

which affects the degree of restriction of anions, when the solid 

surface has acquired a negative charge. Alterations of the film 

thickness gives rise to two opposing processes which affect the 

efficiency of the electro osmotic effect. 
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Increasing the film thickness results in a greater volume of 

fluid being transported across the membrane, together with an 

increased number of anions. The greater anion flow is directly 

due to greater anion concentration in the outer region of the film 

away from the solid. surface. 

The anions are also affected by the externally applied 

electrical potential and their movement tends to oppose the bulk 

liquid flow. It is obvious that for a certain concentration and 

at a given distance from the surface, the relative drag in this 

layer of fluid will be zero (i.e. no movement) and that at greater 

distances from the surface, the fluid velocity will be in the 

opposite direction to bulk electro·osmotic flow. This reversal 

of flow lowers the efficiency of the electro osmotic effect in two 

ways (i) the negative convection of fluid lowers the net (positive) 

moisture flux. (ii) a fraction of the electrical current is 

carried by the anions (partial short-circuiting) which lowers the 

electrical efficiency of the process. 

The ion reversal of flow is an example of circulation (i.e. 

the electrical energy is merely used to circulate fluid rather 

than transport it in a particular direction). The process is not 

restricted to single film thickness but may occur when pores of 

dissimilar size are in contact with each other. In fact the 

process described above has been presented as an explanation for 

. (60) 
the temporary block1ng of membranes • 

At low moisture contents the increase in positive convective 

flow, when solute .is added, is greater than the . opposing anion. 

effect and hence the elctro osmotic coefficient initially increases 

with concentration. However, when the system has become 

"saturated" with salt the coefficient decreases with increasing 

salt concentration. 
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A similar mechanism will also occur when the concentration is 

kept constant and the film thickness varied. At low moisture 

contents the increase in positive convective flux is greater than 

the opposing ion effect and hence the electro osmotic coefficient 

will initially increase. However, a situation is reached when 

the effects of the opposing ion process are greater than the 

relative increase in positive flux and hence the electro osmotic 

. (56) (57) (61) (62) coefficient 1S consequently lowered • 
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List of symbols and units of Chapter Three 

2 -1 
net moisture diffusitivity of a porous material (cm sec ) 

moisture liquid diffusivity of a porous material 

2 -1 
(cm sec ) 

Dev moisture vapour diffusivity of a porous material 

2 -1 
(cm sec ) 

DeA moisture adsorbed diffusivity of a porous material 

2 -1 
(cm sec ) 

DTL thermal liquid diffusivity of a porous material 

2 -1 (cm sec ) 

DTV thermal vapcur diffusivity of a porous material 

2 -1 
(cm sec' ) 

DTA thermal adsorbed diffusivity of a porous material 

D 
atm 

D 

d 

E 

e 

P' 

('Jf) 

g 

h 

h 
w 

« 

2 -1 
(cm sec ) 

molecular diffusion coefficient of water vapour in air 

2 -1 
(cm sec ) 

gaseous diffusion coefficient through the porous 

2 -1 
material (cm sec ) 

2 -1 
gaseous diffusion coefficient in free air (cm sec ) 

gaseous diffusion coefficient through the porous material 

h th . f 11 f - . (2 -1) w en e pore space 15 U 0 gaseous m1xture cm sec 

diameter of a pipe (cm) 

an applied voltage (stat volts) 

charge on an electron (stat coulombs) 

-2 body forces per unit mass of fluid (cm sec ) 

free energy-gradient 

-2 
gravitational acceleration (cm Sec ) 

relative humidity 

pressure head of fluid (cm) 

-1 
macroscopic mean fluid velocity (cm sec ) 



K' 

K 

K 
'" 

k 

k' . 

N Re 

N 
R~ 

N 

n 

n 
o 

n 

+ 
n 

p 

p 
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Darcy coefficient; coefficient relating the flux J v ' and 

the applied potential ~. The dimensions of K' are 

dependent upon the dimensions adopted for ~. 

Hydraulic conductivity of a porous material to fluid 

-1 
(cm sec ) 

a coefficient relating the flux of moisture to the 

corresponding free energy gradient (Vf) ; where the 
'" 

subscript '" is denoted by E or C or T or P referring to 

free energy gradients produced by voltage, solute 

concentration, temperature or pressure differences 

respectively. 

2 permeability of the porous material to fluid (cm) 

2 -2 0 -1 Boltzmann's constant (g cm sec K) 

Reynolds number 

permeability Reynolds number 

permeability friction factor 

number of moles of solvent (mole) 

number of moles of solute (mole) 

concentration of ion in bulk solution -3 (ions cm ) 

concentration of anions in solution (ions -3 cm ) 

concentration of cations 

-1 -2 pressure (g cm sec ) 

in solutions -3 (ions cm ) 

pressure difference arising from an applied voltage 

-1 -2 
gradient (g cm sec ) 

-1 -2 
vapour pressure of free pure liquid (g cm sec ) 

vapour pressure in equilibrium with liquid within a porous 

. -1-2 
material (g cm sec ) 

Qev mass flow of vapour (g sec -1 ern -2.). 

2 -2 q heat energy per gram of fluid (cm sec ) 

R Universal gas constant per gram of fluid (cm2sec-2 °K-1) 



r 

s 

T 

t 

u 

u 

u 

w 

W 
m 

z 

e 

Jl 

71 

'If 

P 

PL 

Pv 
Psv 

radius of a capillary (cm) 

2 -2 0 -1 
entropy per gram of fluid (cm sec K) 

t t (oC, oK) empera ure 

time (sec) 

2 -2 
internal energy per gram of fluid (cm sec ) 

-1 
fluid velocity (cm sec ) 

-1 
fluid velocity flow vector (cm sec ) 
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2 -2 
work per gram of fluid associated with a process (cm sec ) 

all mechanical work per gram of fluid, associated with a 

process, excluding that of expansion of a gas against a 

2 -2 
pressure P (cm sec ) 

mole fraction of solvent 

mole fraction of solute 

valency of an ion 

tortuosity coefficient 

-2 
surface tension between liquid and gaseous phases (g sec ) 

2 2 -1 -3 
dielectric constant (stat coulombs sec g cm ) 

dielectric (or permittivity) of free space (stat coulombs
2 

2 -1 -3 
sec g cm ) 

volumetric moisture content of a porous material 

fluid viscosi~y (g cm-1sec-1 ) 

a factor to allow for the mass flow of vapour arising 

from the difference in boundary conditions governing 

air and vapour components of diffusion (= P/P-p) 

osmotic (g 
-1 -2 

pressure cm sec ) 

density of the fluid 
-3 

(g cm ) 

density of moisture in the liquid phase (g 
-3 

cm ) 

density of moisture in the vapour phase (g 
-3 

cm ) 

the 

density of moisture in the vapour phase when saturated 

in air -3 (g cm ) 



a 

(a) • 

u 

-104-

osmotic efficiency coefficient 

-1 
charge density per unit mass of fluid (stat coulombs g ) 

-3 volumetric charge density of the fluid (stat coulombs cm ) 

3 -1 
specific volume of the fluid (cm g ) 

3 -1 specific volume of moisture in the liquid phase (~ g ) 

specific volume of moisture in the gaseous phase 

a generalised potential combining both pressure and body 

2 -2 forces (cm sec ) 

porosity of a porous material 
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CHAPTER FOUR 

ELECTROKlNETIC PHENOMENA 
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1. Introduction 

Electrical phenomena arise in porous materials because of the 

uneven attraction of the charged particles (ions, etc.) at the 

interface of solid-fluid surface, either in the solid, liquid or 

gaseous states. The differential charge distribution at the 

interface is most commonly observed in solid-liquid systems. 

The transfer of charge across the interface can basically occur in 

two ways, the solid may preferentially adsorb ions of the same 

polarity from the liquid phase, or alternatively ions may 

preferentially migrate from the solid into the liquid phase. In 

either case, an equal but opposite charge appears in the solid and 

liquid phases, (i.e. the Electrical Double Layer). 

Relative motion between the solid and liquid phases gives 

rise to a series of electrokinetic phenomena, which briefly are 

(ref. (1) pp.190-195; ref. (2) pp.115-145; rei. (3) p.404):-

(1) Electrophoresis. This is the movement of charged 

particles through a solution when an electrical potential 

difference is applied. If the particles are small, i.e. ions, 

then the phenomena is called ionic conductance, and if the 

particles are of colloidal size, it is called cataphoresis. For 

larger molecules, the ph,enomenon is termed electrophoresis. 

(2) Sedimentation potential. This phenomenon is the con-

Verse of electrophoresis. When particles move downwards, or 

bubbles upwards, through a solution, a potential difference is 

generated between the top and bottom layers of solution. 

The two previous. phenomena are related to the movement of the 

solid phase through the liquid phase, if we now consider the move

ment of the liquid phase through a fixed solid phase, two more 

electrical phenomena are produced:-

(3) Streaming potential (streaming current). Streaming 

potential is the potential developed when a liquid is forced 



-112-

through a porous matrix when no external current is flowing. 

Streaming current is the current developed when a liquid is forced 

through a porous material when the potential across the matrix is 

zero. 

(4) Active electro osmosis. As in the case of the two 

previous phenomena, the second phenomenon is the converse of the 

previous one, i.e. electro osmosis (active) is the movement of 

solution with respect to the fixed porous material in response to 

an externally applied electrical potential difference. 

Of the four groups of electrokinetic phenomena, two are of 

particular interest (electro osmosis' and streaming potential) and 

one is of slight interest (electrophoresis), in relation to Rising 

Damp. Obviously electro· osmosis is of interest since it can be 

used as a cure for Rising Damp. 

Streaming potential is of interest because it is likely to 

appear as a secondary effect of Rising Damp, being produced by the 

continual upward movement of ground water to replace that lost by 

evaporation. 

Electrophoresis is of interest since it may also be a 

contributory factor in curing dampness when an external electrical 

potential difference is applied. Charged particles, free to move 

under the influence of the electric field, can become lodged in 

the narrow necks of the pores in the wall, thus reducing the 

capacity of the pores to transport water. 

Although a permanent reduction in flow capacity, will only 

occur if the particle becomes permanently fixed in the porous 

matrix (cementation, consolidation) otherwise when the external 

field is removed, the particle(s) will become dislodjed and the 

flow capacity will return to its previous value. 
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2. Electro osmosis 

Reuss was first to demonstrate the movement of water through 

a porous material under the influence of an electric field. 

Further experiments by Wiedemann and Quinke enabled them to derive 

a set of empirical rules of electro osmosis (ref. (3) p.41l). 

These basic rules were theoretically accounted for by Helmholtz, 

who also introduced the concept of the "double layer". The 

double layer concept was developed by Gouy and several other 

workers (ref. (1) p.l81). The historical development of electro-

osmosis has also been discussed by Fairbrother and Mastin(4). 

The Gouy concept of a diffuse double layer and the corre~ 

sponding theory is still the most acceptable explanation of 

electrokinetic phenomena. Although additional modifications of 

Gouy's theory have been introduced by Stern and other workers 

(ref. (1) page 184; ref. (2) p.79; ref. (3) p.371; ref. (5) p.75; 

ref. (6) p.389), the original Gouy theory is sufficient to provide 

an explanation of the electrokinetic phenomena. 

3. Calculation of the electro osmotic effect 

The distribution of charged particles in the diffuse double 

layer and the associated electric potential field is represented 

schematically in Fig. 1. Note that in the figure it is assumed 

that the solid surface is positively charged. 

When an external electric field is applied in a direction 

parallel to the solid surface part of the diffuse double layer is 

induced to move. It is assumed that the motion is laminar and 

that after-.a short period of time, a thickness dx.will move.with a 

steady velocity, u. The net force acting upon this layer is 

therefore zero, i.e. the electrical force is balanced by the 

viscous drag force. 
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x distance normal from solid surface 
.... 

r-----,-------------~-------------O 

Shear plane 

Simplified representation of the change in electrical 

potential in a fluid, adjacent to a positively charged 

surface~ 



The electrical force, FE' per unit area is expressed by 

= VE (0)' dx (1) 

where VE is the electrical potential field and (0)' is the volu-

metric charge density. 

The viscous force for the layer, dx is expressed as 

-F 
I' 

= (au) lJ - -
ax x+dx 

= dx 

For steady state conditions equation (1) and (2) yield 

VE (0) , = 

where u is the field ve~city and lJ is the fluid viscosity. 

Assuming the existence of a Poisson equation, i.e. 

= 
41T(cr) , 

e: 

(2) 

(3) 

(4) 
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where WE is the electrical potential associated with the charged 

surface; e:, the dielectric constant of the fluid: then equation 

(4) can be used to eliminate the volume charge density from 

equation (3), so 

VEe: a2W E 

ax2 

Note the Laplacian 

= 

opperator, V2 (= 

replaced by the derivative, a2 

ax2 

a 2 a 2 a 2 
has been --+ --+ -) 

ax 2 ay2 az2 

since there is no potential 

in the y, z directions. In fact, in these directions, it is 

assumed that the solid surface extends indefinitely. 

(5) 

On integration of equation (5) between the limits of x = 00 

and the - slip -surface, - together. wi th- the _-boundary . conditions, 

x=oo u =ll. 
00 

(~u.). = 0 1Jl
E 

_=0 
'ih'" - ( 7PltE) = 0 

3x .. (6) 

xslip surface' uslip surface = 0 WE slip surface = ~ 

we may obtain 



u = 
e: ~ VE 

41111 
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(7) 

where u is the steady laminar fluid velocity; e:, the dielectric' 

constant; VE, the applied electric field strength; 11, the fluid 

viscosity; ~,the "zeta" potential which is normally assumed to 

represent the electric potential of the shear surface and is ' 

regarded as a constant for any solid-fluid system assuming the 

concentration of solution remains constant (ref. (2) p.120; ref. (5) 

p.122; ref. (6) p.434). 

Similar derivations to the one presented above can be found in 

the literature (ref. (1) p.192; ref. (2) p.1l4; ref. (3) p.411; 

ref. (6) p.424; ref. (7) ). 

In electro osmotic measurements, it is not the velocity in 

the middle of the pore that is determined but the volume trans-

ported in unit time. The expression for the volumetric flow rate 

of electrically induced flow Q
E 

is 

= = (8) 

where Al is the cross-sectional area for flow which for a 

cylindrical capillary of radius, r, is simply 1Ir2. In this 

expression, it is assumed that the velocity is uniform throughout 

the cross-section of the pore. However, the velocity near the 

walls is lower than the mean velocity, in the pore, u. Equation 

(8) is therefore correct only if A1 is large with respect to the 

area in the double layer which remains immobile. Noting that, 

generally, the thickness of the double layer is of the order of 

10-5 cm.- Winterkorn(8) stated that the Helmholtz theory-was no 

-6 
longer applicable to pores of less than 0.0511m (5 x 10 cm), and 

Despic et al (9) also stated that the Helmholtz theory was not 

applicable to pores of approximately molecular dimensions. 
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For fine pored porous materials Schmid (found in ref. (8) ) 

proposed an alternative theory. He assumed that the counterions 

to the wall charged were not concentrated in a diffuse double 

layer or eVen a simpler layer but are uniformly distributed 

throughout the entire liquid volume. The applied potential was 

assumed to act upon all the counterions rather than a fraction of 

them as determined by the slip~plane in the Helmholtz theory. 

The electrical force, FE' acting upon the fluid in a capillary 

of radius, r, and unit. length, t, was expressed as 

= 'ITr2 t (a)' VE (9) 

where (a)' is the volume charge density and VE, the applied 

electric potential field. If this electrical force.is substituted 

into· Poiseuille's equation (Chapter three eqn. (7) ) then 

= (a)' VE (10) 

where Q
E 

is the volumetric flow of electrical induced mOisture; 

p, the viscosity of the fluid; (a)', the volumetric charge density 

of the fluid; VE, the applied electric field strength. 

The effect of electro osmosis can also be studied via a 

mechanistic approach to the phenomenon. The fluid in the porous 

material contains ions of both polarities, and also of different 

valencies. Assuming, as before, that the solid surface is 

positively charged, then an excess of negatively charged ions will 

exist in the solution. 

When an electrical potential difference ~E is applied across 

the electrodes which are assumed to be a distance ~ apart, an 

electric field, VE may be defined thus 

VE = (11 ) 

The force acting upon the water per unit volume, because of 

the ions present within the water is 
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= VE (Cl)' (12) 

When steady state is attained, the same force is acting upon, 

the solid skeleton of the porous matrix but in opposite direction 

to the acting upon the liquid solution, i.e. there is no net force 

on the porous matrix. TO establish a linear relation between the 

field, VE, and the water discharge, QE' it must be assumed that 

the steady flow be proportional to the force, FE' 

= VE (Cl)' (13) 

The water discharge, Q
E 

is simply defined as (V/A), i.e. the 

volume of water per unit time passing through the porous matrix 

divided by the total cross-sectional area available for flow. 

To satisfy the condition of linear proportionality as expressed 

in equation (13), several requirements are needed which briefly 

are:- (i) independence between (Cl)' and VE; (ii) that the water 

discharge be linearly proportional to the frictional stress of the 

liquid and solid; (iii) that both VE and (Cl)' be independent of 

the velocity distribution; (iv) independence between the 

viscosities and rates of shear (7) • 

It is important to note that the derivation of the electro 

osmotic effect, as presented in equations (1) through (8) is 

related to the c.g.s. system of units. Unfortunately the values 

of the electrical units of this system, (i.e. electric potential, 

electric charge, etc.) are different to those of the S.I. system, 

which are in "everyday' use. To distinguish between the S.I. 

units and the c.g.s. units, the c.g.s. electrical units will be 

preceded by the word "stat", as in electrostatic. Hence the volt 

(S.I.) is expressed as a statvolt (c.g.s.) and likewise the unit 

of charge, the coulomb becomes a statcoulomb. Other electrical 

properties are similarly named. The conversions factors of 

several common electrical units can be found in Appendix I. 
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Furthermore, to convert from the c.g.s. system to the s.!. 

system, slight adjustment of equations (4) through (8) is required. 

The adjustment is needed because of a fundamental difference in the 

definition of Coulomb's Law between the two systems of units. 

Coulomb's Law relates the force of attraction or repulsion between 

charged particles and the distance separating them. This basic 

difference is reflected in the formulation of the Poisson equation 

(10) 
(eqn. (4) ), which in the s.!. system is expressed as 

= 
(a) , 

- ?£ 
o 

where EO is the permittivity of free space and has the value of 

-12 -1 2 -1 -2 8.854 x 10 (Faraday metre or coulombs Newton metre). E 

is the dielectric constant of the medium, which is the ratio of the 

value of the dielectric constant of the medium to that of free 

space. The other symbols have their usual meaning except that 

their units are now expressed with reference to the s.!. system. 

The equation corresponding to equation (7), in the s.!. 

system of nomenclature becomes 

u = 

An example demonstrating the calculation of the electrically 

induced fluid velocity for both types of systems can be found in 

Appendix II. 

4. Electro osmosis in porous materials and electro osmotic 

coefficient 

lrt':Uising the assumption of the previous section, . .an electro , 

osmotic coefficient, kE, may be defined thus 

= (14) 

where QE is the electro osmotic volumetric flow;. VE, the applied 

electric field; k
E

, the electro osmotic coefficient; A, the area 
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for flow including both the pores and solid material. 

Using the above expressed, together with the Helmholtz flow 

velocity (eqn. (8) ), the electro osmotic coefficient of a porous 

material, possessing a uniform porosity, ~, can be defined thus 

= £ r; '" 
411J! 

(15) 

Note, the actual area for liquid flow, A
1

, is given by ~A, where 

~ represents the porosity; and the proportionality coefficient 

relating QE to VE in equation (13) is defined as the electro 

osmotic coefficient. Care must be exercised, when using values 

for kE , to determine whether kE has been determined with respect to 

the pore flow area or whether kE has been determined with respect 

to the total flow area. 

5. Coupled flow of water and electricity through porous materials 

Neglecting flow interactions produced by salt and temperature 

gradients together with their respective fluxes, the expressions 

describing the coupled flow of moisture and electricity within 

. . (11) (12) (13) porous mater1als 1S 

= (16) 

I = (17) 

where J
v 

is the macroscopic mean water velocity; I, the electrical 

current density; VWp ' the hydraulic pressure head gradient; VE, 

the applied electric field gradient; K
11

, the hydraulic conduct

ivity; K
12

, the electro osmotic coefficient (which is equivalent 

to kE); K
21

, the hydraulic coefficient; K
22

, the electrical 

conductivity coefficient. Note that all the coefficients and 

fluxes are defined with respect to the whole of the porous material 

flow area. I1 is assumed that in eqns. (16), (17) the fluxes are 

linearly related to the corresponding potential fields. 
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(7) 
It has been shown that i~ is possible to define several so 

called electro-hydraulic coefficients, however, assuming Onsager's 

reciprocal law is applicable, only three of the flow coefficients 

are independent of each other namely.K11 , K22 and either K12 or K21 , 

since they are interdependent upon each other. 

6. Discussion of some electro kinetic phenomena 

(1) Electro osmosis. The phenomenon of electro osmosis has 

been discussed in Section 3. of this chapter. It is evident from 

consideration of equation (16) that 'there should be no difference 

in hydraulic head across the porous material, (V~p ~ 0) when the 

electro-osmotic coefficient, K12 , is determined, i.e. 

~ (18) 

Similarly, from equation (17), the electrical current density 

required to drive the above liquid flow is 

I ~ (19) 

(2) Electro osmotic counter pressure. This phenomenon is 

very similar to that of electro osmosis. The only difference 

between the two phenomena is that instead of observing liquid flow 

with zero· pressure gradient, the pressure gradient now is adjusted 

until there is no liquid flow. The pressure difference· observed 

across the porous material when there is zero flow is called the 

electro osmotic counter pressure. Using equation (16), the 

electro osmotic pressure expressed in terms of field strength is 

~ 'lE (20) 

The electrical current density associated with the electro 

osmotic counter. pressure can once again be obtained from egn. (17) 

and if it is assumed that the electrical current density associated 

with this pressure potential is small (I ~ -K21 'l~p tends to zero) 
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when compared to the 'applied' electrical current density, then 

the applied current density is again represented by equation (19). 

(3) Streaming current and streaming potential. When a 

liquid is forced through a porous material by a pressure gradient, 

VP, a part of the charged diffuse double layer is swept along with 

the liquid. By definition, this movement gives rise to an 

electrical current, namely the streaming current. In relation to 

the Gouy diffuse layer theory presented in Section 3. the 

expression for the current (ref. (2) p.119; ref. (3) p.416) 

= ~ A vp 
4TTJ.I 1 

(21) 

where r~TR is the streaming current; A1, the area available for 

liquid flow; E, the dielectric constant; J.I, the viscosity of the 

fluid; 'lP, the pressure gradient. 

If the liquid contained an excess of cations (positively 

charged particles), then a reservoir downstream of the porous 

material will become positively charged with respect to the up-

stream reservoir. This imbalance will produce a second electric 

current which, contrary to the first, utilises the whole of the 

cross-sectional area of each pore. If ~E is the potential 

between the two reservoirs, then the expre.ssion for this current 

is 

I' 
2 

= K (22) 

where K is the electrical conductivity of liquid in the pores. 

Note the solid is assumed to be a perfect insulator. A2 is the 

area available for back ionic flow; i, the length of the porous 

material. 

When steady state conditions have been attained, and no 

external current is flowing in the system, then 12 must be equal 

and opposite to I STR' consequently 



= = 

where VESTR is the streaming potential, expressed as a field 

strength. 
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(23) 

Comparison of eqns. (17) and (21) when no external field.is 

applied (i.e. VE = 0), shows that the streaming current density 

to be given by 

= 

with (24) 

e: ~ Al 
= 411 \l A P", g 

where A is the area available for flow of the whole of the porous 

material, P",' is the density of the liquid, g, the gravitational 

acceleration. Note that the pressure gradient, VP, has been 

The flow of water required to produce the streaming current 

density (c.f. eqn. (16) and note \lE = 0) 

= (25) 

Furthermore, the expression for the streaming potential, from 

eqn.(17) noting that I = 0 is given by 

The 

above. 

I 

= \lip 
P 

expression for the coefficient K21 has been 

The value of K22 is obtained from eqn. (22) 

I2 A2 
K22 \lE = = K -VE = 

A A 

expressed 

where A is the cross-sectional area of the whole of the porous 

(26) 

(27) 

material, \lE, the electrical potential gradient (i.e. 6E divided 

by R,). 
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7. Electrical conductivity of the porous matrix system 

The electrical conductivity of a porous material system is 

important since it directly affects the values of both the electro-

osmotic flow and streaming potential. By combining eqns. (18), (19) 

to eliminate VE, the electro osmotic flux is given by 

= I (28) 

Similarly the expression describing the value of the streaming 

potential (eqn.(26) ) also contains the electrical conductivity 

coefficient, K22 • It is obvious that as K22 increases, then both 

the electro osmotic flux and streaming potential will decrease, 

provided the values of the other variables remain constant. 

Under normal circumstances, electricity can be conducted by 

the solid phase and the liquid phase of the porous system, but it 

has been assumed that the solid phase is a perfect insulator, and 

hence the magnitude-of the electrical conductivity coefficient 

will be governed solely by conductivity in the liquid phase. 

The liquid phase conductivity is comprised of two parts. One 

component is the normal (bulk) conductivity of the solution as 

determined in a concentration cell. The other is an additional 

increment associated with the charged layer at the solid-liquid 

interface. This increment is known as surface conductivity. A 

brief description of surface conductivity can be found (ref. (2) 

p.208; reL(3) p.418). For present purposes, however a detailed 

description of surface conductivity will not be required since it 

is assumed that the variation of surface conductivity with solute 

concentration is small and that the variation of the electrical 

conductivity coefficient, K22 , is governed by the concentration of 

ionic salts in the bulk liquid. 

Noting that as the bulk salt concentration is increased, the 

value of K22 is also increased, which correspondingly reduces the 
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efficiency of the electro osmotic effect (i.e. cm3 of moisture 

moved per stat amp of current). Likewise as the value of K22 is 

increased, the value of the streaming potential is correspondingly 

decreased. 
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List of symbols and units of Chapter Four 

A 

E 

g 

I' 
STR 

I' 
2 

J v 

Kll 

K12 

K21 

K22 

kE 

~ 

VP 

u 

£ 
·0 

£' 

K 

2 
area of a porous material (cm) 

area of a porous material available for liquid flow (cm2 ) 

area of a porous material available for bulk-ionic flow 

(cm2 ) 

applied voltage (stat volt) 

stream potential gradient (stat volt cm- 1) 

gravitational acceleration (cm sec- 2) 

streaming current density (stat amp cm-2) 

streaming current (stat amp) 

back-ionic current flow (stat amp) 

macroscopic mean fluid velocity (cm sec- 1) 

Hydraulic conductivity (cm sec- 1) 

electro osmotic coefficient (cm- 2 sec- 1 stat volt- 1) 

hydraulic coefficient (stat amp cm- 2) 

electrical conductivity coefficient (stat ohm- 1cm- 1) 

electro osmotic coefficient (cm2 stat volt- 1 sec- 1) 

length of a porous material (cm) 

applied pressure gradient (g cm-2 sec-2) 

, 

electricity induced volume flow rate of moisture (cm3sec- 1) 

fluid veloci,ty (cm sec- 1) 

dielectric constant (stat coulomb2sec 2g- 1cm- 3) 

permittivity of free space (stat coulOmb2sec2g- 1cm- 3 ) 

ratio of the dielectric constant of the medium to that of 

free space 

zeta potential (stat volt) 

electrical conductivity of liquid within the pores of a 

porous material (stat ohm- 1 cm- 1) 

~ viscosity of the fluid (g cm- 1 sec- 1) 

Pw density of the fluid in the liquid phase (g cm-3 ) 

(a) • volumetric charge density of the fluid (stat coulomb cm-3 ) 



~E 

~p 

electrical potential owing to the proximity of a 

charged surface (stat volt) 

pressure head of fluid (cm) 
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Appendix I 

Conversion factors of several common electrical units 

quantity S.L unit electrostatic - cgs unit 

electric charge 1 coulomb 2.9979 x 109 

current 1 ampere 2.0079 x 109 

voltage 1 volt 3.3356 x W- 3 

resistance 1 ohm 1.11263 x 10- 12 



Appendix II 

Calculation of the electro osmotic velocity. 

Assumptions 

applied voltage gradient, VE = 100 ( v m-I) 

zeta potential, C = 0.1 (v) 

dielectric constant, E = 80 

fluid viscosity, ~ = 10-3 (N s m- 2) 

permittivity of free space, £ = 8.854 x 10- 12 (C2 ~1 m- 2) 
o 

(i) S.I. system 

The expression representing the electro osmotic fluid 

velocity, u, is 

£'£ oc VE 
u = 

~ 

80 x 8.854 x 10-12 x 0.1 x 100 
= 

10-3 

= 7.0832 x 10-6 (m s-l) 

(ii) cgs system 

The expression representing the electro osmotic fluid 

velocity, Ut is 

u = 

Note, the 

u = 

= 

= 

£ C VE 
411 

figures 

80 x 0.1 

7.08317 

7.08317 

in par.entheses represent conversion factors. 

x (3.3356xl0- 3) x 100 x (10- 2x3.3356xl0- 3 ) 

411 x 10- 3 x ( 10) 

x 10-4 (cm s-l) 

x 10-6 (m s-l) 
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The calculations show that the electro osmotic velocity to be 

same irrespective of the unitary system. 



CHAPTER FIVE 

EVAPORATION 
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1. Introduction 

Evaporation of moisture from walls is an important part of the 

phenomenon of Rising Damp because evaporation plays a major part in 

determining the flow of moisture up a wall; the severity of 

moisture in the wall; and the additional problem of salts, either 

at the wall surface or in the interior of the wall. 

Evaporation can be regarded as a naturally occurring example 

of 'drying of porous materials' albeit under much less harsh drying 

conditions. 

There is a wide variety of methods of indirectly estimating 

evaporation. The methods range from the purely empirical to the 

highly theoretical. In addition several of the methods have been 

developed to estimate evaporation from large horizontal surfaces 

(fields, lakes) and for particular types of ground cover (crops). 

Obviously these methods cannot be modified to estimate evaporation 

from damp walls; even so there still remain several methods which 

can be modified to estimate evaporation from damp walls, although 

they almost all present the additional difficulty of estimating 

evaporation from a vertical surface rather than a horizontal one. 

In fact the close proximity of the ground surface doubly complicates 

this new problem. 

Another complication is that evaporation can occur both from 

internal and external walls of buildings. Evaporation from 

external walls is characterised by atmospheric conditions similar 

to those occurring at other external surfaces (e.g. fields, lakes, 

etc.) whilst evaporation from internal surface is more closely 

related to evaporation into 'still' air. These differing 

conditions necessitate the development of different approaches to 

the problem of estimating evaporation, although some methods may be 

used to estimate evaporation under both types of conditions. 
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The description of the drying process and method of estimating 

evaporation is preceded by a section devoted to the terminology 

associated with ~poration and drying processes. This is followed 

by a section describing the moisture redistribution and moisture 

movement towards the evaporating surface. The chapter is concluded 

by a discussion of several methods of estimating evaporation, both 

at internal and external locations. However, there has been no 

attempt to specifically develop the. evaporation methods with respect 

to Rising Damp. 

2. Terminology 

2.1 Water vapour pressure 

Dalton's Law of partial pressures states that the presure 

exerted by a vapour (gas) is independent of the pressure exerted by 

the other gases present. Assuming that a fixed mass of water 

vapour behaves as an ideal gas, the water vapour pressure, p, can be 

represented by 

p = (1) 

where Pv' the density of water vapour; ~, the molecular weight of 

water; R , the universal gas constant per mole; 
m 

temperature; p, the vapour pressure of water. 

2.2 Saturated vapour pressure 

T, the absolute 

When a liquid and its vapour are enclosed, a dynamic equi-

librium is established whereby the number of molecules leaving the 

liquid is balanced by the number of molecules returning to the 

liquid. When the-equilibrium is .attained the vapour is said .to be 

saturated. The vapour pressure is the maximum possible for the 

particular temperature of the enclosed system and the vapour is 

known as the saturated vapour pressure (s.v.p.) denoted here by the 

symbol, p • 
as 
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It should be remembered that presence of solute within the 

water and curvature of the water-gas interface both affect the 

vapour pressure, and thus s.v.p. is normally associated with pure 

solvent and a flat liquid-gas interface. The variation of s.v.p. 

and temperature under these conditions is show in Fig. 1. 

2.3 Saturation deficit 

For a space in which the vapour pressure p is less than the 

s.v.p. p at the temperature, T, (Fig. 1) the saturation deficit 
as 

is given by the difference (Pas-p ). 

2.4 Relative humidity 

It is defined as the ratio 

h where p < 

The ratio may sometimes be expressed as a percentage, i.e. 

h = 100 x (PIp ) percent 
as 

2.5 Absolute humidity or vapour density 

The vapour density, p , in eqn. (1) is sometimes referred to 
v 

as the absolute humidity. 

2.6 Specific humidity 

The specific humidity, q, is defined as the ratio of the mass 

of water vapour per unit mass of dry air and associated water vapour. 

2.7 Humidity 

The humidity, H', of moist air is the ratio of the mass.of 

water vapour to the mass of dry air. The humidity may also be 

called the mixing ratio • 

. In ·unit volume·.of gaseous mixture (air-water vapour), the 

mass of vapour (water) is given by (p.~)/(Rm.T). The mass of non-

condensibles (air) is (MA.lP-p) )/lRm.T). Therefore the humidity, 

HI, is defined as 



H' = 

Similarly the humdity of saturated gaseous mixture H' is 
s 

H' 
s 

= 
[
Pas J ~ 
P-p M 

as A 
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(2) 

(3) 

where ~ is the molecular weight of the vapour; MA' the molecular 

weight of non-condensible gas; p, P is the vapour pressure and 
as 

saturated vapour pressure; P, the total pressure. 

For an air-water system, p, p are often small when compared 
as 

to the total pressure,. P, and hence eqn. (2) may be written as 

H' = [~) 
The humidity may also be expressed as a ratio, normally as a 

percen tage, 1. e • 

percentage humidity = (H' .100) / (H') 
s 

which from eqn. (1), (2), (3) may be expressed as 

= [
p-p I 
p_pasJ x (h x 100) 

2.8 Dew point temperature 

The dew point temperature can be illustrated with reference 

(4) 

to Fig. 1. Consider a fixed mass of partially saturated air-water 

vapour mixture, initially at temperature T, to be cooled at constant 

pressure and without any gain or loss of water vapour (constant H'). 

On re-arrangement of eqn. (2) it can be shown that 

p = 
H'.P.M

A 

(~ + MAH') 
(5) 

For constant total pressure, P and humidity, H', the right hand side 

of equation (5) is constant. Thus on cooling the air-water vapour 

mixture (initially at temperature T, denoted by A in Fig. 1), point 

A is moved horizontally to the left. Eventually the locus of point 

A will intersect the s.v.p. curve. The temperature corresponding 
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8 Moisture content 

Rate of drying curves of porous materials. 
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to the point of intersection is called the dew point temperature, 

Tdp ' 

2.9 Wet bulb temperature 

The wet bulb temperature can also be illustrated with refer-

ence to Fig. 1. Consider the cooling of air as it flows over a wet 

surface. If point A (Fig. 1) represents the intial state of such 

an air flow, then evaporation of moisture into the air stream will 

increase the vapour pressure and simultaneously reduce the air 

stream temperature. Such a change can be represented by a path 

inclined upwards and to the left of A. The temperature at which 

this path intersects the s.v.p. curve will depend somewhat on the 

conditions of the air flow. The temperature of intersection is 

decreased as the air flow rate is increased. However, for air 

velocities greater than 2 metres per sec., a small wet surface 

achieves a steady lower temperature, which is rather insensitive to 

further increases in flow rate provided the small wet surface is to 

some extent thermally isolated from its surroundings. This steady 

lower temperature is defined as the wet bulb temperature, T
wb

' 

corresponding to state A. 

3. The drying process. 

3.1 Description of the, drying process. External observations. 

Originally the drying process within porous materials was 

thought to be purely diffusive in character (1) (5) (6) with moisture 

movement obeying Fick's laws of diffusion (7) :-

u ~ D~ 
ax. 

(6) 

ae a2e 
~ D ---

at ax2 (7) 

where u is the velocity of moisture; e, the volumetric moisture 

content; D, the diffusion coefficient; x, distance. 
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The diffusion coefficient was assumed to be constant and 

independent of moisture content. The results obtained for fine-

pored porous materials (clays, soap, wood) tended to confirm the 

assumption. However, for coarser-pored materials Fick's laws were 

found to be inadequate to simultaneously predict the flux of moist-

ure and corresponding moisture gradient. The moisture flow 

occurring in coarser-pored materials was shown to be determined 

initially by interfacial (capillary) forces and in the latter 

stages of drying by diffusional forces. The shape of the drying 

curve varies with the structure and type of material. 

shapes of drying curves are illustrated in Fig. 2. 

Two typical 

In curve (1) there are three well defined stages; A-B 

constant rate of drying, B~C first falling rate period where the 

drying rate decreases linearly with moisture content, and C-D 

second falling rate period where the decrease in drying rate with 

respect to moisture content is no longer constant. 

For curve l2}, F-E represents the constant rate period which 

is similar to the region A-B of curve (l). The section E-D (curve 

(2) ) is similar to the portion C-D of curve (1), there being no 

zone of linearly decreasing drying rate. Curve 2 is character-

istic of the drying of fine pored porous materials (e.g. soap, clay, 

wood) • Curve ll} is characteristic of coarser pored materials 

(e.g. sand, loam). The moisture content corresponding to points 

B, E is the respective critical moisture content of the material, 

the significance of which is discussed later. 

3.2- Constant· rate period 

During the constant rate period evaporation is assumed to take 

place at the surface of the wet solid. The rate of drying is 

limited by the rate of diffusion of water vapour through a station

ary air film near the solid curface. Drying in this period is 

similar to the evaporation from a free liquid surface (81 • The 
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solid assumes a constant equilibrium temperature, just as a free 

liquid surface is maintained at the wet bulb temperature of the air. 

When the heat required for vaporisation is supplied only by 

conduction through the same surface gas film through which water 

vapour diffuses, the solid surface temperature is the same as "the 

wet bulb temperature of the air. When additional heat is supplied 

by radiation, or conduction through the solid, the solid surface 

temperature is higher than the wet bulb temperature, also the rate 

of drying is consequently increased (2) (9). 

Experiments by Powell and Griffiths(10) have shown that the 

rate of evaporation is affected by the dimensions of the drying 

surface and the tangential air velocity across the surface. For 

air velocities between 100 and 300 cm per sec, the overall 

evaporation rate, 

= 2.12 x 

Evlb is given by 

10-7 lO. 77 B(p -p) (1 + 0.121 
es a 

and for air velocities less than 100 cm per sec 

= 4.3 x 10-7 lO.77 BO. S (p -p) (1 + 0.121 uo •SS ) 
es a 

-1 " 
where Evlb is the overall rate of evaporation (g sec ) for a 

(S) 

(9) 

surface of l (cm) and width B (cm)." P is the saturation vapour 
es . 

pressure at the temperature of the surface and p is the vapour 
a 

pressure of water in the, bulk air stream, both are expressed in 

m.m. of mercury. u is the tangential air velocity (cm.sec-
1
). 

The variation of evaporation rate with respect to the 

, (11) 
dimensions of the wet surface has also been dlscussed by Powell 

(12) 
and Chakravorty • 

Evaporation from a wet surface will remain constant, until 

a situation is reached, when moisture from the interior of the 

porous material is unable to migrate to the surface at a sufficient 

rate to replace that lost by evaporation. The moisture content 

that determines the end of the constant rate period and the onset of 

the falling rate period is called the critical moisture content. 
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It is affected by the structure and type of porous material, 

and also by bed conditions which affect the moisture content and the 

moisture conductivity of the material (temperature, salt content). 

Assuming that the bed conditions remain the same, then the rate of 

evaporation will also affect the critical moisture content since to 

sustain a higher evaporation rate, a higher fluid conductivity (and 

hence a higher moisture content) is required. 

3.3 First falling rate period 

The points B-C in Fig. 2 curve (2) represent the condition 

where the porous material is unable to supply ,sufficient moisture 

to saturate the air in close contact with it. It is believed that 

the linear decrease in drying rate after the critical point is due 

(2) (3) (5) (13) 
to a decrease in the surface actually wetted . The 

rate of drying per unit of free liquid surface does not decrease, 

but as the network of raised portions of the solid dry, the rate of 

drying per unit total surface area decreases. The belief that the 

zone of evaporation is still at the solid surface has been confirmed 

by the work of Sherwood (2) (5), who by monitoring the temperature 

gradients within the porous material and subsequently calculating 

the overall heat transfer coefficient, showed it to remain essen-

tially constant. From this result Sherwood inferred that there was 

no change in the thermal resistance of the process (evaporation 

still at the surface). 

Since evaporation is still occurring at or very near to the 

surface, in this drying period, the rate of evaporation will be 

greatly influenced by the external climatic conditions (surface 

temperature, air humidity and air velocityI (2) (5) (13) (14) . 

3.4 Second falling rate period 

When the zone of evaporation has receded into the interior of 

the porous material, migration of moisture to the solid surface, can 
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only occur by diffusion of vapour, and obviously the overall process 

of evaporation will predominantly become diffusion controlled. The 

evaporation rate now being inversely proportional to the distance 

between the solid surface and the constantly receding zone of 

internal evaporation. Eventually the process of vapour diffusion 

will also cease. The remaining moisture content, when no further 

loss of moisture occurs, is called the equilibrium moisture content. 

The value of this moisture content is determined by the solid 

structure, by the humidity of the external air stream, and by the 

salt content of the remaining moisture, which is in equilibrium with 

the moisture in the bulk air stream. 

3.5 Description of the drying process. Internal considerations (4) 

(5) (13)-(16) 

Consider a totally saturated porous material (i.e. suction in 

the liquid is zero), which is allowed to dry in a stream of air. 

Initially the suction increases rapidly with only a corresponding 

slight decrease in moisture content owing to the formation of 

liquid menisci at the surface. 

Eventually the curved liquid surface in the largest pore 

collapses and air replaces the liquid which is redistributed 

throughout the porous ma,terial. This redistribution of liquid 

causes a slight reduction in liquid suction. However, the suction 

recovers rapidly and as drying continues more and more of the finer 

pores at the surface area emptied. Secondary emptying of larger 

sized pores below the surface may occur when the suction at that 

level. is. sufficient. to rupture any air-water· meniscuspresent •. _. 

Assuming the frictional forces associated with moisture flow 

to be negligible then the suction at a distance, z, below the 

surface is given by 

h 
wz 

= (10) 
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where h is the suction at a vertical distance, z, below the wz 

surface; h ,the suction at the surface; p, the density of the ws w 

liquid; g, the gravitational acceleration. 

As drying proceeds, fluid conductivity in the liquid phase is 

restricted to the finer pores and to the films of water adjacent to 

the solid surfaces of the larger pores. When secondary emptying 

below the surface becomes widespread, rapid de saturation of the 

porous material occurs at approximately constant suction; and 

provided that there is still sufficient liquid conductivity to the 

surface, the evaporation rate and surface temperature will remain 

(13) 
constant • 

Eventually, liquid continuity will become less than that 

required to maintain the constant rate of evaporation and 

consequently partial drying of the wetted surface will occur. This 

condition marks the onset of the first (linear) falling rate period, 

which is characterised by an increase in surface suction and a more 

rapid increase in the rate of liquid suction. 

As drying proceeds moisture at'the surface will become 

isolated from the rest of the liquid; i.e. liquid conductivity has 

failed and the saturation regime has changed from funicular to 

pendular. The isolated,liquid adjacent to the sharp recesses 

between the solid surfaces tends to adopt menisci such that the 

liquid is in equilibrium with the surrounding vapour, consequently 

there is little further loss of moisture in this dry zone. 

The suction in the continuous liquid phase is at a maximum at 

the onset of the formation of a dry zone. Loss of moisture can now 

only occur by vapour diffusion through this dry wendular) layer 

which marks the beginning of the second falling rate period. 

The rate of evaporation nOW decreases inversely as the thick-

ness of the pendular layer increases. Finally the pendular zorie eidsts 

throughout the porous material and the remaining liquid eventually 
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attains equilibrium with the vapour in the bulk air stream (equil-

ibrium moisture content). 

It can be recalled that potentials of pressure, temperature, 

solute concentration and voltage are responsible for the movement of 

moisture in a porous material. Neglecting the potentials of_temp-

erature,solute concentration and voltage; and including the gravi-

tational potential, then the only forces inducing moisture movement 

are pressure forces ~nduced by capillarity) and gravity. These 

forces are opposed by frictional forces generated by the movement 

of moisture. 

In a bed composed of large particles and pore spaces 

gravitational forces will be greater than capillary forces and 

frictional effects will be negligible. The amount of liquid move-

ment to the surface during drying will be small and most of the 

drying will occur in the first and second falling rate periods. 

For intermediate sized particles, gravitational and capillary 

forces will be comparable in magnitude and frictional effects will 

be small. For beds of very fine particles frictional forces will 

predominate and capillary and frictional forces will far outweigh 

those due to gravity. 

Newitt(131 predicted from theoretical considerations that for 

beds of uniform spheres and for laminar fluid flow:- (i) gravity 

and capillary force were the controlling forces for spheres greater 

than 10-2 
cm. (iil For spheres of radius 10-3 to 10-4 cm the 

controlling forces were mainly capillary. (iii) For spheres less 

-5 than"10- cm -capillary and frictional forces were the controlling. 

forces. 

However, experiments showed that the theoretical predictions 

were only partially correct. For glass beads of radius 6 x 10-3 
cm, 

the controlling forces were gravitational and capillary. For 
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-3 
spheres of 2.35 x 10 cm the controlling forces were almost all 

-4 capillary and that for spheres of 7.5 x 10 . cm capillary and 

frictional forces were controlling. Finally for spheres of 2.5 x 

10-
4 

cm the controlling forces were almost totally frictional. 

The theoretical predictions were obtained from calculations 

and upon the assumption that the spheres were packed as closely as 

possible. The results for the larger spheres (6 x 10-
3 

cm) indicate 

that the sphere packing is more open than assumed, which in turn 

leads to greater pore sizes than expected. Newitt(17) proposed 

that a possible explanation of the significant increase of friction-

. -4 
al forces, above that predicted, for the smaller spheres (2.5 x 10 

-4 
and 7.5 x 10 cm) was due to disruption of the capillary pathways 

by air-vapour bubbles. The disruption is caused by expansion of 

entrapped air, or by separation and consequent expansion of air 

from solution at high suctions. This problem is aggravated at 

higher temperatures when the vaporisation of the liquid also 

contributes to the size of the air-water vapour bubbles. 

4. Methods of estimating evaporation 

The evaporation ~rocess involves the. transfer of heat, 

momentum and mass, which are intimately related. Methods of 

estimating evaporation iqclude an energy balance approach; esti-

mation by mass transport treatments, either empirically or theor-.-

etically. Another approach involves the measurement of all the 

components of a water balance equation, except that of the rate of 

evaporation, which is then estimated to be the residual flux after 

the sum of the component fluxes have been subtracted from the net 

moisture flux. 

The methods of estimating evaporation discussed in the 

following sections are:- ti) empirical or semiempirical Dalton 

type formulae. tii) Turbulent aerodynamic methods. (iii) Energy 

balance approach. (iv) A dimensionless correlation of evaporation 
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into still air. The first two methods are more applicable to 

external building surfaces, whilst number (iv) is more applicable 

for internal building surfaces whilst method number (iii) can be 

used to estimate evaporation from both types of surfaces. 

4.1 Requirements for evaporation 

For ev~poration, from a wet surface, to continue three 

physical requirements must be continually fulfilled. Firstly 

there must be a continual supply of heat energy to vaporise the 

liquid. Secondly the vapour pressure in the overlying air must 

be less than that at the evaporating surface. Finally, a sufficient 

quantity of moisture must be transported to the surface. 

4.2 Da1ton method 

The beginnings of a scientific study of evaporation are due to 

Da1ton, who was first to state clear views on the nature and 

properties of vapours in general. He designed experiments to 

elucidate the factors controlling natural evaporation and showed his 

results to be consistent with the equation which workers now refer 

to as the "Dalton" form 

E 
v 

= 

where E is the evaporation per unit area; a, b are empirical 
v 

constants; Pes is the saturation vapour pressure at the surface 

(11 ) 

temperature Tes' Pd is the saturation vapour pressure at the dew 

point temperature Tdp ' u, the velocity in the x direction. 

There is however, lack of agreement concerning the value of 

the constants. The value of a has been found to lie between 0.3 

and 0.5 when Ev is measured in mm of water per day, u in miles per 

hour and p ,Pd in mm of mercury. 
es 

The value of b shows a much 

greater variation. Several possible reasons have been presented to 

account for the variation of b; some of the more common reasons 

being the sizes, depths and exposures of the evaporating pans, the 

height at which the wind velocity is measured. 



Another possible explanation is the determination of Pd' 

since for evaporation to continue, Pd must decrease with height; 

however, the greatest fall in vapour pressure occurs in the 

laminar sub-layer near the surface, and that further changes in 
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vapour pressure with height are small. Provided Pd is determined 

at the height of a few metres above the surface, it is expected 

that no serious error in the value of Pd will be incurred. 

ROhwer(18) made a comprehensive investigation of evaporation from 

(19) (20) 
free water surfaces, which has been discussed further by Penman. 

Rohwer's measurements were obtained for a tank 3-ft square 

(approx, Im x Im) and his results can be summarised by the formula 

E 
v 

= 0.40 (1. + 0.27 u ) (p -Pd) 
. 0 es 

(12) 

where E is the evaporation rate in mm of water per day; u is 
v 0 

the velocity at the surface, obtained by extrapolation and has units 

of miles per hour; 

mercury. 

p , Pd are the vapour pressures in mm of es 

P 
(19) 

enman modified this formula by substituting a new wind 

speed which was measured at a height of two metres above the 

surface 

E v = 0.40 (1 + 0.17 u 2 ) (p -p) 
es d 

where u
2 

is the velocity measured two metres above the damp 

surface. 

Dalton type formulae have also been presented by several 

k 
(10) (11) (12) (21) - (24) 

war ers • 

4.3 . Turbulent aerodynamic methods 

These methods have their origins in classical turbulent 

transfer theory. The main assumption associated with this 

(13) 

approach is that the magnitude of the eddy momentum diffusivity 

is numerically equal to the eddy mass diffusivity. The momentum 
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eddy diffusivity is evaluated from wind speed measurements. This 

value is then used together with air moisture measurements to 

calculate the evaporative flux. 

Eddy momentum transfer coefficients were developed from funda-

mental principles together with the concepts of 'eddy velocity' 

and 'mixing length' together with an expression describing the 

velocity profile near to the surface. 

The theory of momentum transfer developed from fundamental 

principles has been discussed by O.G. Sutton(25)-(27) and W.G.L. 

S tt 
(28) 

u on .. The theory was subsequently found to be in reasonable 

d "th " 1 f t(29) accor Wl experlmenta ac • 

Sutton's method of evaluating the eddy momentum coefficient 

(30) 
for aerodynamically smooth surfaces was slightly modified by Frost 

to extend the method to aerodynamically rough surfaces. The 

results predicted by both theories was confirmed by calder(31). 

The problem of turbulence and evaporation has also been discussed 

by Davies(32). 

A slightly different approach to the problem of measuring 

turbulent natural evaporation from any type of surface has been 

H 1 
(33) (34) 

developed by Thornthwaite and 0 zman • The difference 

between this method and that pioneered by sutton arises from an 

assumption associated with the definition of IImixing length", 

which in turn is reflected by the expression for the velocity 

profile of fluid associated with the solid surface. A roughness 

factor is also included in the velocity profile expression. The 

approach resulted in a different expression for the eddy momentum 

diffusivity. 

The concluding part of the method however is similar to the 

method of Sutton, in that the eddy mass diffusivity is assumed to 

the eddy momentum diffusivity, and from which an expression for 
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the evaporative flux was derived. 

Equality of the eddy diffusivities has been verified by 

Pasquill (35), who has also shown that under certain circumstances 

the evaporation expression could be simplified to yield a 

(36) 
"Oalton" type of expression • 

Further aspects associated with turbulent transfer methods 
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are atmospheric stability and its effect upon the velocity profile 

and evaporation expressions, and the definition of aerodynamically 

smooth and rough surfaces. These aspects are influenced by the 

type of flow regimes associated with a particular surface. The 

type of flow regime is itself a function of Reynolds number. The 

flow regime is described as either laminar, transitional or fully 

turbulent. The criteria for determining the type of flow regime 

and treatment of boundary layer motion can be found in most fluid 

. (37) 
mechan1CS textbooks, e.g. • 

A schematic representation of the velocity profile over a 

surface elucidating the meaning of 'surface roughness' can be 

found in Fig. 3 (ref. (33), page 25). The surface roughness 

variable is denoted by the height h in the figure. 
o 

The continuous 

line represents the actual velocity profile whilst the dotted line 

is an extrapolation of an assumed velocity profile to the axis of 

zero velocity. The source surface is assumed to represent the 

height at which moisture is liberated or the height from which 

moisture is assumed to be evaporated. 

The importance of atmospheric stability is that it influences 

the profiles-~f velocity, humidity-and temperature-in the air. 

. . (29) (38) 
This is reflected by variability of the m~x~ng length and 

the velocity profile which are used to determine the eddy momentum 

coefficients. The criterion of stability was expressed in terms 

of the ratio of the buoyancy force to the frictional force, the 

ratio is known as the Richardson number (39) (40) (41) • 



-150-

The question of stability in Sutton's method, can easily be 

accounted for by adjustment of a variable, designated by 'n' in 

. (25) (26) (27) the or1ginal papers • The variable n is a measure 

of the degree of mixing and lies between 0 and 1. 

l\djustment of the theory when using the approach of Thornthwaite 

and Holzman(33) (34) is more difficult since an additional 

. . . (35) (42) (43) 
"correlating" factor was l.ntroduced l.nto the equatl.ons . 

An alternative treatment involved redefinition of the velocity 

profile with a variable exponent, a modification which is very 

(44) 
similar to the original approach presented by Sutton • 

Pasquill (35), using the modified velocity profile, developed 

expressi'ons for the rate of evaporation. The agreement between 

the above theoretical modification and experimental observations 

. (45) (46) 
has been d1scussed by Rider • 

Description and limitations of the turbulent transfer methods, 

(47 ) 
and further discussion are given by Halstead and Covey ; Rider 

and RObinson(48); Deacon, Priestley and Swinbank(49) ~ 

and Rose(51). 

(50) 
Blackwell ; 

The discussion above is merely an outline of the development 

of the turbulent transfer methods. These methods have been 

included since they re~resent an established approach of estimating 

evaporation. The discussion has been abbreviated because complete 

derivation of the evaporation expressions from fundamental 

principles is tedious and often difficult to follow. 

With turbulent transfer methods the apparatus, accuracy of 

measurement and adherence to boundary conditions are generally 

more critical than in other methods of estimating evaporation. 

These stringent requirements make it doubtful as to whether these 

methods could be successfully applied to prediction of evaporation 

from damp walls. There are however, less demanding but equally 

valid methods of estimating evaporation (e.g. energy balance 
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method) which preclude the frequent use of turbulent transfer 

methods for estimating evaporation. 

4.4 Energy balance approach 

This method of estimating evaporation is based upon an energy 

balance at ground level. The equation representing the various 

heat fluxes can be expressed as 

R 
n 

= G + H + L E' 
v 

(14) 

where R is the net radiation flux density, adsorbed at the ground 
n 

surface; G, the heat flux density conducted into the ground. H, 

the sensible (or non-latent) heat flux density into the atmosphere. 

L, the latent heat of evaporation. E' v' the evaporation rate per 

unit area of surface. The product L E' comprises the latent heat 
v 

flux density. 

4.5 Discussion and evaluation of R 
n 

Most of the radiant energy from the sun has a wavelength 

between 0.3 ~ and 3 ~ whereas terrestrial radiation is effect-

(52) (53) 
ively of wavelength greater than 3 ~ • There is little 

overlap between the radiation spectra (51) • Because of this 

terrestrial radiation is referred to as 'Long Wave' radiation to 

distinguish it from the 'Short Wave' radiation from the much 

hotter sun. 

Short wave radiation from the sun is affected by passage 

through the atmosphere. On clear days much of the solar radiation 

is directly transmitted to the ground. However, on cloudy days, 

the sun's radiation is reflected in all directions (diffuse 

reflection), and solar radiation reaching the ground, via the 

clouds is called reflected radiation. Part of the solar (short 

wave) radiation is absorbed by clouds and re-emitted as long wave 

radiation either back into space or towards the ground. Similarly, 

dust or smoke particles, in the atmosphere, also reflect and 
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adsorb solar radiation. However, because the concentration of 

these particles is much lower: the solar radiation reflected by 

these particles is referred to as scattered radiation (52) • 

The net shortwave radiation reaching the ground is referred 

to as global radiation (R
SG

). Some of the short wave radiation 
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is reflected by the ground back into space, and albedo is the term 

used to denote the reflection coefficient of short wave radiation 

only., 

It is important to distinguish between short wave radiation 

reflected from a surface, i.e. still as short wave radiation and 

short wave radiation that is aqsorbed by the surface and, because 

of the lower surface temperature, re-emitted as long-wave 

radiation. 

If the difference in long wave radiation received and emitted 

by the ground surface is denoted by RL and the reflection 

coefficient of the surface (albedo) is denoted by p', and finally 

if R denotes short wave received at the ground surface then the 
SG 

net radiation flux density (R ), available at the ground surface, 
n 

is 

R 
n 

= (15) 

The various components. of the energy balance are shown schematically 

in Fig. 4. 

The gases which appreciably affect the long wave portion of 

the radiation spectrum are carbon dioxide and water vapour. The 

overall effect of carbcn dioxide is less important because of its 

lower concentration and fewer adsorption bands than water vapour. 

Also since the proportion of carbon dioxide in the atmosphere is 

practically constant, its effects may be considered as fixed for 

most purposes. The evaluation of long wave radiation in the 

(52) (54) - (59) atmosphere has been discussed by several workers • 
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Brunt (54) derived a semi empirical expression for the incom-

ing long wave radiation in a cloudless sky, 

R' 
L 

= a T4 (a + b/p) 
r 

(16) 

where a, b are constants for a given location; p, the vapour 

pressure of water in the atmosphere; T, the absolute temperature 

of air at the screen height; R~, the downward (incoming) radiation 

from the atmosphere for a clear sky; or' the Stefan-Boltzman 

constant. 

penman(19) modified Brunt's expression to allow for cloud 

coverage 

R' 
LID = R~ (1 - am) (17) 

where R~, the net incoming long wave radiation on a cloudy day; 

m, the fractional cloudiness; a, a variable which depends on the 

cloud type. For high clouds (cirrus, a = 0.025); for medium 

height (alto, a = 0.06); and finally for low clouds (cumulus, 

a = 0.09). 

Monteith(56) developed a similar expression for cloudy skies 

R' 
LID 

= R' (1-m) + m 0 T 4 
L r c 

where m, the fractional cloudiness; o , the Stefan-Boltzman 
r . 

constant; T the absol~te temperature of the cloud surface. 
c 

(18) 

Monteith expanded eqn.(18) to allow for differences in temp-

erature between the ground surface and the air temperature, and by 

inclusion of a suitable correction factor, expressed the cloud 

temperature in terms of air temperature, the final expression was 

R' 
LID 

(19)~ 

4 
where € is equal to !{'/(o TA); TA. the absolute temperature of 

. L r 

the air; R~, the incoming radiation from a cloudless sky; ~1' 

the correction for the difference between TA and the cloud base 

temperature, T; 6L
2

, the correction for the difference between 
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TA and the surface radiative temperature. 

For clear skies and an air temperature, TA' Swinbank(57) 

proposed two equivalent equations, which are solely dependent upon 

the air temperature, 

R' 
L = -17 .09 + 1.195 (J TA r 

4 
(20) 

or 

R' = 5.31 X 10-14 T -6 
L A 

(21) 

-2 
where R' is the incoming long wave radiation (milli watts cm ); 

L 

(J , the Stefan-Boltsman constant, 
r 

which has a value of 5.77 x 10-
9 

-2 0 -4 (milli watts cm K); TA' the absolute air temperature. 

Short wave radiation received at ground level is often 

f 
(20) 

expressed in the orm 

= R (a + b ~) 
S N 

(22) 

where RSG is the short wave radiation received at ground level on 

a cloudy day; R
S

' the short wave radiation received at ground 

level on a clear day; a, b are constants for a given location; 

n, is the total period of bright sunshine; N, is the maximum 

period of bright sunshine. Note, a fraction of RSG is reflected, 

as short wave, back into space; and if the reflection coefficient 

(albedo) is denoted by p', the net short wave radiation available 

at the surface is (l-p l)R
SG

' In addition the value of p' may be 

affected by the amount of moisture at the surface. 

4.6 Discussion of the soil heat flux 

Heat may be transferred through a porous material by conduction, 

convection and radiation. However, the heat flux of the two 

latter processes is much smaller than that of conduction, and hence 

they may be ignored. Part of the heat energy absorbed by a 

porous material is used to increase the temperature of the material 

itself (i.e. storage), the remainder of the heat energy is trans-

ferred through the material. 
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When the supply of heat is removed, and provided the temp-

erature of the porous material is greater than ambient temperature, 

the stored heat is transferred back to the surroundings. Like-

wise,this'reverse flow of heat, may be transferred back to the 

surroundings by conduction. 

The heating and cooling process produced what is known as a 

, (51) (60) - (63) 
temperature wave in the porous mater1al • Consider as 

an example the surface of the soil. During the day solar 

radiation impinges on the ground. If the rate of incoming energy 

is greater than the rate at which energy can be dissipated to,the 

atmosphere, the soil surface temperature will rise. Heat 

conduction into the soil will occur because of the difference in 

surface and lower soil temperatures. Also the upper layers of 

soil will become warmer. At night the reverse process will 

occur since the soil temperature at the surface is less than that 

immediately below it. 

The greatest observed daily difference in temperature (i.e. 

amplitude of the temperature wave) is at the soil surface. West (60) 

has shown, that with soils and especially at greater depths, the 

diurnal and annual temperature waves can be represented by a simple 

sine wave expression. Furthermore, by' assuming the thermal 

diffusivity of the soil to be constant, the amplitude of the 

temperature waVe was shown to be a linear function of soil depth. 

In addition, West, by measuring the difference in time between the 

peak temperature at each depth (measurement of phase lag) , showed 

that the phase lag. of the temperature wave at different soil 

depths varied linearly with depth. 

Variation of temperature affects the thermal conductivity and 

thermal capacity of damp porous materials, because of the inter-
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action of these properties and the (temperature dependent) 

moisture content of the material (64)-(66). In addition, there is 

a thermal component arising from the bulk movement of moisture to 

the evaporating surface, which will modify the temperature wave 

and hence indirectly affect the thermal capacity and conductivity 

. (67- (70) 
of the porous mater~al • 

If the upward rate of moisture flow is less than the rate of 

evaporation at the surface (flow-limiting), then the variation of 

surface conditions is much more extreme than is the case where the 

rate of evaporation is limited by the supply of energy (energy 

limiting) (71) •. The interaction between the rate of evaporation, 

surface and sub-surface conditions is discussed in greater detail 

by Phi lip (67) and De vries(69). 

4.7 Bowen ratio 

In employing the energy balance approa.ch, the net energy 

available at the surface is denoted by R -G, where R is the net 
n n 

radiation energy at the surface and G, the heat energy conducted 

into the soil. The available energy at the surface has usually 

been partitioned between that required to heat the air, H and that 

required for evaporation, E'. 
v 

Working on evaporation from open 

(72) 
water surfaces, Bowen expressed the·ratio, S = H/(L E') in 

v 

terms of properties at two heights, one usually was taken as the 

evaporating surface. 

The flux of heat was expressed by 

H = 

where H is the flux of heat into the air; 

(23 ) 

p , the density of the 
a 

air; cPa' the specific heat of the air; (aT/az), the thermal 

gradient in the air and finally ~, the thermal diffusivity of the 

air. Note that for turbulent air conditions the thermal diffusivity 

is synonymous with the thermal eddy diffusivity (section 4.3) and 
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furthermore is numerically equal to the eddy diffusivities of 

momentum and mass transfer under all conditions of atmospheric 

stability. Hence by employing the corresponding expressions for 

heat and mass (water vapour) transfer, the Bowen ratio may be 

expressed as 

H cPa ~ (aT/az) 
cp 

aT 
S 

a = = = 
L E' L K (aq/az) L aq 

v v 

= YE (aT/aq) (24) 

where K is the eddy mass diffusivity; q, the specific humidity v 

(c.f. section 2.6) and YE is the ratio CPa/L. 

Both the temperature gradient and the specific humidity 

gradient are normally measured over the same height interval. 

Frequently, the amount of moisture in an air-water system is small 

and hence the specific humidity, q (section 2.6) can be equated to 

the humidity, H' (section 2.7); also as a consequence of the low 

air moisture content, the vapour pressure of the moisture in the 

air will also be small in comparison to the total pressure, P. 

Utilising these approximations the Bowen ratio can be expressed as 

= y' (aT/ap) 
E 

(25) 

where p is the vapour pressure of water; y', the ratio (cp PM)/ 
E a a 

M ,M are the molecular weights of air and water 
a W 

respectively. 

Recalling eqn.(14) and dividing by L E' then 
v 

R - G 
n 
L E' 

v 
= 1 + Il 

which on re-arrangement yields 

L E' 
v 

= (R -G)/(1+S) 
n 

(26) 

(27) 

By evaluating S from eqns. (24) or (25) and inserting it into eqn. 

(27), the evaporation rate E' can be determined. 
v 

To overcome the 

problem of determining the surface temperature and vapour pressure 
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(the same problem that is encountered in Dalton type expressions) 

(20) 
Penman combined the energy balance approach and the Dalton 

method to eliminate measurements at the surface, i.e. 

L E' 
v 

= 
(R -G)ll' + L E' 

n va 
(ll' + y' ) 

E 

(28) 

where ll' is the slope of the vapour pressure/temperature curVe at 

the air temperature T; E' , the evaporation rate obtained by 
a va 

substituting Pas for Pes in the Dalton expression (c.f. eqn.(11) 

to yield 

L E' 
va 

= (29) 

where flu) is expression for the variation of wind velocity, u, 

p , p , Pd are the saturation vapour pressures of water at the 
eS as 

surface temperature T , air temperature T , and dew point temp-
e a 

erature of the air respectively (see Fig. 1). 

Note that the latent heat of vaporisation of moisture, L, is 

included in equations (28), (29) because the evaporation rate is 

expressed as a mass flux whilst the radiation and soil conduction 

terms are expressed as energy fluxes. 

The "combination" method above (eqns. (28), (29) ), proposed 

. . ti 11 b (20) b' f h d 1n1 a y y Penman has been su ]ect to urt er stu y by 

(73)-(84) several workers . . 

(83) 
An important development was introduced by Tanner and Fuchs 

who showed that the combination method could be used to estimate 

evaporation from partially saturated porous materials, whereas 

originally the Penman method estimated the "potential evapo-

transpiration ll rate, i.e. the evaporation" from a free water 

surface. 

The modification proposed by Tanner and Fuchs means that the 

combination method could be successfully applied to the problem of 

estimating evaporation from damp walls. 
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4.8 Evaporation into still air 

The preceding theories and methods of measuring evaporation 

are concerned with the evaluation of evaporation into currents of 

air, (i.e. losses from the exterior of damp buildings). For damp 

interior walls, the evaporation process can be regarded as 

occurring into 'still' air; the evaporation rate is now controlled 

by buoyancy forces rather than convective forces. 

An early empirical formula, expressing the rate evaporation 

of (free) water from a horizontal surface into still air, was 

proposed by Hinchley and Himus(21), the expression being 

( ) 1.2 
P -p 

e 
W = 50 

(30) 

where W is the evaporation rate per square metre per hour; Pe' p 

are the vapour pressures at the evaporating surface and the bulk 

air, respectively. 

Further study of evaporation of water from free horizontal 

(11) (22) 
water surfaces has been conducted by Powell ; Wade ,who 

discussed the correctness of an expression to represent evapora-

tion into both still and moving air; 
. (85) (86) 

Pr1estley , who 

discussed evaporation from large open horizontal surfaces into 

calm air; 
(23) (24) 

and by Boelter et al. ,. who expressed the 

evaporation rate in terms of the following dimensionless parameters:-

Grashof No., modified Nusselt No. (also known as Sherwood No.), 

and modified Prandtl No. (more commonly known as the Schmidt No.). 

Use of a dimensionless correlation for natural convection 

from horizontal surfaces is obviously not applicable to evaporation 

from a wall (vertical surface). However, a dimensionless com-

parison between free convective heat transfer and mass transfer 

from a vertical surface can be obtained provided the Prandtl group 

(heat transfer) is replaced by the Schmidt group (mass transfer), 



• 
and the Nusselt group (heat ~ansfer) is replaced by the Sherwood 

(37) (87) - (92) 
group (mass transfer) • 

The dimensionless groups are defined as follows 
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Nusselt No. = 
h.t 

e 
k c 

Prandtl No. 
c Il 

= --E- ; 
k 

c 

a gllTR. 3p 2 
E 

Grashof No. = -='--\l""'2r---; 

Sherwood No. = Schmidt No. = ~~Il __ 
pD

atm 
The Schmidt (or 

Prandtl) No. is often combined with the Grashof No., the combina-

tion being called the Rayleigh No. and where h is the heat transfer 
e 

coefficient; ~,the mass transfer coefficient; .t, the character-

istic length; k , the thermal conductivity of the fluid; c . c , the 
p 

specific heat of the fluid, at constant pressure; Il, the fluid 

viscosity; a
E 

is the cubical expansion, which for an ideal gas a
E 

is equal to reciprocal of the absolute temperature. Furthermore 

if the temperature difference is small, the expansion coefficient 

can be written as liT where T is the absolute temperature in the 
o 0 

gas outside the boundary layer. liT the temperature difference; 

p, the fluid density; D
atm

, the diffusivity of the vapour. 

The problem of free convective mass transfer at vertical 

(93)-(97) 
surfaces has been correlated by several researchers • The 

correlation for the av~rage mass transfer rate at a vertical surface 

is usually expressed in the form 

= c' (N x N )0.25 
Sc Gr 

(31 ) 

where NSh ' N ,N are the Sherwood, Schmidt and Grashof numbers 
Sc Gr 

respectively and c' is a constant. 

. (93) For small Schmidt numbers, a more accurate expression ~s 

= 0.667 N
sc

O. S (0.952 + N )-0.25 11 
Sc Gr 

0.25 (32) 

which for large Nsc (i.e. 0.952 « NSC ) , eqn.(32) reduces to eqn. 

(31) • Similarly by direct analogy with heat transfer studies, 
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the theoretical correlation for the local mass transfer rate during 

(95) 
laminar free convection at a vertical plate can be formulated as 

1.99 = (33) 

where the subscript x denotes local values, i.e. values at a 

height x from the base of the surface. f1 (Sc) is a function of the 

Schmidt number as shown in Fig. 5. 

Natural evaporation from internal walls may be regarded as an 

example of evaporation into still air and hence the rate could be 

predicted by eqn.(32) and (33) provided measurements of the 

physical properties used in the correlation were recorded or 

estimated. 

4.9' Summary 

Natural evaporation from damp walls occurs under two widely 

differing conditions, i.e. evaporation into turbulent air (external 

surfaces) and evaporation into still air (internal surfaces). 

Early attempts of estimating evaporation employed simple 

empirical formulae (Dalton-formulae). Later more sophisticated 

and complicated methods were developed, utilising fundamental 

principles of turbulence theory (aerodynamic methods). however, 

difficulties of application and measurement of atmospheric 

conditions limited the use of such methods. 

A more modern and less stringent method of estimating evapora-

tion is the energy balance approach. This method is essentially 

a heat balance, with the 'evaporation' surface used as a datum 

level. The various energy components of the heat balance are 

measured or estimated such that the evaporation rate from the 

surface can be predicted. The method has been extended to 

estimate evaporation from unsaturated surfaces. A further 

advantage of this method is that it can also be used to estimate 
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evaporation from internal surfaces. 

Internal evaporation may also be regarded as an example of 

evaporation into "still" air and hence could be predicted by the 

dimensionless correlation that has been developed to estimate 

evaporation occurring under still air conditions. 
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List of Symbols and units of Chapter Five 

cp specific heat of unit mass of material at constant 

2 -2 °K-1) 
pressure (cm sec 

cp specific heat of unit mass of air at constant pressure a 

D 

E I 

V 

G 

g 

H 

H' 

H' 
s 

h 

h 
e 

K 
v 

k 
c 

L 

m 

N 
Gr 

2 -2 0..-1) (cm sec -" 

2 -1 diffusion coefficient of a vapour (cm sec ) 

2 -1 diffusion coefficient of water vapour (cm sec ) 

evaporation rate of moisture per unit area of porous 

material, usually expressed as a velocity of moisture in 

the liquid phase (cm sec-1) 

2 -1 mass flow rate of moisture per unit area (g cm sec ) 

-3 heat flux density conducted into the ground (g sec ) 

gravitational acceleration (cm sec-2) 

sensible (or non-latent) heat flux density into the 

-3 
atmosphere (g sec ) 

humidity (or mixing ratio) of a vapour 

saturated humidity of a vapour 

relative humidity of a vapour 

-3 0 -1 
heat transfer coefficient (g sec K) 

-1 
mass transfer coefficient (cm sec ) 

. 2-1 
eddy mass diffusivity (cm sec ) 

eddy therma~ diffusivity (cm2 sec-1
) 

-3 0 -1 thermal conductivity of a material (g cm sec K) 

characteristic length (cm) 

latent heat of evaporation per unit mass of moisture 

2 -2 (cm sec ) 

-1 
molecular weight of air (g mole ) 

-1 molecular weight of water (g mole ) 

fractional cloudiness 

Grashof number ({~E g ~T l3p2)/~2 ) 

Sherwood number (h l/D ) 
D atm 



N 
Sc 

p 

p 

Schmidt number (~/p D ) 
atm 

Rayleigh number [<aE g AT l3p )/(D
atm 

~») 
-1 -2 

total pressure (g cm sec ) 

vapour pressure of water at an air temperature T 
a 

-1 -2 
(g cm sec ) 

vapour pressure of moisture in air at temperature T 
a 

-1 -2 
(g cm sec ) 
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Pas saturated vapour pressure of moisture in air at temp-

-1 -2 erature T (g cm sec ) 
a 

Pes saturated vapour pressure of moisture in air at the. 

q 

R 
m 

R 
n 

-1 -2 
surface temperature T (g cm sec ) 

es 

saturated vapour pressure of moisture in air at the 

-1 -2 
dewpointtemperature T

dp 
(g CM sec ) 

specific humidity 

2 -2 
Universal gas constant per mole of fluid (g cm sec 

-1 0 -1 
mole K) 

net radiation flux density absorbed at the ground 

-3 
surface (g sec ) 

net short wave radiation reaching the ground on a clear 

-3 
day (g sec ) 

RSG net short waVe radiation reaching the ground surface 

R' 
L 

R' 
llI1 

T 

-3 
(g sec ) 

net long wave radiation leaving the ground surface 

-3 
(g sec ) 

-3 incoming long wave radiation from the atmosphere (gsec ) 

incoming long wave radiation from the atmosphere on a 

-3 
cloudy day (g sec ) 

° ° temperature (C, K) 

wet bulb temperature (oC) 

dew point temperature (OC) 



T 
es 

!::.T 

t 

u 

x 

y' 
E 

e 

p 

p' 

Cl 
r 

o surface temperature of a moist porous material ( C) 

temperature difference (oe) 

time (sec) 

-1 
fluid velocity (cm sec ) 

distance (cm) 

Bowen ratio defined as the ratio of sensible (or non-
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latent) heat flux density to the atmosphere to the latent 

heat flux density of evaporation 

coefficient of cubical expansion (oK-I) 

the ratio of the specific heat of air at constant 

pressure to the latent heat of evaporation of moisture 

a factor (= (cp P MA)/(L M ) 
a· W 

volumetric moisture content of a porous material 

fluid viscosity (g cm-I sec-I) 

-3 fluid density (g cm ) 

-3 density of air (g cm ) 

density of water vapour in air 

albedo coefficient 

St f B lt t t (-- 5.6697 x 10-5. g e an- 0 zmann cons an -3 0K-4) sec 
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LEACHING OF POROUS MATERIALS 
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1. Introduction 

(1) 
It has been proposed by Mason that leaching of lime mortar 

was the most likely cause of the continual increase of height of 

dampness in a wall. 

Leaching of mortar is an example of a group of phenomena 

characterised by a change of pore structure resulting from the 

interaction of a penetrating fluid with a porous solid material. 

Leaching of mortar is an undesirable example of this type of phen-

omenon. Other unwanted examples include deactivation of catalysts 

and pluggi~ of microfilters. Sometimes the change of hydraulic 

properties accompanying the modification of the pore structure are 

highly desired. An important example is the acidisation 

(stimulation) of oil wells. 

Because of the simularities between leaching of mortar and 

acidisation of oil wells, the theories and mathematical models 

developed to explain the increase of fluid permeability of rock 

formations should be applicable, at least partially so, to the 

problem of estimating the increase in permeability of mortar in a 

wall which is affected by Rising Damp. 

Coincidentally a further development of leaching theory 

arises from another branch of the oil production industry, 

specifically that of immiscible displacement of oil by water in-

jection. The theory. of immiscible displacement will be modified 

to explain the effects accompanying a change of pore structure by 

leaching. 

The acidisation models are discussed first, followed by a 

diRcussion of a moving boundary model. The defects and advantages 

of each type of model are discussed at the rear of each particular 

section. The chapter is terminated'by a general discussion of all 

models. 
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2. Acidisation models 

2.1 Capillaric approach 

The earliest important model of acidisation was formulated by 

the French researchers Nougaro and Labbe(2). They assumed the 

pore space to be composed of straight cylindrical capillaries of 

uniform radius, and that the pore surface dissolved uniformly along 

the whole length of the capillaries. This model resulted in a 

comparatively simple expression, which furnished a linear relation-

ship between the square root of the rock permeability to fluid and 

the volumes of acid consumed. 

= 

where k
i 

is the initial permeability of the material; k , the 
v 

permeability after a volume of acid, V, had passed through the 

sample; A, is a constant. 

(1) 

(1) 
Equation (1) is developed in the paper presented by Mason 

(3) 
and more fully by Rowan • Nougaro and Labbe provided evidence 

from laboratory studies upon a number of vesicular limestones in 

support of this model. 

(3) 
An extension of this basic model was introduced by Rowan , 

who like Nougaro and Labbe, assumed the pore space to be composed of 

straight cylindrical capillaries, and that the acid attacked the 

pore surface uniformly along its length. However, Rowan assumed 

that the pore "space could be expressed in terms of a pore size 

distribution. 

Using this modification Rowan calculated that the rate of 

change of permeability was always greater than that predicted by 

the Nougaro and Labbe expression. Experimental studies upon lime-

stone samples, which were characterised by a wide pore size 

distribution, were in agreement with his computations. Rowan also 

showed that the larger pores became increasingly more dominant in 
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determining the rate of change of permeability as acidisation 

proceeded. 

There are two serious defects in Rowan's analysis. First of 

all, the rate of acid attack does not enter his calculations so that 

neither',the diffusivity nor, surface reactivity play any part at all., The 

second defect is that spatial and temporal changes in pore size 

distribution are not considered. Both of these important con-

siderations were included in a sophisticated model proposed by 

Schecter and Gidley(4). 

The pore space in the Schecter model was assumed to be com-

posed of randomly distributed pores of varying length and area, 

although the pore shape was assumed to be geometrically similar. 

The sample was reduced to a series of thin slices, the thickness of 

each slice was assumed to be constant and equal to the mean pore 

length, t. 

The distribution of pore sizes is expressed as a reduced pore 

size density function, n. The change in area of a pore is expressed 

by a.growth rate function,~. Growth of pores was thought to be 

produced by two mechanisms. First of all the pore area may be 

changed by the action of the reacting fluid. The second mechanism 

is that a pore may grow ~s a result of a collision with a neigh-

bouring pore, and that for a given pore range, pores can either be 

introduced or removed from the range by collisions. 

The growth rate attributed to the first mechanism was dis-

cussed with respect to the interaction of the fluid and the solid, 

the final expression being 

= 
c(x,t) y A u 

Ps l 
(2) 

Equation (2) shows that the rate of increase of area, denoted by ~, 

is linear in the concentration of reactant, C(x,t) and depends upon 

the pore geometry (area of the pore, A; the perimeter of the pore, 
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r, and the mean pore length, i), the surface dissolution rate (the 

reaction rate constant, k), the ratio of the mass of solid dissolved 

per mass of acid expended, y, the mean velocity of fluid in the 

pore, u, and finally the ratio of the mean surface concentration to 

the mean bulk concentration, n. All the above variables were_ well 

defined except n, which is dependent upon the pore shape. Schecter 

and Gidley showed however, that the value of n was not particularly 

sensitive to the configuration of the pore. 

Schecter and Gidley discussed the evolution of the pore dis-

tribution under conditions of highly reactive and retarded acids. 

For highly reactive acids (dissolution process diffusion controlled), 

and ignoring collisions between pores, eqn. (2) may be expressed as 

FXA2 {I _ exp [-lS.1 DJ} 
F A2 

where F is equal to (Q/CKlw2
) ) and X is equal to C(x,t)y/p , 

s 

the area of the pore, Q, the volumetric acid flow rate, K, a 

(3) 

A, 

factor proportional to the permeability; i, the mean pore length; 

w2 , the area available for fluid flow; C, the acid concentration 

(function of position, x and time, t); y, the mass of solid 

dissolved per mass of acid expended; Ps' the density of the solid; 

D, the molecular diffusion coefficient of the acid; X is the 

dissolving power of the acid expressed as volume of rock dissolved 

per volume of acid expended. 

As the pore becomes very large ( tA2F)/(18.1D) > 1) ~ tends 

to 18.1 DX, and for a given dissolving power, X, the pore growth 

rate function will tend to a constant. Thus regardless of the size 

a pore achieves, it will continue to grow but not at the rate pre-

dicted by Rowan (growth rate proportional to the square of the pore 

area). From this result, Schecter and Gidley concluded that the 

growth of large pores (wormholing) was a result of preferential 

flow through large pores and a growth rate that was diffusion 
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controlled. 

The two defects of this method relating to the calculation of 

the result above are:- (1) The acid feed·to the next segment was 

assumed to be a mixture of all the acid emerging from the different 

pores of the previous segment. Thus no allowance can be made for 

the localised high acid concentrations preferentially flowing along 

a wormhole. (2) No allowance was made for the sequential arrange-

ment of pores, which is important in determining the overall rela-

tive flow along each sequence of pores. 

However, these two defects are minimal when the case of 

dissolution by a retarded acid is considered, as little reaction 

occurs whilst the acid is injected into the porous material. For 

the case of "stationary" dissolution by a very retarded acid the 

change in permeability and the corresponding change in porosity was 

found to follow a unique relationship (5)-(9) as theoretically pre

dicted by Schecter and Gidley(4) . 

When the retarded acid was pumped at constant velocity through 

the sample, the growth function ~ was theoretically predicted to be 

proportional to A
O

•S which was found to be in agreement with 

experimental observations(6l. 

It is assumed tha~ leaching of lime ·mortar is an example of 

simple dissolution (i.e. diffusion controlled) and that there are no 

chemical reactions at the peripheral surfaces of the pores as is the 

case with acid injection. Thus the most relevant example of acid-

isation with respect to Rising Damp is acidisation using a highly 

reactive acid, since this type of dissolution tends to be diffusion 

controlled. 

Matrix acidisation with highly reactive acids has been investi-

(10) 
gated by Guin and Schecter who used a simulation technique. 

Four types of pore size distribution were compared, with the pores 

, 
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being selected by Monte Carlo methods, and placed randomly in the 

matrix. The growth of the pores was controlled by the pore growth 

function, 1jJ. studies of pore evolution with and without collisions 

were examined and compared with the corresponding exact analytical 

solutions of the change in the reduced pore size density function, 

n. There was good agreement between the simulation method and the 

analytical solutions. FUrther studies using the simulation tech-

nique showed that the change in permeability to be dependent on the 

initial pore size distribution, when the case of no pore collisions 

was investigated. However, when collisions are allowed for, the 

permeability change of each pore size distribution is much less 

diverse. The change in permeability with respect to porosity of 

each distribution was shown to lie within a certain band of values, 

the width of the band becoming progressively narrower as the 

porosity increases. 

(10) . 
Guin and Schecter stated that in principle, there was no 

reason for all the initial pore size distributions to fall within 

the band, and they showed that the initial change in permeability 

was very dependent on the variety of pore sizes present in the 

system. Their explanation for the convergence of the permeability-

porosi ty curves was the phenomenon known as "wormholing". 

Wormholes are a result of pore collisions, which results in a 

few large pores dominating the response of the pore matrix to the 

acid injected. The large pores are generated, irrespective of the 

initial pore size distribution. The practical significance of 

wormhole creation is that it is not necessary to know the initial 

rock pore configuration to a high degree of accuracy to be able to 

estimate the results of some acidisations. 

2.2 Dimensionless model 

A different approach to the problem of estimating the change 

of hydraulic properties caused by acidisation has been presented by 
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Fogler and co_workers(11)-(18) who studied the effect of constant 

flowrate of hydrochloric acid and mixtures of hydrochloric and 

hydroflouric acid mixtures upon sandstones. 

A theory was developed which contained ~wo dimensionless 

parameters, the. Damkohler number and the acid capacity number, 

which together characterised the acidisation process. The 

Damkohler number is a measure of the rate of acid reaction as com-

pared to the rate of convection of the acid. 

D • 
a 

u 
(4) 

where k is the reaction rate, which for the Fogler method has units 

3 3 -1-1 
of.cm of acid per gm. mole per sec (cm g mole sec ); Wo' the 

ini tial concentration of minerals in the solid phase; W
r

' the 

irreducible concentration of minerals in the solid phase; t, the 

core length; u, the superficial velocity of the acid solution. 

The acid capacity number is the molar ratio of the acid present 

in the pore space to the acid needed to dissolve all the dissoluble 

minerals in the corresponding solid space. 

A 
c 

(5) 

where ~ is the initia:l porosity of the sample; C, the inlet con-
o 0 

centration of the acid; y , the moles of acid required to dissolve 
m 

one mole of dissoluble minerals. 

The Fogler method is essentially a combination of the rate of 

reaction law of hydroflouric acid with the dissoluble minerals and 

the .. differential mole balances of the dissoluble rock minerals and 

hydroflouric acid. This combination leads to a set of coupled non-

linear differential equations, their solutions being (14) (16)-(18) 

IN' ~ 1 + exp {D' A [(1+1/A) E' 
a c c 

(6) 

Iln' ~ 1 + exp {-D'A [(1+1/A ) E' 
a c c e J} - exp (-D'E') 

p a 
(7) 



where ~' is equal to C/C which is the concentration of acid at 
o 

position x (along the core) divided by the original inlet acid 
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concentration; c' is equal xl!, i.e. the fractional length along the 

sample core; e = (u t)/(~ !) = tiT which is the number of pore 
p 0 

volumes of acid injected. u is the superficial velocity of acid 

solution; t, the time; ~o' the original porosity of the matrix; 

!, the length of the sample; T, the space time of the core 

(= (~!)/u); n', the dimensionless concentration of minerals 
o 

In considering eqn.(6), (7) two different fronts can be rec-

ognised, each of which moves with its own chara~teristic velocity 

through the sample. A front may be considered as a zone in the 

sample where the value of the derivative of the property, (i.e. 

permeability, porosity) changes rapidly with respect to the dis-

tance along the fluid flow path compared to other positions along 

the flow path. 

The first is given by E' = 0 (or x = u t/~ ). 
o 

This front is 

the interface between the distilled water (which was used to 

initially saturate the sample) and the injected acid mixture. The 

velocity of this front is given by the ratio 

x/t = uN o 
( 8) 

The second front is the reaction front, its position is found 

from 

or 

e 
p 

= 

ut/~ ! 
o 

(1 + 1/A )E' 
c 

= 11 + 1/A ) (x/e) 
c 

(9A) 

(9B) 

The velocity of the reaction front is once again given by the ratio 

. x/t 

x 
t 

= ~o [1::J (10) 

Equation (7) may be used to estimate the change in porosity, 6~, at 
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any point, according to 

= (1 - n') (lI4» 
max 

(11) 

where (64)) is the maximum porosity increase when all the 
. max . 

dissoluble minerals accessible to the acid have been dissolved, 

which can be determined experimentally. 

Similarly a relationship between the permeability change and 

porosity change was also determined experimentally (11) , the 

expression being 

= [ ,~ } exp (3 (M) 
max 

(12) 

, 
where ki is the initial permeability and k, the local permeability. 

(3' is an experimentally determined parameter. 

It is important to determine (3' as accurately as possible, 

because if the permeability is a strong function of porosity, it 

will lead the acid front, whereas if the permeability is only a 

weak function of porosity it will lag behind the acid front. 

The overall permeability of the core is determined by inte-

grating the local permeability over the length of the core 

= 1 

JR: dx 
o

k 

where k is the overall permeability of the core. 
T 

( 13) 

Since the integration is performed on the reciprocal of the 

local permeability, the sections with low permeability will be dom-

inating and k will have little effect upon the overall max 

permeability. Hence the determination of the value of k max 

corresponding to 4>max is not of critical importance. 

The dimensionless groups can be modified slightly to form the 

ratios CD'/T) and A y le whose values depend only on the initial 
a c m 0 

properties of the porous material (sandstone). 

space time, is given by the expression 4> tlu then 
o 

Noting that T, the 
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D' a 
= (14) • 

= 

The actual fitting of the experimental model to the permeability 

data from each experiment was performed by choosing the highest 

value of the permeability ratio, k/ki' as possible without the 

latter showing signs of approaching a maximum. 

A value of D'IT was chosen and then the group A y le was 
a cm 0 

selected such that the experimental and computed curves met at a 

given permeability ratio. A best estimate of D'I. was found by 
a 

(15) 

choosing a value of 0'1. which makes the variance of the calculated 
a 

A y le value from all the experiments small, and which simul
cm 0 

taneously produces a good agreement between the calculated and 

measured concentration of acid. The effluent acid concentration 

can be calculated by substituting the value of e' = 1 into eqn.(6). 

Also the groups D'IT and A y le can be estimated from first 
a cm 0 

principles t14l • 

The Damkohler number is a measure of the rate at which acid 

reacts compared to the rate at which it is transported by convection. 

As the value of the Damkohler number is increased, the degree of 

reaction between the acid and sandstone is likewise increased and 

therefore we could expect the internal reaction front to become 

much sharper. 

Similarly if the acid capacity number is increased, then the 

reaction and permeability fronts are expected to transverse the core 

at a greater velocity, as indicated by equation (10). Thus both 

the Damkohler number and the acid capacity number will affect the 

shape of the permeability versus time curve. 

An advantage of the Fogler method is that it is a non-geometric 

model, i.e. the expression depicting the permeability change has 
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been developed independently of the geometry of the pores in the 

porous material. Similarly the overall permeability, local 

permeability and reaction front are likewise expressed in terms of 

non-geometric parameters. 

A disadvantage is that no knowledge can be gained of the, 

physical mechanism producing the changes. Consider the example of 

a permeability front in a cylindrical core, the front may be a 

wormhole growing longitudinally through the core with little change 

to the surrounding material or alternatively may be a uniform broad 

band extending across the whole of the flow area. Obviously these 

two flow regimes can be characterised by the appropriate D' and A , a c 

numbers, but it is obvious that the interstitial fluid flow will be 

very different. 

In addition, it was assumed that there was no radial flow. 

It is very difficult to comment upon how this might affect the 

development or shape of the permeability front since the shape of 

the front has not been defined "physically". 

For example one would expect there to be considerable radial 

flow from a wormhole due to its very existence and that the local-

ised flows from the sides and the end of the wormhole will affect 

its growth rate. However, this point may'not be of great import-

ance since Fogler et al l141 has stated that once a front has become 

fully developed, it moves with constant velocity through the 

sample. 

A major weakness of the Fogler method is the experimental 

correlation of the ~-k relationship. It has been shown by Schecter 

and Gidleyl41 that there is no unique ~-k relationship which was 

lll} 
also noted by Fogler • Fogler assumed however, that for a given 

porous material one should expect the permeability, k, to increase 

in a prescribed manner as the porosity increases. Fogler does not 

state whether the acid reactivity (which affects the Damkohler 
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number) was altered, which, recalling the investigations of Schecter 

et al., plays an important part in determining the pore growth 

function and consequently the resulting ~-k relationship. Thus 

each Damkohler number would be related to a particular ~-k curve 

and that, generally, it would be wrong to apply the ~-k relationship 

obtained for a given Damkohler number, to the observed porosity 

changes for a system having a different Damkohler number. 

3. Moving boundary models 

Let us now consider a more "physical" approach to the problem 

of describing the evolution of a frontal system. A typical 

example is that of immiscible displacement of oil by water, where 

the oil-water interface is regarded as the front or moving 

boundary. It will soon become apparent that the oil-water dis-

placement example can be simply and directly translated into a 

frontal system across which there is a discontinuity of fluid 

permeabili ty. The water phase may be regarded as a zone of 

increased but constant permeability, k
f

, and the oil phase may be 

regarded as the zone of unleach~d (original) permeability, k . 
o 

The movement of the front, uf ' can be simply related to the flow of 

water, u • 
w 

3.1 Muskat Model 

Treatment of the oil displacement process is based upon what 

has been called the Muskat model. This model is based upon the 

assumptions that there is a sharp front between the displacing and 

displaced fluid, and that on each side of the interface flow 

proceeds according to Darcy's law. . Consider the.following example. 

of linear displacement (;Fig. 1) where the velocity of fluid in the 

pores is u . 
P 

If the displacement process is· total and stable, the dis-

placement front also moves with a velocity u • 
p 

distance dx in time dt such that 

The front moves a 



-189-

dx = u dt 
P 

(16) 

The volume of fluid is ~ a dx, where a is the cross-sectional area. 

available for flow and ~ is the porosity of the porous material. 

Application of Darcy's law to both the oil and water phases 

yields 
u 

grad P 
w 

= 
~w ~ 

k 
12 (17a) 

w 

~ u 
grad P 

o 
= 

~o 12 
k 

(17b) 
0 

where grad P is the pressure gradient; ~, the fluid viscosity; k, 

the fluid permeability and 0, w refers to the oil and water phase 

respectively. The stable type of displacement described above 

will be referred to as case A. 

Consider nOw displacement where a "finger" or "wormhole" 

might develop, (case B). Case B is shown schematically in Fig. 2. 

Once again a volume of water, a dx, is injected in time dt. The 

possibility of the existence of a finger, compared to the stable 

displacement process is dependent upon the following conditions:-

(i) Volume condition. The volume of fluid injected must be equal 

to the volume swept out by movement of the front and its 

associated fingers 

4> a dx = ~ (a' dx' + an dxn) (18) 

where a = a' + a". 

(ii) Equilibrium condition. A finger can only be maintained if 

there is no tendency for it either to spread out or become 

squeezed to nothing. This entails that the pressure gradient 

in the finger must be the same as that in the surrounding 

fluid. This condition can mathematically be expressed by 

equating expressions (17a) and (17b) 
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Fig. 1. Stable displacement front. 
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Fig. 2. Model of a finger. 
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k 
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m dx' 
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dx"/dx' 
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= 

= 

~o 
k 

o 

u 
o 

m dK" 
o 

m/m w 0 
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(19) 

= 11 (20) 

(iii) Energy condition. A finger will develop if, by its formation, 

it consumes less energy than the corresponding stable dis-

placement of the whole front, i.e. the energy consumed in case 

B must be less than that of case A. S h 'd (19) (20) (21) c e~ egger 

has shown that the energy condition can be expressed as follows 

dx' [~w a' (dx') 2 
. kw 

+ -2. a" (dx") 2 + ~ a' (dx,)2 '" a: 
2~ . ~ ] 

k k. [
,1 ~ ) 

dx 3 ~ + -.£ 
. k k w 0 

(21) 
o 0 

On combination of the three conditions, represented by eqns. (18), 

(19) , (20) and using the following notation 
, 

" k ~o m a' 
Cl' 

a" 
Cl" 

dx 
1;' 

dx 
1;" 

w w (21a) -= = = dx = =-= 11 a a dx ~w k m 
0 0 

equation (21) can be reduced to 

+ 211 - 21;" + - I; - - .;:: 1 " . IJ 
11 11 

(22) 

From the definition of a finger 1;" must be greater ,than one. 

Taking the limiting case 1;" = 1, eqn. (22) reduces to 

(23) 

which is always satisfied. 

Equation (20) implies that geometrically a finger can only 

exist if 11 > 1, since the very definition of a finger implies that 

1;11 > l; I • The last result shows that the Muskat model automatically 

indicates that fingering will occur as soon as the mobility ratio 

of the displacing fluid versus the displaced fluid is greater than 

unity, (i.e. 11 > 1 : c.f. eqn, (20) ). 
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Furthermore, using y to denote the energy condition (c.f. eqn. (22) 

(24) 

which is the limiting case of 1;" = 1 reduces to 

= (25) 

Inspection of equation (25) shows that there are double roots 

at n=O and atn=1 'and that for all other values of n, the value of y, 

is less than zero. This confirms that for n>1, there is always 

a range of values of 1;" for which the energy condition (eqn. (24) 

is satisfied. 

This range of values of 1;" may not necessarily be the whole 

domain 1;">1. For large values of 1;", y i~ negative. However, y 

may attain a range of positive values between 1;"=1 and 1;"-

(infini ty) • Since y is negative for large 1;" then the range of 

positive values, if any, must have an extreme value (i.e. a peak) 

where the value of the derivative ay/al;" is zero. Differentiating 

equation (24) with respect to 1;" yields 

and thus, extreme values are at 

li) 1;" 0 

(H) l:" = 
-2 [ -1+2n3-11) 

3 1-2n2+11) 

For large n, eqn. (27b) reduces to 

1;" ~ 2/3 n 
max 

and consequently y tl;" ) becomes (for large n and retaining only 
max 

the highest powers of n) 

y(!;" ) • (8/27) n5 
max 

The shape of the curve y tl;") is shown in Fig. 3. An in-

(26) 

(27a) 

(27b) 

(28) 

(29) 

spection of the curve, shows that the energy function y is positive 

(for large n) for a certain range of 1;". This implies that there 
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is a forbidden range for the speed of a finger. 

A further geometrical condition for the evolution of a finger 

a" = 1 n - ~" 
~"n - 1 

( 30) 

Equation (30) shows that the fingers cannot be of arbitrary size. 

Or, in other words, if a certain fraction of the cross-section of a 

porous material, during linear displacement, is fingered out, then 

the velocity (~") of these fingers is determined by eqn. (30). 

The oil-water displacement problem has also been discussed by 

Collins (22) . Collins assumed that the initially oil-saturated 

porous material contained some irremovable water,. whose saturation 

is denoted by S (connate water saturation). 
. c 

The displacement of 

oil was also assumed to be incomplete, the residual oil saturation is 

denoted by S • 
ro 

If the superficial flow rate of water per unit 

area normal to the oil-water interface is u , then the velocity of the 
w 

front u
f 

is given by 

= 
u 

w 
q, (I-S -S) 

ro c 

where q, is the porosity and it is assumed that the fluids are 

(31 ) 

immiscible and incompressible. The velocity of water, u , can be 
w 

substi tu ted for by employing Darcy's law 

d x
f 

-k wr a Pw 1 
u

f 
= = ---- (32) 

dt Ilw a x q, (1-S -S) 
ro c 

where k is the permeability to water at the residual oil satura
wr 

tion and a p ja x is the pressure gradient in the water phase. w . 

Furthermore, the aqueous pressure gradient may also be sub-

stituted for, to yield (ref(22) page 173) 

k wr l1P 

" '" (1-S -S ) .... w '¥ c ro 

1 (33) 

where n is the mobility ratio, (k 11 )j(k /11), and koc' is the wr 0 QC W 



permeability to oil at the connate water saturation. 

If the injection rate of water, u , is kept constant, then 
w 

the pressure difference across the sample will vary linearly with 

the position of the front, x
f

• Alternatively if the pressure 
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difference across the sample is kept constant, then the front either 

accelerates or decelerates accordingly as n>l or n<1. In the 

special case of n=l the front moves with constant velocity and also 

the pressure distribution is independent of x
f

• Note that the 

derivation above is essentially the same as case A (c.f. eqns. (16), 

(17a) U7b) ). 

Consider, the example as shown in Fig. 4, where there is a 

small bump on an otherwise plane oil-water interface (ref. (22) page 

196) . TO discover the subsequent history of this bump, let us 

divide the flow domain into two isolated flow systems, one being a 

tube parallel to the direction of flow contained by the bump, the 

other being the remainder of the flow area, as shown in Fig. 4. 

The position of the front in each domain is measured from the inflow 

end, the distance for the domain containing the bump is (xf+o), 

whilst the distance for the other domain is x
f

• o is the length of 

the bump which is considered to be infinitesimal. 

According to eqn. (~3) the velocity of the front in each 

system is 

(34a) 

= (34b). 

If 0 is very small in comparison to x
f

' then eqns. (34a) , (34b) 

yield 
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Simplified model of a "small" frontal instability. 
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~ 
dt 

= (35) 

Equation (35) shows that ~ grows exponentially with time after 

inception of the bump, provided n>1; or decays exponentially with 

time if n<1. For n=1, 0 does not alter with time. This simple 

analysis shows that if the displacing fluid is more mobile than the 

displaced fluid, any small irregularities of the front, grow 

rapidly to take the form. of "wormholes" or "fingers". 

Equation (35) cannot predict the behaviour of large fingers. 

TO determine the behaviour of large fingers, it is necessary to 

examine the displacement process from a macroscopic viewpoint, that 

is, we shall only be interested in the average behaviour of the two 

fluids (23) • The individual shape and size of fingers will be dis-

regarded except for the £act that the sum of their individual areas 

will be used to determine an average cross-sectional area of one 

large finger (Fig. 5). 

This example is also based upon the Muskat model. Even 

though the front is now irregular, it is assumed that there is a 

sharp interface between the two fluids, and that displacement is 

complete (i.e. S = 0 and S = 0). c ro 
Darcy's law is assumed to 

apply to both fluids which are taken to be immiscible and in-

compressible. Finally, it is assumed that the pressure P does not 

vary along any line normal to the overall direction of fluid flow, 

as indicated at level x (Fig. 5). The average fractional area 

occupied by either of the two £luids is denoted by S for water, 
w 

and S for oil and that~at'all x 
o 

S + S w 0 
= 1 

Furthermore Sand S are taken as functions of position (x) and w 0 

time (t) only. 

(36) 

Application of Darcy's law to either fluid at any level, x, 

yields 



= 
k' 

i 
-k - grad P 

j.!i 
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(37) 

where U
i 

is the superficial velocity of the ith fluid. k, the 

permeability of the material when completely saturated with fluid. 

ki' the relative permeability which is a function of saturation 

(or area) occupied by the ith fluid at that level. grad P, the 

pressure gradient. 

The problem is determined, if in addition to the two equat~ons_of_ 

motion (eqn. (37) .) two continuity conditions are considered 

= 

Equations (36), (37) ,(38) may be combined to yield the 

following differential equation 

dS 
w 

d x 
= 

as 
w 

a t 

where UT is the total fluid velocity (=U +U). U the water 
wow 

(38) 

(39) 

velocity may be defined as Q /A, where Q is the volumetric water 
w w 

flow rate and A the area for flow. Similarly the oil ve10.ci ty, 

U , is given by Q /A. 
o 0 

The ratio of the water flow rate to the 

total flow rate, f is expressed by w 

U U Qw k'/j.! 
f 

w w w w = = = (k' /j.! ) + (k '/j.! ) w UT U' +U Qw+Qo w 0 w WOO 

(40) 

The problem now is to find a relationship between ki and Si. 

This can be easily done by considering oil-water flow through unit 

area of porous material as can be found in Fig. 6. The equation of 

motion is expressed in terms of relative permeability (eqn. (37) ), 

which for the water phase is 

U 
w 

Alternatively Darcy's law can be applied only to that portion of 

the porous material containing the aqueous phase 

(42) 



Fig. 5. Schematic representation of fingers. 

Unit length 

WATER 

OIL 

Unit length 

Fig. 6. 

I . 
.. I 

Schematic representation of the simultaneous flow 

of oil and water through a porous material. 
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S 6P 
U = -k~-

w 11 .e. w 
(42) 

From (41) and (42) we have the equality 

k' = S 
w w 

(43) 

and hence 

f 
(SJllw) m' 

= 
. (S /11 ) + «(1-S ) /11 ) 

= 
w m'-l + (1/S ) w w w 0 w 

(44) 

where m' is defined as 

m' = (45) 

Equation (43) shows that the relative permeability curve (k: as fn. 
~ 

of Si) are straight lines as shown in Fig. 7. It is obvious that 

f (S ) has no inflection point, so that no "shock front" can 
w 

d 1 
(20) - (22) (24) 

eve op . 

The total derivative of S (x,t) with respect to time is 
w 

dS 
w 

d t 

as 
w 

a x 
d as x w 
dt + at (46) 

and if x = x(t} is chosen to coincide with a surface of constant S 
w 

Using 

dS = 
w 

as 
w 

a x 

o 

as 
w - --a t 

equations (39) and (48) to eliminate as fat 
w 

Equation (49) is known as the Buckley-Leverett equation. 

Substitution of the derivative of f (S ) yields w w 

= 
UT m' 
<p -----"'-----

[s (m'-l)+l)2 
w 

If UT is kept constant, then eqn. (50) can be integrated to yield 

(47) 

(48) 

(49) 

(50) 
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[x]s = 
UT m' " __ .......0:::..-__ t (51) 

w '" [s (m'-l)·+ 1]2 w 

Eqn. (50) shows that the speed of a particular area (S ) is w 

constant as it traverses the sample, and that there is no 

stabilisation of any array of fingers which have developed. 

Further treatment of this model has been discussed by Scheidegger 

(25) (26) . 
et al , who conf1rmed that for a homogeneous porous material, 

no stabilisation of fingers was possible. 

In order to compare the analogous oil-water process to that 

of a moving permeability front, it is necessary to make the 

following assumptions:- (1) Dissolution of the porous matrix at the 

front only occurs over a small distance, i.e. there is a sharp 

permeability front. (2) Fluid moving toward the front is unsatura-

ted with respect to the material being dissolved from the matrix, 

and that fluid moving away from the interface is completely satur-

ated with dissolved material. (3) The actual movement of the front 

is proportional to the flux of unsaturated fluid at that point, i.e. 

= c' U 
u 

where U
f 

is the velocity of the front; U , the velocity of the 
u 

(52) 

unsaturated fluid (c.f. U in the oil displacement example); c', a w . 

constant relating the amount of material dissolved to the volume of 

unsaturated fluid passing across the interface. Equation (52) 

corresponds to equation Ul1. (4) The change in pore volume (6<1» 

accompanying dissolution of the matrix is small in comparison to the 

volume of fluid required to produce this porosity difference. 

That is the constant c' in equation (52) is small. (5) Darcy's law 

is applicable to fluid in front of and behind the interface. 

These assumptions do not alter the findings·of the stability 

criteria (Eqn.061 through (30) ) or the behaviour 

of small fingers (Eqn. U11 through (35) ) but merely affect the 
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Fictitious relative permeability curves. 
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Schematic representation of the"simultaneouS flow 

of unleached and leached fluid within a porous material. 
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notation of symbols in the corresponding expressions. However, 

the analogy relating the behaviour of large fingers is not so straight 

forward, as is shown below. 

Consider the partial dissolution of a small elemental volume 

dx, dy, dz, as shown in Fig. 8, where the direction of fluid is 

parallel to the x axis. "Unsaturated" fluid flows into the cube, 

with velocity U • 
u 

Similarly fluid saturated with dissolved 

material has a velocity, U • 
s 

It is assumed that the change in pore 

volume, by dissolution is small in comparison to the volume of un-

saturated fluid needed to produce the change in pore volume. 

If the fluid is incompressible then applying the equation of 

continuity to the saturated and unsaturated flows 

-au as u c' u 
= ax a t 

(53) 

-au as s c' s 
= ax a t 

(54) 

Sand S represent the fractional areas occupied by the unsaturated 
u s 

and saturated fluid respectively. c' is a constant relating the 

volume of material dissolved to the volume of unsaturated fluid 

needed to dissolve the solid. Equation (53) simply relates the 

loss of unsaturated fluid to the overall increase in volume of the 

porous material that has' been leached away by passage of unsaturated 

fluid. 

The fractional areas are related by 

S + S = 1 
u s 

which together with equations (,53), (54) yields 

(U +U ) 
u s 
a x = 

(S +S l 
u s 
a t 

= o 

(55) 

(56) 

Equation (56) implies that the overall fluid velocity, UT' is con-

stant and 

= = U + U u s 
= (Q + Q )/A 

u s 
(57) 
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The fractional flow rate, f , of unsaturated fluid with respect u . 

to the overall flow rate 

f 
Qu Qu = = u Qu-IQs Q 

" T 
(58) 

Combination of (53) and (58) yields 

-Q af as T u = c' u ----A a x a t 
(59) 

Since the fractional flow of unsaturated fluid is simply a function 

of the fractional area occupied by the unsaturated fluid, then 

and 

and, 

and 

Using 

af 
u 

a x = 
d f as 

u u 
d S a x 

u 

-Q d f as 
. T u u 
AdSax = 

u 
c' 

as 
u 

a t 

The total derivative of S (x,tl with respect to time is 
u 

d S 
u 

dt 

if x (t) 

d S 
u 

dt 

[~~L 
u 

= 

is 

= 

= 

eqn. (61) 

[~~L = 

u 

as 
u 

a x 

d as 
~+~ 
dt· a t 

chosen to coincide 

0 

-as [:s~} -1 u 
a t 

to eliminate as lat u 

with a surface of fixed S u 

from eqn. (64) 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 

This expression is similar to the Buckley-Leverett equation (c.f. 

eqn. (49) ). 

Applying Darcy's law to equation (58) 
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= = f 
u (k S /Il ) + (k S /Il ) 

u u u s s s 
(k S /Il )+(k (l-S )/Il ) u u u sus 

where k is the permeability of the leached porous material; k, 
u s 

the original (unleached) permeability of the porous material. 

If we make the arbitrary simplifying assumption that Il = Ils u 

and that mU = ku/ks ' then equation (66) reduces to 

f = mU / u 
(mU-l + l/S ) u 

(67) 

It is obvious that eqn. (67) corresponds to eqn. (44) and eqn. 

(65) corresponds to equation (49) • Hence the speed at which a 

given fractional area of leached porous material will traverse the 

sample is given by 

1 
= c' 

A [s (mU-i) + 1)2 
u 

(68) 

Equation (68) shows that, if the total flow rate, QT' remains 

constant, then the velocity of a given area will also be constant 

for any given m". Furthermore, the assumption that the pressure 

across planes normal to the direction of flow is constant, implies 

that there is no radial flow of fluids; and recalling that the 

velocity of any interface remains constant, then the flow rate 

through any given area of interface must be constant irrespective 

of its longitudinal position. This condition is equivalent to 

case A, (Fig. 1). Also as every high pressure (un leached) element 

of the porous matrix is steadily replaced by a correspondingly low 

pressure element (leached), the total pressure drop.across the 

sample will fall linearly as the interface moves through the core. 

4. Discussion of the models predicting the change of permeability 

The three most useful models with respect to leaching are the 

acidisation models of Schecter and Gidley (capillaric model) and 

Fogler (non-geometric) and ·the oil displacement model. 

U} The problem of fully describing the flow pattern (longi-

tudinal and radial) in a cylindrical core has been avoided-in all 

(61 
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three models. In the two acidisation models, the core is sub-

divided into a series of thin discs and the subsequent effect of 

acid upon each disc is then ascertained. The inlet acid con-

centration to the next disc is an average value of the effluent 

acid from the previous disc. 

The effluent acid mixing process is one of the major defects 

of the models, since the effect of localised acid concentrations, 

both radially and longitudinally, cannot be accounted for. Note 

that both the radial and axial fluid flow components affect the 

shape and growth of wormholes; and hence the permeability response 

of the material to penetrating fluid. 

The major defect of the oil~displacement model, when applied 

to predicting the behaviour of large fingers, is the assumption that 

the pressure is constant across all planes perpendicular to the 

direction of flow. This assumption prohibits the possibility-of 

there being any radial flow. 

(13) 
(2) The experimental results of Fogler et al show that 

there is, initially, a period of constant permeability, whilst the 

frontal system becomes fully developed. The initial period of 

constant permeability is followed by a period of rapidly increasing 

permeabili ty. The exp~rimental behaviour can be predicted 

theoretically by the appropriate choice of acid capacity number 

and Damkohler number (14) • Further analysis predicted that once a 

frontal system has become fully developed, the front then moves 

through the sample with constant velocity. 

(3) Foglers' o-findings -are similar to -the theoretical pre-

dictions derived via the oil-displacement model. For the oil-

displacement model, it has been shown that for small fingers, their 

growth follows an exponential law (eqn. (35) ) whereas for large 

fingers, each element of the frontal interface moves with its own 

constant velocity (eqn. (68) r. 
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The implications to be concluded from the oil-displacement 

model are that once a front has become fully established, the flow 

rate of fluid through each area remains constant; and that areas of 

the interface then move through the sample with constant velocity. 

This steady motion simultaneously produces a linear decrease of the 

total pressure drop across the sample, provided that the overall 

injection rate of fluid remains constant. 

For a fully developed frontal system, the Fogler model predicts 

that the whole interface moves with constant velocity whilst the 

displacement model predicts that each element of the interface moves 

with its own constant characteristic velocity. 

(4) Interpretation of capillaric model results of Schecter and 

Gidley are more difficult. Predictions ,of permeability versus 

porosity, using a simulation technique employing four types of pore 

size distribution, were made for cases where highly reactive and 

retarded acids were used. With highly reactive acids, and 

neglecting pore collisions, the response of each pore size dis

tribution was found to vary; however, inclusion of the pore 

collision mechanism produced a similar response for all the pore 

distributions irrespective of the initial values (10) • From this 

result, Schecter et aI, .concluded that the convergent behaviour of 

the pore distribution was governed by the production of wormholes 

which tended to dominate the overall flow pattern; (1. e. a fully 

developed frontal system has become developed, which is the same 

frontal system irrespective of the initial pore size distribution). 

Similarly, with the study of flowing retarded acid systems, 

the permeability response of each type of pore size distribution was 

found to lie within a certain band, albeit a different one to that 

obtained for flowing highly reactive acids (6) • Unfortunately the 

pressure (or permeability) response versus injected volume of fluid 



-207-

(or pressure versus time, if the injection rate of fluid is constant) 

has not been included in their data and hence no comparison of their 

findings and those of Fogler or the displacement method has been 

attempted. 

(5) The evolution of a frontal system within a porous material 

is not satisfactorily described by any of the models. The Fogler 

method suffers a major defect in the method of determining a local

ised experimental permeability versus porosity relationship and the 

subsequent fitting of the Damkohler and acid capacity numbers to 

the experimental curves. 

The Schecter model is of limited usefulness since a knowledge 

of the pore size distribution and pore structure is required. A 

common fault of all the models, with respect to evolution of a 

frontal system, is theirneglection of the fluid radial flow compo

nent which plays an important part in determining the width and 

moderating the longitudinal growth rate of the wormhole. 

(6) A difficulty with the displacement model is deciding when the 

frontal system has become fully established, and hence when calculation 

of the steady interfacial velocities may be performed. However, 

the displacement method does provide the simple result that the 

overall pressure across ~he sample should fall linearly once the 

front has become established. 

(71 The determination of the increase in permeability of a 

porous material because of leaching is of considerable importance 

to the phenomenon of Rising Damp. since rate of change of permeability 

affects the breakthrough time of the moisture barrier, (i.e. failure 

time of the damp-proof course or moisture barrier, and the amount of 

m~isture entering into the wall). 

A fundamental difference between the acidisation and oil

displacement methods, discussed above, and leaching associated with 

Rising Damp is that the former methods are characterised by constant 
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fluid flow velocity and reducing pressure gradient across the 

sample. Leaching is a process which can most likely be considered 

as being characterised by a constant pressure difference and. 

increasing flow rate. 

The sample may be regarded as a leaky damp proof course.. On 

one side of the sample, the wall can be considered as very wet, 

(i.e. low suctions) and on the other side of the sample, the wall is 

very dry, (i.e. high suctions). If the amount of moisture required 

to leach the sample is small in comparison to the capacity of the 

dry wall to absorb moisture, without altering its (high) suction, 

then the leaching process will occur at constant pressure difference. 

The pressure difference will remain constant until the latter stages 

of the leaching process, when by this time the flow rate of moisture 

will be so high that the 'dry' section of wall can be regarded as a 

new section of damp wall. 

At this stage the leaching process then proceeds to attack the 

next moisture barrier in exactly the same fashion, except the barrier 

will now be higher up the wall, or at a greater distance from the 

source of moisture. 

In order to elucidate the difference between constant flow 

leaching and constant pressure leaching processes, let us examine 

the response of the two systems; one where the flow rate of in

jected fluid is kept constant whilst the pressure difference across 

the sample is allowed to vary; and the alternative system where the 

overall pressure difference is kept constant whilst the fluid flow 

rate is allowedto.increase. In all other respects the.two systems. 

are exactly the same. A schematic representation of the porous 

system can be found in Fig. 9. 

The flow rate of fluid, of constant viscosity, ~, within the 

system is denoted by Q; the area for flow denoted by A. The 

velocity of the fluid, u is thus denoted by Q/A. The total 
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pressure difference, ~PT' across the sample is the sum of the 

pressure differences of the leached and unleached regions. The 

permeability of the leached region is denoted by k
f 

and the initial 

permeability (unleached material) by k
i

. The ratio of the two 

permeabili ties, kf/k, is denoted by m". The position of the ,inter-
l. ' 

face is shown at a distance x
f 

from the inlet face of the material, 

which is of total length t. 

It is assumed that the change of porosity, because of leaching, 

with respect to the volume of fluid passing through the sample is 

small. 

Application of Darcy's law to both regions of the material 

yields the expression 

+ m" (t-x ) 
f (69) 

In eqn. (52) it was assumed that the velocity of the front, u
f

' was 

directly proportional to the flow of moisture, u, passing across the 

interface, i.e. 

u
f 

= c' u 
u 

(70a) 

and 

d x
f c' 

c' dV 
u = 

dt u A dt 
(70b) 

where c' is a constant relating the velocity of the front to the 

velocity of unsaturated fluid passing across the front. V is the 

volume of fluid and t the time. 

The time for breakthrough for the constant flow (case (l) ) 

and constant pressure (case (2) ) systems will be developed subject 

to the following boundary conditions:- (l) the net initial pressure 

difference is denoted by 8PTO' and the initial superficial fluid 

veloci ty by u • 
o 

At time t=O, the volume of fluid, V = 0, and 

there is no frontal interface, i.e. x
f 

= O. 
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Schematic representation of a permeability interface 

moving through a porous material. 
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Fig. 10. Section of a porous material containing two 

pores of differing step lengths. 
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case (1) Constant flow velocity, u. 

Integration of eqn. (70b) , which with the boundary conditions V ~ 0, 

x ~ ° yields f 

~ (C'V) lA 

Similarly eqn.(70a) can be re-arranged to yield 

d V ~ A u dj; 

(71) 

(72) 

which on integration, using the boundary conditions V ~ 0, t ~ 0, 

yields 

V Aut (73) 

Combining eqns. (73) and (69), and noting that for the initial 

conditions u ~ u
o

' 6P
T 

~ ap
TO 

and x
f 

~ ° then 

1 
t 

Case (2) Constant pressure difference, aPT. 

From eqn. (69) 

u ~ 

which together with eqn. (72) yields 

(74) 

(75) 

(76) 

Substituting for x
f 

(eqn". (71) ) in eqn. (76) and integrating, with 

the boundary conditions t ~ 0, V ~ 0, and noting that lIP
T 

~ 6P
TO

; 

2 J.1 tC 'V
2 

+ mntv - m" c' v2~ (77) t ~ 

A lIP
TO 

k
f 

2A 2A 

2 
Note that for very small volumes, i.e. V ~ 0), eqn. (77) reduces to 

eqn. (74). 

If V in eqn. (74) and (77) represents the volume required for 

'breakthrough' of the fluid, or in other words, if V is the volume 

of fluid which causes the moisture barrier to fail then t 

represents the breakthrough time. Note that for the assumed con-

ditions of dissolution, the volume of fluid required to dissolve 



the matrix is the same for cases (1) and (2). 

Since the fluid is allowed to accelerate through the porous 

material in case (2), one would expect the breakthrough time of 

2 
case (2), t , to always be less than the breakthrough time of case 

. 1 
(1), t; hence 

m" c' V2 
+ m" .e. V - =---=-,'-....:...-

2A 
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< 1 (78) 
m" I V 

m" is the permeability ration kf/ki , which is always greater than 

unity; thus the equality of eqn. (78) is always satisfied. 

If t = 0 corresponds to the beginning of the linear failure 

rate, and. t = t corresponds to breakthrough, then eqn. (78) can be 

used to predict the accelerated failure rate due to the continually 

increasing flow rate. Furthermore inspection of eqn. (78) shows 

the importance of the permeability ration, kf/k
i

, and the break

through time. 

(8) Let us now examine the implications of the linear failure 

rate, predicted by the oil displacement method, with respect to the 

permeability response of individual porous samples. The effect of 

linear failure can be more easily visualised via a capillaric model. 

The porous material can be regarded as a series of capillary 

tubes of initial radius, r., and after leaching the radius has 
l. 

increased to a maximum value, r
f

- The interface between the 

leached and unleached region in a pore is assumed to be sharp, i.e. 

a step increase in radius as shown in Fig. 10. This assumption 

that-the mass ·transfer rate of solid into solution is very high and 

remains constant irrespective of the position of the step within 

the pore. 

For the sake of simplicity, only two capillaries have been 

reproduced in Fig. 10, each with a different step length (x1, x2). 

According to the oil displacement model, for large fingers, the 



flow down each pore is constant. This means that each step moves 

along each pore, with its own characteristic velocity, which for 

the model described in Fig. 10, will depend on the intial config-

uration of the pores. In addition, the permeability or pressure 
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response of the pore network will also be· determined by the initial 

pore configuration, (i.e. the individual position of the steps 

within the pores at the start of the leaching process). 

For a fixed number of pores per unit area, and for a given 

initial step. pore length (sum of the individual step lengths, which 

for Fig. 10 is given by x
1

+x
2
), then the individual step lengths 

can be arranged in an infinite variety of different step arrange

ments, each of which characterised by its own permeability response. 

Hence the response ~ermeability and breakthrough time) of each 

porous material will be unique. 

It is to be expected though, that similar porous materials 

will exhibit common statistical pore size properties, and hence will 

exhibit similar permea~ility - porosity responses, when the number 

of samples examined is large. However, problems will be encounter-

ed in correlating the response of similar porous materials due to 

the variability of time required to establish a frontal system 

measured from the beginni~g of fluid injection; and due to the 

difficulty of determining the pore size distribution existing at 

the onset of the linear failure rate, especially so if these 

variables are also unique functions of each individual porous 

material. 



List of symbols and units of Chapter Six 

A 

A c 

C 

C o 

D 

D- , 
a 

F 

f 
w 

2 
pore area (cm) 

acid capacity number (= (~ C )/(y (1-~ ) (Wo-Wr ) 
00 m o. 

concentration of acid 

initial concentration of acid 

2 -1 
molecular diffusion coefficient of acid (cm sec ) 

Damkohler number (= k(Wo-Wr)!/u) 

a factor (= Q/(K ! w') ) 

fractional water flowrate with respect to the total flow 

rate within the porous material 
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f fractional flowrate of unsaturated fluid with respect to the 
u 

overall flowrate within a porous material 

K a factor proportional to the permeability to fluid of rock 

k local permeability to fluid of the porous material (cm') 

k' relative permeability 

k i initial permeability to fluid of the porous material (cm') 

k permeability to fluid of the porous material after a volume, V, 
v 

of fluid has passed through the porous material (cm') 

kf final permeability of the porous material (cm') 

~ overall permeability to fluid of the porous material (cm') 

k permeability of tbe porous material to water at the residual wr 

oil saturation (cm') 

k permeability of the porous material to oil at the connate wate 
oc 

water saturation (cm') 

k reaction rate constant 

! length (cm) 

! mean pore length (cm) 

m' viscosity ratio {jl /J.l 1 
o w 

m" permeability ratio of leached to unleached porous matrix 

grad P 

Q 

-2 -2 pressure gradient (g cm sec 1 

volumetric flowrate (cm'sec-1) 



Q
w 

volumetric flowrate of water (cm'sec- 1) 

Qo volumetric flow rate of oil (cm'sec- 1) 

S· fractional area occupied by oil phase o 

Ss fractional area occupied by saturated fluid 

Su fractional area occupied by unsaturated fluid 

Sw fractional area occupied by water phase 

t time (sec) 

superficial velocity of unsaturated fluid (cm -1 sec ) 

u 
u 

u 

u 

u 
o 

u 
p 

u 
w 

v 

W 

superficial velocity of unsaturated fluid (cm -1 sec ) 

superficial velocity of acid solution (cm 

-1 mean fluid velocity in a pore (cm sec ) 

-1 
velocity of a front (cm sec ) 

-1 
superficial velocity of oil (cm sec ) 

velocity within a pore (cm sec- 1) 

-1 sec ) 

-1 
overall superficial velocity of fluids (cm sec ) 

superficial velocity of water (cm sec- 1) 

volume of fluid pumped through the porous material (cm') 

-3 
concentration of minerals in the solid phase (g mole cm ) 

irreducible concentration of minerals in the solid phase 

-3 (g mole cm ) 
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Wo initial concentration of minerals in the solid phase (g mole 

cm- 3) 

~ area of porous material available for fluid flow inclusive of 

both solid and pore space (cm') 

X dissolving power of acid solution 

x distance measured along the porous material 

Xf position of a frontal interface measured fron the inlet 

surface of the porous material 

a a dimensionless ratio of mean reactant concentration within a 

pore to the mean surface concentration 

r perimeter of a pore (cm) 
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y mass of solid dissolved per unit mass of acid expended 

Y
m 

moles of acid required to dissolve one mole of dissoluble 

minerals 

E' fractional length along a porous material (= xl!) 

n pore size density function 

a number of pore volumes of acid 
p 

A a constant 

-1 -1 
~o viscosity of oil (g cm sec ) 

-1 -1 
~w viscosity of water (g cm sec ) 

Ps densi ty of solids wi thin a porous material 

</> -porosity of a porous material 

</>0 original porosity of a porous material 

- -1 
ljJ pore growth rate function (cm' sec ) 

ljJ ratio of acid concentration within a porous material to inlet-:._ 

acid concentration 

space time constant of fluid within a porous material (= cp!/u) 

(sec) 
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1. Introduction 

This chapter has been devoted to describing the experimental 

work performed in relation to Rising Damp. The phenomenon has been 

discussed theoretically in the previous chapters and it has been 

shown that the phenomenon extends across many disciplines and sub-

jects. Unfortunately this wide variety of subjects is 

accompanied by a general lack of experimental data, particularly in 

relation to the hydraulic functions of building materials (bricks, 

cement, plaster, etc.) and in relation to the seasonal moisture 

conditions in damp walls. Thus a wide choice of experiments was 

originally available. 

Three experiments were finally chosen. One designed to 

investigate the effects of leaching upon plaster of Paris cores. 

A second experiment was undertaken as a long term investigation of 

the suction (or tension) developed by walls affected by Rising Damp. 

The final experiment was to develop an experimental procedure to 

investigate the hydraulic properties of building materials. 

The individual aims of the experiments are discussed as each 

experimental study is introduced. 

2. Experimental study number one. Leaching. 

2.1 Introduction 

The theories and models relating to the leaching of porous 

materials have been discussed in Chapter Six. It has been shown 

that the passage of a reacting fluid through a porous material 

should increase the permeability of the porous material to the fluid. 

The theories do not physically describe the mechanism producing the 

increased permeability nor do they predict the final permeability 

ra tio Ckf/ki ). 

Mason Ol has indicated that the permeability ratio would have 

to increase by a value of fifty fold, or greater, to account for 

the increase in dampness of a wall. It is the aim of this experi-
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mental study to determine whether increases of permeability of at 

least fifty fold can be achieved and to identify, if possible, the 

mechanism producing the permeability increase, together with the 

. rate of failure of porous materials. 

The composition of mortars used for bricklaying and building 

construction has been varied considerably(2)-(S). Initially 

mixtures of 3 parts sand to 1 part lime were used until Portland 

cement became common, when some of the lime was replaced by 

Portland cement. The combinations of lime and Portland cement 

most commonly used was a mixture lime/cement/sand in the ratios of 

1/1/6 respectively. Further discussion of building mortars can be 

f d
(2)-(6) 

Dun ~ 

Both Portland cement and lime shrink upon drying. This fact 

causes problems when casting cylindrical cores for subsequent use 

in leaching - permeability studies, because a tight fit between the 

porous core and sample holder is' essential. This problem may be 

overcome by using tapered cores and matching sample holders, the 

(6) 
seal being obtained by forcing the core into the sample holder • 

The shrinkage problem can be avoided by using plaster of 

Paris as the cementing material. Additional advantages are that 

plaster of Paris sets mo~e rapidly than cement or lime; it is more 

permeable than Portland cement (no lime permeability data was avail-

able) ; plaster of Paris is a simple chemical material (calcium 

sulphate) whereas Portland cement contains several chemicals(3) of 

differing solubilities. The solubility of lime (calcium hydroxide), 

especially in damp walls, is expected to be of the same magnitude as 

the solubility of plaster of Paris, because of solubility 

. i th . . (2+) restr1ct on~ upon e1r common 10n ~Ca . Hence plaster of Paris 

was chosen as the cementing material to be used in the permeability -

leaching investigation. 
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Sectional view of sample holder. 
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Sectional view of sample holder and end plates. 
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A 

D 

c 

E F 

Key A aspirator containing distilled ater 

B glass tap 

C constant.flow rate pump 

D sample holder and end plates 

E mercury manometer 

F graduated container 

Fig. 3. Schematic representation of leaching apparatus. 



6 

"l 4 .... 
"l 

"'" 
2 

0 
0 

0 0 

0:: g; t:l 
Ul .... .... " ,." 
!:l 0 ,." -2 "l 0:: m 

"l " III ::r m 
!:l !:l 

Ul n -4 III m 
m .lJ ~ 0-

f-' m 
m m t -6 n ... Z m 
m 0 m 
Po . !:l • -8 - g; ,." 
f-' III Cl> 
0 !:l -10 .; Po g. 
" III ... Ul ... ::r m 
m m " -12 <l 
0 <l m 
,." 0 Po 

f-' 
CD 5 <l -14 . 0 
w m ... 
w 5 "'" 0 -16 ,." m 
)< 

~ 0 ... ,." 
0 ... -18 I m .; 

w " III ... 
@ 

n m 
III " '"20 ... 

w n 'U 

El 
0:: 

~ ... .... III 
!:l ... m 

I Cl> Po .... Po 
~ 

Run No. 1 

00 00 00 
00 000 

00 
0 

104 0 5x104 
0 

0 
0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 
0 

0 

0 

0 

Deviation between"expected" volume (cm' ) 
and observed volume of water pumped 
through the sample 

0 0 

o 0 
0 0 

0 

0 0 0 0 
00 

0 

0 

0 

0 

0 

0 

0 
0 

0 

Time (mins) 

10x104 

0 

00 

I ., ., 
"'" I 



"l .... 
<Q . 
111 . 

10 
0: 

~ 
tl 

Ul .... .... ... 
:l 0 ... 

<Q 0: CD 
8 

<Q 11 
III ::r' CD 
:l :l 

Ul 0 

~ 
CD 

CD 
.lj tJ' .... CD 

CD CD rt 

6 

4 
0 :e: 
rt ~ CD 
CD CD 
00 . ~ 2 

'" g: ... .... III CD 
0 :l 
:e: 00 0 
11 tJ' 

00 0 

III s: Ul 
rt CD 
CD CD 11 

<: 
<: 

0 CD 
-2 

HI . 0 00 .... ..., 
~ <: 

0 
-4 

... CD .... ... ~ 0 
X HI CD -6 
... :e: 0 
0 III HI 

I rt 
:e: W~ III 

-8 

n- rt 
0 ~ S III -10 

W .... 
0 '0 

S 0: 

~ .... ... 
:l III 

I rt CD 
-12 

"'CD 00 
~ 00 

o o 
o 

o 
o 

o 
o 

00 

Deviati6n between "expected" volume 
(cm') and observed volume of water 

pumped through.the sample 

Run No. 2 

o 

o 

o 

o 

o 

o 

o 

o 0 

o 
o 

o 

o 

o 

o 

o 

o 

Time (mins) 

I 

'" '" 111 
I 



"l ..... 
8 "1 . 

'" . 6 

'" 
. .; '<J 0 . Il> 

~ 
..... 

'" rt H1 4 
'" CD H1 
V1 ti CD CD 

P. ti 
~ CD 

2 Cl g: ::> ... Il> Cl 
0 ... ti CD . 0 

I Cl g w " lJ" ... "1 CD 0 
n Il> ::T ~ rt 
13 CD en CD 

w P. 

~ 
(I) -2 ::> 

13 " ..... en ... g: ::> ..... (I) 
I ::> (I) -4 

... "1 Z 
Il> 

0 g. 
::> en 

W ~ -6 

~ § <: 
CD 

p. P. 
(I) 

" ~ 
<: 

rt 0 
CD ... 
P. ~ = <: 

0 (I) 
H1 ... ... ~. 0 

~ H1 
CD .; ti 

III 0 Il> 
rt· H1 

~ CD 

0 
H1 

0 

0 0 
0 0 0 

0 
00 0 0 

0 0 
0 0 0 

0 
0 

a 
0 0 

0 

0 

Deviation between "expected"volume 
(cm' ) and observed volume of water 
pumped through the sample 

Run No. 3 

o 

o 
o 

5xlO4 00 

0 

0 

0 

0 

0 0 
0 

o 0 
00 0 

o 
o 

o 

0 

0 

0 

00 

0 

0 

0 

0 

Time 

lOxlO
4 

(mins) 

I 

'" '" '" I 



<I' 

:£ 
I': 

" ..: 

N 

Fig. 7. 

(/) 

I': .... 
§ 

~~ 
<I' 

0 .... 
>< 0 

0 .... 
0 

0 
0 

0 
0 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 

0 

0 

0 

0 
0 

0 

0 
0 

" 0 
0 0 .... 
>< 0 
U) 0 

0 
0 

0 Q) 

0 9 ~ 
0 ..... ...., 

0 o It! 
:> :. 

0 IH 
0 '" 0 Q) 

0 ...., Q) Q) 
0 u 9 ..... 0 Q) p. 

0 p. ..... ~ 
>< 0 0 Q) :> 1Il 

0 '0 Q) 
I': Q) .<:: 

0 Q) :> ...., 
0 Q) ... 

:. Q) .<:: 0 ...., 1Il tJ> 
0 

Q) .0 " 
0 .0 0 0 ... 
0 1':'0'<:: 

0 o I': ...., 
0 

.... It! 
...., '0 

" 0 It!-Q) 
0 0 .... ~ p. .... 

0 ~ ~ !i 
0 Q-P. 

0 
0 

0 

o~ 
0 

0 N " <0 co 0 N " <0 co 0 N 
I I I I .... .... .... .... ..; N N 

I I I I I I I 

Difference between the observed volume of water 

pumped through sample No. 4 and the volume 

calculated using an "expectedll flowrate of 
3 -1 

(cm min ) 

of water 
-3 8.2 X 10 

-227-



"l ..... 
<Q 
• 
CD 

if 't1 

" CD 
en .... en 

.: " " ..... CD 
et 
:r :T 

CD 

" Pl 
CD 0. 
en 
'cl 0 

CD ... 
0 
et .: 

Pl 

S- et 
CD 

" et ..... 
~ s 

CD 
~ 

S- s ..... CD 

.::. Pl 
en 

" " CD 
0. 

Pl 
0 

" 0 
en 
en 
en 

~ 
f-' 
CD 

70 Pressure head of water (cm) 

o 

60 Run No. 1 
o 

o 

o 

50 0 0 
o 

o 

o 

o 0 

40 o 
o 

o 
o 

o 

30 
o 

o 00000 

000 
o 

20 

00 0 

10 o 

00 " o 000 0 00 0 

o L-______ ~ ________ _L ________ L_ ______ ~ ________ _L ________ ~ ________ L_ ______ _L ________ ~ __ ~O~O~~OL 

5x104 

Time (mins) 

I 
N 
N 
CD 
I 



"l ..... 
<Q . 
\0 . 

1)= '1:1 ... 
• m 

Ul 

'" Ul 

.: c ... ..... m 
rt 
::0- ::0-

m ... PI 
m Po 
.gj 0 
m Ht 
0 
rt .: 

PI 

S- rt 
m ... 

rt ..... 

~ 
S 
m 

S- S ..... m 
::l PI 
~ Ul 

C ... 
m 
Po 

PI 
0 ... 
0 
Ul 
Ul 

(J) 

~ 
'Cl ... 
m 

40 
Pressure head of water (cm) 

30 
Run No. 2 

o 

o 

20 

10 

00000 
o 0 00 0 0 00 0 o· 

o 0000 
00 o o o o o 0 

00 

0000 00 o 

oL-____ L-____ L-____ ~ ____ ~ ____ ~~---L-----L-----L-----L----~ 

~1~ 1~1~ 

Time (mins) 
I 

IV 
IV 
ID 
I 



"l ,... 
<Q 

... 
0 . 

en 'tI 

~ 
11 
m 
fI) 

>-' fI) 

m ~ 
~ m 

::r 
m w Ol 

.: 
p, 

,... 0 g: '" .: 
11 Ol 
m rt 
fI) m 

'" 11 
m 
n n rt 

13 
S ~ 

13 
rt m 
~. Ol 

en 
m C 

11 

a- m 
p, ,... 

2- Ol 
n 
t; 
0 
(J) 
en 

40 Pressure head of water (cm) 

o 

o 

30 o 
o 0 

00 

20 

00 0 
00 0 0 o 00 0 0 000 

000 

10 

o 

Run No. 3 

o 

000 
o 0 

Time (mins) 

o 000
0 

0 

• 

o 
000 

o 

I 
IV 
W 
o 
I 



":I ..... 
"l . 60 ... o ... 

o 
o 

o 
m 'tJ 
III ... 
.lJ 11> 

m 
50 

..... 
~ 11> ... 

1;= 11> 

it ... III 
Po .: 

40 

..... 0 g: .... 
t1 

.: 
III 

11> <1" 
m 11> 

'"Cl ... 30 
11> 
n Q <1" 

<1" ~ 

0 
!l 

<1" 11> ..... III 
8 m 20 
11> <: 

t1 

S 11> 
Po ..... 

::l III 
n 
t1 
o· 10 
m 
m 

o 

Pressure head of water (cm) 

o 0 

o 
o 

00 

o 
00 

o 

o 

o 
0 0 

000 
o 

o 
00 

o 

Run No. 4 

00 
o 

Time (mins) 

00 
o o 0 o 00 0 0

0 00 00 00 
o 

I 

'" w ... 
I 



-232-

2.2 Experimental procedure. Run numbers 1-4. 

The experimental procedure was modified on several occasions 

during the course of the investigation. The following represents 

an account of the experimental procedure. 

A mixture of three parts building sand to one part plaster of 

Paris (by weight) was prepared. Distilled water was added to the 

sand-plaster mix to produce a slurry. The slurry was poured into 

the centre of·a hollow cylindrical perspex sample holder and left 

to set. The length and diameter of the central core were both the 

same (2.54 cm). The end faces of the hardened mixture were ground 

away such that the surfaces of the mortar were flush with the faces 

of the perspex sample holder ~ig. 1). End plates were bolted 

onto the sample holder as shown in Fig. 2.· 

The sample holder and end plates were fitted into the re

mainder of the apparatus, which is shown schematica11y in Fig. 3. 

Glass taps Bl, B2, B3 were opened and the apparatus was completely 

filled. with distilled water, such that all air bubbles both up

stream and downstream of the sand-plaster core were removed. The 

perista1tic pump was started and its speed of rotation adjusted 

until a suitable pressure difference was developed across the sand 

plaster core. Daily r.eadings of pressure difference and liquid 

volume exuded through the core were recorded. 

The latter measurements have been reproduced in Figs. 4; 5, 6, 

7. It WaS assumed that fluid flo'w through the samples remained 

. constant. The assumed flow rate, calculated from approximate flow 

measurements" ·-was used--as an "expected ll flow rate .. Experimentally. 

observed differences from the "expected" f1owrate, were expressed 

along the ordinate axis, whilst measurements of time were shown on 

the abscissa. The corresponding measurements of pressure 

difference versus time can be found in Figs. 8-11. 
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Four samples were arranged in parallel. The flowrate 

through each sample could be adjusted, albeit in a limited fashion, 

by loosening or tightening its individual P.V.C. tubing that 

circumscribed the rotor of the peristaltic pump. 

Distilled water was injected through the sand-plaster cores 

for about ten weeks. The experiment was terminated when the rate 

of change of pressure difference became small. The sample holders 

were removed fron the experimental apparatus and washed to remove 

particles of loose sand, particularly from the front face of the 

samples. The plaster cores were removed from the sample holders 

and left to dry. Photographs of the dry cores were taken (Figs. 

12-15) • In view of the lengthy failure time of the sand-plaster 

cores.it was decided to omit the sand from the cores and to continue 

with cores containing plaster of Paris only. 

A modification to the apparatus at this time was the replace-

ment of the manometer by a pressure transducer. The electrical 

output of the transducer was recorded continuously using a chart 

recorder. The technical data relating to the pressure transducer 

(type AE 830 A) has been reproduced in Appendix I. The transducer 

was calibrated using a mercury-water manometer together with a 

travelling microscope. The calibration curves (three) are shown 

in Fig. 16. The mercury pressure readings have been converted into 

cm of water head ~ axis) against millivolt readings (from pressure 

transducer 1 • A straight line was fitted to each set of measure-

ments using a least squares regression technique. 

Further modifications that were subsequently introduced into 

the apparatus were:-

+ 0 (11 Introduction of a temperature controlled water bath (-0.1 C). 

The main function of the bath was to limit the temperature dependent 

fluctuations of water viscosity. Secondary benefits of the bath 

were that it limited the variation of solubility with temperature 



Fig. 12 (left) 
Fig. 13 (right) 

Fig. 14 (left) 
Fig. 15 (right) 

Fingers developed in sample cores of Run No. 1 
and Run No. 2 respectively. 

Fingers developed in sample cores of Run No. 3 
and No. 4 respectively 
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of the plaster of Paris; and that it_ reduced the effect of thermal 

expansion of P.V.C. tubing used to connect the pieces of apparatus 

together; the water bath was also used to regulate the temperature 

variations upon the output of the pressure transducer. 

(2) Inclusion of a stratified sand-glass bead filter bed between 

the peristaltic pump and the porous sample. Ini tially the 

inclusion of the filter was to prevent build up of a thin scum at the 

front face of the sample. The scum may have originated because of 

internal friction of the tubing circumscribing the pump rotor. An 

alternative source may be a result of fungus growing in the 

connecting tubes of the apparatus. A further benefit of the filter 

is discussed in (3). 

(3) Inclusion of a glass T-piece which was sealed at one of its 

ends. The position of the T-piece was between the peristaltic 

pump and the filter. Approximately 0.5 cm' of air was injected 

into the sealed arm of the T-piece. The purpose of this 

modification was to reduce the magnitude of the cyclical pressure 

variation produced by the interaction of the rotor tubing and the 

-rotor itself. The filter also assisted in reducing the magnitude 

of the pressure variation, observed at the inlet face of the sample. 

The filter increased th~ flow resistance along the path to the 

sample, compared to the resistance in the sealed arm of the T-piece. 

l4} The inner radius of the sample holder was increased to 3 cm. 

The standard length of the sample holder was reduced to 2.5 cm. An 

.additional length of 4 cm was also used. 

(5) The casting procedure and subsequent shaping of -the porous cores--

was modified. Three perspex sample holders were assembled as a 

tower. Each sample holder was separated from its neighbours by a 

layer of perspex approximately 6 mm thick. An additional spacer 

was·placed at the base of the tower. The spacers were cut in half 

to facilitate their removal from the tower after the plaster had 
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become firm. 

When the tower had been assembled, plaster slurry was poured 

into the hollow centre of the tower and agitated slightly to remove 

any entrapped air. A mixture of 2 parts plaster to 1 part water, 

by weight, was experimentally found to produce a suitable slurry 

for casting. 

After the plaster in the tower had become firm, some 10 

minutes after pouring, the spacers in the tower were removed •. The 

sample holders were separated, the uppermost in the tower being 

discarded. The remaining cores were allowed to dry in the open 

air of the laboratory for one week. After this time had elapsed, 

excess plaster was removed from the end faces until a continuous 

flat .surface of plaster and perspex was attained. 

The core and holder were weighed and then the core vacuum 

saturated with distilled water. The pressure in the vacuum chamber 

-2 was reduced to 6.5 CKN M ); the core remained in the chamber for 

fifteen minutes. The core was removed from the chamber and wiped 

to remove excess water, particularly from the bolt holes. The 

sample holder and "saturated" core were reweighed. The difference 

in the dry and wet weighings was used to calculate the porosity of 

the core. 

End plates were bolted onto the sample holder and the assembly 

was connected into the rest of the apparatus, which is shown 

schematically in Fig. 17. The experiment was conducted as has 

been described earlier. 

Measurements of pressure difference versus time were recorded 

automatically via the chart recorder. The volume of liquid pumped 

through the sample was recorded as described previously. 

Experimental measuremen~of millivolts versus time, recorded 

by the chart recorder, have been reproduced in Figs. 18-56. A 

summary of experimental results and data can be found in Appendix 11. 
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2.3 Discussion 

The aims of this study were to determine whether increases of 

permeability of at least fifty fold could be produced by leaching; 

and to identify, if possible the mechanism producing the permeability 

increase. 

Examination of the experimental results presented in Appendix 

11 shows that the permeability increase can be as little as four 

fold or as high as one thousand five hundred fold. The accuracy 

of measurement of the increase of permeability is governed by the 

value of the pressure difference, ~h , at the end of an experi
w 

mental run. Unfortunately, the final value of ~h is often com
w 

parable to the accuracy to which the pressure difference can be 

measured, consequently large errors are incurred. However, the 

large decrease of ~h is 'indicative of a correspondingly large w 

increase of permeability. Since the final pressure difference 

cannot be determined accurately, the value of the permeability 

ratio presented in Appendix 11 should be used as an indicator of 

change rather than an accurate assessment. 

Examination of the permeability ratio for runs 2-4 (sand-

plaster coresl in Appendix II shows that the permeability had not 

increased by more than ~ factor of ten whereas the permeability 

increase of run 1 was approximately one hundred and seventy. The 

large divergence of values is largely attributed to the fact that 

the core of run 1 partially collapsed, causing a reduction of the 

pressure head of water from 3.0 cm to 0.45 cm; a rise in 

permeability of-~proximately six fold at,this point. 

The experiment was terminated shortly after the collapse of 

4 the core in run 1, which occurred after 9.35 x 10 minutes. It is 

expected that had the experiment continued further increases in 

permeability for runs 2-4 would have been attained, although no 

attempt can be made to predict the ultimate values of permeability 
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Fig. 18 to Fig. 56. 

Pressure trace versus time of Run No. 5 - Run No. 44 

(excluding Run No. 13). The pressure difference across 

the porous sample is expressed in millivolts, the time 

in hours. 

Millivolt conversion factors can be obtained from Fig. 16 

and the physical properties of each core from Appendix II. 
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ratio. 

The increase of permeability, where calculated, for runs 5-

44 all showed increases of more than one order of magnitude except 

for runs 18 and 21. The rate of change of pressure,difference of 

run 21 was rather slow (c.L Fig. 3'3) and the experiment was 

terminated before "breakthrough" occurred. 

More accurate de terminations of the final permeability ratio 

(marked by , in the appropriate column in Appendix II) showed 

increases of permeability of over one hundred fold with the 

exception of runs 27, 28 whose individual values were sixty-five 

and ninety fold respectively. 

It can be safely concluded that for plaster of Paris cores, 

increases of permeability of fifty fold can easily be attained. 

However, for sand-plaster of Paris cores, no definite conclusion of 

the average increase in permeability can be made, although an 

increase of ten fold appears to be a reasonable estimate, assuming 

no major disintegration of the core. 

Let us now consider the other experimental aim which was to 

identify, if possible, the mechanism responsible for the increase 

of permeability. 

Progressive leac~ng of a porous matrix has been compared to 

the displacement of oil by water (Chapter Six). The portion of 

the poro~s matrix containing the water phase was replaced by a 

region of leached porous material whereas the oil phase was replaced 

by a region of unleached porous material. The relative movement 

of the interface was determined by a permeabilrty ratio (leached to 

unleachedl whereas in the oil displacement model the motion of the 

interface was governed by 

For mobility ratios 

unity, small outgrowths on an otherwise uniform.interface grow 

rapidly. EVentually the overall flow pattern is governed by the 
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now enlarged outgrowths (wormholes) •. A simplified model (8) of the 

dynamics of a frontal system possessing large wormholes predicted a 

linear rate of decrease of pressure difference across the porous 

material, assuming that the injection rate of fluid remained 

constant. Examination of the results showed that about one half 

of the experimental runs showed some linear behaviour (see Figs. 

8-11 and Figs. 18-56). 

Briefly, the traces of runs 2, 3, 5, 6, 10, 15, 16, 18, 26, 

27 and 33 are initially curved but the final portion of the trace 

shows a linear decrease; similarly runs 30, 42, and 44 also exhibit 

a linear rate of failure at the end of the trace, although the 

duration of these runs is a little short. The traces of runs 22, 

31, 34, 37 and 38 are initially flat, (i.e. 6h is constant), the 
w 

flat portion of the trace is followed directly by a linear rate of 

decrease. Run 7 was unique because its trace decreased linearly 

from the outset of the experimental run. Finally, runs 8, 25 

also showed a linear failure rate, however in each run there was a 

short curved section in the middle of the trace separating the linear 

section. This behaviour is thought to be a result of imperfections 

(i.e. air bubbles) within the matrix which are encountered by the 

growing tip of the wormh9le. 

Traces of runs 9, 10, 18, 33, 34 and 38 exhibit an extra rapid 

rate of failure immediately prior to "breakthrough". An 

explanation of this more rapid failure rate is that the 

permeability may not be sharp but extend over a small distance. A 

change of failure rate would occur when the leading portion of the 

in~erface reached the rear of the core. Complete breakthrough 

would occur when the latter portion of the interface reached the 

rear face of the core. 
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The shape of several wormholes have been photographed and can 

be found in Figs. 57-67. Their shape is reminiscent of a plant 

root system, that is a main root and several minor offshoots. A 

wormhole may be regarded as an enlarged preferential flowpath 

through an otherwise uniform homogeneous matrix. Visually, the 

flowpath may have been indistinguishable from the rest of the 

matrix, at the start of the experiment. However, when fluid is 

• 
injected, the paths of lower fluid resistance grow at a greater 

rate than their neighbcuring pathways and eventually become 

distinguishable from them. 

For plaster of Paris cores the radii of the wormholes are 

quite small and exhibit branching, whereas the wormholes of sand-

plaster cores are mugh larger and do not exhibit well defined side 

branches. It should be noted for runs 37-40, 150g of glass 

beads (in the size range 600-710 ~) were added to the plaster of 

Paris mix, the ratio of plaster/glass beads/water by weight was 

2/3/1. The addition of glass beads was an attempt to simulate the 

behaviour of the sand-plaster cores. The weight of glass beads 

added was an arbitrary chosen amount. 

A visible wormhole was obtained in run 40 (Fig. 67). The 

radius of the wormhole ip quite narrow, and approximately the same 

size as those obtained with plaster of Paris. The wormhole of run 

40 exhibited very little side branching. 

The branching exhibited by plaster of Paris cores indicates 

that there are several secondary preferential flowpaths emanating 

from the central wormhole. Each of these secondary pathways .are .. 

partially developed until they are overtaken by the more rapidly 

moving tip of the central wormhole. The older pathways become 

redundant and have little further growth. The older secondary 

pathways are replaced by new ones uncovered by the movement of the 

growing tip of the central wormhole. 



Fig. 57 (left) 
Fig. 58 (right) 

Fig. 59 (left) 
Fig. 60 (right) 

Fingers developed in sample cores of 
Runs No. 6 and No. 7 respectively. 

Fingers developed in sample cores of 
Run No. 9 and No. 11 respectively. 
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Fig. 64 [left) 
Fig. 65 (right) 

Fig. 66 [left) 
Fig. 67 [right) 

Fingers developed in sampl~ cores of 
Run No. 26 and No. 29 respectively. 

Fingers developed in sample cores of 
RUn No. 30 and No. 40 respectively. 
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The lack of branching in the wormhole of the sand-plaster 

cores would appear to indicate that there are no secondary 

preferential pathways. However, the presence of inert material 

(sand) in the core must be considered. Imagine the growing tip of 

a wormhole encountering the sharp angular contours of sand grains. 

The central flow path could be deflected sidewards or more likely 

become split into several minor flowpaths, each of which may like-

wise become subdivided. This dispersive action of the sand grains 

would inherently reduce the net forward velocity of the wormhole 

and increase its radial component thus resulting in broader worm-

holes. 

A similar behaviour can be predicted from the model originally 

proposed by Scheidegger and Johnson(8) which has been discussed in 

Chapter Six. The speed of any given fractional area of leached 

porous material was represented by the expression 

[::L 1 QT m" 
= c' A [s (m"-I) + 1)2 u u 

where (dx/dt)Su is the velocity of a given fractional area, Su' of 

leached porous material; QT' the overal volumetric fluid injection 

rate; A, the area for flow; c', a constant; m", the mobility 

ratio (= k /k ); k," the permeability of the matrix containing 
u s u 

unsaturated fluid (the leached permeability); k , the permeability 
s 

of the matrix containing saturated fluid (the original permeability). 

Curves of relative velocity versus fractional area of leached 

porous matrix for three mobility ratios (m" = 5, 50, 500) can be 

found in Fig. 68. It can be observed from the figure that as m" 

increases the diameter of the wormhole will decrease because the 

relative velocity of different fractional areas of leached material 

increases as m" increases. Addition of sand to the plaster of 

Paris lowers the final permeability of the core and consequently m" 
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is correspondingly lowered. Similarly one would expect that 

addition of glass beads to the plaster of Paris would also lower 

the final permeability of the core; however examination of the 

permeability values of runs 37-40 (Appendix II) shows that the 

final permeability is similar to those cores containing only plaster 

of Paris. 

Explanations of these anomolous results are:- (1) the 

concentration of glass beads was not high enough to significantly 

affect the growth and development of the wormholes, except to 

limit the growth of secondary side branches. (2) the smooth 

spherical shape of the beads would not be expected to produce a 

large amount of wormhole dispersion when compared with the sharp 

angular grains of sand. 

Thus the development of a wormhole appears to be influenced 

by both the shape and concentration of inert materials within the 

matrix. The shape and concentration of inert materials will also 

influence the initial and final permeabilities of the porous matrix 

and the motion of an interface. 

The modification of including vacuum saturation of the cores 

was introduced so that the porosity of cores could be calculated. 

Knowledge of this prope~ty was useful since it was used as an 

indicator of the degree of homogeneity of the casting procedure and 

a measure of the quality of the cores. The consistency of the 

casting procedure can be found by inspection of the porosities of 

cores in Appendix II. For runs 17-44, excluding runs 37-40, the 

+ variation of porosity was calculated to be about - 5%. The 

average porosity value was calculated to be 42%. 

An additional benefit of vacuum saturation was that the 

amount of air remaining in the core and subsequently affecting the 

core response was minimised. The presence of air in the core 

would restrict fluid movement, and consequently lower· values of 
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permeapility would be obtained. The entrapped air could also be 

liberated during the course of the experiment or interfere with th,e 

growth of wormholes both of which affect the permeability response. 

Sample calculations of the permeability and porosity can be 

found in Appendix Ill, together with error estimation associated 

with the measurement of the physical properties. 

3. Experimental study number two. Investigation of the 

seasonal variation of suction developed by a wall suffering 

from Rising Damp 

3.1 Introduction 

The purpose of this study is to measure the vertical distribu-

tion and seasonal variation developed by a wall suffering from 

Rising Damp. 

Determination of the capillary suction is important because 

it is a measure of the energy condition existing at that point. 

Capillary suction can be used to correlate the hydraulic properties 

Unoisture content, unsaturated permeability, local evaporation 

rate) of porous building materials. Moisture content, unsaturated 

permeability together with the suction gradient and local evapora-

tion rate can be used to estimate the overall rate of moisture 

movement both spatially ,and temporally, within the wall. 

, (10) - (13) Capillary suction is measured with a tens~ometer • 

A mercury tensiometer consists of a mercury manometer which is 

connected hydraulically to a fine-pored porous cup. The cup is 

inserted into the porous material whose suction is to be determined. 

Movement of moisture across the porous cup is registered as a 

difference in height of the mercury levels. At equilibrium the 

difference in mercury level is used to calculate the capillary 

suction within the porous material. 

One of the uses of tensiometers is following the position of 

the ground water tables (14l. These instruments measure the 
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pressure difference between the soil water and free water, hence 

tensiometer readings may be interpreted in terms of the equilibrium 

height of the instrument above the free water surface. Inter-

pretation of this nature implies that the porous material, at the 

point of measurement, is in equilibrium with the water table!l?) (12)-(14) 

However, for wall suffering from Rising Damp, one would expect 

there to be a net upward movement of moisture to replace that lost 

by evaporation. The upward flow of moisture would produce an 

additional energy difference due to frictional forces and hence the 

suction gradient would be greater than that for equilibrium 

condi tions . 

For transient moisture conditions the suction will be 

governed by the difference between the rate at which moisture can 

enter or leave the wall. The infiltration rate is dependent on 

the depth of the water table to a large extent, whilst the 

evaporation rate is determined by local atmospheric conditions. 

Both the water table and the evaporation rate exhibit seasonal 

land diurnal} variations and consequently the wall suction will 

reflect these variations. 

It is important to remember that both the suction-moisture 

content and suction-unsaturated pemeability relationships exhibit 

hysteresis lc. f. references (101., (13), (14) and Chapter Two), which 

would affect the change of suction response in the wall. 

The range of suction measured by a mercury-water tensiometer 

is limited, because of the need to maintain liquid continuity 

throughout the apparatus. The maximum suction of a mercury-water 

tensiometer is limited to pressure heads greater than -850 cm of 

(12) 
water because of the vapour pressure of water . When aerated 

water is used in the tensiometer, the maximum usable suction is 

reduced to -550 cm of water head. 
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The latter figure was adopted as the maximum suction head 

that could confidently be maintained by mercu~-water tensiometers. 

A short term increase in "usable" suction could be ontained by 

replacing the water in the tensiometer with fresh deaerated water, 

however after a period of time, the problem of dissolved air would 

recur, because of air diffusing through the porous cup of the 

tensiometer. 

It is essential to maintain good liquid contact between the 

porous cup and the porous material. For unconsolidated materials 

(sand, soil) this condition is easily maintained, however for 

consolidated materials (cement, mortar, stone, bricks), maintenance 

of good liquid contact is more difficult, because of the rigid 

structure of both the tensiometer cup and the porous material. In 

addition, soil tensiometers are designed to be used with horizontal 

surfaces rather than vertical (wall) surfaces. Because of these 

difficulties it was decided that tensiometers designed for soil use 

were unsuitable and that a tensiometer suitable for use with 

consolidated materials should be developed. The design considera-

tions of the tensiometer are discussed in the next section. A 

feature of the design is that the porous cup should be of a small 

size to facilitiate its.fixture into the wall and to minimise the 

damage and disturbance to the wall. 

3.2 Experimental procedure 

3.2.1 Design of a mercury-water tensiometer 

To perform satisfactorily a tensiometer must satisfy certain 

requirements. Excluding the porous cup, all the other materials 

used in the construction of the tensiometer should be impermeable 

to both air and water. The porous wall of the cup, when thoroughly 

wetted, must withstand an air pressure head in excess of 550cm of 

water head. It is recommended that the cup conductance to water 
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should be in excess of 1cm' per minute when one atmosphere of 

hydraulic pressure is applied across the cup wall. The sensing 

gauge (mercury manometer) should require only a small volume be 

displaced. A satisfactory value for most purposes is 1cm' per 

atmosphere pressure change. A transparent air trap is usually 

included, so that the volume of air within the tensiometer can be 

observed and removed. If the volume of air is in excess of 2 to 

3 cm' the instrument should be vented and refilled with water. 

3.2.2 Design of the porous cup 

A number 4 porosity, 10mm microfilter was chosen as the 

porous cup. The dimensions of the microfilter and subsequent 

modifications to it are shown in Fig. 69. The minimum size range 

of particles removed by the filter is 5 Mm to 15 Mm. Assuming the 

larger figure to represent the maximum pore diameter of the filter 

and assuming the pores to be circular, the maximum suction that the 

filter can sustain, at 200 C, is approximately 200cm of water head. 

The maximum suction developed by six filters can be found in Table 

I. 

Table I. Maximum suction developed by six unmodified microfilters. 

maximum suction 
microfilter (cm. water head) 

1 96.2 

2 109.2 

3 182.0 

4 136.5 

5 114.4 

6 167.7 

None of the microfilters attained a suction of 200cm of water 

head. The highest suction observed was 182cm, whilst the lowest 

suction was 96.2cm of water head. In view of these lower"than 

expected suction values, it was decided to include a plug of plaster 
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of Paris lcm deep directly behind the sintered disc of the micro-

filter as shown in Fig. 69. 

The permeability of freshly cast plaster of Paris is of the 

order of 1 x 10-
11 cm' (c.f. previous experimental study). The 

permeability is generally assumed to be a measure of the square of 

the average pore radius. Thus the average pore radius of fresh 

plaster of Paris is 3.16 x 10-6 cm. The approximate entry value 

4 of pores of this size if 4.7 x 10 cm of water head. Subsequent 

tests upon fourteen microfilters containing the plaster of Paris 

plug showed that they were able to sustain suctions greater than 

550cm of water head, and hence satisfied the suction requirement of 

the porous tensiometer cup. 

3.3 Sensitivity of the tensiometer instrument. 
-3 

Se (ats. cm ) 

The sensitivity of a tensiometer is defined as the amount of 

water displacement required to register a suction of one atmosphere, 

from an instrument that was at zero suction. The sensitivity is 

usually expressed as atmospheres per cm' of displacement, i.e. a 

typical value is 1 atmosphere per cm' . 

Consider the sensitivity of a U-tube mercury manometer con-

taining a water-mercury interface in one arm and a mercury-air 

interface in the other ~rm. Assuming the density of mercury and 

water to be 13.5 and 1 g per cm', then each centimetre height of 

mercury difference is equivalent to 13cm of water head. The 

mercury height difference required to develop a pressure of one 

atmosphere (J.036cm of water head) is 79.69cm. However, the 

length of water displaced is only half this length, i.e. 39.85cm. 

Hence the diameter of tube to satisfy the condition of lcm' per 

atmosphere is 0.179cm. 

The diameter of tube used in this study was 0.16cm, which 

has a sensitivity of approximately 1.25 ats cm-' • The choice of 

tube diameter is a compromise between instrument sensitivity and 
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hysteresis errors associated with surface tension forces. Surface 

tension forces are proportional to the reciprocal of the tube 

diameter. 

3.4 -1 -1 Cup conductance K (cm' min ats ) 

Cup conductance is defined as the volume of liquid (cm' ),per 

unit time (min.) that can pass through the walls of the porous cup 

5 
when one atmosphere of pressure (10 N m- 2) is applied across the 

wall of the cup. An acceptable value of cup conductance is 1 cm' 

. (12) 
per min. per atmosphere pressure dl.fference across the cup walls, 

although values of O.lcm' per minute per atmosphere have been 

d Ull use . 

The cup conductance is usually determined in the following 

manner. 

h so 

The tensiometer is allowed to develop a known suction, 

The porous cup is then immersed in a container of (free) 

water; corresponding measurements of suction, h and time, tare 
s 

than recorded. The relationship between the suction and time, 

which is derived in Appendix IV, is given by 

= 
-K Se t e 

where h is the suction after time t has elapsed, h is the s so 

(1) 

original suction; S , the sensitivity of the instrument; 
e 

t, the 

time that has elapsed since immersion of the tensiometer cup into 

free water; K, the cup conductance. A graph of In (h /h ) s so 

versus time should yield a straight line of slope K S , and 
e 

assuming S to be already known then K can be evaluated. 
e 

Cup conductances of three modified microfilters has been 

determined using a slightly different procedure, which is more 

appropriate to tensiometer studies using consolidated materials. 

The method is called the "in situ" method since the cup conduct-

ances are determined after the porous tensiometer cups. have been 

fitted into the porous sample. 
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Holes of depth 1 to 2 cm and diameter 15 mm were drilled into 

three dry house bricks. A modified porous cup (sintered glass and 

plaster of Paris plug - Fig. 69) was cemented, using plaster of 

Paris, into each hole. Additional plaster of Paris was attached 

to the external surface of the porous cup to ensure good contact 

between it and the brick surface. The plaster was allowed to set 

overnight, and the porous cups were filled with water and connected 

to a mercury manometer. Care was taken to remove all air bubbles 

from the apparatus. 

As moisture migrated into the brick, from the instrument, 

measurements of mercury height difference and time were recorded 

until the system had attained equilibrium. The mercury height 

differences were converted to water pressure head differences. The 

curves of water head (suction) versus time have been reproduced in 

Fig. 70. The suction-time data together'with equation (3) were 

used to calculate the values of the cup conductances of the three 

modified, in situ, microfilters. 

The relationship describing the suction-time response for the 

"in-situ" method is 

h 
s 

h ms 

-K S t 
- e 

(1 - e ) (2 ) 

where h is the maximum suction developed by the tensiometer when ms 

in contact with the dry house bricks; the other symbols haVe 

their usual meaning. 

The derivation of egn. (2) can be found in Appendix IV. The 

- K S t 
e 

(3) 

A graph of ln U - th /h 1 I versus t should yield a straight line 
s ms 

of slope K S • 
e 

If S is known then K can be evaluated. 
e 

The suction-time measurements for each tensiometer system 

have been substituted into eqn. (3). The results obtained have 
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been expressed graphically and can be found in Fig. 71. Excluding, 

the two initial measurement of tensiometer no. 2, then all the 

other measurement fit the expected linear relationship. Straight 

lines were fitted to each set of points using a least squares 

regression technique. The diameter of the manometer tube used in 

this experimental study was 0.35cm which has a sensitivity of 

approximately 0.26 ats cm-'. The conductance values of cups 1, 2, 

3 were 3.75 x 10-3 , 1.41 x 10-3 and 2.16 x 10-3 (cm' min. ats- 1) 

respectively. 

An estimate of the cup conductance prior to cementation in 

position in the brick can be obtained by applying Darcy's law to 

the plaster plug of the tensiometer cup. Assuming the plug 

length to be Itcm); viscosity of water to be 0.01 (g cm- 1sec- 1) 

and the permeability of the plaster to be 1 x 10-11(cm2 ), then the 

flow rate, Q (cm' min) can be calculated. The volume flowing 

through the plug in one minute, when a pressure difference of one 

atmosphere is applied across the plaster, is a measure of the cup 

conductance. Using the figure above, the approximate flow rate 

through the plug is 0.05 tcm'min-1). This figure indicates that 

the cup conductance has been reduced by a factor of ten upon 

cementation into the brick. It is also a justification of using 

the "in situ" method as a means of determining more realistic 

values of cup conductance for the experimental arrangement used in 

this study. 

3.5 Time constant 

The response time constant of a tensiometer- is defined as._ 

-1 
(K S 1 and is a measure of the overall responsiveness of the 

e 

instrument to a change of moisture tension at the porous cup 

surface. Assuming a minimum value of cup conductance (in situ) of 

1 x 10-3 (cm'min- 1ats- 1) and a sensitivity, S , of 1.25 (ats cm-3), 
e 

then the time response of the instrument is 800 min (approximately 
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13.5 hours). The recommended response time constant of tensio-

meters designed for soil use is about 1 minute. 

3.6 Air trap 

The air trap of the instrument was created by inserting a glass 

T-piece in between the mercury manometer and the porous cup (as 

shown in Fig. 73). Additional P.V.c. tubing was connected to the 

third arm of the T-piece. The P.V.c. tubing was sealed off, using 

two thumbscrews which were positioned approximately 10em apart. 

Two thumbscrews were used so that air could be vented from the 

instrument with minimal loss of suction, thus reducing the dis

placement of the tensiometer reading from its equilibrium value. 

This modification is particularly useful in view of the relatively 

slow time response constant. 

3.7 Experimental method 

The tensiometer survey was conducted from July 1977 to March 

1979. The experimental site was in the cellar of a house suffering 

from Rising Damp. Suctions at three locations in the cellar were 

recorded. TwO of the sites were single leaf internal brick walls 

whilst .the third site was located at an outside wall below soil 

level. 

level. 

The· cellar floor was approximately 1.5 metres below soil 

The walls at the internal sites (1, 2) had been rep1astered 

up to a height of 1 metre and the surface then painted with gloss 

paint. Site 3 had not been rep1astered; the surface was covered 

with emulsion paint. All three sites suffered from moisture 

damage. Surface plaster had become swollen, bubbled and cracked. 

Salt damage was also visible in areas where faults had occurred in 

the gloss paint. The location of each site within the house is 

shown in Fig. 72. 

Each site consisted of six tensiometers, spaced about 30em 

apart in a vertical direction. The individual heights of each 
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tensiometer above the cellar floor is given in Table II. Each 

tensiometer consisted of a porous cup (Fig. 69) connected to a U

tube mercury manometer. The bore of the glass tubing of the 

manometer was 1.6mm. Each manometer was attached to a wooden panel 

whose surface was covered with a graduated scale. In between the 

porous cup and the manometer was a glass T-piece whose third arm 

comprised the air trap. The air trap was a length of P.V.C. tubing 

sealed by two thumbscrews. The whole of the apparatus was filled 

with distilled water, care being taken to exclude all air bubbles. 

A schema tic representation of a ten.iometer is shown in Fig. 73. 

At the start of the survey daily measurements of mercury 

heights were recorded, together with wet and dry bulb temperatures 

of the cellar air. After one month had elapsed it was realised 

from the response of the tensiometers that the frequency of the 

measurements could be reduced to one set per week. 

Occasionally air was removed from each tensiometer when 

thought to be necessary. Air was removed in two ways. One 

method was to open both thumbscrews, consequently losing the suction 

developed in the instrument. The second method was to release the 

inner thumbscrew and transfer air into the P.V.C. tubing between the 

thumbscrews. The inner clip was retightened and the outer one 

released. The outer portion of the tube was refilled with 

distilled water and the outer thumbscrew retightened. This method 

only resulted in a slight loss of suction in the instrument. The 

latter· methoa of air removal was adopted as normal practic.e, .in 

view of the slow time response of the tensiometers. 

The measurements of mercury height differences were converted 

into corresponding suction pressure heads of water. These tensions 

corresponding to suctions at the height of the porous cup were 

adjusted to the same datum plane, which was taken as the cellar 

floor. A sample calculation of this procedure can be found in 
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Appendix V. The suction curves for each of the tensiometers at 

sites 1, 2, 3 have been reproduced in Figs. 74, 75, 76 respectively. 

The dry bulb temperatures and corresponding relative humidity 

(percent) are expressed graphically in Fig. 77. 

The opportunity was taken, one week after the start of the 

survey, to drill an additional set of holes at each site. In 

addition a set of holes at a new location (site 4) was drilled in 

an internal wall where the plaster had been removed fron both brick 

surfaces, at an earlier date. The vertical heights of this new 

set of holes can be found in Table 11. For sites 1, 2, 3 each 

additional hole corresponded to the height of a tensiometer. The 

horizontal difference between the holes was about 15cm. 

Table 11. Tensiometer and moisture content sampling heights above 

cellar floor 

Height (cm) 

Tapping No. Site 1. 2. 3. 4. 

1 10.0 14.5 29.5 10 

2 39.5 45.0 60.0 40 

3 70.0 75.5 90.0 70 

4 99.5 106.5 121.0 100 

5 130.0 130.0 151.5 130 

6 160.0 167.0 188.0 160 

The dust from each hole was collected in a sample j (15) ar and 

taken back to the laboratory where each sample jar was weighed. 

o The samples were oven dried for five days at 100 C, and allowed to 

cool overnight in a desiccator" The samples were weighed-and 

returned to the oven for one additional day. The samples were 

again allowed to cool overnight in a desiccator and reweighed. 

This procedure was continued until the weight of the sample jar 

remained constant (constancy of 1 milligram). The sample jars 



were washed and the dry weight of each jar determined in a similar 

manner to method described above. 

The differences of the three sets of weighings was then used 

to calculate the moisture content (weight of water per dry weight 

of brick dust) at each of the points in the wall. The results of 
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sites 1 and 2 together with the results of site4 can be found in 

Fig. 78. The results of site 3 together with site 4 can be found 

in Fig. 79. The results of site 4 were reproduced in both figures 

for comparative purposes. 

3.8 Experimental results 

The results of the tensiometer survey have been reproduced 

graphically in Figs. 74, 75 and 76 respectively. The suctions 

have been calculated with respect to a common datum, that is the 

cellar floor.· The suction in the wall at the height of the 

tensiometer cup can be obtained by adding the height of the tensio

meter above the cellar floor to the suctions in Figs. 74, 75, 76. 

The heights of the tensiometers above the cellar floor can be found 

in Table II. If the wall is in static equilibrium with the water 

table, then each of the tensiometers should register the same 

suction when adjusted to the datum level. If there is some net 

overall flow up the wall. then the suctions at the various heights 

should exhibit some systematic variation of suction. 

The moisture contents of house bricks at sites 1 - 4 can be 

found in Figs.78 and 79. 

The dry bulb temperature of the cellar, measured using a 

Mason type hygrometer, together with the relative humidity can be 

found in Fig. 77. 

3.9 Experimental errors 

3.9.1 Tensiometer errors 

The height of each mercury column was read to an accuracy of 

~O.05cm, that is a total variation of ~o.lcm. The mercury height 
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differences measured at each tensiometer varied considerably. 

However for experimental purposes an average mercury height 

difference of 10cm was assumed. The height of the mercury water 

face was assumed to be 80cm above the floor. Hence the suction at 

the floor is 55cm of water head. The variation of mercury height 

+ + of -0.05 cm produces an equivalent water head variation of - 1.3cm. 
, 

Hence an estimate of the avera·ge percentage error associated with 

measurement of suction to be 2.36%, assuming the densities of 

mercury and water to be 13.5 and 1 gram per cm' respectively. 

3.9.2 Moisture content errors 

Similarly· the calculation of individual experimental errors 

for each set of weighings is rather tedious. An estimate of the 

average error involved in the calculation of moisture content was 

obtained by assuming average values for the quantities measured. 

The average weight of moisture in the brick dust was assumed 

to be 1 gram. + The dust was weighed to an accuracy of -0.002g. 

Thus the average expected error in the determination of the 

moisture contents is about 0.20%. However on one occasion the 

variation of moisture content was of the order of :0.007g·for a net 

dust weight of 1.68g. This latter figure represents an error of 

about 0.42%. 

The average weight of a dry sample jar was taken as 109. The 

sample jars were weighed to an accuracy of :0.005g, which represents 

an error of :0.005%, which compared to the above figure is quite 

small and may be ignored. 

Thus the average error may be taken as 0.20%. 

It should be noted that no estimate of the moisture loss by 

dust during the drilling process can be made. Furthermore no esti-

mate of moisture loss was made whilst the sample jar was being 

weighed when it contained moist dust. 
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3.10 Discussion 

3.10.1 Tensiometer curves and tensiometer design 

No seasonal variation of suction 'can be observed at sites 1 
I) 

and 2. However, at site 3, a seasonal variation of suction can be 

observed. At site 3, during the winter months (December through 

February), the suctions were low. The suctions rose in spring and 

continued rising through the summer and into autumn, where the 

suctions fell rapidly. The rapid fall is particularly apparent 

during December 1978 and January 1979. During this period the 

four lowest tensiometers at site 3 fell systematically, whereas the 

suctions at the higher levels in the wall (heights 5 and 6) 

remained almost constant. The rapid reduction of suction of 

tensiometers at heights 1 - 4 indicate that the underlying water 

table had risen sharply. Note that none of the tensiometers at 

the other sites responded in a similar fashion. The seasonal 

variation of the tensiometers of site 3 is similar to the response 

observed in the soil survey conducted by Croney et al (14) • 

The large fluctuations of suction values at the start of the 

survey (August and September 1977) were a consequence of the 

removal of air from the tensiometers and the need to re-cement 

several of the tensiome~er cups that had become loose. Air was 

also removed from all the tensiometers at the start of June 1978. 

The suctions of the instruments were completely released at this 

time. 

The behaviour of the tensiometers at sites 1 and 2 is more 

difficult to interpret since no underlying trends similar to those 

of site 3 can be observed. Possible explanations of the behaviour 

at these sites are loss of liquid continuity in the wall, or loss 

of liquid continuity within the tensiometer cup. 
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Liquid continuity is important because liquid phase moisture 

migration is a major factor affecting the time response of the 

tensiometer system. Loss of liquid continuity in the wall will 

result in the isolation of the tensiometer cup from ~ts neighbours 

or seriously impede the moisture flow in response to pressure __ 

potentials between them. Suctions measured by isolated tensio-
, 

meters will only relate to the region surrounding each tensiometer 

cup. 

Unequal moisture movement will produce misleading suction 

values if corrected to a common datum level. Moisture movement 

(and hence suction change) can only occur by vapour diffusion 

within isolated regions and hence the rate of change of suction 

with time is slow, whereas for regions in the zone of liquid 

continuity, suction changes are more rapid. This situation will 

also contribute to the production of misleading or inconsistent 

tensiometer behaviour. 

An example of uneven localised moisture movement is evapora-

tion from cracks or faults in the gloss paint which increases the 

liquid suction in these areas. Evaporation from around each 

tensiometer cup may also lead to inconsistent tensiometer results. 

In an attempt to reduce the latter evaporation loss, the plaster of 

Paris which was used to fix the tensiometer into the wall was 

painted with gloss paint. 

Loss of liquid continuity is not thought to be the major 

cause of the inconsistent results at sites 1 and 2 since the 

tensiometers at the lower heights at these sites also behaved 

irregularly. Inspection of their moisture content curves showed 

that their values were quite high, and were greater than the 

lowest value that was observed at site 3, which showed no signs of 

irregular behaviour. It is unlikely therefore that loss of liquid 



continuity was the cause of the irregular tensiometer behaviour at 

sites 1 and 2. 
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A more likely explanation of the-behaviour of the tensiometers 

at sites 1 and 2 can be obtained by considering the design of the 

tensiometer cup and the method of fixing it into the wall. The 

assembly of the tensiometer at the wall resulted in the sintered 

glass of the microfilter being sandwiched between two layers of 

more finely pored plaster of Paris. Air bubbles forming in the 

sintered glass ~isc of the tensiometer cup would become trapped. 

Eventually sufficient air may be trapped to prevent or seriously 

impede liquid phase moisture movement between the plaster of Paris 

layers. 

For sites 1 and 2 moisture may only enter through the ground 

and it is to be expected that the moisture content would vary much 

more severely than at site 3. Furthermore during the summer 

months large suctions could be developed by portions of the wall 

which would assist the formation of air bubbles that could sub

sequently become trapped in the tensiometer. 

At first glance one would expect this situation to occur at -

site 3. However, the wall at this location is much damper, since 

moisture can enter the wall through its entire length rather than 

just at its· base, hence the variation of moisture conditions is 

much less severe and hence the probability of air becoming trapped 

much smaller. 

Another explanation for the failure of liquid phase moisture 

movement is that-the porous .cup may have become_loose within the 

wall. The small gap between the outer surface of the disc and the 

plaster holding it into the wall being sufficient to prevent 

moisture movement. 

In view of the failure at sites 1 and 2, the design of the 

tensiometer cup and the method of attaching it into the wall is 
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unsatisfactory. The problem associated with the design of the 

tensiometer cup can readily be overcome. However the problem of 

fixing the tensiometer into the wall to maintain good liquid contact 

over a long period of time is a more difficult problem to solve. A 

solution to this problem would be the use of a flexible porous 

material to act as the tensiometer cup. 
, 

Another design fault associated with the porous cups of the 

tensiometers is their slow time response to a change in suction 

because of their low values of cup conductance. The low values of 

these properties make the instruments developed in this experimental 

study unsuitable for measuring rapidly fluctuating suctions. 

However, it was decided that the instruments should be used since 

the rate of change of suction within a damp wall is unknown and 

hence may be sufficiently slow, that the sluggish response of the 

instruments is not a major disadvantage. 

3.10.2 Cup conductance via the "in situ" method 

The determination of cup conductance of three tensiometer 

cups in the laboratory using the "in situ" method was found to be 

satisfactory. The validity of this method depends upon the 

assumption of constant suction within the porous material absorbing 

the moisture Ci. e. dry h~use bricks I • An underlying condition of 

this assumption is that the moisture content of the brick should 

not significantly increase during the experiment. The weight of 

moisture absorbed by a brick, to develop a suction of 5DOpm water 

head by the tensiometer, was about 1.75g and assuming the weight of 

a dry house brick to be 3kg, it is self evident the increase in 

moisture content is minimal. 

Serious problems will be encountered in this method if the 

flow of moisture from the tensiometer becomes limited by the 

absorbing porous material. This situation will result in a varying 

suction at the external surface of the porous wall of the tensio-
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meter cup. The increase in suction with respect to time will be 

controlled by the absorbing porous material and not the tensiometer 

cup. 

Examination of the results of Fig. 71 shows that the measure-

ments of suction and time recorded during the absorption experiment 

are in agreement with the theoretical expression derived in 
, 

Appendix IV, and hence the flow of moisture was controlled by the 

tensiometer cup. 

It can be shown by comparison of the average pore sizes of 

the plaster of Paris and dry house brick, that it was the plaster 

of Paris in the tensiometer cup that was controlling the migration 

of moisture through the tensiometer cup. An estimate of the pore 

size of brick can be obtained by combining the surface tension 

equa tion l2y U;/r = p g h ) together with the fact that the maxi
w w 

mum suction developed by the bricks was about 500cm of water head. 

Assuming the surface tension of water to be 72.75 (g cm- 2) at 

g = 981 tcm sec- 2); p = 1 (g cm- 3); h = 500 (cm), then w w 

calculation shows the brick radius to be about 3 ~. Estimates of 

the pore radius of plaster of Paris from permeability data indicate 

that the average pore radius of plaster to be about 3 x 10-2 ~, 

i.e. one hundredth that ,of dry brick. Poiseuille's eqn. (Chapter 

Three - eqn.l7) 1 states that the average velocity of fluid with 

the pores to be proportional to the square of the radius of the 

pore. Hence, assuming the number of pore~ in the plaster of Paris 

to be the same as the number within the brick, then the conductivity 

4 of the brick will be 10 greater than that of plaster of Paris. 

It is reasonable to assume that it was the plaster of Paris in the 

tensiometer cup that was controlling the migration of moisture 

through the tensiometer cup and that the values of cup conductance 

obtained were applicable to the tensiometer cup and not the 

absorbing material. 
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3.10.3 Moisture content profiles 

Comparison of the profiles of moisture content at ,sites 1, 2 

and 4 in Fig. 78 shows the effect of evaporation upon the degree of 

moisture observed in the internal walls. Sites 1, 2 were single 

leaf brick walls that had been partially replastered and then 

painted with gloss paint. The surface layer of paint effectively 

reduces the evaporation rate from the wall to zero. 
, 

Site 4 was 

also a single leaf brick wall, but at this location, paint and 

plaster had been removed from the wall exposing the brick surfaces. 

No estimate of the time that had elapsed between removal of the 

plaster and the moisture content survey was obtained. However, 

the effect of evaporation upon the moisture profile of a damp wall 

is plainly visible as can be seen in Fig. 78. 

At site 4 the moisture content is effectively constant above 

a height of 1 metre from the cellar floor. Above this level the 

wall may be assumed to be dry. The residual moisture content of 

the dry wall was about 1.5% on a dry weight basis (gram of moisture 

per gram of dry brickl. At the base of the wall at site 4 the 

moisture content was about 13% which was approximately the same 

value found at corresponding heights at sites 1 and 2. 

The rate of decre~se of moisture content at site 4 is greater 

than at sites 1 and 2, demonstrating the effect of evaporation upon 

the level of moisture within the wall. The moisture content at 

site 4 at a height of 70cm corresponds to a moisture level at a 

height of 170cm for sites 1 and 2, that is evaporation had reduced 

the height of the given moisture content by 1 metre. 

The expected values of moisture content at sites 1 and 2 

have been expressed as a band of moisture values in Fig. 78 whilst 

the values at site 4 have been expressed as a continuous curve. 

The band and the curve have been drawn for comparative purposes, 

the upper and lower bounds of the curves are arbitrary and have no 
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scientific merit. The band for site 1 and 2 and the curve from 

site 4 have been reproduced in Fig. 79 for comparison with the 

corresponding height values at site 3. 

The moisture contents at site 3 exhibited a much greater 

scatter, particularly at the lower heights .. Explanations of the 

scatter are attributed to:- (1) faulty sampling of the wall which 
, 

includes loss of moisture by evaporation during drilling: contamin-

ations of the brick dust during or after drilling, the most likely 

source being mortar dust especially if a hole was drilled at the 

edge of a brick. (2) very wet bricks and the assumption that their 

indiv~dual suction-moisture content exhibited a greater variation 

at higher moisture levels. (3) different types of brick being 

used during the constvuction of the wall. (4) the possibility of 

transient moisture conditions existing in the wall at the time of 

sampling. 

Moisture contents of the three lowest heights were all in 

excess of 14% at site 3 which places them beyond the upper limit of 

the moisture band obtained from sites 1 and 2. This observation 

shows the walls to be very damp. Also at site 4 and at a height 

30cm above the cellar floor was found to be about 18% on a dry 

basis. 

The moisture content profile became inverted higher up the 

wall, that is the moisture content increased with increasing 

height above the cellar floor. The inversion is attributed to 

rainfall percolating downwards through the soil and wall. A 

similar observation has been noted during soil tensiometric 

LlO) studies • 

The moisture content survey was not repeated because the 

effects of any possible disturbances to the adjacent tensiometers 

could not be assessed and that suctions, developed by moist 
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porous materials, should be used as the fundamental measurements to 

which other hydraulic functions should be correlated. Consider the 

example of several different moist porous materials in equilibrium 

with each other. The suction within each material is'the same but 

their individual moisture contents might very considerably even 

though they may nominally be the same type of porous material. 
, 

4. Experimental study number three. An experimental study to 

investigate the feasibility of a method to simultaneously 

measure the hydraulic properties of unsaturated permeability, 

moisture content and evaporation rate with respect to the 

capillary suction developed by a moist porous material 

4.1 Introduction 

The hydraulic properties of unsaturated permeability, moisture 

content, and evaporation rate, need to be correlated with respect to 

wall suction before a mathematical analysis of moisture movement in 

buildings suffering from Rising Damp can be attempted. 

The property of unsaturated permeability to moisture relates 

the amount of water that can be transmitted by the unsaturated 

porous material in response to an applied pressure potential. The 

property of moisture content relates the amount of moisture that can 

be retained (or lost, by the unsaturated porous material in response 

to a change in suction potential. The relationship between evap-

oration rate and suction simply relates the amount of moisture that 

can be lost by the porous material at different suctions within the 

porous material. Both the evaporation rate and the unsaturated 

permeabili ty affect. the extent and degree of dampness"!)f the wall. 

The evaporation rate of a porous material is either energy -

limited or flow-limited. For the former situation, the evapora-

ting surface is saturated with moisture and can be regarded as a 

"free" water surface. Under these conditions the evaporation rate 

is determined by the supply of energy to the surface. 
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As expected for flow-limited evaporation, its rate is 

controlled by the supply of moisture to the surface. The evap-

oration surface is no longer saturated and as a consequence, more 

harsh drying conditions are developed, (i.e. partial drying of 

surface; development of large suctions). Flow limited evapor-

ation rates are always less than their corresponding energy limited 
, 

evaporation rates. 

For engineering purposes the hydraulic functions of most 

interest are unsaturated permeability, moisture content and evapor

ation rate, all correlated with respect to capillary suction. The 

pore structure of each porous material is unique and consequently 

the hydraulic functions of the material are also unique. This 

situation would make the prediction of moisture movement very 

difficult, if not impossible. However, even though the hydraulic 

functions of individual materials are unique, the hydraulic rela

tions of several similar materials can be averaged to provide a 

"typical" hydraulic relationship for that material. 

Additional series of experiments must be performed when the 

hydraulic functions exhibit hysteresis (c.f. Section 4, Chapter 

Two) • Hence several series of experiments must be performed to 

establish the relationsqi~of the hydraulic properties mentioned 

above. 

For unconsolidated materials such as soils, the series of 

experiments, although tedious, is not too difficult to perform. 

The porous sample, by definition, is loose and consequently can 

easily be fitted into a sample holder of almost any shape. Further-

more the sample can be removed from its holder and then replaced; 

the new configuration of particles can be regarded as a different 

porous material with its own set of unique hydraulic f~ctions. 

Several measurements can be obtained in this manner, using only a 

small amount of unconso1idated porous material .. In addition since 
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the bed of material is loose, good liquid contact can be maintained 

between the bed and tensiometer cups, and between the bed and the 

porous membrane through which water is introduced or removed from 

the bed of particles. 

With consolidated materials the porous sample to be eXrumined 

is by definition rigid. The rigid structure can be destroyed by 

• reducing the sample to a powder, but the powder would not have the 

same hydraulic properties as the original material had. Since the 

sample must be used in its natural rigid state, the sample holder 

must be tailored to fit the sample shape. Furthermore there will 

also be problems of obtaining and maintaining good liquid contact 

between the rigid sample and the tensiometer cups, and between the 

,rigid sample and the porous membrane through which water is intro-

duced or removed from the bulk of the sample. 

In view of the problems encountered with consolidated porous 

materials, (i.e. most building materials) and the large number of 

repetitive experiments required to determine "typical" hydraulic 

relationships, the aim of this experimental study is to investigate 

the feasibility of simultaneously measuring the hydraulic properties 

of unsaturated permeability, moisture content and evaporation rate, 

all with respect to suc~ion. If successful the method would 

reduce the number of consolidated porous samples to be prepared and 

would reduce the amount of experimental time and.work involved in 

determining "typical" hydraulic relationships. 

The consolidated material chosen for the study was plaster 

of Paris. The choice of material avoids'and overcomes' the problem 

of fitting the sample holder to the sample or vice versa. Plaster 

of Paris as a consolidated material also has the advantages of rapid 

setting. of expansion on setting and negligible shrinkage on drying 

out, which are not found with other cementing materials. Another 

advantage of the use of plaster of Paris is that a degree of experi-
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mental technique of casting and preparing plaster samples had been 

obtained previously during the leaching study. 

4.2 Experimental procedure 

4.2.1 Preparation of samples 

Three perspex sample holders were placed upon each other to 

form a tower. Each sample holder was separated from its neighbours 
, 

by a layer of perspex about 6mm thick. An additional spacer was 

included at the base of the tower. The perspex spacers had been 

cut in half to facilitate their removal from the tower with minimum 

disturbance to the sample holders. The internal diameter of the 

sample holders was 3cm. Their length was 4cm. Three Smm holes 

were drilled midway along the length of the sample holder, i.e. 

their centres were 2cm from both end faces of the sample holder. 

The holes were spaced radially at an angle of 1200 from each other. 

The holes were countersunk to a depth of 2cm and then a 3cm length 

of glass tubing was cemented into each hole, as shown in Fig. 80. 

The holes and glass tubing were used as pressure tapping points. 

Each of the pressure tapping points of the two lower sample 

holders in the tower were sealed prior to casting of plaster of 

Paris to prevent plaster entering into the holes. Plaster of 

Paris slurry was poured into the hollow centre of the tower and 

agitated slightly to remove any entrapped air. The slurry was a 

mixture of two parts plaster of Paris to one part distilled water, 

by weight. 

When the plaster of Paris in the tower had become firm (about 

ten minutes after casting), the spacing layers of perspex-separating 

the sample holders were removed. The sample holders were 

separated and the uppermost one discarded. The plaster cores of 

the two remaining sample holders were allowed to dry, in the open 

air of the laboratory for about one week. After a week had 
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elapsed, any plaster projecting beyond the end faces of the sample 

holder was removed to produce continuous flat surfaces. 

The sample holder and dry core was weighed. The core was 

vacuum saturated with distilled water, the pressure in the 

vacuum chamber being reduced to 6.5 kN m- 2• The core remained in 

the vacuum chamber for about fifteen minutes. The sample holder 
, 

and core was removed from the vacuum chamber and wiped to remove 

excess water, particularly from the bolt holes and pressure tapping 

tubes. 

The sample holder and "saturated" core was reweighed. The 

difference between the wet and dry cores was used to determine the 

porosity of the core. The sample holder was then connected to the 

remainder of the apparatus, as described in the following section. 

4.2.2 Experimental apparatus and method 

The apparatus consisted of a mercury-water U-tube manometer, 

a carbon tetrachloride-water U-tube manometer, three glass T-pieces, 

two thumbscrews, the sample holder plus integral plaster core and 

base plate, two 1 metre lengths of stainless steel capillary tubing, 

and several short lengths of P.v.c. tubing which were used to connect 

the pieces of apparatus together. 

A schematic repre~entation of the assembled apparatus can be 

found in Fig. 81. 

One end of the stainless steel capillary tubing, marked D in 

Fig. 81 was sealed (using "Araldite"l into the end plate C such that 

the capillary tube was level with the upper surface of the end plate. 

The other end of the capillary tubing was sealed into a short 

length of glass tubing. The glass tubing was connected to a glass 

T-piece (I,21 by using a short length of P.V.C. tubing. Similarly 

the ends of the capillary tubing marked by K in Fig. 81, were 

sealed into short lengths of glass tubing. One end of the 

capillary tubing was connected to the glass T-piece, L3, whilst the 
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other end was attached to the three pressure tapping points of the 

sample holder. The detailed arrangement of the capillary tubing 

can be found in Fig. 82. 

The mercury-water manometer carbon tetrachloride-water man

ometer and capillary tubing, D, were connected together and ftlled 

with de aerated distilled water. Thumbscrew G was opened and de-

aerated distilled water was pumped through this opening until 

moisture appeared on the upper surface of the end plate C. A 

further 5 cm' of water was pumped through the capillary tubing and 

was collected on the end plate C. 

spreading by the rubber gasket B. 

The water was prevented from 

The volume of water collected on 

the end plate ensured that there was no air remaining in the 

stainless steel capillary tubing D and that no air was trapped 

between the end plate C and sample holder A when they were bolted 

together. 

After the sample holder and end plate had been bolted to

gether, more distilled water was pumped into the apparatus at the 

opening G until water exuded from the three pressure tapping tubes 

of the sample holder. The stainless steel capillary tubing K was 

then connected to each of the pressure tapping points; once again 

care was taken to remov~ all air from the tubing. Tapping point 

This C (Fig. 82) was connected first, point B second and A last. 

order of connection facilitated the removal of air from the 

capillary tUbing connecting pressure tappings A to Band B to C 

(Fig. 82). 

Distilled deaeratedwater was pumped into the apparatus until 

a continuous flow of water exuded from the unattached end of the 

capillary tubing K. When enough water had exuded from the 

capillary tubing to ensure that no air remained in the tubing, it 

was attached to the glass T-piece L3; care was taken to prevent 

any air remaining inside the apparatus. The pump was stopped and 
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thumbscrew G re-tightened. 

For runs 4 and 5 an· additional refinement was added. Thumb-

screw H was opened and distilled deaerated water was pumped into 

the apparatus from this point. Pumping continued until the 

pressure difference registered by the carbon tetrachloride-wa~er 

manometer was about the same as the equilibrium static pressure 
, 

difference observed between the pressure tapping points and the 

base of the sample holder. 

levels was 2cm. 

The height difference btween the two 

After approximate equilibrium was registered by the carbon 

tetrachloride-water manometer, the pumping was stopped and thumscrew 

H closed. All excess moisture was removed from the external 

surfaces of the apparatus and then the apparatus was placed upon a 

balance which was positioned in a "quieting" chamber. The di-

mensions of the chamber were 1.5 metres width, 0.55 metres depth and 

1.8 metres in height. All the external surfaces of the quieting 

chamber were insulated using 5cm thick expanded polystyrene sheeting, 

except for a small window, of height 1.2 metres by 0.3 metres 

width, through which experimental observations were made. 

Measurements of weight lost by the apparatus, mercury height 

difference, carbon tetr~chloride height difference, wet and dry 

bulb temperature of the chamber (using a Mason Type hygrometer) 

and time were recorded. Additional measurements of dry bulb 

temperature and relative humidity were recorded using thermo

hydrograph u.anufactured by C.F. Casella and Co. Ltd. - London. 

Reference No. T9150-58. Catalogue No. 931). The thermohydro

graph was also positioned in the quieting chamber. 

Each experimental run was terminated when liquid continuity 

was lost, usually because of air bubbles appearing in the tubing of 

the apparatus. After the experiment had been terminated, the 

apparatus was dismantled. The plaster core was removed from the 
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sample holder and then the sample holder was cleaned and weighed. 

4.3 Experimental computations and results 

4.3.1 Calculation of porosity 

The weights of the sample holders, the weights of the sample 

holders and dry plaster cores and the weights of the sample holders 

and saturated plaster cores, of each run, can be found in Table Ill. 
. , 

If the density of water is assumed to be 1 (g cm- 3 ) then the weight 

of water absorbed by the core on vacuum saturation is also 

numerically equal to the volume absorbed by the core. This 

volume of water was assumed to be equal to the volume of voids within 

the core. The volume of the plaster core was calculated directly 

since its physical dimensions were known. The porosity of the 

samples was taken as the volume of water absorbed by the core, on 

vacuum saturation, divided by the net volume of the core. 

Porosities of each of the samples can be found in Table Ill. 

4.3.2 Calculation of evaporation rate 

The cumulative weight lost by evaporation from the cores is 

shown graphically in Fig. 83 for runs 1, 2, 3 and in Fig. 84 for 

runs 4, 5. Straight lines were drawn through the points using a 

least squares linear regression technique and the slope of each 

line determined. The e,vaporation flux (evaporation rate per unit 

area) of each sample was obtained by dividing the (cumulative) 

weight of water lost per unit time, (i.e. the slopes of Figs. ·83 

amd 841 by the area of the core, which was 7.069 (cm'). The 

evaporation fluxes of each run can be found in Table Ill. 
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++ 

Fig. 84 CUmulative weight evaporated versus time of Run No. 4,5 



-306-

Table Ill. Summary of the weighing measurements, evaporation rates· 

and porosities of the plaster of Paris cores used in 

runs 1 - 5 

Run No. 1 2 3 4 5 

Weight of sample 

holder (g) 177 .035 177.44 177.055 178.005 178.665 

Weight of sample , 
holder and dry core (g) 214.35 216.085 215.848 215.05 214.69 

Weight of sample 

holder and saturated 

core (g) 226.24 226.98 227.218 226.17 225.86 

Percentage porosity 42.1 38.5 38.8 39.3 39.5 

Evapcration flux 

(g cm- 2 day-1) 0.532 0.554 0.559 0.340 0.323 

Notes. 

1. The error associated with the calculation of porosity was 

assumed to be the same at the porosity error calculated in 

+ Appendix 11, that is, the error is - 0.55%. 

2. The error associated with the calculation of the evaporation 

+ rate is discussed in section 4.4.3 and was taken to be - 1.25%. 

4.3.3 Calculation of suction developed by the core 

The height difference of the mercury U-tube manometer was 

converted into a suction of water pressure head, the density of 

water was taken as unity. The suction was calculated with respect 

to the evaporating surface. A sample calculation can be found in 

Appendix VI. The density of mercury was assumed to be 13.5 (g cm- 3). 

The value of 13.5 (g cm- 3) represents a maximum error of ! 0.5% in 

the temperature range 150 -250 C(9), which was the approximate range 

of dry bulb temperatures observed for the experimental runs. 
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4.3.4 Calculation of the pressure potential between the pressure 

tapping points and the base of the core 

The carbon tetrachloride height difference between the 

pressure tapping points and the base of the core was converted into 

a pressure head of water, once again assuming the. density of water 

-3 to be 1 (g cm ). A sample calculation can be found in Appendix VII. 
, 

The measurement of pressure potential between these points to-

gether with the flow rate of water measured through the base of the 

core was to be used to calculate the unsaturated permeability of the 

core. 

4.3.5 Calculation of the weight lost by the plaster core 

The weight lost by the plaster core was calculated by sub-

tracting the weight of water that had migrated from the mercury 

manometer from the corresponding cumulative weight of water lost by 

the sample. The volume of 'water lost by the mercury manometer was 

calculated by multiplying the area of the tube by the distance 

travelled by the mercury-water interface with respect to its 

original position. The diameter of the tube used in the manometer 

+ was 0.35 cm - 0.01 cm toleranc·e. 

4.3.6 Calculation of the percent saturation of the core 

The percentage loss of saturation of the core was obtained 

from the weight of water lost by the core divided by the weight of 

water required to saturate the core, multiplied by 100. The' 

percentage saturation of the core is simply 100 minus this latter 

value. The percentage saturation of the core with respect to 

suction for runs 1-5 can be found in Fig. 85. Since the suction 

was continually increasing during the experiment, the points 

represent the "drying" moisture content curve. 

A problem associated with the calculation of percent satura-

tion with respect to suction is excess surface moisture at the 

evaporating surface. The presence of excess moisture at the 
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surface is manifested by a loss in weight from the apparatus with-

out any increase of suction being developed by the porous material. 

This type of behaviour was observed in runs 2, 3, 4. 

calculations showed that the period of constant suction coincided 

with a value of zero suction at the evaporating surface. Thus the 

weight of the apparatus that corresponded to a value of 100% 
, 

moisture saturation was taken as the weight of the apparatus at the 

end of the period of constant suction. 

4.3.7 Unsaturated permeability of the core 

The unsaturated permeability of the core was not calculated 

due to difficulties associated with the measurement of pressure 

difference between the pressure tapping points and the base of the 

core. The difficulties are discussed fully in section 4.5. 

4.3.8 Dry bulb temperature and relative humidity 

The relative humidity, calculated from the wet and dry bulb 

temperature of the Mason type hygrometer, and corresponding temp-

erature of runs 1-5 can be found in Fig. 86 through Fig. 90 

respectively. Addi tional measurements of air temperature (dry 

bulb} and relative humidity recorded by a thermohydrograph 

~anufactured by C.F. Cassella and Co. Ltd. - London. Catalogue 

No. 931} have also been !eproduced in Fig. 86 - Fig. 90 

4.4 Experimental errors 

4.4.1 Manometer errors 

The difference in height of both manometers was measured to 

+ an accuracy of - 1mm. This accuracy represents a water pressure 

+ head of about - 1.3 cm with respect to the mercury manometer •. This 

variation is only significant at the lower values of suction. 

Furthermore the magnitude of this variation is small in comparison 

to the spread of experimental results, of each run, that are used 

to determine the "typical" hydraulic relationship of the porous 

material (c.f. Fig. 85). In other words the experimental error is 
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small when compared to the errors that are incurred in the deter-

mination of the "typical" moisture content-suction curve. 

Discussion of the error associated with the carbon tetra-

chloride-water manometer has been omitted since no use was made of 

this experimental height difference. The problems associated with 

the measurement of this height difference are discussed in Section 
\ 

4.5. 

4.4.2 Temperature errors 

The temperatures of the wet and dry bulb thermometers were 

+ 0 measured to 'an accuracy of - 0.25 C. This variation of tempera-

ture measurement is reflected by an average variation in the 

actual value of relative humidity of about! 4%. The range of 

relative humidity of the different experimental runs varied 

between 45% and 61%. Assuming an average value of relative 

humidity of 50%, then the error associated with the calculation of 

+ relative humidity was - 8%. 

4.4.3 Evaporation rate error 

The evaporation rate of each run was obtained by using a least 

squares regression technique. Calculation of the error of each 

individual experimental measurement would be tedious. However an 

estimate of the error w~s obtained by comparing the evaporation rate 

calculated from observations recorded at the beginning and end of 

the experiment to the evaporation rate calculated using the 

regression technique. The maximum deviation of the evaporation 

rate, calculated from the two pOint method compared to that cal-

+ culated by the regression technique was found to be about - 1.25%. 

4.4.4 Moisture content (percent saturationl error 

The moisture content error is the sum of two errors, one 

associated with the measurement of the weight of the apparatus and 

the other, being associated with the volume of water that had 

migrated from the mercury-water manometer arm into the plaster 
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core. 

The error associated with the former is the same error that 

has been determined with respect to the calculation of the evapora

+ 
tion rate, i.e. the error is - 1.25%. The error associated with 

the mercury manometer is the error which is related to the measure-

ment of mercury-water interface movement, which was measured to an 
, + 

accuracy of - 0.01 (cm). For a tube of 0.35 (cm) diameter, the 

variation of water volume corresponding to the variation of length 

is! 9.62 x 10-
4 

(cm'), which is vanishingly small in comparison to 

the volume of water absorbed by the sample. Note 1% saturation of 

the core corresponds to a volume of about 1 (cm'). Hence the 

error associated with the measurement of moisture content was taken 

+ to be - 1.25%. 

4.4.5 Porosity error 

The error associated with the calculation of porosity was 

assumed to be the same as the porosity error calculated in 

+ Appendix II, which was - 0.55%. 

4.5 Discussion 

4.5.1 Unsaturated permeability experiment 

1. No calculations of unsaturated permeability of the plaster 

cores were attempted in ,any of the experimental runs because of the 

uncertainty associated with the magnitude of the pressure difference 

• 
across the fractional length of the core. 

The pressure difference was to be determined from the differ-

ence in height of the carbon tetrachloride-water interfaces within 

the U-tube manometer. At static equilibrium, the pressure at the 

base of the sample, Fig. 81, is greater than the pressure observed 

at the height of the pressure tapping points. The vertical 

height from the base of the plaster core to the centre of the 

pressure tapping tubes was 2 (cm); and assuming the differential 
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density of carbon tetrachloride and water to be 0.6 (g cm- 3) , the 

equilibrium height difference between the manometer arms is 3.33 cm. 

The equilibrium height differences observed for runs 1, 4 and 5 was 

3.85, 2.35 and 2.6 (cm) respectively. 

The equilibrium height was calculated, on the assumptiol1 that 

the radii of curvature of both manometer arms was the same. As a 
, 

"worst" case situation, it was assumed that the advancing contact 

angle was 00 and the receding contact angle was 900 • It should 

be noted however, that the curvature of both manometer arms was 

concave towards the carbon tetrachloride. 

The interfacial tension of a carbon tetrachloride-water inter-

-1 (9) 
face was taken as 45 (dynes cm) • Calculations indicate that 

on reversal of the two contact angles, there will be a change in 

height of the two interfaces of about '1.75 (cm)-. This -height-

difference is representative of an inbuilt design error, arising 

from hysteretic surface tension effects. The deviations of the 

observed equilibrium heights fall within the range of expected 

equilibrium height, when surface tension effects are included, and 

hence the deviations of equilibrium height have been attributed to 

hysteretic surface tension forces. 

+ The diameter of the manometer tube was 0.35 (cm) - 0.01 (cm) 

tolerance. The tube tolerance would account for a variation of 

+ equilibrium height of - 0.5 (cm) and hence might also contribute to 

the variation of equilibrium heights. 

2. Further difficulties associated with the calculation of un-

saturated permeability were encountered in determining -the actuai--

flow rate of water between the base of the core and the pressure 

sampling points. If the "exit" surface is assumed to be the 

horizontal plane passing through the centres of the three pressure 

tapping tubes, then moisture passing across this surface is com-_ 



-317-

posed of moisture entering at the base of the core, together with 

moisture that has been lost from the core itself, on desaturation. 

As an approximation, the contribution of the latter to the 

overall flowrate calculated with respect to the "exit" surface has 

been ignored. Moisture entering at the base of 'the core was 
. 

moisture that had migrated from the mercury manometer. Movement 
, 

of moisture from the mercury manometer vari€d almost linearly with 

time, except towards the end of the experimental runs. The non 

linearity coincided with the appearance of air within 'the 

apparatus. 

The flow rate from the mercury manometer for runs 1, 4 and 5 

was calculated to be 0.084, 0.057 and 0.06 (cm' hr- 1). Sub-

stitution of the lowest value (0.057) as the flow rate into Darcy's 

law; and assuming the permeability of fresh plaster to be 1 x 

10- 10 (cm' - from leaching experiment); the viscosity of water to 

be 0.01 (g cm- 1 sec- 1); the differential density between carbon 

tetrachloride and water to be 0.6 (g cm- 3 ); the length and area of 

the core to be 2 (cm) and 7.068 (cm');. the gravitational constant, 

980.7 (cm sec- 2); and including the static water pressure head of 

2 (cm) then the carbon tetrachloride height difference between the 

pressure tapping points , and the base of the core was calculated to 

be 4.09 (cm)'. This pressure difference is only about twice the 

value of the expected surface tension variation. The differential 

head attributed to moisture flow was calculated to be about 0.7 (cm). 

This pressure difference is inadequate for the determination of 

accurate values of unsaturated permeability. 

3. The major fault of the experiment was the oversight of not 

including porous membranes at the base of the core and at the three 

pressure tapping points to prevent air from entering into the 

manometers. It was fortuitous that the experimental runs were 
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terminated because of dissolved air appearing in the manometers 

before air had had chance to penetrate through to the pressure 

tapping points or through to the base of the core. 

For coarser pored materials, (i.e. house bricks), penetration 

of the air-water interface through the sample would have occu~red 

at lower suctions and hence the absence of membranes would have 

resulted in the termination of the experiment. 

Installation of a membrane at the base of the core can easily 

be accomplished. However, for the pressure tapping points, the 

problem is more difficult to overcome particularly for consolidated 

porous materials. 

4. Since the suction was continually increasing throughout the 

duration of the experiments, the unsaturated permeability, if 

calculated, would have corresponded to its value along_-the "drying" ____ _ 

curve. However, for the method to be useful, it should be capable 

of also measuring the "wetting" curve or subsequent "scanningl1 

curves within the hysteretic envelope. Difficulties are envisaged 

with respect to the measurement and supply of moisture to and with-

in the porous material. 

5. In view of the problems encountered with the carbon tetra-

chloride-water manometer,; the (natural) low flow rates within the 

• 
apparatus leading to the measurement of low pressure differences; 

the need to modify the apparatus by inclusion of membranes; it is 

concluded that the present method is unsuitable for the measurement 

of unsaturated permeability of porous materials. Unsaturated 

permeability of consolidated porous materials -should be measured- --, 

in a similar fashion to the experimental method developed for un

consolidated porous materials (,101.02) (14) • 

4.5.2 Moisture content experiment 

1. The saturation-suction curve for all five experimental runs 

can be found in Fig. 85. Since the suction increased progress-
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ively throughout the duration of the experiment and since the core 

was initially saturated, the saturation-suction curve is the 

primary de saturation curve. 

The relationship between saturation and suction was sub-

stantially linear within the range of suction (0 - 680 cm water 

head) measured. Deviations from the linear relationship, for all 
, 

runs, occurred in the latter stages of the experiment. The 

deviations coincided with the appearance of air bubbles within the 

glass tubes of the manometers. The slope of the desaturation 

curve was approximately 2.7 percent desaturation per 100 (cm) suction 

of water head. 

2. The results of the tensiometer survey of the previous experi-

mental study showed that.the suction developed by dry house bricks 

to be about 500 {cm) of water head. Thus the upper working limit 

of the present apparatus should be at least as high as the value 

above. 

The maximum suctions developed in runs 1-3 were all less 

than 500 tcm) of water head. In run 4, the suction of 500 (cm) of 

water head marked the onset of non linearity between saturation and 

suction. However, in run 5 the linear relationship between 

saturation and suction was still evident at a suction of about 

680 ~ml of water head. From this latter result, it can be con-

cluded that the present apparatus is capable of achieving the 

required maximum "working" suction of 500 (cm) of water head. 

In addition, since the suction developed by dry house bricks 

was only 500 tcm> of water head, there is little point in deter-

mining the hydraulic properties of building beyond this suction 

value. 

3. A problem that arose during the calculation of percent . 
saturation was the determination of the weight of assembled 
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apparatus that corresponded to a fully saturated core. Excess 

moisture on the external surfaces of the apparatus, particularly on 

top of the plaster core surface, if ignored, would appear 1n the 

calculations as moisture lost from the core, and hence result in 

saturation values that were too low. 

The problem was overcome by examination of the corresponding 
, 

suction values, with respect to the evaporating surface, developed 

by the core. At the start of the experimental observations the 

suction developed by the plaster core was zero (or slightly 

positive) • The suction remained constant until all excess 

moisture had evaporated from the surface of the core. Further loss 

of moisture resulted in the formation of menisci at the surface and 

as a consequence suctions are developed by the core. Hence the 

suction curve is characterised bya period of constant suction, 

~.e. zero or almost zero with respect to the evaporating surface} 

followed by a period of continually increasing suction. It was 

assumed that the weight of apparatus that corresponded to a com-

pletely saturated core was the weight at the end of the period of 

constant suction. 

4. The suction-saturation results expressed in Fig. 85 are only 

representative of the "~rying" curve of plaster of Paris and as 

such the results were obtained relatively easily using the present 

apparatus. However, the determination of the "wetting" curve 

using the apparatus appears to be more difficult. 

The porous material on resaturation can be wetted in two 

different ways, indirectly through the vapour phase by condensation 

or directly through the liquid phase by addition of water to the 

porous surface. For water vapour to be absorbed at the surface, 

the water vapour pressure of bulk air must be greater than that at 

the moist porous surface. The expression relating the reduction 
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of vapour pressure due to suctions within the liquid phase is 

h = = 

where h is the relative humidity due to the applied suction. Po' 

the vapour pressure of a "free" moisture surface at the absol~te 

temperature T. p, the vapour pressure of the moisture when subject 
, 

to an applied suction (-h), g, the gravitational acceleration, 
w 

M, the molecular weight of the moisture. 

constant per mole. 

R , the Universal gas 
m 

o 
For water at 20 C, and a suction of 700 (cm) of water head, 

the percentage relative ·humidity is about 99.9%, i.e. there is very 

little reduction of vapour pressure at this suction. If the core 

was resaturated via the bulk air at this high humidity, then there 

is a considerable possibility of moisture.condensing . .on the .... 

apparatus as well as the plaster core, which would consequently 

lead to incorrect suction-saturation results. 

Addition of moisture directly to the saturated core via the 

evaporating surface is also unsatisfactory because some of the 

moisture added at the surface must travel through the core and into 

the mercury manometer, in order for the suction to be reduced. No 

difficulties arise whilst there is "free" moisture at the surface. 

However, consider the situation when the availability of free 

moisture at the surface has just ceased. The suction at the 

surface whilst the pressure in the mercury manometer is negative 

with respect to the surface. Moisture from the porous material 

will be still· withdrawn by the mercury manometer· until the im-··· 

balance of suction is neutralised. 

Withdrawal of moisture from the material (suction increasing) 

leads to "drying" conditions being established. Even though the 

water saturation has been increased the plaster.core, at equilibrium 

has been left in the "drying" condition, which is unsatisfactory 
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with respect to the measurement of "wetting" properties. 

5. In view of the difficulties envisaged in the experimental 

determination of "wetting" suction-saturation relationships with 

the present apparatus, it was concluded that the moisture content-

suction relationships of porous building materials should be 

(12) 
measured using conventional techniques and apparatus • 

4.5.3 Evaporation experiment 
, 

1. The evaporation results for the five runs have been expressed 

graphically in Fig. 83 (runs 1-3) and Fig. 84 (runs 4,5). Evapora-

tion has been expressed as cumulative weight lost by the apparatus 

versus time. For the range of suctions covered by the experiment 

(0 - 760 cm of water head, the evaporation rate was found to be 

. + 
substantially constant (- 1% for each run), the average evaporation 

rates can be found in Table Ill. 

2. It has been shown, in the previous section, that a suction of 

700 cm of water head reduces the relative humidity by only 0.1%. in 

other words, at 200 c the saturated vapour pressure of water is 

reduced by 0.0234 millibars (mb) of pressure. Assuming a driving 

force of 2 mb to exist between the saturated surface and bulk air, 

the reduction of evaporation rate when a suction of 700 (cm) water 

head is applied is abou~ 1%. Hence for the suction range 0 -

700 (soml, the evaporation rate willl>e· sub5tantially constant, unless 

the driving force is significantly reduced. For runs 1-3 the 

driving force was about 5 mb and for runs 4-5 it was 3.5 mh. 

3. The correlation between the concentration difference of water 

vapour and evaporation rate has been expressed graphically in 

Fig. 91. With mass transfer processes, the concentration 

difference is usually expressed as (g cm-3), however for meteoro-

logical studies the concentration difference is often expressed as 

(mm) of mercury or more correctly as millibars. The latter unit is 
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more correct since it is an "absolute" unit and 1 bar is defined as 

6 -2 being equal to 10 (dynes cm ), whereas the former unit is depend-

ent upon the density of mercury. 

The relationship between the vapour pressure of water, p, 

-3 (millibars) and the density of water, p , (g cm ) is 
v 

p = 
M 

, 

-1 
where M is the molecular weight of water (g mole ), R , Universal 

m 
7 -1 0 -1 

gas constant (8.31 x 10 ergs mole K), T, the absolute temp-

o erature (K). 

For small variations in temperature between the evaporating 

surface and bulk air, the concentration difference of water vapour 

is proportional to the water vapour pressure difference of the two 

gaseous mixtures. 

To perform the calculation of concentration difference, it 

was assumed that the temperature of the evaporating surface was equal 

to the wet bulb temperature and that the water vapour pressure at 

the evaporating surface was equal to the saturation vapour pressure 

at the wet bulb temperature. 

The water vapour pressure of bulk air was obtained using 

hygrometric tables. Note tables suitable for a Mason (screen) 

hygrometer were used. Average temperatures of wet and dry bulb 

measurements of each experimental run can be found in Table IV. 

Table IV. Average wet and dry bulb temperatures of runs 1-5. The 

values were obtained from Figs.86-90 respectively. 

~~!:)?~~!U~~l 
0 

~~~~!::!:~~;;.~~:!:~:!:!:¥:,-:j~l- . Run No. ~!:Le~~e_.L~l -------

1 17 22.75 53 

2 15.75 21. 75 51 

3 17.25 24.25 45 

4 14.5 18.75 61 

5 13.5 17.75 61 
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The temperatures of the wet and dry bulbs were measured to an 

+ 0 accuracy of - 0.25 c. Owing to this temperature variation, it was 

necessary to express the driving force (millibar) in terms of a 

maximum and minimum value. The extreme values of driving force 

were chosen from the range of values calculated, when the wet.and 

+ 0 
dry bulb temperatures were allowed to vary by - 0.25 C from their 

, 
average values. As an example, in run 1 the dry bulb temperature 

was taken to vary between 22.5 and 230 c and the wet bulb from 16.75 

o to 17.25 C. The ·relationship between the evaporation rates and 

corresponding range of driving force can be found in Fig. 91. 

Maximum and minimum straight lines were drawn which inter-

sected the bands of pressure of each of five runs. An average 

value of the relationship between the evaporation rate and the 

vapour pressure difference was taken as the mean value between the 

+ -2-1 two extremes, which was 0.106 - 10% (g cm day per mb). 

4. Evaporation of water into quiet air from a "free" horizontal 

k 
(16) - (20) water surface has been studied by several wor ers • The 

earliest empirical relation between unit evaporation rate, E , and 
v 

th f 
(16)- (18) 

vapour pressure difference, Pes - Pa' was expressed in e orm 

E 
v 

= a (p _p )1.2 - 1.25 
es a 

(1) 

where a is a constant; p ,the saturated vapour pressure at the es 

evaporating surface; p , the vapour pressure of bulk air. 
a 

If 760 mm of mercury is assumed to be equal to 1 bar of 

h . hl ,(17) . i 1 . b d pressure t en H1nc ey s emp~r ca expreSS10n may e expresse 

as 

E 
v = 0.0158 tflmbl 1 . 2 

(2) 

Similarly, Wade t181 investigated forced and natural evaporation of 

several liquids and obtained the relationship 

E 
v 

6.0 x 10-2 x MO• 71 (fImb)1.25 

where M is the molecular weight of liquid. 

(3) 

Wade stated that the 
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For water the relationship 

E v 
= 0.467 (llmb) 1. 25 (4) 

Wade did not state whether the evaporation rate was based upon unit 

area or total evaporative area of the surface (i.e. 79.21 cm'~. 

However, comparison of evaporation rates calculated from eqn. (4) , 
with evaporation rates using other empirical relationships indicate 

that eqn. (4) corresponds to evaporation from the total surface. 

Hence Wade's empirical relationship, for water, per unit area is 

taken to be 

E 
v 

= 5.9 X 10-3 (llmb)1.25 

A more systematic study of evaporation of water into still 

(5) 

air from a free liquid surface has been conducted by Boelter et _ 

al (19) (20) • Boelter correlated the evaporation rate with respect 

to vapour buoyancy. For heated evaporating surfaces Boelter 

sta~ed that water vapour would rise vertically from the surface 

~ig. 92a). Air would be induced into the vapour stream by virtue 

of the momentum of the. latter. Lowering the surface temperature 

would lead to a reduction in the buoyancy of the air-water vapour 

mixture at the evaporating surface. Eventually a point would be 

reached where the density of the mixture far away was equal to that 

at the evaporating surface. The corresponding mixture flow system 

is indifferent and the surface temperature is at its "critical ll 

value. 

For still lower surface temperatures the mixture at the 

evaporating surface is denser than the mixture far away. The air-

water vapour mixture slips outward, dragging air with it, Fig. 92b. 

The evaporation process was characterised using the following 

dimensionless groups, (21) 
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, 
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-2 -1 -3 
(g cm sec )/(g cm ); .e, the diameter of the evaporating surface 

(cm) ; 
-1 

D
atm

, diffusion coefficient of water vapour in air (cm', sec ); 

-3 
p, density of the mixture (g cm ); g, gravitational acceleration , 

-2 
(cm sec ); IIp, density difference of the mixture at the evapora-

-3 ting surface and the mixture far away (g cm ); J.l,'coefficient of 

-1 -1 
viscosity of the mixture (g cm sec ). 

The critical point is characterised by the product NGr x Nsc 

O. A detailed calculation of the product NGr x Nsc for the maxi-

mum water vapour pressure difference of runs 1-5 can be found in 

Appendix VII. 

3 -1.6 x 10 • 

The value obtained for N
Gr 

x Nsc was approximately 

Hence the air flow system is below the critical point 

(Fig. 92b). 
,.. (19) (20) 

For flow systems below the crit~cal po~nt Boelter 

stated that the evaporation rate was a linear function of vapour 

concentration difference and for water the relationship was 

E 
v = 0.01 (llmb) (5) 

-2 -1 
Where E

v
' unit evaporation rate (g cm day); 11mb, water vapour 

concentration difference expressed in millibars of pressure. 

h ., 1 I'" f' hl I (17) d (18) T e emp~r~ca re at~onsh~ps 0 H~nc ey et a , Wa e, 

(J. 9) 
Boelter et al have been reproduced in Fig. 91. The values of 

+ Wade (-15%) and Boelter are in close agreement, whilst Hinchley's 

value is about twice that of Boelter. The present experimental 

results are about a factor of ten greater than those of Boelter. 

5. The present, higher than expected evaporation rate is 

attributed to random air currents within the quieting chamber. 

Powell 1161 , Wade (18) and Boelter et a1 (19) (20) have all commented 

about the problem of random air movement within the quieting 

chamber. 



-328-

In addition to the air currents generated and already existing 

in the chamber when it was closed, further air currents· could be 

generated because of heat exchanges through the unlagged window of 

the quieting chamber and because of heat originating from the 

electrically operated balance whose scale was illuminated inter-

nally by an electric bulb. 

6. 
, 

Inspection of Figs. 86-90 show that the temperature of the 

chamber increased when it was sealed and that for run 5 (Fig. 90) 

diurnal variations of temperature =uld be observed. The ampli-

+ 0 tude of the variation was -0.6 c. The temperature differences 

between the wet and dry bulb thermometer remained constant though, 

o the difference was about 4 c. 
o Assuming peak dry bulb temperature to be 19.25 C and the 

minimum to be lS
o

C, the vapour concentration difference correspond-

ing to both sets of temperature differences was found to be the 

same, i.e. 3 mb. This result is rather fortunate. 

A greater confidence in the actual value of the water vapour 

pressure difference would be achieved if the temperature variations 

+ 0 within the chamber were =ntrolled to an accuracy of -0.1 c. 

7. In view of the unsuitability of the apparatus to measure the 

other hydraulic functions, it was concluded that the evaporation 

experiment should also be performed separately; using more 

stringent methods of temperature control and measurement. The 

evaporating surface should be orientated in a vertical plane to 

more closely simulate evaporative conditions associated with damp 

walls. _ The method of determining the evaporation rateby .. weighing _____ _ 

should be changed. An independent method of determining the 

actual temperature of the evaporating surface should be included, 

rather than the assumption that the surface is at the wet bulb 

temperature. 
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4.6 Summary of the feasibility investigation 

The apparatus has been found to be inadequate to simulatan

eously measure the hydraulic properties of unsaturated permeability, 

moisture content and evaporation rate with respect to capillary 

suction. 

It is recommended that the. relationship between each 
, 

hydraulic property and suction be determined separately. The 

evaporation experiment should be re-designed with particular 

attention being paid to the accuracy of measurement of the wet and 

dry bulb temperatures and inclusion of an independent measurement 

of the temperature of the evaporating surface. 
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List of symbols and units of Chapter Seven 

A 

E ' v 

9 

h 
w 

h 
s 

h ms 

K 

k 

m" 

l!.P 

Q 

r 

S 
c 

t 

.y 
LG 

p 

area available for fluid flow (cm') 

-2 -1 
mass evaporation rate per unit area (g cm day ) 

-2 gravitational acceleration (cm sec ) 

pressure head of water (cm) 

suction pressure head of water (cm) 

maximum suction pressure head of water (cm) 

-1 -1 
tensiometer cup conductance (cm' min ats ) 

permeability to fluid of the porous material. (cm') 

final permeability to fluid of the porous material (cm') 

initial permeability to fluid of the porous material (cm') 

length of porous material (cm) 

permeability ratio (kf/ki ) 

. -1 -2 
pressure difference (g cm sec ) 

-1 -2 
water vapour pressure in bulk air (g cm sec ) 

saturated water vapour pressure of air at the surface 

-1 -2 
temperature, T (g cm sec ) 

es 

volumetric flowrate of fluid (cm' sec-I) 

overall volumetric flowrate of fluids (cm' sec- 1) 

capillary pore radius (cm) 

-3 
tensiometer sensit~vity (ats cm ) 

time (mins) 

, 

-2 
surface tension between the liquid and gaseous phase (g ·sec ) 

-1 -1 
viscosity of a fluid (g cm sec ) 

density of a fluid (g -3 
cm ) 

of (g -3 density mercury cm ) 

density of water 
-3 

(g cm ) 

$ porosity of a porous material 
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APPENDIX I 

Miniature Pressure Transducer 
TypeAE 830 

DESCRIPTION 

The AE 830 series of miniature pressure transducers are designed for medium accuracy and small size requiremen1 

The heart of the transducer is a silicon beam on each side of which is a diffused planar resistor. The pressure sensiti 
membrane converts the applied pressure into a proportional deflection of the beam element. This deflection produces 
linear change in the two diffused resistors and by applying a DC voltage, the pressure gauge will be converted into i 

electrical signal. 

The standard transducer housing is brass. The membrane and the housing are made in one piece to prevent unwantl 
relative' movement between the transducer element and the membrane. Normally the AE 830 is hermetically sealed, but f 
special applications. vented versions can be delivered. On request, the transducer can be silver or gold plated. When requin 
the transducer housing can "be made from titanium. 

SPECIFICATIONS FOR STANDARD TYPES AVAILABLE: 

Sensitivity Linearity Zero 
Type Range Range mVN full & Shift Load 

Kp/cm2 p .•. i. scale ±. 25% Hy.tersi. % FS/oC (gml 

c % FS 

AE 830 A 0-0.4 0-6 10 ±1 .± 0.85 90 

- _.- - .. 
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SPECIFICATIONS FOR STANDARD TYPES AVAILABLE 

Transducer impedance : 2 x 1000 ohm 

Excitation : Max. 6 V DC 

Zero shift, vented type : ±. 0.01 to ±. 0.10 % FS/oC 

Over pressure : 100% FS 

; [ 
I. 

ACTUAL SIZE 

ELECTRICAL CONNECTION DIAGRAM 

Fig. 1 

Transducers 

r--
I Balancing Resistors 

Output 

The figure shows the complete circuit diagram necessary 

for applving the AE 830 miniature transducer. As 
indicating instrument a millivoltmeter or a chart recorder 
can be used. 

Sensitivity shift : ·0.2 %/oC 

Acceleration sensitivity : 0.02 %/g 

Temperature range : ·30 to +550 C 
: ·30 to + 1 OOOC on request 

Dimensions : 120 x 2.5mm + 38mm lead' 

MEMBRANE .. 

1 
" 12mm .I 

VENTED TRANSDUCER 

> Membrane 

~~-L-----.JII 
111 

Tube 20 

leads 

Fig.2 

For special applications the internal pressure can b 
vented to the atmosphere. This measure cancels ou 
changes in the atmospheric pressure and also reduces thl 

zero-shift. Fig. 2 shows one method of venting thl 

int~rior. This type can be delivered with water tigh 
silicone tubing around the leads and the venting tubl 

(length up to 2 metersl. 



Run Permeabili ty Permeabili ty Porosity Flow Core 
No. (cm)2 x 10- 11 ratio Rate length 

Ini tial . (k/ki ) (cm 3 -1 
(cm) Final min ) 

1 + 18.35% 177 + 30% 172 0.0083 2.54 L02 - -
2 1. 75 ~ 18.35% 10 + - 18.35% 5.8 0.0071 2.54 

3 1.4 + 18.35% 5.7 + 18.35% 4.1 0.0062 2.54 - -
4 1.2 + 18.35% 9.5 ~ 18.35% 8.1 0.0082 2.54 -
5 3.0 + 8.25% 560 ~ 14.25% 186' 0.083 2.5 -
6 2.6 + 8.25% 420 ~ 107.25% 160 0.088 2.5 

i:; 
- Id 

7 2.5 + 8.25% 400 ~ 107.25% 160 0.084 2.5 
12 - 0 
H 

8 1.6 + 8,25% 47 + 107.25% 30 0.073 2.5 x - -
+ 8.25% + 107.25% 12.5 2.5 

H 
9 2.3 - 29 - 0.05 H 

10 1.15 ~ 8.25% 100 + - 107.25% 85 44.7 0.16 2.4 

11 3.1 + 8.25% 220 + 107.25% 70 36.1 0.068 2.45 - -
12 4.9 + 8.25% 520 + 107.25% 105 42.8 0.12 2.425 - -
13 46.0 2.35 

14 3.4 + 8.25% 500 + 32.25% 145' 20.3 0.082 2.4 - -
15 1.45 ~ 8,0% 60 + 107.25% 45 37.0 0.04 2.4 -

+ + 107.25% 34.5 2.5 16 0.87 - 8.0% 150 - 170 0.055 

17 7.0 + 8.0% 280 + 107.25% 40 43.7 0.145 2.4 - -
• 

I 
w 
w 
Ut 
I 



Run Permeability Permeabili ty Porosity Flow Core 
No. (cm) 2 x 10- 11 ratio Rate length 

Initial (kf/ki ) (cm 
3 -1 

(cm) Final min ) 

18 7.2 + 8.0% 28 + 107.25% 4 43.4 0.16 2.4 - -
19 9.7 + 8.0% 850 + 107.25% 90 39.9 0.14 2.4 - -
20 8.8 + 8.0% 4.2 ::!: 107.25% 45 37.0 0.15 2.325 -
21 2.4 + 8.0% 10.5 ::!: 107.25% 4 42.7 0.06 2.4 -
22 3.0 + 8.0% 1600 ::!: 107.25% 530' 43.2 0.06 2.4 -
23 4.3 + 6.3% 44.0 0.11 2.35 

24 2.0 + 6.3% 230 ::!: 105.3% 115 43.5 0.057 2.332 -
25 7.25 + 6.3% 425 ::!: 9.2% 60 42.5 0.12 4.005 -
26 7.2 + 6.3% 6000 ::!: 55.3% 835' 42.3 0.12 3.995 -
27 5.7 + 6.3% 375 ::!: 8.9% 65' 41.4 0.15 2.496 -
28 4.5 + 5.8% 400 ::!: 9.8% 90' 43.0 0.13 2.405 -
29 1.2 + 5.8% 530 ::!: 104.8% 45 42.4 0.18 3.995 -
30 11.0 + 5.8% 580 ::!: 104.8% 55 41.6 0.17 4.006 -
31 3.1 + 5.8% 370 ::!: 104.8% 120 42.8 0.088 2.48 -
32 4.0 + 5.8% 3100 ::!: 54.8% 770' 43.1 0.10 2.332 -
33 5.8 + 5.8% 3300 ::!: 38.1% 560' 38.7 0.09 3.995 -
34 5.8 + 5.8% 1400 ::!: 19.8% 240' 42.7 0.095 4.003 - " 
35 5.5 + 5.8% 8500 :!: 104.8% 1550' 42.4 0.14. 2.415 

I 
w 
W 

'" I 



Run Permeabilitv 
No. (cm) 

Initial 

36 5.9 
+ 5.8% -

37 1.4 + 5.8% -
38 2.1 + 5.8% -
39 2.0 + 5.8% -
40 3.0 + 5.8% -

+ 5.8% 41 8.6 -
+ 5.8% 42 10.0 -

43 9.2 
+ 5.8% -
+ 5.8% 44 7.8 -

Notes. 

1. Average errors 

Run No. 1 22 

Run No. 23 - 44 

2 10- 11 
x 

Final 

. 2100 + 29:8% -

590 + - 22.5% 
+ 325 - 104.8% 

1000 + 104.8% -
+ 38.1% 2900 -
+ 2500 - 104.8% 

85b + - 104.8% 
+ 1600 - 104.8% 

Permeability 
ratio 

(kf/ki ) 

360' 

270' 

170 

370 

340' 

250 

90 

200 

length flow rate 
+ 2% + 3% - -
+ 0.2% + 3% - -

Porosity 

42.0 

22.0 

23.4 

28.1 

23.0 

44.0 

43.5 

43.5 

41.5 

porosity 
+ 2.35% -
+ 0.55% -

Flow 
Rate 

3 -1 (cm tnin ) 

0.14 

0.025 

0.037 

0.033 

0.053 

0.16 

0.20 

0.15 

0.13 

• 

Core 
length 

(cm) 

2.445 

3.995 

3.995 

3.995 

4.006 

2.328 

2.247 

2.395 

2.50 

" 

I 
W 
W ..... 
I 



APPENDIX III 

Estimation of errors of leaching experiment 

Calculation of the permeability (from Darcy's law) and the 

porosity of the porous cores involved the measurement of the 

following variables:- flow rate, Q; viscosity of the fluid, ~; 

length of the core,!. fluid density, p. differential head of 

fluid across the plaster core, ~h • 
w 

The diameter of the core, 
, 

although involved in the calculation of permeability and porosity 

was not measured; and it was assumed that the. value was constant 
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for all the sample holders. Although as an estimate of the error 

of the diameter, it may be assumed that the error is the same as 

the error associated with the measurement of the length of the 

core. 

3 -1 
Flow rate Q tcm sec l The flowrate was calculated from corres-

ponding measurements of volume of water pumped through the core and 

measurements of time. Volume differences were measured using a 

burette. Examination of Figs. 4-7 shows that the maximum error 

+ associated with the measurement of flow rate to be - 3%. This 

result was confirmed when the flow rate of run 21 was calculated. 

-1 -1 
Fluid viscosity ~(g cm sec) The temperature variation occurring 

during runs 1-4 was not measured and hence no accurate assessment 

of the temperature error can be made. It was assumed however, that 

+ 0 the temperature variation was - 2.5 C which corresponds to a 

+ variation of viscosity of - 12%. Examination of the temperature 

+ 0 variation of the water bath for runs 5-14 to be - 0.5 C. The 

+ corresponding viscosity variation is - 1.25%. Similarly for runs 

15-27 the temperature variation was! 0.2SoC and for runs 28-44 the 

+ 0 temperature variation was reduced to - 0.1 c. The corresponding 

viscosity changes are ~ 1% and! 0.5% respectively. 
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-3 Fluid density p (g cm ) The change of fluid density because of 

leaching was not measured, and has been assumed to be negligible. 

The temperature dependence of the fluid was assumed to be the same 

o 0 + (9) 
as pure water which for the range 15 C to 25 C is only - 0.1%, 

o assuming that an average density at 20 C was used as a datum. 
-

Hence the temperature dependence of density can be ignored. 
, 

Length of core l (cm) For runs 1 - 22 the core length was measured 

using a metal rule. Measurements to the nearest 0.5 mm were 

obtained, which for an average core length of 2.5 cm is an error 

of !2%. For runs 23 - 44, the length of the core was taken as the 

average of six measurements, using a micrometer. The variation of 

+ length was reduced to -O.OSmm which for an average core length of 

+ 2.Scm represents an error of -0.2%. 

Differential pressure head ~h (cm) For runs 1 - 4 the differential 
w 

pressure head was read directly from a calibrated scale. To 

estimate an average error in the measurement of ~h at the start of 
w 

the experimental run, it was assumed that the pressure head 

difference of 40cm existed across the core. Pressure head measure-

+ ments were determined to an accuracy of -O.Smm, and the average 

+ error was taken as -1.25%. The pressure head difference at the end 

of the experiments was much reduced and hence the magnitude of the 

pressure error correspondingly increased. Since the pressure head 

differences at the end of each run were different individual errors 

in ~h have been calculated for each run. 
w 

The error calculation in ~h for runs 5 - 44 is different 
w 

since ~h was obtained indirectly from the ·chart- recorder-as a 
w 

difference in millivolt readings. Examination of the third 

calibration curve showed that the largest calibration error, (i.e. 

difference between the experimental value and the optimised value 

using the regression technique) was !1%. A further error is intro-
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duced due to inaccuracies in the measurement of the millivolt chart 

recorder values. At the start of the experiment, an average milli-

volt difference of 10 mv (= 50 divisions) was assumed. Millivolt 

readings were determtned to an accuracy of 0.5 ~visions and hence 

+ the initial average error was conservatively estimated to be -1%. 

After failure, the pressure difference across the core was 

much reduced. 
, 

The magnitude of the final pressure difference was 

often of the order of half a division (same value as the experi-

mental accuracy). Hence at the end of an experimental run the 

error associated with the measurement of ~h 
w 

+ was taken as -100%. 

However, for runs 5, 14, 22, 26, 27, 28, 32-36, 38 and 41, the 

finql millivolt difference was determined by using a more sensitive 

but uncalibrated scale, i.e. full scale readings of 2 mv, 5 mv 

rather than 20 mv. For each of the above named experimental runs 

the error in ~h at the end of the experiment was individually 
w 

determined. 

Sample calculation 

(1) Determination of permeability, k. The permeability was ca l-

culated using Darcy's law, 

k· = 
Q/l.t 
A ~p = 

where the 

sider the 

of run no. 

+ -0.1%; g 

k 

Le. k 

symbols have their usual meaIiing. As 

initial pressure difference across the 

1 ; 

= 

= 

= 

= 

Q = 1.39 x 
-4 + 0.01 10 -3%; J.1 = 

+ 980.7; ~h = 68.84 -1.25%; d = 
w 

4 x 1.39 x 10-4 x 0.01 x 2.54 

(2.54)2 x n x 1. x 980.7 x 68.5 

1.037 x 10- 11 :18.35% 

1 x 10-11 :18.35% (cm') 

an example, con-

sand-plaster .core 

+ 12%; .t - 2.54 -
2.54. 

(2) Calculation of porosity, ~. The weight of water absorbed by 

the core after vacuum saturation was cpnverted to a volume of water, 
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which was taken as the volume of voids within the sample. As an 

example consider the data for run 39. 

Perspex sample holder and saturated core 229.03 (g) ~0.01 (g) 

Perspex sample holder and dry core 221.11 (g) ~0.01 (g) 

Weight of water absorbed 7.92 (g) ~0.02 (g) 

Volume of water at 220 C = (7.92/0.998) = 7.9359 (cm' ) 

Net volume of core = ('lrx32 x3. 995) /4 28.2389 (cm' ) 
, 

Percentage porosity of the core = 

(100 x 7.9359)/28.2389 + 
= 28.1 -0.55% 

The error associated with the weighings of the wet and dry cores is 

+ -0.25%; the error associated with the measurement of water density 

+ is -0.1%; the error associated with the measurement of length is 

+ -0.2% • + Hence the net error is -0.55%. Note, the average error 

associated with the measurement of length for runs 1 - 22 was taken 

+ + 
as -2% whereas for runs 23 - 44 the average error was -,0.2%. The 

error associated with the measurement of.flow area A has been 

neglected. 
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APPENDIX IV 

1. Determination of the cup conductance, when employing the 

established method. 

In this method the tensiometer is allowed to develop its 

maximum suction, h ,usually by allowing moisture from the tensio
so' 

meter cup to evaporate into the air. The porous cup is then 

• immersed in "free" water and corresponding measurements of time 

and suction are recorded. 

The flow rate of water into the tensiometer is given by 

(a) 

where ~ is the volume of fluid passing into the tensiometer in 

K, the cup conductance; h, the suction in the tensio. s 

meter at time t; hfs ' the suction of a free water surface, which 

is taken as equal to zero. 

The sensitivity, S , of the tensiometer can also be expressed 
e 

in differential form, 

= S 
e 

(b) 

Combining eqns. Ca} and (h) to eliminate dv' and re-arranging 

= 

which on integration between the limits t 

h = h yields 
s s 

In Ch/h } 
s so = -K S t 

e 

= 0, h 
s 

h so 

(c) 

and t = t, 

(d) 

Equation Cd} is the same as eqn. 0) in the text (c.f. section 

3.4). 

2. 'Determination of the cup conductance, when employing the "in 

situ" method. 

In this method, the tensiometer is initially at equilibrium 

with the free water surface. The porous cup is then brought into 

contact with a large amount of dry porous material. Measurements 
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of increasing suction versus time are recorded. It is 

assumed that the volume of fluid absorbed by the porous material 

is small and is insufficient to alter the suction developed by the 

dry porous material during the absorption process. 

The flow of water out of the tensiometer is 

= K (h - h ) 
s ms 

(e) 

, 
where h is the suction developed by the dry porous material, and ms 

is assumed to remain constant. The other symbols have their 

usual notation. 

Combining eqns. (c) and (e) to eliminate dv and re-arranging 

d /(h - h ) n ms s 
= 

s 

which on integration between the limits t = 

h = h yields 
s s 

h 
s 

h (1 
ms - e 

-K S 
e 

t 

0, h 
s 

(f) 

;::: 0 and t ;::: t, 

(g) 

Equation (g) is the same as eqn. (2) in the text (c.f. 3.4) 



-344-

APPENDIX V 

Sample calculation showing the conversion of mercury-water 

height differences of the tensiometer instrument into suction 

pressure head of water with respect to the position of the tensio-

meter cup and at the cellar floor. The heights used in the .cal-

culation are shown in Fig. 73, and are all measured in centimetres. 

The four heights of interest are 

h1, the mercury height difference of the tensiometer 

h2 , the height of the mercury-water interface of the man

meter above the zero level of graduated scale. 

, 

h
3

, the height of the zero level of the graduated scale above 

the cellar floor, which was constant for all three sites, 

h4 , the height of the tensiometer cup above the zero level of 

the graduated scale. 

The suction observed at the tensiometer cup is given by the 

expression 

The suction observed at the cellar floor is given by the 

expression 

where p 
m 

is the density of mercury which was assumed to be 13.5 

-3 
(g cm ) and p , 

w 
the density of water which was assumed to be 1 

-3 
(g cm ). Thus as an example if hl = 7.55; h2 = 45.4; 

h4 = -10.5 then the suction at the tensiometer cup is 

7.55 x 13.5 + 1 x (-10.5 - 45.5) = 45.9 (cm of water head) 

The suction at the tensiometer cup when corrected to the datum 

plane (cellar floor) is given by 

7.55 x 13.5 - 1 x (45.5 + 40) = 16.4 (cm of water head) 
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APPENDIX VI 

Calculation of the suction developed with respect to the 

evaporating surface. 

Height of the evaporating measured upon the graduated scale, hi (cm) 

Height of the air-mercury interface measured upon the graduated 

scale, h2 tcm) 
, 

Height of the water-mercury interface measured upon the graduated 

scale, h3 (cm) 

of 1 -3 Assumed density water, p , tg cm ) w 

Assumed of 13.55 (g -3 density mercury, Pm' cm ) 

The suction with respect to the evaporating surface (cm of water 

head) is given by (h2 - hi) Pm - (h2 

Example. Run 1 tafter 4.5 hrs) hi = 31.0, h2 = 36.2, h3 = 3. 

Note h3 was the same for all the experimental runs. 

Suction with respect to the evaporating surface, (5.2 x 13.55) -

(33.2 x 1) = 37.26 cm of water head. 

• 



APPENDIX VII 

calculation of the Grashof and Schmidt numbers 

1. Assumptions, values of constants and experimental values. 

wall temperature 

Air temperature 

relative humidity 43% 

-1 
Average molecular weight of air 28.95 (g mole ) 

Molecular weight of water 

Molecular weight of mixture 

-1 
18.02 (g mole ) 

28.95 - (28.95-18.02)p /p 
v 

p , vapour pressure of water 
v 

P, the total pressure (assumed to be 1.01325 bar). 

Diffusion coefficient of water vapour in air, Datm , 0.239 (cm
2 

-1 0 
sec ) at 8 C. 

Diameter of the evaporating surface 3:. (cm) 

gravitational acceleration 

Universal gas constant, R 
m 

-2 980.7 (cm sec ) 

7 -1 0 -1 
8.31 x 10 (erg g mole K) 

The properties of viscosity of the mixture, and diffusion 

coefficient were evaluated at the arithmetic mean temperature, 
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\ 

The viscosity of mixture was taken as that of pure 

air. 

2. Calculation of th~ density difference ~p. 

Below the critical region, Boelter(19) stated that the 

product of the Schmidt and Grashof numbers was less than zero 

(N
G 

x N < 0). 
r Sc The density at the evaporating surface was 

greater than the bulk air. 

difference, ~p is p - p • 
a w 

For.N x Nsc < 0, the density Gr. 

Note, the subscripts a, w, T refer to 

properties of the bulk air, the wall and total 

respectively. 

-2 The pressure of the gas (dynes cm ) is given by the 

expression 



= (p R T) /(M) 
m 

where PT is the total pressure; p, the density I R , the 
m 

Universal gas constant per mole; M, the molecular weight of the 

gasl T, the absolute temperature. 

The density difference 6p is given by 

6p = PT tMa _ Mw] 
R T T 

m a w 

, 

• 
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It is assumed that the pressure at the wall surface and in the bulk 

air is the same. 

10.93 P 
28.05 __ ,-_--=a~1 

PT 

10.93 P 
28.95 ____ -"wc I 

PT 
6p = 

T a 

which on substitution of the values 

6p = 1.01325 x 10
6 

[28.95 [ 1 _ 1 ) 
8.31 x 107 297.5 290.5 

-3 
Vp = - 0.00002537 (g cm ) 

3. Calculation of NGr x Nsc 

= 
t' g 6p 

Il D
atm 

T 
w 

10.93xl03 

1. 0 1325xl06 [ 
20 13.2 )J 

290.5 297.5 

0.329 (294/281) 1.5 2 -1 
0.256 (cm sec ) = 

= 

= 

= 

-4 -1 -1 
1'.6 x 10 (g cm sec ) 

_ [27 x 980. 7_~ 2.537 x 10-5) 

1.6 x 10 x 0.256 

= - 1640 



CHAPTER EIGHT 

DISCUSSION OF THE PHENOMENON OF RISING DAMP 
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1. Introduction 

This chapter is divided into four parts. The first part 

(Section
0

2) is a theoretical section in which the equation of 

motion is redeveloped in terms of "free energy" type expressions 

rather than their equivalent "diffusivity" type expressions. ° 

"Diffusivity" type expressions were initially proposed by Philip (1) 

and have been discussed in Chapter Three. 

The advantage of "free energy" expressions over the 

"diffusivity" expressions is that the potential gradients of the 

former are expressed in consistent units (ergs g-l cm- 1) whilst 

the units of the "diffusivity" potentials are related to the 

particular potential, e.g.o for thermally driven flow, the potential 

gradient has units of degrees centigrade per centimetre. Because 

the "free energy" potential gradients are expressed in consistent 

units, it is easy to compare the relative efficiency of each mode 

of moisture transport when unit potential gradients are applied. 

A consequence of this superficial comparison is that 

inefficient modes of moisture transport can be identified, and can 

subsequently be omitted from the equation of motion without any

significant loss of accuracy in predicting the overall net moisture 

flux,. thus simplifying ,the equation of motion of moisture within 

porous building materials. 

The second part of the chapter is an examination of the 

relative magnitude of each mode of moisture movement in soils or 

under naturally occurring potential gradients. Originally it was 

hoped to perform the examination upon porous building materials, 

but a shortage of experimental data prevented the analysis from 

being performed at the present time. In fact the data used for 

the soil analysis was not consistent, i.e. not obtained from one 

type of soil but from several different types of soil. Hence the 

conclusions of the analysis should be regarded as guidelines 

/ 
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rather than accurate results. 

The analysis does not simply represent an example of how to 

identify the important modes of moisture movement, with soil as 

the porous material, because water must move through the soil prior 

to it rising up the wall. thus soil moisture movement is an 

integral part of Rising Damp. 
, 

Several cures and various treatment of Rising Damp are 

discussed in the third part of the chapter. The cures include 

active and passive electra-osmosis, injection methods and 

installation of new damp proof courses. 'Methods of alleviating 

and hiding dampness are also examined. 

The chapter is concluded by an assessment of the whole 

phenomenon of Rising Damp with regard to the theoretical and 

experimental work that has been covered previously. Included in 

the assessment are suggestions for further work. 

2. Equation of motion. Free energy expressions. 

The diffusivity type equation representing each mode of water 

transport can be written in the following general form 

J 
a 

= - D V cc. 
a 

where the subscript a refers to pressure, temperature, solute 

concentration and electrical potential. 

fluid associated with the gradient of a. 

J , the velocity of 
a 

D , the diffusivity 
a 

(1) 

lassociated with either the liquid or vapour phase) related to the 

gradient of a. 

The diffusivity expressions have been discussed in detail in 

Chapter Three. 

In terms of free energy, the equation corresponding to 

equation l11 may be written as 

J 
a 

= 

where lVf)a is the free energy gradient associated with the 

(2) 



gradient of a; Ka' the coefficient that relates the liquid 

velocity, J , to the free energy gradient associated with a. 
a 

In Chapter Two it was stated that free energy gradient can 
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be expressed as energy per unit volume, unit mass or unit weight. 

In the subsequent expressions the free energy gradient will be 
~ 

-1 -1 
consistently expressed as energy per unit mass per cm (ergs g cm ). 

2.1 Moisture liquid diffusivity 

Liquid flow induced by pressure gradients is commonly 

expressed in two forms. It can be expressed as a diffusivity 

type equation where a difference in volumetric moisture content 

corresponds to the pressure gradient, or liquid flow can be 

expressed directly in terms of pressure gradient. The latter 

form is known as Darcy's law. The two forms are given by the 

expressions 

= (3) 

= - (k/~) VP (4) 

where the subscripts, e, P, L refer to volumetric moisture content, 

pressure, liquid phase respectively; DeL' the moisture liquid 

diffusivity; J, the velocity of liquid water; k, the permeability 

of the porous material to water; ~,the viscosity of water. 

Expanding the pressure gradient term, "lP, in eqn. (4) yields 

= - (k/~) p g Vh w w 
= -K Vh 

w 
(5 ) 

where p is the density of water; g, gravitational acceleration; 
w 

hW' the pressure head of eater; K (= (k pw g/~) ), the hydraulic 

conductivity. 

The free energy gradient, CV f) e' and free energy coefficient, 

K
eL

, can be expressed in terms of the diffusivity equation thus 

ah lae V(ge) 
w 

(6) 

= (7 ) 
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where the symbols have their usual meanings. 

Similarly, in terms of Darcy's law, the free energy gradient, 

(Vf)p and corresponding flow coefficient, KPL' can be expressed as 

= 

and 

~L = 

v (P /p ) 
w - v (g h ) 

w 

2.2 Thermal liquid diffusivity 

(8) 

(9) , 

It has been assumed in the previous derivation of the thermal 

liquid diffusi vi ty, that the moisture was solute free. The 

assumption was introduced to simplify the derivation of the 

diffusivity coefficient, in that osmotic changes due to temperature 

dependent dissociation or temperature dependent solubilities can 

be neglected. In addition it was assumed that liquid phase move-

ment was a result of temperature effects upon the surface forces at 

the gas-liquid interfaces. The effect of temperature upon contact 

angle was not. considered. 

The thermal free energy coefficient, associated with Darcy's 

law is the same as that of pressure induced flow:-

I<.rL = ( 10) 

It should be noted that both p and ~ are temperature dependent. 
w 

The thermal free energy gradient is expressed as 

'1 (11) 

where Y
LG

, the interfacial tension between water and air T, the 

temperature. For circular capillaries and zero contact angle, 

the partial differential tahw/ayLG ) is equal to 2/(r Pw g), where 

r is the radius of the capillary. With porous materials, r 

corresponds to the radius of a circular capillary that will just 

support a water meniscus at the same water suction under the same 

conditions existing within the porous material 
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Substitution for (3h
w

/3y
LG

I in eqn. (11) yields 

= [r 
2 

pw) [a:~ J VT 
(12) 

The free energy gradient is' a function of r. (i.e. capillary 

suction or moisture content). pwand (3y
LG

/aT). The variation of 

interfacial tension of pure water as a function of temperature was 

(2) 
expressed as 

= 117.1 - 0.1516 T 

-1 
tension (dynes cm ) and T. the where Y

LG 
is the interfacial 

o absolute temperature (K). The partial differential (dyLG/aT) 

The variation of water density (pure) thus equal to - 0.1516. 

, 

(13) 

is 

4 -3 
with respect to temperature is' small (approximately 2 x 10- g cm 

o -1 (3) , 
Cl. and hence can be neglected. Substitution of the values 

above in equation (12) gives 

= (0.3032/r) VT (14) 

Equation U41 shows that for a fixed temperature gradient. the 

corresponding free energy gradient varies inversely with r. (i.e. 

capillary suctionl. For dry porous materials (r small). the 

corresponding free energy will be relatively large. whilst for 

wetter porous materials (r large). the free energy ,gradient will be 

relatively small. 

The flow coefficient expressed in terms of the thermal liquid 

diffusivity DTL is 

= (15) 

It should be noted that the free energy gradient associated with 

equation (151 is the same as the free energy gradient as defined 

in equations Uil. U21 and 1141. 

2.3 Solute liquid diffusivity 

An osmotic pressure difference across a semi-permeable mem-

brane induces moisture flow in a similar but opposite manner to 
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that of an applied mechanical pressure difference. By opposite 

manner it is understood that osmotic flow is in the direction of 

increasing solute concentration, whilst mechanical pressure flow 

is in the direction of decreasing pressure. In addition, Kemper 

et al (4) have stated that the type of flow of moisture within the 

pores of a porous material was largely viscous rather than 

diffusive in character. 
, 

In view of the two previous statements, 

it is expected that the flow coefficient for solute and pressure 
-, 

induced flows to be same provided the porous material is unaffected 

by the solute. 

Porous materials do not always behave as semi-permeable mem-

branes but often they act as "leaky" membranes in that the solute 

is partially restricted from moving within the porous material. 

Assuming the concentration gradient to remain constant then 

the flux of moisture through a leaky membrane would be less than 

that for a semi-permeable membrane provided the pore structure of 

the two materials was the same. The flow is less through the 

leaky membrane because moisture movement is impeded by solute 

diffusing in the opposite direction. Solute induced flow for a 

leaky membrane may also be regarded as the fraction of moisture 

flow that would corresp?ndingly be obtained upon the application 

of a mechanical pressure gradient of equal magnitude to the osmotic 

pressure gradient, i.e. 

= =-K crVP 
P 

(16) 

where J CL is the osmotic flux of moisture in the liquid phase; 

Kc' the osmotic coefficient (solute liquid diffusivity); K , the 
p 

flow coefficient associated with pressure induced flow. V 'If and 

VP are the osmotic and mechanically applied pressure gradients, and 

are of equal magnitude; th t " ff"" ff"" (4) (5) (6) 0, e osmo 1C e 1c1ency coe 1C1ent. 

With porous materials classed as semi-permeable membrane, cr 

will be equal to unity since osmotic pressure differences are as 
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efficient as mechanical pressure differences in producing moisture 

movement. However for "leaky" porous materials a will be less 

than unity. 
• (14) 

Kemper et al discussed the effect of solute S1ze , 

(5) film thickness and solute concentration upon a. It should be 

noted that (] is the ratio, KC/Kp' and that either Kp or KC c::=an be 

independently changed. In other words K may'remain constant 
p , 

whilst (] is changed because of variations of KC and vice versa. 

The osmotic free energy coefficient, in terms of the Darcy 

coefficient may, be written as , 

= 
k P (] 

w (17) 

Similarly the free energy gradient may be written as 

= Vrr/p w 

However' for dilute solutions, and assuming Raoult's law to be 

applicable (Section 8, Chapter Threel, the free energy gradient 

can be expressed in terms of solute concentration 

= 

(18) 

(19) 

where R is the Universal gas constant per gram of solvent (water), 

T, the absolute temperature; x , the mole fraction of ionic 
s 

species; XL' the mole fraction of solvent which for dilute 

solutions may be taken'as equal to unity. 

2.4 Electro osmotic diffusivity 

The electro osmotic diffusivity is more commonly known as the 

electro osmotic coefficient. The electro osmotic diffusivity is 

the coefficient that relates the flux of moisture to the applied 

potential difference, 

= k VE 
e 

The flow coefficient, k , is discussed in greater detail in 
e 

(20) 

Chapter Four. The free energy flow coefficient related to k can' 
e 

be defined as 
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~L = (21) 

. + 
where (a) is the net charge density per unit mass of liquid. 

The fr~e energy gradient can be expressed as 

= (a) + VE (22) 

A net charge arises within the fluid since ions of a partic-

2+ ular charge, (i.e. positive charge) or even particular ions (Ca , , 
+ Na ) which are preferentially absorbed or desorbed at the solid 

surface. An equal but opposite charge remains in the bulk 

liquid, which is affected by the applied electricai potential 

gradient. The ions remaining in the bulk are induced to move to 

a particular electrode, and in doing so, impart a drag upon the 

surrounding water molecules hence moisture migrates to a 

particular electrode. Note that the ions themselves may be 

hydrated, which may also assist the movement of ions to a partic

ular electrode. (0)+ is affected by the ionic species, ionic 

charge, concentration of the ionic species, an the ion adsorption 

properties of the solid surface. 

2.5 Vapour moisture diffusion 

Since it has been assumed that moisture movement in the 

adsorbed phase is negligible, then the term 'liquid phase' 

moisture transfer is used to denote transfer which occurs 

exclusively within the liquid phase. Moisture movement that 

occurs partly in the liquid and partly in the vapour phase, to-

gether with that which occurs exclusively in vapour phase is 

deemed to be "vapour phase!! moisture movement. . 

Philip et al t7l developed a "simple" theory of isothermal 

vapour moisture flow within porous materials when subjected to 

moisture gradients. The theory was an extension of water vapour 

diffusion in free air. The flow area was modified to allow for 

the presence of solid and liquid in the diffusion space. A 
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tortuosity factor was introduced to account for variations of path 

length. 

Phi lip (8) stated that the "simple" theory was in general 

agreement with moisture fluxes observed in both the field in the 

laboratory. Hence the simple theory of isothermal flow, proposed 

by Philip, can be used to predict isothermal water vapour flow 
, 

within porous materials when subject to moisture content (pressure) 

potentials. 

However, for water vapour transfer under temperature gradients, 

Phi lip (8) stated that the "simple" theory of thermally driven 

moisture flow was inadequate because observed moisture fluxes were 

five to ten times greater than that predicted by the "simple" theory. 

The non-isothermal flow theory was modified by Phi lip et al (7) • 

The "simple" theory has been developed in Chapter Three. The 

subsequent modifications to this theory will be developed in the 

present chapter in Section 2.7. 

2.6 Moisture vapour diffusivity 

The vapour flux of moisture in terms of diffusivity coefficient 

is described by 

(23) 

The free energy gradient associated with the volumetric moisture 

content is the same as that defined for liquid phase moisture 

movement when subject to gradients of moisture content. 

= (oh jae) V (ge) 
w 

The corresponding free energy flow coefficient, Kev' is 

defined as 

= 

The coefficient Dev' from the "simple" vapour theory (described 

(24) 

(25) 

in Chapter Three) can be expanded which when substituted into eqn. 
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(25) yields 

P 
= -a P_p (4)-e) 

Psv 1 
Datm -P- RT exp 

w 
(26) 

where a, tortuosity coefficient; P, ~e total pressure; p, the 

vapour pressure of water; 4> .. ' the porosity of the porous material; 

e, the volumetric moisture content; D
atm

, molecular diffusivity 
, 

of water vapour in air at the absolute temperature T; PSV ' the 

density of saturated water vapour at temperature T; P , density 
w 

of water; R, the Universal gas constant per gram of water; hw' 

the suction pressure head of water; g, the gravitational 

accelera tion. 

2.7 Thermal vapour diffusivity 

The expression representing the thermal vapour diffusivity 

derived from the "simple" theory, (c.f. Chapter Three) is given 

by 

= -D VT 
TV 

DTV can be expanded to yield 

= _ [ a -.!'...- lp-e) 
. P-p P 

w 
D 

atm Psv 

where the symbols have their usual meaning. 

VT 

The observed fluxes of moisture flow have been found to be 

five to ten times the theoretical fluxes predicted by eqn. (28). 

Phi lip et al (7) stated that the greater than predicted moisture 

(27) 

(28) 

flux was a consequence of the interaction between the vapour phase 

and liquid islands along the flow path. Philip re-examined the_ 

diffusional process with respect to a single air filled pore and 

introduced the concept of a temperature gradient ('VT)a associated 

with the gaseous phase. The moisture flux associated with a 

single pore, J , was given by 
p 
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J 
P 

= 
-p 1 
P-p Pw 

Pv apsv D --- (VT) 
atm Psv aT a 

(29) 

Note that factors a(~-e) were taken as unity. 

Phi lip also stated that the water islands were also capable 

of transmitting moisture, and hence the flow area for vapour._ 

transfer is increased from l~-e) to ~. 

Summing the diffusional process for each pore yields 

= (VT) 
a 

No tortuosity factor, a, was introduced because it has already 

been accounted for in (VT) • 
a 

The ratio TV 1..= 
~(VT) 

a(~-e~VT ) was introduced. 

, 

(30) 

(31 ) 

The first factor, comprising nV' (~/a(~-e) ) can be simply evalu-

ated. VT is the observed overall temperature gradient, whilst 

lVT} is the temperature gradient in the air filled pores. The a 

method of calculating lVT) was derived via an analogous electrical 
a 

19l example . 

Equation (31) is applicable until the onset of liquid 

continuity. Philip(7l suggested that at the onset of liquid 

continuity a further slight modification to eqn. (31) was required 

= 
la + f(a) e l lVT) a 

a (~-e) VT 
(32) 

where a, e are the volumetric air and volumetric moisture contents 

respectively; f(a} is a function of the volumetric air content. 

Before the onset of liquid continuity f(a) was equal to unity. 

Note </>' the porosity i5 approximately equal to a+e. 

When liquid continuity had been established, as a first 

approximation, fla) = a/a ,where a is the volumetric air 
er er 

content at the onset of liquid continuity. Phi lip (7) stated that 

the agreement between the theoretical estimation of n above and 
. V 
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the experimental determination of Dv was satisfactory. In view 

of the statements above, the revised theory of vapour transfer will 

be used as a basis to predict thermally induced moisture fluxes. 

Inspection of eqns. (27), (28),(30) and (31) show that the 

vapour flux predicted by the "revised" theory can be simply 

expressed in terms of the vapour diffusivity predicted from the 
, 

"simple" theory, together with the factor nv 

= (33) 

where DTV is the "simple" thermal vapour diffusivity and 'IT, the 

average observed temperature gradient. 

The flow mechanism in the vapour phase for moisture and temp-

erature induced moisture flow is the same, that is diffusion. 

Although it must be remembered that in the latter case (thermal 

vapour flow) it was necessary to introduce an additional 

coefficient Dv' Hence the average free energy flow coefficient 

for thermally induced flow is 

= 

= 
p -Dv a P_p ($-6) 

Psv 
D --

atm P w 

The corresponding thermal free energy coefficient is (c.f. eqn. 

l28) ) 

= 
1 apsv -----RT 'IT 

Psv aT 

Psv .and tapsv/aT) are evaluated at the absolute temperature T. 

(34) 

(35) 

Phi lip l71 has. stated that although (apsv/aT) is temperature 

dependent, it is possible to adopt a constant value for the partial 

-6 -3 0 -1 
differential of 1.05 x 10 (g cm C), in the temperature range 

o 0 
10 C to 30 C. 
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2.8 Osmotic vapour diffusivity 

Because of the similarities between osmotic pressure gradients 

and mechanical pressure gradients, it is reasonable to assume that 

their free energy flow coefficients are the same 

KCV = -a P (p-9) 
P-p Pw 

Datm exp r-hwRTgJ 
FiT Psv [ 

(36) 

, 
For dilute solutions and assuming Raoult's law to be applicable, 

the free energy expressed in terms of solute concentration gradient 

(Vf) c = (37) 

The symbols in eqn. (36), (37) have their usual meaning. Note that 

moisture flow in the vapour phase for an osmotic pressure gradient 

is as efficient as flow under a mechanical pressure gradient •. 

Hence the osmotic efficiency coefficient, a, is not required. 

In terms of a diffusivity expression the moisture flux is 

expressed as 

= (38) 

and the free energy flow coefficient can similarly be expressed by 

= (39) 

2.9 Vapour diffusion supplement 

1. Movement of moisture in the vapour phase by an electrical 

potential difference has not been considered, since it was 

assumed that there were no charged particles in the vapour phase. 

2. . (lOa) (lOb) . Curr1e has shown that the s1mple tortuosity 

relationship al~-e), proposed by Philip is only of limited 

applicability and that in general a more complex expression is needed. 

(11a) (llb) . 
Rose. expressed Curr1e's tortuosity function in terms of 

relative diffusion coefficients. The group a(~-9) was replaced by 

the group D~DO multiplied by D/DT• D is the gaseous diffusion 



coefficient through the porous material; D
T

, the gaseous 

diffusion coefficient through the porous material when the pore 

space is full of the gaseous mixture; 

coefficient in free air. 

D , the diffusion 
.0 

The function D/DT was determined experimentally for a r~ge 

of water saturations using an inert gas (hydrogen). It was 

• assumed that the functional relationship D/DT was still the same 

for water vapour as for hydrogen. Furthermore the problem of 

thermal vapour transfer was not discussed. In view of the two 
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previous statements, only the vapour diffusion theories of Phi lip 

et al. will be used in the following analysis of soil moisture 

fluxes. 

3. Moisture fluxes in soils under natural conditions 

In damp walls it is important to identify which are the major 

modes of moisture transport since this information has considerable 

bearing upon the optimum treatment of the damp problem. At the 

present time a full analysis of moisture movement within building 

materials cannot be attempted due to lack of data. There is 

however, sufficient data available to be able to perform this 

analysis upon soils, albeit a very tentative one. 

To perform the an~lysis it is necessary to determine an over-

all net moisture flux, the moisture conditions and the naturally 

occurring potentials gradients. The rate of potential evapor-

ation from a free water surface was chosen as the overall 

. (12) 
mo~sture flux. The next step in the analysis is to determine 

the moisture conditions of the soil. This decision is quite 

important since some of the flow coefficients can change by a 

factor of one million tx 106 ) over the range of moisture 

conditions. 

It has been stated in Chapter Seven that the suction 

developed by dry house bricks was found to be about 550 cm of 
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water head. It was decided to use this information as a guide to 

the choice of moisture conditions and to limit the analysis to 

moisture conditions occurring at suctions less than one thousand 

centimetres of water head. A higher suction than five hundred 

centimetres of water head was chosen so that a margin of error could 

be included in the estimations. However some of the flow 

coefficients exhibit maximum values at a particular moisture 

content or range of moisture conents; hence the analysis was 

simplified by using the peak values to determine the maximum flux 

of moisture that could be obtained from the corresponding modes of 

moisture transport. 

To complete the analysis, it is necessary to determine or 

estimate the potential gradients that occur naturally in soils. 

Moisture content gradients and temperature gradients were obtained 

. (13)(14) 
from a study conducted by Jackson et al. Additional 

estimates of evaporation rate were also obtained from this study. 

The measurements presented in the study were recorded during 

the months of March and April 1971; and are assumed to be 

representative of conditions occurring in Phoenix, Arizona, 

America. However, for the purposes of the analysis, it was 

assumed the potential ~radients are similar to gradients 

developed in this country, at the same time of the year. 

Additional moisture fluxes were also calculated from 

diffusivity coefficients presented by Phi lip (15) using the 

. . (13) (14) 
potent~al grad~ents presented by Jackson et al. 

The flow arising from electrical potential gradients is 

different, in that usually the electrical potential is applied 

externally. Hence the procedure is reversed such that an 

electrical potential gradient will be determined for a given 

moisture flux and, varying, electro osmotic coefficients. 



Moisture movement due to concentration gradients will be 

discussed in terms of the osmotic efficiency coefficient (or 

reflection coefficient), o. 

3.1 Net moisture flux 

The net moisture flux was assumed to be equal to the 

(12) 
potential evapotxanspiration rates of Bedfordshire in England 

-363-

, 
This area was chosen as a typical example of the evaporation rates 

that are likely to be encountered in this country. The potential 

evapotranspiration rates are listed as monthly averages, however 

for convenience the values have been smoothed and have been 

reproduced as a continuous curve in Fig. 1. 

The soil data recorded by Jackson et al (13) (14) was obtained 

during the months of March and early April, hence the potential 

evaporation for the month of March (Fig. 1) was taken as the 

"overall" moisture flux to be used in the moisture movement 

analysis. 

3.2 Thermal and moisture gradients 

An investigation of the moisture fluxes in soils induced by 

naturally occurring gradients of temperature and moisture content 

has been conducted by Jackson et al. (13) (14) Ground water 

liquid and vapour flux,es and corresponding potential gradients 

were determined at soil depths of 0.5 and 1 cm, on several days in 

March and April 1971 near Phoenix, Arizona, America. From their 

measurements, an average temperature gradient within the soil was 

o estimated to be 1.5 C per cm. Similarly, the moisture gradient 

was estimated to vary in the range 0.025 to 0.075 (cm
3

per.cm
A

). 

3.3 Thermal moisture fluxes 

Thermal vapour diffusivity is an example of a flow coefficient 

which exhibits a maximum value at a particular moisture content. 

(4) -7 
The maximum value presented by Jackson was about 3 x 10 

2 -1 0 -1 (cm sec C). At low moisture contents the thermal liquid 
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was so small that it was assumed to be zero. However for higher 

moisture contents the liquid diffusivity was found to be of the 

same order of magnitude as the vapour diffusivity. In addition, 

over a large portion of the moisture content range, the sum of the 

thermal diffusivites was found to be approximately constant and 

-7 2 -1 0 -1 equal to 3 x 10 (cm sec C). 
, 

The magnitudes of both thermal diffusivities are comparable 

to the values calculated by Philip. (15) Similarly, the sum of 

. the diffusivities of Phi lip was found to be approximately constant 

over a wide range of moisture contents; the peak value of the 

-7 2 -1 0 -1 sum was approximately 2.5 x 10 (cm sec C). 

An alternative estimate of the vapour thermal diffusivity was 

estimated from the site data of Jackson et al. (14) The average 

-7 -2 -1 moisture flux was estimated to be 1.67 x 10 (g cm . sec ), 

which for the average temperature gradient 1.5 (oC cm- 1) yields a 

-7 2 -1 0 -1 value of 1.1 x 10 (cm sec C) for the thermal vapour 

diffusivity. This value is about half the maximum value of 

Philip and one third that of Jackson. However, it appears that 

the value of the thermal vapour diffusivity can be assumed to be 

-7 . 2 -1 0 -1 
of the order of 10 (cm sec C) • 

. 041 The s1te data of ~ackson showed that the thermal liquid 

moisture fluxes (and hence liquid diffusivities) were so small as 

to be negligible. However, it. should be noted that the 

observations were recorded for low moisture contents where liquid 

continuity is expected to be low and hence liquid diffusivity is 

correspondingly low. 

Using the joint thermal diffusivity presented by Philip 

-7 2 -1 0 -1 U.e. 2.5 x 10 (cm sec C) 1 . and assuming a temperature 

o -1 gradient of 1.5 (C cm 1 then the thermal moisture flux was 

-7 -1 
calculated to be 3.75 x 10 (cm sec I, which is about one third 

of the March evapotranspiration rate shown in Fig. 1. 
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Letey(16) suggested that the sum of the thermal diffusivities 

-7 2 -1 0 -1 was generally of the order of 8.33 x 10 (cm sec C). 

o -1 
Using this value and a temperature gradient of 1.5 ( C cm ), the 

-6 -1 
moisture flux was calculated to be 1.25 x 10 (cm sec ) which 

is slightly larger than the March potential evapotranspiratio.n 

rate. From these calculations, it may be concluded that the 
, 

thermal moisture flux appears to be of sufficient magnitude to 

significantly contribute to the overall moisture flux. 

3.4 Moisture fluxes induced by moisture content gradients 

Estimation of the moisture liquid and moisture vapour 

diffusivities was more difficult since their magnitudes are much 

more sensitive to moisture conditions existing within the soil. 

The difficulty was further complicated since for the moisture 

. . (13) (14) 
cond~tions observed by Jackson et aI, there was an over-

lap of values of the liquid and vapour moisture diffusivities. 

At low moisture contents, the vapour moisture diffusivity 

rises rapidly to a maximum value and thereafter declines slowly. 

The peak vapour diffusivity roughly coincides with the onset of 

liquid continuity (and liquid diffusivity). Liquid moisture 

diffusivity increases steadily as the moisture content increases 

and, over the remaining moisture content range, can change by a 

factor of one million. 

Liquid moisture diffusivities, estimated from the data of 

Jackson, were of the order of 0.5 x 10- 5 and 2.5 x 10-5 (cm2 

-1 
sec 1. 'Similarly, values of vapour moisture diffusivity were 

-5 -5 2 -1 
estimated to be in the'·range 0.5' x 10 to 3.5 x 10 (cm sec ). 

The higher values of liquid and vapour diffusivity were observed 

at the higher soil moisture levels. 

The sum of the higher diffusivity values is 6 x 10-5 (cm-
2 

-1 
sec 1 and assuming the average moisture content gradient to be 

0.05 [cm' of moisture per cm' of porous material per cm length), 



Potential 
evapotranspiration' 
rate (cm sec- 1 ) . 
x 10-6 

o 

-366-

, 

Dec Jan Feb Mar Apr May June July Aug Sept Get Nov Dec Jan 

Fig. 1. 
(12) 

Monthly potential evapotranspiration rates in England. 
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then the corresponding moisture flux was calculated to be 3 x 10-6 

-1 
(cm sec ). This value is about three times the potential evapo-

transpiration rate for March or April in this country (Fig. 1). 

Thus at high moisture contents, it appears that both the liquid 

and vapour moisture diffusivities are sufficiently large to produce 

the expected evaporation rate. 

Alternatively the potential evapotranspiration rate for 

-6 -1 March corresponds to a water velocity of 1.2 x 10 (cm sec ); 

-4 
which, assuming an average moisture gradient of 0.05 (cm' cm ) 

to exist, requires the joint moisture diffusivity to have a value 

f 2 4 10-5 (2 -1) . f h . o • x cm sec to sat1s y t e evaporat10n flux. The 

vapour and liquid moisture diffusivity dat~ calculated by Phi lip (15) 

has been reproduced in Fig. 2. It can be observed that the value 

-5 2 -1 
of the diffusivity ~.e. 2.4 x 10 (cm sec ) ) falls within a 

region where the joint diffusivity curve is multivalued. 

The bulk of moisture movement can either occur in the liquid 

phase Clow suction) or in the vapour phase (high suction) or in a 

region where there is approximately equal contributions from both 

phases Untermediate suctions}. However, it should be noted that 

although the moisture content may remain constant at the three 

suction levels, the corresponding free energy gradient is 

dependent upon the moisture conditions and in particular upon the 

rate of change of suction with respect to moisture content, (ah / w 

ael. Generally at high moisture contents (ah /ae) is greater w 

than at low suctions and hence the same moisture gradient at high 

suctions corresponds to a larger free energy gradient. 

Inspection of Fig. 2 shows that the diffusivity value 2.4 x 

-5 2· -1 6 
10 (cm sec ) is satisfied at suctions of approximately 4 x 10 , 

6.3 x 10
5 and 6.3 x 10

3 
centimetres of water head. Assuming the 

temperature to be 200 C these suctions correspond to 'suction' 
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, 

2 -1 (cm sec ) 

-107 _10" -10 o 

Suction cm of water head 

Fig. 2. Liquid and vapour soil moisture diffusivities. (15) 
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relative humidities of 5.5, 63 and 99 percent. Relative humidity 

observations at the field site of a cellar suffering from Rising 

Damp were found to be in the region of 70 to 80 percent (Fig. 77, 

Chapter Seven). 

The diffusivity associated with the higher suctions 

represents moisture conditions that can be considered as being too 
, 

dry for Rising Damp to occur, whilst the diffusivity at the 

lowest suction is more like~y to be the controlling factor of 

dampness in walls. With respect to the diffusivities calculated 

by PhilipU5} it can be concluded that only the liquid phase 

moisture diffusivity, and not the vapour diffusivity, is the 

major contributor to the moisture flux, under moisture conditions 

associated with Rising Damp. 

3.5 Solute-induced moisture flow 

The effectiveness of concentration potentia Is in producing 

moisture flow has been expressed previously using the osmotic 

efficiency coefficient Cor reflection coefficient} CJ. This 

coefficient is generally defined as the ratio of the moisture 

flux produced by an osmotic concentration gradient, (Vn) , to the 

moisture flux produced by a mechanical pressure gradient, (VP) , 

of equal magnitude. B,ecause of the condition (Vn) equal to (VP) , 

CJ is also defined by the ratio of their corresponding flow 

coefficients. 

Factors which affect the coefficient CJ have been discussed 

in Chapter Three and are not discussed here. In addition, for 

present purposes, it is only the value of CJ at different suctions 

that is important. 

K 
(17) 6 

emper stated that at suctions less than one bar (10 

-2 dyne cm I soil film thicknesses were so large that salt con-

centration gradients could be neglected as a factor producing 
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moisture movement. Similar results were obtained from further 

experimental studies. (5) (6) 

Letey(16) concluded that under most conditions, for soil 

5 -2 suctions less than 0.25 bar (2.5 x 10 (dynes cm ) ), the 

osmotic flow coefficient can be assumed to be zero. At suctions 

between 0.25 bar and 1 bar, the value of the osmotic flow 
\ 

coefficient was unlikely to be greater than ten percent of the 

Darcy flow coefficient. In fact the most likely value was only 

three percent of the Darcy coefficient. 

Rising Damp conditions are unlikely to be found at suctions 

greater than 1 bar. Hence assuming Letey's lower value for the 

osmotic flow coefficient (a = 0.03), then osmotic pressure 

gradients thirty times greater than the pressure gradient are 

required to induce comparable amounts of moisture flow between, 

these two modes of moisture movement. 

In order to be able to examine the moisture flux produced 

by osmotic pressure gradients, it is necessary to express the 

diffusivity equation in terms of its equivalent Darcy type 

expression, and noting that the analysis has been limited to 

moisture fluxes occurring at 1 bar of suction. The hydraulic 

conductivity of the soi~, examined by Philip~lS) at 1 bar suction 

-9 -1 
was estimated to be 5.0 x 10 (cm sec ). The difference in 

water head to produce the potential evapotranspiration flux of 

-6 -1 2 
1.195 x 10 (cm sec 1 was calculated to be 2.37 x 10 (cm), 

5 -2 
which is equivalent to a pressure of 2.32 x 10 (dynes cm ). 

Assuming Raoult's law to be applicable, and for dilute 

solutions, the osmotic pressure difference between the two 

solutions can be expressed as 

= (40) 



where R, the gas constant per gram of water (i.e. 4.165 x 106 

-1 0 -1 
(ergs g K» l xL' the mole fraction of water; llx

S
' the 

difference in mole fraction of ionic species in the solutions. 
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For the present example the absolute temperature was assumed to be 

2830 K, in addition the specific volume of water, V
L

, and the mole 

fraction of water, XL' were both assumed to be unity. Further-

more, for dilute solutions, the mole fraction of ionic species 

can be approximated to the number of moles of solute divided by 

the number of moles of water. 

Hence the difference in moles of solute to produce an 

osmotic pressure difference of 2.32 x 105 (dynes 
-2 

cm ), at lOoe 

is approximately 1.95 x 10-4 
moles of solute per mole of water, 

or more usefully, 1.0 x 10-2 
moles of ionic species per 1000 cm' 

of water. If, in addition the recommendation of Letey is intro-

duced, (i.e. r:J is 0.03), then a concentration difference of 

approximately 3 x 10-1 moles of ionic species per 1000 cm' of-

water will be required to produce the March potential evaporation 

flux <.Fig. 1). The solubility of most common ground water 

salts exceeds this figure, hence there is no restriction of the 

development of the osmotic pressure from solubility limitations. 

It should be note~ that the calculations refer to ionic 

species in solution, i.e. with sodium sulphate, which assumed to 

be fully dissociated; one mole of sodium sulphate will produce 

+ 2-
three moles of ionic species (2 x Na and 1 x S04 ) in 

solution. Thus for the above example, the concentration 

difference of sodium sulphate salt will be one-third of the 

-1 
calculated' figure, i.e. 1 x 10 moles of solid salt per 1000 cm' 

of water. For sodium chloride which is fully dissociated in 

solution, the required solute concentration difference is 1.5 x 

-1 
10 moles per 1000 cm' of water. 
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Let us now consider whether a concentration gradient can be 

generated or sustained for a given moisture (evaporation) flux. 

It is assumed that the flow area for moisture and salts is the 

same, and that as a simplifying approximation the concentration of 

sal ts, the velocity of salts and veloci ty of water within the, 

pores is constant. 
, 

The convective flux of salt carried by the moisture is V x 

A x VC where V is the velocity of moisture within the pore; A, 

the area for flow and VC, the concentration difference of the salt. 

The back diffusive flow of salt is given by D x A x VC where D is 

the molecular diffusion coefficient of the salt in water. The 

value of D for a wide variety of solutes and solvents falls with

in the range 0.5 x 10-5 to 4 x 10-5 (cm2 sec-l)~18) 
-5 2 -1 

Assuming an average value of 1 x 10 (cm sec ) and an 

-6 -1 
evaporative flux of 1.185 x 10 (cm sec ) together with the 

assumptions stated above, then the ratio of the diffusive flux to 

the convective flux of salt is approximately eight. This result 

means that any solute concentration gradient established across 

the porous material will steadily diffuse away until the solute 

concentration gradient becomes uniform. 

-5 2 -1 
Even using the val~e of 0.5 x 10 (cm sec ) for the 

diffusion coefficient and a peak summer evaporation rate of 3.6 x 

-6 -1 
10 C.cm sec 1 O'ig. 21 as a worst case estimate, then the ratio 

of the diffusive flux to the convective flux is 1.38; and hence it 

appears that salt concentration gradients cannot become estab-

lished. However the difference between the two fluxes is quite 

small and any interference with either flux could lead to the 

development of salt concentration gradients. 

3.6 Electrically induced moisture flow 

This section is only concerned with externally applied potential 

gradients rather than 'those developed by uneven movement of ions 



-373-

due to fluid movement. The theory of electro omosis and electro 

osmotic coefficient are discussed in Chapter Three and ChapLer 4. 

Furthermore, for present needs, it is only the magnitude of the 

electro osmotic coefficient that is of interest. 

The electro osmotic coefficient has been found to '. 

, (19)- (20) (21)- (23) 
. depend ,on .. temperature and moisture content and 

\ 

in a more complex fashion upon solute concentration and the ion 

absorbtion (or desorption) capacity of the porous material (c.f. 

section 19, Chapter Three). Fortunately, the variation of 

electro osmotic coefficient of soils, in response to the 

variables above, appears to be limited to one or two orders of 

. d th t i 1 106 50 106 (2 -1 1 -1) (19) (20) (22-26) magn~tu e a s x to x cm sec vo t • 

If the lowest value of the electro osmotic coefficient is used, 

as a worst case to estimate the electrical potential gradient 

required to satisfy the potential evaporation flux of 1.185 x 106 

-1 
(cm sec ), then the voltage gradient required is approximately 

1 volt per centimetre. However, to satisfy the peak summer 

potential evaporation rate, an electrical potential gradient of 

about 4 volts per centimetre is required. 

3.7 Summary of natural moisture fluxes 

It must be stated that the analysis of soil moisture flow is 

tentative since no extensive experimental data for a particular 

soil is available; and that the analysis represents a first 

order approximation of the moisture fluxes arising from naturally 

occurring potential gradients in soils. 

It was.assumed that the upward moisture flux was, at least,. 

equal to the potential evaporation rate. The potential evapor-

ation for March was chosen so as to coincide with thermal and 

moisture gradients available for that particular month, even 



though the measurements may not be typical of this country. 

For the assumed moisture conditions, the thermal flux was 

predicted to be one third the expected potential evaporation 

flux(13) (14) (15) although a general estimate(16) predicted that 

the thermal flux was sufficiently large to equal the expected 

potential evaporation flux. 

, 
The moisture flux was of sufficient magnitude to satisfy the 
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potential evaporation flux. However the diffusivity was found to 

be multi valued , in that the flux could either occur .primarily in 

the liquid phase or in the vapour phase or in a region where the 

vapour flux and liquid flux were· of equal magnitude. However, 

moisture suction limitations favoured liquid phase flow. 

Solute concentration gradients necessary, to satisfy the 

evaporation flux, were calculated to be relatively small in that 

solute solubility was not a limitation in the establishment of the 

concentration gradient required. A simple approximation of the 

relative movement of salt predicted that development of solute 

gradients was unlikely to occur and consequently no osmotic flow 

could be generated. However the two salt fluxes (convective and 

diffusivel were calculated to be of almost equal magnitude and 

hence this result should be used with caution. 

The position regarding electrically induced moisture flow is 

slightly different in that the flow is induced externally rather 

than it occurring naturally. Consequently the analysis was 

directed towards the determination of the size of the electric 

potential gradient to satisfy the potential evaporation flux. 

The potential gradient required to satisfy the potential evapora-

tion rate, as a worst case, was estimated to be of the order of 

1 volt per centimetre. 
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4. Cures and cures of the symptoms of dampness 

Treatments of Rising Damp may be classified into two groups:

(i) genuine cures, that is cures which prevent ground water from 

rising up or entering into the wall; and (ii) treatment or 

alleviation of the damp symptoms, where the emphasis is. not 

directed towards preventing upward moisture movement but to mini-
, 

mise the effects of dampness. 

The more common treatments of damp, classified under group (i) 

ar,e active and passive electro osmosis, chemical injection, and 

insertion of a damp proof course. Common treatments classified 

under group Uil ~re cement rendering, painting the surface with 

specially prepared waterproof paints, covering the damp surface 

with waterproof materials. Another common form of treatment is 

methods to improve the evaporation rate, either by removal of low 

permeability barriers or by increasing the evaporation area. 

4.1 Cures of Rising Damp 

4.1.1 Electra osmotic methods 

Rising dampness within the walls of buildings is often 

accompanied by an uneven charge distribution, observed in the 

direction of moisture flow. It is important to determine whether 

the charge distribution is a cause of moisture movement or a 

cogsequence of it. For the former case, removal of the 

distribution will alleviate the damp problem whereas for the 

latter case, removal of the charge distribution will accelerate 

moisture movement within the walls. 

Electro osmotic cures can be· chara·terised as belonging to . 

either 'active ' or 'passive' treatments. With 'passive' electro 

osmotic treatments, no external energy is supplied to the system 

whereas with the 'active' system, an external direct current is 

applied to the wall. 
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Passive e1ectro osmotic damp proofing 

The passive electro osmotic system consists of a copper 

band or series of electrodes fixed into the wall, usually at the 

(27) 
height of a conventional damp proof course. The copper band 

(or electrodes) is earthed to the ground via a metal spike (o~ 

spikes) • The aim of the system is to provide a path of low 

. , 
resistance such that the unevenly charged state of the wall can be 

dissipated. 

Several theories have been proposed to explain the action 

of this· system as a cure of Rising Damp. 
(27) 

It was proposed 

that the charged state of the wall is somehow associated with the 

property of surface tension of the ground water. That surface 

tension is responsible for rising moisture (capillarity). It was 

argued that removal of the uneven charge distribution via the 

low resistance path would rob the moisture of its property of 

surface tension and hence prevent moisture rising within the wall. 

The property of surface tension is associated with Van der 

(28) (29) 
Waals forces. These forces originate from the electro-

static tcharged) interactions of atoms, or molecules, or even 

particles, of an electrically neutral system. The charges may 

originate from ions or ?ipoles (permanent or induced) in the atoms 

or molecules. It is the sum of these interactions at the phase 

interface that results in the property of surface tension. 

Water is an example of a polar fluid (Le. a permanent 

dipole) ,DOl and that the dipoles of water molecules can be 

affected by external electric fields, which in turn affect the 

property of surface tension. hm 'd 1(31), , d th Sc 1 et a 1nvest1gate e 

effect of electric fields, of either polarity, upon the surface 

tension of salt solutions. Schmid found that applied fields of 

up to 6700 volts per centimetre reduced the surface tension by 
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about one percent of its normal value. Since the surface tension 

was reduced for applied fields of either polarity (the reduction is 

a result· of increasing dipole alighment), Schmid concluded that 

the orientation of the water dipoles was usually only very slight. 

Pronounced orientation of the dipoles in one direction would .lead, 

on application of an electric field, to a lowering of the surface 
, 

tension with one polarity and a raising of the surface tension 

with .the reverse polarity. This may be followed by a lowering 

of the surface tension in the case where the applied field is 

strong enough to reverse the dipole orientation. 

The almost random orientation of water molecules (and 

associated ions) is not a condition which would be affected by 

removal of excess local ionic charge. Hence it is concluded 

that the earthed copper band cannot significantly affect the 

property of surface tension of moisture, and hence prevent its 

subsequent movement up the wall. A simple repudiation of this 

theory would be to test whether a liquid meniscus could be 

observed when a copper plate is dipped in water, or whether 

water could be observed to rise up a copper capillary. 

A general comparison between active and passive damp treat-

. (32) ments has been discusse~, ~n a later paper by Holmes. In 

the later paper, the wall was likened to that of a battery on 

permanent trickle charge. It was argued that the charged state 

of the 'battery' was responsible for Rising Damp and that by 

discharging the battery, the problem of dampness could be cured. 

A simplified diagram of the wall moisture system presented by 

Holmes can be found in Fig. 3. 

In the passive system it is argued that the copper band 

provides a low resistance path such that the excess charges can 

neutralise each other. Alternatively the excess charges can be 

actively destroyed using an external D.e. generator G.2. 



It is interesting to note that Reuss demonstrated that for 

powdered silica water moved from the anode to the cathode. (33) 

Building materials are commonly composed of silaceo~s materials, 

and it is to be expected that moisture would migrate from the 

anode to the cathode. Inspection of Fig. 3 shows that the 

polarisation of the generator G.2 would in fact accelerate the 

upward movement of moisture. 

From this it may be inferred that removal of the positive 

charge from the wall would exacerbate the dampness, a point 

, (34) 
which was noted by R~chardson. 

A more scientific explanation of how the passive system of 

1 t " h R' , d b G (35) e ec ro osmos~s m~g t cure ~s~ng Damp was propose y ray 

who discussed the problem in terms of thermodynamics of irre-
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versible processes. Gray proposed that ground water, containing 

dissolved salts, was drawn up the wall by the normal capillary 

potential of the wall. The concentration of dissolved salts 

increases with height because of evaporation. Subsequently the 

differential concentration of salts produces an osmotic pressure 

head in addition to the capillary head, which would enhance 

moisture flow up the wall. The process would continue until a 

maximum osmotic pressUFe difference was developed. 

A maximum solute pressure would be established when back 

diffusion of salt down the wall becomes equal to the upward· 

migration of salt associated with the ground water flow or when 

the concentration of salt in solution becomes limited by the 

solubility of the salt. If the solubility product is exceeded 

then localised efflorescence would appear as a salt band, high up 

the wall. Its upper limit may be taken as the boundary between 

the wet and dry portions of the wall. A schematic diagram of the 

above process can be found in Fig. 4. 
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A schematic circuit diagram showing alternative 

methods of preventing rising damp by electro osmotic 

damp-proofing. 
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, 

Fig. 4. Schematic illustration of a capillary rise - evaporation 

cycle producing an osmotic head which is superimposed 

on the normal capillary head in a masonry wall. 
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The surfaces of porous building materials normally acquire a 

negative charge, either by absorption of anions (-ve) or more 

likely by desorption of cations (+ve). In either case the bulk 

liquid is left with a net positive charge. Upward movement of 

the bulk liquid may lead to an accumulation of cations high~r up· 

the wall. This effect is enhanced by the negatively charged 
, 

surface since it would repel anions and attract cations. 

Upward anion movement can be restricted or even prevented 

when thin films of moisture or small pores are encountered. The 

restriction of ions by charged surfaces has been used to explain 

the temporary blocking of membranes. (361 In addition negatively 

charged ions tend to be larger than cations and hence anions 

might be physically impeded or completely restricted from entering 

certain pores or films, as noted by Richardson (34) and experi-

mentally demonstrated by Kemper and Evans. (4) 

For the system described above, the mobility of cations is 

greater than that of the anions and it is expected that a positive 

charge would accumulate higher up the wall, and a net negative 

charge would accumulate at the base of the wall. In addition, 

the volume flow of solution is accompanied by the simultaneous 

movement of salt and el.ectricity. 

The theory of non equilibrium thermodynamics offers a 

possible description of the flow processes. For systems not far 

from equilibrium the fluxes are linearly related to their res-

pective driving forces (c.f. Darcy's law). For combined flow 

systems, an allowance must be made for the coupling of the forces 

(i.e. salt concentration differences can produce volume (liquid) 

flow and an electrical current as well as the primary salt flow. 

For isothermal conditions, the simultaneous fluxes of volume, 

salt and electricity can be represented by a 3 x 3 matrix of 
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driving forces and associated coefficients. If a proper choice 

of forces and fluxes has been made, then the following identity 

will hold Lik = ~i' which is Onsager's well· known reciprocity 

• (37) 
relationsh].p. The letter L is the flow coefficient 

associated with a particular driving force. The coefficients Lii 

are the primary conductivity coefficients whereas Lik (i # k) are 

the coupling, or interaction coefficients. 
, 

The flow matrix can 

be characterised by six flow coefficients. (38) 
Kedem and Katchalsky 

have shown that the flow matrix can be written in terms of so-

called "practical"· transport coefficients, 

= L (liP - lI1f.) -0 L lI1fS + eI 
p ]. P 

= 

I = 

Equation l41} may also be expressed in the equivalent form, 

= 

Further variations can be generated by substitution of the 

following relationships 

= 

= 

J v' J s ' I are flows of volume (liquid), salt (species S) and 

current, all with respect to unit flow area of porous material. 

The 'practical' transport coefficients introduced are Lp' the 

(41) 

(42) 

(43) 

(41a) 

(44) 

(45) 

filtration coefficient; 0, the reflection (or osmotic efficiency 

coefficient); e, the electro osmotic peremeability; ~,-solute 

permeability; T
1

, transference number; K, the electrical con-

ductance. The additional parameter PE is called the electro 

osmotic pressure. The driving forces are liP, the mechanical 

pressure difference; lIn, the net osmotic pressure difference; 
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~~i' net difference in the osmotic pressure arising from all 

impermeable solutes; ~~s' the difference in osmotic·pressure of 

the permeable solute. Note that ~~ = ~~i + ~~s; E, the electro-

motive force measured between reversible electrodes. The other 

variables are Cs' the mean concentration of permeable solute,. 

• 
solute; Y1, a stoichiometric number, that is number of moles of 

type 1 ion per mole of salt; Zl' the valency of the type 1 ion 

not involved in the electrode process; F, Faraday constant; R, 
m 

the universal gas constant per mole; T, the absolute temperature. 

Gray (35) , using equations (41)-(43) together with the 

following assumptions:-

~) For short circuiting, E = 0 

(11) Open circuit, I = 0 

~ii) For quasi steady state, J v = 0 

(iv) A leaky membrane, ~ni = 0, 

developed the following expression 

= [1 - -'C"-s-Y-:-:""l-T"';;:"""L-p-cr } (46) 

where the subscripts E, I refer to open circuit and closed circuit 

respecti vely.· The other symbols have their usual meaning. Gray 

stated that for electrical short circuiting to be successful in 

suppressing the osmotic component of moisture rise then 

o (47 ) 

Gray however appears to have confused the osmotic component 

of the pressure head (~~i or ~~) with the 'mechanical' pressure 

head (~Pl. Inspection of Fig. 4 shows that the assumption J
v 
~ 0 

is not valid. 

Let us nOW reconsider the effect of short circuiting, and 

concentrate upon its effect upon the moisture flow into the wall. 

Note, in the present examination, eqn. (41) is replaced by its 



equivalent expressiong eqn. (41a), and the group (Ka)/L is 
p 

replaced by the variable -PE. Assumpti?ns (i), (ii) above are 

taken to be valid and assuming the wall to be in steady state, 

then for open circuit J s ' I are both equal to zero. The fluxes 

and forces associated with short circuiting will be marked ~y a 

dash (') whilst for open circuit the fluxes and forces will be 

unmarked. • It is assumed .that the transport coefficients remain 

the same for both open and closed circuit. 

Eqn. (41a) for short circuiting yields 
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J y ' = L (lIP-Mr') + L (1-a) tm ' + aI' 
ppS 

(48) 

The current density I' can be obtained from eqn. (43), which when 

substituted into eqn. (48) yields 

J y ' = Lp(llP-lilT'l + Lp (l-allllTs ' + Si-PE J y '+K(1:/(Y1 Z 1F ) 

(lilT '/c') I s s (49) 

) ) and L (l-a) can be eliminated, using 
p 

equations (431, (41al for the open circuit to yield 

(1+{lP lJ ' - L (liP-lilT') E y p [JYfl+BPEf~:, }}-Lp (liP-lilT) 

+ PE Lp Er ~:,)] 
Note that in eqn. (SOl for the last term on the right hand side, 

PE Lp is equal to -SK. 

(50) 

It is assumed that the mechanical pressure (liP) is the matrix 

(or capillaryl suction, and it remains constant irrespective of 

short circuiting or not. For short circuiting.to work J ' 
Y 

should tend to Zero. Furthermore Jy(open circuit) may be 

eliminated, using eqn. (41al. Hence eqn. (50) may be exPressed as 

- (liP-lilT') 
lilT ' 

S 
= lilTS [

Cs 
(l-a)lIlT I1+SP -C I + SE' 

S 

Cs ] E-
C , 

S 
(511 



Both eqns. (50). (51) are characterised by only three trans-

port coefficients (B. PE' L or B. P • 0) together with the con-
p E 

centrations CS' CS' and permeable solute osmotic pressures (nS ' 

n
S
'). and net osmotic pressure of all dissolved materials (~n. 

~n'). Eqn. (50) predicts the effect of short circuiting whilst 
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eqn. (51) describes the expected effect of short circuiting (Jv'~ 

, 
0). 

It has been stated that the electrical potential differences 

observed in damp walls were solely a result of the differential 

mobility between the cations (+ve) and the anions (-ve). The 

potential difference generated by this uneven movement is called 

the streaming potential and has been defined by Kedem and 

Katchalsky(38) as 

streaming potential = _ [~E } 
llP-~n) 

1T
S

,I 

where the subscripts refer to flows or forces which are held at 

zero. Eqn. l521 can be obtained by substitution for J
V

' from 

eqn. l41al. into eqn. (431. 

Another potential difference (membrane potential) has also 

(38) 
been defined by Kedem and Kat~halsky in terms of the trans-

ference number 

(52) 

(53) 

This potential is related to the concentration difference of the 

permeable solute across the porous material. and as such. may be 

likened to the effect of concentration difference upon electrode 

l28) potential. . The dependence of electrode potential upon 

concentration difference can be expressed by 
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E = Rm T In[ai2) 
Z F ail 

(54) 

where Z is the valency of the species i; R , the Universal gas 
m 

constant per mole; T, the absolute temperature; F, Faraday's 

constant; a" the activity of permeable species i at the two 
1 

concentration levels 1, 2. 

For dilute solutions, the activity (a) can be replaced by 

concentration, hence eqn. (54) may be written as 

R T 

ln ri2) 
m 

E = Z F Cil 

R T 

[C
i2

) 
m 2.303 10910 = Z F Ci1 

, 

(SS) 

o For a univalent ion at 25 C, the group 2.303 R T/F approxi
m 

mately equal to 0.059 and hence a tenfold difference in con-

centration would produce an electrical potential difference of 

0.059 (volts). Voltage differences in damp walls are generally 

in the range 0.2 to 0.4 lvolts), although readings as high as 0.6 

to 0.8 lvol ts) have been observed. (2 7) It is apparent from the 

calculations above that concentration (and temperature) differences 

in damp walls might account for a large fraction of the observed 

potential differences, particularly for salts with a high solu-

bility in water. 

However, it is immaterial whether the observed voltage 

differences are a result of either streaming potential or 

membrane potential since both phenomena are accounted for in the 

formulation of eqns. l4l.)~ (431 and hence the effect of short 

circuiting upon the flow of moisture as described by eqn. (SO) is 

unaffected. 

The discussion of passive electro osmosis so far has been 

limited to an investigation of the theoretical principles of how 

the system affects dampness within a wall. Let us now consider 
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whether there is any experimental evidence to determine whether the 

passive system does or does not work. Once again, there appears 

to be little published data pertaining to the effects produced on 

installation of a passive electro-osmotic system. 

The passive system was observed at two locations in 

. (39) 
Australl.a. At the first location, the damp problem was 

, 
investigated for a period of nine months after the system had been 

installed. 
(39) 

The authors found no evidence that the 

installation was having any worthwhile effect, and that a later 

consultation with the owner four years after installation, also 

confirmed that there had been no apparent reduction in the damp-

ness of the walls. After such a long period it was concluded 

that it was unlikely that any change in the damp condition of the 

wall was to be expected. 

Observation at the second location commenced about three 

months after installation of the passive system. Resistance 

(electrical) measurements by the installers had already shown that 

there had been a consid~~able degree of drying out. However, 

further investigation revealed that the installation of the 

electrodes had been accompanied by the removal of several layers 

of oil based paint, up to a height of 1.2 metres above the floor. 

Paint was subsequently removed from an untreated section of wall, 

and measurements of moisture content of both treated 'and untreated 

wall were recorded, for a further period of ten months. The 

drying curves of the two walls were found to be almost coincident. 

From this it was concluded that the passive system did not 

influence the results, or that there was no evidence, at either 

site, to suggest that the passive electro-osmotic system 

facilitated the drying of damp walls. 

It is difficult to determine whether the two sites were 

typical examples of damp walls or whether they were examples of 



" 

exceptional conditions where the passive system would produce no 

desired effects. 
(33) 1 (27) (32) d 

However, Benster I Ho mes an 

Wieden(40) all quoted cases where the passive system had been 

successful in curing wall dampness, but provided no factual 

evidence to support these claims. 

It appears that, as a cure of dampness, passive electro-

osmosis is highly controversial. 
, 

EVen if the system does work, 

it cannot yet be satisfactorily labelled as a 'good' cure, since 

installation of. the system does not always provide a cure of 

dampness, and furthermore no explanations for the failures have 

been correlated. This means that there are no guide lines 

availables to assess whether this type of installation should be 

used at a given location. 

Active electro osmotic damp proofing 

The theory of active electro osmosis is much less contro-

versial. The movement of water is a result of the interaction 

between an applied electrical potential and the electric (Gouy) 

double layer at the solid surface. The more common (silaceous) 

building materials acquire a net negative charge at the solid 

surface either by absorption of anions (-ve) or more likely by 

desorption of cations. 
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The negatively charged state of the wall results in a greater 

concentration of cations near to the solid surface. On 

application of an external potential difference (D.e.), the 

cations are induced to flow towards the cathode. However, not 

all the cations are free to move; general movement of· cations··is 

assumed to occur at a given distance from the solid surface. The 

electrical potential of this shear plane, determined by its 

proximity to the charged solid surface is called the zeta 

potential. The drag from the cations as they move towards the 



cathode induces moisture to move towards the cathode. Further-

more the cations may be hydrated which may also assist the move

ment of moisture towards the cathode. 

-38!)-

If the solids surface acquired a positive charge then it is 

to be expected that build-up of moisture would occur at the anode 

on application of a direct current electrical potential. 

The theory of 'active' electro osmosis is discussed more 

fully in Chapter Four. 

Active electro osmosis may be regarded as a peculiar example 

of electrolysis. The difference between it and ordinary electrol-

ysis arises solely from the presence of the porous material. The 

action of the porous material is that of a buffer or resistance 

which enables moisture to build up at one of the elctrodes, a 

situation that cannot be observed in ordinary electrolysis. The 

porous material also enhances the movement of water in a particular 

direction; which is a consequence of the double layer, the ionic 

concentration associated with the double layer, and the applied 

electrical potential difference. 

Because of the simularity of electro osmosis with electrol

ysis, it is expected that factors which tend to restore the system 

to one of ordinary ele~trolysis are the ones which will reduce the 

efficiency of the electro -osmotic process. The most obvious factor 

which affects the electro osmotic coefficient is moisture content 

~.e. film thicknessl. For thin films and assuming a negatively 

charged solid surface, bulk liquid movement is towards the cathode 

when a potential difference is applied. 

Anions may be partially restricted from entering the thin 

films because of their similar polarity to that of the solid 

surface. However, as the film thickness is increased, more and 

more anions will be able to traverse the porous material in the 

outer regions of the film away from the surface. However, because 



of their charge, anion motion is opposite to the direction of 

bulk moisture flow. Not only does this reduce the net ionic 

drag upon the moisture (towards the cathode), but a fraction of 

the electricity is now conducted by the anions. This action 

reduces the electrical efficiency of the process. 

For large films a situation may be reached where the inner 
, 

regions of moisture near to the solid surface are moving towards 

the cathode whilst the outer regions (under the influence of 

anions) are moving towards the anode. This is an example of a 
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situation where a portion of the electrical energy is merely used 

to circulate moisture rather than transport it in a given 

direction. This circulating motion can also occur b~tween pores of 

. l36} dissimilar s~zes. 

The action of solute concentration is more complex. In 

dilute solutions the electro osmotic coefficient increases with 

solute concentration (the increasing ionic concentration in the 

double layer increases the osmotic effect, until a maximum is 

reached). 

Further increases in solute concentration reduces the 

effective double layer thickness which in turn reduces the 

degree of restriction of anions. Greater anion mobility lowers 

the electrical efficiency of the pores which is reflected by the 

value of the electro osmotic coefficient lc.f. Chapter Three, 

sections 18, 19}. 

The thickness of the double layer is also diminished by the 

replacement of monovalent ions by divalent ions (or ions of 

greater valency). The effect of reducing the thickness of the 

double layer is equivalent to increasing the thickness of the 

moisture film. In addition the fraction of electricity 

associated with the electro osmotic pumping action decreases as 

the concentration of the electrolyte is increased. In other 
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words as the concentration of electrolyte is increased more 

energy is wasted on electrolysing the solution rather than trans-

porting water towards the cathode. 

From the discussion above, the use of active electro 

osmosis cannot be recommended for very wet walls containing large 

-6 pores (greater than 2 x 10 (cm) or for highly saline ground 

waters, and particularly not in the situation where both are 

combined. 

The action of active electro osmosis may not be limited to 

the electro osmotic pumping action but may yield the additional 

benefit of a reduction in permeability of the wall to moisture. 

The reduction of permeability may be a consequence of salts 

, 

precipitating at the cathode and/or by entrainment of relatively 

large charged particles, which have been induced to move by the 

action of the applied potential difference but have subsequently 

become trapped within the porous material itself (electrophoretic 

blocking). With the former method of pore blocking, no lasting 

reduction of permeability can be obtained since removal of the 

applied potential difference will allow moisture to re-invade the 

wall and consequently the precipitated salt barrier will slowly 

be dissolved away. 

Where the blocking is effected by insoluble charged 

particles the pore blocking may be more permanent since the 

particles may remain in position after the electrical potential 

(401 has been removed, i.e. a damp proof course has been established 

'electro-phoretically'. 

A disadvantage, in the past, of active electro osmosis was 

corrosion of the anode, a phenomenon which is also frequently 

associated with electrolysis. Anodic corrosion can lead to 

failure of the system (reduced effectiveness) and increased costs 



(replacement and maintenance of the anodes). However, the 

problem has been overcome by the introduction of a corrosion-free 

(34) 
carbon anode. 

Even so the major disadvantage still remains, which is the 

continual use of electricity by the system. The cost of runl1ing 

the system may become prohibitively expensive especially where 

highly saline wall moisture is encountered and particularly 

where the walls are rather damp. 
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However, it should be noted that as the electrical efficiency 

decreases, more energy appears as heat in the wall, which may in 

turn considerably affect evaporation from the wall, thus enabling 

it to dry out. 

4.1.2 Chemical injection 

With this method damp proofing is affected by injection of 

water repellent chemicals into holes spaced at intervals, along 

the bottom of the wall. The aim of the system is to allow the 

chemicals to spread out from their injection points until they 

meet up to form a continuous water proofing band. 

Early types of water repellents used were solutions or 

emulsions of waxes, oils, resins, fats and metallic soaps. A 

typical example of the latter is aluminium stearate. More 

recently developed water repellents are silicone based, either as 

silicones in organic solvents or as silicone emulsions, or as 

aqueous solutions of siliconates. (41)-(43) 

One of the problems associated with chemical ihjection is 

that different formulations of chemicals are required for differ-

ent building materials. An example is the recommendations 

1 i th il · f . b 'ldi '1 (43) re at ng to e s ~cone treatments 0 var~ous u~ ng mater~a s. 

Other problems with chemical injection is the 'useful' life 

of the barrier; and the effectiveness with which the barrier can 
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be installed. At present neither the life of the barrier nor 

the rate of degradation of the barrier by chemical attack can be 

predicted. Problems associated with the actual injection of the 

chemicals with respect to the effectiveness of establishing a 

barrier have been examined at the Building Research Establishment 

(44) 
at Watford. 

Three areas of difficulty were identified, 'frontal insta-

bility', 'residual water saturation' and 'recovery at break

through' . 

\ 

A consequence of frontal instability (fingering, wormholing) 

is that a complete water proofing barrier might never be formed. 

The appearance of injected fluid at the outer faces of the damp 

porous material might be mistakenly associated with complete 

replacement of wall moisture by water repellent chemical 

solution. 

Similarly recovery at breakthrough, which is defined as the 

amount of resident fluid displaced before appearance of injected 

fluid is observed at the outlet surfaces of the porous material, 

might also be mistakenly associated with complete replacement of 

the original fluid by the injected fluid. 

Residual saturations of water and air, after injection, are 

important since they can provide continuous moisture pathways 

across the water repellent barrier and hence reduce the effective

ness of the barrier. 

Frontal instability associated with chemical injection is 

very similar to the instability encountered with oil-water dis-

placement, which has been discussed in Chapter Six. A difference 

that exists between the two examples of displacement is that for 

the oil-water example it was assumed that the pore space was 

either full of oil or water. With chemical injection, the pore 
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space may initially contain air and water, and after injection, 

the pore space may contain air, water, and injected water 

repellent. In other words oil-water displacement was taken as a 

two phase displacement problem whilst chemical injection·rep-

resents a three phase (or multiphase) displacement problem. Hence 

the two phase criterion of frontal stability, defined as the 
, 

mobility ration n (= (k U /k ~ ) must be extended to allow for the 
w' 0 0 W 

p~esence of the gaseous phase. Note that k is the permeability to 

a given phase; ~,the viscosity of a given fluid phase; the sub-

scripts w,o refer to water phase and oil phase respectively. 

Although the theory of multiphase displacement is required to 

describe the process of chemical injection, and in particular the 

topics of residual saturation and recovery at breakthrough, 

complete discussion of the theory is deemed to be beyond the scope 

of present needs and hence it has been omitted. However the 

effectiveness of chemical injection as a damp proofing has been 

examined at the Building Research Establishment, Watford. (44) 

Investigations at the Building Research Establishment showed 

that if recovery at breakthrough was adopted as the main criterion 

for displacement efficiency, the optimum results could be obtained 

by using slow rates of ~hemical injection and by increasing the 

viscosity ratio of the injected fluid to that of the resident 

fluid. The viscosity effect could have been tentatively pre-

dicted from consideration of the mobility ratio, n. 

Increasing the viscosity of the injected fluid above that of 

the<resident fluid leads to the development of stable fronts 

!reduced fingeringl and ultimately a more effective moisture 

barrier. Lowering the injection rate allows more time for the 

development of stable fronts, 
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The various types of chemical injection methods and the two 

electro osmotic methods of treating dampness are examples of non-

traditional or more modern solutions of the problem of Rising 

Damp. They are characterised by their ease of installation and 

almost universal application at most damp locations. These 

factors contribute to their relative cheapness when compared to 
, 

the cost of installing more traditional damp proof barriers. 

However, their effectiveness and success rate in. curing dampness 

is lower than the more conventional treatments of damp. 

4.1.3 Traditional methods of treating dampness 

Replacement or installation of an accepted damp proof course(45) 

is the only reliable, and traditional, method of treating Rising 

Damp. The installation of an established damp proof course is 

slow, dirty and relatively expensive compared to other treatments 

l46l of dampness. One method involves the removal of short 

lengths of house bricks (about 0.6 metres at a time) which are 

replaced by a course of Engineering Blue bricks. 

An alternative method to that of replacing a course of 

ordinary house bricks is to cut away the mortar binding two 

courses of bricks together. The mortar may be removed by a hand 

" (46) (47) 
saw or a spec~ally des~gned power saw. The damp proof 

course is again inserted in 0.6 metre lengths. This method is 

less costly than the insertion of a blue brick damp proof course. 

A disadvantage of both methods is subsequent settlement of 

the building, which may cause other structural damage. The 

amount of settlement is estimated to be about 1.5 millimetres. 

With respect to the removal of mortar, two thicknesses of 

slot may be cut. For the narrower slot half-hard copper sheet 

is hammered into position, whtch then acts as the damp proof 

course. An alternative is to use zinc sheet which is cheaper, 
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but only has an estimated life of ten to fifteen years. For wide 

slots the ~amp proofing materials recommended are two layers of 

bitumen felt which when in position are ovelapped slightly to 

provide a more continuous barrier. Soft copper sheet or poly-

thene sheet (0.5 cm thick) may also be used. The latter is 

impregnated with carbon black to prevent deterioration by sun-
, 

light. 

Estimated rates of installation of the damp proof course are 

3.3 metres for a nine inch wall (22.5 cm). However where ob-

structions are encountered the rate may decrease to 0.6 metres 

per hour. For older houses, rates of 1.3 metres per hour for a 

nine inch wall or 2 metres per hour for a four and half inch wall 

are common. 

The advantage of these methods is that they provide a 

definite cure for dampness; unfortunately however this type of 

treatment cannot be used at every location. In addition, as 

stated earlier, these treatments are relatively more expensive 

than less traditional treatments. 

4.2 Alleviating or hiding dampness 

The remaining methods of treating dampness are not strictly 

classified as cures since ·moisture is not prevented from entering 

into the wall but is either assisted in evaporating from the wall 

or where convenient, the damp area is covered over with a water

proof ma. terial. 

4.2.1 Methods of increasing the evaporation flux 

One of the methods of _improving the evaporation. rate is 

removal of impermeable or only slightly permeable layers such as 

oil based paint, cement, vinyl wallpaper, and plaster. Another 

method of increasing the evaporation rate is increasing the 

ventilation rate around the damp wall and/or increasing the 
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evaporation area. Examples of this type of method is the 

insertion of air bricks or specially designed tubes (Knapen tubes) 

or, more simply, by drilling holes through the house bricks or 

into the building materials. Removal of items from the base of 

the walls will also assist the drying of the damp areas. 

The effectiveness of Knapen tubes has been investigated by 

. (39) , 
He1man et al who found that the most efficient type of tube 

was merely a hole drilled into the wall. The authors summarised 

the conditions which were favourable or unfavourable for the 

installation of Knapen tubes. 

The major problem.associated with this method of treating 

damp is that moisture is encouraged to evaporate. .With internal 

rooms, this would result in cold damp conditions or for inhabited 

rooms it would require extra energy to keep the rooms warm. This 

latter situation is also favourable to formation of dew within the 

room and secondary moisture problems such as growth of moulds or 

fungi. Hence this method cannot be recommended for internal 

rooms although it may be suitable for external locations. 

4.2.2 Wall linings 

Wall linings represent methods of hiding dampness. Types 

of lining used are ceme~t rendering, oil-based paints, waterproof 

wallpaper and polythene sheeting. Cement rendering requires the 

removal of plaster from the wall. The recommended height to which 

cement should be applied is 0.5 metres above the highest level of 

dampness. The cement surface may then either be painted or 

covered in waterproof wallpaper. 

. (46) 
Alternat1vely the plaster may be removed and the wall 

coated with corrugated pitch or bitumen lathing or to simply coat 

the wall with bitumen or a rubber tar preparation. Note when 

rubber tar or bitumen is applied directly to the wall, a special 



plaster mix is required which does not shrink on drying. In 

addition, these materials tend to lose their adhesion from the 

walls after about 10 years. 
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A good cheap method which does' not necessitate the removal 

of plaster and which also provides a degree of thermal insulation 

is the use of plasterboard and timber battens. The wooden 

battens should be treated with wood preservative and the gap 

should be treated with fungicide to prevent mould growth. 

, 

For damp areas where the plaster .has not been damaged, pitch 

paper may be fixed to the wall with bitumen. Alternatively lead 

foil together with red lead and gold size, as an adhesive, can be 

used or even aluminium foil backed by a thermosetting glue, which 

can simply be ironed onto the wall. 

General recommendations relating to the use of wall linings 

are that the wall should be treated up to a height 0.5 metres 

beyond the damp area. Where plaster has been removed from the 

wall, it should be allowed to dry out so that salts which sub-

sequently become precipitated can be removed. It should be 

noted that where wall linings are used, evaporation is reduced or 

prevented, and consequently dampness in the wall becomes more 

severe. The method should be used with caution where there is a 

danger of moisture reaching structural woodwork. 

4.3 Summary of treatments of Rising Damp 

Traditional methods of treating wall dampness are the only 

sure method of curing damp. They are relatively expensive to 

install because replacement or installation may involve large 

amounts of structural work. The methods are applicable to most 

locations where dampness is prevalent. However, the method is 

not suitable for solid walls and walls constructed of irregular 

sized building materials. Problems occur where obstructions such 
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as pipes, are located close to the wall. Settling of the building 

after installation of the damp proof course may also cause 

structural problems. 

Less traditional methods of treating dampness such as active 

and passive electro osmosis, and chemical injection suffer the 

disadvantage that their installation does not necessarily lead to 

a cure of the damp problem. 
, 

The action of passive electro osmosis 

is still controversial. The theory of active electro osmosis is 

better understood, however the high cost of running the system and 

its effectiveness in very wet salty areas may prohibit its general 

use. 

Chemical injection suffers from the problem of establishing 

an effective waterproof barrier, and the length of the useful 

life of the barrier. However, it is almost impossible to dis-

tinguish whether dampness is a result of erosion of the injected 

barrier or due to its initial leaky installation. Chemical 

injection is an example of a multiphase displacement problem, 

which for the sake of brevity has not been covered in the present 

work. 

Wall linings are merely methods of hiding dampness, and 

cannot strictly be cal~ed cures of damp. Care must be taken with 

their installation, since the method leads to increased wall 

dampness. 

Methods of increasing the net evaporation rate from the wall 

are examples of attempts to alleviate the damp problem and again 

cannot be regarded as cures of damp. 'These methods might be use-

ful for external walls but their use with internal walls leads to 

cold damp rooms which, if heated, require extra energy to 

maintain them at a comfortable temperature. Problems of con-

densation particularly overnight, are also more probable when this 

system is used. In addition the damp, warm conditions will 
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favour the growth of moulds, fungi and insects, which cause 

structural damage particularly to woodwork. 

5. Review of the phenomenon of Rising Damp 

Rising Damp is usually regarded as the continual upward move-

ment of moisture from the ground into the walls of buildings and 

then into the atmosphere. The moisture migration process is in 
, 

fact much more complicated since moisture movement is accompanied 

by movement of heat energy, solutes and electric charge (current 

flow). 

Additional factors which add to the complexity are:- (i) 

the considerable variability of the values of the flow coefficients 

over the full range of moisture conditions, and that these same 

coefficients exhibit hysteresis when subject to diurnal and 

seasonal changes in moisture levels. (ii) The spatial and 

temporal changes of the porous matrix system which permanehtly 

alters the values of one or more of the flow coefficients. 

Typical examples are dissolution of the matrix by rising ground 

water Geachingl and precipitation of salts at the evaporating 

surface (pore clogging, efflorescence). (iii) The interaction or 

coupling between the flows and potentials, i.e. a temperature 

gradient can induce the flow of moisture (mass) as well as the 

obvious flow of heat. 

The upward flow of moisture is essentially classed as either 

a flow-limited or an energy~limited process. For the flow-

limited process, moisture conditions within the wall are largely 

determined by the flow of moisture into the wall. 

Alternatively with energy-limited moisture motion, moisture 

movement within the wall is governed by the supply of energy, 

which is consumed by moisture evaporating at the surface of the 

porous material. 
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Energy-limited moisture movement is normally associated with 

walls that were constructed without a damp proof course or where 

the damp proof course has failed. The process is characterised 

by excessive moisture levels within the walls, which can sub-

sequently result in structural damage. 

Since moisture is in excess, then evaporation conditions 
, 

within the damp area of the wall tend to behave as though the wall 

was a free liquid surface where the surface temperature is equal 

to or. very close to the wet bulb temperature. Also the suction 

developed by the damp wall will be relatively low. 

It should be noted that moisture movement within a wall con-

structed without a damp proof course, may initially behave as a 

flow-limited process, however over the years, as a consequence of 

leaching, the moisture migration process may change into an 

energy-limited process. The change over may be hastened by the 

fact that the leached salts may precipitate out at the evaporating 

surface thus reducing the evaporative area. 

Flow limited moisture movement is usually found in walls with 

a functioning damp proof course .. The walls develop higher 

suctions when compared to energy-limited walls. The level of 

dampness within the wall is. primarily controlled by atmospheric 

moisture conditions; or in other words, the wa"ter vapour pressure 

of bulk air determines the radii of curvature of the liquid-vapour 

interface and hence indirectly determines the corresponding 

moisture content level. 

The-relati vely high-suctions-· {and-corresponding -low -moisture 

contents) tend to restrict moisture movement solely to the vapour 

phase or to vapour phase movement with some liquid movement in 

thin films. Under these conditions solute mobility is seriously 



impeded and hence it is unlikely that large amounts of salt 

could accumulate at the evaporating surface causing damage or 

efflorescence. 

However, where the ground water is very saline and, in 

addition, the potential evapotranspiration rate is high then 
7 

solute damage and/or effloresence might be developed by the wall 
, 

even though the moisture migration process is described as flow-

Hmi ting. 

In the United Kingdom the most likely type of moisture 
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migration process thought to be responsible for Rising Damp is the 

energy-limited process. As stated earlier the extent and move-

ment of moisture within the wall under these conditions is 

primarily affected by the rate of supply of energy to the evapor-

ating surface. In addition moisture conditions within the wall 

can also be affected by transient moisture conditions within the 

ground, since the wall offers little resistance to the inflow or 

outflow of moisture. 

Hence the wall would tend to dry out during the summer 

months when water tables are low, and evaporation is high, and 

soils relatively dry. The speed and extent of drying of the 

wall may determine whether extensive efflorescence occurred 

during this period, however the probability of efflorescence 

. appearing may be· offset to some extent by the increasing solu-

bility of the salts during the warm summer months. 

During the winter months, the evaporation rate is low, the 

water tables are high and the soil wetter and colder than in 

summer all of which contribute to higher moisture levels becoming 

established within the wall. Similar moisture changes would also 

be produced as a result ot diurnal variations of temperature. 

The wall would tend to dry out during the daytime and become 

wetter durin g the night time. 



The prediction of moisture movement during these cyclical 

atmospheric conditions is complicated by the fact that the 

hydraulic flow properties exhibit hysteresis during wetting and 

drying periods within the wall. 
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Thus to summarise, Rising Damp, in this country is char~cter

ised by excessively damp walls where the degree and extent of 
, 

damp is controlled by energy-limited evaporation and underlying 

soil moisture conditions. Both of these controlling factors 

exhibit annual and diurnal variations which leads to complications 

when analysing the moisture migration process owing to the fact 

that the hydraulic functions of the porous material exhibit 

hysteresis on wetting and drying. 

The degree and extent of dampness within a wall is also 

affected by leaching of mortar at the base of the wall, and the 

amount of pore clogging by precipitated salts at the evaporating 

surface and, possibly, within the porous material. 

It has been reported that salt concentration gradients exist 

at the surface of walls suffering from Rising Dampl46) but it has 

not been shown whether these salts do in fact reduce the 

permeability of the porous material. 

The presence of s~lts within the wall moisture will reduce 

the water vapour pressure and hence the actual evaporation rate 

will be less than the potential evapotranspiration rate of pure 

water under the same atmospheric conditions. 

The reduction of evaporation rate owing to the presence of 

salts~ wi thin the wall inoisture will in fact tend to move the 

moisture migration process in favour of an energy-limited type 

rather than a flow-limited type. 

Progressive leaching of wall mortar is also a factor which 

will also tend to shift the balance of moisture migration in 
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favour of an energy-limited kind. Its action is twofold. 

Dissolution of the porous matrix by ground water normally results 

in an increased permeability of the matrix, allowing greater 

penetration of ground water (and dissolved salts) into the wall. 

Further dissolved salts within the wall moisture reduces the 
7 

evaporation rate, as described above. 
, 

From the discussion above it will be observed that 'leaching' 

is peculiar since it is both a consequence of the upward flow of 

moisture and ,it is also a controlling factor of the degree and 

extent of dampness within the wall. In other words it is both a 

consequence of and a cause of rising dampness. 

So far the present description of Rising Damp has been 

limited to a general discussion of the flow processes and 

moisture conditions which characterise the phenomenon. Let us 

now consider particular aspects of the phenomenon. These topics 

include the interaction of solutes and the wall; the maximum 

height of the wet line; and the progressive increased height of 

the wet line. 

The most important solute-wall interaction is the generation 

or maintenance of an osmotic pressure difference within the wall 

and the corresponding ~alue of the osmotic efficiency coefficient, 

a. Osmotic pressure differences are important since they can 

potentially greatly· exceed the normal capillary potential 

developed by the porous system. In other words, osmotic 

gradients can suck water up a wall to a far greater height than 

capillary forces-.- The osmotic efficiency coefficient is 

important since it relates the efficiency of the osmotic pressure 

to transport moisture within the porous material when compared 

to the amount of moisture transported by mechanically applied 

pressure gradients of equal magnitude. 
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Evidence to support the existence of solute gradients within 

damp walls is that efflorescence can be observed high up a wall 

where none exists at lower levels; and that experimental 

(46) 
analysis, conducted by the Building Research Establishment, 

of salts within a damp wall, has shown that the concentration_of 

salts high up the wall was greater than salt concentrations at 

the base of the wall. 

However calculations in section 3.5 of this chapter 

indicated that it was unlikely that concentration gradients could 

be maintained within walls under normal evapotranspiration rates 

that exist in this country. 

The results of the Building Research Establishment salt 

analysis refer only to the concentrations of chlorides and 

nitrates, which are both anions. No corresponding cation con-

centrations were reported. Hence their results may not be rep-

resentative of osmotic potentia Is but merely as overall differ-

ential anion concentration differences~ However for present 

purposes, it is assumed that an osmotic potential gradient does 

exist within the wall and hence its effectiveness in causing 

moisture movement is determined by the osmotic efficiency 

coefficient whose value is a function of the moisture conditions 

existing within the wall. 

Unfortunately osmotic efficiency coefficients for partially 

saturated porous building materials have not been measured, and 

hence accurate analysis of solute-wall interactions cannot be 

computed. However the effects and implications upon moisture 

levels will be considered when the wall is assumed to act as a 

semi-permeable membrane (worst case estimate) and when the wall 

acts as a selective semi-permeable membrane or alternatively as a 

.leaky membrane. 
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If the wall does act as a semi-permeable membrane, then there 

can be no salt movement from the ground into the wall. ' For the 

wall to develop an osmotic gradient it means that salt must 

already be present in the building materials when the wall was 

constructed. Fresh supplies of salt to the wall moisture can 

only occur if the wall moisture encountered solid salts within the 
, 

wall. In addition as moisture is drawn into the wall, the wall 

moisture would become more dilute and hence it would be unlikely 

that efflorescence would occur. 

If the osmotic potential is large then considerable amounts 

of moisture could be sucked into the wall causing the wet line to 

rise to a much greater height than would have occurred if the 

moisture was only sucked into the wall by surface tension forces. 

However, it should be noted that the practical maximum height of 

the wet line to which moisture can rise is determined by the 

larger pores of the building material, rather than the height 

corresponding to the suction head of the finer pores (capillary 

forces), or the height corresponding to the osmotic suction head 

(solute forces 1. 

The cases where the wall is regarded as though it was a 

selective semi-permeab~e membrane (the wall is permeable to a 

particular ion or solute species) and as though it was a leaky 

membrane (the wall is permeable to most ions or solutes, although 

the ions and solute species have different mobilities within the 

porous material) are very similar. 

Both membrane types will result in regions becoming charged 

because of selective ion migration, as a result of osmotically 

induced moisture flow and as a result of ionic diffusion of the 

selected ion through the material. For a leaky membrane, the 

charged state is attributed to preferential cation or anion 

mobility. Further electrical potential differences may be 



developed in either type of membrane because of thermal-solute 

interactions. 

The migration of moisture into the wall is determined by 

surface tension forces and by osmotic forces. 

height of the wet line is still determined by the coarser pores 

of the building materials. 

Efflorescence could occur with either type of membrane. 

With the permiselective membrane diffusion of the selected ion 

,could result in the sol~bility produc~ of an associated salt 

being exceeded. With the leaky membrane the production of 

efflorescence could be caused by the daily wetting and drying 

cycle. During wetting, when moisture films are thicker, con-

\ 
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centrated or almost concentrated solution could be transferred up 

the wall. On drying, the moisture films would become thinner 

and as a consequence the mobility of ions or solute moving back 

down the wall would be restricted or impeded. Salts would be 

trapped in the wider moisture films existing at the contact 

points between the solid material. Removal of moisture by 

drainage or evaporation could cause the solubility products of 

salts in these films to be exceeded, thus resulting in precipita

tion of salts. 

Since this process is restricted to a particular band of 

film thicknesses, efflorescence would tend to appear as a white 

fringe at some point on the wall surface, a phenomenon which can 

commonly be observed with walls suffering from damp. Note that 

if the wall dried out rapidly during the summer months a much 

wider and more extensive zone affected by efflorescence could be 

developed. 

Let us now consider the role of the porous material 'in 

determining the maximum height of ,the wet line in response to 
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capillary and osmotic suctions. 

The height of the wet line is usually taken to represent the 

boundary between wet and dry sections of the wall, using the floor 

as a datum level. However for present purposes the height of the 

wet line will be measured with respect to the free water sur~ace. 

In" the dry section of the wall moisture movement within the 
, 

porous material is assumed to occur solely in the vapour phase, 

that is in a zone where liquid continuity does not exist. Where-

as in the wet section of the wall liquid continuity is assumed to 

exist. 

The point at which liquid continuity ceases within the wall 

is difficult to determine, however it has been found experimentally 

(Chapter Seven, Fig. 70) that the equilibrium suction developed 

by dry house bricks was about 550 (cm) of water head. As an 

approximation this value will be used to represent the equilibrium 

height to which moisture would rise up a wall, in the absence of 

evaporation, from a free water surface. If the foundation of 

the wall was stood in free water, then moisture would rise up the 

wall to a height of 5.5 (m) and furthermore the pressures 

measured within the liquid phase in the wall would be less than 

or equal to atmospheri~ pressure. 

Consider now the effect of an additional osmotic suction 

gradient within the wall and its effect upon the height of the 

wet line. As a worst case the foundations of the wall are 

assumed to act as a perfect semi-permeable membrane. 

In addition to moisture sucked into the wall as a consequence 

of capillary forces, further moisture will be sucked into the wall 

in response to the osmotic potential. 

The height of the wet line corresponding to the combined 

potentials will be greater than the height reached when only the 

capillary forces were acting. 
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The menisci at the base of the wall will be convex towards 

the vapour phase, and as the pressure at the base of the wall 

increases, drops of moisture will tend to form at the surface of 

the wall. Eventually the convex meniscii, within the pores, 

will no longer be able to support the column of moisture higher 

up the wall, the meniscii will rupture allowing moisture to drain 
, 

away down the outer surface of the wall, thus preventing further 

moisture rise, and in addition, nullifying the osmotic pressure 

difference at the base of the wall. 

Since the rupture pressure, at the base of the wall, 

decreases as the radius of the capillaries increases, then the 

rupture pressure will be determined by the larger pores within 

the building materials. Examination of the pore size distribu-

tion of several types of house bricks shows that their larger 

. . (48) (49) pores to be in excess of 1000 ijnn) (equ~valent pore d~ameter). 

Assuming that the moisture fully wets the brick surface 

le=Ol and that the surface tension of the ground water is abcut 

2 -2 
75 (g cm sec ) then the rupture pressure of the pores is 

approximately 3 lcml of water head. This means that the maximum 

height of the wet line can only increase by an additional 3 (cm) 

irrespective of the size of the osmotic pressure (assuming it to 

be greater than 3 lcm) of water head) and for any type of assumed 

wall membrane lsemi-permeable, selective semi-permeable or 

leaky). 

Although it has been shown that the osmotic head has very 

little effect upon the maximum height of the wet line compared to 

the capillary head, the presence of salt may significantly affect 

the level of moisture within the wall. The presence of salts 

. will reduce the evaporation rate from the wallowing to their 

effect upon the vapour pressure. Liquid infiltration into the 

wall will be increased, as a consequence of the moisture flux 
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generated by the osmotic pressure gradient. 

The action of dissolved salts in reducing the evaporation 

rate and simultaneously increasing the infiltration rate.into the 

wall also provides an explanation of the slow steady increase in 

height of the wet line, with time. The slow rate of increase in 

concentration of salts would, consequently, account for the steady 

rise of the wet line. 

Another explanation of the steady rise of the wet line could 

be attributed to leaching of the building mortar and plaster upon 

the walls. Dissolution of the soluble constituents from these 

materials will increase their permeability to moisture which 

obviously will result in damper walls. The dissolved salts from 

the mortar or plaster will also contribute to the development of 

an osmotic head within the wall, to efflorescence and to the 

reduction of water vapour pressure of wall moisture. 

It is of interest to note that if a damp porous material 

is wetted and then dried to its original suction value, the final 

moisture content of the material is generally larger than its 

initial value. Thus the annual wetting and drying cycle within 

a damp wall may also contribute to the steady rise of the wet 

line. 

6. Suggestions for further work 

The major deficiency with respect to the problem of des

cribing Rising Damp is the shortage of experimental data both 

from the laboratory and from on site locations. Until this data 

is obtained a complete description of the phenomenon· or, a moisture

balance of the soil-wall system cannot be presented. 

Areas. that require further investigation are the measurement 

of evaporation rates from the internal and external walls of 

buildings suffering from damp; the variation of the flow 

coefficients with respect to moisture conditions; the magnitude 



of naturally occurring potential gradients; and the source of 

moisture fuelling the damp area (i.e. proximity of the water 

table) • 
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The data should be correlated on a long term basis (at least 

two years) and at several locations. A minimum survey time of 

two years duration is desired so that the reproducibility of the 

annual cycle of moisture changes within the wall and the 

neighbouring soil can be examined. 

The importance of collecting data from different sites is 

that the range of variation of each of the naturally occurring 

moisture flow potentials can be ascertained. The data can also 

be used to determine whether Rising Damp is characterised by a set 

of widely differing moisture flow potentia1s and moisture con

ditions or whether it is characterised by a limited range of flow 

potentials and moisture conditions. 

Knowledge of naturally occurring wall and soil moisture con

ditions and corresponding flow coefficients is essential if 

moisture movement within the wall is to be accurately predicted. 

The knowledge may be used to simplify the moisture flow equation 

in that particular modes of moisture movement may be found to be 

comparatively insignif~cant and hence may be neglected. However 

care must be taken not to automatically discount particular modes 

of moisture transport as always being insignificant. 

The knowledge is also useful in that damp problems could be 

diagnosed more effectively; existing damp treatment could be made 

more efficient; novel treatment of damp could be developed. The 

effectiveness of existing damp treatments could be assessed, and 

the occurrence of future damp problems could be minimised. 

Specific topics that require further investigation are 

active and passive electro-osmosis in building materials, 
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chemical injection methods and leaching of porous materials. Two 

items to be investigated with respect to active electro osmosis 

are the heating effect within the wall, due to the passage of an 

electrical current, upon the ev~poration rate from the wall; and 

secondly the effectiveness of the pore blocking mechanism, as a 

consequence of electro-phoresis, with a view to making the effect 

a permanent feature. 
, 

The heating effect should be investigated 

since this may represent a major portion of the moisture lost by 

the wall during the 'drying out' period on application of the 

electric potential difference. 

Passive electro osmosis requires investigation since its 

action as a cure of Rising Damp is highly controversial. The 

theoretical change within a wall as a result of passive electro-

osmosis has been predicted by eqn. (50) of this chapter. Experi-

ments are required to test the validity of this expression and to 

assess the effectiveness of passive electro osmosis as a method 

of treating dampness. Secondary aspects associated with this 

topic are determination of the source and cause of the potential 

difference observed in damp walls, and the magnitude, if any, of 

the electrical current passing to earth through the copper loop 

system. 

The growing popularity of chemical injection methods as a 

treatment of dampness requires that this type of method should be 

investigated both theoretically and experimentally, with a view 

to improving the installation efficiency and useful life of the 

chemical treatment. 

Experimental investigation is required to test whether 

leaching of building mortar is a major cause of Rising Damp and 

that on leaching, increases of moisture permeability of fifty 

fold can be attained. Further work is required to confirm that 

the leaChing theory presented in Chapter Six predicting a linear 



rate of decrease of pressure difference with time, provided the 

fluid injection rate remains constant, is correct and that this 

theory can be successfully applied to predict the rate of failure 

of building mortar as a moisture barrier. 

The theory and experimental work associated with leaching, 

together with that of chemical injection is closely allied to the 

more economically important field of reservoir engineering, 

particularly with respect to the improvement of the rate of oil 

extraction through acidisation, and the consequences of such 

rates of extraction as reflected by residual oil and gas 

saturations and the amount of oil recovered before water break

through occurs. 

7. Conclusions 

1. At present there is no theoretical model which fully des

cribes the rate of change of fluid permeability of a porous 

material when leached by penetrating fluid, injected at constant 

flow rate. 
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2. The theory of Scheidegger and Johnson, (50) describing the 

macroscopic movement of a "viscosity front between two fluids, can 

be modified to·partly describe the pressure difference response 

(or permeability change), caused by a moving permeability front 

within a plaster of Paris core. 

3. Leaching of fresh plaster of Paris cores can result in 

permeability increases of over one hundred fold. 

4. The rate of change of permeability of a" porous matrix, 

caused by leaching of the matrix by penetrating fluid,Lis governed.

by the sequential arrangement of interconnecting pores in the 

matrix. 

5. Suction experiments upon dry house bricks showed that their 

equilibrium suctions to be in the range 500-550 (cm) of water 

head. At this suction level, the house bricks were still quite 



dry, and hence it is concluded that walls suffering from excess 

dampness should be characterised by capillary suctions of less 

than 550 (cm) of water head. 

6. Where moisture tensiometers are cemented into a wall, the 

values of cup conductance and time constant of the instrume~t 

should be determined'using the 'in-situ' method (Appendix IV, 

Chapter Seven). 
, 
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7. Osmotic potential differences, within a wall, have very 

little effect upon the maximum height of the wet line, calculated 

solely from surface tension forces, that moisture might attain 

within a wall. 

8. Passive electro osmosis as a cure of Rising Damp is highly 

controversial. 
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List of Symbols and units of Chapter Eight 

A 

a 

a 
cr 

a 
s 

C 

C s 

DeL 

Dev 

DTL 

DTV 

DCL 

DCV 

D 

E 

F 

g 

h 
w 

I 

area for flow (cm') 

volumetric air content 

volumetric air content at the onset of liquid continuity 

activity of solute species s 

-3 concentration of salt solution (g mole cm ) 
, 

mean concentration of permeable salt species s (g mole 

-3 cm ) 

the moisture liquid diffusivity 
2 -1 

(cm sec ) 

moisture 
2 -1 

the vapour diffusivity (cm sec ) 

the thermal liquid diffusivity 
2 -1 

(cm sec ) 

2 -1 
the thermal vapour diffusivity (cm sec ) 

the solute liquid diffusivity 
2 -1 

(cm sec ) 

the solute diffusivity 
2 -1 

vapour (cm sec ) 

molecular diffusion coefficient of water vapour in air 

2 -1 
tcm sec ) 

gaseous diffusion coefficient through the porous 

2 -1 
material tcm sec ) 

2 -1 
gaseous diffusion coefficient in free air (cm sec ) 

gaseous diffusion coefficient through the porous 

material when the pore space is full of gaseous mixture 

2 -1 
tcm sec } 

applied voltage tstat volt) 

Faradays constant tstat coulomb} 

free energy gradient associated with the gradient of a 

-2 gravi tationaL acceleration. (cm sec. ) 

pressure head of water (cm) 

-2 
current flux density (stat amp cm ) 

velocity of moisture in the liquid phase produced by a 

-1 
volumetric moisture gradient (cm sec ) 
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J av velocity of moisture in the vapour phase produced by a 

-1 
volumetric moisture gradient (cm sec ) 

J TL velocity of moisture in the liquid phase produced by a 

-1 
temperature gradient (cm sec ) 

JTV velocity of moisture in the vapour phase produced ?y a 

-1 
temperature gradient (cm sec ) 

, 
JCL velocity of moisture in the liquid phase produced by a 

-1 
solute concentration gradient (cm sec ) 

J cv velocity of moisture in the vapour phase produced by a 

-1 
solute concentration gradient (cm sec ) 

J pL velocity of moisture in the liquid phase produced by a 

-1 
pressure gradient (cm sec ) 

J pv velocity of moisture in the vapour phase produced by a 

-1 
pressure gradient (cm sec 1 

J EL velocity of moisture in the liquid phase produced by an 

k 

-1 
applied voltage gradient (cm sec ) 

-2 -1 
flux of salt (species S1 (g mole cm sec ) 

-1 
net volume flux of moisture (cm sec ) 

-1 
moisture flow associated with a single pore (cm sec ) 

-1 
Hydraulic Conductivity (cm sec ) 

moisture liq~id phase free energy coefficient (sec) 

moisture vapour phase free energy coefficient (sec) 

thermal liquid phase free energy coefficient (sec) 

thermal vapour phase free energy coefficient (sec) 

solute liquid phase free energy coefficient (sec) 

solute. vapour phase free energy coefficient (sec1 

pressure liquid phase free energy coefficient (sec) 

pressure vapour phase free energy coefficient (sec) 

electrical liquid phase free energy coefficient (sec) 

permeability of the porous material to moisture (cm') 

2 -1 -1 
electro osmotic coefficient (cm sec stat volt ) 



L 
P 

p 

p 

R 

R 
m 

r 

T 

(VT) 
a 

a 

6 

K 

11 

11 
S 

2 -1 
filtration coefficient "(cm sec 9 ) 

-1 -2 
pressure (g cm sec ) 

-1 -2 -1 
electro osmotic pressure (g cm sec stat volt ) 

-1 -2 
vapour pressure of water (g cm sec ) 
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Universal gas constant per gram of fluid 
2 -2 0 -1 

(cm sec .. K ) 

Universal gas constant per 

-1 0 -1 
mole K) 

capillary radius (cm) 

temperature tK, °C} 

mole (g cm 
2 -2 

of fluid sec 
, 

temperature gradient within a porous material associated 

o -1 
with the gaseous phase ( C cm ) 

mole fraction of solvent 

mole fraction of ionic species in solution 

valency of type 1 ion 

tortuosity coefficient 

stoichiometric coefficient of type 1 ion 

interfacial tension between the liquid and gaseous 

-2 
phases (g sec ) 

a group defined by (a + f (a) e (VT) ) / (a (<1>-6) VT) 
a 

volumetric moisture content 

-1 -2 
electric conductance (stat ohm cm ) 

-1 
viscosity of moisture within the porous material (g cm 

-1 
sec 1 

-1 -1 
osmotic pressure (g cm sec ) 

osmotic pressure arising from impermeable-solutes (g 

-1 -2 
cm sec 1 

-1 
osmotic pressure arising from permeable solute (g cm 

-2 
sec 1 

-3 
density of water (g cm ) 

-3 density of saturated water vapour in air (g cm ) 



o 

w 

-3 
density of water vapour in air (g cm ) 

osmotic efficiency· coefficient 
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net charge density per unit mass of fluid (stat coulomb 

-1) 
9 

3 -1 
specific volume of water (cm 9 ) 

porosity of a porous material 

-1 -1 
solute permeability (mole sec 9 cm ) 

transference number of type 1 ion 

, 

• 
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