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SUMMARY

low speed tests have been made to investigate the
performance of three annular diffusers having cenire bodies
of uniform diameter and conically diverging outer walls. The
diffusers had a common area ratio of 2,0 : 1, an inlet radius
ratio of 0,833, and non-dimensgional lengths of 5,0, 7.5 and
10.0 respectively. The tests were carried out with fully
developed flow at inlet; the inlet conditions were obtained
by natural development in a long annular entry length.

The overall static pressure rise coefficient was in
good agreement with published data after applying a correction
to take account of the increased boundary layer thickness at
inlet, In addition to the overall performance characteristics,
a detailed study has been made of the growth of the boundary
layer along the inner and outer walls in each of the three
diffusers, Measurements have been made of the mean velocity
profiles and turbulence structure at a number of stations along
the length of the diffusers. The data_showsexcellent symmetry
of flow, and the momentum-balance plots are in good agreement.

The results indicate an asymmetrichgrowth of the boundary
layers along the inner and outer walls. The rate of increase
in the shape parameters becoming significantly greater on the
outer wall as the outer wall angle increases. This asymmetry
is mainly attributed to the disturbance associated with the
change in ouler wall angle at inlet. The measured shear stress

distributions exhibit considerable lag, and a large gradient of




(ii)

shear stress near the wall in regions of severe adverse
pressure gradient.

An integral approach has been used to predlct\the
boundary layer growth, based on the assumption that no
net mass transfer: takes place between the inner and outer
wall boundary layers. Within the limits of experimental
error, this assumption has been verificd. For the diffusers
having non-dimensional lengths of 7.5 and 10,0, good
agreement, sufficient for most engineering purposes, has
been achieved hetween the theoretical and experimental values
of overall and internal performance. However, this agrecment
was only obtained by commencipg the calculations downstream of
the disturbance associated with the inlet bend. In the case
of the minimum length diffuser, the predicted values of shape
parameter along the outer wall are too low, This is
considered to be due to a failure of the accepted methods
of velocity profile representation in severe adverse pressure

gradients,
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SECTION 1

INTRODUCTION

1 =1 The Diffuser

In many internal fluid flow systems it is often necessary
to reduce the kinetic energy of the flow. This may be accomp-
lished by allowing ihe fluid to pass through a duct of increas-
ing area known as a diffuser. The reduction in kinetic energy
is accompanied by a corresponding increase in the pressure
energy of the fluid,

However, due to the adverse pressure gradicnt whach
occurs, the boundary layer thickens, and if the pressure
gradient is too severe, separation will occur and the fluid
will tend to flo; back in the direction of the pressure
gradient. Eddies formed by separation result in some kinetic
energy being converted into random or disordered energy, thus
reducing the amount of energy available for conversion into
pressure energy. Consequently in all diffuser applications
it is desirable to minimise the loss of available energy, and
therefore attention can be focused on the velocity-decrease or
pressure~increase objective in various installations,

In order to avoid excessive losses in engine components
it is often necessary to reduce the velocity of the gases; a
typical example is the design of a pure jet engine exhaust
system., In most installations a diffuser is fitted downstream
of the turbine to reduce the velocity in the jet pipe to an
acceptable level, Diffusers are also used at exit of the
compressor in a gas turbine engine. Again the objective is

to reduce the velocity level to prevent excessive losses in



a downstream component, namely the combustion chamber.

The use of a diffuscr at exit of a power turbine is an
example of an application where the pressure rise characteristic
is important. The diffuser increases the expansion ratio across
the turbine thus increasing the power output.

In addition to the overall performance characteristics,
the velocity profile and stability of flow at exat may be
equally important if the diffuser is linked to a downstream
component whose performance is sensitive to inlet conditions.
Such considerations apply to the intake diffuser of an aircraft
gas turbine engine, since the swge line and efficiency of the
compressor are known to depend on the flow conditions at inlet,

1-2 Diffuser Geometry

The simple, two-dimensional diffuser may be described by
three geometric parameters : the area ratio (AR}, the wall
divergence angle {¢), and the ratio of wall length to entry
width (L/W4).

They are related by the expression

AR = 1+2L sing 1-2-1
W, .

It is usual to plot the diffuser characteristics against (AR - 1)
and L/Wl, the wall angle éntering as a dependent parameter.
Conical diffusers have three parameters related i1n a similar
manner 2

AR = 1+ 2L sing + (_‘—_ squﬁ) 1-2-2

1 R1
where R1 is the radius at diffuser inlet.
The nemenclature used to define the geometric character-

istics of annular diffusers are shown in Fig. 1-2-1. 1In the

general case where both wall angles vary the relationship

) . -
between the geometric parameters is more complex




AR = 1 + Z‘L ( sin g, + %:, ?‘;lnﬁéc) + ﬁ (1 -~_R_c)(5m2¢°-— sngﬁ.)
AR‘ (1 + _F_F«;_;O) (AR1\|‘&. Re ([ +_g__to)
1-2-3

wherellR1 = (R0 - Ri)1 is the annulus height at diffuser inlet,

and L is the average wall length (L2=Lo X Li providing the
difference between the wall angles is not very large). Thus,
two additional parameters, the inlet radius-ratio, and a wall
angle, are required to specify the geometry of simple straight
walled annular diffusers. '

The larger number of parameters increases the difficulties
involved in attgmpting to generalise the performance
characteristics.

Some simplification can be introduced by considering
the case of a constant inner diameter diffuser (see Fig. 1-2-1)
since,

R,
AR = 1 + 2L singg + L® sin’d, (l"" T?_o)

ARy (1 + R AR )? |+ R
( %) (2%.) ( “o)
—— 12l
As the inlet radius ratio ( Ei ) approaches 1.0 the
~ R 1
o]

relationship tends towards that of a plane diffuser, a conical
diffuser being the limiting case as (Ri/ )1 approaches zero.
Ro
All the preceding remarks apply to diffusers that are
"glean'", or free from any internal obstructions. However, in
many engineering applications aerofoil=-shaped stiruts are

incorporated to transmit auxailiary drives, and air supplies,

across the annulus. Such obstructions may modify the diffuser

)
geometry considerably.




1-3 Performance Parameters

A Jarge number of parameters have been suggested as
suitable criteria for evaluating diffuser performance. Most are
based on the static pressure recovery because of the particular
ease with which the static pressure rise can be measured, since
in the abscnce of swirl and streamline curvature the static
pressure at any section can be based on the wall value.

The pressure recovery cocfficient Cp relates the actual
pressure riszc to the maximum attainable assuning uniform flow

at inlet and an infinite area ratio,

E-P = PZ - F;
%P Etz

The overall diffuser cffectiveness relates the actual

1-3-1

pressure rise to that achievable with inviscid one-dimensional

flow, thus .
! -2 -2 -2 |
PP = 1 u, - u = 1 - —
(- R) 2/3( t :) 2Pu'( (&2)2)
A
T
* Cp = p2— Pl - 1 — _1_
_é_Pa'?- AR® 1-3~2
and the effectiveness €
€ - E} = %ﬁ‘a
Cp' - +pUl (1 - V/aR?) 1-3-3

With non-uniform inlet flow the kinetic energy flux
entering a diffuser is greater than it would be for the same
mass flow rate enteriag under uniform conditions, and it is
therefore possible for the effectiveness ito exceed unity. The
relation defining effectiveness has often heen referred to as
the "efficiency", but efficiency is associated with a loss of
available energy, and Egn. 1-3-3 describes the effectiveness

of a diffuser of fixed area ratio io recover pressure cnergy.

t




1-3-2 loss Cocofficient

If the flow is incompressible, and the static pressure
constant across the section, the mass-mean total pressure can be
expressed as

— 2
PT = P + °<L2{DU

3
wheretx(JlgdA) is the energy coefficient of the velocity prof:ile,
a°A )

the value of & rising from unity as the non-umiformity or
distortion increases. Writing the energy equation between inlet
and exit we have

P | oy = Py + o, Lpls + AP

+ ol puy = + Zou +

1 15~ 2 25”2 T 1-3-1
where APT 15 the mass averaged total pressure loss 1n the
diffuser and is a measure of the loss of available energy. The

loss coefficient ‘ki- is defined asj

2
A o
-2 I‘_"Ja 1-3-2
z
Rearranging Equation 1-3-1 we obtain
Co = RoP o [%- % | - M 1-3-3
—2 2
%pu1 AR<
... Ep = °<1__._1_ - oy =1 - )\1_2
AR | Tamt 13-4

Considering the terms in Egqn. 1-3-%4, the first term

“1";%2_ represents the pressure coefficient which would be
attained if the flow were uniform at exit. The value of (“2—1)
in the second term is a measure of the distortion of the outlet

velocity profile and therefore the term o -1 represents the
AR?

reduction in pressure recovery due to excess kinetic energy at
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exit. The pressure rccovery or effectiveness can therefore be
lovered by insufficient diffusion as represented by the second
term or inefficirent diffusion as represented by the loss
coefficient, Thus, apart from the slatic pressure risec,
measurements of the inlet and outlet velocity profiles are
required in order to determine the loss coefficient., However,
due to possible asymmetry an&-the unsteadinegs of flow at exit
it is difficult to obtain reliable values of &,, and iherefore
most of the published information on diffuser performance is in
the form of pressure recovery characteristics. Experimentally
it has been shown that:
Dirffuser Effectiveness = ‘F(Diffuser Geometry, inlet boundary
layer characteristics, external

influences, inlet Mach No., Reynolds

No., entry swirl, surface finish.)

1=k Factors Affecting Diffuser Performance

1-k-1 Diffuser Geometry

Extensive and systematic testing is required to determine
the influence of diffuser‘geometry. Such an investigation has
been carried out for two-dimensional diffusers by Renau, Johnston,
& Klineft) )

A contouwr plot of Ep as a function of area ratio AR, and
non-dimensional length N/W1 is shown in Fig. 1-4~1, The values
of AR and N/W1 prescribe the overall pressure gradient, which is
the principal factor governing the boundary layer development
and consequently the values of exit energy coefficienttﬁz,
loss coefficient Alrz’ and overall performance.

Two optimum lines have been added to the performance
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chart. The line Eﬁ* is the locus of poinls which define the
diffuser arca ratio producing maximum pressure recovery at a
given non-dimensional length. The other, line Eb,** is the locus
of points which define the non-dimensional length producing
maximum pressure recovery at a given area ratio. The location
of the Eb** line is somewhat arbitrary, since at a fixed area
ratio, Eb remains almost cons%ant for values of N/W1 greater than
those defining the Cp* line.

Of equal aimportance in assessing the influence of
diffuser geometry is the Flow-Regime charts, due to Kline,
Abbott, & Fox,(z) and shown in Fig. 1-4-1., Four different flow
regimes exist, three of which have reasonably "“steady" flow,
The region of no-appreciable-gtall is steady and uniform whilst
the region of transitory stall is unsteady and non-uniform,
However, the line defining the onset of transitory stalling is
approximate gince 1t is based on observed flow patterns. This
line has been plotted on Fig., 1-4-1 and it will be seen that
optimum Cp* diffusers operate in or near the region of transitory
stalling., It follows that in many engineering applications
where a diffuser has to match with upstream and dowus;ream
components, the minimum length diffuser is chosen consistent with

"steady" flow conditions at exit.

iwk~2 Inlet Boundary Layer Characteristics

(3)

It has been shown by Livesey, and Turner in work on

conical diffusers, and more recently by Wolf, and Johnston(a)
for two-dimensional diffusers; that inlet conditions are not
specifried simply by the boundary layer thickness, but also by

the "previous history" of the flow, or the way in which the

inlet conditions have been gcnerated. Consider the case of
]



inlet conditions developcd naturally in entry lengths.

(i) Naturally Developed Inlet Conditions

Tt has been shown in Section 1-2 that the effectiveness
is determined by the energy coefficient of the outlet velocity

profile &« Both values depend

and the loss coefficient )&“2.

2,

on the development of the boundary layer, ain particular the

value ofCX2 1s determined by the shape of the velocity profile

which under certain circumstances can be characterised by the

shape parameter H. It has heen shown theoretically by Schlichting
(5) (6)

and Gersten , and verified experimentally by Sprenger y that

the outlet shape parameter is strongly dependent on the inlet

x 4
boundary layer thickness (5 or © ), Therefore initial a‘l:tempts(5 )

to correlate the influence of Inlet conditions were based on
inlet boundary momentum thickness. In view of the difficulty in

obtaining reliable values of X _, and doubts surrounding the

21

significance ofl?\_-l Sovran and Klomp adopted an alternative

-a?
approach,.

Writing the total pressure at the point of maximum velocity

we have

+

Pro = P*%PUZ k-1
If the static pres;ure is uwiform across all sections of the
diffuser, then the static pressure rise along the streamline of
maximum velocity will be the same as that for the diffuser and
can be expressed asj

Py Py (U= US) - Py,
where 59%115 the total pressure loss along the streamline of

maximum velocity. Therefore the effectiveness & can be written

as;

2

2 (E )2
CE - (y_ﬂ 1-\U | _ A,y 1-biep
-G‘i

e
AR® ARZ




—2
and '>\m1_2 iz the loss coefficient APTm,_z /%P’%
The maximum velocities can be related by introducing
the concept of effective and block;zd arcas The effective area
is defined as;

4

A
AeU=Juda « A ana  Ae - [ u da 1t
e s . e }'!:U 3
A
also IUdA = UA and % - %e 1-f -4

Thus the greater the degrec of non uniformity (-—_J-U<1-O) the
smaller the effective area, The blocked area is defined as the

difference between the geometric and effective areas i.e.

—A
AB= A-'Aez {(1’_%)da 1_&:_5

expressing both areas as fractions of the geomeitric area A we

have;
F =1.0- 8B where E=é_e and B= As
A

From Eqn. 1-4-4 : E =Ae = U 1-4-6
A u
Thus the velocity profile parameter E can be obtained
without taking a detailed velocity traverse, if the flow rate
and maximum velocity are known. (Some of the attraction of this

approach is removed in anfiular diffusers due to asymmetry

problems at outlet). From the continuity equation we have

Uz . (51 (_E_) e
Us A2> Eo 1-4-7

Introducing this into Egn. 1-4-2 we have

,_ @l

2
£ = —, AR . '>\m1_2 1-5-8
E1 1 -— _1_ [‘[._ .1_2]
AR® AR
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The term‘k?_z will be zero if an inviscid core exists
throughout the length of i1he diffuser. However, Sovran and
Klomp reasoned that even when thls.was not the case,’k"‘l_2
could be neglected in comparison with the first term in Eqn. 1-4~8,
since the shear stress in the vicinity of the position of
maximum velocity would be very small, They thercfore went on to
conclude that the first term in Eqn. 1-4-8 largely accounts for
the variation in effectiveness, even in cases where separation
occurs the reduction in effectiveness is considered to be due
to a large increase in blockage rather than internal losses.
Sovran and Klomp have shown that for optimum diffusers on the
Eb* line, in which pressure forces dominate the growth of the
boundary layer, the effective area fraction E2 correlates with
inlet blockage and area ratio. The correlation which was based
on experimental results from tests with naturally developed
inlet condations on two-dimensional, conical, and annular
diffusers is shown in Fig. 1-4-2.

(ii) Artificially Generated Inlet Conditions

The inlet conditions considered in the previous section
comprised of b;undary layer types of non-uniformity which are
frequently combined with invi%?d core flow, In many
engineering applications however, this simple flow model is not
applicable because of various upstream flow conditions such as,
wakes from blockages, and energy gradients from compressors,
The effect of certain types of non-uniformity on the performance
of two~dimensional diffusers has been investigated by Waitman,

(3) (4)

8
Reneau, & Kline( ), Livesey & Turner s, and Wolf & Johnston .

Wolf & Johnston considered uniform and non-uniform shear flow
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as illustrated below;
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UNIFORM SHEAR NON=-UNIFORM SHEAR

The shear stress in the core region having a linear
velocity profile is constant (assuming constant eddy viscosity).
Hence no net shear force exists and the slope of the profile
remains constant. In the terminology of Livesey & Turner this
profile can be said to haée a low decay rate., However, in the
non=-uniform profile, large velocity gradients in the core
region generate large net shear forces that "mix" the profile
towardsuniform conditions, such a profile 1s said to have a
large decay rates These are just two examples of the many
flow situations that could exist, in addition an increase in
the turbulence intensity of boundary-layer-type profiles has

(9) (e

been shown by Migay s and Waitman et al. to influence

diffuser performance,
Wolf & Johnston attempted to correlate the outlet

]
velocity profile parameter E_ using the method due to Sovran

2
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& Klomp, the results are shown in Fig. 1-4-4, The following
effects were observed with profiles exhibiting a low velocity
near the wall:
a) The onset of transitory stalling occurred at a lower
value of area ratio for fixed N/W1 (see Fig. 1-h-1),
b) The values of peak pressure recovery at constant N/w1

are decreased relative to the performance obtained

with naturally developed inlet conditions.
With wake flow at inlet, in several diffuser geometries the
performance increased above that obtained with naturally
developed inlet conditions,

Whilst the maxgmum blockage fraction investigated by
Wolf & Johnston was 0.23, Tyler & W1111amson(10) have carried
out tests on conical diffusers with blockage fractions as high
as 0.65. Their resulits when compared with the correlation due
Sovran & Klomp show that agreement is restricted to the
"boundary layer" range of anlet blockage values, beyond which
the values of E2 depart significantly. Unfortunately it is
not possible to categorise the type of profile presented to the
diffuser as detailed inlet velocity travérses were not carried
out. ) ~

As yet no acceptable parameter, or group of parameters,
has been found to correlate the effect of inlet velocity profile
distortion, The most successful attempts to date have been made
by studying the influence of certain types of velocity profile.
However complete elucidation of the dependence of diffuser

performance on initial turbulence level and decay rate awaits

further investigation.
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1-4-3 Entry Swirl
Very little published data is available on the influence

(11)

of inlet swirl, Schwariz carried out tests on an annular
diffuser of constanl outer diameler and concluded that swirl
angles up to 10° produced little effect on performance, but

further increases in swirl angle produccd a rapid deterioration,

1~-k~l Reynolds Number
(12

Gibson ) reported that Reynolds number did not have a

significant effect on diffuser performance. More recently

McDonald & Fox(13)

have shown that for Reynolds numbers greater
than 7 x :101t no variation in performance can be detected.

1-4-5 Inlet Mach Number

Tests carried out by Young & Greenslé) and Liltle &
wilbur,(ls) indicate that the pressure recovery is essentially

independent of Mach number until the flow becomes locally

supersonic around the corner at inlet. Little & Wilbur found

that the mean Mach number at which reccovery is seriously affected

was decreased from 0,82 to 0.72 by increases in anlet boundary

*
layer ihickness (%é = 0,012 to 0,00).
. 1 .

1= Surface Finish

An increase in sur}ace roughness has been shown by Little

(15)

& Wilbur to inhibit separation whilst leaving the pressure

recovery unaltered. Migay(16) investigated the influence of
trangverse ribs, and found that for conical diffusers at very
large wall angles (¢0> 200) the loss coefficient is reduced

considerably. Very little attenliion has been paid to this

effect despite 1ts considerable practical importance.
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1-4-7 External Influences

(i) Settling Length

If a constant area duct, or settling length, follows the
diffuser, a rccovery of pressure may occur, Writing the energy
equation over the settling length from station 2 at diffuser

exit to station 3 where recovery is commplete, gives

_2 —2
g = , 1
P, + xp L pl, Py c<32pu3 + APTe-a

and P3"'P2 = (0{2_0(3) - )\2_3

=2
z2PYa

Hence a pressure rise occurs due to turbulent mixing reducing

the degree of distortion in the velocity profile { %

(1

3 < 0{2),

Renau, et al, found that for two-dimensional types the
performance of the diffuser is wmaffected by the presence of
the settling length. The fraction of Eb occwrring in the
settling length is small (up to approx. 7%)for diffuser
geometries below peak recovery, and increases as the amount of
stalling (distortion) in the diffuser increases. TFor diffusers
operating in the region of transitory stall as much as 30% of
the recovery may take place in the settling length,

(ii) Downstream Obstructions ‘

It is possiLle that the performance of a diffuser could
be improved by placing a restriction in the centre of the
stream at the downstream end, thereby forcing the flow to
follow the diverging walls more closely. Such a suggestion has

been investigated by Henderson(17)

who placed circular discs or
"target plates" at exit of a conical diffuser. The results

indicated that the losses due to the restriction outweighed any

improvements in the diffusjon process. The influence of
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streamlining the plate was not considered since the increased
length was undesirable for the particular application considered
viz, rocket pump diffusers.

Such a situation can exist in the diffuser which is
situated between the exit of the compressor and the entry to
the combustion system of a gas turbine, depending on the design
philosophy. Figs 1-4=5 shows typical installations in current
aircraft gas turbines, it will be seen that in Type A the head
plate can influence the flow in the exit region of the diffuscr.
In Type B the obstruction, i.es the "snout", extends into the

diffuser, and diffusion takes place in the surrounding annulus.

1-5 Boundary Layer Thickness Definitions

The blocked area concept suggested by Sovran & Klomp(7)

for equating inlet velocity profiles to diffusers of various
cross—~sectional shapes can be used to define the axisymmetric

boundary layer parameter 8*;

A
Since AB = f(‘ _%) da 1-k-5
o

then . AB= ZTTROS = 27 Roj(i—%)%odl?

RO
3*:[ 1~ U\ R dr e
and J ( IJ) R, 1-5~1

for a circular cross section of radius Rb' Comparison of Egne.
1-5-1 with the two-dimensional definition of displacement
thickness R,
- l1-g)
n o U
8% # &* i
shows that I ¥ y thus the concept of wall displacement

valid for two~dimensional boundary layers is not applicable in
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| axisymetric flows,

(18)

Okiishi & Scrvoy have adopted similar definitions for

an annular cross section. TFor the outer wall boundary layer

* _ R d
S Js;b(1 %)—ﬁo R 1-5-2

where the integral extends to Rp,s the radius at the limit of

the outer wall boundary layver. For the inner wall

Re

* i ’ '
. = - R
SI. L (‘ %) R dr 1-5-3

L
Rbl being the radius at the limit of the inner wall layer.

Equations 1~5-2 & 1-5-3 can be combined to give

.—.E: 1_8'—' 1—2 [ROSE + Risf} 1_5_4

T
U R*+R. L R-R, R-R,

In experiments on symmetrical annular diffusers in which

Rj ~» O the definitions of Egns. 1-5-2 & 1-5-3 are not satisfactory,
(19)

and Stevens & Markland therefore adopted the following
definitions:
Ro Rbi
*l *I
2 =f (H%)(R’ A J‘ (=52 & i
R, RoR.) R, U'(R-RY
which combine to give -
*' *’
M- 1B = 1= 2 [3o+ 5£j' 1-5-6
U R,+ R,

Whilst the displacement thickness &* and momentum thickness 6
are calculated for two-dimensional and axisymmetriec definitions

{based on the local radius and the annulus height) in Appendices

4/6/8, throughout the remainder of this thesis the axisymmetric
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definitions based on local radii (Fgns 1-5-2 & 1~5-3) will be

implied unless specifically stated otherwise.

To summarise;

Axisymmetric value of: Outer Wall Inner Wall
RO
Displacement Thickness f(i‘— _u_) R dr J’ _‘:‘_ R dr
$* U’ R, LI R,
R Rt
RD
Momentum Thickness f u (1 - _g_) R dr J‘ _L_J_ )_R dr
R, Rt'n
Energy Thickness j £(1 - (E)Z)E dr J _g_ . _L_J_) )R dr
5** U U F‘)o U u
Rm R
- * *
Shape Parameter é o _6_ L
H 6 S,

Energy Shape Parameter
H

1-6

8**
8

]

Review of Previous Work on Annular Diffusers

Many diffuser applications, particularly in turbomachinery

where the fluid stream has to flow over and around a central

shaft, involve diffusion in an annular passage.

However, the

annular diffuser has been the subject of considerably less

-

investigation than have other diffuser geometries.partly due to

the difficulties involved in the study of the larger number of

geometrical parameters and in the presentation of the data,

A considerable amount of information must have been

obtained about the performance of particular configurations used
in the many power plants built in the last decade but the amount
of published data is still rather small, and limited exclusively

to tests under laboratory conditions,

1




- 18 -

Some of the first experiments were carried out at the
National Gas Turbine Establishment by Ainley(zo) and Johnston(zl)
on symmetrical diffusers of fixed area ratio (3.19) but varying
wall divergence angle. Using almost wniform inlet conditions
Ainley established the diffuser geometries for maximum pressure
recovery and the onset of trapsitory stalling. In addition,
measurements were made of the pressure recovery in the downstream

settling length; the results being in accordance with the
findings of Renau, et al.(l), in that the recovery increased as
the amount of stalling increased. For operation at a wall angle
of 190,35% of the recovery took place in the downstream settling
lengths Ainley also rioted that the settling length was
considerably shorter than the six diameters generally rcquired
with conical diffusers. The effect of non-uniform inlet
conditions produced by gauzes was studied by Johnston but as
these were in close proximity to the inlet, the effects of
inlet boundary layer thickness and of decay rate cannot be

(&)

separated, A similar conclusion has been reached by Wolf )

in a recent analysis of Johnston'!s experiments.

The work donc at N.A.S.A. which has been reported by
. s {(22) . .

- Wood and Higginbotham concerns improvements in performance
obtained by incorporating vortex generators in annular
diffusers with constant diameter at the outer wall. The results
obtained are shown in Fig. 1-6-1. Vortex generators improved
the performance, whilst the introduction of inlef swirl produced
a slight deterioration, Nevertheless doubts must be expressed

concerning the accuracy of these results in view of the asymmetry

in the inlet velocity profile, as there was a 35% variation in
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outer wall momentum thickness between the four radial stations,
Further atiempts at improving performance using suction and
e . . (23)
injection have been reported by Wilbwr, and Iligginbotham.

The anfluence of inlet swirl on the diffuser tested by

(11) who

Wood and Higginbotham was investigated by Schwartz
concluded that swirl angles up to 100 produced little effect
on performance, although further increases in swirl angle
produced a rapid deterioration. Quite recently Horlock(ZQ) has
reported an experiment by Hoadley on the influence of free
vortex flow on the performance of an optimum Ep* diffuser having
a centre body of uniform diameter. Fige. 1-6~2 shows the total
pressure distributions with and without swirl, Severe separation
cccurred on the outer wall when there was no swirl, but
separation moved to the inner wall when large swirl angles were
introduced at inlet.

Early attempts to correlate the performance of annular
diffusers (Henry, et al.(25)) had been frustrated by a general
lack of data, and some of that which was available was of
doubtful accuracy on diffusers of poor performance. _Sovran and
Klomp(7) remedied this situation by measuring pressures
recoveries of about one hundred different geometries, ninety-
three of which had expanding centre bodies, and the value of
inlet radius ratio was 0,55 or 0.,70. The range of geometries
tested ig shown in Fig. 1-6-3, The test programme was conducted
with an inlet Mach No, less than 0.3, a Reynolds No. of 4,8 x 10°
to 8.5 x 105, and a single inlet velocity profile. The inlet

boundary layers were fairly thin (inlet blockage fraction 2~ 0,02),

and the diffusers had a free discharge. In order to obtain a
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correlation the geomelrical parameters were divided into two
groups, those expected to have the greatest influence on
diffuser performance, and those expected to produce only second-
order effects. Following the technique of Renau, et al.(i)

the area ratio AR and non-dimensional length LﬁlRi were chosen
as the primary group, as they\prescribe the overall pressure
gradient, The chorce of the inlet annulus height ARy as the
normalising factor was based on Eqn. 1-2-4, since in this way

it was possible to plot the performance characteristics of,

two-dimensicnal, conical, and annular types on the same set of

axes. Analysis of the results revealed that the area ratio for

maximum pressure recovery (Eb*) at a given non-dimensional
length was relatively independent of the wall angle-inlet
radius ratio combination adopted. A similar conclusion was
reached for the geometry defining the optimum Ep** performance,
The qualitative variation of recovery away from the region of
the optimum lines was established by investigating the

performance of a family of diffusers having a 15D outer wall

angle and an inlet radius ratio of 0,70. The performance chart

obtained is shown in Fig. 1-6-3. Analysis of these results

indicate that all the opt{pum Ep* diffusers have an
approximately constant effectiveness of 80%, Based on the
results obtained for conical and two-dimensicnal diffusers

Sovran & Klomp assumed that the optimum geometries would be in-
dependent of inlet boundary layer thickness, A comparison of the
optimum lines for the various diffuser types is shown in Fig.

1-6-3, Although the boundary layers were not measured, the

effect of variation of inlet velocity profile, and of the
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growth of boundary layers along the diffuser, were discussed

in terms of the area-blockage concgpt outlined in Section 15,
The mmfluence of inlet velocity profile distortion on the

performance of two optimum 65*, constant inner diameter annular

dxffusers, having AR - /AR, combinations of; 2.25-6.5, and

3+425-12,0 respectively, has been investigated by Tyler and

Wllliamson.(io) The Reynolds No., based on diffuser inlet

diameter, was in the range 0.3 x 106 to 1.3 x 106. The inlct
Mach No. did not exceed 0.35. By placing the entry flare in
the working section of a wind tunnel, in a plane normal to the
direction of flow, blockage fractions as high as 0,70 were
produced (see Fig. 1—6—4). The results shown in Fig. 1-6-4
indicate that the correlation of effective outlet area
fractions due to Sovran & Klomp is restricted to essentially
"boundary-layer" types of inlet distortion, beyond which the
performance deteriorates significantly. In addition the
optimum area ratio at a given non~dimensional length was found
to be reduced by as much as 50% for high blockage fractions,
Unfortunately, no measurements were made.of the inlet velocity
profile, and in view of possible asymmetry, due to the way in
which the inlet conditions were generated, the results
obtained should be treated with caution.

Howard, et al.(26) have reported tests on symmetrical
annular diffusers, and diffusers having constant inner diamecter,
using fully developed flow conditions at inlet. The inlet
radius ratios were 0.515 and 0,775; the range of geometries

covered is shown in Fig. 1-6-5, The symmetrical diffusers

showed lines of first stall and optimum pressure recovery at
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constant non~-dimensional length close to those of two-
dimensional diffusers with which they share a common relationship
between AR, L/ARl, and @y, Annular diffusers with constant
inner diameter showed characteristics intermediate between two=
dimensional and conical diffusers. Insufficient data was
obtained to determine explicitly the efifect of inlet radius
ratio.

Vhilst most of the published work has centred on the
overall performance characteristics of annular diffusers Stevens

and Markland(ig)

investigated the growth of the boundary layer
along the walls of two symmetrical diffusers having an area

ratio of 4,0:1, The aivergence angle of the outer wall, and

the convergence angle of the inner wall, was 2,5 in one diffuser,
and 50 in the other, the geometry of the diffusers is shown in
Fig., 1-6-6, The conditions at inlet were varied by adjusting

the approach lengths, and for the 2,5° wall-angle diffuser only,
by annular gauzes placed some 20 hydraulic diameters upstream

of the inlet. The overall performance was in excellent agreement
with the results of Howard, et. al., and the variation of
effectiveness Qith inlet blockage is shoén in Fig. 1-6-6.
Measurements of the pressure recovery in the downstream settling
length confirmed the findings of Ainley in that the recovery
increased as the amount of stalling increased. The growth of
the boundary layers was investigated with fully developed flow at
inlet, the results are summarised in Fig. 1~6-6, Although the
flow in the 2950 wall angle diffuser did not separate, there was
a noticeable asymmetry. The shape parameters on beth immer and

outer walls grew rapidly at the start. Subsequently, the shape
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parameters decreased as turbulent mixing predominated in a
region of low pressure gradients. The flow in the 50 wall angle
diffuser secparated from the outer wall at X/NEO.BB and beyond
this point very considerable asymmetry was apparent. No

(26)

separation was detected on the innecr body, Illoward et al.

(2k)

and Horlock have also rcp&rted separation only on the
outer wall, Further results are given in reference 27.
According to reference 26 the 2.50 wall angle diffuser lies in
the zone of large transitory stall which is clearly incorrect,
Also reference 26 i1ndicates that the 5° wall angle diffuser
lies on the optimum ng line, Whilst the value of recovery
is 5% lower than the value predicted by Sovran & Klomp,
separation and asymmetry render this diffuser useless for
practical applications. The work of Stevens & Markland
therefore confirmed the published values of overall performance
but cast some doubt on the flow regime charts of Howard, et al.
Although not specifically rclated to annular diffusers;
Moses(zg) and Goldberg(zg) have measured the boundary layer
growth on a cylinder in axially symmeiric internal flow., The
influence of various types of pressure gradient was investigated,
two of which are of intere;t in relation to the behaviour of
the boundary layer on the centre body of an annular diffuser.
These experiments are particularly important since not only the
mean velocity profile but the turbulence structure of the flow was
measured,

Although a number of attempts, notably by Imbach(so) and

Nicoll, & Ramaprian(Bi}, have been made to predict the boundary

layer growth in comical diffusers, very little attention has




(32) extended the three-

been focused on annular diffusers. Soo
dimensional momentum integral equation to explore flow over
bodies of revolution. Scparation was predicted by extending
the two-~dimensional relations for shape parameter and an
annular diffuser design based on imminent separation was 111~
ustrateds

In common with almost all methods, Soo's method relied
on the existence of a potential core throughout the length of
the diffuser. The author(33) extended the work reported in
‘reference 27 and applied the axially symmetric form of the
momentum integral equation to the calculation of the flow in
annular diffusers, ba;ed on the assumption of power law
velocity profiles. The method is restraicted to the case of
fully develeped inlet flow with no potential core. Good
agreement between the predicted and measured shape paramcters
has been achleved for a conical diffuser of 50 wall angle, and
along the outer wall of a 50 wall angle symmetrical annular
diffuser.(ig)

From thg above it can be seen that a considerable
amount of data exist notably due to Sovran & Klomp, which
enable the prediction of oeverall performance to bhe made to the
limits of engineering accuracy. Such predictions are limited
to "pboundary-layer" types of inlet non-uniformity, and to
"clean" or wmobstructed daiffusing passages. Considerable
doubt however surrounds the precise location of the lines of
first stall on the flow-regime charts for annular diffusers.

There is therefore, as concluded by Sovran & Klomp, "a

need for detailed performance data which can serve as a basis
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for analytical studies", Such detailed data must include
measurements of the boundary layer growth., This requirement
has been brought into sharper focus by the recent AFOSR~IFP-
Stanford 1968 Conference on Computation of Turbulent Boundary

(34) (3%)

layers; where both the Evaluation Committce and Coles
stress the urgent need for good detailed experimental data.
It should be noled that in almost all of the data submitted
to the conference three-dimensional effects were present, and
in only one case (Stratfordgs) was the adverse pressure
gradient as severe as those experienced in optimum (Ep*)
diffusers. The only investigation of boundary layer growth
in annular diffusers (Stevens & Markland(19)) showed strong
three~-dimensional effects, and thercfore at present no
suilable data exist on which a thecoretical prediction method
can be assessedﬂ

In view of the larger number of geometrical variables,
and the need to investigate such effects as boundary layer suction,
there is considerable stimulus for a theoretical approach to
amnular diffuser designe. Many of the prediction methods
available are capable of being applied, but in their present form
are restricted by the need to assume the existence of a potential
corces Moreover, the methods are all correlative and it is
uncertain how well they will extrapolate beyond the tange of
the original data, i.e. to large adverse pressure gradients.,
More serious is the fact that all methods fail to predict
accurately what is one of the main objects; namely the onset

of stalling., The Evaluation Committece of the Stanford

Conference drew no conclusions regarding the prediction of
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separation on the grounds that; (1) no theory presented
applies there, and (1i) the data jis necarly all suspect in this
region. Thus at present no universally acceptable method is

available to the designer.

1-7 Choice of Diffuser Geometry to be Investigated

In selecting the annular diffuscr configuration to be
investigated it was noled that most of {he published data had
been obtained on diffusers with inlet radius ratios in the
range, 0.50 to 0,70, these figures being typical of most gas
turbine exhaust annulus diffusers, However, an equally
important application is that of the diffuser at compressor
exit, and i1n such applications radius ratios as high as 0.9%
have been used., In view of this it was decided to design for
the highest possible inlet radiug ratio, the value finally
chosen being 0.83. This figuwre was decided by practical
limitations outlined in Section 2., An area ratio of 2,0 was
chosen as being the limiting value for most engineering
applications. The selection of wall angles was influenced by
the programme of research being carried out in the Department,
The choice lay between a diffuser incorporating a large turning
angle at inlet (see Fig, 1-4-5) and one in which the air had a
relatively straight passage into the diffuser. An investigation
was already in hand on the former alternative(SG) and the
straight entry was therefore selected., A diffuser with a
constant inner diameter was chosen as a gas turbine configuration
yielding data of practical utility. Since the flow turning
occurred only on the ocuter wall, the influence of the disturbance
associated with the change in outer wall angle at inlet could

be investigated. In addition the flow on the inner wall would
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be of general interest since the flow would have a well defined
history of development,

A fully annular configuratidn was to be used, the large
radius ratio indicating a tendency towardstwo-dimensional
conditions. It was hoped that, providing significant
separation was avoided, no secrious three~dimcnsional effects
would be present.

The diffuser non-dimensional length was based on the

(7)

optimum performance lines of Sovran & Klomp for an area
ratio of 2,0

(1) An optimum Cp* diffuser - L/ARq = 5.0

(11) An optimum Cp** diffuser - L/argy = 7.5

(1ii) A calibration diffuser of L/ARj_ = 10,0

1-8 Objectives and Scope of Present Investigation

The general objective of this work is to provide
performance data on optimum annular diffusers having centre
bodies of uniform diameter and conically diverging outcr walls.
Fully developed flow was chosen as the diffuser inlet condition,
because it is more representative of the state of the flew in
many applications than the thin boundary layer condition
frequently used for diffuser research.

The specific objectives are:

(i) To measurg the overall performance in terms of the
pressure recovery and loss coefficient, paying particular
regard to the stability of the outlet flow.

(ii) To achieve a diffusing flow frec from any

significant three-dimensional effects,

(ii1) To measure in detail the growth of the boundary
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layer aleng the inner and outer walls; the measuremenisto
include not only the mean velocitly profiles, but the shear
stress and turbulence intensity digtributions.

(iv) To mecasure the pressurc recovery, and velocily
profiles in the downstream settling length.

(v} To compare the cxperimental data with the prediction

method outlined by the author.(33)

(vi) To introduce the Coles two parameter velocity
profile representation inte the prediction method.

The experimental data 1s analysed in Section 4, and the
theoretical analysis based on both the single and two-
parameter velocity profiles is developed in Section 5. The
results are compared wilh the theoretical predictions in
Section 6, In view of the current interest in the {urbulence

structure of boundary layers the actual test observations are

included i1n the Appendix,
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SECTICN 2

EXPERIMENTAYL FACILITY

2 ~1 Design of Apparatus

As stated in Section 1, diffusers which have centre bodies
of uniform diameter are to be investigated, having fully
developed flow at inlet, It was decided that the inlet conditions
would be achieved by natural development in a long annular entry
length., This method was chosen, rather than artificial thickenang,
due to uncertainties regarding the turbulence structure of such
layers. A suction layout was chosen 1n order that the inlet
boundary layer would have a well defined upstream history,
although such a layout produced a rather inflexible rig., The
dimensions of the rig were determined by the following consider-
ations:-
i) Space available
ii) The neced to achieve an inlet Reynolds No. > 1 x 10°,
iiz) To test at an inlet velocity consistent with a
measurable outlet dynamic pressure
iv) Adequate annulus height at inlet for boundary layer
traverses.
v} Diffuser Geometry: Area Ratio 2.0 : 1, Max. L/ ARy
= 10.0.
vi) To design for a high inlet radius ratio (Ri/Ro)
Bearing in mind the considerations listed above, it was
decided to design for the largest practical inlet diameter,
Tubing to a very high standard of accuracy (typically 10.0

0,005
: 0,000 1ns. 0.D. over a length of 30 ins) was required, since
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. (27)

experience with an earlier rig had shown that minor

eccentricity of the annulus core had a marked effect on the

circumferential uniformity of the mean velocity profile.

No

commercial tubing to such close tolerances was available, and

department, Machining capacity limited the maximum

fore chosen:
Outer wall diameter at inlet - 12,0 ins,
Inner wall diameter at inlet - 10,0 ins.
Outer wall diameter at outlet - 1%,75 ins.
Inlet radius ratio - 0,833
Inlet annulus height =~ 1,0 ins.

The "design" operating conditions were:

Mean inlet velocity = 120 ft./sec.

Inlet Reynolds No. ('ﬁ (Do“‘D*)) —  1.28
V
It was necessary to check the overall length of the

a diffuser having L/ARj = 10,0

Estimated Length of Rig

Entry Flare

Entry Length (assuming a length equal to
50 (Do—Dl)l to achieve fully
developed flow)

Diffuser

Settling length (based on a length equal to

8 (b, - D3), )

- Total length

therefore the manufacture had to be carried out within the

tube

Mean outlet dynamic pressure ~ 0,82 ins. water gauge

x 105.

diameter to 13.75 ins. and the following dimensions were there-

rig, assuming

1 ft.

6

8 fte &

2 fi,

10

6

ins.

ins.

inSo

IS e

13 ft.

2

1S e
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One of the main problems associated with the design of an
earlier rig (27) was the large number of struts required to
centralise the inner tube in the entry length, In view of the
uncertainties regarding the influence of wakes from support struts
on the subsequent growth of the boundary layer in the diffuser it
was decided to mount the rig vertically (see Fig. 2-1-2), The
advantage of this arrangement was that as all the inner tubes
were spigotted together they could be positioned simply by three
struts in the entry flare, the werght of the tubes being supported
by two rods at the end of the settling length (see Fig. 2-1-1).
In this way the influence of entry length supports was reduced
to a minimum. The rig was mounted on a plenum chamber (6 ft. x
2 ft. x 3 ft.), and the clearance between the entry flare and
the roof of the labordtory was & ft.

A suitable fan with a volume flow of 1800 ft.j/hin. at a
pressure rise of approximately 4 ins. water gauge was selected;
the drive was provided by an electric motor with a resistive
speed control. In order to facilitate flow visualisation studies
the tubing and diffusers were constructed in % ins. clear perspex
sheets The tubes were manufactured by shrinking a heated perspex
sheet,; which had been joined with Tensol No, 3 cement, onto an
accurately machined former. Using this technique a tube could
be constructed to an accuracy of 0.003 ins, on a diameter of
12,0 ins. and this tolerance maintained over a length of 30 ins.
The entry length comprised of three iube assemblies, each 30 ins.
long, spigotted together to produce surfaces which mated
accurately.

!
A flared intake and nose bullet followed by a 10 ins,.
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length of tubing, made up the inlet section. The design of the

intake flare was based on a standard I.S.A. nozzle. Transition
on the flare and nose bullet was stabilised by trip wires.
Assuming that the Reynolds number based on wire diameter must

(37)

exceed 600 to achieve transition wires of 0,020 ins, diameter
were attached to the surfaces of the tubes downstream of the
threoat. To aveoid any problems associated with deposition of
dirt on hot wire probes and small bore pitot tubes a fine mesh
cloth filter was fitted around the intake flare.

The settling length comprised of perspex tubing 30 ins.
leng, at the end of which a Dufaylite honeycomb was fitted to
ensure that no swirl was induced in the flow by prerotation at
fan inlet., To prevent fan vibrations from reaching the test
section a flexible hose was used to connect the inlet of the fan

to the plenum chamber.

2 -2 Diffuser Geometry

The particulars of the diffusers tested are tabulated below

Doy (ins.) 12.0 12,0 12,0
Di; (ins.) 10.0 10,0 10.0
¥4 o (degrees)| 5.0 6.62 10.0
@ i (degrees)| O (o] 0
Area Ratio 2.0 2.0 2.0
L/ ARy 10.01 7514 5.018
. N/ARI 10.0 75 5.0
(Ri/Ro)1 0.833 0.833 0.833

In view of the small differences between L/ AR; and N/ARI, the

values of “/AR) will be quoted as 10.0, 7.5, and 5.0 respective-

ly throughout this thesis,
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2=3 Instrumentation

2=3=1 Pressure Measurcments

The following wall static pressure mcasurements were
taken: -~
1) Throat of entry flare (3 off)
i1) Upstream of diffuser inlet on inner and outer walls
(18 orf)
iii) Along the length of the diffuser on inner and outer
walls (6 off at cach station)
iv) Diffuser exit (6 off)
v) Downstream settling length on inner and outer walls of
stations 3.75 ins apart (6 off at each station)
All static pressure holes were 0.031 ins. diameter, and at each
station three tappings were made, equally spaced round the
circumference of the inner and outer walls. The axial location
of the stations is shown in Fig. 2-3-1
Total pressure traverses were made along three equally spaced
radii at a station 3 ins. upstream of diffuser inlet, and at
various stations along the length of the diffuser and downstream
settling length (see Fig. 2-3-2). The end section of the total
head tube was flattened to a rectangular shape 0.0:0 x 0,015 ins.
Separate probes were used for inner and outer wall traverses, each
being bent slightly, to ensure that only the tip of the probe
was in contact with ihe surface of the tube. The traverses were
carried out normal to the walls of the tubes using micrometers
(see Fig. 2-3-3) which, after removing any backlash, could be set

to an accuracy of 0,0005 ins, When the traverse holes were not

in use they were plugged with screwed inserts, All pressures
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were recorded on Betz projection manometers.

2~3=2 Hot-Wire Mecasurements

Turbulence measurements were carried out using a D.I.S.A.
55A01 constant temperature anemometer. The D.C. component of
the output was monitored on a Weir D.V.M., Type 500. D.I.S.A.
probe elements Type 55A53 and 55A54 were uscd, the wires were of
platinum-plated tungsten 5 microns diameter, 0.45 m.m. long (see
Figs. 2-3-4)., No suitable commercial X-probe was available for
making shear stress measurements, and therefore a single 450 slant
wire was used., The technique used was to present the wire at an
angle of 450 to the mean direction of flow, and then to turn the

wire through an angle.ef 180° as indicated below

— L =

This technique is the same as that employed by Goldberg
6
Leo'©3)

(29) and
« In order to facilitate the re-orientation of the wire
the probe element was mounted 1n a square sectioned carrier, and
fitted into the traverse gear. With the square sectioned carrier
the wires could be placed in four positions relative to the flow
viz, the u'-v!, and utw! planes., The carrier and probe element

are shown in Fig. 2-3-4, and a cross-sectional view is given

overleoaf:
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A single straight wire probe (Type 55A53)was used to determine

the longitudinal component of the turbulent fluctuations.
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FIGURE 2 - 1 = 2 ANNULAR DIFFUSER TEST RIG

FIGURE 2 - 3 - 2 TEST DIFFUSER
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SECTION 3

EXPERIMENTAL WORK

-1 Scope of Experimental Work

low speed tests were carried out on three annular diffusers
having centre bodies of uniform diameter and conically diverging
outer walls. The diffusers had a common area ratio of 2,0:1 and
non-dimensional lengths (1/AR;) of 5.0, 7.5, and 10.0 respectively.
The tests, using air as the working fluid, were carried out with a
fully developed inlet velocity profile having a maximum velocity
of approximately 140 ft./sec. The inlet Reynolds No. was 1.30 x
10°,

To enable the overall performance and boundary layer
growth to be determined, the static pressures and mean velocity
profiles were measured at, on average, 16 stations along the
length of each diffuser and the downstream settling length. At
a number of stations measurements were taken of the distribution
of Reynolds shear stresses (Wv' & ;TET) and the longitudinal,
radial, and transverse components of the turbulent velocity
fluctuations.

3=2 Experimental Technique

For most of the tests the speed of the fan was adjusted
to give approximately the same differential head across the entry
flare, in this way inlet conditions were maintained as near
constant as possible, The fan was then run for 20 mins. to allow

conditions to settle. The test programme was split into two

phases, one cbneerned with the overall performance, the other
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with the internal performance.

3=2-1 OQverall Performance

In these tests all the static pressures were recorded
relative to a reference static pressure measured on the outer
wall 3,0 ins. upstream of the diffuser inlet. No instability
of pressure was noted.

2=2-2 Internal Performance

Mean Velocity Profiles

Total head traverses were carried out along three egually
spaced radii at the stations shown in Fig. 2-3-1. The velocity
was calculated from the measured difference between the total and
wall static pressures on the assumption {1hat the static pressure
along each radial traverse, was the same as that measured at the
wall, At each station all three total head probes were
traversed at the same timej; the technique adopted was to traverse
in from the outer wall for some distance past the point of
maximum velocity, and then with the rig still running to change
probes and static pressure connections; and traverse from the
inner wall., When the probes were in contact with the wall, the
micrometer was set at a distance corresponding to the effective
displacement of the centre of the probe, Using the correction
due to Young and Maas(ss) the centre of the probe was assumed to
be 0,015 ins. from the wall.,

Turbulence Measurements

Most of the measurements were carried out at one radial
location, although al inlet, exit, and one or two stations in

the diffuser,‘measurements were taken along all three radii.
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Inner and outer wall traverses were again carried out
separately. Five traverses were made from each wall as
detailed below:
i) straight wire probe — u'=v'! plane.
ii) slant wire probe —u'~v! plane.
iii) slant wire probe turned through 180°— ut =v! plane.
iv) slant wire probe — u'-w! plane

v) slant wire probe turned ilhrough 180% — ut-w! plane

(Ffor further details see Appendix 11)
Considerable care was taken to ensure that the probes were
correctly aligned to the flow, and accurately positioned from
the wall, Also the hol-wires were examined at frequent
intervals under a microscope, 10 check for contamination with
dirt, and cleancd when necessary with Kistler contact cleaner
{(Freon 1001), For further information on the precautions

taken to avoid "drift" due to dirt see Appendix 13.

3-3 Computational Methods and Reduction of Results

3-3-1 Mean Velocity Profiles

A detailed analysis of a typical set of experimental data
is given in Appendix 1. The values of non-dimensional velocity
(¥/U ) were calculated by hand, and plotted graphically at each
stations A mean line was drawn through the data, and values taken
from the mean line were tabulated at appropriate intervals. The
tabulated data was punched on TI.C.T. cards, and an I.C.T, 1905
Digital Computer was used to reduce the data further. The
computer programme used to process the inner and outer wall
velocity prof}les 15 detailed in Appendix 2.

Using this programme values of displacement thickness,
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momentum lhickness, energy thickness, shape parametcr, and
energy shape parameter, were calculated for two~dimensional
definitions, and axi-symmetric definitions based on local radius
and annulus height. Values of the ratio of mean to maximum
velocity, momentum coefficient, energy coefficient,; volume flow,
and the percentage flow entrained in the outer wall layer, were
also calculated,

3=3=2 Turbulence Structure

The reduction of a typical set of turbulence measurements
is illustrated in Appendix 11. Values of the R.M.S. voltage
were plotted against distance from the wall, and the square of
the bridge D.C. volts was plotted against the square root of the
local velocity ratio (U/U), Mean lines were drawn through the
data, and tabulated vélues fed to a computer programme (see

Appendix 12). This programme was used to compute values of,

22,@2, }'Eﬂ‘ ___,1_ (3'2*7'24';'2), ZF"J & 2{7\'_"1
U U U 2ud Uz 52

After the turbulence measurements had been processed, a
further programme (Appendix 18) was used to calculate the
Reynolds normal siress, dissipation coefficient, mixing length,
and eddy viscosity at a specified number of points across the
layer. The analysis of a typical set of data is detailed in
Appendix 17.

Buly Estimated Experimental Accuracy

Pressure measurements were taken throughout using
Betz manometers which could be read to an accuracy of 0,01 1ins,
water-gauge. Thercfore the error in non-dimensional velocity

4
(%/U) near the wall at inlet should be approximately + 1%
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rising to + 2% at exit. However, whilst a correction was made
for the effective displacement of the probe, positioning errors
could increase the values quoted to + 2% near the wall at inlet.
No corrections were made for the effects of turbulence, or
streamline curvature. In general the degree of scatter is
within the lamits of experimental error, and the accuracies
quoted are confirmed by the fact that the volume flows
obtained by integrating the mean velocity profiles, agree to
within i%:? % of the inlet value. (see Appendices 4/6/8). This
is considerably better than Lhe accuracy achieved in earlier
diffuser investigations, where the volume flow at exit is,
typically, 5 - 10% higher than the measured inlet value.(15)

The values of static pressure rise coefficient are
considered to be within * 3%, The loss coefficient was not
measured directly but calculated as the difference between
the ideal and measured values of pressure rise coefficient, and
therefore suffered in accuracy due to the fact that a small
difference was calculated from two relatively large quantities.
The error could be as high as + 20%, nevertheless the loss
coefficrent is small, typically, 0,06.

The accuracy of the turbulence measurements is considerably
more difficult to quantify, due to such problems as drift,
orientation of the hot-wires, high turbulence levels, and large
vertical components of velocity as the flow approaches separation,
The significance of these effects 1s discussed in Appendix 13,
and the following accuracies are suggested:

Early stages of diffusion 5% in jﬁk/TJ

4

10-15% in 2 uwv'/U?
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Latter stages of diffusion o0 in Ju'2/U
Tt 2
20-h0% in 20v'/U

However, in the outer regions of the layers further errors in

u'v’ may be incurred due to misalignment of the slant wire

probes.
The accuracy of the boundary layer parameters,
is approximately + 3% near diffuser inlet and + 4% at exat.

3=5 Calibration Tests

Initial calibration tests were carried out on the F/[th =
10 diffuser, since the flow in this diffuser was expected to be
I

free from transitory stalling.

3=5=1 Symmetry of Flow

Initially flow visualisation checks were carried out
using wool tufts. At no point in the test diffuser or the
downstream settling length could any swirl be detected. Next,
the circumferential static pressure variation at each station
was investigated, and, within experimental error, no variation
could be detected. Finally, the velocity profiles at diffuser
inlet and exit wcre measured; excellent symmetry of flow was
observed, and the integrated velume flows at the two stations
were within 13%. Therefore no evidence of any three-dimensional
flow could be detected.

3=5~2 Calibration of Intake Flare

It was originally proposed to fit an I,S5.A, nozzle in the
fan discharge, but in view of the excellent symmetry of flow it
was decided that the mass flows calculated at diffuser inlet

could be taken as the "correct" wvalues., Tests carried out over

]
a range of fan speeds indicated a mean discharge coefficient of
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0.97 for the aintake flare, a value of 0.975 has been obtained
(27)

for a flare of similar design.

3=5=3 Influence of Intake Filtor

Measurements were carried out a station 3 ins. upstrecam
of diffuser inlet with and without the filter around the intake
flare., Within the limits of experimental error no difference
could be detected in either the velocity profile or the shear
stress disiribution.

3-5-4 Influence of Diffuser Inlet Bend

The diffuser inlet static pressure is usually measured
some distance upstream of the entry plane, because curvature
of the flow produces a local reduction of pressure on the
surface near the entry. At a later stage in the test programme,
a survey of the static pressure distribution was made along the
walls just upstream of the entry to the IV'ARI = § diffuser.
The results are shown in Fig. 3-5~1 3; also included are the
results for the other two diffusers. The quoted diffuser inlet
conditions are based on traverses carried out at a plane 3 ins.
upstream of the entry, which is shown to be unaffected by the

local curvature of the flow.
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SECTION 4

RESULTS AND DISCUSSION OF EXPERIMENTAL WORK

4-1 Diffuser Inlet Conditicons

The mean velocity profile measured along three equally
spaced radii at a station 3 ins. upstream of diffuser inlet
(henceforward referred to DIFFUSER INLET) is shown in Fig, &4-1-1.
The results are compared with those due to Brighton and Jones(sg),
for approximately the same Reynolds number, and a radius ratio,
Ri/'l?o = 0,562, The results are 1n good agreements Howard et a1(26)
have produced a similar finding. Also the position of the point
of maximum velocity in turbulent flow is much the same as that
for laminar flow,

In order to verify that the daia followsthe well established

"Law of the Wall", the results are shown in Fig. 4-1-2 in the

form of a semilogarithmic plot, The law 1sy

U - L log,{(Re=R) UT] + C h-1-1
u, K V
Values of the constants, K & C, in annular flow have been quoted
(&0) .
by Knudsen and Katz as 0.38 and 3.0 respectively. In view

of the large radius ratio 1t was considered more appropriate to

/
use the values suggested by Coles(kl) for two-dimensional flow

ie€sy, Ouk & 5.1, Similar assumptions have been made by Goldberg(zg)
in an experiment with annular flow at an equivalent radius ratio.
Equation 4-1-1 can be expressed for the outer wall boundary
layer in the form;

u =j§o{ 2.5 toge[(*?_o"R_)E C_?re] +51} - LoD
1) 2 V 2

and for the inner wall layer asj

% =@. { 2.5 loge[(R—i.)Uf%—_{.} +s.1}_4_2_3

Equations 4-2-2 and 4-2-3, have been plotted as a universal
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family for various values of Cf, the measured velocity profiles
are also plotted, and the value of Cf determined by selecting the
appropriate member of the family which best fits the experimental
data. Whilst the velocity profiles on inner and outer walls
follow a logarithmic variation, the experimental data lie on a
line of greater slope than that predicted by Coles. This
variation in slope makes it difficult to estimate values of Cf

to better than iS%’ The table below compares the estimated

values with those predicted by Ludwieg and Tlllmann(ég)and
(43)
Felsch for the same values of Reg and H.
COMPARISON OF SKIN FRICTION COEFFICIENTS
CUTER WALL INNER WALL

Cf - Experiment 0.0033 0, 0034
Cf - Ludwieg & Tillmann 0.00356 0,00378
Cf ~ Felsch 0.00357 0.0038

The lower experimental values are attributed to the lack of a

suitable form of the universal law, Knudsen and Katz (40) i

11
reviewing flow in annular passages state that "extensive invest-
igation has failed to produce a satisfactory relationship"”.

The boundary layer momentum thickness (9/(Ro - Ri) } on
inner and outer walls is 0,039 and 0,042 respectively, compared

(27)

with values of 0,036 and 0.0%1 reported by the author for a
radius ratio of 0.60.

The Reynolds shear stress distribution (see Fig. 4~1-3)
was found to be linear, indicating that the flow was also fully
developed 1in terms of the turbulence structure. The shear stress

distributions were extrapolated to the wall to give further

estimates of the skin fraection coefficients viz. Cfo ~ Cfi = 0,0031
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The distribution of longitudinal turbulence intensity is
shown in Fig. 4-1-k ; it will be seen that there is good agreement
with the outer wall values due to Brighton and Jones, but the
results are approximately 15% lower over a large proportion of
the immer layer.

Thus on the basis of the mecan velocaity profiles and
turbulent shear stress distributions it can be stated that fully
developed flow has been established at diffuser inlet. It should
be noted that these conditions have been achieved in an entry
length of 50 hydraulic diameters with the aid of transition wires
on the intake, compared with a length of 59 diameters used by the

(27) (22)

author in an earlier investigation. Wood using a similar
arrangement required 45 diameters, whilst Brighton and Jones using

gauzes and roughness elements required 35 diameters.

L2 Outlet Conditions and Flow Stability

Fige 4-2-1 shows the outlet velocity profiles for the
three diffusers; the following points are noted:

(i) As the non-dimensional length of the diffuser is
reduced, the distortion of the outlet velocity profile increases.
The increased distortion is reflected in the progressive increase
in the profile energy coefficient «,,

(ii) The increased distortion is associated mainly with
an increase in the shape parameter of the outer wall boundary
layere.

(iii) Although considerable distortion of the flow has
taken place, only in the case of the L/'ARl = 5 diffuser is
any asymmetry of flow observed, The symmetry of flow in the

other diffusers is very good.
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The imminence of separation at outlet of the L/l!Rl =5
diffuser is indicated by the asymmetry of {low, and the high
outer wall shape parameter., However failure to measure a separ-
ated profile cannot be taken unreservedly as proof of the
absence of separation, but merely indicates lhat separation
has not occurred at the positions at which the measurements were
made. Examination of the flow at outlet using wool tufts
indicated that intermittent transitory stalling was occurring at
varying positions on the outer wall between the outlet plane
and a station approximately one inch upstream,

In the other two diffusers tested there was a general
unsteadiness an the outlet flow but no stalling could be
detected,

L3 Static Pressure Distribution

The increase of pressure along the inner and outer walls
of the diffusers s indicated in Figs, 4-3-1/2/3, in terms of

the local pressure coefficient defined as
E = P— P‘l
p 1 1
ZFPY,

The experimental o¢bservations are given in Appendix 9. The

b-3-1

inlet pressure P, is taken as the static pressure measured 3 ins.

1

upstream of diffuser entry (see Section 3-5), A similar

(26)

technique has been adopted by Howard et al. , and Stevens and
Markland(lg). There is a significant difference in static
pressure across the annulus in the vicinity of the diffuser entry
due to the local curvature of flow. This pressure difference,

which increases with outer wall angle, has the effect of

. . . P
incrcasing the local pressure gradient (é—) on the outer wall
dx

in the initial stages of diffusion., Over the remaining length




of the diffusers, with the exception of the L/AIH;S diffuser,
the pressures on the imner and outer walls at each station are
indisiinguishable, In the case of the LJ’AR1=5 diffuser, the

small but detectable differcnce in pressures is not considered
to be significant.

The measured values of pressure rise coefficient are
lower than the ideal values calculated from Egn. 1-3-2 due to
the combined effects of increasing non-uniformity of flow and
energy losses along the length of the diffuser. Neglecting
energy losses, the pressure rise coefficient is obtained from
Eqn. 1-3-3 as;

Cp = [°<1 - 'izz} he3-2

AR

The predicted values of E; obtained by substituting the
experimental values of velocity profile energy coefficient in
Egqn. 4-3-2 are also shown in Figs., 4-3-1/2/3. It will be seen
that the lower experimental values of E; are due mainly to
insufficient diffusion associated with the increased kinetic
energy flux due to flow distortion, rather than inefficient
diffusion due to energy losses.

L-b Overall Performance

The overall performance of the diffusers is summarised

below:
DIFFUSER =/ 4 R, 5.0 | 7.5 |10.0
Cp 1-2 0.5% | 0.63 | 0.6k
Cp’ 1-2 0.75 | 0.75 0,75
€ sCp/Cp’ 0.72 | 0.8% | 0.85
<] 1.045 | 1,045 | 1,045
- *Arithmetic
<2 1,740 | 1.41 1,31 mean value
A1-2 0.08 0.065 | 0,077
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The calculation of the loss coefficients ( A1-2) 1s detailed in
Appendix 10, and the values of outlet velocity profile energy
coefficrent (X 2) are given 1in Appeﬂdices L/6/8,

The results show that an increase in the non-~dimensicnal
length of the diffuser results in an improvement in the static
pressure rise coefficient. However within the limits of experi-
mental error the valuesof '551_2 for the L/ AR =7.5 and 10.0
diffusers are the samej this is due to the reduced distortion
in the L/ZSR1=10.0 diffuser being offset by the slightly larger
energy losses associated with the increased length of diffusion.

hes Comparison of Overall Performance with Published Data
(26)

Howard et al. have carried out overall performance
tests with fully developed flow at inlet, on a range of annular
diffusers which had centre bodies of uniform diameter and inlet
radius ratios of 0,775 and 0,515, Although the influence of
inlet radius ratio was found to be significant,, the higher

value of 0,775 is reasonably close to the value used in the

present tests and the results are compared in the table below,.

DIFFUSER L/ L\Rl 540 75 10,0

Cp,_, (Expt) 0.5h | 0,63 | 0.64

61_2 (Howard et al.) 0.53 0.59 | 0.60

* Interpolated
It can be seen that within the limits of experimental error
there is good agreement between the data.

(7)

Sovran and Klomp have proposed a universal correlation
to predict the influence of inlet boundary layer thickness on

diffuser performance (Fige 1-4~3). The correlation 1s restricted

to diffusers having geometries on or near the optimum E; * line
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i.e. the F/13R1=r diffuser. Substitution of the apprepriate
values of area ratio and inlet blockage fraction yields a
predicted value of ( U /U)2 = 0,60 compared with the experimental
value 2 0,62, Using this result, and neglecting the total
pressure loss along the streamline of maximum velocity, a
static pressure rise coefficient of 0.555 is predicted, which
is in excellent agreement with the measured value.

Very little published data isavailable on annular

(25)

diffuser loss coefficients, however Henry et al, have
suggested a correlation based on the included wall angle. The
experimental data iIs compared with this correlation in Fig.
4-5-1, It can be seen that there is rcasonable agreement with
the data due to Nelson and PoppESz)

L-6 Influence of Downstream Settling Length

Measurements were made of the variation of static pressure,
velocity profile, and turbulence structure along the length of
the constant area duct downstream of the diffuser. Traverses
were carried out at stations, 3.75, 7.50 and 11.25 ins, down-
stream of the diffuser exit plane. The velocity profiles are
shown in Appendices 3/5/7, and the pressure distributiorsand
turbulence data are given in Appendices 9/14/15/16,

There is an increase in pressure in the downstream
settling length due to radial momentum transfer reducing the
distortion or momentum coefficient of the velocily profile.
This effect is shown in Fig. 4-6-1 where the reduction in

distortion is indicated by the lower values of shape parameter,

The momentum equation for flow in the settling length isj

o1 (0 )| T - 252 - T (05~ 07) [ BB - TT (0,400 461
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Where Ty is the mean wall shear stress, and 3 is the momentum
coefficient defined as

/3 =fuadA/ﬁzA hefon
If the flow is assumed to be near to separation at outlet,
the term [7;n(Do + Di) dx]has a very small influence in the
equation, and can be safely neglected. Equation 4-6-1 therefore

reduces to

2
Pa=Po o 2(fampa) (A1) bt
332 Ao -6-3

2P
In the tablec below the measured values of pressure rise coeffici=-

ent are compared with the value obtained by substitulting the

experimental values of 2 and /23 in Egn. £-6-3,.

DIFFUSER L/ AR, 5.0 7¢5 10,0
B2 1.239% 1.142 1,106
A3 1.024 1.017 1,017

—2 Egn.
(133,-132)/:_12_,%1 (lm6-3) 0.107 0.062 0. 04k
(P3-P2)/4 oU7 (expt) 0.125 0.043 0.050
2
Cp-1-3 0.665 0.668 0,690
Cp 4, 0.5%0 0,625 0.6%0
% increase in EE 23.0 7.0 8.0

* Arithmetic mean value
Within the limits of experimental error, there is good agreement.
The discrepancy in the case of the L/13R1=5 diffuser is
considered to be due, in part, to the difficulty in establishing
an accurate value of ﬁ 5 for the asymmetric diffuser outlet
velocity profile. It can be seen that the downstream settling
length produces an appreciable increase in the static pressure
rise coefficient, particularly ain the case of the p/Z!R1=5

diffuser,
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The overall loss coefficient,) 1-3, for the diffuser -

settling length combination has been obtained from:

7\_=[°<‘i<é ]—EP b6ty
1 3 1 (AZ/A;)Z 1-3
The wvalues oi‘kl—B are tabulated bhelow:
DIFFUSER L/ AR, 5.0 745 10,0
=< 1 1.045 1,045 1,045
<3 1.067 1,048 1,050
=<3
o¢ -
1 /(As/Al)z 0.778 0.783 0.783
. (expt*) 0.665 | 0.668 0.690
A1-3 0.113 | 0.115 0.093
Ni-2 0.080 | 0.065 0.077
o\ APy
2-3 = Igo 0.033 0.050 0.016
Aoz = APT/LZPU.: 0.132 | 0.200 0.064
Cp 2-3 = &P/—;_.pU: 0.500 0.172 0,200

Based on the results for the L/é.R;S & 10 diffusers, the
increased turbulent mixing has resulted in an increase of approx-
imately 30% in the overall loss coefficient. These values are
approximate, since they have been calculated from the difference
between the ideal and actual static pressure rise coefficients,
and as discussed in Section 3~4& this approach can lead to large
errors, e.g. the results for ithe L/AIH;?.S diffuser.

To suméarise, the addition of a downstream settling
length produced in all cases an improvement in the pressure rise

coefficient, particularly in the case of the P/AII = 5 diffuser

1
which exhibited the greatest flow distortion, In all cases the

stability of flow in the settling length increased considerably.

However, these improvements are obtained at the expense of an
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increase in the mean total pressure loss,.

L-7 Mean Velocity Profiles and Boundary Layer Growth

L-7-1 Mcan Velocity Profiles

The development of the mean velocity profile, at one
circumferential position, along the inner and outer walls of the
three diffusers is shown in Figs. 4=7-=1 to 4-7-6, The profiles
plotted against the non-dimensional distance from the inner wall
are presented in Figs. 4-7-7 to 4—7—9, whilst the results of the
traverses taken along the three equally spaced radii are given
in Appendices 3/5/7. The boundary layer parameters quoted on the

graphs are based on axi-symmetric definitions e.g.

* Rm Rm *
-] o AR

UYR dr 8. =
U)R| ? ! JRI U U

The velocity profiles in Appendices 3/5/7, exhibit excellent
symmetry of flow at all stations; only on the outer wall at exit
of L/ AR1=5 diffuser is any asymmetry noted,

L-7-2 Boundary Layer Growth

The boundary laver parameters at each station are listed
in Appendices 4/6/8, and their rate of growth along the inner
and outer walls is presented in Figs. 4-7-10 and 4-7-11.

There is a significant difference in the growth of the
shape parameter H along the inner and outer walls. The rate of
increase 1n the shape parameter (%%) 1s greater on the outer
wall, and thié effect increases with outer wall angle, until in
the case of the L/DR1=5 diffuser a value of H & 3,5 is
obtained at exit. The exit shape parameter on the inner wall
remains approximately constant at 1.70 in all three diffusers.

In order to explain these effects, the physical interpret-

ation of profile distortion is briefly reviewed. The two-dimension-

al boundary layer equation for the mean flow may be wraitten as
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If the influence of Reynolds stresses is ignored and the term

V%H is assumed to be small in the inner region of the layer,

thei the equation indicates that in the presence of a pressure
gradient the change i1n velocity u is inversely proportional

Ox
to the local velocity. In a diffuser where daP is positive,

dx

there will therefore be a reduction in velocitys. The reduction
in velocity is greatest where the local velocity is smallest and
the distortion of the flow is accentuated., This simplified
approach is modified by the inclusion of the other terms in the
equation, of which the most important is the Reynolds shear
stress, which represents the mean transfer in the y direction of
x = component momentum, Measurements of the shear stress
distribution, in a boundary layer subjected to a strong adverse
pressure gradient, indicate that the flow in the vicinity of the
wall receives momentum from the outer regions of the layer which
assists it to advance to a region of higher pressure. Therefore,
in an adverse pressure gradient the Reynolds shear stress reduces
the degree of distortion, and the changes in profile shape will
therefore depend on the relative magnitude of the pressure
gradient and Reynolds stress terms.

Since the static pressure is nearly constant across any
station in the diffuser, the boundary layers on inner and outer
walls must experience the same pressure gradient, and therefore
the asymmetric growth of the boundary layer shape parameters is
due to

{i) Initial distortion produced by the flow curvature at

entry,
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and/or
(i1) Significantly differemt turbulence structures in the
inner and outer wall layers.
Although a generous blending radius (see Fig. 2-1-1) was used to
ensure a smooth change in flow direction on the outer wall at
inlet, the measured static pressure distributions in the vicinity
of the inlet flange indicate a significant pressure difference

across the annulus as illustrated below.

L/AR,=5 L/AR,y =10

7
] / x o//x

— = — Inner Wall -————— Quter Wall

After the minimum pressure point the boundary layer on the
outer wall experiences a more severe adverse pressure gradient
which is reflected i1n a higher shape parameter on the outer

wall at a station 0.3 ins., downstream of the inlet flange.

UPSTREAM DOWNSTREAM
DIFFUSER L/ARl 5.0 745 10.0
Station (X ins)| -3.0 0.3 0.3 0.3

Outer Wall H 4 B 1.30 1.39 1.36 1.30
Inner Wall H ; 1.28 1.31 1.28 1.32
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In the case of L/ARy = 5 diffuser the initial pressure gradient
is very large and, Coles(éa) has suggested that under such
conditiong "the mean motion 1s determined by pressure forces
alone." Therefore in the L/AR1 = 5 diffuser the asymmetric
growth of the shape parameters is attributed to the initial
distortion produced by flow curvature at inlet, which i1s then
accentuated by a very sevem adverse pressure gradient in which
the turbulent Reynolds stresses play only a minor role.

A similar phenomenon has been reported by Stevens and

Eccleston(BG)

in an experiment in which a diffuser was

preceded by a 40° annular bend. Duc to the distortion produced

by the bend the shape parameters on the inner and outer walls

at diffuser inlet were 1.22 and 1.43 respectively. The severe
adverse pressure gradient in the diffuser (LVKR1 = 6.2, 42/A4 = 2.0)
accentuated this distortion to produce shape parameters on inner
and outer walls at diffuser exit of 1.28 and 3.0.

The asymmetric growth of the shape parameters is reduced
as the outer wall angle is decreased, since not only the degree of
initial daistortion, but the pressure gradient also is reduced, and
the turbulent Reynolds stresses exert a greater influence on the
development of the mean motion.

As discussed in Section 4~2 intermittent transitory
stalling was detected over approximately the last 20% of the
outer wall of the L/osR; = 5§ diffuser. The experimental boundary
layer parameters are comparcd in Fig. 4=7-12 with the correlations

(45)

suggested by Sandborn and Liu for predicting intermittent

and fully developed separation. It can be seen that the
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conditions at diffuscr exit correspond to fully developed
geparation. Whilst the shear stress at this point is very small,
only a transitory stall could be deiected., Furthermore, the
correlation predicts the onset of stalling at a station
approximately 3 ins. from diffuser inlet, whereas wool tuft
observations indicated that transitory stalling did not occur
until approximately & ins., from inlet. Therefore whilst Sandborn
and Liu correlation is partially successful, like many other
separation predictions it merely indicates the imminence of

stalling.

4L-8 Longitudinal Turbulence Intensity Distribution

The measured longitudinal turbulence intensities are
presented in Figs. 4-8-1 to 4~8~6., The method of reducing the
data is given in Appendix 11 and the results are tabulated in
Appendices 14/15/16. It is emphasised that apart from plotting
the test data to remove spurious points, the results are based
on the raw test data with no corrections applicd. Although the
order of accuracy probably varies from 5-10% in the early stages
of diffusion, to approximately 20% in the latter stages, the
results do indicate general trends when results for the
different diffuser geometries are compared,

The data showsthat 1n an adverse pressure gradient the
value of JfFE/U near the wall develops to a maximum which
increases and moves away from the wall as the flow proceeds
downstream. Whilst the flow remains within the adverse pressure
gradient the maximum level of /ﬁﬁr/u is maintained, but when the

pressure gradient is relaxed in the downstream settling length
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N

the maximum falls rapidly.

Spangenberg et al(&6) have suggested that areas of
intermittent stalling occur when the root-mean-square intensity
in the inner 10% of the layer exceeds about 33% of the local
mean velocity. Using this criéerion the data indicatesthe conset
of intermittent stalling on the outer wall of the L/ARq = 5
diffuser at a station approximately 2.50 ins, from inlet, and on
the outer wall of the L/ARy = 7.5 diffuser approximately 6.0 ins.
from inlet, Careful investigation using wool tufts did not
confirm these predictions. Intermittent stalling was confined to
a region on the outer wall of the L/AR1 = 5 diffuser approximately
4 ins. from inlet, where r.m.s. fluctuations as high as 70% of the
local velocity were recorded.

In the latter stages of diffusion, along the outer wall
of the L/AR; = 5 diffuser, there is a sharp fall in the value of
fﬁ;?/U, which suggests that in regions near to intermittent
stalling the force opposing the pressure gradient is probably
derived not only from the shear stress gradient, but also from
the gradient of Reynolds normal stress.

The measured longitudinal turbulence aintensities in the
downstream settling length distal to the three diffusers are
presented in Figs. A14-1/2, A15-1/2, and A16-1/2. The
distributions are given along one radius at three stations
located 3.75, 7.50, and 11.25 ins. from diffuser outlet. There
are insufficient number of traverses to draw conclusions
regarding the axial gradient of turbulence intensity but an
indication is obtained of the level of values at the measuring

stations. Figs. A15-2 and A16-2 indicate that the maximum
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value decreases as the flow approaches equilibrium. However,
although the boundary layer shape parameters on inner and outer
walls at the station 11.25 ins from outlet are in the range
1.37 to 1.28 the values of turbulence intensity are relatively

highs Therefore the velocity profile is returning to equilibrium

fagter than the turbulence intensity distribution.

L9 Turbulent Shear Stress Distribution

The dastributicn of turbulent shear stress (gggzl) at one
circumferential position for a number of stations inUthe three
diffusers is presented in Figs. 4~9-~1 to 4-9-~3, The method of
reducing the data is detailed 1n Appendix i1 and the results
obtained using a computer programme (sec Appendix 12) are
tabulated in Appendices 14/15/16. To complete the shear stress
distributions, the shear stress at the wall, estimated from the
equation due to Ludwieg and Tillmann(AZ) has been added. The
turbulent shear stress measured in the u'-w! plane was found to
be extremely small, and is therefore not presented in a graphical
form,.

At a selected number of stations measurements were made
of the shear stress distribution along three equally spaced radiij;
the results are tabulated in Appendices 14/15/16 and presented
graphically i; Figs. A1k-5/6, A15-5, and A16-6, Within the
limits of experimental er}or, the distributions are symmetrical,
and only in the case of the measurements taken at exit of the
L/AR{ = 5 diffuser is any marked asymmetry observed.

The shear stress distributions are very similar to the

lengitudinal turbulence intensity distributions, in that, near

the wall a maximum develops which moves away as the flow proceeds
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downstream. It should be noted that despite the difficulties
entailed in making accurate shear stress measurements the
general trend of the results is very consistent. It is possible
to see quallfhtlvely on physical grounds how the shearing stress
must be distributed across the layer. The shearing stress is
always 1n such a direction that fluid layers further out pull on
layers further in. When the pressure is either constant, or
falling, all pull is ultimately exerted on the surface. Therefore
the shearing stress must be at least as high at the surface as
it 15 elsewhere and it would be expected to be a maximum there,
as it must fall to zero outside the layer. When the pressure is
rising, part of the pull must be exerted on that part of the
fluid near the wall, which has insufficient energy of its own
to progress to reglions of higher pressure, In other words, the
fluid in such layers must be pulled upon harder than it pulls
upon the adjacent layer nearer the surface., This means that the
shear stress must have a maximum away from the wall in regions
of adverse pressure gradient,

An alternative approach 1s to write the mean flow equation

(Eqn. 4-7-1)near the wall as

dr . dp k-2

dy dx
assuming that the remaining terms in the equalion are negligible
in the vicinity of the wall., Therefore in the initial stages of
diffusion where the pressure gradient is at its meximum value,
steep gradients of shear stress are observed near the wall. Then as
the flow procecds downstream, and the pressure gradient is relaxed so

the gradient of shear stress normal to the wall is reduced, The

region between the wall and the point of maximum shear stress is
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receiving energy per unit volume at each point at a rate given

by uaT , and therefore the positive slope éj y is evidence that
oy dy

the shear stress 135 acting to prevent separation. The fall to
near zero in shear stress on the outer wall at exit of the

L/ A Rl = 5 diffuser 1s atiributed to the extremely low velocity
in this region, and that a condition has developed in which no

energy can be received,

(34)

A number of workers notably Bradshaw and Spangenberg

et al(&63 have investigated the valadity of Egn. 4-7-2.

Bradshaw found that %ﬂEyl_%E , and Spangenberg et al., in an
y 2 dx

investigation of a near separating layer, found that at no
point near the wall did dT equal dP ; in fact close to separa-

dy dx

tion dj'& 0.2dP . As separation was approached a condition
dy dx
of near zero wall shear stress was reached, and in this region
the force required to overcome the pressure gradient was found
to be derived mainly from the Reynolds normal stress term, a
value of @.’2 f_\;o.é,ciE’ being obtained near to separation.
dx dx
Examination of the experimental data along the outer wall of
the L/A Rl = 5 diffuser revealed that dT ~08 dP in the
dy dx

initial stages of diffusion, falling to dT ~ 0.25dp

dy dx
at a station 3,75 ins. from entry. The gradient of Reynolds
nermal stresses at a point 0.5 ins. from the wall, for the
station 3.75 ins. from entry, was found to be equal to
approximately 0.3 dP . It appears therefore that at this point

dx

the other terms in the mean flow equation must be taken into
account. For a detailed analysis of the flow, additional
measurements are required ncar the wall.

It 1s of interest that despite the significant differences

in mean flow development in the three diffusers, the maximum
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values of shear stress aleng imner and outer walls are very
similar, This seems to suggest that the turbulence components
have originated from sources other than the local mean velocity
gradient.,

The shear stress distribution at the three traverse
stations in the downstream settling length are presented in
Figs. Al% - 3/%, Al5 - 3/L and Al6 - 3/k, It can be noted that
in the L/ ARl = 5 & 7,5 diffusers the maximum value of shear
stress in the outer wall boundary layer continues to increase
up to the station 7.5 ins. from diffuser outlet, reflecting
the large amocunt of turbulent mixing which is occurring.
Although 1n the inner wall boundary layer the maximum value of
shear stress is decreasing continuously, there is evidence,
particularly in the outer wall boundary layer, of the turbulence
structure lagging behind the development of the mean velocity

profile,

4~10 Distribution of Mixing Length and Eddy Viscosity

4-10-1 Mixing Length

The mixing length defined by Prandtl as
—— e
_ | ~uty
= duydu 4o10-1
drl dr
is often used to relate the turbulent shear stress to the mean,

velocity profile. It is frequently assumed that the mixing

length stays constant in the outer 80% of the boundary layer and
equal to 0,098 s Whilst for the inner region of the layer the
Prandtl relationship, ¢ = 0.4 y, is used. A review of expressions
- . . (78)

for mixing length is given by Patanker & Spalding.

The method used to obtain the values of mixing length is

detarled in Appendices 17/18, and the results are tabulated in



- 77 -

Appendices 20/21/22, The values of mixing length have been non-
dimensionalised with respect to displacement thickness,and are
presented in Figs. %4-10-1/2, A21-1/2, and A22-1/2.

Brighton and Jones(Bg) have shown that in fully developed
flow the mixing length, {, goes to infinity as R — Rm; the
same effect 15 noted at the edge of a number of the test boundary
layers, due to small differences between the radii of the point
of maximum velocity (%E = 0), and zero shear stress. The
mixing length, {, physically represents the distance over which
a flurd pariticle migrates before exchanging momentum with fluid
particles of different layers. Thus, 1t would be impossible to
have values of £ of the order of § or greater, This anomaly is
confined however to a small portion of the flow.

Apart from conditions near to diffuser entry where mixing
length increases with distance from the wall, the distributions
agree reasonably well with the assumption of constant mixing
length over most of the boundary layer, although the magnitude
of this constant level v;rieé consiaerably. As the flow proceeds
along the diffuser the value of &/8* 1s reduced, due to the
turbulent shear stress distraibution lagging bechind the development
of the mean velocity profile. In the downstream settling length
the values of 6/3* increase rapidly. Similar results have been
obtained by Goldberg(ag) and Rotta(é72

It has been suggested by many research workers e.g.
Bradshaw(48) and Reynolds(sé) that mixing length theory is
unsound when applied to conditicons far removed from "“local

equilibrium", As a matter of interest, the mcan values of ¢(/§ ,

*
¢/ 8 , and €/ Ro - Ri) in the outer portions of the layers were
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compared to see if the magnitude of the variations could be
reduced by an alternative method of non-dimensionalising. The
results are given in Table 4-1, The variation in the mean values
of 6/5 and €/ 6* rs compared with the results due to Goldberg in

the table below,

Goldberg Present Investigation
*
¢/ 8" /8 e/ 8" /8 | {/(Ro-Ri)
maximum value 0.55 0.10 0.40 0.098 0.0k3
minimum value 0.10 0.0k 0.11 0.054 0,028

Whilst the variations in the present experiments are less
than those obtained by Goldberg, the variations can be reduced

still further by considering inner and cuter wall boundary layers

separately.
*
(/8 (/8 ¢ /(Ro-Ri)
. + 15 + 11, + 14
inner wall 0.35 _ 30 % 0.088 _ 5 % | 0.038 _ 12 0
outer wall 0.20 © 45 % o.062 2 % | 0.033 ié)%

The values of (/§ give the lowest ﬁercentage variation, the
inner wall values being in good agreement with the correlation
suggested by Spalding(492

An unsuccessful attempt was also made to correlate the
values of mxing length with the non-dimensional pressure
gradient parameter ( é*d_P )e

Ty dx
4+10-2 Eddy Viscosity

The eddy viscosity £ , defined in Egqn, 4-10-2, has also
been used to relate the turbulenl shear stress to the mean
velocity profile.

Le10-2




The simplest assumption of a constant value of € in the outer
region of the boundary laycer was applied to equilibrium layers

by Clauser(Sl) who suggested

£ - 0.018 L-10-

Us* 3
The solution obtained in this way was joined with the universal
law of the wall to give the velocity profile for the whole of

the boundary layer. DBradshaw and Ferris(so), and more recently

Goldberg(zg), have shown that the assumption of constant eddy
viscosity away from the wall does not hold in non~egquilibrium flows,
Also the variation of é%*at fixed %., exhibits the same trend

as the mixing length data, in that, 53* decreases in an adverse
pressure gradient, then increases rapidly in the downstream sett-
ling length. Goldberg attcmpted to determine a more appropriate
normalisation of eddy viscosity, but found that even the best
gr‘ouping,l;f:.e , had maximum and minimum values of 1.4 and 0,51

T
respectively compared with values of 0,028 and 0,00:8 for £ .,

us*

The method used to obtain the values of eddy viscosity 1s
detailed 1n Appendices 17/18, and the results are tabulated in
Appendices 20/21/22. The values of eddy viscosity have been
non-dimensionalised with respect to displacement thickness and
annulus height., Although in the outer region of a number of
layers, the value of é%*is approximately constant, as in
Goldberg's experiments, there 1s a considerable variation in the
value of é%*at fixed % y typical maximum and minimum values
being 0.035 and 0,007 respectively. The variation oféﬁUéﬁ along

the outer wall of the L/ AIH.= 5.0 diffuser is presented in

Figure AZ0-1.
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h-131 Skin Friction Coefficients

No direct measurements were made of wall shear stress,
and the local skin friction coefficient was estimated from the
measured velocity profiles using the methed due to Clauser(sl).
The conventional form of the law of the wall (Equation k-1-1) 1s
replotted as a universal family for a range of values of Cr .

The measured profile is then plotted and the value of Cr
determined by selecting the appropriate member of the fanily
which best fits the experimental data. It may be noted that
during the anitial stages of diffusion there is an absence of any
clear logarithmic portion in the measured profiles and under
these conditions the estimated values of Cf can only be
considered asg approximate. The Clauser plots are shown in Figs.
4-11-1 to 4-11-6 inclusive., The results are plotted in Figs.
4-11-7/8 and compared with the values predicted by Ludwieg and

(&2) (41)
?

Tillmann and Coles for the same value of Reg and H.
The results indicate a rapid decrease in skin friction
coefficient during the initial stages of diffusion, and that on
the outer wall at exit of the H/AIH_: 5 diffuser a condition

of necar zero wall shear exists. Both Coles Law and the relation
due to Ludwieg and Tillmann, overestimate the value of skin
friction coefficient by as much as 35% in some cases, Discrep-

(27) a

ancies of a similar order have been noted by the author nd

2 . .
Goldberg( 9) in experaiments performed under conditions of severe

adverse pressure gradient.

k-12 Balance of Momentum and Energy Equations

4-12-1 Dalance of Momentum Equation

As a guide to the accuracy of the experimental data, and
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the relative significance of the terms in the momentum equations,
momentum balances were carried out at a number of stations along
the length of each diffuser. Writing the momentum integral |
equations (Appendix 25 and Reference 33) for the flow along the

inner and outer walls as:

o, - Ct, - 8o dBo — 8 U, +2) + Rg= R 1 @ ) s1d jc %) dr

dx 2 R, dx Ro 2PU2 Xl U dxg oo ho12-1
Rm

d6i = Cf, - 0 dRi _ ©,dU(H,+2)+ R—RZ 1 (dp1)+ A d [(@iR-v)g o

dx 2 R.dx U ax RI QPU dx U dx :,, [1__12_2

The momentum balance consists of using the experimental

values of 0, H, U, Rm, etc., at a given station, to calculate
the terms on the right hand side of the equation, and then to
compare the calculated value of %ﬁ with the value estimated
from the gradient of the measured values of momentum thickness.

- . 2 |
A similar technique has been adopted by McDonald and Stoddart(5 )

in analysing the data of Schubauer and Klebanoff(SS), and by

Coles and Hurst(Bé) in preparing the data for the recent
AFOSR~IFP-Stanford Conference. The results obtained by McDonald
and Stoddart are presented in Fig. 4-12-1; the descrepancy in
(g%) is generally attributed to three-dimensional effects and
Coles(éé) has found that a balance 1s rare in flows developed in
a strong adverse pressure gradient.

Equation 4-12-1/2 differs from the usual form of the axi-

symmetric momentum integral equation in the following respects:
(i) RE-R. (ggT) % Ro-Ri® ) (dp,)
RO 2F).U2 d H m

are the terms which take account of the total pressure loss along

the streamline of maximum velocity. In cases where an inviscad
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core flow is present
. -2 2 =2
{11) The Reynolds normal stresses L d f(u +V-V)R dR
U2 dx R,
The term containing 1'% comes directly from the x-momentum
-_"2
equation. The V  terms enter the equation through the R-momentum
equation for the static pressure wvariation across the boundary
A . d (—3)
layer. If inviscad core flow is present < V! =0
X
The methods used to calculate the experimental values of
pressure gradient and the other terms in momentum equations are
detailed in Appendix 23. It should be stated that the calculations
are sensitive to the methods used to smooth the data and obtain
the differentials, nevertheless considerable care has been taken
to provide data free from bias. The results are listed in Tables
A23-1 to A23-6, and presented graphically in Figs. 4-12-2/3 and
A23-1 to A23-Lk, The values of momentum thickness are compared
with the valucs obtained from a graphical integration of the
experimentally predicted values of(%g) in Figs. 4-12-4 and A23-5/6,
It can be seen that in all cases the comparison between the left
and right-hand sides of the momentum equations is very good,
bearing in mind the large adverse pressure gradient. In view of
this, it can be stated with confidence, that apart from the exat
of the L/AR; = 5 diffuser, the data is free from any significant
three-dimensional effects. This conclusion is confirmed by wool
tuft investigations, the symmetry of the mean velocity profiles,
and the good agreement in integrated volume flows at all stations
along the diffuser. The avoidance of three-dimensional effects is
considered to be due to the fully annular configuration i.e. no
sidewalls, and the high standard of accuracy maintained throughout
. . . . (34)
the construction of the rig. This view is confirmed by Coles

in the paper "On the need for better experiments", in which he

stated "I can see advantages in the use of an axially-symmetric
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configuration like that developed at M.I.T."
The main conclusions to be drawn from the momentum-balance
results are:
i) Apart from the initial stages of diffusion the skin
friction term is extremely small
ii) The Reynolds normal stress term is only of importance
when the boundary layer is near to separation
iii) The term incorporating the total pressure loss along
the streamline of maximum velocity is significant
iv) In all the cases considered the term incorporating the
pressure gradient, (H + 2)%%5_;’ s dominates the equation.
In fact, for engincering purposes, it would be sufficient
to write the momentum equation as 98 o 0 JU(H +2)
dx U dx

4-12-2 Balance of Energy Equation

The balance of the energy equation was investigated using
the same technique as that outlined in the previous section,

experimental values of U,S** s T 4 etce being used to calculate
the right-hand-side of the energy integral equation. Neglecting

the Reynolds normal stress term we may write:

9% (8-8)2 (dP) + 2o 38" du 4,
a_xo ( )pUa(dX)m PUB _EJ 'a'; 12-3
dd’*. (S8-85 2 (dP) + 205 - 38™du

T ( )ﬁa(af)m ;;.03 T o Layo-k

Bearing in mind possible errors in the measurement of turbulent
shear stress, and the large radius ratio, the two-dimensional
form of the dissipation integral has been used without incurring
any significant error. The remaining boundary layer paramcters
are based on axisymmetric definitions. Again a term is included

to take account of the total pressure loss along the streamline
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of maximum velocity. The method of analysing the experimental

data is outlined in Appendix 2k, anq the values listed in Tables

A26-1 to A24-3, It can be seen that the right-hand-side of the

energy equation is dominated by the term incorporating the

pressure gradient 3%;ﬁ%9 , the dissipation coefficient making a

X

relatively small contribution. Values of the energy thickmess

&** calculated from equations 4-12-1/2 are compared with the

values obtained from the mean velocity profile data in Figs.

A24-1 to A24-3, again the general level of agreement is very good.
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TABLE /-1

VALUES OF MIXING LENGTil IN OUTER REGION OF

BOUNDARY LAYERS

OUTER PORTIONS ONLY

DIFFUSER L/AR, =5 OUTER WALL Typical Mean
Val
X s for values 2455 3.15 3675 4,85 aue
* less than

elds X =2.55 me. | 0220 | 0.16 0.1+ | 0,11 0.13

efs. no signif- | 0,050 | 0,054 | 0,054 | 0.058 0,057

e [(ReR) lcant 0.030 | 0,028 | 0,028 | 0.031 0,029
consta
region

DIFFUSER LfAR,=5 INNER WALL

Xing 2.55 3.15 3.75 4,85

efs’ 2 040 | 0,38 | 0,38 | 0,33 0.38

els, 0.090 | 0.091 | 0,09% | 0.092 0.092

€[(Rs-R) 0,039 | 0,039 | 0.035 | 0.03% 0,037

DIFFUSER L/AR, = 7.5 OUTER WALL Typical Mean
Value

X ins 4,10 5.05 6.00 7435

82 For X < 40 ms, | 0023 | 0,20 | 0.19 | 0.18 | 0,20

€8, €/5* # Const, | 0s06% | 0,050 | 0,062 | 0.065| 0,063

(R R 0.031 | 0.031 | 0.032 | 0,037| 0.033

X 1ns. INNER WALL 4,10 5.05 6.00 7435

ef 8! 0.36 0.53 0,28 0.27 | 0431

¢/s, » 0.091 | 0.087 | 0.080 | 0,081/ 0,085

€f(Re-R)) 0,030 | 0,037 | 0,036 | 0,037 0©.038

DIFFUSER L[AR, = 10  OUTER WALL Typrcal Mean
Value

X ins k.25 5.45 7425 9.85

KN For x< 425ms | 0229 | 0,27 | 0.27 | 0,20 | 0,26

e/, €/6% 4 const, | ©0+008 | 0.066 | 0.07% | 0.070] 0.068

€/ (R-R}) 0.031 | 0,032 | 0,037 | 0,0%3| 0,036

X ins INNER WALL k.25 5445 7.25 9.85

efs 0.37 | 0.33 | 0.37 | 0.32 | 0.35

efs, » 0.08 0,031 | 0.098 | 0,097 ©0.089

¢/ (rs-R) 0.043 | 0,035 | 0.0h2 | 0.0%2] 0.040




- 120 -~

SECTION 5

THECRETICAL ANALYSIS

5-1 Introduction

Theoretical analysis of the flow in diffusers is effectively
a problem in the calculation of the rate of growth of a turbulent
boundary layer in an adverse pressure gradient, The objectives of
the analysis are the prediction of:

i) The pressure recovery

ii) Imminence of separation or iransitory stalling

iii) Energy losses

In contrast to the case of a body surrounded by a free
stream, the pressure is no longer determined by the frictionless
external flow, but by the development of the boundary layer itself.
Therefore one of the main difficulties in calculating diffusecr
flows is that the pressure distribution is unknown to begin with,
and is only obtained in the course of the calculations. Nearly
all calculation methods assume that over the lenglh of the
diffuser there exists a core of fluid having constant total energy,
in which case the pressure 1s only influenced by the boundary
layer through the continuity relations., From measurements made

by Sprenger(6) 00ckre11(54) (27)

and the author it is known that
flow situations can occur in which the boundary lavers merge
together, and in these circumstances considerable discrepancies
between theory and experiment can occur. Furthermore, many of the
existing laws for calculating the turbulent boundary layer e.g.
mean velocity profile, and skin friction, are based on data from
experiments with relatively mild adverse pressure gradients, and

because of this only the case of a diffuser with a modest overall

pressure gradient operating with a thin inlet boundary layer can



be predicted with confidence. (Cockanower et a1(55)),

Finally, boundary layer theory will only give a critericn
for the imminence of separations, Several authors,but notably
Sandborn(as), have proposcd the shape parameter H as a guide and
rredicted transitory stalling for values of H between 2.0 and 3.2,
and separation between 2.6 and 4.0.

The present investigation in a minimum length diffuser
opcrating with fully developed flow conditions at inlet represents

an extremely severetest of boundary layer theory.

5-2 Summary of Prediction Methods

5~2=1 Differential Equations of Motion

The boundary layer equations are obtained from the Navier-
Stokes cquations, after surtable time-averaging of the fluctuating
components and applying the normal boundary layer approximations
(see Appendix 25).

The continuity equation for axially symmetric flow is

8 (RU) 4+ 2 (RV) = O. 5-2-1
Ix oRr

The strecamwise mean momentum equation is

udu +vou = 1 dP 4+ 1 B(RT) -3 (U?)  sopop
dx oR P dx  pR SR dx

and the mean momentum equation normal to the wall reduces to
P + V%= Const, 5-2-3
r

The constant of integration in equation 5-2-3 1s obtained by

writing the equation at the point of maximum velocity (R = Rm)

to give
P = Pmn+(V ——v‘z)
L m 5=2-l
PP 2 2

and 4 dP . 1 dPm o+ d (v -V 5-2-5
P dx P dx dx

Pm is the static pressure at Rm, and is obtained by writing

Bernoullils equation at the point of maximum velocity
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m 5.2=6

2
P‘r = Pm + _lé_,PU
Differentiating eqn. 5-2-6, and combining with eqn. 5-2-5,
enables the streamwise momentum equation to be written as:

UoU 4 viu = Udu - ‘l‘(q'LDT) + L (RT) __é_i_x('ﬁ’ﬂ?r':_vz) 5-2-7
m

ax oR dx  pldx R AR
A simplification normally made is that the last term in eqn.
. . (30)
5=2-7 1s only of importance near separation. Imbach has
suggested that the total pressure gradient along the streamline

of maximum velocity can be related to the shear stress gradient.

—2
Writing eqn. 5-2-2 at R , and neglecting the term ou' yields
ox
Vdy - LRy 4 [Q(R'r)]
m R

dx  pP\dx PRn| 3R
(4B) = L [g (R*r)] 5-2-8
dx /m RmL R Rom

The equations may be modified to take account of a
transverse pressure gradient, although except near separation or
in regions of large surface curvature, this modification may be
safely neglected.

Neglecting Reynolds normal stresses, equations 5-2-1,
5-2~7 and 5-2-8 can be solved for a given distribution of U ,
providing the relations governing Reynolds! shear stress

T = = FKF;} are known, It is the way in which this information
is incorporated which accounts for the large number of prediction
methods available, These methods fall into two broad categories,
namely, integral, and differential.

5-2-2 Integral Approach

The need to assume something explicitly about the local
Reynolds' stresses can be avoided by integrating Eqn. 5-2-7
across the boundary layer. The techmique is detailed 1in Appendix

25, and the momentum integral equations for the inner and outer
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wall boundary layers are obtained.

Rm

- d91 4 8, dR 18 dU(H,+2) = Cf, 4 R =R 1 (sLEr) + 1 d f(G2av2-v2)R dr
dx R,dx U dx 2 R~ 2p0%\ 0%/ yRdx " R
R, - 5-2-9
2 p2 o
d_e:a.*-edR +8 dU(H +2 = Cfs + RE-R 1 dP) + t d =t VI'Z__—;Z R dR
AR )= & ———"Ro’"é‘,;uz(ﬁ e g T TR
m Ren - 5-2-10

*
The velocity U is coupled with the displacement thickness &

in the continuity equation

= 1.0 - ZROS: - 2R, 01 5-2=11

clel

To obtain a solution the unknowns in the equations must be
inter-related with each other, and with known flow parameters.
Some of the required relationships can be established if the
velocity profiles are defined; the simplest possibility is to
assume the velocity profile as a one-parameter family which may
be approximated by a power law. In addition, an auxiliary

equation will be required for the variation of the shape parameter.

(56)

Thompson hag shown that the first order differential equations
for the variation of the shape parameter assume that the shear
stress profile depends only on the mean velocity profile, the
Reynolds number, anhd the pressure gradient.

Therefore whilst the turbulent shear stress is not
contained explicitly in Eqns. 5-2~9/10, as stated by Reynolds(Bé)
"such assumptions amount to global assumptions about the implicit
effects of the turbulence".

As an alternative to the semi-empirical auxiliary equalion

additional relationships can be derived to relate the mean flow

properties e.g. the entrainment equation of Hoad(S?), the encrgy

. . 8

integral equatlon(5 ), the moment of momentum equation(ag), and
(34)

the semi-integrated momentum equation » Frequently these
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additional relationships require assumptions to be made regarding
the Reynolds stress distribution e.g. the dissipation integral
( f T (du/dy) dy ) is contained in the energy integral equation.

5-2-3 Diffcrential Approach

Differential methods fall into two groups, depending on the
method of {reatment of the Reynolds stress term

i) Mean-Field Methods

These methods relate the shear stress to the local mean
velocity gradients This can be done by introducing an eddy

viscosity &€ and writing

—~u'v' = g du 5-2-12
dr
Clauser(sl) has shown that for equilibrium boundary layers
£ = 0.18U8% 5-2-13

Alternatively a mixing length model may be adopted
— 2

(59)

Escudier & Spalding have suggested that the mixing length is

constant in the outer 80% of the layer and equal to 0,098, A
(49}

sumnary of mixing length relations is given by Spalding

ii) Turbulent Field Methods

In these methods the shear stress 1s assumed to be

closely related to the turbulent kinetic energy _;.P(U'z-*'\?'z-vw'z)

the latter being governed by the turiailent energy equation.(61)
-2 - — —
_’_p(u 9q° + 2gq? ) - T ou + 2 (pv +.‘_pcfv)+ PE =0,
2 dx dy dy dy 2
advection production diffusion dissipation

where q2= (G2+Vﬂ+mm), E:Jl(&vaﬂa

The longitudinal transfer of energy by normal stresses being

(60)

neglected., Bradshaw and Ferris in solving eqn. 5~2~15 define
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2
a, = 'r/pq
3/
L (1/p)" /e 5-2-16
—_ e
G = PV + 1 g%v Tox T
(5 40)/ (10e)"2
Substitution of these relationaships in equation 5~2~15 yields
1 3/
Ué (;T__)-a-vﬁ(f__)“Iéﬂ +(Tmox)?'__é(G:r_)+(q_-_/_i-o) 2_—. Q.
ox ‘2a,p dy \2ap/ P oY P dy P T
5-2-17

n

Equation 5~2-17 together with the continuity and momentum
equalions give three equations in the three unknowns u, v, and 7.
The equations form a hyperbolic set, and, providing adequate

assunrptrons can be made for a., L, and G, the methed of

l!
characteristics can be used to obtain a solution.

(34)

Other differential methods are reviewed by Reynolds

5~3 History Effects in Turbulent Boundary Layers

It has been known for many years that the upstream
development of the flow (history), as well as the mean velocity
profile, plays an important part in establishing the turbulent
shear stress dastribution.

The early attempts to represent turbulent shear stress
draw analogies between the behaviour of turbulent flow and the
behaviour of the molecules of a gas according to the kinetic
theory. The shear stress in the outer regions of a layer is now
attributed, however, to the production of large eddies which
originate near the wall and move out towards the high velocity
free stream. Kline(62) has suggested that the production of
eddies occcurs via a local instabilaty of the mean or instantaneous

velocity profile, Bradshaw(éa), and Rotta(sé)

consider that the
lifetime of an eddy may correspond to a downstream travel of ten

to five times the boundary layer thickness., It follows that the
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shear stress at a point has its origin in a disturbance propogated
near the wall some distance upstream. It is this "memory" or
upstream history effect which most integral, and some differential,

prediction methods fail to take into account. Experimental

(63)

evidence of history effects have been observed by, Lee in an

(6L4)

entry length, Sandborn and Slogar in adverse pressure gradients,

(29)

and Goldberg in relaxing pressure gradients, in all cases a

relaxation time is required for the values of shear stress to
revert to th;se associated with local equilibrium.

In the light of such evidence the question arises, "Is
it justifiable to base the calculation of shear stress on local

conditions, e.ge. mean velocity profile ?". Many workers have

(3%) (48)

attempted to answer this question, and Reynolds and Bradshaw
concluded that only when the boundary layer is changing very
slowly (near to local equilibrium) can mean-field methods work
successfully. However turbulent field methods are capable of
taking such effects into account, History effects have been

(52)

incorporated in integral methods by McDonald and Stoeddart and
Goldberg(zg). In these methods auxiliary equations are used which
incorporate the shear stress integral, which is calculated by

relating its departure from the equilibrium value to the local non-

dimensional pressure gradient.

5-4 Theorctical Approach Adopted

A mean-field approach was not adopted because of the
argument expressed above concerning the inability of mean-field
methods to take account of history effects, which were expected to
be significant in practical diffuser flows. Turbulent-Field

methods appeared attractive, but in attempting to apply the method
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due to Bradshaw et al.(60) a number of difficulties arose:

(1) The method required considerably more sophisticated
assunptions, and at the time no experimental da£a ws avallable
to calculate the constants a, L, and G, in an extremely scvere
adverse pressure gradient.

(1i) In an experiment with fully developed inlet flow, or
merged inner and outer wall layers, a position of zero shear
stress must occur at a point where the turbulent kinetic energy
has a finite value. Therefore the assumption that the shear stress
is proportional to the turbulent kinetic energy needs to be
revised.

Owing to the initial lack of suitable experimental data on
which to base a modified version of the turbulent field method
due to Bradshaw et al.(GO), it was decided to postpone its
application until integral metheds had been fully investigated.

In a review of existing integral methods Thompson(56) has
shown that of all the auxiliary equations available, the
Entrainment equation due to Head(57)proved to be the most
satisfactory. Recently the proceedings of the AFOSR-IFP-Stanford
Conference on Computation of Turbulent Boundary Layers, have
become available, and whilst considerable controversy arose

(34),

regarding the inadequacy of mean-field methods (pp 399 s one

indisputable fact emerged namely, that in strong adverse pressure

(4t )

gradients (Moses case 3) the "better" integral method predicts

the flow as well as the "better" differential method. The two
methods being; integral - Head,(57) differential - Reyhner(sé).

In view of the resulis of the Stanford Conference, and the

comparative success achieved by the author in applying an integral
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method to calculate the flow in symmetrical and expanding inner
cone annular dlffusers(z?) (80) it was decided to adopt an
integral approach.

Whilst integral methods will prebably be overshadowed
eventually by subsequent differential methods, many workers are
striving for a methed which will be satisfactory for all classes
of boundary layers, e.g. relaxing flows, severe adverse pressure
gradients, etc. In practical diffuser systems only one class of
flows is generally encountered, namely strong adverse pressure
gradients, and by removing the catholicity of the requirements it

was hoped that an integral approach would be reasonably successful.

5=5 Method of Scolution for a Conical Diffuser

It is required to solve the momentum integral equations
along inner and ocuter walls for the case of merged boundary
layers. In order to illustrate the solution procedure the case
of rotationally symmetric flow in a conical diffuser is
considered first.

The procedure is outlined by the author in reference 33,
ignoring Reynolds normal stresses we may write the momentum

integral equation as

d8 + 8 dRo 4 O dU (H+2) = Tw_ + Ro (c,’Er) 5-~5-1
dx  Rpdx U dx pPUZ  2pUZ\dx/n
where H = 5*/9 and R0= wall radius

To solve the eguation the following additional relations are
required:

i) Continuity Equation

Using the axisymmetric definition of displacement

*
thickness & the continuity equation can be expressed as

Q= anR,U (%—3*) 5-5-2
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ii) Mean Velocity Profile

The simplest possibility is to assume the velocity profiles

as a one-parameter family which may be approximated by a power law.

HARCON
(65)

Pretsch has shown that for plane turbulent boundary layers in

an adverse pressure gradient, admitting a varying exponent
=1 -1
Lo 3(00)

using axisymmetric definitions of §* and © we obtain
s [ dr - £,[8
= (1"_5-‘_ B_ R = 1 O n -
J’ U)Ro [Ro’ } ok

RO
= vp-uyRdr=f,[ 3 -5~
fopgnalin] o

iii) Diffuscr Geometry

It is assumed that the initial value of Ro, and the wall
angle (dRo/dx) will be specified

iv) Local Skin Friction Coefficient

Due to the dominating influence of the pressure gradient

an equation for plane boundary layers due to Ludwieg and

Tillmann(QZ) is sufficiently accurate., Using axisymmetric boundary
layer parameters. 0.678H 0268

Tw = 0.123 GO Re

FUE & 5‘5‘6

v) Total Pressure Gradient along the Streamline of Maximum

Velocity

The total pressure gradient (dP-r) can be obtained
dx /m

empirically by correlation with a suitable mean flow parameter,

(30)

say H, or as proposed by Imbach from the shear stress gradient
dPT) = -1 d[rT] e
(dxm R dR =57
Imbach suggested that if the shear stress distribution in the

immediate vicinity of R = O is approximated by a straight line
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then

dPT) = bt 2 d'r
(B—I m dar . 5-5-8

Assuming an eddy viscosity( e.g. Eﬁé* = 0,018) and a parabolic

velocity distribution near the point of maximum velocity (gg)
dx/m

can be estimated from equation 5-5-8.

vi) Auxiliary Egquation

In order to form a closed set of equations additional
assumptions are required, which for a develeoping internal flow

(57)

could be provided by a modified form of Head's entrainment
equations The modification i1s required to take account of the
reduction in entrainment area due to the growth of the boundary
layer. However for fully developed flow at inlet, i.e. merged
boundary layers over the length of the diffuser, there is no
net entrainment, and provided the flow is symmetrical, the
boundary layer thickness § = R,. Closure is therefore effected
b; a simple, physically acceptable assumption, without the need
t0 incorporate additional empiricism in the form of an auxiliary
equation.

Substitution in equations 5-5-4, and 5-5~5 yields

8% 14 _ont
R 2 (ns+){2n+1) 55-9

o

8 =-n L - ! }
Re (n+)(2n+t) (24 n)(2+2n)

The momentum integral eguation can now be solved, step~by-

5-5-10

step, iterating for values of the exponent 'n', The success of
the method hinges on the correctness of the assumed velocaty
profile. A flow diagram is shown in Fig., 5-5~1, and a comparison
between theory and experiment is also presented, It will be seen

that there is good agreement.
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5-6 Method of Solution for an Annular Diffuser

The momentum integral equations (see Reference 33 and

Appendix 25) for the inner and outer wall boundary layers are

dBo + BodRo 4 (H+2)0edU - Two + Ro-Ri RZ i (c_;_p.,) + 1 41,
dx R, dx U dx pUz TRy 2pU%\dx Uzdx 5-6-1

where J J(u + v —Vz)RC‘R & H :/90

Rem
d8i + 0idR +(H,+2)0:dU . T, +ReE_RZ | (d_PT) s 1 dJ,
x R dx U dx pUZ R, gptﬁ dx/m U2 dx 5-6-2

Rm
—_— — — X
where J; =J ( 0l V:ﬁ—Vz)%ldR & H, = 8|/ 8
R
Following a similar technique to that outlined in Section 5-5 the

following equations are required

(1) Continuity Equation

Using the axisymmetric definitions of displacement thickness

3* J (- u)R dr 5-6-3

87 = (.._ 4)R de 5-6-L4

the continuity equatlon may be written as

o 2 * 2 z *
Q =2nR U { R°2}Rm - 50] + 2“R.U[RmR"_R- —5.} 5-6-5
]

<

(ii} Mean Velocity Profiles

In order to introduce the method of solution power law

velocity profiles are assumed. The two-parameter presentation

(41)

due to Coles is considered in Section 5-6-1, Therefore in

the outer wall boundary layer

Y
A ( R°'R) e 566
U 8o
and since there 1s no potential core 30 = Ry - Ry and
'
M o= (..RO_'_R_ )/no 5-6=7
U RD—. Rm
the boundary layer parameters are obtained by integrating across
(27)

the layere.
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3: = Ro*Rm _ 1 [ Rmno & (RO"RV")__“‘;‘z J 5-6-8

Rm-Ro 2R, ﬁ; (1+n5) (g+no)(r+2ng

and

B0 - Rm| Mo o Mo | 4Ro=Rm| N . nf 5-6-
Ry~Rm Ro [ (141} (2+n) Rs  |(14n)(1+2ng) (2+2n)2+n,) E

Similarly, for the inner wall layer

Ny CRu Y,
5 (5" (BR)"

BT = Bm+ R, - _‘_ Rm n; _ (Rm'Ri) ni2 5-6-11
R~ Ri 2R, Ril (14n) (14n;)(1+2n)
Rm=Ri  Ril(+m) (2+n;) Ri L(+n)(r+2n,) (2+2n)(2+n)

(iii) Diffuser Geometry

The initial values of Ro and Rj together with dRo/s,
and dRi/dx will be specified

iv) local Skin Friction Coefficient

(%2)

Again the equation due to Ludwieg and Tillmann is
0.678H 0,288
assumed, namely Tw = 0,123 GO Ree 5=6=13
pU?

The inner and cuter wall boundary layer parameters being used as
appropriate.

v) Reynold's Normal Stress Coefficient

Since this term is only considered to be significant when
the flow is near to separation it is assumed that no significant

error wi%% be incurred by writing, (see Appendix 25),
34 [ (92w = 1 d J(U'z-?z)da
U2 dx Ro U? dx

Rm Ren (29)
in which case the correlation due to Goldberg
& _, - *
1 od J (2-¥2)dR = 0.0365 (H-1.0) dd
y? dx dx

o}

is assumed

5-6-14

Inner and outer wall boundary layer parameters being used as

appropriate.
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(vi) Total Pressure Gradient along the Streamline of Maximum

Velocity
Whilst this term could be calculated from equation 5-5-7
by estimating the shear stress gradient at the position of
maximum velocity, difficulties arose due to the power law
velocity profile failing to satisfy the condition;g %% — 0
as R = Rm., In addition to this an assumed value of mixing
length or eddy viscosity was required, and, it was decirded
therefore to obtain (dPT/dx)m empirically, The experimental
2 2
values of Do ~Dm" 2 (EE}) were plotted against the
D, pUZ\dx
outer wall shape parameter Ho, and within the limits of
-experimental error a reasonable correlation was achieved (see
Appendix 10},
The method of calculating (dP1'/dx)m for the two-parameter
. - . (k1) . . .
velocity profile equation due to Coles is considered in

Section 5=6=1

vii) Auxiliary Equations

Additional equations are required before a sclution can be
obtained; these could take the form of moment of momentum
equations, or, possibly kinctic energy integral equations, but
both approaches incorporate the integral of the shear stress
across the layers. It was decided to abandon these approaches
because of the lack of success of existing methods of estimating
the shear stress, particularly in a severe adverse pressure
gradient, and assume that no net mass transfer takes place

between the inner and outer wall layers. Therefore;

2 2 *
Qo;': 2T ROU [Ro‘ Rm — 30 :|

= constant 5-6-15
2 2 x
Q‘= 21TR,U [Rm -R - 5; :I = ¢onstant 5-6-16

Ri
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Admittedly such an assumplion is open to guestion, but a similar
approach has met with reasonable success when applied to a
conical and a symmetrical annular dikfuser(zs). However, it must
be emphasised that this approach can only be applied to the case
of smooth walled diffusers with naturally developed boundary
layers at inlet, It is not expected to hold in cases where the
inlet boundary layers have a high rate of decay.

The momentumn equations are solved separately iterating
for values of the exponents'%b and %ﬁ, and the boundary condition
that the maximum velocity in both layers should be the same 1s
satisfied by iterating values of the radius of the position of
maximum velocity Rm, The solution procedure is outlined in
Fig. 5-5~2 and detailed in Appendix 28.

Because of the importance attached to the velocity profile
equation, an additional compulter programme was compiled using the
two-parameter representation due to Coles(él). The basic
equations remain unaltered, and only those terms affected by the

modified velocity profile equation will be discussed.

5-6-1 Calculation Procedure using Velocity Profile Equation

Due to Coles

i) Coles Law
(41) . e
Coles has shown that the velocity profile in a
turbulent boundary layer can be expressed as the sum of two
functions, one representing the "Law of the Wall" and the other
in Coles! terminology the "lLaw of the Wake", This representation

is based on the idea that, "a typical boundary layer can be

viewed as a wake-like structure which is constrained by a wall,"
-~ T

a schematic representation of a typical profile is shown overleaf
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WALL WAKE COMPOSITE
COMPONENT COMPONENT PROFILE

The equation takes the form

U - f{yury &+ T wfd
8- 05 ) X (a) 5-6-17
where U = Tw/s . The function f (the Law of the Wall) has
the form
F(L27) - Lo Z}.'_'r)+c -6-
( 3 m e ( 5 5-6-18

outside the sublayer. The constants K and C are taken as 0.40
and 5.1 respectively, independent of pressure gradient. The

function w(z is the "Law of the Wake", which for analytical
é

purposes is taken as
wi{y =1+Sin[‘ﬂ‘ 9_’—0.5] —6-
(5) (5 ) 5-6-19

and satisfies the two normalising conditions

w(1.0)

1

5-6-20
fw d (.isl) - 1.0

2.0

L

o

M isa parameter which depends on the pressure gradient, and

can be obtained by writing equation 5-6-17 at y = )

U - j@i = 1 loge(ligﬁ) +C + 2T
U, C; K Y ?

given K, C, ¥ , and U , this cquation determines any one of the

three parameters U, , 5, ﬂ', 1f the other two are known.

However considerable care is necessary in applying Coles!
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formulation, particularly when ) and 4, are the known parameters.

Coles Law 1s shown below in a semi-logarithmic plot

U
Uy \
_____________ ]
]
Hc//’ '
N :
1
Mo siopes Yk !
u E
!
1
I
|

logey
In Coles' formulation J& is the value of y at which the
slope of the velocity profile o( u/ug) // 0 (loge YY7/p )
near the edge of the layer 1s equal to the slope which the
logarithmic profile has near the wall viz. 1 . In his original
K

paper Coles assumed that the velocity (Uc) at Sc was experimentally

indistinguishable from U the free stream velocity, and although

this is an acceptable assumption, he went on to assume that 55
was equal to d s the value of y at U . It is this assumption,

(66)

recognised by Bull which can have serious effects on profile

. (L) .. .
representation. In a more recent paper Coles has limited his
method of analysis to values of %- ¢ 0.,9. This solution to the
problem of the "corner effect" may be acceptable in analysing
experimental data but it does not assist in the theoretical
prediction of velocity profiles.

(67)

Titcomb and Fox using Coles Law in its original form
have shown {see Fig. 5-6-1) that for a given Reynolds number,
® =~ f (H). Therefore, since the integral method adopted

predicts © , for assumed values of H and 5 (6§ = Ro-Rp), the

predicted value of § willbe affected directly by errors in § .

This approach should be compared with normal methods where ll and
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8 are obtained from the auxiliary and momentum equations
respectively. The experimental velocity profile is then compared

with Coles representation for given values of 6 and H.

Consequently errors in 8 of the order of 10% are frequently
accepted, provided good agreement is achieved in the inner
regions of the layer. It is, therefore, critical to the success
of the integral method adopted, that the correct value of 80 is
used 1n Coles Law, It has been suggested by Bull(66) that the
ratio { 5c,/5 ) should be correlated with the parameter T ’
which depends on the pressure gradient. The correlation is shown
in Fig, 5-6-2, the data showsthat as the pressure gradient
increases, the assumption ( 8c = 6 ) becomes more accurate.
¥hen attempts were made to use the correlation due to Bull
difficulty was experienced in obtaining the correct initial
values of mementum thickness. Tt was found that a different
correlation was required depending on whether the calculaticns
were initiated upstream or downstream of the inlet bend. This
was considered to be due to the fact that whereas the velocity
profiles were in equirlaibrium upstream of the inlet bend,
downstream in the diffusing section, grossly non-equilibrium
profiles were present. Two correlations were therefore used as
indicated in Fig. 5-6-2. The lack of agreement with the data due
to Bull is thought to be due to history effects, and the higher
turbulence intensities at the edge of the test boundary layers,
The predicted values of © and 5* were obtained by numerical
integration as detailed in Appendix 28,

(ii) Local Skin Friction Coefficient

The skin friction coefficient was obtained from Coles Law

(see Appendix 28).
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. (iii) Total Pressure Gradient along the Streamline of Maximum

Velocitx

Apart from the empirical correlation discussed in Section
5-5, the total pressure loss was calculated from the shear stress
gradient near the edge of the outer wall houndary layer assuming
a ﬁalue of mixing length equal to 0.20 5: ¢+ In view of the large
radius ratioc {(Ri/Ro} it was assumed that
(see Appendix 24},
An attempt was also made to obtain GiPT /dx)m from the ‘
energy integral equation. 1
|

d8**. (§-8%) 2 (d_PT) +28H - 387"dv

dx ° pU2\ dx/m U dx
The dissipation integral being obtained using the expressions due
to Goldberg(zg) and Rotta(61).

The calculation procedure was very similar to that

outlined in Fig. 5-5-2, differing only in the following respects:

i) Skin friction coefficient obtained from Coles Law

ii) That the solution of the momentum integral equations was
obtained by iterating values of Cf rather than the exponent (/n).
The computer programme is detailed in Appendix 28. The calculations
were carried out on an I.C.T. 1905 computer, the running times
being; Power Law Programme ® 40 secs., Coles Law Programme 2 2 mins,
Tests were carried cut to prove the convergence of the methods,

the step lengths and iteration limits chosen were such as to incur
ne significant error,

5-6-2 Initial Conditions

The calculations were initiated at two stations, one

upstream of diffuser inlet, the other at the first convenient

measuring station downstream of the inlet bend, The downstream
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station was chosen to avoid the disturbance duec to the change in
outer wall angle. In this way it was hoped to investigate the
sensitivity of the predictions to inlet conditions. The inlet
conditions are detailed in Appendix 29, calculations started
downstream of the inlet bend required additional information
regarding the experimental pressure rise, total pressure loss
etcs up to the initial station. The theoretical cases considered
are listed in Section 6-6, and the computer print-out for a

selected number of cases is shown in Appendix 29,
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SECTION 6

DISCUSSION OF THEORETICAL RESULTS AND COMPARISON

WITH EXPERIMENT

In seeking to compare the theoretical predictions with
experiment, the following criteria are normally used:

’ (i) To calculate accurately the development of the
velocity profile and hence the pressure recovery.
(ii) To indicate the imminence of stalling.

Criterion (i) implies that the momentum thickness © ’
shape parameter Hy and maximum velocity at any section are known,
and that the velocity profile may be accurately represented by a
single or two parameter eguation. No suitable theory exists to

(34)

satisfy the second criterion although the shape parameter
is often used as a guide, values ranging from 1,8 to 4,0 have
been quoted as an indication of slalling.

One of the difficulties in assessing the large number of
predictions used, is that in merely comparing € , H, etc. the
effect of the individual assumptions may well be lost. Thus in
order to establish the accuracy of the prediction method adopted
the validity of the assumptions will be examined by direct
comparison with experiment. The theoretical approach adopted
depends on:

(i) That no net mass transfer takes place between

the inner and outer wall boundary layers.

(ii) The velocity profile equation.

(iii) An estimate of the total pressure loss along the
streamline of maximum velocity,

(iv) An empirical correlation for the Reynolds

normal stresses
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(v) An estimate of the skin friction coefficient.

6-1 No Net Mass Transfer Assumption ‘

The percentage mass flow in the outer wall boundary layer
calculated by integrating lhe velocity profile at each station is
shown in Fig. 6-1-1. Whilst such a calculation is sensitive to
the estimated value of Ry, the results show that within the limits
of experimental accuracy the mass flow in the outer wall boundary
layer remains constant. Only at exit of the IJ’ARI = 5 diffuscr
is.any significant scatter noted, and this is attributed to the
presence of a transitory stall,

The estimated position of the streamline of maximum
velocity (Rm) and the location of the point of zero shear stress

( R1=o ) are compared in Fig. 6-1-2. Changes in total pressure
along a streamline are caused by momentum transfer between
adjacent streamlines; thus 1f Reynolds shear stresses, which
represent the mean momentum transfer in the 'R' direction of ' x !
component momentum per unit velume, are small in the vicinity of
Rm, then the total pressure loss at this point should also be
very small. Fig. 6-1-2 confirms that this 1s the case, and in
view of the local symmetiry of the velocity profile in this
region, the indications are that both the momentum, and mass
transfer, at the position of maximum velocity are indeed very
small,

It is not possible to state conclusively that no net
mass transfer takes place between the inner and outer wall
boundary layers, but 1t can be stated that, within the limits of

experimental accuracy, any net mass transfer which does take

place is very small.,
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6-2 Mean Velocity Profiles

The samplest method of representing a turbulent velocity

.

profile is the one parameter representat:ion initiated by Prandtl
for turbulent pipe flow. Pretsch(65) and Spence(68) have
expressed this result in the form of the power law. However, it
is 'now generally accepted on physical grounds, that the turbulent
boundary layer can only be described in terms of a minimum of two
regions (inner and outer), and this necessitates the use of at
leést two parameters to define the velocity profile. The Coles
"Wake Law" which describes the departure of the profile in the
outer region, from the universal "Law of the Wall" has been used

in this investigation.

6-2-1 Relationship betwecn Boundary Layer Parameters

(29) (69)

Many authors (Goldberg and Thompson ) have plotted

the energy shape parameter H as a function of H to establish
that the experimental data can be represented satisfactorily by
a one or two parameter eguation. The experimental results for
inner and outer wall layers are plotted in a similar manner in
Figs. 6-2-1; also shown are the power law and Coles law values.
Whilst the inner wall data form a well defined line, some
scatter is noted in the outer wall results. Since this method
of analysis is rather insensitive at high values of H, an
alternative method of comparison was adopted.

The theoretical prediction of flow in a diffuser with
merged boundary layers requires that § be calculated from
assumed values of H,§ and U, 1In view of this the resulis are

compared by plotting values of 8 /8§ as a function of H in

Figs. 6-2-2/3 respectively, The inner wall values again form,
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within the limits of experimental error, a well defined line
although some 20% lower than the predicted values, In the case
of the outer wali the results do not-collapse onto a unique line,
although the results for individual diffuser tests appear to
follow well defined variations with little scatter. As the
diffuser non-dimensional length decreases so the disparity
between experimental and predicted values becomes more evident,
therefore in the case of outer wall profiles both the one and
two parameter representations clearly fail,

The inadequacy of the accepted methods of profile
representation could be due to one, or a combination of the
following factors:

i} That in large adverse pressure gradients, the velocity
profile equaticns are not well enough known; e.g. a failure of
the universal law of the wall, and/or the law of the wake

ii) Upstream history effects
iii) The comparatively large turbulent fluctuations in the

outer regions of the layers.

6-2-2 Proximity to Local Equilibrium in Boundary Layers with

Adverse Pressure Gradients

In order to assess the severity of the pressure gradients

the shape parameter H is plotted against the non-dimensional

pressure gradient paramcter ( %-3{ ) in Figs. 6-2-4/5. Such
w
an approach has been used by Rotta(Gl) to illustrate history

(51)

effects in boundary layer development., Clauser has shown

that if { © ‘:T':") , which expresses the ratio of the pressure
Tw 9X

gradient to skin friction forces, remains constant, the velocity

prof&les are of similar shape. These profiles which have a

(70)

constant history are known as 'equilibrium' profiles, and Nash
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has suggested the following rclationship for equilibrium values

of H
. % . 0.5
E( S1) sea (8. 1.81) 7
Cs H T, dX
(53) (71)
Nash analysed the data of Schubauer and Klebanoff s Newmann ,
and Ludwieg and Tillmannséz) and found that the results were in

good agreement with the line for equilibrium values, This is not
to say that the boundary layers were in equilibrium, but that
"the variation in shape parameter is the same as if the layers
were passing through each possible equilibrium state", Nash
therefore referred to the data, which has always been classified
as "stirong adverse pressure gradient", as being in "local
equilibrium",

The results for the imner wall boundary layers, shown in
Fig. 6-2-%4 indicate that the profiles in the L/[&Rl = 10 diffuser
are in lecal equilibrium., However the layers in the L/ARl =
7+5 & 10,0 diffusers initially depart from equilibrium, and then
return as the pressure gradient is relaxed. The same tendency is
observed in th; relaxing pressure gradient data of Bradshaw(so).
Thus for the same pressure gradient parameter velocity profiles of
different shape are produced, Rotta stated that "this demonstrates
clearly that our system has a dynamic character and that the
behaviouwr of the output is influenced by the previous history
of the input.,”

(28)

The adverse pressure gradient data of Moses and

(42)

Ludweig and Tillmann are included with the outer wall results

in Fig. 6-2-5, also shown is the data due to Stratford (IDENT.

(44) i

5200 & 5300(44)) for which Coles s, "convinced of a real

failure of the similarity laws''s. Again the results for the
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L/A Ry = 10 diffuser are near to "local equilibrium" whereas

there is a significant departure for the other test configurations,

with no tendency for a return to equilibrium conditions. It is
of interest that the ‘severe adverse pressure gradient" data of |

(28)

Moses is in "local equilibrium', but the data of Stratford

in a relaxing pressure gradient.

6-2-3 Comparison of Velocity Profiles

shows a marked departure followed by the characteristic return
In view of the suspicion that history effects may be
present it was decided to compare the measured velocity profiles
with the accepted methods of representation 1.e. using the power
law and Coles law, Sufficient data was available to compare
profiles of the same shape parameter having different upstream
" histories.
In comparing velocaity profiles of the same H it is

conventional to plot u/LJ against the non-dimensional distance

from the wall (¥/@ ), © being used because its value can be

obtained more precisely than é . For the power law

H-l

% ) (%)[H}:;L)J : " 6-2-1

Such a calculation proceeds up to a value of u/LJ = 0,99, at

vhich pornt it is generally assumed that the velocity is
experimentally indistinguishable from the maximum value. However,
many research workers go further and assume the value of ¥y at

Yo = 0,99, is equal to the boundary layer thickness O o The
error involved in such an assumption i1s usually neglected in

view of the inaccuracy of the profile equation in this region,
and the difficulty of obtaining an accurate value of é « For a

power law 6 . H-1

S - H(H+1) * 6=2-2

* two-dimensional version
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In the theoretical approach adopied 8 i1s calculated from assumed

values of § (i.e. Ro = Ry ) and H, and the profile equations are

assumed to hold up to the edge of the layer (y = 8 )o Whilst in
the normal manner of.presentation, an error, typically 10%, is
accepted between theoretical and experimental values of 1 s in
this investigation such a situation would result in a 10% error
in the predicted value of ® ., Therefore the theoretical approach
adopted places a particularly severe test on the velocity profile
equations. It was decided that for comparative purposes 8 and
H would be specified and values of 9/[) calculated at v§rying
distances from the wall, in this way errors in § could be
obzserved directly.

Power Law Velocity Profile

In this case the profiles were treated as plane boundary
layers, and the two-dimensional values of O and H were specified.
{the values differ by less than, 7.5% for € , and 3% for H from
the axisymmetric values, see appendix 4&).

Coles Law Velocaty Profile

As discussed in Section 5-6-1 particular care needs to be

(44)

exercised in applying Coles law. Coles in preparing data

for the conference at Stanford University(Ba)

recognised the
deficiency in the equations near the edge of the boundary layer
and toock this into account by limiting the region of curve

fitting. Coles stated "I have chosen to attack the data by finding
values of the two parameters d and Us for each of the profiles
such that the R « me S, deviation of the data from the

formula (1) is minimised", The curve fitting region was limited

to ¥/ & £ 0,9 when the wake component was large, to 0.75 for
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flow at constant pressure, and to 0.60 as the wake component
vanished. Moreover in some cases significant disagreement was

found between the experimental data and Eqn. 5-6-17 in the 10
(4le)

to 15% of the profile near the wall., Coles agssumed that the

discrepancy could be attributed to experimental errorj only in

(50) (35)

the large pressure gradient data of Bradshaw and Stratford
was he "convinced of a real failure of the similarity laws',
In comparing the dala with the representation due to
Coles, a number of methods of attack were —considered, namelys;
i) To follow the latest technique, curve fitting over
a limited range of 8/8
ii} Solve the velocity profile Equation 5-16-7 to give the

experimental values of 8 and H in the manner

illustrated below

Svecify U,§, Y, C, &K -

Assume a value of Cf - U,

Obtain 1 from boundary conditions
new new
ce @
&tegrate profile to determine H
1 1 2
Specified \Eralue cf H? No
Yes
Specified value of ©7 - No
1
Yes

}

Print out u/U L 0
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i1i) Using experimental values of § and Cf (from law of
wall plot) compare the velocity defect with Coles
wake éunctlon.
Approach (i) removes much of the simplicity which makes
Coles law so attractive since additional relationships would be
required to specify the shape of the profile in the outer regions

(67)

of the layer. Titcomb and Fox used approach (iii) and
concluded that in order to fit experimental profiles over a
wide range of values of H three different versions of Coles Law

were required. Approach {ii) was therefore adopted with a view

to obtaining a correlation between 0 and §

Coles expt’

To assess the validity of approach (ii) the profiles due
to Perry(72) were analysed, and the results compared with those
of Coles who limited the range of curve fitting to values of yl§
between 0,125 and 0,90. The main results are given in Table 6-1
and the profiles compared in Fig., 6-2-6. It will be seen that
there is excel{ent agreement,

In analysing the experimental data outer wall velocity
profiles having shape parameters of 1.5, 1.69, 1.9 and 2.1 were
investigated. TFor each shape parameter two profiles were
chosen, one non-equilibrium, the other near to local equilibrium.
On the inner wall three profiles were analysed. The location of
the profiles relative to local equilibrium is indicated in
Figs. 6-2-4/5, The experimental results are compared with the

power law and Coles Law predictions in Figs. 6-2-7 to 6-2-12, the

turbulent shear stress distribution is also included. The

following i1nitial observations may be made:




ii)

iii)
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In nearly all the cases considered there is a
significant difference between 6 as given by éoles

Law and the experimental value. The ratio Ui

(¢ = 8C°.1es/5 expt.) falling to as low as 0,76 for
the outer wall profile at X = 1.35 ins., 17BPH_= 5.0,
For the twelve profiles investigated, in only four can
good agreement be claimed for the two parameter

representation due to Coles, These profiles are at:

6,0 1ins., 17hR1 = 7.5, outer wall

x =
X = 9.851ns., LfARi =10.0, inner wall
x = 4,28ins., L/AR1 = 5.0, outer wall
X = 7.7 ins., /AR, =10.0, outer wall

three of which are near to local equilibrium (the
profile at x = 4,28 ins. is outside the range of the
data upon which Nash's correlation is baged). Also

all of the profiles are in the latter stages of

gae,

diffusion with relatively low pressure gradients (dx

In those cases where significant disagreement occurs
between experiment and Coles law the fajilure is always
of the same character namely that the predicted values
are; too high near the wall, toc low in the middle of
the layer, and too high at the edge of the layer.
These findings are identical to those of Thompson(56)
who compared a two parameter family with the results

(35)

of Stratford for a boundary layer in a large

(67)

adverse pressure gradient. Titcomb and Fox

obtained similar results for boundary layers in a

conical diffusecr.
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iv} 1In nearly all the cases where a failure of Coles law
occurs, the power law is considerably better,
particularly in the inner 60% of the layer. This is
particularly surprising since the merit of Coles law
is its good agreement near the wall, If it is accepted
that some correction tod will be required whichever
profile representation is used, then for the majority
of the profiles investigated the power law is to be
preferred.

Since on physical grounds Coles law is normally preferred,
it is important to establish, if possible, the physical reasons
for its failure., It is therefore proposed to examine the two
similarity laws.

6-2=-L The Law of the Wall

As already noted in Section 4-11 many of the velocity
profiles fail to satisfy the law of the wall. In some cases no
logarithmic variation can be detected even down to values of
{ !;F ) as low as 100, In view of this it is proposed to review
the justification for the law of the wall. Prandtl assumed that,
at large Reynolds numbers, the shear stress outside the laminar
T:/aﬁa(é‘i)z

dy

The mixing length '¢' was assumed to proportional to the distance

sublayer may be written as

from the wall i,e. ez = k2y2, The assumption was also made that
for a thin layer near the wall the shear sitress remains constant

le€e T = Ty

. 2
T R ()
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integration of Eqn. 6-2-3 yields

u= 1 u;logey + Const, Gty
K

where the friction velocity Ug= [Tw
Equation 6-2-4 known as the universal law of the wall has been
found to be valid not only in the vicinity of the wall, but over a
much larger proportion of the layer than would normally be

. . . . (&2)
expected., Following the experiments of Ludwieg and Tillman
the universal law was also assumed to hold in an adverse pressure
gradient, although the extent of the logarithmic portion was

(61)
a

reduced considerably. However as peinted out by Rotta nd

Thompson(56) the pressure gradients in Ludwieg and Tillmanns'
experiments were relatively small.

.When a boundary layer i1s exposed to an extremely severe
pressure gradient cxamination of the experimental shear stress
distributions in the vicinity of the wall (see Figs. 4-9-1/2/3)
reveals that;

{i) the wall shear stress decreases rapidly
(ii) there is a large gradient of shear stress normal to
the wall.
Thus the constant shear stress hypothesis, upon which the
universal law is based, is invalidated in a sirong pressure
gradient,

(35)

Using a mixing length approach, Stratford considered
the influence of a shear stress gradient on the flow near the
wall when the skin friction is negligible., Since the inertia
forces at a wall are zero, the mean flow equation reduces toj

5),. %
dy ye0 dx
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Integration of Egn. 6-2-5 across a small region close to the

wall gives T-ydP ’ 6-2-6
dx
Eliminating 7 between Eqns. 6-2-5 and 6-2-6
o5 -0.8

d.._.q —_'-'( ._I. d—?) _y

dy pK? dx
Integrating, and using the no-slip condition gives

0.5 065
~ u = (i d_P) y 6-2-7
PK2 dx

Towusend(7é) and McDonald(73) have considered the general case

of a shear stress gradient combined with finite wall shear.
Writing T = Tw +(C'_P)y = pKaya(cj_L‘)z
dx dy
d_l__.l =(ay+ q_w)O.S a=dp
Y pTky >
which integrates to

to give

05 05 05
u=_2 (ay+Ty) +(T99 loge | (8Y +Tw) - T ®
05
P K P (ay + T)" °+ T,°5

Townsend has written the non-dimensional form of Egn, 6-2-8 as

6-2-8

u = 2 [(Ker + 1)05-{' + 1 loge 4(5y++1)o'5-—1 6-2-9
U, K K 5(5)’++1)05+1
where

¥ = dp %

dx [)UT3
y+ = -y—l_j'l'
Y
and B* = 5.0 K = 0,40

The additive constant B' is obtained by matching the profiles at
the edge of the sublayer. It was suggested by Townsend that the
flow in the sublayer would not be affected by moderate pressure
gradients and he therefore assumed the zero pressure gradient
additive constant., Townsend's equation has recently been

(73)

mo'dified by McDonald to take account of the influence of

pressure gradient on the flow in the sublayer, and an allowance

was also made for the departure from the wall value of the
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gradient of shear stress normal to the wall.

The correctness of the "conventional' univérsal equation
is therefore seen to depend on the magnitude of the parameter

3 (_J/_ dp ) as illustrated in Fig. 6-2-13. The

pUL? dx

Ystrong adverse pressure gradient" data of Ludwieg and Tillmann
cor}espond only to values of ¥ £ 0,0035, whilst 1n some of
the profiles of Stratford, for which § = 0,14, no logarithmic
portion can be found. Thompson has suggested that if 5> 0,10
estimates of Cf from the Coles two-parameter profile could be in
error by as much as 60%. ,

Great difficulty arises in attcempting to compare measured
profiles with the predicted values from Eqn. 6-2-9 since the
wall shear must be known before any meaningful comparison can be
made. In the literature there 1s not one case where significant
pressure gradient effects could be expected and where both the
velocity profile and skin friction have been measured directly.
An attempt was made to see 1f the approach due to Clauser(5l)

could be used to obtain more accurate values of Cf, since the

experimental pressure gradient was known, and a plet of u/lJ

(Ry-R) U
»
values of Cf. Unfortunately this approach was not successful

against could be obtained from Egn. 6-2-9 for various
as the experimental points did not lie on a line of constant
Cf. The reascns for this apparent failure can be traced to the
underlying assumptions, since many authors, particularly
(46)
Spangenberg et al. have shown that away from the wall
d7 4 dP, Bradshaw(Bi*)i‘mmd that d7 ~ 1 dP, Spangenberg
dy * dx dy 2 dy

suggested that the remainder of the force near the wall to

overcome the pressure gradient is 1o be found in the Reynolds
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normal stress term. Also, the actual ratc of development of the
mean flow ( VU QU + v OuU ) and upstream history can be
ox 3R
expected to have an effect. The influence of these effects,
using the data preseﬁted in this thesis, is the subject of a
continuing investigation.
‘ Therefore the estimates of Cf from the conventional law
of the wall equation in Section 4-11 can only be considered
as approximate and the experimental values of U given in Table
6-2 are only a guide to the relative significance of pressure
gradient effects. It will be seen that in many cases the values
of & are an order of magnitude greater than those recorded
in Ludwieg and Tillmann's experiments, whilst along the outer
wall of the L/ A Ry = 5 diffuser values are obtained that are
higher than those achieved by Stratford. It can therefore be
concluded that the failure of the experimental profiles to
exhibit a logarithmic variation near the wall is due to the
large adverse pressure gradients which have been encountered.
Since the experimental values of wall shear stress are
relatively low it can be argued that the shear stress at a

point in the vicinity of the wall is approximately equal to

(dp) Y s in which case using the approach due to Stratford

ER 2
(i‘-) = Ky (Ro‘R) 6-2-10
U
where K; 21 ¢ aP ) 6
. 2(2 dF -2-11
K2(fJU2 dx

The experimental values of ( U/U )z plotted against distance
from the wall for the L/}ﬁﬂl =5 & 10 diffusers are shown in

Figs. 6-2-14/15. Also indicated is the approximate position of

the point of maximum shear stress,
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In the case of the profiles measured in the I"/ bRy =5
diffuser, nearly all follow the half-power law ( uw/U =k yo'5 Ye
The farlure at X = 4.28 ins. along the outer wall 1s considered
to be due to the non-linearity in.-the turbulent shear stress
profile., At a number of stations the experimental value of
Kll(Eqn. 6-2-11) was compared with the theoretical value assuming
zero wall shear. Without exception the experimental values were
found to be higher, by as much as 40% in some cases. The reason
for this discrepancy is due in paft to the fact that Prandtl's
assumption ia.e., € = 0,40 y, 15 only true in the immediate
vicinity of the wall. In the latter stages of diffusion the
variation of mixing length follows a ramp function with the value
of € remaining constant over a large proportion of the layer.

Also indicated in Figs. 6-2-14/15 is the approximate
position of maximum shear stress; it is surprising to see that
the half-power law, based on the assumption of a constant shear
stress gradient continues for some distance past this point.

This is rather similar to the situation which prevails in
equilibrium layers where a mixing length approach based on
constant shear stress extends over a greater proportion of the
profile than would normally be expected.s It is difficult to
state precisely why this should occur since many factors can
influence the shape of the profile in the outer regions of the
layer e.g. a variation in the shear stress gradient, Reynolds
normal stress etc. The clarification of the relative influence
of, these effects is st1ll under investigation.

Bespite the lower overall pressure gradient a number of

the velocity profiles in the L/zsnl = 10 diffuser follow
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Stratford's half~power law. Again the experimental values of K,
were found to approximately 30% higher than the predicted valuese
Recent experiments reported by Stevens and Eccleston(BG)
on an optimum Zf; annular diffuser in which both wall angles
were positive, have confirmed the half-power law in severe

‘ (73)

adverse pressure gradients. McDonald has drawn similar

conclusions after analysing the data of Spangenberg et al.(46)
for which ¥ 2 0,04,

In summary, an initial analysis of the inner region of the
velocity profiles indicates a clear failure of the conventional
form of the "Law of the Wall", This 1s due to the large shear
stress gradient which is required to bhalance the pressure forces
near the wall. A large proportion of the velocity profiles

follow Stratfordts half-power law.

6~2-5 The Law of the Wake

The normalised velocity defect curves for the profilesg

analysed in the previous section were compared with Coles

M
5.

level of agreement was poor, the discrepancy increasing as the

universal wake function w ( In the majority of cases the
value of ¥ increased. In addition W‘(:% ) = 2,0 occurred at a
value of .Y/S < 1.,0. Similar conclusions were reached by
Titcemb and Fox(G?), who modified the wake function, and whilst
some improvement was obtained the general level of agreement
with experimental profiles was sti1l1l unacceptable. Thus the
failure of Coles Law to predict the shape of the outer region
of* the velocity profiles could be due to:

i) That the velocity defect curves do not follow a

universal wake function
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ii) That the velocity defect curves have been based on
an incorrect 'law of the wall',

izi) History effects

Non-Universal Velocity Defect Profile

Bu11(66) in analysing the data of Mellor and Gibson(75)

}
suggested that the normalised velocity defect curve 1s not a

universal function. The inability of the function to extend to
the edge of the layer, i.e, w (3748 ) = 2.0 at y,/ﬁ < 1,0, has
been taken into account.by Bull who plotted 41 ( & Coles/dexpt)
against the Coles parametcr T which is a function of pressure
gradient. The experimental values of $ are shown in Fig.6-2-16
and comparcd with the two correlations used in the prediction
method., Whilst the inner wall values of 41 correlate reasonably
well, there is a large amount of scatter in the outer wall
resultss This is to be expected since the correlation is based
on a two-parameter velocity profile equation which has been
shown to be inadequate for a large number of the outer wall
profiles,

A failure of the wake function for the profiles due

(35) (56)

to Stratford has also been reported by Thompson « In this
case the conventional form of the 'law of the wall' was also

used to obtain the velocity defect profile.

Incorrect f'law of the Wallf

It has been shown in the pfevious section that in regions
of severe adverse pressure gradient a modified law of the wall
equation is required. The wake function due to Coles cannot
therefore be expected to apply in such cases since it is based on

a similaraity law which is assumed to be independent of pressure
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gradient. The question arises, if a modified 'law of the wall'
equation is used will the corresponding velocity defect curves
follow a universal function? The answer hinges on the
correctness of the modified law of the wall, which must be
verified by direct measurement of wall shear stress;- Until this
has been done no conclusive remarks can be made, moreover the
problem is further complicated by the influence of upstrean
history.

6-2-6 History Effects

BEvidence of history effects can be observed in Figs.6-23-7
to 6-2-12 in the sense that at a given value of H different shear
stress distributions are measured. Although the velocity profile
cannot in many cases be characterised by a two-parameter family,
neither can the shear stress be uniquely defined by the local
velocity gradient. More information is needed concerning what
has gone before, i.e. concerning the upstream history of the
flow.

The classical case of history effects is observed in
attempts to calculate the behaviour of a boundary layer in a
relaxing pressure gradient. In such a case information
regarding the initial shear stress distribution and its
subsequent rate of development 1s required before meaningful
calculations can be made. The relative importance of history

effects can be studied by examining the equation of motion

udu + vou = -1+dP _ 3 (Gﬂ) + 0T
ax 3y P X 3x 3y

History effects enter the equation via the last two terms on
the right-hand-side, namely the Reynolds normal and shear

stresses. Tf the pressure gradient term is large in compariscn
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with the Reynolds stresses, history effects will have negligible
influence on the development of the boundary layef. Stratford(76)
assumed that in the outer part of the layer the shear stress is
negligible if the pressure gradient is sufficiently strong. In
which case the pressure force is in competition with inertia
fofces only, and the total head is approximately constant along

a gtreamline. In order to assess the significance of history
effects in the profiles shown in Figs. 6-2-7 to 6-2-12, the

value of %g-was calculated in the outer regions of the layers i.e.

outside the range of the half-power law. The results of the

calculations are tabulated below.

H | station wall | Diffuser| Fig.No.| ¢ gz)
x (ins) L/ ARy gy \ PY -d-(gfz)
(approx) dx pu
1,50 0.75 outer 5.0 6-2-53 0,004 0,260
1.50 1,25 outer 7e5 6~2-3 0,0053 0.146
1.69 1.35 outer | 5.0 6-2-1 0.006 0.185
1,69 4,70 outer 10,0 6-2~1 0.010 0,073
1.90 1.95 outer 5.0 624 0.0085 0.132
1.90 7e7 outer 10.0 6-2~k 0.0165 0.057
2,10 2,55 outer 5.0 6-2-2 0,0128 0,098
2,10 6.00 outer 75 6-2-2 0,032 0,068

In the above calculations the profiles were treated as plane
boundary layers. Whilst history effects are present their
influence is negligible during the initial stages of diffusion.
This is mainly due to the large initial pressure gradient, and,

to a lesser extent, to the lag in the shear stress distribution,
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Only in tﬁe later stages of diffusion does the term gg become
significant. In which case the pressure gradient -should be
compared with the difference between the gradient of Reynolds
stress in the measured profile, and in an equilibrium profile
having the same value of H (assuming %gm<< %g )
The profile at X = 7.7 ins. has, within experimental error, an
equilibrium shear stress distribution (based on i?k* } in the
outer region of the layer. In the case of the profile at
X = 6,0 ins: the measured shear stress distribution is lower
than the equilibrium value but the discrepancy is not large
enough to have a significant influence. Both profiles are in
fact relatively close to equilibrium (see Fig. 6~2-5), and
because of this history effects which can be observed in the
lag of the shear stress distributions do not significantly
influence the flow in the outer regions of the layers.

History effects are normally associated with the flow in
the outer region, but there is evidence to suggest that the
Reynolds normal stresses may influence the flow in the inner

region., Spangenberget alSéG) in noting that ( QI) ¢ dp
y=0

dy dx
suggested that the remainder of the force ncar the wall was to
be found in the normal stresses., An investigation of this
effect along the outer wall of the L/lle = 5 diffuser revealed
that near the inlet dT/dy: 0.8 dP/dx decreasing to 0.25 dP/dx
at X/L = 0,75. cCalculations at X/L = 0,75 indicate that the

diserepancy could be ascribed to the influence of Reynolds

normal stresses. On the outer wall of the P/AIQ_= 10 diffuser

at x/L = .725, 9T = 0,9 dP and in this case the longitudinal
dy dx

turbulence intensity distributions confirm that the centraibution
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due to QEEZ 1s small,
A%

6-2-7 Velocity Distribution at the Edge of the Layer

It was anticipated that the higher turbulence intensities
at the edge of the layers would influence the wvelocity distribution
in that region. However no evidence to support this view was
found, since the prefile which is in good agreement with Coles
law at the edge of the layer (X = 7.7 ins. L/AR; = 10,

Fig. 6-2-4) has a relatively high level of M"edge" turbulence
intensity., Whereas the profiles which are in poor agreement near
the edge of the layer are often to be found in the initial stages
of diffusion with a relatively low level of "edge" turbulence
intensity. Therefore the frequent failure of Coles law to
predict the velocity distribution near the edge of the layer is
considered te be due to a breakdown of the simrlarity laws
rather than the infl?ence of "“edge'" turbulence intensity.

6-2-8 Concluding Remarks

The object of the analysis in this section has been to
establish the reasons for ihe failure of Coles Law to adequately
describe the outer wall velocity profiles in the L/tSRl =5 &
75 diffusers, These profiles which have been developed in an
extremely severe adverse pressure gradient are far removed from
a state of local equilibrium and under such conditions it has
been shown that:

i) The universal law of the wall which is the corner

stone of most turbulent skin friction laws is invalid.

(7%) \nich takes

The modified law proposed by Townsend
account of the influence of pressure gradient is more

applicable.
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ii) In a severe adverse pressure gradient the velocity
distribution in the inner region of the laycr
follows a half-power law.

ii1) In a near-separating boundary layer the force
required to overcome the pressure gradient is
principally derived from the Reynolds normal
stresses.,

iv) The universal "Law of the Wake" in its present form
is unsuitable

v) History effects do not have a significant influence
in the outer region of the laver.

The outer wall velocity profiles in the L/AR; = 10
diffuser and the majority of the inner wall profiles, can be
adequately represented by Coles Law providing a surtable
correction is made to the boundary layer thickness.

In conclusion, it appears that for velocity profiles near
to a condition of local equilibraium the accepted methods of
profile representation are adequate, However for profiles that
are grossly non-equilibrium there is a real failure of the
existing similarity lawse.

6-3 Total Presswure Gradient along the Streamline of Maximum

Velocitx

Three methods of attack were used to obtain values of the
total pressure loss along the streamline of maximum velocity.
These were;

‘ i) A theoretical calculation of the shear stress

gradient in the vicinity of the position of

maximum velocity.
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ii) Energy Equation

iii) Empirical correlation of experimental data

The shear stress gradient was calculated using a mixing
length approach. A value of 6/3* = 0,2 was assumed, and the
slope of the velocity profile near the edge of the outer wall
bodndary layer was calculated using Coles law.

A number of methods were used to obtain the dissipation
coefficient 1n the energy equation e.ge. Goldbcrg(zg), Rotta(Gl),
and mixing length theory, but this approach was abandoned due
to numerical difficulties, Examination of the relative
magnitude of the terms in the energy equation (see Tables A24-1
to A2k-3) indicates that the term incorporating the total
pressure loss { %2(5—3*) (%,;3) ) is small in comparison

m
*¥
with the pressure gradient term (:3% 3dU ) and therefore small

dx
errors in the prediction of the later produce disproportionate
changes in the total pressure loss.
The correlation ef p%?h( dF?r/dx)m wizth the outer wall
shape parameter Ho (see Fig., Al10 - 6 ) was based on the
experimental results quoted in Appendix 10, and a test carried

out on a conical diffuser. Whilst in the conical diffuser the

values of (dF%/dxlnwere obtained by direct measurement, the

values in the annular diffusers have been calculated from the
static pressure rise and the kinetic energy coefficient at each
station.

. A comparison of the experimental and predicted values is
shown in Fige. 6-3-1. The gradient of shear stress at the
position of maximum velocity was also estimated from the

measured shear stress distributions, and the values obtained in
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this way are included in Fig. 6-3-1. Bearing in mind the
difficulties involved in making accurate shear stress measurements,
the values obtained are in reascnable agreement with the
experimental data.

The momentum-balance plots indicate that the contribution

2 2
from the term Ro — Rm ¢ dF%/dx ) increases with distance
Ro 2p02 m
along the diffuser until at exit it represents approximately
35% of %Po - Figas 6=-3-1 shows that the empirical correlation
X
predicts 2 (éf}) at diffuser exit to within 30% or better,
/:)U2 dx /m
representing at most a 10% error in the theoretical value of d@

dx
The lower empirical values of total pressure loss will lead to
an overestimate of the shape parameter.
In attempting to calculate the shear stress gradient in
the vicinity of the streamline of maximum velocity the value of
6/3* was chosen with a view to achieving a reasonably accurate
estimate in the latter stages of diffusion. It can be seen that
this approach has been partially successful although better

*
agreement could be achieved by correlating €/§" against a suitable
g 9

mean flow parameter e.g. Hy. Nevertheless doubts must be
(81)

expressed regarding the physical correctness (see Batchelor )
of using a mixing length approach near the edge of a boundary
layer.
6L Reynolds Normal Stresses

A comparison of the measured outer wall values of
( 62§a.JUT2+V;ﬁ—Vﬂ)dR with the correlation due to Goldberg Y

is shown in Fig. 6-4-1., The fact that Goldberg's correlation was

=2
based on resulis in a potential ceore situation, for which d;y; =0,
dx

has been shown in Appendix 23 to be of only minor importance. The
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results for the IV'ARl = 10 diffusecr are within the scatter band
of the original data, but the results for the L/ ARy = 7.5 & 5.0
diffusers are discrepant and follow the general trend of the
data due to Schubauer and Klebanoff(53). The failure of
Goldberg's correlation to predict the lower experimental values
is ‘considered to be due to the lag in the turbulence structure.
Although a lag or history effect was present in Goldberg's
experiments the values of pressure gradient in the L/tSRl =5

(70)

diffuser are very high and Nash has shown that lag
increases with pressure gradient,.

The difference between the experimental and predicted
values shown in Fig. 6-4-2 is not serious since the normal
stress term is only of importance when the boundary layer is
driven toward large values of shape parameter., No comparisons
are included for the'inner wall data as the normal stress term
does not make a significant contribution to %g-.

The failure of Goldbergs correlation illustrates the
fundamental weakness of relating turbulence to the local mean

flow gquantities.

6-5 Internal Performance

The results of the various prediction methods are
summarised in Figs. 6-5-2 to 6-5-5; the following coding 1s
used to identify the methods employed:

C = Coles Law only

CA - Coles Law incorporating a modification to the

boundary layer thickness (Ref. Fig. 5-6-2)
CNA - Coles Law with modified thickness and including
Goldberg's correlation fer the Reynolds normal

S‘tresS (N.SoCo )
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CNEA - Coles Law with modified thickness, N.S.C., and
(dFH'/dX )n1 obtained from an empirical

correlation

CNSA - As above, but ( de/CJX)Tn calculated from the
shear stress gradient
1
P - Power Law

PN - Power law with N.S.C.
PNE - Power Law with N.S5.C. ana (dPr/dx),
obtaiﬁed from empirical correlation.

The number in front of the coding indicates the axial distance
(1ns.) downstream of the diffuser throat at which the calculations
commences The computer print-out for a selected number of cases
is given in Appendices 27 and 29. Apart from H and 8, values of the
various terms in momentum and energy equaiions, and the energy
thicknesses etc. are included. In the absence of any predaction
criteria for turbulent separation the programmes were allowed to
run to diffuser exit.

In the methods based on a power law velocity profile no
attempt was made to calculate the shear stress gradient near the
edge of the boundary layer, because of the known inaccuracy of the
power law in this region. The majoraity of the calculations using
Coles law, which commence downstream of the diffuser throat
incorporate a modification to the boundary layer thickness based on
correlation 'At (see Fig. 5-6-2). This correlat:ion 1s for
e%sentially non-equilibrium flow, and for calculations commencing
at. the diffuser throat correlation 'B' was used to ensure the
correct initial value of momentum thickness. In a number of cases

both correlations were used for comparative purposes.
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In attempting to judge the relative success of the
theoretical predictions it must be emphasised that empirical
corrections are included in all turbulent boundary layer
calculations.and a prediction of H and 6 to within 10 can be
considered to be good. If Coles law is used it is important that
both parameters should be predicted accurately, otherwise the
estimate of the velocity profile and static pressure rise coefficient
will be impaired. Furthermore, the wide range of pressure gradients
obtained in the test d{ffusers represents a severe test of the
prediction methods. To assist i1n assessing the relative success of
the methods used, tke results of all the theoretical comparisons
from the Stanford Conference(sk) for the adverse pressure gradient
data of Moses (Case 3) are shown in Fig. 6-5-1. It can be seen
that all the differential methods fail, and of the integral methods

(57)

only that due to Head is successful, Head's method predicts

final values of H and O which arce lower by approximately 10 and
20% respectively.

The calculations which commence at the diffu;er throat ege.
0,CNEA predict approximately the same shape parameter at exit, on
both inner and outer walls. The failure to predict the asymmetric
growth of the shape parameters is due to the inability of the
methods to take account of the disturbance associated with the change
in flow direction on the outer wall at inlet. Theoretically the
calculation should take account of the streamline curvature. In
view of this, the calculations were started downstream of the
throat at a station where the flow was assumed to have adjusted to
the initial disturbance; a similar approach has been adopted by

(31)

Nicoll and Ramapraian o Unfortunately, 1f calculations are
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started downstream of the throat more initial data is requiﬁed
CeQe Eb, AIHV etce, there is a dearth of information on flow
%n annular bends and su?h data is normally unlikely to be
available,

v Applying Colecs law without incorporating a modification to
the boundary layer thickness results in an overestimation of S )
and the pressure gradient term ggg {(H+2). Consequently the

Udx
predicted values of shape parameter are too high in all the cases
with the exception of the outer wall in the %/AIH_: 5 diffuser.,
The inclusion of Reynolds normal stresses does not have any
significant effect, and there is little overall difference between

the two methods of estimating (dPy dx)m. Due to the dominant

influence of pressure gradient we may write:

du (ﬁ+a)

de o« du
dx

do &
dx U

6-6-1
Comparing the 1.0 CNEA - correlation '"B' predictions with the
experimental data it Wi1¥ be seen that there is good agreement for
both © and H in the /A Ry = 10 diffuser. In the case of Lra R, =
705 diffuser the 1.25 CNEA approach using correlation 'A! yields
good agreement along the outer wall, but because of an incorrect
calculation of the initial inner wall momentum thickness the
predicted values of EBi and H1 are lower by approximately 35% and
15% respectively. The failure to estimate o correctly on the inner
wall is due to the fact that correlation 'A' is for non-equilibrium
flow whereas the flow along the inner wall tends towards a condition
of local equilibriume The calculations were repeated using

correlation 'B' and as would he expected this gives good results

along the inner wall but due to the higher estimated values of
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momentum thickness the predicted values of H, are approximately
30% too high. Whilst rcasonable agreement is obtained along the
inner wall of the L/AR1 = 5 diffuser there is a real failure in the
prediction of H,, the values being approximately 35% too low,.
Since the no net mass transfer assumption has been shown, within
the' limits of experimental error, to be correct, the failure of
the predictions in the /ARy = 5 diffuser and the partial failure
in the L/AR1 = 7.5 diffuser can be traced to a breakdown of the
similarity laws in Coles equation as discussed in Section 6-2,.
Apart from the failure of the similarity laws, the need to include
additional empiricism in the f&rm of modifications to the boundary
layer thickness removes a lot of the attraction in applyving Coles
formalation. Although calculations were carried out with differing
correlations the results are not included since they did not
produce any 51gnific§nt improvement. In fact, the main advantage
of Coles law appears to lie in the analysis of experimentai data,
In view of this calculations were also carried oul using
the power law velocity profile, which had previously been
reasonably successful when applied to a symmetrical annular
diffuser.(27) It can be seen that the power law overestimates 9
resulting in higher predicted values of shape parameter., However,
the values of shape parameter are only marginally inferior to the
values obtained using the modified Coles law. In addition the
calculations started at the diffuser throat are slightly better
than the Coles law predictions. Thus the power law appears to be
the better choice although on physical grounds it has less appeal.

Despite the fact that the integral method chosen has only

been partially successful it can be stated with reasonable confidence
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that no other available integral method would have been any more

successful, In fact many of those available rely on auxiliary

(56)

equations which have been shown by Thompson to be

notoriously inaccurate, and the "best" integral method namely

that due to Head(57)

is not applicable for the case of fully
developed flow at inlet.

The most disturbing feature of the results is the
failure to calculate the behaviour of flow in the diffuser of
engineering interest i.c. the optimum Ep* diffuser (L/ ARl =5,
The successful application of an integral method to this case
requires the formulation of a Aew velocity profile equation
which takes account of the influence of pressure gradient on the
flow in the imner region of the layer., In view of the greater
potential of differential methods, despite their failwure to

(34) (77) to

predict the Moses, Case 3, data y work is in hand

modify the method due to Patankar and Spalding(78).

66 Overall Performance

The prediction of overall performance is centred on two
parameters namely the loss coefficient and the static pressure
rise coefficient.

6-6-1 Total Pressure Loss Coefficient

The experimental values of loss cocfficient 9\‘_2 are

compared with the predicted values in the table below

DIFFUSER ~/ ARy 5 7.5 10
Experimental value A 1-2 | 0,080 0.065 0.077
, Predicted values N1l-2
0.75/1.25/1.0 CNEA 0.065 0.07% 0.055
0.75/1425/1.0 CNSA 0,068 0,076 0.060
O/PNE 0,052 0.065 0.063
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The experimental values are gquotced relative {o measurcments
taken at a plane 3ins. upstream of the throat. The initial
conditions supplied to the programme based on Coles law also
include the loss between the measuring plane and the stations at
which the calculations commence., In the case of the calculations
using a power law velocity profile a wvalue of 0.02 has been
added to the predicted loss coefficient., This is the estimated
loss based on a friction factor of 0.,0033 between the measuring
plane and the dlffuser‘throato Ié can be seen that within the

limits of experimental error there is good agreement.

6-6~-2 Static Pressure Rise Coefficient

The static pressure rise coefficient is obtained from the

equation

Cp = [o(1 - O.LZ.E] - )\I—Z 1-3-3
AR

Thus for specified inlet conditions the prediction of Ep
depends on the estimation of the loss coefficient A 1-2 and the

« The value of £ _ is

velocity profile energy coefficient 2

2
determined by the shape of the exit velocity profile and is
calculated in the case of the Coles law representation from the
predicted values of 80, H s Gi, Hi’ U , and Ry. The
experimental and predicted values of & 5 and Ep are compared
in Fig. 6-6-1. It can be seen that in the case of the
%/AIH_: 75 and 10,0 diffusers although there are errors in
the predicted values of X, they do not significantly affect
the values of Cp, which are in good agreemeni with the

measured data. Therefore whilst the theoretical approaches

are less than totally adequate for boundary layer calculations,

they do appear to be sufficient for predictions of overall
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performance. Similar conclusions have been reached by Cocanower
et a1(55). However in the case of the outer wall boundary layer
in the L/thl = 5 diffuser there is a more serious failure of

the prediction methods and as a consequence the estimated values

of Cp are approximately 20% too highe

1
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TABLE 6-1

DATA DUE TO PERRY

(72)

PROFILE
INDENT.
No. 2906 2007%* 2908* 2909 2910
X ft. 10,0 ~11.0 i2.5 14,0 15.0
U ftsec 84,55 82.16 79.9% 7727 76,0k
Ct colks 0.00076 0, 00064 0, 00047 0.00033 0,000225
£ uTHOR 0.00079 0,0C061 0, 00045 0,00031 0.000210
T cores 4,778 5.955 74771 10,48 13.921
T autsor k.723 54979 7.847 10,59 13,992
elnSCOLES 1.k415 1.682 1.930 24327 2,486
O oTHOR 1,442 1,680 1,930 2.324 2.479
5 ins 9,004 10,312 11,81 14,293 15.512
COLES
8 ins. 9.058 10,342 11,765 14.235 15,446
AUTHOR
S ins 9,50 11.00 11,50 13.5 15.50
PERRY
t[, 00955 00941 1.02 1.055 1.00
H cowes 1,755 1.86 2,02 2,20 2.k1
H  autHor 1,755 1.87 2.02 2.21 2,41

* compared graphically
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TABLE 6-2
APPROXIMATE VALUES OF ¥ = ¥ dP
puz o

L/AR, - 5 DIFFUSER
X (ins) 0.75 1.35 1.95 2.55 3.15 375 4,28
5 Outer Wall 0,055 0.093 | 0.156 | 0,197 | 0.36L | 0,665 1,460
8 Inner Wall 0.043 {0.043% | 0,038 | 0,038 | 0.036 | 0.0306 | 0,0276
L/AR, =75 DIFFUSER
X (ins) 1.25 | 2.2 3.15 | 4410 | 5.05 | 6.0 7.35
¥ Outer Wall 0,0388 | 0,048 0,060 | 0,076 | 0.093 0,120 | 0,189
¥ Inner Wall 0.0273% | 0.033 | 0.038 ! 0.038 | 0.041 | 0,038 | 0.031
L/AR, = 10,0 DIFFUSER
X (ins) 1,0 24,25 3425 Lk,25 545 7.25 9.85
8 Outer Wall 0.016 | 0,023 | 0,026 | 0,032 | 0,037 | 0.0h0 | 0.066
g Inner Wall 0,015 | 0,017 | 0.020| 0,023 ] 0,028 | 0,028 | 0,029
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SECTION 7
CONCLUSIONS

7-1 Extension of Theoretical Approach

7-1~1 Integral Methods

It has been shown that for diffusers of moderate overall
préssure gradient (E/AIH_: 7+5 and 10.0), reasonable agreecment,
sufficienf for most engineering purposes, can be achieved between
experimental and theoretical values of internal and overall
performance. However,‘this agreement is restricted by the
necessity to commence calculations at a station downstream of
the inlet bend, Failure to take account of the disturbance due
to the inlet bend results in a failure to predict the asymmetric
growth of the boundary layers.

In attempting to apply integral methods to the calculation
of the flow in a minimum length diffuser (L/LSRl = 5,0), serious
discrepancies arise. These discrepancies have been traced, in
the main, to a failuré of the existing methods of representing
the mean velocity profile in a severe adverse pressure gradient,
The failure of the two parameter representation due to Coles(él)
has been shown to be due to a failure of the well known law of
the wall, resulting in an overestimate of the skin friction
coefficient and the local velocity.

. In order to apply integral methods in severe adverse
pressure gradients a new approach is required. This may take
the form of a revised law of the wall as suggested by McDonald(733
which takes account of the influence of local pressure gradient,
combined with a universal defect law. Another possible line of
attack has been suggested by Coles(ké), namely that the flow near

the wall should be treated as "non-turbulent", Alternatively an

-
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approach based on the half-power law due to thiford(76)appears
promisinge

Sufficient data has been obtained, in which history effects
are present, to investigate the relaxation technique, proposed

(79) (34)

by Nelson and Rotta , for the calculation of the dissipation
inﬁegral. In addition, improved empirical relations are required
for the Réynolds normal stress coefficient, taking account of
turbulence lag, and again a relaxation technique may give the

best leverage. In the-absence of an accurate mean velocity profile
equation, and the difficulties suwrounding the correct choice of
mixing length, the calculation of the total pressure gradient

along the streamline of maximum velocity appears to be

restricted to improved empirical correlations.

7~1-2 Differential Methods

Differential techniques are still in the initial stages of
development and no "best" method has yet been determined. ‘The
recently published results from the AFOSR-IFP-Stanford 1968
Conference on Computation of Turbulent Boundary Layers, confirm

the view expressed by Rotta(zé)

who stated that, "it appears
doubtful that much improvement in prediction techniques will be
gained by adopting mean-field methods." The data obtained in
this investigation support this view, unless some means can be
found to predict the values of mixing length in an adverse
pressure gradient. An approach using a relaxation technique
where the length scale is dependent on local pressure gradient
may be possible, In view of this, a modified wall function and
values of mixing length, bascd on the experimental data are to

. . 8
be incorporated in the Spalding GENMIX-k programme(7 ) (77).
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A more promising approach may be to use the data in a
turbulent-field method notably that due to Beckwith and Bushne11(342
Finally, an attempt must be made to incorporate the calculation of
streamline curvature cffects, so that the influence of the inlet

bend may be included.

7-2 Extension of Experimental Work

The data obtained representsa detailed investigation of the
flow through annular diffusers having centre bodies of uniform
diameter, and operatiné with fully developed flow conditions at
inlet. However there is a great need for further comprehensive
data on other types of annular diffuser operating near to the
lines of optimum performance. Such data should, where possible, '
be free from any significant three-dimensional effects, and in
this respect the work reported in this thesis indicates that a
fully annular rig is desirable.

In addition to detailed measurements of the mean ve&ocity
profile and turbulence structure attempts should be made to
measure the wall shear directly., Such measurements are necessary
for a complete analytical study of the flow near a wall in a
severe adverse pressure gradient. Also apparatus should permit
flow visualisation studies, in order to check for regions of
intermittent transitory stalling which may not be detected by
measurements along selected radii.

Apart from measurements within the diffuser there ig a
need for detailed data on the flow around the inlet bend which
can serve as a basis for theoretical predictions, Very little

information has been published on flow in annular bends. Another

aspect which requires further work is the determination of
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acceptable prediction criteria for turbulent separation. This
work is particularly difficult since separated flow is essentially
three dimensional and unsteady, and consequently more complex
instrumentation is required.

Finally most diffuser work is carried out on "clean"
daffusers free from any internal obstructions, however in nearly
all gas turbine applications struts are present, The struts,
which can number as many as eighteen in certain combusiion
chamber applications, often extend over half the length of the
diffuser. The interaction of these components in the presence of
a turbulent shear flow frequently controls diffuser design.

No published data are known to the author on this aspect of
diffuser performance.
7-3 Conclusions

Overall performance data has been obtained for three
annular diffusers having centre bodies of uniform diameter and
conically diverging outer walls, The diffu;ers have a comnon
area ratio of 2,0 : 1, and non-dimensional lengths (17'AR1) of
5.04 7.5, and 10,0 respectively. The tests were carried out
with fully developed flow at inlet, the inlet conditions being
obtained by natural development in a long annular entry length.
For the optimum (Cp*) diffuser the measured static pressure rise
coefficient is 1n good agreement with published data after
applying a correction to take account of the increased boundary
layer thickness at inlet, Also for the diffuser area ratio
iévestigated the non-dimensional length consistent with the

onset of transitory stalling has been established.

In addition te the overall performance characteristics
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a detailed study has been made of the growth of the boundary
layers along the inner and outer walls in each of the three
diffusers. Measurements were made of the mean velocity profiles
and turbulence structure gt a number of stations along the
length of the diffusers. The data showsexcellent symmetry of
flow, and momentum - balance plots, including the contribution
due to Re&nolds normal stresses, were in excellent agreement,
indicating that no significant three-dimensional effects were
present. It is considered that this data will be extremely
useful as a basis of comparison for future thcoretical studies,

The results indicate an asymmetric growth of the boundary
layers along the inner and outer wallszs, The rate of increase in
the shape parameters becoming significantly greater on the outer
wall as the outer wall angle increases. This asymetry is
attributed, mainly, to the disturbance assocciated with the change
in outer wall angle at inlet. The measured shear stress
distributions exhibit considerable lag, and a large gradient of
shear stress near the wall in regions of severe adverse pressure
gradient., As a result of the large shear stress gradients a
number of the velocity profiles do not obey the conventional
form of the law of the wall, but follow more closely a half-power
law, In these circumstances the use of the two-parameter method
of profile representation gives rise to considerable error,

An integral approach has been used to predict the boundary
layer growth, based on the assumption that no net mass transfer
takes place between the inner and outer wall boundary layers.
Within the limits of experimental error, this assumption has hbeen

verified, for the case of naturally developed inlet conditions.
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~ .
For two of the diffusers (E/AIH_: 7.5 and 10,0), good agreement,
sufficient for most engineering purposes, has been achicved
between the theoretical and experimental values of overall and
internal performance. However this agreement 1s only obtained by
commencing the calculations downstream of the disturbance
associated with the inlet bend, In the case of the minimum length
(Eb*) diffuser, the predicted values of shape parameter along the
outer wall were too low, This 1s considered to be due to a
fairlure of the accepte& methods of velocity profile representation

in severe adverse pressure gradients,
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