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SUMlftARy 

An experimental investigation of the flow behaviour in, and overall 

performance of, the straieht-core annular diffuser under naturally and 

artificially generated inflow conditions is des~ribed. For naturally 

developed near uniform inflow diffuser overall perforrr~nce, and stability 

limi ts, are theoretically predicted. 

In the first part' of the research program the diffusers were tested 

over a range of naturally developed inflow velocity profiles from near-

-uniform to fully developed flow. The diffuser pressure recovery was observed 

·-to fall with initial thickening of the inlet boundary layers and subsequently 

. inrproved as the flow became fully developed. Downstream of· the diffuser 

_:.exi t pressure recovery continued for some two hydraulic diameters into 

the settling length. The measured levels of diffuser performance cOffipared 

well Vii th relevant published data but similar stability limits were not 

found. This'was attributed to the varying inflow conditions for the 

published data. 
'-

·n.etailed investigations of the boundary layer growth in the test 

.. diffusers showed that the flow development was doniinated by pressure forces 

and that the aSYlmnetric boundary layer growth on the inner and outer walls 

was attributable to the distorting effect of the diffuser outer wall inlet 

.. bend. Tests with artificially generated· flow mixing at inlet showed that 

veloci ty profile dis.tortion in the diffuser was reduced by increasing the 

level of flov, mixing near the wall at diffuser :i.nlet; attendant inrprove­

ments in static pressure recovery and exit f'low stability were also noted. 

For naturally developed near uniform inflow the diffuser overall 

performance, and stability limits indicated by test results were successfully 

predicted using integral methods based on the physics of boundary' layer 

entrainment. 
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NOMENCLATURE 

The following nomencla;ture applies unless· otherwise defined in the 

·text: 

A Area of cross-section 

AR Area ratio 

A 

B Blocked area fraction 1 - ± l % dA 

. 2 
cf Local skin friction coefficient Tv!4PU 

CpStatic pressure recovery coefficient based on mean inlet 

.. dynamic head,,,,pAp-;;:~ 

. D Diameter of cross.-section 

Hydraulic mean diameter, D - D. 
.0 ~ 

Shear work integral, 2 f . du dR 

pU3 T-
dR 

H 

H 

* Shape parameter, 0. /e 
• **;. e . Shape parameter, " 

* ·Shape parameter, (0.- 0. )/s 

0 

L Diffuser average wall length 

Le Length of approach pipe ups.tream of diffuser 

L Dis,tance to upstream flow spoiler s 

Prandtl mixing length, 
{ }

.l. 
-- u du 2 

- u·v·A- I-I 
dR dR 

N Diffuser axial length 

p Static pressure 

P Total pressure 

R Radius 
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Reff Radius, effective centre of entrainment 

fIR Annulus height, R . - R. 
o l. 

R Reynolds number, UDh/v e 

Re Reynolds nU1Ilber, ue/v 

u Local axial velocity 

u Mass average velocity 

u 
T 

Friction velocity 

-+ u/u 1i. 
T 

f.::;2 
..ju· r.m.s. fluctuation velocity in X-direction 

u'v' Reynolds shear stress 

-u -Maximum velocity at cross-section. 

~ r.m.s. fluctuation velocity in R-direction 

X Axial distance from diffuser inlet 

Xd Axial distance into settling length 

y 

Cl 

(R o 

1 Velocity profile energy coefficient, A. 

1 Velocity profile momentum coefficient, A. 

y Intermittency factor 

* i Displacement thickness of boundary layer on outer wall 

fRo u R 
(1 - -) - dR U R 

R 0 I> . . 
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0* Displacement thickness. of boundary layer on inner wall 
i 

(1 - ~) 1L dR 
U R. f

Ro 

R. ~ 
~ 

0** Energy thickness of boundary layer on outer- wall 
o 

.** 
u Energy thickness of boundary layer on inner wall 
i 

e Momentum thickness of bounaary layer on outer wall, o 

(1 - ~) ~ 1L dR 
U U R I

Ro 

R 0 
IS . 

e. -Momentum thickness of boundary la;ver on inner wall, 
~ 

(1 - E.) E. .1L dR 
U U R. ) 

Rc 

R. ~ 
~ 

e Eddy viscosity 

A Loss coefficient 

" Fluid kinematic viscosity 

P Fluid density 

T Shear stress. 

cl> Diffuser wall angle 

~ Diffuser effectiveness 

SUBSCRIPrS 

1 Diffuser datum inlet station 
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2 Diffuser outlet 

o Outer wall 

i Inner wall. 

w General wall value 

/) Mmi t of boundary layer, 

t Turbulent flow 

p Potential flow 

2-D Two-dimensional parameter value 

'. -At the ·timethis·work was commenced Imperial Units were still. in 

...general use and thus values are quoted in terms of theae units .• However 

as the vast majority of the experimental data is presented in non-dimensional 

.. -terms this only has. a minimal effect. The following conversion factors are 

·included to assist in relating to the S.l. units where required: 

Unit Unit Symbol S.I. Equivalent 

inch 1 in -2 2.54 x 10 metre 

ft/sec f/s -1 /: 3.048 x 10 metre sec 
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CHAPTER 1 

1.0 INTRODUCTION 

1.1 The Diffuser - its uses and problems 

The diffuser is a fluid flow device consisting of a" passage of 

increasing cross-sectional area through which fluid is decelerated with 

an"accompanying pressure rise. Whether velocity reduction or pressure 

rise is the primary objective depends on the particular application. 

A diffuser is often us"ed to minimise fluid energy losses" in, and 

hence power requirements of, ducting systems. The reduction of flow 

velocity gives a lower dynamic head, and conseq.uently a reduction in the 

losses in downstream components. A typical example of this application 

is found in the closed circuit wind tunnel. Gas turbines also employ 

a diffuser, to decelerate the compressor exit fl~w; in this case the 

purpose is to ensure stable combustion and a" sufficient supply of 

dilution air. Uses of the pressure rise capability of the diffuser 

include reduction of back pressure on turbines, thereby increasing their 

work output, and the reduction of back pressure in exhaust sys"tems" to 

provide better scavenging of exhaust products. 

Whatever the application, the pressure rise in a" diffuser results in 

an adverse press.ure gradient which can cause unstable separated eri t flow 

conditions so impairing the performance of the diffuser and adjacent 

components.. Thus the designer must, within whatever practical constraints 

may apply, specify a diffuser geometry capable of achieving the desired 

veloci ty reduction and/or press.ure rise with stable unseparated outlet 

flow condi tions • 

1.2 Diffuser Geometry 

A diffuser in a flow system may have any of an infinite variety of 

- 1 -



cross-sections ana. wall· shapes. For engineering purposes mapy diffuser 

geometries are used; such as curved diffusers connecting inlet and outlet 

ducts at right-angles, or diffusers connecting ducts of different cross-

. section. DIving to the problems thes.e types present, both in manufacture 

·and use, straight-wall diffusers of simple geometry are used wherever 

possible. 

Simple straight-wall diffusers can be sub-divided into the following 

basic geometries: 

(i) two-dimensional diffusers 

(ii) conical diffuaers 

(iii) annular diffusers. 

Figure 1.1 shows these geometries together with the nomenclature 

adopted; types (i) and (ii) are special cases of the annular geometry • 

. For a symmetrical two-dimensional diffuser the wall. length (L), area 

ratio (.AR1_2), and the divergence angle (2</» are related as follows: 

1 + 2; sin </> 

1 
= 1 .• 1 

while for an asymmetric diffuser with one divergent wall, of divergence 

angle </>, 

= 1 L . ~ 
+ VI sJ.n 0/ 

1 
1.2 

In view of this relationship between the basic diffuser geometry parameters 

it has become COIT~on practice to present two-dimensional diffuser data in 

terms. of area ratio (AR
1
_2) or divergence angle (</», and non-dimensional 

length (L/W1 or N/w
1

). 

Conical diffusers exhibit another three parameter group, where: 

= 1 + 2; sin </> + [; sin ~ 2 
1 . 1 J 

L hence in this case data ITay be presented in terms of .AR
1
_2 or </>, and /R

1
• 
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For an equiangular annular diffuser the expression is similar in form 

to that for two-dimensional diffusers, being: 

= 1 + 2t.~ sin <P 
1 

_1.4 

However, when both cone angles vary the expression is much more complex: 

1 + 2~ [ sin<P 0 + ~ sin<Pi [ ::::~]] 

R.] [ 2 R: sin <Po 

+ 1 .5 . 

It can be seen that while the two-dimensional and conical geometry 

relations.bips involve three parametera, the general annular diffuser case 

has five variables. Thus by the very nature of· its geometry any general 

experimental inveatigation of the annular diffuser must conaider a much 

wider range of test geometries. 

1.3 Evaluation of Diffuser Performance 

For any of the straight-wall diffusers described in section 1.2, 
:I< 

operating with low-speed incompressible naturally developed inlet flow, it 

is posaible to predict-the diffuser flow behaviour by theoretical methods, 

provided the pressure gradients_ are moderate. These conditions are not 

usually encountered in engineering practice, and systematic experimental 

tests are needed to es.tablish diffuser performance and stability limits. 

This experimental data must be suitably evaluated and presented to ensure 

ita general applicability. 

1 .3.1 Flow Stability 

It is important that flow separation does not occur in a diffuser 

since this gives rise to unstable flow conditions with insufficient 
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diffusion and increased energy losses. 

A correlation of flow stability limits in terms of the two-dimensional 

diffuser geometry was obtained by Fox and Kline* (23) for diffusers with 

low speed incompressible flow and thin inlet boundary layers. 

regimes. were defined from flow visualisation studies: 

(i) 

(ii) 

(iii) 

(iv) 

Steady flow with no appreciable stall. 

Unsteady flow with strong transitory stall. 

Steady, fully developed, two-dimensional stall. 

Steady jet flow., 

Four flow 

The demarcation between conditions (i) and (ii) was denoted the 'line of 

first stall', see Figure 1.2(a),and represents the limit of diffuser 

stabili ty.Similar presentations of stability limits maybe made for 

conical and annular diffusera. 

1.3.2 Performance Parameters· 

It is necessary to ~uantify diffuser performance and losses by 

representative parameters. For many designs a specific velocity reduction 

is required; however, since the velocity varies across a diffuser crosa­

section, and can be difficult to measure accurately, its use as a parameter 

is impracticable. 

In the absence of appreciable flow swirl or streamline curvature, 

the static pressure is essentially constant over a diffuser cross-section 

and can be meaaured with confidence. In view of this a performance 

parameter often used is the presaure recovery coefficient, defined for 

the general cqmpresaible spatially non-uniform flow by Livesey (36), and 

here defined in its form for incompressible, uniform, inflow: 

* Numbers in parentheses denote references detailed at rear. 
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= 1.6 

being the meas.ured s.tatic presaure riae between stations 1 (inlet) and 

2 (outlet) expressed as a fra.ction of the pressure rise in a diffuser of 

~nfinite area ratio. A measure of the diffuser effectiveness (1;1_2)·is 

often expressed by comparing the actual static pressure recovery coefficient 

with the ideal value attained in a diffuser of the same geometry with inviscid, 

one-dimensional flow, at the same flow rate. For these conditions: 

Cp1_2ideal = 1 -
1 

and 

Z;-2 1.8 

For many practical applications a knowledge of the energy loss in the 

diffuser is required. If the energy equation for incompressible flow is 

written as: 

1 -2 . 1 -2 
+. P2 

. 1-2 
1 .9 cx12(>U

1 +. P1 - CX22(>U2 +. ],1_22Pu1 

where 

=Af u 3dA 
cx 

li3A 
and is the kinetic energy flux coefficient of the mean velocity profile, 

and the overal~ loss coeficcient A
1

_
2 

is expressed as a fraction of the 

inlet mean dynamic he.ad, then re-arranging eq..uation 1..9 gives: 

CP1_2 = ·[CX1 - M/.:2 ] - A1_2 
. 1-2 

1.10 

Equation 1.1"'0 shows that good pressure recovery is dependent on a low 

energy-loss in the diffuser coupled with an exit velocity profile having a 

low degree of distortion with a correspondingly low value of cx
2

' The 

evaluation of cx2 and A1_2 involves measuring both static pressure recovery 

- 5-



and the inlet and outlet mean velocity profiles.. While the static press.ure 

and inlet velocity profile can be deterldned accurately, the exit velocity 

profile is often difficult to measure because of unsteady flow conditions 

and asymmetry. For this reason values of A
1

_2 and a2 .are not often 

available from experimental data. 

1.4 A Review of Recent Investigations of Diffusers 

A detailed literature review on subsonic diffuser flow has been given 

by Cockrell and King (17) and from this and other sources the following 

cOIlllIlents may be made: 

Experimental investigation of diffuser flow has tended to focus on 

two main areas: 

(i) gross geometry effects 

(ii) effects of adjacent flow conditions. 

The above effects are usually evaluated in terms of diffuser performance 

and flow stability. 

A limited number of detailed studies of diffuser internal flow have 

been carried out on various diffuser geometries for development and 

evaluation of theoretical prediction methods • However these tests 

form a small part of the total effort up to the present time. 

Among the most sys.tematic recent investigations of gross. geometry 

effect are thos·e due to Kline and others at Stanford University. The 

majority of their tests were carried out on straight-wall diffusers with 

subsonic incompresaible flow, as a large proportion of all diffuser 

investigations have been, and these limitations will be assumed for the 

remainder of this chapter, unless specifically stated otherwise. . Fox 

and Kline (23) and Renereu. et al (54) presented flow regime and performance 

maps respectively in terms of the two-dimensional syrrunetrical diffuser 
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geometry. These are shown in Figures 1.2(a), (b). It is seen that the 

gross di~~user geometry has a major e~fect on flow regime and performance, 

and that presentation of experimental data in these terms is a very power~ul 

design aid. However the designer can inadvertently ass.ume that di~~users. 

desi.gned ~rom thes.e maps will always give good res.ul ts; this is not true 

since adjacent ~low conditions can also have marked e~~ects on di~fuser 

stability and per~ormance. 

Some of the inlet· ~low.parameters/conditions which can in~luence 

di~fus er ~low are: 
I 

(i) Mean velocity profile 

(ii) Flow mi:xing/turbulence 

(ill) Swirl 

(i v) Reynolds number 

(v) Mach number. 

(i) Mean Velocity Profile 

For a given pressure gradient it can be shown that ~or any streamline, 

neglecting energy losses, the local deceleration is inversely proportional 

to the local mean velocity. Hence the thicker the inlet boundary layer 

to any di~fuser the lower the mean velocity at any fixed dis.tance ~rom 

the wall, and the greater the tendency o~ the mean velocity pro~ile to 

distortion with a higha2 and an attendant per~ormance penalty, as shown 

by equation 1.10. Waitman et al (79), Cockrell and Markland (18), and 

Stevens and Markland (68), working on two-dimensional, conical, and annular 

di~fusers repectively, have all noted this reduction in di~~user per~ormance 

with initial thickening o~ the inlet boundary layer, and correlate the 

per~orIDance with some characteristic boundary layer thickness or blockage 

parameter. 

Sovran and Klomp (62) show that diffuser per~ormance is in ~act largely 
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governed by the distortion of the exit mean velocity profile. Considering 

equation 1.10 and dividing by CP1_2ideal, they sho~ that the 'effectiveness 

1',;1_2: 

[ a
2
/a1 ] a1 1 - 2 

"1_2 AR 
1',;1_2 

'. . 1-2 
1.11 = 

[1-+J 1 ) 
[1 

- 2 
, AR

1
_2 

AR
1
_

2 

In the first term above a 2 > 1 represents the excess kinetic energy flux 

of the exit velocity profile. A high value of a 2 indicates insufficient 

diffusion which resuns in a. reduction of' diffuser effectiveness. The 

second term represents the reduction in effectiveness due to energy losses; 

howeve~ the expression gives no indication of the relative importance of 

these two terms. 

Considering the maximum velocity streamline, denoted m, and assuming 

constant static press.ure over a cross-section, we have, for incompressible 

flow: 

Pm = p +~if 

thus 

P2-P1 = tl'(~ - ~) -: ),1-2 q1 
m 

where P ~ P 

), 
m1 m2 = . 1-2 m q1 

and the efr.ectiveness 1',;1'-2 may thus be expressed as 

-l~:J 
2 

[.~~] 2 

1 >. . 1-2 
1',;1_2 

m 
= 1 1 - 1 - 1 

2 2 AR
1

_
2 

AR
1
_

2 

Now at any station the effective area (~) is by definition 

A 

~u = f u.dA 

and the blocked area fraction 
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~ = A -~. 

These are non-dimensionalised as follows: 

E (effective area fraction) = ~A 

B (blocked area fraction) = ~/A 

1 .17 

1.18 

1.19 

By continuity the quantity flow (Q) is equal at all stations, thus: 

A 

Q = S uiA = ~ U1 = ~ U2 1 2 

= A1E1U1 = A2 E2U2 

giving 

U2 [~~] [::J 1.20 = U1 

and re-wri ting equation 1 .15 gives 

1 -[::J /AR~_2 "1_2 
..L m 1.21 ~-2 = E2 1 1 

1 1 - 2 1 - 2 AR
1

_
2 

AR
1
_

2 

If a potential core exists throughout the length of the diffuser then 

~-2 = 0, and even when this is not the case 
m 

wi th the exit profile dis tortion term. Thus 

A1_2 is often small compared 
m 

it may be concluded that an 

effectiveness 'value of less. than 100% is largely due to distortion of the 

outlet profile. Sovran and Klomp point out that the exit profile distortion 

will be determined by the inlet profile and the distortion it undergoes during 

diffusion. For diffusers on the +Cp* optin,um line pressure forces predoILinate 

over viscous forces and the exit velocity profile distortion is essentially 

governed by thes.e pressure forces, which are in turn determined. by the 

diffuser area ratio. Thus Sovran and Klornp were able to correlate exit 

+ The locus of maximum pressure recovery coefficient at prescribed non­
dimensional length. 
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velocity profile distortion as uenoted by E2 for Cp· diffusers in terms of 

the following empirical parameter involving inlet blockage fraction (B
1

) 

and diffuser area ratio (AR
1

_2 ): 

i 
AR

1
_

2
(B

1
)4 1.22 

This correlation is sho~~ in Fig. 1.3(a). 

The definition of blockage area 

A 

~ = A- f%dA 

takes the following form for axi-symmetric pipe flow: 

= 

= 

and hence 

= 

J
R

O 

2nrdr -

21fR JR (1 - ::!.) !. dr U R o 

where 0* is the axi-syhilletric boundary layer displacement thickness. 

1.23 

Now thE inlet blocked area· fraction (B
1

) can be related to 0.* as 

follows: 

20* 
'"""it 

1 

Thus the inlet blocked area fraction is directly proportional to the inlet 

boundary layer displacement thickness·. This explains the success of 

previous correlations which, for a specific diffuser geometry with naturally 

developed inlet flow, relate diffuser perforrrance to some inlet· boundary 

layer thickness or blockage. fraction. 

(ii) Flow Mixing 

Current boundary layer thinking indicates that a high level of flow 
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mi:xing near the wall in the diffuser inlet flow will have a beneficial effect 
, 

on performance and flow stability, tending to re-energise the wall flow in 

the diffuser and to delay the onset of separation, thus avoiding the severe 

performance penalty caused by blockage of the outlet flow by the separated 

boundary layer. 

Li vesey and Turner (38) have studied, the effect of high decay rate 

inlet velooity profiles generaterr by wall flow spoilers at in16tto two-

dimensional diffusers. Values for diffuser effectiveness of greater than 

100% were n.easured and, while thiS is rrainly attributable to the failure of 

the accepted definition of diffuser effectiveness to take account of the 

kinetic energy flux of the inlet velocity profile, it still represents a 

10% improvement over the effectiveness with naturally developed inflow. 

For wide angle two-dimensional diffusers of 200 included angle Migai 

(43) ellminated flow s~paration by introduoing flow mi:xing using coarse 

grids upstream of diffuser inlet. He also note'd an optimum increase in 

pressure recovery from CP1-2 ~ 30%, with naturally developed inlet flow, to 

60% with flow lDixing; however part of this increase is again probably 

attributable to the definition of~_2' 

Changes in the turbulence stru'cture of naturally developed flows can 

also affect diffuser performance. Bradshaw ( 3 ), con~enting on the conical 

diffuser test data of Cockrell and 1'arkland (18), has sugges.ted that fully 

developed inlet flow can give rise to an increase in pressure recovery 

coefficient, compared to that for a thin inlet boundary layer, due to the 

higher level of radial momentum transfer in a fully developed flow. This 

hypothesis has been verified in the recent work of Stevens and Williams (69). 

These examples show that a high degree of flow mixing in the wall 

region. can improve diffuser perfornance and current designs of mixed com-
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pression intakes illustrate the use of vortex generators to ilLprove subsonic 

diffuser performance. Thus where a high degree of radial momentum transfer 

is inherent, as it is in many engineering flows, then diffuser designs based 

on data from tests carried out with naturally developed inlet flows could be 

unnecessarily conservative. 

(Hi) . Swirl 

There have been relatively few recent published investigations on the 

effect of inlet flow swirl; earlier tests were made by Peters (50) and 

Schwartz (61) working on conical and converging-core annular ·diff'users 

respecti vely. Peters found that diffuser effectiveness improved.with large 

(200
) inlet swirl cOIllponents, while Schwartz noted that a similar degree of 

swirl caused separation from the inner cone of the annular diffuser, while 

a low degree of swirl was tolerated with little effect on pressure recovery. 

Recent work reported by Hoadley (29) from teB-ts on straight-core 

annular diffusers shows casing stall for zero inlet swirl and hub stall at 
. 

large swirl angles. At intermediate conditions both walls are unstalled. 

Therefore; the influence of inlet flow swirl can vary with both the 

degree of swirl and the diffuser geometry • 

. (iv), (v) Reynolds Nurr:ber and 1iach Number 

The effects of Reynolcs number and Mach number overlap to a certain 

o.egree. Initial increase in inlet Reynoldsnunber, for a given profile 

generation length, causes changes in the velocity profile and turbulence 

structure, which .will probably affect diffuser performance. At some critical 

Mach number, in the high subsonic range, local shock systellJl are formed around 

the inlet bend with detrimental effects on performance which intensify up to 

the attainment of choking flow. 

Squire (65) has shown, for a sui table velocity range below the critical 

1~ch number, that the performance of a range of conical diffusers (up to the 
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Cp* optimum geometry at .AR1_2 = 4) was only very weakly dependent on Reynolds 
, 

number, with no clear trend being apparent. It is probable that this is 

also true for other diffus er geometries. 

Again working with conical diffusers, Livesey and Hugh (37) investi-

gated Mach number effects on diffusers of area ratio up to i6 and included 

Above a certain critical Mach number there is a 

sudden increase in loss.es. The critical Mach number is not constant but 

tends to decrease with increasing diffuser included angle. This is probably 

due to more marked pre-entry flow "acceleration at the higher angles causing 

the formation of local shock systems around the inlet bend at a lower inlet 

Mach number. 

Finally it should be noted that downstream flow conditions can modify 

diffuser performance; for instance, flow separation in a downstream 

component can cause disturbances to propagate upstream to the diffuser. 

However virtually no systematic experimental data"is available in this field. 

1.4.1 Diffusers Operating with Naturally Developed Inlet Conditions 

The majority of diffuser investigations have been carried out under 

naturally developed inflow conditions. The work of Reneau et 0.1 (54) on 

symmetrical two-dimensional diffusers has previously been referred to, but 

some further comment is relevant at this stage. It is noted that diffuser 

pressure recovery is affected much rr~re by inlet conditions than is the flow 

regime. ·PeakIressure recovery correlates as a single line on the .AR
1
_ 2-L/W

1 

plot for the range of thin to thick inlet boundary layers tested. However, 

·the region over ~ich this correlation is valid reduces with increasing 

boundary layer thickness and this would suggest that the same limitations 

apply to the 'line of first stall'. 

Earlier tests by Reid (53) on the two-dimensional diffuser geometry 

showed that asymmetric diffusers were prone to worse stall than the equivalent 
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(same L/W1, .AR
1

_2 ) symmetrical diffus er geometry but no advers e effect on 

optimum performance was apparent, for the geometries tested. 

Cockrell and Markland (18) reported on a comprehensive series of tests 

carri6d out on a range of conical diffusers operating with thin inlet 

boundary layers to fullydeveloped inflow. This data. ,',as re-analysed by 

Sovran and Klomp (62) and presented as a performance map in terms of the 

conical diffuser geometry, shown in Fig. 1.4. Two optimum lines Cp· and 

Cp •• were uefined, where: 

Cp" - is the locus of points which define the diffuser area 

ratio producing maximum pressure recovery in a prescribed 

non-dimensional length. 

Cp*. - is the locus of points which define the diffuser non-

dimensional length producing maximum pressure recovery 
" . 

at a prescribed.area ratio 

The Cp. optimum line was shown to be reasonably independent of inlet boundary 

layer thickness for the range tested; however, the same reservation will 

apply to its use for all inlet conditions as previously stated for the two-

dimensional diffuser geometry. 

Several variations of the basic annular diffuser geometry occur in 

turbomachines, emphasising the practical imfortance of this type. However, 

due to its complex geometry it has been the subject of comparatively few 

systematic experimental investigations. 

Ainley ( 1 ) measured the performance of a range of equiangular annular 

diffusers of area ratio 3.20, with thin inlet boundary layers. Diffusers 

with included angles from 6.50 to 190 were tested; a maximum diffuser 

effectiveness of 86% was measured for an 8.50 diffuser. 

More recently Howard et al (30) presented performance and 'line of 

first stall' maps for equi-angular·and straight-c~reannular diffusers with 

- 14 -



fully developed inflow, see Fig. 1.5. The 'line of first stall' for equi-

angular diffusers comes below that for two-dimensio~l diffusers given by 

. Fox and Kline (23), while that for straight-core diffusers is for the most 

part above the two-dimensional diffuser line. Since a blown rig was used 

for these tests, while the inlet mean velocity profile is shown to compare 

wi th that of -Brighton and ·Jones. ( 9 ), it is unlikely that the turbulence 

structure was that of a naturally developed flow. It has been shown that 

the degree of flow mixing can have a marked effect on diffuser pressure 

recovery and to a lesser extent, flow regime, ·so this must be borne in mind 

in the interpretation ef these results. Indeed the measured values of 

pressure recovery for the equi-angular geometry are shown to correlate with 

those of Johnston (31 ), who tested Ainley's range of diffusers with inlet 

profiles distorted by wire screens placed some three hydraulic dian,eters 

up·stream of . diffus er inlet. Further Ainley's diffusers with angles 6.50 

and 8.50 and non-dimensional lengths 1,9.2 and 14.4 respectively fall in the 

'region of appreciable· stall' on the flow. regime map. Yet no flow instability 

was noted by Ainley and the meas.ured outlet velocity profiles show no evidence 

of separation or near-separation. Hence the equi-angular· 'line of first 

stall' must be regarded with some reservation. Howard et al ndte'in their 

report that there is a step at the outer-tube ·cone junction; this may have 

affected the diffuser flow regime and explain the noted lack of correlation. 

Stevens and Markland (68), as part of a more detailed investigation, 

give performance measurements_ for two equi-angular annular diffusers of area 

ratio 4.0 with included angles of 50 and 100
• Their tests were carried out 

for naturally developed inlet conditions from thin inlet boundary layer to a 

fully developed flow. The effect of artificially thickening the inlet 

boundary layers with wire screen rings, placed some twenty hydraulic diameters 

upstream of inlet in order to minimise flow mixing effects, was also. investi-
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· gated. They found that diffuser effectiveness steadily decreases with 

increasing blockage fraction, including that due to the atificially thickened 

profiles. A maximum effectiveness of 95% was noted for the 50 included angle 

diffuser, both diffusers exhibiting asymmetry of flow over a large proportion 

of their length. 

By far the most comprehensive investigation of the annular diffuser 

geometry is that of Sovran and Klomp (62), who tested over one hundred 

diffuser.geometries, most of which had diverging centre-bodies. The tests 

were carried out for a thin inlet boundary layer condition (B
1 

~ 0.02). 

The results, in the form of a performance map, are shown in Fig. 1.6. The 

tests indicated that the Cp* opti~um diffuser occurred at an area ratio that 

was. reasonably independent of the combination of wall angles and radius ratio 

employed. The effect of inlet blockage fraction on the performance of the 

Cp* optimum diffuser was predicted using the previously described 
i 

E2 - AR
t
_2(B

1
)4 correlation. The line for this correlation was taken from 

a 'best fit' of all available diffuser data for all geometries. 

1.4.2 Diffusers Operating with Articifically Generated Inlet Conditions 

Many diffusers have been tested with 'blown' inlet conditions, which are 

nominally considered to be naturally developed, but may have a modified 

turbulence structure. Here 'artificially generated' is taken to mean an 

inlet profile generated by flow spoilers, screens, or similar means. 

The widest range of inlet conditions has been investigated by Wolf and 

Johnston (83) who tested symmetrical two-dimensional diffusers for wake, 

jet, step-shear, and uniform shear flow inlet conditions, see Fig. 1.7. 

For the latter three inlet profiles, with low velocity near the wall, a 

general·deterioration in performance and flow stability waa observed, whereas 

with wake flow at inlet the performance increased above that obtained with 

na turally de"velop ed inflow. Since grids comprised of small diameter wires 

were used to produce the inlet conditions, it is thought that a relatively 
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low level of turbulent mixing was introduced into the flow, and that the 

improvement in perfor~nce with wake flow is due primarily to the higher 

velocity near the wall. Peak pressure recovery performance was shown in 

terms of the Sovran and Klomp correlation and is over-plotted in Fig. 1.3(b). 

The data correlates well; however, Wolf and Johnston show that prediction 

of performance from this correlations is inaccurate for inlet blockage 

fractions in excess. of 0.05. 

For annular diffusers Johnston (31 ) tested Ainley's range of diffusers 

with distorted inlet profiles generated by means of ~pstream annular screens, 

mounted three hydraulic diameters upstream of diffuser inlet. The inlet 

profiles may be broadly classified as of the jet and step-shear types. With 

screens close to the diffuser inlet, some beneficial flow mixing effects were 

to be expected; however performance was poorer in most cases in comparison 

with Ainley's tests. Only in the case of one profile having a high velocity 

region near the outer waLL was performance improved. The absence of flow 

mixing effects is .probably due in part to the acceleration of flow downstream 

of the gauze prior to the diffuser inlet plane. 

Tyler and Williamson (76) reported on a. series of tests on a range of 

conical and annular diffusers for inlet blockage fractions up to 0.6. The 

inlet conditions are thought; to be non-uniform, being produced by n.ounting 

the rig air intake section in the cross-flow of a wind tunnel. s6 far as 

is understood, inlet and outlet velocity profiles were only measured across 

one diameter so inlet flow asymmetry would not have been detected. For 

conical diffusers the static pressure recovery is shown to improve with 

increasing inlet blockage,· which suggests. a highly peaked inlet velocity 

profile. The performance data for annular diffusers exhibits the reverse 

trend and it is felt that a degree of separation must be present in the inlet 

annulus at blockage fractions in excess of 0.1. An example of the correlation 
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of the experimental data for conical Oiffusera at peak pressure recovery is 
i 

shown over-plotted on Sovran and Klomp's E2 - AR(B
1

)4 correlation in Fig. 1.3(c). 

Agreement is poor for an inlet blockage fraction in excess of 0.16. For 

annular diffusers deviation occurs for inlet blockages greater than 0.05. 

This suggests that Sovran and Klomp's correlation does not hold for highly 

asymmetric inlet velocity profiles of this type. 

1.5 Prediction of Diffuser Performance 

The basic problem in theoretical prediction of diffuser performance 

is to predict the growth of an internal boundary layer where, in this situation, 

·the adverse pressure gradient is determined by the development of the boundary 

layer its elf. 

For naturally developed inlet condi tions, predictions of diffuser per-

formance have been made by a number of authors using 'integral' methods, 

where the variation of the boundary layer shape parameter (H) is given by 

some form 0 f auxiliary e'lua tion. . Examples are Co'canower et al (16 ), 

Carmichael and Pustintsev (11 ), and Stevens (67), who for two-dimensional, 

conical, and annular diffusers respectively show reasonable prediction of 

performance up to flow separation as compared with experimental data9 

Separation could not be predicted accUrately because, as noted by Sovran (66), 

there is no reliable separation criterion. 

In critical examination of the integral approach both Thompson (72) 

and Rotta (55) state that its range of application is severely limited 

unless the auxiliary equation has some physical basis,as for example in 

Head's entrainment eq~ation. Thus many of the integral methods have now 

been superseded by the application of differential methods based on the mean 

flow equations with a suitable representation of the turbulence structure. 

Thes e include thos e due to Spalding and Pa tankar (63) and Bradshaw et al 

( 6 ); and were reviewed at the 1968 Stanford University Conference (66). 

- 18 -



The disadvantage of these methods is that, while they should give 

better predictions of internal bounaary layer behaviour in diffusers, they 

require detailed experimental data both for comparison and for turbulence 

models. Such detailed data on the development of mean velocity profile 

and turbulence structure along the diffuser is very spars'e. Recourse 

therefore has to be made to general flat ~late external boundary layer 

data which is invariably taken at low press,ure gradients (e.g. Ludweig 

and Tillmann, (40)) and is not representative of typical diffuser flow 

condi tions. 

However, a limited amount of diffuser-based data is available. For 

example, early tests. by Uram (77) show the development of the mean velocity 

profile along a 7.5° included angle conical diffuser with a thin inlet 

boundary layer. Recent work of Trupp et al (74) gives the development of 

both mean velocity profile and turbulence structure in an 80 included angle 

conical diffus er 0 f area ratio 4: 1 with a thick inlet boundary layer. 

For two e~ui-angular annular diffusers of area ratio 4~ and 5° and 

\0
0 

included angle, operating over,a range of naturally developed inlet 

conditions, Stevens and Markland (68) show detailed measurements of velocity 

profile development. Traverses were taken at three circumferential positions 

and marked flow asymmetry was detected in both diffusers. 

As can be seen from this brief review of published data the information 

at present available is insufficient; further more systematic investigations 

are required and should include' the measurement of turbulence parameters. 

1.6 Scope and Aims of Present Work 

A comprehensive survey of diffuser literature, such as that carried out 

by Cockrell ana. King (17 ), ,shows a preponderance of work on the two-

dimensional and conical geometries. The annular dif:f'u.ser, while of great 

engineering importance, especially ,so in turbomachinery applications, has 
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been the subject of considerably less investigation. This is· due in large 

part to the complexity of the annular geometry which' prevents the simple 

correlation of experimental data. 

Thus in view of its practical importance and the relative scarcity of 

data the annular diffuser was chosen as the subject of investigation, the 

annular geometry giving the added advantage of a flow free of 'side-wall' 

effects·. The bulk of previous annular diffuser tests had been carried 

out on the 'jet pipe' geometry, broadly classified as a constant diameter 

outer body enclosing a conical inner body. Accordingly, so as to increase 

the scope of knowledge; the 'compressor exit' annular diffuser geometry was 

chosen, the asymmetric form with a conical outer body and constant diameter 

inner body being assumed so as to isolate any local effects due to the 

inlet bend. The objectives of the investigation were as follows: 

(i) To evaluate the overall performance of the 'compressor exit' 

type of annular diffuser, with incompressible flow, in terms 

of pressure recovery, energy losses, and flow stability over 

a wide range of inlet conditions. 

(ii) For certain of these inlet conditions to measure in detail 

the internal boundary layer growth in terms of the mean 

velocity and turbulence structure. 

(iii) To investigate the effect of the diffuser downstream settling 

length. 

(iv) In parallel with the test series, to evaluate integral 

prediction methods uSing physically based 'auxiliary equations' 

with a view to developing a reliable method of internal boundary 

layer growth prediction. 

Chapters 2 and 3 describe the selection of the test diffuser 

geometries, the experimental facility, and the test techni~ues employed 
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while Chapter 4 gives details of the experimental test results. 

The theoretical prediction technique employed is given in Chapter 5 

and results from this are compared with experimental data in Chapter 6; 

conclusions relevant to the whole investigation are drawn in Chapter 7. 
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FIGURE 1.7 

TYPICAL INLET VELOCITY PROFILES WOLF & JOHNSTON(83) 
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CHAPTER 2 

. 2.0 EXPERlllENTAL TEST FACILITY AND INSTRUMENTATION 

2.1 Choice of Tes,t Diffuser Geometries 

Various sources- w,ere cons-ulted in deciding on the range of teat 

geometries. . The correlat,ion of a number of industrial gas-turoine diffuser 

geometries by Sovran and Klomp (62), shown in Fig. 2.1, indicates a 

preponderance of diffusers having an ar~a ratio .(AR
1

_2 ) in the region of 

2.0; however there is no clear indication of a 'typical' inlet radius 

ratio (R. /R ). 
~ 0 

Consultation with industrial sources confirmed that the 

area ratio of 2.0 was representative of engineering applications, and with 

a radius ratio'of 0.85 - 0.90 this would give a typical compresaor exit 

configura tion. As this range of radius ratio also represented a useful 

extension to Sovran's range of test geometries it was chosen for the present 

test series. Due to manufacturing limitations, the figure of 0.833 was the 

highest obtainable but it was not felt that this represented a significant 

reduction. 

The range of diffuser geometries was selected with a view to checking 

the annular diffuser atability limits indicated by Sovran and Klomp in their 

performance map, ahown in Fig. 1.6, and ensuring that detailed data on 

internal flow development was taken at representative overall pressure 

gradients. Three geometries were chosen to make up the te~t range, the 

Cp* and Cp**'optimum geometries, and a third with a more moderate pressure 

gradient for calibration purposes. Details of the overall geometry of these 

diffusers are given in Table 2.1. 
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TAB.LE 2.1 

DIFFUSER GEOMETRIES 

ENTRY DIA. WALL ANGLES AREA 

[~:l DESIGNATION OUTER INNER OUTER INNER RATIO N/IlR1 
(in. ) (in. ) (0 ) (0) 

Moderate 
Pressure Gradient 12.00 10.00 5.00 0.0 2.00 10.00 0.833 

Cp** 12.00 10.00 6.65 0.0 2.00 7.50 0.833 

Cp* 12.00 10.00 10.00 0.0 2.00 5.00 0.833 

2.2 Rig Design 

The diffusers were to be tested over a range of naturally and artifi-

cially developed inlet conditions and, in view of· the uncertainty regarding 

the inlet turbulence structure presented by a 'blown' rig, a suction rig 

was chosen. 

The general layout of the test rig is shown in Figs. 2.2 and 2.3. 

The choice of a vertical rig layout reduced the number of inlet support 

struts needed and ensured that strut interference effects were minimised. 

Further, eccentricity due to possible centre-body sag in the inlet length 

was avoided. . Concentricity of the inner and outer tubes was ensured by a 

flanged and spigotted construction method and by manufacturing tolerances 

of 10.000 ± 0.002in. 

The majority of·therig flow components were fabricated from perspex 

allowing ease of flow visualisation and facilitating the 'setting up' of 

instrumentation. The path of the air flow through the rig was as follows: 

Ambient air was drawn via a filter into an integral flare and bullet 

section (incorporating the inlet support struts), leading into an annular· 

entry pipe of variable length, thus giving a naturally developed diffuser 
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inlet veloci ty prefile ;t'anging frem near uniferm flew = 2.0) to. 

L 
fully develeped flew (e/Dh = 50.0). Stable transi tien to. tutbulent fleVT 

1 
was ensured by meunting trip wires in the bell-meuth threat. After passing 

threugh the diffuser the flew entered a settling length and was discharged 

via a heneycemb flew straightener into. a plenum bex. 

The plenum bex Vias evacuated by a Kei th Blackman 2513S centrifugal fan 

and the' vraste air ejected into. the laberatery at a statien remete frem inlet 

se as to. prevent flew recirculatien. The maximum mean inlet velecity 

attainable under fully develeped inlet flew cenditions was 250ft/sec., 

gi ving a maxin.um inlet Reynolds number Re 
Oh, 

5 = 2.7 x 10 • 

2.3 Artificially Generated Inlet Cenditions 

Se me af the IUetheds which can be used to. generate nen-uniform cendi lions 

at diffuser inlet are reviewed in Appendix~; mest of these are nermally 

employed fer the preductien ef specific velecity distributiens and take ne 

acceunt ef the turbulence structure. It was, felt that the effects ef' 

turbulent mixing should be iselated. Thus ,these methods were adapted to. 

give an increased level ef turbulent mixing to. velo.city prefiles clesely 

appreximating particular naturally develepedprefiles. 

The investigatian was undertaken with the aim ef quantifying the effect 

ef increased inlet turbulent mixing en the test diffuser geametrics. The 

two. metheds used were necessarily simple due to. the manufacturing difficulties 

impo.sed by the cembinatian of wall curvature and small annulus height. 

These methods were~ 

(i) Flaw Spailer 

In the diffuser used far this test the euter wall baundary layer 

deteriara ted to. a transi tary stall candi tion under naturally develaped flaw 

candi tians. The effect af a lacal increase in turbulent Dixing at the 

auter wall wa.s investigated by placing a continuous annular flow spailer, a 
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selected distance upstream of the diff'user inlet plane, as shown in Fig. 2.4. 

In the settling distance allowed the velocity profile exhibited a low decay 

. rate while retaining a relatively high local level of turbulent mixing. 

Cii) Coarse Gauz.e 

The objective of this method was to produce an overall increase in the 

level of turbulent mixing presented to the teat diffusers. The inlet 

velocity profile selected was a near-uniform flow with thin boundary layers. 

Turbulence was introduced by means of a coarse gauze placed across the face 

of the inlet flare, as shown in Fig. 2.4; this configuration involved the 

minimum of additional flow energy losses. Some decay of the turbulence 

waa expected as a result of acceleration to the flare throat, nonetheless 

the residual turbulence levels proved to be well in excess of the naturally 

developed values. 

2.4 Instrumentation 

The test program called for the measurement of overall performance and 

internal flow development for diffusers operating with incompressible flow. 

These were quantified in terms of the following: 

(i) wall static pressure 

(ii) mean velocity profile 

(iii) distribution of turbulence intensity 

and shearing stress across the boundary 

layer. 

2.4.1. Measurement of Static Pressure and Mean Velocity 

Static pressure meas.urements were made upstream of the diffuser inlet, 

and along the diffuser and downstream settling length. At each position 

three tappings O.030in. in diameter were drilled equally spaced around the 

circumference of the inner and outer walls. Three radial total pressure 

traverses were also taken at selected stations both to allow measurement of 
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the mean velocity profile and to attempt to check the symmetry of flow. 

Details of th~ measuring stations, for the range of diffusers tested, are 

as follows:· 

The experimental layout and equipment for pressure and velocity measure­

ment are shown in Figs. 2.5(a), (b) and the measuring stations detailed in 

Figs. 2.6(a), (b), (c). All pressure measurements were taken on. a· Betz 

micromanometer; to prevent contamination by ingested dust all tappings 

were blanked off when not in use. 

The mounting of the pitot-tube traverse head is shown in Fig. 2.5(a) 

with detail of the traversing head given in Fig. 2.5(~. Traverses were 

taken normal to the wall, static pressure being assumed constant across the 

annulus and equal to the adjacent wall value. The pitot probes were 

slightly aisplaced to one side of the static tapping to prevent interference 

with 'near wall' measurements. These probes were made from stainless steel 

hypodermic tubing flattened at the end (0.~7 x 0.023in.) to give an 

effective wall displace·ment of 0.015in. Different probe configurations 

were necessary for. near inner and outer wall measurements, the probe heads 

being angled to ensure contact with the walls in each case. 

2.4.2 Measurement of Turbulence Parameters 

Turbulence measurements were taken with a D.I.S.A. 55A01 constant 

temperature hot wire anemometer with a mean bridge volts readout on a 

digital volt meter, as shown in Fig. 2.7. No suitable X-probe was avail­

able and so straight (55A53) and 450 slant (55A54) D.I.S.A. probe elements 

were used adopting the method used by Lee (35) as illustrated in Fig. 2.8 

and fully described·in Appendix 3, A.3.1. The slant wire was presented 

at an an81e of 450 to the direction of the mean flow and could be rotated 

thro~gh 3600 in 900 intervals by means of a square sectioned element carrier. 

This facility, in combination with the straight wire readings, allowed the 
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meas:urercent of' turbulence I:larameters u', v', w', u'v', ~. The probe 
, 

and carrier are shown in Fig. 2.9. They were designed to be inserted at 

the total pressure traver·se stations, .a,nd traversed in the same manner as 

the pitot tubes. 
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CHAP'fE..ll 3 

. 3.0 EXPERI'IIENT.ilL WORK 

3.1 Test Series 

The objectives of the experimental investigation were sub-divided as 

follows: 

(i) To evaluate the overall performance of the straight core 

annular diffuser over a representativ.e range of naturally 

developed and artificially generated axial inflow conditions. 

(ii) To investigate in detail the diffuser internal flow 

development for selected inlet conditions. 

3.1.1 Naturally Developed Inlet Conditions 

Naturally developed inlet velocity profiles were generated by a series 

of. inlet pipe lengths. The range of inlet lengths was initially chosen by 

reference to the work of Stevens and Markland (68), where the inlet velocity 

profile for a range of inlet lengths is characterised by blocked area fraction 

(B
1

), as shown in Fig. 3.1. Using this data inlet lengths were chosen to 

give a.range of inlet profiles from near uniform flow (low blockage) to 

fully developed flow conditions. Later in the tes.t series the range of 

inlet lengths was augmented to give better coverage in the low blockage 

region and the final variation is sbown in Table 3.1, where the velocity 

profiles are expressed in terms of the blocked area fraction ·(B
1

). 

TABLE 3.1 

INLET LENGTH VARIATION 

l;.e/D 
h1 

B1 COMMENT 

2.0 0.028 near uniform flow 
4.5 0.053 
9.5 0.090 

12.0 0.109 
35.5 0.101 
50.0 0.105 fully developed flow 
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The range o~ tests carried out under naturally developed inlet con~tions 

is sUIDIIlarised in Table 3.2,where the ~ollowing convention has been adopted 

to indicate the scope o~ each test: 

F - measurement of the development o~ the internal boundary 

layer ~lows along the di~fuser and settling length, 

measurement of inner/outer wall ~tatic pressure along 

the di~fuser and settling length. 

T - measurement of turbulence parameters (UT, VI, WT, u 'v', u 'w') 

in the internal boundary layer flows along the di~~user. 

S - measurement of di~~user inlet/outlet velocity pro~les 

and inner/outer wall static pressure along the di~~user 

and settling length. 

TABLE 3.2 

TESTS WITH NATURALLY DEVELOPED INFLOW 

~ 5.0 7.5 10.0 e/Dh 1 

2.0 F F,T F,T 
4.5 S S S 
9.5 .F F F 

12.0 S S S 
39.5 S S S 

Together wi th the work o~ Stevens (67) ~or ~ully developed in~low the 

tests undertaken gave detailed data on internal mean ~low development for a 

comprehensive range of naturally developed inlet conditions.· 

In view o~ the time available it was only possible to take detailed 

turbulence data for one inlet condition and it was ~elt that the thin inlet 

boundary layer case L (e/Dh = 2.0) merited ~rst consideration since it 
1 
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formed a logical comparison with the work of Stevens (67) regarQtng the 
, 

universality of mixing length, eddy viscosity values, etc. for widely 

differing naturally developed inlet conditions. 

3.1.2 Artificially Generated Inlet Conditions 

Flow Spoiler 

The range of diffuser teats carried out with an outer walL flow spoiler 

in the inlet length is given in Table 3.3. The objective of theae tests 

was to inves.tigate possible performance improvement for the L/llR1 = 5.0 

diffuser geometry having an increa.sed level" of turbulent mixing at the outer 

wall, 'as compared with naturally developed inflow, of approximately the 

same blockage fraction, and was undertaken in two stages: 

(i) To optimise the poaition of the wall flow spoiler 

upstream of diffuser inlet to give maximum improve-

ment in diffuser performance in terms of pressure 

recovery. 

(ii) ,At the optimum condition to investigate fully the 

internal flow development along the diffuser. 

TABLE 3.3 

WALL FLOW SPOILER TESTS 

L I ' L 
e Dh s/Dh TEST 

1 ' 1 
L/llR1 = 5.0 

9.5, 2.0 + .S 

1 
3.0 s 
4.0 S 
5.0 s 
6.0 S 

R " 1.6 x 105 
. e0t.. 

*7.0 S,F,T 
8.0 S 

* Optimum geometry 
+ Here denotes measurement of inlet turbulence parameters also 
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Coarse Gauze 

The full range of diffuser geometries was tested with an increased 

level of inlet turbulence generated. by a coarse gauze at inlet, applied to 

a near uniform inlet flow to allow cOffiparison, in terES of overall perform-

ance, with tests having a near uniform naturally developed inflow. The 

details of these tests are given in Table 3.4 below. 

TABLE 3.4 

TURBULENCE GRID TESTS 

L/ Ri 
L e/Dh TEST 

1 

5.0 2.0 S 
7.5 2.0 S 

10.0 2.0 S 

3.2 Experimental Technique 

Before each diffuser teat, prior to any measurements being taken all 

manometers, piping, and pi tot probes were thoroughly checked for leaks 'and 

blockage. The fan was then started and allowed to run at high speed for 

some 30 minutes to warm up. The running point was set by adjusting the 

fan speed to give the required depression in the intake flare and a final 

period allowed.for speed stabilisation. 

Each diffuser tes.t was carried out in up to four stages in the 

following order: 

F'low behaviour 

Observations were made of exit flow behaviour as indicated by wool 

tufts on the inner and outer walls. 

Static pressure variation 

Static pressure was recorded from the three circumferential tappings 

on the inner, and outer walls for the measuring stations along the diffuser 

and settling length. 
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Mean velocity profile development 

Measurements of the dynamic head, and hence velocity, variation across 

. the diffuser annulus were made by·traversing a pitot probe referenced to 

the adjacent wall static . tapping , from the outer wall inwards to the point, 

or region, of maximum velocity, and similarly outwards from the inner wall. 

This procedure was car~ied out simultaneously for each of the three. circum-

ferential traverse positions at each measuring station. 

Turbulence 

At each of the measuring stations along the diffuser, for one circum­

ferential position, a 450 slant hot-wire probe was traversed across the 

diffuser annulus in four 900 opposed configurations; this technique is fully 

des.cribed in Appendix 3, A.3.1. The readings from these traverses together 

with data from a straight-wire traverse gave the following values: 

r::::;;;'r=;.2't=;2' ,Ju'---, ",v' ,,Jut, u 'v' , u'w' 

At appropriate stations asymmetry checks were' carried out and as a 

precautionary meas.ure the hot-wires were inspected under a microscope after 

each traverse to check for deformation or contamination and rejected or • 

cleaned with Freon as necessary. 

3.3 Data Reduction 

3.3.1 Mean Velocity Profile Data 

The boundary layer velocity profile data for the three circumferential 

traverse' positions at the inner and outer walls. respectively was non­

dimensionalised in terms of the maximum velocity (~), and plotted in terms 

of distance from each respective wall. In general the symmetry of the 

data was such as to'allow a mean line to be drawn as representative of the 

respective wall boundary layer velocity profiles. 

These mean lines were then encoded onto punch cards for analysis by 

computer program. The program used a trapezoidal numerical integration 
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technique to generate the inner and outer wall boundary layer axi-symmetrie 

integral parameters a~d, by combining both inner and'outer wall profiles, 

the integral parameters of the annulus velocity profile. 

The method of data preparation and analysis is given in detail in 

Appendix 2, A.2.1. 

3.3.2 Turbulence Data 

The raw data from hot-wire traverses in each configuration was plotted, 

mean lines drawn, and these lines encoded onto punch cards together with 

mean velocity data from the pitot-static measurements. 

The computer program employed initially· calculated at required intervals, 

in terms of distance from the respective wall, the boundary layer turbulence 

parameters: 

fo2 u' , t:;2q 
,,/v' 'Jw', u'v' , U tu' , R. , t: 

These values were then stored in the program and used in further analysis 

to give the turbulence integral parameters viz. the shear work integral (1) 

J
O-2 cO-2 

and the Reynolds normal stress terms ( u', dR , J_ v' ,dR). 
o 0 

Appendix 3, 

A.3.2 describes this analysis in full. 

3.4 Accuracy 

3.4.1 Experimental Accuracy 

The limits of accuracy of the experimental instrumentation used are 

discusaed in detail in Appendix 2, A.2.2 and Appendix 3, A.3.3. ·The 

following Table 3.5 summarises the main conclusions of these discussions; in 

each case the most pessimistic estimate is given. 
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TABLE 3.5 
, 

EXPERIMENTAL ACCURACY 

ACCURACY 
PARAMETER 

EARLY STAGES IN DIFFUSION LATrER STAGES OF DIFFUSION 

Static pressure .01in. water .01in. water 

Mean Velocity 2.0% (near wall ) 
region only 

20.0% (nea~ wall ) 
" regl.on only 

TurbUlenc~ 
-2 

5.0% 
1 0.0..". ""} u' . 

where J 2' 30.0% ' 60.0% v' J 2' 
u'v' 10.0% 40% ~> 0.20 

u 

3.4.2 Accuracy of Calculated Parameters 

The calculated parameters are liable to inaccuracy for two reasons: 

(i) The accuracy limits of the numerical 

integra tion techniques employed. 

(ii) Inaccuracy arising from errors in the 

basic meaaured data. 

Of these the effect of the first is minimal since the numerical integration 

techriiques were shown (see Appendix 2, A.2.1) to have an accuracy at least 

equal to that of integration by the planimeter method. 

The effects of measured data errors may be summarised under the following 

headings: 

Overall performance parameters 

The use of Betz manometers resulted in accurate meaauren.ent of static 

pressure and it is estimated that the value of CP1_x (general x station) is 

correct within 1%. However considering equation 1.10, in terms of the 

general" x station: 

Gp 
1-x 

= [~1 - ~~ ] 
1-x 
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it is found that this error combined with possible inaccuracy in" , notably x , 

in the latter stages of diffusion, can give rise to errors of the order 

, 30% in, Ai • -x 

, 

Boundary layer velocity profile parameters 

,Bearing in mind the possible errors, in the determination of velocity, 

given in Table 3.5, it is estimated that the boundary layer integral para-

meters are accurate to within 3% in the early stages of diffusion and'may 

be up to 10% inaccurate in the latter stages, where separation is imminent. 

Turbulence parameters 

For the purpose of clarity the possible errors in the calculated 

turbulence parameters attributable to errors in the measured data are 

given in Table 3.6. Where appropriate,allowance has been made for 

possible inaccuracy in the determination of the slope of the velocity profile 

(~) as detailed in Appendix 3, A.3.3. 

TABLE 3.6 

INACCURACY OF CALCULATED TURBULENCE PARAME.'TERS 

ACCURACY 
PARAMETER 

EARLY STAGES OF DIFFUSION LATTER STAGES OF DIFFUSION 

R, 10% 20% 

E: 15% 30% 

~: ~2dR 10% 20% 

r Vt2dR 50% 100% 
0 

fJ 
2 ~o 

T du dR 15% 30% = PU3 dR 
0 
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3.5 Preliminary Tests and Calibrations 

Prior to the te~t series preliminary rig and in'strumentation checks 

and calibrations were carried out. 

3.5.1 Preliminary Tests 

Size checks. showed that all rig dimensions were within the stipulated 

general tolerance of 10.0in. ~ 0.002in. 

Testing with the L/llR
1 

= 10.0 diffuser and a short inlet length 

L (e/Dh = 9.5), the following measurements and observations were made: 
. '1 

Pressure variation. 

No appreciable circumferential pressure gradient was observed at any 

measuring station. 

Symmetry of flow 

Velocity profile measurements at the diffuser upstream measuring station 

showed excellent symmetry of flow at the three circumferential traverse 

positions with a boundary layer shape factor of 1.35, typical of the values 

found by Okiishi and Sepovy (48) from their tests with turbulent flow at a 

similar Reynolds number in an annular pipe. 

Flow Swirl 

Wall tufts on the inner and outer walls at exit from the diffuser 

confirmed the absence of any appreciable degree of swirl in the diffuser. 

Pre-entry static pressure variation 

Measurement of the static pressure upstream of diffuser entry confirmed 

that the upstream datum measuring station was not in the region of influence 

of the outer wall inlet bend, noted by Stevens and Markland (68), as shown 

in Fig. 3.2. 

filter effect 

The inlet filter was found to cause marked flow asymmetry and was thus 

not used during the test series. Subsequent tests showed that the noted 
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asymmetry of flow was. not ~resent when running with extremely long inlet 

L lengths (e/Dh "50). 
1 

Hot~wire operation in unfiltered flow 

With the rejection of the inlet filter it became necessary to consider 

the possible contamination of the hot-wires by dust and other airborne 

impuri ti es • This was studied by noting the probe behaviour during a 

prolonged exposure to the rig airflow. A marked deterioration in response 

was noted for periods in excess of 20 minutes and subsequent inspection 

under"a microscope showed particles adhering to the wire; however, thorough 

cleaning of the wire restored the probe to its original operating conditiop. 

In the light of these findings a routine of inspecting and cleaning the probe 

after each traverse was adopted. 

3.5.2 Calibrations 

Following the preliminary tests described in Section 3.5.1 necessary 

rig and instrumentation calibrations were carried out. 

Inlel cali·bration 

In view of the good symmetry of flow at inlet it was decided to 

calibrate the inlet flarejbullet to .give a datum airflow for comparison 

purposes. This calibration gave a discharge coefficient of CD = 0.972 with 

no observable variation over the attainable Reynoldsnumber range. 

Hot-wire calibration in fully developed flow 

The measurement of shear s.tress by the slant wire technique was checked 

by traversing the "hot-wire probe in a fully developed annular pipe 

L" 
(e/Dh "50) calibration flow compared with the fully developed flow of 

1 
Brighton and Jones ( 9 ) in Fig. 3.3. In this type of flow the turbulent 

stress < is given by the relation: 

RdP 
1: = -pu'v' = - 2" dx 
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hence the shear stress varies linearly with R, and measured values of shear 

stress for this flow should exhibit this variation. Fig. 3.4 shows shear 

o stress measurements taken using the 45 reversed slant wire techni~ue at 

the diffuser upstream measuring station in fully developed flow. The 

shear stress radial variation is seen to be linear and, when extrapolated 

to the wall, agreement with the skin friction coefficient of Ludweig and 

Tillmann (40) is excellent. 
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DATA PRESENTATION IN TERMS OF 

BLOCKED AREA FRACTION 
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CHAPTER 4 

4.0 . PRESENTATION AND DISCUSSION OF EXPERIMENTAL TEST RESULTS 

To clarify presentation the test results have been grouped under the 

general heading of 'type of inlet conation'. The bulk of graphical 

presentation of a repetitive nature, e.g. boundary layer velocity profiles, 

has been removed to the Appendices and representative examples given where 

pertinent to the text. 

,4.1 Naturally Developed Inlet Conditions 

4.1.1 Diffuser Inlet Conditions 

Throughout the test series an axial incompressible inflow was main-

tained with Reynolds number Re 
Oh 

Fig. 4.1 shows the inlet 
I 

velocity profiles obtained using a range of inlet lengths. In view of the 

symmetry of the inlet flow, these profiles are shown as solid lines. 

Table 4.1 shows the range of inlet velocity profile parameters. 

TABLE 4.1 

INLET VELOCITY PROFILE PARAMETERS 

L [ &:/ARL [ ~/ARL e/Dh H H. 
1 01 ~1 

2.0 0.0142 0.0133 1.38 1.37 
4.5 0.0253 0.0280 1.35 1.37 
9.5 0.0450 0.0456 1.35 1.35 

12.0 0.0523 0.0571 1.35 1.35 
17.0 0.0565 0.0560 - -
24.5 0.0570 0.0555 - -
32.0 0.0520 0.0495 - -
39.5 0.0520 0.0486 1.28 1.28 
50.0 0.0545 0.0510 - -

Reynolds number (:ae )" 1.75 xl05 

Oh 
I 

B1 

0.028 
0.053 
0.090 
0.109 

-
-
-

0.101 
-

(Xl 

1 .019 
1.033 
1 .051 
1.059 
-
-
-

1.042 
-

l\ 

1.007 
1.012 
1.019 
1.021 

-
-
-

1 .015 
-

The growth of bOWldary layer displacement thickness on the inner and 

outer walls is con:pared, in Fig. 4.2, with the data of Okiishi and Serovy (48) 
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from tests in an annulus for a similar Reynolds number and radius ratio, 

and shows good overall agreement. Over the inlet length range 

L e/Dh = 10.0 ... 50.0, as Fig. 4.2 shows, an oscillation in the boundary 
1 

layer displacement thickness on both walls is apparent, similar to that 

noted by Lee (35) from work on two-dimensional ducts. The extreme 

oscillatory behaviour of the outer wall displacement thickness noted by 

Okiishi and Serovy is not confirmed however, and examination of their 

results shows a marked degree of circumferential variation which suggests 

a high level of inlet flow asymmetry, probably modifying any oscillatory 

behaviour. 

Presentation of the inlet mean velocity profiles in the form of 

"Clauser plots for the outer and inner walls, in Figs. 4.3(a) and 4.3(b) 

respectively, shows .that the profiles exhibit a linear form of the semi-

logarithmic 'law of the wall' blending into a wake region. The thinnest 

inlet boundary layers (Le/Dh = 2.0) are dominated by the wall and only a 
1 

minor wake region is apparent. 

The growth of· the inlet turbulence structure, for selected inlet 

lengths, is illustrated in Figs. 4.4(a) and 4.4(b), in ter~~ of the axial 
. g u1v' 

turbulence intensity --u-- and turbulent shear stress ~ respectively. 
L . 

For the case of fully developed flow (e/Dh =39.5) agreement with the 
1 

shear stress data of Brighton and Jones ( 9 ), for a similar radius ratio 

and Reynolds number, is good. Further, the value of skin friction (cf ) 

obtained by extrapolating the shear stress distribution to the wall compares 

well with that given by Ludweig and Tillmann (40). 

4.1.2 Outlet Conditions and Flow Stability 

From Table 4.1 a range of inlet lengths was chosen which would give a 

* Fully described in Section 4.1.9 
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wide variation of inlet blockage fraction (B
i
). For each of these 

blockage fractions. the diffus.er exit profiles were measured, and the flow 

state noted, for each of the test diffusers. The raw velocity profile 

data, together with tabulated velocity profile data, is presented in 

Appendix 8. 

The state of the exit flow was observed using wool tufts on the inner 

and outer walls of the diffusers • Adopting the definitions of tuft 

. behaviour given by Carlson and Johnston (10) as shown in fig. 4.5, 

comments on the state o~ the exit flow, together with the accompanying 

velocity profile integral parameters, are given in Table 4.2; where flow 

asymmetry was present the worst case has been quoted. 

The transitory s.tall which occurred in the L/&R
i 

= 5.0 diffuser was 

confined to patches .. on the outer wall. over the region! = 0.70 ... 1.0 • 
. N 

. TJUlLE 4.2 

EXIT FLOW STATE JL~D VELOCITY PROFILE PAJUV~rERS 

-See page 41 a 
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TABLE 4.2 

EXIT FT,OW STATE AND VELOCITY PROFILE PAJUVlETERS 

L B1 :: 0.028 e/Dh = 2.0 
1 

L/LR1 B2 '2 Bz e (in. ) e. (in.) H H. FLOW STATE °2 12 °2 12 

10.0 0.247 1.292 1.104 0.1195 0.11.60 2.00 1.86 OUTER- s INNER- S 
7.5 0.261 1.381 1 .139 o .111h 0.1050 2.45 1.92 OUTER- U INNER- S 
5.0 0.297 1.586 1.224 0.1047 0.0710 3.65 1.79 OUTER-IT INNER- U 

L 
e/Dh = 4.5 B1 = 0.053 

1 

1/ llR1 B2 il2 .~ e (in.) e. (in.) H H. FLOW STATE °2 12 °2 12 

10.0 0.303. 1.379 1.133 0.1350 0.1387 2.25 1.82 OUTER- S INNER- S 
7.5 0.323 1.494 1.177 0.1310 0.1240 2.65 1.91 OUTER-TI INNER- S , 
5.0 0.378 1.808 1.300 0.1275 0.0867 3.89 1.73 OUTER-IT INNER- U 

1 
e/Dh :: 9.5 B1 .,. 0.090 

1 

1/l>R1 B2 il2 ~2 e (in.) 
°2 

e. (in.) H H. FLOW STATE 12 °2 12 

10.0 0.320 1.378 1.130 0.1513 .0.151.3 2.18 1.82 OUTER- S INNER- S 
7.5 0.?:1+7 1.519 1 .182 0.1453 0.1296 2.64 1.85 OUTER-'J'I INNER- S 
5.0 0.390 1.807 1.293 0.1366 0.094-9 3.69 1 .71 OUTER-IT INNER- U 

L 
e/Dh = 12.0 B1 = 0.109 

1 

1/l>R1 B2 il2 B-2 e (in.) e . (in.) H H. 
°2 12 °2 12 FLOW STATE 

10.0 00362 1.h34 1.148 0.1566 0.1619 2.33 1.85 OUTER- S INNER- S 
7.5 0.364 1.;43 1.191 0.1511 0.1332 2.71 1.81 OUTER-TI INNER- S 
5.0 0.406 1.833 1.297 0.1380 0.1098 3.71 1.72 OUTER-IT INNER- U 

1 
e/Dh :: 39.5 B1 :: 0.101 

1 

1/5<1 B2 
. e (in.) 6;. (in.) H H. 

~ Jl2 
°2 2 °2 12 FLOW STATE 

10.0 0.297 1.292 1.101 0.1519 0.1426 2.03 1.64 OUTER- S INNER- S 
7.5 0.331 1.406 1.142 0.1520 0.1410 2.35 1.71 OUTER- U INNER- S 
5.0 0.369 1.657 1.237 0.1405 0.1107 3.24 1.67 OUTER-TT INNER- U 

Reyn01ds number (R ) " 1-75 x 105 
eo 

hi 
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4.1.3 Static· Pressure Recovery 

The static pressure recovery for each diffuser - blockage combination 

is given in Figs. 4.6(a), (b), (c), which show the static press.ure variation 

in the diffus er , and fig. 4.7, which details the local 

static pressure variation in the diffuser inlet plane. 

presented in the form of pressure recovery coefficient 

the suff2x (i-x) refers to the general axial x-station 

taking the inlet station (1) as a datum. 

The data is 

AP1- x Cp - _'-':::C-
i-x - 1 -·2 '. 

2" P u1 
in the diffuser, 

In all cases the static pressure measured along the inner and outer 

walls of the diffuser and settling length showed good circumferential 

symmetry. Minimal radial pressure gradients are indicated save in the 

where 

immediate region of the diffuser inlet plane; Fig. 4.7 illustrates the high 

local radial pressure gradient. 

4.1.4 Overall Perform~nce. 

The combination of press.ure recover;), ·data fron: Section 4.1.3 with that 

for outlet conditions from Section 4.1.2 allows evaluation of diffuser overall 

performance in terms of static press.ure recovery and energy loss by using the 

relationship given in equation 1.10: 

= 
_ A 

1-2 1.10 

Thus the details of diffuser overall perfo,rmance were calculated and are 

given in Table 4.3 below. The value of pressure recovery coefficient 

(CPSK) from the work of Sovran and Klomp (62) has been included for purposes 

of comparison. 
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TABLE 4.3 

OVERALL PERFORMANCE 

1/ l!l1 B1 CP1_2 CPSK "1_2 B2 ~ 
10.0 0.028 0.615 0.610 0.085 0.247 1.292 
10.0 0.053 0.610 - 0.085 0.303 1.379 
10.0 0.090 0.615 - 0.090 0.320 1.378 
10.0 0.109 0.600 - 0.115 0.362 1.434 
10.0 0.101 0.630 - 0.090 0.297 1.292 

7.5 0.028 0.605 0.620 0.080 0.261 1 .381 
7·5 0.057 0.575 - 0.090 0.323 1.494 
7.5 0.089 0.570 - 0.110 0.347 1 .519 
7.5 0.109 0.575 - 0.090 0.364 1.543 
7.5 0.101 0.620 - 0.075 0.331 1 .406 

5.0 0.027 0·515 0.610 0.120 0.297 1.586 
5.0 0.053 0.455 0.550 0.130 0.378 1.808 
5.0 0.090 0.470 0.515 0.125 0.390 1.807 
5.0 0.109 0.470 0.535 0.130 0.406 1.833 
5.0 0.102 0.540 0.525 0.085 0.369 1.657 

Reynolds number (~ "1.75 x 105 ) 
l1" 

With initial increase in the inlet blockage fraction B1 and attendant 

reduction in 'the 'near wall' velocities there is a decrease in static 

presaure recovery coefficient. Wi th further increas e of inlet length, 

and blookage, as the fully developed condition is 'approached an appreciable 

increase in pressure recovery coefficient is evident. This effect was 

firs.t noted by Bradshaw ( 3 ), commenting on the oonical diffuser work of 

Cockrell and Markland (17).. He attributed this effect to the higher 

level of turbulent mixing in the 'near wall' region with fully developed 

flow. This increase in mixing may be seen by comparing the respective 

levels of turbulent shear stress at the diffuser inlet station in Fig. 4.4(b) 

for the Le/Dh = 9.5 and 39.5 inlet lengths which have an approximately 
1 

equal blocked area ~raction. The higher level of 'radial mixing, with sub-

stantially the same inlet velocity.profile, leads to a more uniform exit 

profile with a lower blockage and kinetic energy flux. This is graphically 
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illustrated for the 1iAR1 =·5.0 diffuser by comparison of the exit velocity 

profiles, for thes.e two inlet conditions, shown in Fig. ·4.8. 

The prediction of the effect of iriet blockage given by Sovran and 

Klomp (62) for the Cp* diffuser where pressure forces predominate, - has been 

included in Table 4.3. This does not indicate the increase in Cp 2 when 1-

approaching fully developed flow as it is essentially velocity profile 

based and makes no allowance for the effects of turbulent mixing. However 

the conclusion drawn by Sovran and Klomp that exit flow blockage and not 

energy loss has the major influence on pressure recovery is clearly 

illustrated in Table 4.4. In this. table the reduction in pressure recovery 

. (CPl_2) that occurs when the non-dimensional length (1/ 1lR1 ) of the diffuser 

is reduced from 10.0 to 5.0 is indicated. Using the suffix 10-":5 to 

(AAl _2) = 0.3(t, CPl_2) 
. ·10+5 10+5 

indicate this change, it is seen that at worst 

in the case of a near uniform inlet profile; while with fully developed 

inflow there is, within experimental error, no change in energy loss, and 

. all of the reduction in pressure recovery must be attributed to increased 

exi t blockage. 

TABLE 4.4 

PERFORMANCE PENALTIES DUE TO EXIT BLOCKAGE J\,~~ ENERGY LOSSES 

L/ IlRl Bl B2 CPl_2 A 
1-2 

10.0 0.028 0.247 0.615 0.085 
5.0 0.028 0.297 0.515 0.120 

10.0 0.053 0.303 0.610 0.085 
5.0 0.053 0.378 0.455 0.130 

10.0 0.090 0,320 0.615 0.090 
5.0 0.090 0.390 0.470 0.125 

10.0 0.109 0.362 0.600 0.115 
5.0 0.109 0.406 0.470 0.130 

10.0 0.101 0.297 0.630 0.090 
5.0 0.102 0.369 0.540 0.085 

4.1.5 Comparison Vii. th Published Data 

Publis.hed data of a comprehensive nature on the perforrr.ance and losses 



in an ar.nular diffuser is sparse. An early series. of teats by Wood et al 

(84) concentrated. on the 'e;xhaust jet' type of annular diffo.:ser with soll'e 

form of inlet flow control, while the 'compress.or eri t' type cf geometry 

was s tudi ed by Ainley (1 ) and Johns ton (31 ). Muoh of this work is 

summarised in the N.A.C.A. publication: 

'A summary of subsonic diffuser data (27)'. 

More recently, interest has focussed rr.ainly on the 'compressor erit' 

type of geometry and, for a limited range of geometries, the behaviour of 

the internal flow in this t~~e of diffuser has been investigated by Stevens 

and ll.arkland (68). However the area ratio employed (AR
1

_
2 

= 4.0) was 

high and JI.akes this work unsuitable for the present comparison. Later 

work by Stevens and Williams (69), (70), was carried out on this type of 

diffuser at a !l'.ore r~levant area ratio (AR
1

_.2 = 2.0). 

Concentrating on overalL performance and diffuser stability limits, 

wider studies were carried out by Sovran and Kloll'p (62) and Howard et al 

(30 ) respectively. 

COlI'parison vlith the earlier data is shown in Figs. 4.9 and Ij .• 10 in 

terms of static pressure recovery and flow energy loss respectively. It 

should be noted that, for the purpos es of this compaI'ison only, the following 

defini tions apply: . 

n.. = I; K= 

llearing in lLind the wide spread of geometries and inlet condi tio·ns the 

broad comparison of data is reasonable, notably with the nearest geometrically 

equivalent diffusers tested by Ainley ( 1 ) and Nelson and Popp (47). 

The results of Hovlard et al (30) froll' tests on the straight-core and 

symmetrical annular diffuser geometry are summarised in Fig. 4.11. Inter-
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polating from these results for diffuser performance at the present test 

geometries we find the comparison given in Table 4.5 below. 

TABLE 4.5 

DIFFUSER PERFORliIb"1"CE - PRESENT VIORK COMPARED WITH THE DATA OF 

HOWARD ET AL FOR FULLY DEVEWPED INFLOW 

L/~R1 (R, /R )1 (R. /R )1 
HOWARD 

(CP1_2 )F .D 
"' HOWARD AR

1
_

2 et al (CP1_2) et al J. 0 J. 0 

10.0 2.0 0.833 0.78 0.63 0.61 
7.5 2.0 0.833 0.78 0.62 0.58 
5.0 2.0 0.833 0.78 0.54 0.53 

"' includes. pres.sure recovery in settling length. 

The performance q~?ted by Howard et al is. at a somewhat lower level 

than has been found from the present tests and, although considering the 

possible experimental error, this difference,is not large, since the static 

press.ure recovery quoted by Howard et al mus t contain an addi ti ve element 

due to the effect of the settling length downstream (see Fig. 4.11), this 

does, in fact, represent quite an appreciable discrepancy. Further, when 

the stabilitylimit indicated in Table 4.2 is compared with the 'line of 

first stall' given by Howard et al in fig. 4.11 it would again appear that 

the state of the exit flow for the present tests is better. Also the 

'first stall' line quoted for the equi-angular annular diffuser is in very 

poor agreement with the tes.t data of Stevens and Markland (68 ). This 

suggests that the inlet turbulence structur'e in the rig used by Howard et al 

was. not that of a fully developed flow. 

, The range of tes.ts carried out by Sovran and Klomp (62) for a number 

of expanding inner cone diffusers with near uniform inlet conditions is 

indicated in fig. 4.12 together with details of their teat facility. 

Comparison of the diffuser performance with data from the present tests for 

near uniform inflow has been included in Table 4.3, where it is seen that 
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agreement is excellent save in the case of the 1/11R
1 

=- 5.0 diffuser which 

was selected as a Cp* optimum geometry from the performance map given by 

Sovran and Klomp. Table 4.2 shows that for the present tests the exit 

flow in this diffuser was in a transitory stall,condition, while the value 

of pressure recovery q\loted by Sbvran and Klomp would seem to indicate an 

unstalled exit £'low. This is probably attributable to a 'favourable' 

inlet turbulence structure in the test facility used by Sovran and Klomp, 

partly due to the fact that a 'blown' rig was used, and partly inherent in 

the design of the inlet section. 

This 1/11R1 = 5.0 geometry merits further comment since it exhibits, 
/' 

in contrast to the other test diffusers, a. wide varia"tion in performance 

and flow behaviour over a.relatively limited range of naturally developed 
,. 

inflow profiles. Thus the statement made by Sovran and Klomp that: 

'Optimum geometry was seen to be relatively independent of inlet conditions' 

is not borne out and this fact must be considered when designing a Cp* 

diffuser geometry for use in industrial flow conditions. 

4.1.6 Effect of Downstream Settling Length 

For all the diffuser - inlet blockage combinations tes,ted, radial 

momentum transfer in the settling length led to a more uniform velocity 

profile with an attendant improvement in static pressure recovery, as shovm 

in Figs. 4.13 and 4.14. 

Fig. 4.14 shows' the decrease in shape parameter and energy and momentum 

flux coefficients along the settling length, indicating progress: towards a 

more uniform profile, this being reflected in the improved static pressure 

recoveries shown in Fig. 4.13. This improvement is seen to be substantially 

complete within 2.0(Dh ) 
2 

of diffuser exit, and for the L/llR
1 

= 10.0, 7.5 

geometries. CP1 improves to a final vaue in the region 0.65 - 0.67 irrespective . -x 
of the inlet blockage. 
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For the I/AR
1
'= 5.0 diffuser the effect of the settling length is 

blockage dependent, having less effect (CP1_x = 0.63) in the medium blockage 

range, B1 = 0.05 "'0.09 (Le/Dh1 0:04.0 "'10.0). This is no doubt due to the 

poor state of the exit flow at thes.e inlet blockage fractions (see Table 4. 2 ), 

while for the uniform flow (B
1 

= 0.02'8) and fully developed inlet flow cases 

the improved state of the exit flow allows' the settling length to again exert 

its full effect with improvements in CP1 up to 0.67. -x 

4.1.7 Internal Boundary Layer Development and Flow Stability 

A detailed investigation of internal flow develop~ent in the test 

diffusers was made for two 'potential core' inlet conditions. These were 

(as noted in Section 3.1.1) for L /Dh = 2.0and.9.5, giving a near uniform 
e l' . • . 

t.l~w (B1 = 0.028) and a thick inlet boundary layer flow (B
1 

= 0.09) 

respectively. 

The 'raw' velocity profile data is given in Appendix 7 with tabulated 

values of the integral parameters, while plots showing the development of 

the mean velocity profile (mean of three circumferential traverse pos.i tions) 

are given in Figs. 4.15 .,. 4.26. The accuracy limits, of these measurements 

have been qlloted in Section 3.4 and are substantiated by the fact that the 

integrated quantity flows at the traverse stations.: along each diffuser agrce 

to within.:!'. 1. 5%" of the inlet datum flow. 

While the diffuser tests with fully developed inflow indicated excellent 

symmetry of flow at all. measuring s ta,tions (s ee Appendix 8 and Stevens. (67)), 

for the tests carried out under 'potential core' inlet conditions a degree of 

exit flow asymmetry was present and in evaluating this the 1!C>R
1 

= 7.5 

diffuser was fully analysed, in'that where any asymmetry was apparent a 

full circumferential analysis was: carried out at that station. The res.ul ts 

of this analysis are illustrated in Fig. 4.27 in terms of shape parameter 

(H) and momentum thickness (a), and it is seen that even with apparent marked 
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asymmetry (L/ER1 ~ 7.5, B1 = 0.028, EXIT STATION) the circumferential 

variation of the boundary layer integral parameters (H,e) is not excessive. 

Thus in Figs. 4-.28, 4-.29 mean curves are given s.howing the development 

of shape factor and momentum thickness along the test diffusers for the 

chosen inlet conditions. The most notable feature of these two figures 

is the marked disparity between the growth of the shape parameters. along 

the inner and outer walls. This may be explained as follows. 

In the absence of widely differing energy loss.es the velocity 

reduotion along a streamline is, for any given pressure gradient, inversely 

t " 1 t th 1 1 1 "t" d· 1 proporlona 0 e oca ve OCl y l.e. Ua-
u 

Thus. for a symmetric inlet 

velooity profile having the same boundary layer profile on the inner and 

outer walls, with each boundary layer experiencing the same pressure gradient, 

we may reasonably expect,ignoring minortransverse curvature effects, that the 

boundary layer distortion in the diffuser will be the same on the inner and 

outer walla. However for the test diffuser geometries, as noted in Section 

4-.1.3 (see Fig. 4-.7), the curvature around the outer wall. inlet bend gives 

rise to a more adverse press.ure gra.dient in the outer wall region at diffuser 

inlet, as compared to the inner wall, and this local adverse press.ure gradient 

in turn causes a local distortion of the outer wall boundary layer and leada 

to asymmetric boundary layer growth in the diffuser. The effect of the 

loaal adverse presaure gradient is modified to a certain extent by the 

diffuser inlet velocity profile as inapection of Figs. 4-.28 and 4-.29 

illustrates. 

Thus for the L/6R1 = 10.0 diffuser where the inlet bend is moderate 

(~o = 5°), and the inlet profile uniform, the boundary layer growth is 

nearly equal on both walls, while with the thicker inlet velocity profile 

(B
i

.= 0.090) a marked difference in growth is apparent. 

diffuser these observations stilL hold true but for the L/6R
1 

= 5.0 geometry 

- 4-9 -



the adverse effect of the more severe bend (~ :=. 100
) extends to both inlet 

o 

profiles .• 

These comments on the critical effect of the diffuser inlet bend are 

borne out by a recent J.S .M.E. paper by Furuya et al (24) where symmetric 

two-dimensional diffusers of high aspect ratio and a large included angle 

up to 450
, which normally produce a very low s.tatic pressure recovery, were 

dramatically improved by the addition of boundary layer suction slots just 

dovmstream of the inlet bend with a maximum off-take of only 3% of the 

total inlet flow. The improvements in recovery gained through the use of 

this techniq)le are shown in Fig. 4.30. 

As noted in Table 4.2 varying degrees of transitory stall. were observed 

in the exit region of the LfoR1 '" 5.0 diffuser, being dependent on the inlet 

condi tion. Unfortunately, as noted by Sovran (66), there is no completely 

reliable stall criterion and so in the present case the correlation of a 

wide range of experimental data for turbulent boundary layer stall due to 

Sandborn and Kline (56) has been employed. Data from the L/aR
1 

= 5.0 

diffuser, at both inlet blockages, is compared with the Sandborn and Kline 

correlation in Fig. 4.31 and, as seen, transitory stall is indicated in 
. X 
both cases for N > 0.70, which agrees well with visual cbservations; . certainly 

for the present tests the Sandborn and Kline correlation would seem to give a 

reliable indication of transitory stall. . 

4.1.8 Shear Stress and Turbulence Intensity 

The development of the turbulence structure in the diffuser boundary 

.layers in terms of turbulent shear stress. and turbulence intensity was 

measured for the L/aR
1 

= 10.0 and 7.5 diffusers with a near uniform (B
1 

= 0.028) 

inlet velocity profile. The L/aR
1 

= 5.0 diffuser geometry, for this inlet 

condition, exhibtted transitory stall and the resulting unstable flow conditions 

rendered it impossible to obtain reliable turbulence data. 
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The data is pres.ented in Appendix 7 where the turbulent shear stress 

is given in the u'v' 
form 2 7 which, on extrapolation to the wall, allows 

comparison with the wall skin friction coefficient (of) given by the 

Ludweig.and Tillmann (40) relationship: 

c
f 

= O.~6(Re)-O.268(10)-O.678H 

The variation of the axial turbulence intensity is pres.ented in 

Of~' where the practice of non-dimensionalising using the looal 

mum velooity has been adopted throughout, the velocity measured by the 

terms 

maxi-

pitot-statio system being employed. 

The turbulent shearing atress data is summarised in 

terms of carpet plots. in Figs. 4.32 and 4.33. 

Checks fo: ... flow asymmetry, and for the validity of King's Law, were 

oarried out in seleoted cases and these are included in Appendix 3, A.3.4. 

u'v t 

The values of turbulent shearing s.tre·ss (27) across the boundary 

layers in both diffus ers. exhibit a. maximum which increas es and moves away 

from the wall region as, the flow proceeds downs.tream. This would s.ugges.t 

.that though there are 'l.!ri- te high levels of turbulence in the wall region 

they are uncorrelated, and thus not attributable to the local velocity 

gradient, perhaps being due to turbulence convected from upstream. 

In axi-symmetric flow the mean flow e'l.uation takes the form: 

~11 ~u 1 dn .., . (-2) i d (' ) IF.-'- ~ ~ =- - - =- - -"-' u' -f,. - -. 1:R 
<l:x: <lR P dx:<lx eR dR 

for R » 1:, and ignoring the Reynolds normal stress gradient term, we have 

near the wall: 

~ = 1 J!.. (1:R) '" dT 
dx RdR -dR 

being the force re'l.uired to balance the press.ure gradient (~). Thus, in 

view of the adverse pressure gradients in the test diffusers, we may expect 

a steep gradient of shear stress in the wall region, which inspection of 
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the shear stress. aata given in Appendj_x 7 shows is indeed the case. 

Table 4.6 below shows a typical comparison taken from this data. 

TABLE 4.6 

GRI\DIENT OF SHEAR S.TRESS AT WALL 

L/1R1 = 10.0, B1 .. 0.028 L/L'.R1 = 7.5, B1 = 0.028 

dELdx dELdx X/N 
PU2 [dTLdR] 

P~ R=R 
x/N 

PU
2 [dTLdR] 

PU2 R=R 
0 0 

0.545 0.41. 0.39 I 0.547 0.69 0.50 
0.725 0.35 0.30 0.673 0.56 0.54 

0.800 0.1,3 0.42 

This evidence is limited to the latter stages of diffusion, because 

only here were enough data points available near the wall to establish a 

reliable value of fd'] • Within this limitation the relationship 
LdR R=R 

o 
; ~ ~ ~ in the near wall. region" for the diffuser georr.etries and inlet . 

conditions tested, is confirued. 

In a general investigation of a ncar separating boundary layer, 

Spangenberg et al (64) could not verify the relationship :- = ~ near the 

wall but found tha~~ypically ~R ~ 0.0+0.2 ~ VIi th the Reynolds. normal 

stress gradient (d~ ) providine most of thc reILaining force necessary to 

balance the pressure gradient. Further, Stevens (67) in an investigation 

of straight-core annular diffusers_ VIi th fully developed inflow showed that 

~. ~ -
dR ~ 0.5 dx as the flow approached separation and again concluded that 

Reynolds normal stress gradient and other terms in the mean flow equation 

made a contrib~tion. 

Thus, from this experimental evidence, it would appear that as the 

flow appro'aches separation the gradient of Reynolds normal stresses provides 

part of the force required to overcome the pressure gradient. However it 

must be stated that under these-conditions. the other·terms in the mean flow 
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equation should also be taken into account. 

Vfuere the bou.~dary layer is proceeding against an adverse pressure 

gradient the shear streas structure tends to lag behind the mean flow 

development. A useful datum for conparison is the equilibrium boundary 

layer where the pressure and skin friction forces are in balance and the 

boundary layer has a given shape independent of Reynolds number. In 

representing the eCLuilibrium boundary layer over a range of pressure 

gradient Nash (45) has given an empirical curve representing a correlation 

of experimental and theoretical data, viz: 

1 

G :: 6.1( 11 + 1.81)2 - 1.7 
• 

where 

_ ~.2-.E. _ 
'IT - LW dx 'presaure gradient' parameter 

G = [c:] t [1 - if J - 'shape' parameter • 

This curve is presented in Fig. 4.3'+ with overplotted comparison for the 

test diffusers; the L/ilR
1 

= 10.0, 7.5 data indicate a condition of 'local. 

equilibrium' in that while G. and 11 do not remain constant, G as a 

function of 11 follows the equilibrium curve. As noted by Nash this does 

not mean that the shear stress distribution remains that of an equilibrium 

layer, and this is reflected in the co~arison, given in Table 4.7" of the 

dissipation coefficient (~) calculated from the teat data with the equivalent 

~ equilibrium given by Walz (80), 

- Jk 81 ~ 0.00962 + 0.1644 (H - 1.5L • 
dV equilibrium =. = 

Re (0.2.31711 - 0.264J+) 

,.' 
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TA1lLE 4.7 

COMPARISON WITH EQUILIBRIUM DISSIPATION COEFFICIENT. 

1/"'R1 = 10.0, B1 = 0.028, OUTER WALL L/"'R1 = 7.5, B1 = 0.028, OUTER WP.LL 

X/N $ Experiment ~ Equilibrium xjN $ Experiment ~ Equilibrium 

0.030 0.00099 0.00.351 0.04-0 0.00110 0.00350 
0.100 0.00110 0.00352 0.167 0.00118 0.00360 
0.225 0.00141 0.00365 0 •. 293 0.00278 0.00374 
0.325 0.00158 0.00380 0.420 0.00370 0.00389 
0.425 0.00206 0.00390 0.'3+7 0.004-00 0.00399 
0.'3+5 0.00283 0.00399 0.673 0.004-26 0.004-05 
0.725 0.00360 0.004-05 0.800 0.00580 0.004-10 

Given the possible experimental inaccuracies (see Section 3.4), com?ari-

son of these values illustrates the degree. of shear lag in the test diffusers, 

indicating an initial departure from an equilibrium shear stress distribution 

tending back towards equilibrium in the latter stages. of diffusion. 

All. three components of the Reynolds normal stress. were measured 

-2 -2 -2 
. (u I , V I , VI I ); however only the directly measured axial component has 

been presented since, as shown in AppenGix 3, A.3.3, and also noted by 

-2 -2 . 
Lee (35), the values. of v I and VI I measured using the slant wire technique 

are prone to inaccuraoy. -2 
However, the VI values have been used in an 

attempt to make some estimate of the Reynolds normal stress contribution 

to the Momentum Integral Equation, discussed later in this section. 

the 

Spangenberg et al (64) note that a turbulence intenSity, based. on 

local mean velocity, OfR 
> 0.30 i~ indicative of transitory stall, 

u 

and Fig. 4.35 shows the development of this parameter at exit from the test 

diffusers; pitot-static measurements of the local mean velocity have been 

used in non-dimensionalising. The indications from this figure are that 

. the L/<'.R1 = 10.0 geometry should not exhibit transitory stall. while the 

L/6R
1 

= 7.5 diffuser should suffer a local transitory stall for X/N> 0.70. 

Wall tuft observations confirm the former statement but not the latter. 
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While marked flow unsteadiness was noted in the outer wall 'exit region of 

the L/6R1 = 7.5 geometry any ,transi tory stall, if present, was extremely 

slight and did not reverse the wool tufts. However, on the basis of the 
j, 2' ' 

present observations it would seem that the criterion ~ ~ 0.30 is a 
u 

rea&onable guide to the imminence of transitory stall. 

4.1.9 Law of the Wall - Estimation of Skin Friction 

The wall skin friction may be evaluated experimentally by such devices 

as the Preston or Stanton tube or a sublayer fence, however these instruments 

rely on the existence of a universal logarithmic 1Teloci ty profile near the 

wall. Unfortunately, as noted by Thompson (73), in severe adverse 

pressure gradient the validity of the universal law of the wall is open to 

que&tion, and may cause such devices to be inaccurate. The most satisfactory 

method of evaluating wall shear stress is by direct mea&urement, but the 

physical limi ta tions of the tes,t rig and the experimental complexity involved 

precluded its use in the present test series. 

In view of these point& it was decia,ed to plot the 'law of the wall' 

after the method of Glauser (15), serving the dual purpose of: 

(i) investigating the validity of the law of the wall under 

conditions of severe adverse pressure gradient. 

(ii) obtaining an approximate value of tbe wall skin friction. 

The law of the wall may be written: 

~ ," = A ~ B, log [ YU,] 
, " v 

where in the present case y = (R - R) or (R - R.) on ,the respective o ~ 

diffuser walls. 

Noting that 
u~ " F; 
"iT =./-t ' for any given value of c f we may write: 

[ 
(Ro - R)U] 

£ = A' ~ B' log U " v 
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On this basis a 'Clauser plot' is formed by generating a family of 

lines for a range of c f values. The Clauser plots for all three test 

diffuser geometries with near uniform (B
1 

= 0.028) and thick inlet boundary 

layer (B
1 

= 0.090) inlet conditions are given in Appendix 7, where the 

following values of A and B, given by Thompson (73) as repres enting a 

wide range of experimental data, 'have been assumed: 

A", 5.4 

A typical plot is given in Fig. 4.36. 

The values of c
f 

estimated from these plots are shown for the 

1/~1 = 10.0, 7.5, 5.0 diffuser geometries in Fig. 4.37. However the 

most notable feature of the Clauser plots is that in most cases the experi-

mental profiles deviate from the linear law of the wall relationship before 

the point y+ = 100, which means that formin~ a reliable estimation of c
f 

is 

very difficult. This deviation ~ay be explained by again referring to 

e(J.uation 4.6, the law of the wall: 

u . [YUTl 
UT = A + B log V-J 

This formulation is based on the assumption that there is no shear s.tress 

variation in a direction normal to the wall in the near wall region, i.e. 

dT . 
in the present case dR '" 0 (near the wall). 

Now as Section 4 .• 1.8 shows, there is a large gradient of shear stress 

normal to the wall where [:] R=R <=: ~, thus a. basic assumption made in 

generating the law of the wall isoviolated. 

The simplest improvement which can be made to the 'law of the wall' 

to take aocount of the shear stress gradient at the wall may be effected 

by conSidering the relationship in the near wall region: 
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• 

and asauming , =, at the wall we may write 
w 

A more rigorous treatment is given by MacDonald (41 ) where a linear 

dependence of shear stress. upon y is asaumed, but this is allowed to 

extrapolate to a walL value , where 
o 

, ~, . 
o w This approach gives: 

where 

u + = At log [4A [ (q},.+ + A)~ 
k e a (ay+ + 11.)2 

T=ay+, o 

Cl = a jpu 3 , 

k = 0.1~1 
i 

.. .lL _ 11.
2 

log 14A 1 
u k e a 

T 

. 1 

211.2 
+-­

k 

A~-Jl 2 [+ 1 1J : i + k (ay + 11.)2 - 11.2 

If 'ro = T then equation 4.9 simplifies. to 
w 

-1] + + B 

"" 1 
+ where B = 5.0 for the present experimental press.ure gradients. Thus in 

this. form the law of the vlall is seen to depend on the parameter a and, if 

,= 'w + ~ y, then Cl 'V.2E... th = 3 dx l.e. e 
PuT 

ratio of the pressure to the 

vis caus fore es • 

Following the work of, among others, Ludweig and Tillmam (40) the 

basic form of the law of the wall has been ass.umed to be applicable to 

flows over a wide range of presaure gradients. However the 'severe adverse 

presaure gradient' data of LudweiG and Tillmann corresponds only to values 

of Cl ~ 0.0035; typical values for the present teats (L(lIR1 '" 7.5 diffUser) 

are given in 'fable 4 • .8 where it can be seen that the values of ct. are very 
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much greater than those recorded in Ludweig and Tillmann's experiments. 

TABLE 4.8 

APPROXIMATE VALUES OF " PARAMETER 

L/llR1 = 7.5 B1 :: 0.028 

X/N 0.167 0.294 0.420 0.54-6 0.675 O.BOO 0.980 

" 0.055 0.060 0 •. 080 0.089 0.093 0.112 0.109 
& 0.032 0.041 0.050 0.061 0.055 . 0.01"9 0.032 
~ 

Fig. 4.38, taken f'rom the work of MacDonald, illustrates. the effect 

of the " parameter on the law of the wall. If the simple form .. =.. + 2£ y w dx 

is ass.umed then it is possible to generate a. 'Clauser plot' profile by 

applying experimental test value&- of ~ in equatior.4.10. For a chosen 

station in the L/llR
1 

= 7.5 diffuser vath Ri = 0.028 this. has been done and 

the comparison of the generated and measUred Glauser profiles is shown in 

Fig. 4.39. While the absolute levels are not in full agreement the trend 

of the Glauser plot is successfully reproduced. 

Though a. single comparison of' this sort is encouraging, to use Mac-

Donald's relationship in a Glauser plot form would be excessively complicated 

and the conclusion must be drawn that reliable .direct meas.urement techniques 

would give walL ahear data more reliably and more quickly. 

4.1.10 Mixing Length and. Eddy Viscosity 

The mixing length and eddy viscosity concepts represent early attempts 

to relate the local turbulent shear stress to the local mean velocity 

gradient. As turbulence models they are necessarily limited but none the 

less. are representative of ILany of the simpler turbulent flow. situations, 

and have found wide application in theoretical prediction methods, e.g. 

Spalding and Patankar (63). 

Prandtl postulated a 'mixing ler.gth', analogous to the 'mean free Fath' 

in' the kinetic theory of gases, where: 
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pt
2 [~; ] 

2 , = 

or in the present formulation 

2 I au
] 

2 
, = pt aR 4.14 

This concept is known to have limitations in that, for instance, it 

cannot allow for the 50-called 'history effect' in turbulent flow but as 

a simple turbulence model it has stood the test of many years. A form 

of mixing length distribution widely adopted is a ramp function in the 

near wall region, Vii th a constant value in the outer" region of the 

boundary layer, thus: 

. ! 

ko/k < y~ 0 
2 1 

where k1 and k2 are numerical constants. 

4.15 

The experimental miY~ng length distributions, non-dimensionalised in 
t _ 

the tens 0* , are given in Figs. 4.40 and 4.41 for the 1/11R
1 

:: 10.0, 7.5 

diffuser geoffietries.; . These plots show that the ranp/constant mixing 

length distribution is indeed evident except in the early stages of 

diffusion. The choice of a non-dimensionalising length for t is sOEewhat 

* arbitrary and in the present case 02_D has been adopted in order to be 

consistent with Clauser's work on eddy viscosity. However, if 0 is chos en 
, 

as the non-dimensionalising paraEeter then comparison rr.ay be made with the 

work of Bradsbaw ( 4 ,5 ) for equilibrium flow and mild adverse pressure 

gradient, and Goldberg (25) for ffiore severe adverse press.ure gradient. 

Thus, in Table 4.9, a comparison of the k2 values shows that in all three 

adverse pressure gradient cases the lag in turbulent shear stress develop-

fuent tends to depress the level of nixing length below the equilibrium 

value of k2" 0.08. 
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TABLE 4.9 

DEVELOPMENT OF MIXING LENGTH 

L/4ll1 = 10.0, B1 = 0.028 

OUTER WALL 

x/N 0.100 0.225 0.325 0.425 0.545 0.725 
· H/O:} expt 0.045 0.040 0.C49 0.054 0.054- 0.054-
· u,/oJ Bradshaw 0.06 .... 
· {t/&} Goldberg 0.10}max. 

0.04 min. .... 

INNER WALL 

X/N 0.100 0.225 0.325 0.425 0.545 0.725 
U.j&}expt 0.051 0.051 0.049 0.052 0.053 0.062 
{if,,} Bradshaw 0.06 .... 

It/<S:} Goldberg 0.10}max. 
0.04 min. 

.... 

L/6R
1 

0: 7.5, B1 = 0.028 

OUTER WALL 

X/N. 0.167 0.293 0.420 0.547 0.673 0.800 
{R./"} expt 0.045 0.061 0.070 0.066 0.071 0.071 
{R./"} Bradshaw 0.06 .... 
U./5} Goldberg 0.10}max. 

0.04 min. .... 

INNER WALL 

x/N 0.167 0.293 0.420 0.547 0.673 0.800 
fR./,,} expt 0.045 0.054- 0.062 0.050 0.063 0.057 
{R./"} Bradshaw 0.06 .... 
fR./"} Goldberg 0.1°1 max• 

0.45 min. ... 

In respect of eddy viscosity the Boussinesq relation assumes that the 

turbulent shear stress 

au 
Tt = pe: ay 

where the total shear stress 

) au 
T = pe\!+ e: ay 

.. 60 .. 



EO being termed the 'eddy viscosity'; in turbulent flow the term v is 

negligible except in the immediate vicinity of the wall. 

Clauser (14 ) showed that in the outer region of an equilibrium boundary 

layer the value 

. * 
e: = 0.018 U 02_D 4.19 

gave a reasonable match to experimental velocity profile data; however, 

later experimental investigation by Bradshaw ( 4. ) has shown that [-;J 
U°2.<a 

is not constant over the whole outer region of the boundary layer. 

Therody viscosity variation exhibited in the present work is shown in 

Figs. 4.42 and 4.43 and, indeed, a similar eddy viscosity distribution to 

tha t of Bradshawl3 work is found, but there are variations in the cons tant 

of proportionality due, no doubt, to history effects. Unfortunately the 

degree of scatter in. this particular data precludes exact values being 

quoted, but the following approximate levels, shown in Table 4.10, would 

appear to be indicated. 

TABLE 4.10 

EDDY VISCOSITY VARIATION 

1/llR1 = 10.0, B1 = 0.028 

OUTER WALL 

* (e:.jU"-2_D)max. 0.010 Early stages. of diffusion 

* (e: jUo2_D\Dax. 0.012 Latter stages of diffusion. 

INNER WALL. 

* . (e:jU&~_D)max. 0.011 Early stages of diffusion 

(e:luo 2-D )max. 0.013 Latter stages of diffusion 

L/lIR1 :: 7.5, B1 = 0.028 

OUTER WALL 

(e:/US ~-D)max. 0.013 Early stages of c:iffusion 

(e:jus2-D)max. 0.017 Latter s.tages. of diffusion 

INNER WALL 

* 
(e: juo~-D)max. 0.012 Early stages of diffusion 

(e:/Uo?_n)mo~ 0.016 Latter stages of diffusion 



4.1.11 Balance of Momentum 

The 1bmentum Integral E~uation, derived in Appendix 4, is ~uoted here 

in full. in its axi-symmetric form for the outer wall. of the test diffuser 

geometry: 

de c f e· dR e 
_0 =- _0 _ ...2. _0 _ ...2. dU (H -10.2) 
dx 2 R . dx U dx 0 o· 

1 d +-­
U2 dx 

cS 

-2 
+ v' 

<5 

-2 
- v' )dR 

The weighting due to : in the Reynolds normal stress term has been neglected 
o 

as being of second order importance in this case. 

Since this e~uation is derived assuming an axi-symmetric flow free of 

three-dimensional effects, it provides a very useful check on the accuracy 

of the experimental data. Any marked divergence of the two sides of the 

e~uation is generally attributed to three-dimensional effects, and curtails 

the usefulness of the data as a basis for the evaluation of theoretical 

-methods • 

The comparison of the measured value of ~ with. that given by the 

R.H.S. of e~uation 4.20 is given for all three test diffuser geometries 

. under selected inlet conditions in Appendix 11., and a typical example for 

the 1/t.R
1 

= 10.0 diffus.er geometry (B1 = 0.028) is given in Fig. 4.44. 

The comparison for the L/t.R
1 

= 10.0, 7.5 diffusers. is excellent, and 

while that for the L/~1 = 5.0 geometry is not ~uite as good, it represents 

a marked improvement over much of the experimental data previously available. 

This point is illustrated in Fig. 4.45 where the momentum balance given by 

MacDonald and Stoddart (42), which is based on the data of Schubauer and 

Klebanoff (60), is shown to deviate massively as the boundary layer tends 
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towards separation, indicating wajor three-dimensional effects. 

For the L/AR1 = 10.0, 7.5 diffuser geometries (B
1 

= 0.028) the contri­

bution of the term due to gradient of the Reynolds normal stresses was 

found to be negligible. This term was not measured for the L/6R
1 

= 5.0 

geometry but in this case probably becomes significa.nt only as the flow 

approaches transitory stall. 

Thus on the basis of these comparisons the indications are that the 

experimental flows are substantially free of three-dimensional effects 

and, with the further evidence of a good mass flow balance and the symmetry 

of the velocity profiles, may be used with confidence in the evaluation of 

theoretical methods. 

4.2 Flow Mixing at Inlet Generated by a Flow Spoiler on the Outer Wall 

As noted in Section 4.1.2 the diffuser of non-dimensional length 

L/6R1 = 5.0 exhibited transitory stall in the exit flow, when running with 

naturally developed 'potential core' inlet conditions. The object of the 

test series described in this section was to investigate the feasibility 

of eliminating this stall by increasing the level of radial flon mixing in 

the affected region. This mixing was, artificially introduced by a flow 

spoiler upstream of diffuser inlet and it was hoped to sensibly retain, 

if possible, the naturally developed form of inlet velocity profile. 
, 

A preliminary series of tests in a two-dimensional duct indicated 

that the spoiler geometry shown in Fig. 4.46(a) should achieve the desired 

effect. 

4.2.1 Optimisation of Wall Spoiler Upstream Position 

Prior to a detailed investigation of the diffuser internal flow, the 

upstream position of the outer wall flow spoiler was optimised to give the 

maximum improvement in terms of static pressure recovery (CP1_2)' allied 

with stable exit flow conditions. The following sections present pertinent 
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data for the test range of spoiler positions, 1/D
h 

= 0.0 + B.O. 
s 1 

4.2.1.1 Diffuser Inlet Conditions 

As with naturally developed inflow the symmetry of the inlet flow, 

indicated by measurements taken at three circumferential positions, is 

excellent. Thus the inlet velocity profiles for the range of spoiler posi-

tions (1 /Dh )= *2.0 + B.O are presented as mean lines in Fig. 4.47. 
s 1 

It is gratifying to note that the modification of the velocity profile 

was confined to the outer region and the flows may best be described by 

adopting the 'type' descriptions given by Wolf and Johnston (83), as 

illustrated in Fig. 4.4B, where the flow may be said to progress from a 
'half-jet' profile, (1 /Dh ) = 2.0, to a mildly sheared profile with thick 

s 1 
boundary layers, (1 /Dh ) = B.O. 

s 1 
The variation of the velocity profile integral parameters, given in 

1 
Table 4.11, would appear to suggest that for spoiler positions s > 4.0 

Dh 
However, lnspection the 'adjustment' of the velocity profile is very slow. 

of Figs. 4.49 and 4.50, which show the dBvelopment of axial turbulence 

/'u ,2 2u IV ' 
intensity -u- and turbulent shear s.tress ( 2) respectively, indicates 

U 
that the inlet turbulence structure is changing more rapidly. 

Fig. 4.50 is the more interesting since the variation of turbulent shear 

is indica ti ve of the level of radial flow mixing, and it was this. feature of 

the artificially generated inlet flow which waa expected to exert a stabilis-

ing influence on the diffuser flow. Thus, on this basis, it could be 

concluded that the profiles at (1 /Dh ) = 4.0, 5.0 should give the best 
e 1 ' 

results; however, as will be shown in the following sections, this is not 

the case since the influence of both the velocity profile and turbulence 

structure must be considered. 

* exit flow stalled for 1/Dh = 0.0 + 1.0 
s 1 
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TABLE 4.11 

INLET VELOCITY PROFILE INTEGRAL PARAMETERS 

L L [;l [~l e s 
B1 H H. 

Dh Dh 0
1 ].1 (11 Si 

1 1 

9.5 2.0 0.172 0.0528 0.0256 2.46 1..31 1.229 1.090 
3.0 0.134 0.0610 0.0302 1.47 1.34 1.085 1.030 
4.0 0.129 0.0616 0.0306 1-35 1.37 1.064 1.022 
5.0 0.123 0.0597 0.0320 1.29 1.35 1.051 1 .018 
6.0 0.119 0.0600 0.0298 1.27 1.34 1.045 1 .016 
7.0 0.117 0.0550 0.0321 1.28 1.37 1.049 1.018 
8.0 0.115 0.0521 0.0332 '1.30 1.36 1.052 1.019 

4.2.1.2 Outlet Conditions and Flow Stability 

Exit velocity profiles were measured and are presented in Fig. 4.51. 

The integral parameters generated from these profiles are given in Table 

4.12, which also indicates the diffuser erit flow behaviour for the spoiler 

posi tion range CL /D
h 

) = 0.0 + 8.0. In view of the reasonable symmetry 
s 1 . 

of the erit velocity profiles mean values have been quoted in this Table. 

The improvement in the erit velocity profile, when compared with the 

naturally developed data included in 

Significantly, for spoiler positions 

behaviour was observed together with 

Table 4.12,.is clearly demonstrated; 
L 

CD s ) = 6.0, 7.0 stable erit flow 
h j . . 

marlte.d red\:ctions in blockage, distortion, 

and erit kinetic energy flux, as characterised by B2, H
o2

' and (12 respectively. 

These improvements in the eri t flow are reflected in appreciable increases 

in presaure recovery over the naturally developed inflow case, as the following 

sections show. 
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L 
e 

Dh 
1 

9.5 

50.0 

TABLE 4.12 

OUTLET VELOCITY PROFILI, INTEGRAL P.ARAlImTERS AND FLOW CONDITION 

L 
s 

B2 
Dh 

1 

0.0 -
0.5 -
1.0 -
2.0 0.404-
3.0 0.379 
4.0 0.349 
5.0 0.370 
6.0 0.358 
7.0 0.356 
8.0 -

+ 0.390 -
+ 0.349 -

, 5 
.. 1.6:x: 10 

e e. 
O2 J. 2 

(in. ) (in. ) 

- -- -
- -

0.1894 0.0943 
0.1824 0.0997 
0.1738 0.1023 
0.1694 0.1098 
0.1682 0.1091 
0.1630 0.1080 

- -
0.1366 0.0949 

0.1405 0.1107 

*Flow 
H H. "'2 il2 O2 J. 2 

Condi ticn 

- - - - F 
- - - - F 
- - - - T 

2.81 1.66 1.64-6 1.224 T 
2.64- 1.72 1 ~564- 1 .196 

}T (patches) 2.46 1.76 1.482 1.170 
2.63 1.84 i .. 551 1 .195 IT 
2.55 1.81 1.515 1 .182 U 
2.63 1.80 1.530 1.189 u 
- - - - TI 

3.70 1.71 1.807 1.293 T 

3.24 1.67 1.657 1.237 TI 

+ naturally developed flow. 

4.2.1.3 Static Pressure Recovery 

The plots of static pressure recovery for L /D
h 

= 2.0 + 8.0 are given 
s 1 

in llig. 4.52 with the local presaure variation in the region of the diffus,er 

inlet plane being detailed in Fig. 4.53. The measured pressures showed 

good circumferential symmetry. 

At L /D
h 

= 2.0 llig. 4.52 shows evidence of a slight radial press,ure 
s 1-

gradient in the diffuser which is attributable to pre-entry effects caused 

by the proximity of the wall flow spoiler to diffuser inlet (see Fig. 4.53). 

llig. 4.53 further illustrates that the high local adverse pressure 

gradient in the region of the outer wall inlet bend is again present (see 

Section 4.1.3), and there is no evidence that this condition is alleviated 

* For definitions of flow behaviour see Fig. 4.5 
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to any perceptible deGree by the increase in radial flow miring. 

4.2.1.4 Overall Performance 

Data collated from the previous Secti.ons 4.2.1.1-3 is presented in 

Table 4.1.3 in -terms of overall performance and compared with relevant data 

from tests under naturally developed inflow conditions. 

-J- Le L =-s 
B1 - CP1_2 t.R 1 Dh Dh 

1 1 

5. o 9.5 2.0 0.172 0.65 

3.0 0.134- 0.58 

4.0 0.129 0.58 

5.0 0.123 0.59 

6.0 0.119 0.58 

7.0 0.117 0.61 

8.0 0.115 0.56 

- 0.090 0.475 

39.5 - 0.102 0.540 

/ 

TABLE 4.13 

OVERALL. PERFORMANCE 

CP1_2 A B2 
/ ct1 

- 1-2 

0.53 0.17 0.404 

0.535 0.115 0.379 

0.545 0.115 0:34-9 

0.56 0.075 0.370 

0.555 0.085 0.358 

0.58 0.06 0.356 

0.535 - -

0.453 0.125 0.390 

0.520 0.085 0.369 

'2 H 
O2 

1.646 2.81 

1.564 2.64 

1.482 2.46 

1.551 2.63 

1.515 2.55 

1.530 2.63 

- -

1.810 3.70 

1.660 3.24 

Flow H. Condition J. 2 

1.66 T 

1.72 
:} patches 

1076 

1.84- IT 

1.81 u 

1.80 u 

- TI 

1.71 IT 

1.67 TI 

Comparing the two sets of data it can be seen that the increased turbu-

lent mixing results in a reduction in the distortion of the outlet velocity 

profile, as indicated by the lower values of outer wall boundary layer 

shape parameter H • This in turn lowers ct
2 

and B2 and gives a conse~uent 
- O2 
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increase in the static pressure coefficient. The value for CP1_2 of 
1,s 

0.65 achieved ~~th the spoiler at posi tion '" 2.0 is due to the 
Dh 

'peaky' inlet profile for this spoiler pos.i tion~ where the profile has a 

higher energy, for a given value of u
1

' than that of a naturally developed 

profile having the same u
1

• Thus it does not mean that the pressure 

recovery capability of the diffuser is any greater but that a higher initial 

kinetic energy is available for recovery. This is confirmed by the values 

1, 
s 

~Study of Table 4.13 shows that for the 
Dh 

recovery coefficilnt 

'" 7.0 spoiler position 

the maximum value of press.ure of 0.61 was obtained 

together with a. stable outlet flow. This configuration was. therefore 

taken as the optimum for further investigation. 

4 .• 2.1.5 Co:nparison with Published Data 
• 

Since the test series described in this section was of an explcratory 

nature this precludes any detailed comparison with published data; i.t is 

.felt that discuss.ion ~y be 8~ded by considering the following ~uestions: 

(i) Does.the diffuser perfor~ance under artificially generated 

inlet conditions show a.ny improvement over the 'neares t 

equivalent' naturally developed inflow case? 

(ii) Is the artificially generated inflow typical of 

'industrial' flow situations? 

(iii) Can any 'general principles' be deduced from the results? 

AIl regards (i), TIg. 4.54- compares the inlet velocity profile to 

the diffuser of non-di;J!ensior.al length L/lill
1 

= 5.0, for optimum spoiler 

posi tion, with the naturally developed inlet profiles for inlet lengths 

L 
D e = 9.5 (same external geometry), and 39.5 (fully developed floW) 

hi . 
respectively. In all cases the non-dimensional axial velocities in the 

near wall regions (y/(R -R. ) .s 0.1") are the same, a!ld the values of blockage 
. 0 ~ 
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fraction (B
1

) are approximately equal. However, notable differences are 

evident in the levels of radial flow nuxing as indicated by the turbulent 

2Ut'V t 
. shear stress ( if ). . This relative increase in radial mixing with 

the artificially developed inflow is reflected in an improvement in 

pressure recovery, as shown in Table 4.14, with substantially the same 

losses as for the naturally developed, fully developed inflow. The 
L 

higher losses apparent for the D e = 9.5 naturally developed inlet flow 
h . -

are attributed to energy lossesitherent in the stalling diffuser exit flow. 
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TABLE 4.14 

IMPROVEMENT IN DIFFUSER PERFOR'fA."ICE WITH ARTIFICIALLY GENERATED INFLO'N 

L/tJl1 
L /Dh L /Dh CP1_2 A 

e 1 s 1 1-2 

5.0 9·5 7.0 0.610 0.06 
5.0 9·5 .. 0.475 0.125 
5.0 39.5 - 0.540 0.08, 

Thus, taking the fully developed flow as the 'nearest equivalent' 

,naturalLy developed inflow case,. the improvement in pressure recovery, 

attributable to an approximate doubling of the level of flow mixing at 

diffuser inlet, is 12% ["
CP1_2] accompanie(i by a major improvement in the 

.. ' ~ND . 
s tabili ty of the diff'us er eri t • flow. . 

. Tne similarity of the artificially generated flow, using the inlet 

wall spoiler, with 'industrial' flow conditions, mentioned in (ii), is 

difficult to quantify. It is. probably true to say that '.class.ical' 

naturally developed flow very rarely occurs in industrial flows, and both 

the v.eloci ty profile and turbulence structure may be modified by, for 

example, struts, surface imperfections, forced fluctuation frequencies, 

etc. In short it is virtually impossible to specify a 'typical' industrial 

flow.' Realising this, it was, decided to focus comparison on turbo-machinery 

applications and to this end a short s.eries of tes.ts was undertaken by 

Williams and Terrell (81 ) on the National Gas Turbine Es.tablishment research 

compressor. . The instrumentation available allowed the measurement of axial . ...E2' . 
turb.ulence intensi ty ~ . distribution at compressor e:x:i. t, and this is 

compared with the radial variation of turbulence intensity for the present 

artifi~ially developed inflow in Fig. 4.55. This· shows good agreement for 
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the inner wall. The wide deviation at the outer wall is attributable to 

stalled flow conditions in the exit outer casing boundary layer in the 

N.G.T.E. compressor. The flow in the inner casing region waS near uniform. 

Thus on the basis of these tests the artificially generated turbulence 

levels are apparently similar to those occurring in a typical turbomachine 

flow. 

Under heading (iii) the most general principle to arise is that, 

given a well behaved inflow velocity profile, increased radial momentum 

transfer assists. the flow to proceed against adverse press.ure gradients in 

downstream flow components. With special reference to the present .tes.ts, 

qui te modest increases in turbulent mixing have been s.hown to lead to a 

useful improvement in diffuser performance and a quite striking improvement 

in exit flow. stability. 

4.2.1.6 Effect of Downstream Settling 'Length 

The beneficial effect of momentum transfer in the diffuser downstream 

settling length has been previously noted in Section 4.1.5. With the 

artificially developed diffuser inflow the same flow behaviour and levels 

'of improvement in static pressure recovery are apparent as shown in Figs. 

4.56, 4.57, where comparison is made between the naturally developed fully 

developed :inf1ow data and the optimum spoiler position results. 

4.2.2 Internal Flow Development for Optimum Spoiler Position 

To allow detailed comparison of the naturally developed and artificially '. . 

generated diffuser flows, and thus highlight the main differences, a full 

'investigation of the diffuser internal flow was carried out for the optimum' 

spoiler position, as detailed in the following sections. 

4.2.2.1 Internal Boundary Layer Development 

The velocity profile data for this 'optimum' geometry is presented in 

Appendix 9 together with tabulated. boundary layer integral parameters'. 

Over the majority of the diffuser length the indicated symmetry of flow is 

good, and the tabulated quantity flows are in good agreement, allowing 
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pres.enta tion of' the flow development in terms of a mean velocity profile, 

as given in Figs. 4.58, 4.59 while the boundary layer integral parameters 

, ,are summaris ed in Fig. 4.60. 

Comparison with data for naturally developed fully developed inflow, 

given in Fig. 4.60, shows that major effects of flow mixing cannot be 

attributed for X/N < 0;50 as, for instance, comparison of the outer wall 

shape parameters (H ) indicates. 
,0 ' 

However for X/N > 0.50 considerable 

suppression of distortion is evident, which results in both an improvement 

in flow s tabili ty and a consi derable increas e in velocity near the outer 

wall at exit, wi th attendant lower exit blockage as shown in Fig •. 4.6 1 

4.2.2.2 Shear Stress and Turbulence Intensity 

With the spoiler arti~lcially generated inflow the mean bridge voltage 

(B) given by the hot-wire anemometer was well behaved allowing complete 

meas.urement of turbulence parameters up to diffuser exit and into the 

settling length; as with naturally developed inflow, measurements were 

taken at one. circumferential position with checks for the degree of 

asymmetry (s ee' Appendix 3, A. 3.4). 

The .development of turbulent shear s.tress. and turbulence intensity 

along the diffuser, calculated on the assumption of King's law and the 

Cosine rule (see Appendix 3), is presented in' Appendix 9 and summarised in 

terms of contour plots in Fig. 4.62. The shear str'ess. maximum away from 

the wall associated with the retarded flow near the wall is again evident; 

however, the gradient of shear stress. at the wall does not compare 'wi th the 

axial pressure gradient as, shown in Table 4.15. 

Consideration of the mean flow equation: 

'u au + v au =_1.~ _.l.. (7) -le _1 ..!. (TR) 4.2 
ax ,aR p dx ax pR dR 

, ' d -2 
shows thl\t the Reynolds normal s.tress term dx (pu' ) could account for this 

difference and this ternl is therefore included in Table 4.15. It is seen 

- 71 -



that only in part does the Reynolds normal stress term assist in balancing 

the axial pressure gradioent and it must be concluded that other terms in 

the mean flow e~~ation contribute in this flow situation, as in the case 

of fully developed inflow (see Section 4.1.8). 

X/N. 

0.63 
0.060 
0.f50 
0.270 
0.390 
0.510 
0.630 
0.750 
0~963 

TAilLE 4.15 

BALANCE OF SHEAR STRESS AND AXIAL PRESSURE GRADIENT 

_1_ §.e.. _1 [dT] _1 .A(UT2) _1_[aTJ + _1 (u ,2) 
PU2 dx PU2 dR 0 if dx 0 PU2 dR 0 ~ 0 

- - - -
- - - -
- - - -

·1.50 0.39 - -
1.00 0.33 - -
0.81 0.27 - -
0.72 0.20 0.05 0.25 
0.59 0.10 0.07 . 0.17 
0.53 0.07 0.12 0.19 

L/Dh = 9.5 
1 

L /Dh = 7.0 
s 1 

OUTER WALL 

Table 4.16 compares- the experimental value of dissipation coefficient 

('J» with that given by the relationship of Walz (86). An early departure 

from equilibrium is obs-erved with s.ubsequent equilibrium and overshoot in 

t?e reducing press.ure gradient toward diffuser exit. 

TABLE 4.16 

COMPARISON WITH EQUILIBRIUM BOUNDARY LAYER SHEAR STRUCTURE. 

X/N 

0.06 
0.15 
0.27 
0.39 
0.51 
0.63 
0.75 
0.96 

t> EXPT. 
~ 

0.00078 
0.00085 
0.00246 
0.0034-
0.0037 
0.0037 
0.0057 
0.0071 

5 
" 1.6 x 10 

EQUILIBRIUM 

0.0028 
0.0029 
0.0030 
0.0033 
0.0035 
0.0037 
0.0041 
0.0042 
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If the turbulent shear stress distribution for the spoiler generated 

inflow is corr.pared, at representative stations, with the distribution for 

fully developed infiow then, as Fig. 4-.63 shows, the increase in flow 

mi:x:i.ng indicated by this shear stress. comparison is seen to persist into 

the final stages of diffusion where, in the near wall region, the increase 

in themi:x:i.ng level is evident. This apparently smalL increase in mixing 

exerts a beneficial influence on the diffuser flow as illustrated in 

Section 4-.2.1.4-. 

The data for turbulence intensity given in Appendix 9 has been 

Q 
U 

non-

dimensionalised in terms of the station maximum velocity If 

the local mean velocity is used as a non-dimensionali~ parameter 
. . ,.,;,-;-;-2 

very high local turbulence intensities of the order __ u __ ~ 0.60 are 
. . ' U 

then 

indicated in the outer wall region, which is well in excess of the criterion 
. . ... .;?F' 

noted by Spangenberg et al (64) for transitory stall, __ u __ > 0.33 In 
. . u 

fact no transitory stall was observed. Thus in this flow situation, where 

the eddy motion is of the same order as the mean velocity, turbulence 

·measurements taken using the standard hot-wire techni~ue are clearly 

inaccurate. For this type of flow the most useful instrument is the pulsed 

double wire probe described by Bradbury (2 ) where the ':time of flight' of 

a heated packet of fluid is measured. 

4-.2.2.3 Law of the Wall - Estimation of Skin Friction 

The mean velocity profile data is pres.ented in terms of Clauser plots 

in Appendix 9. Thes.e exhibit the same behaviour as the plots for naturally 

developed flow e.g. deviation from the log-linear law of the wall for 

+ y < 100, with the attendant difficulty in establishing an accurate cf value. 

4.2.2.4 Mixing Length and Eddy Viscosity 

The mi:x:i.ng length distributions shown in Fig. 4-.64 exhibit a ramp 

function in the early stages of diffusion with a constant level over the 
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outer region of the boundary layer in the latter stages of diffusion. 

Comparison of the levels of mixing length along the diffuser with 

those of naturally developed,fully developed flow is made in Table 4.17. 

where the higher mixing levels in the artificially generated flow are 

reflected in the higher mixing length values as directly .compared by the 

. values of R!(R - R. ). o ~ 

Presentation of the non-dimensional eddy viscosity (U&; ) in Fig. 
2-D 

4.65 shows (US! ) = 0.010 + 0.016 over the majority of the diffuser, which" 
2·() 

is typical .of the values noted for naturally developed inflow in Section 

4.1.10. 

TAllLE 4.17 

COMPARISON OF MIllNG LENGTH WITH FULLY DEVELOPED INFLOW LEVELS 

}'ully developed data - Stevens (67) 

X/N 
~ t 

[Ro~Ri1 [ Ro~Ri]FD --
0.* o*FD 

0.63 1.50 1.00 0.110 0.075 
0.06 1.50 0.70 0.105 0.054-
0.15 0.70 0.60 0.062 0.055 
0.27 0.60 0.40 0.065 0.038 
0.39 0.40 0.40 0.052 0.039 
0.51 0.35 0.17 0.052 0.019 
0.63 0.25 0.17 0.043 0.019 
0.75 0.25 0.17 0.04 7 0.019 
0.856 - - - -
0.963 0.20 0.17 0.048 . 0.019 

4.2.2.5 Balance of Momentum 

L/llR1 = 5.0 

L /Dh = 9.5 
e 1 

L /Dh = 7.0 
5 1 

OUTER WALL 

The Momentum Integral Equation is quoted in Section 4.1 .11 for the 

diffuser outer wall: 

e 
o 

-It" 
o 

dR e 
o 0 dU 

dx - U dx 

4.20 



For the case of spoiler artificially generated inflow the Reynolds 

normal :dress and total pressure gradient terms assume significant values 

as demonstrated in Fig. 4.66, which values, in this case, are approximately 

self cancelling. The comparison of [~J with the value calculated 
expt. 

from the R.H.S. is well. within the limits attributable to experimental 

. error, and indicates that the flow does not suffer from three-dimensional 

effects. As for the case of naturally developed inflow the press.ure e . 
gradient parameter (; ~ (Ho"" 2)) is seen to be the dominant term in the 

"'-momentum integral equation for this adverse pressure gradient situation. 

4.3 Inlet Flow Jtd.xing Generated by Coarse Gauze 

'The preceding section desc:r;ibes the effect of inlet flow mixing applied 

to an essentially fully'developed diffuser inflow. The testa. described in 

this section were intended to provide data on the effect of mixing applied 

to a near uniform inlet flow. Further, to provide more general information, 

all three teat diffusers were investigated. 

The necessity of maintaining a near uniform inlet flow precluded the 

use of 'flow spoiler' methods since these, as the previous section has shown, 

tend to thicken the boun6ary layer. Thus for this test series a 'coarse 

gauze' method was employed to generate turbulent mixing, as illustrated in 

Fig.4.46(b). The coarse gauze was mounted across the face of the inlet 

.flare and the acceleration in the inlet flare employed to ensure a near 

uniform inflow. Some reduction in the generated turbulence was inevitable, 

but a high residual level was maintained at diffuser inlet. 

4.3.1 Diffuser Inlet Conditions 

The inlet veloci~y.profile data is compared with the equivalent 

(Le/Dh1 = 2~O) naturally developed flow in Fig. 4.67 where it is seen that 

the profiles are virtually the same. There is a slight blockage (B
1

) 

variation but this is insufficient in itself to cause any major variation 
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in diffuser performance. 

Comparison of the level of inlet turbulent shear stress in Fig. 4.67 

shows marked increases in the near wall region over both the naturally 

. developed and spoiler generated inlet flows. Hence the generated inlet 

condi tions may be summarised as a near· uniform. inlet velocity profile 

coupled with a high rate of mixing in the near· wall. regions. Comparison 

of the. inlet velocity profile integral parameters with those for natural 

development is given in Table 4.18. 

TABLE 4.18 

INLET VELOCITY PROFILE INTEGRAL PARAMETERS 

. 

L:e/Dh B1 (ei tll.\ (e/LIR)1 H. 
I 

H Cl 8 
I· ... ~. 1 1 

0 1 11 1 1 

·+2.0 0.028 0.0100 0.0100 1.38 1.37 1.02 1.007 
2.0 0.044 0.0180 0.0135 1.40 1.35 1.03 1 .011 

+ . natural development 

R =1.6 .... 1.7x105 
eD 

hi 

4.3.2 Outlet Conditions and Flow Stability 

The measured exit velocity profiles are shown in Fig. 4.68 and the 

tabulated integral parameters given in Appendix 10. The comparison with 

data for naturally developed inflow given in Fig. 4.68 shows: that the 

increased level of radial momentum transfer reduces the degree of distortion. 

The values of profile shape factor and energy flux coefficient are given 

in Table 4.19 together with comments on the exit flow state. 
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TABLE 4.19 

COMPARISON OF EXIT VELOCITY PROFILE PARAMETERS 

1/lill1 
L /Dh 

H H. 
e 1 O2 12 

10.0 +2.0 2.00 1.86 
10.0 2.0 1.48 1.49 
7.5 +2.0 2.35 1.92 
7.5 2.0 1.72 1.47 
5.0 +2.0 3.40 1.80 
5.0 2.0 1.90 1.50 
5.0 *9.5 2:63 1.80 

.., 
natural development 

L 
* sppiler optimum (Ds = 7.0) 

h1 

a2 

1.29 
1 .11 
1.36 
1.16 
1.56 
1.17 
1.53 

EXIT FLOW 
CONDITION 

.S 
·u 
u 
u 

IT 
u 
u 

. 

5 ·,,1.6+1.7x10 

As a consequenc~ of the increased mixing the shape parameter at exit 

on both inner and outer walls is reduced considerably, resulting in a 

lower kinetic ene~gy flux (a2). Furthermore the state of the exit flow 

shows marked improven·,ent. Comparison with the results. for the L/6R
1 

= 5.0 

diffuser indicate that the influence of increased miring is confined to 

. the relevant wall boundary layer since, for the case of the flow spoiler 

on the outer wall, only the outer wall. shape parameters are affected, and 

the shape parameter at exit on the inner wall remains virtually the Same 

as that measured with naturally developed inflow, at approximately the Same 

inlet blockage fraction. 

4.3.3 Static Pressure Recovery 

The static pressure recovery in the teat diffusers is presented in 

Fig.·4.69 •. The measured static presaures showed good circumferential 

symmetry and there waS no indica.tion of radial pressure gradient Vii thin the 

diffuser. 

Comparison with the data for naturally developed inflow (B1 = 0.028) 
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in TIg.4.69 shows·the level of improvement in static pressure recovery 
• 

attributable to increased flpw mixing. 

4.3.4 Overall Performance 

The diffuser performance data from the tes.ts with grid generated inflow 

is summarised below in Table 4.20; comparison is made in each case with the 

data. for naturally developed inflow. 

TABLE 4.20 

DIFFUSER OVERALL PERFORMANCE WITH 'GRID GENERATED' INLET CONDITIONS 

L/t>R1 
L /Dh B1. CP1_2 CP1_2/a1 A Flow 

e 1 1-2 Condi tion 

10.0 . +2.0 0.028 9.615 0.605 0.085 S 
10.0 2.0 0.044 0.660 0.640 0.100 u 
7.5 "f,2.0 0.028 0.600 0.590 0.085 u 
7.5 2.0 0.044 0.655 0.635 0.090 U 
5.0 +2.0 0.028 0.515 0·505 0.120 IT 
5.0 2.0 0.044 0.610 0.595 0.125 u 

+ .. natural development 

·1.6 • 1.7 x 105 

recov::y ~:: 1:: )n:::: ~;.a t[ :::2 is a] m::e:h:n:~:: e = i: 0 ~:e:::u:::ssure 
1-2N•D• 

geometry to some 18% for the L/6R
1 

= 5.0 diffuser. With the 

generated inflowslight increases in the diffuser loss coefficient (A
1

_2) 

are registered but these are of a low level, presumably due to suppression 

of boundary layer distortion at diffuser exit. 

4.3.5 Effect of Downstream Settling Length 

Due to the high rate of mixing in the diffusers with the grid generated 
• 

inflow the settling length exerts less influence, as. TIg. 4.70 illustrates. 

For the L/ 6R
1

= 10. 0 diffuser the exit profile is relatively undis torted 
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and only a minimal- pressure recovery is evident in the settling length. 

The 1/11R1 = 7.5, 5.0 diffusers_ suffer a slight distortion of the exit 

velocity profile CH -~ 1.9) and in the ~ubsequent momentum transfer in the 
- - 0-

settling length some press.ure ,recovery is evident, but this is below the 

level found for naturally developed diffuser inflow. 
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DEVELOPMENT OF INFLOW TURBULENCE FIGURE 4.4 
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Tuft Pattern 

FIGURE 4.5 

FLOil REGIONS 

Symbol Description 

S Steady flow - small or no 
oscillations of tufts. 

U Unsteady flow - ffieOlum ampli-
tude oscillations of tufts 
with no back flow observed. 

TI Incipient transitory stall -
large amplitude oscillations 
of tufts on the verge of the 
tuft pointing upstream. 

IT Intermittent transitory stall -
large amplitude oscillations of 
tufts with the tuft pointing 
upstream for short periods of 
time. 

T 

F 

Transitory stall - tuft points 
upstream for approximately the 

.same period of time as it 
pOints downstream. 

Fixed stall - tuft points 
upstream for long periods 
of time. 
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EXIT VELOCITY PROFILE COMPARISON 
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FIGURE 4.13 

PRESSURE RECOV ERY IN SETTLING LENGTH 
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FIGURE 4.14 

BEHAVIOUR OF VELOCI TV PROFILE 
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FIGURE 4.27 

FLOW ASYMMETRY ANALYSIS 
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FIGURE 4.28 

, 
BOUNDARY LAYER DEVELOPMENTIN TEST DIFFUSERS 
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FIGURE4.29 

BOUNDARY LAYER DEVELOPMENT IN TEST DIFFUSERS 
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FIGURE 4.31 

COMPARISON OF TEST DATA WITH THE TURBULENT 

FLOW CORRELATION OF SANDBORN& KLlNE(56). 
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FIGURE 4.37 

VARIATION OF SKIN FRICTION COEFFICIENT IN 

TEST DIFFUSERS- ESTIMATED FROM C LAUSER PLOTS 
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FIGURE 4.38 
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EFFECT OF PRESSURE GRADIENT ON THE LAW OF THE WALL 
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TYPICAL INLET VELOCITY PROFILES WOLF & JOHNSTON(83) 
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FIGURE 4.49 
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FIGURE 4.50 

OPTIMISATION OF FLOW SPOILER POSITION INLET TURBULENT 
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FIGURE 4.51 

OPTIMISATION OF FLOW SPOILER POSITION, DIFFUSER EXIT 
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FIGURE 4.53 

OPTIMISATION OF FLOW SPOILER POSITION) VARIATION OF 

STATIC PRESSURE IN DIFFUSER INLET REGION. 
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FIGURE 4.54 

COMPARISON WITH INLET CONDITIONS GE NERATED 
BY A FLOW SPOILER ON OUTER WALL. 
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FIGURE 4.55 

COMPARISON WITH COMPRESSOR EXI T TURBULENCE 

INTENSITY - WILLlAMS& TERRELL(81 )-AT DIFFUSER 
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FIGURE 4.56 

FLOW SPOILER AT INLET - PRESSURE RECOVERY IN 
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FIGURE 4.59 

MEAN VELOCITY PROFILE DEVELOPMENT -- OPTIMUM FLOW 

SPOILER POSI TION 

L -- ..... -... 
i [/tlR,=5.0 8,'0.117 
I, L:f Oil, 7.0 -, 

D 'INNER WALL 
~--·--··c···I-· 

).9 ----_._,--- i· 

. . . 

1.8 
---.-- --.~---,~ .. -_. ------1--_ •.. - •. -- "t 

I 

1.7 
_' ___ . _________ 1 ______ .. 

I , 
.~ .~ --~ i 
15 

v. 

.2 

1 

TN.NO. 

o 

I 

._- ._ ... - ... _-j 
. , 

, 

I 

t 
-- t -- -

I 

-- -------- r----- ---- - --.--,-
I 

o o o o o 

I .. 

o 

i-­
I 

i ----, ----, 
. 

- - l' 

• 

- .-_.- ..•. - - --- f-

. , 
1 

• I 

, 
, 

I _.. r 

-r----- -.-'. -,--

o o 1.0 1.0 



FIGURE 4.50 
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FIGURE 4.68 

DIFFUSER EXIT VELOCITY PROFILE COMPARISON 
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FIGURE 4.70 
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CHAPTER 5 

5.0 THE APPLICATION OF INTEGRAL METHODS TO THE PREDICTION OF DIFFUSER 
PERFORMANCE AND STABILITY 

5.1 Introduction 

Theoretical analysis of the flow in diffusers is a problem in predicting 

the rate of growth, and possible eventual separation of a turbulent boundary 

layer. However, .in contrast to the case of a body surrounded by a free-

stream, the pressure is not determined by the frictionless .external flow, 

but ~y the development of the boundary layer itself. Therefore one of 

the main difficulties in calculating diffuser flow is that the press.ure 

distribution is unkl'lOVln to begin with, and is only established in the 

course of the calculations. 

All. theoretical prediction methods incorporate equations derived from 

the Navier-Stokes equa~ions by separating the velocity field into mean and 

fluctuating components. For axi-symmetric floVls these may be written as 

follows: 

X-direction 

au au an 
pu - + pv - = - -""- -ax oR ax 

R-direction 

av av 
PU - + pv - = ax oR 

The continuity equation for axially syriunetric flow is 

JL (Ru) ~ JL (RV) = 0 ax oR 

If equations 5.1 and 5.2 are combined together with the continuity 

relationship, and the Reynolds normal stress ternis neglected, this yields 

two equations for three unknowns u, v, To' These partial differential 

equations may be reduced to ordinary differential equations by integrati ng 
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across. the boundary layer, thereby avoiding explicit, local turbulence 

assumptions. This treatment gives rise to the class of 'integral' methods. 

If the basic partial differential e~uations are solved by numerical 

techni~)les as, for example, in the methods of Spalding and Patankar (63), 

and Bradshaw ( 6 ), then the turbulent shear stress structure may either 

be related to the mean velocity profile or directly to other turbulence 

parameters e.g. via the turbulent kinetic energy e~uation. 

gives the general class of 'differential' methods. 

This techni~ue 

, Differential methods are at present under'vigorous development and, 

with the ap~lication of increasingly sophisticated turbulence models, are 

able to solve ~uite complex flows. They suffer from the small amount of 

reliable experimental data available both for prediction comparison, and 

for the supply of improved turbulence models. Considering these, facts it 

was. decided to initialLy predict diffuser performance and stability using 

an integral approach and, at a later stage, apply the measured data to the 

evaluation of the Spalding and Patankar (63) differential method. 

The application of selected integral methods to the prediction of 

performance and flow. stability in the straight core annular diffuser with 

near uniform inflow is described in detail in the following sections. 

Where the flow is fully developed the method due to Stevens (67) may be 

applied. 

5.2 Integral Methods 

The basic elements of integral methods may be isolated by considering 

the momentum integral equation for incompresaible turbulent flow, which is 

generated by integrating the e~uations of motion across the boundary layer. 

This is derived in Appendix 4 and is ~uoted here in its fullest form for 

axi-symmetric flow with transverse wall curvature R', and the integral 

parameters take their axi-symmetric definitions: 
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(H + 2) __ e _dR_' +_1 
. R' dx U2 

-2 -2) 
of, v' - v' dR 

cS 

In the case of' f'low having a potential core the last term, involving 

the gradient of total press.ure at the point of maximum velocity in fully 

1 JR' a -2-2 The Reynolds normal stress term, ~ ax(u' -v' )dR 
. U ReS 

developed flow, vanishes. 

in potential core flow, is normalLy neglected as being of second order 

importance,which the data given in Chapter 4.0 on the overalL momentum 

balance in the test diffusers has substantiated. Further consideration 

of equation 5.4 shows that the following information is required: 

(i) The maximum velocity (U) variation. which, for internal flow, 

satisfies continuity. In its. turn continuity requires a 

model of the velocity profile which must be suitably described 

in terms of' known. integral parameters. 

(iii) A reliable criterion for the imminence of separation. 

(iv) A relationship describing the rate of ·change of' shape parameter 

(H), normally termed the 'auxiliaryequaticn'. 

The information specified in paragraphs (i) - (iii) is available in 

various forms which are given in Sections 5.2.1-3, while the choice of a 

suitable auxiliary equation is dis£ussed in Section 5.2.4. 

5.2.1 Continuity - Mean Velocity Profile 

Continui ty of'internal flow, provided there is no flow addition or 

removal, may be expressed as follows: 

m = S pudA 

A 
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Thus the need· arises for an accurate representation of the mean 

veloci ty profile related to .local integral parameters. 

Power-Law Velocity Profile 

The power law, in two-dimensional flow, may be stated as: 

o ~ y~ &. 

It was formulated by Prandtl who used n = 1 to describe the mean 
7 

velocity profile for the flat plate boundary layer. Pretach (51 ) 

generalised these profiles allowing 'n' to vary and adopted the character­

ising shape parameter H = o*/e to give: 

lA :i HH-1 ) 
(u) = Ci) 

Later Von Doenhoff and Tetervin (78 ) conducted a series of experiments 

which verified this method of profile rep·resentation as Fig. 5.1, 'l.uoted 

from their work, . shoVls. 

The aPElieation of this profile representation to diffuser flows vdth 

walls having tramverse curvature is suppcrted by the recent work of 

Joseph et al (32) who showed that transverse curvature must be extreme 

before there. is deviation from the 1/7 power law in zero press.ure gradient • 

. Asauming that this. finding is true in all. pressure gradients leads to the 

following expressions for flow in diffusers of small divergence angle: 

Conical Diffuser 

for fully developed flow,.· and 

. ~R-&' o 0 

Q = 
o 

(RO [R ~RJ ~(H-1.) 
21fRUdR + J

R

-

o 
21rRU~o . dR 

. 0 0 

where there is a potential core. 
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Annular Diffuser 

l
R. +0. R R -1- (H. -1) IR R R HHo-1 ) 
~ ~ -.'~ 0 -

Q = 21lRU(T.) dR + 21[RU(-t-) dR 
, 1 0 0 

R. R.+ . 
1 1 J. 

5.10 

for fully developed flow, and 

',' ~' R. +0 . R R HH. -1 ) 
1 J. -. 1 

Q= '21lRU(r) dR t 
, '1 

Ri ' ~
R -0 

o 0 

R.+o, 
1 1 

j
R R R HR -1) o -. 0 

211RUdR t 211 RU(-f-) dR 
, R -0 0 

o 0 

5.11 

where there is a potentiEl;l core. Expressions 5.8 - 5.11 all reduce to 

simple functions of R , R., 0, 0., H , ,H., U' and are thus ideal for 
o 1 0 1 0 ]. 

inclusion in integral methods. 

An evaluation of the accuracy of the method of profile representation 

may be gained from comparison with velocity profile data from Chapter 4 for 

the test diffusers with near uniform inflow (B
1 

= 0.028). Experimental 

velocity profile data, is compared with the power law mean velocity profile 

representation in Fig. 5.2(a) where the' same valuea of shape parameter (H) 

and boundary layer thickness (0) have been ass.umed. 

Whether the axi-symmetric or two-dimensional shape parameter is 

adopted is seen to be of secondary importance. The main conclusion is 

that agree~ent with experiment is not good. However, it is found that 

if. the momentum, thickness. (e) is adopted as the boundary layer thickness 

parameter, then .overall agreemen t wi th exP eriment is much improved, as 

Fig. 5.2(b) illustrates. This improvement is at the expense of a poor 

match to the actual boundary layer thickness.. 

To summarise,', the power-law velocity profile representation is aimple 

to apply to the evaluation of diffuser flow, preferably using momentum 

thickness (8) as. the boundary layer thickness parameter, and yields 

reasonable accuracy. 
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Two-Part Velocity Profile 

It is now generally accepted on physical grounds that the turbulent 

boundary layer velocity profile can best be described in terms of a minimum 

of.two regions (inner and outer) each having different characteristics, 

see Rotta (55), and this necessitates the use of at least two independent 

parameters to define the profile • 

. In general form the mean velocity profile in turbulent shear flow may 

be expressed as 

u 
U 

T 

uy 
= f(_T_) ..,. h(x,y) 

v . 

where the term h(x,y) gives the departure from the logarithmic law of the 
. 1. uy 

wall i.e. ~ = k log(-T-) t C. 
T v 

The law of the wake postulated by Coles. (19), where h(x,y) = ~ w(Y), o. 
has been used in many theoretical prediction methods applied over a wide 

vaI'iety of conditions;. however a more recent formulation by Thompson (73), 

based on the work of Sarnecki (58), would appear to be more deeply rooted 

in the physics. of turbulent flow. and may be briefly described as follows: 

The edge of a. boundary layer is deeply convoluted with incursions of 

the turbulence front into the potential flow region. The fraction of time 

for which the flow is turbulent at any given dis.tance y from the surface is 

termed the intermi ttency factor (y) where, 

and 

u = Yllolo (1 -y)u 
t P 

Ut = mean velocity over 'time·turbulent' 

u = mean velocity over 'time potential' p 

The assumption is then made that the mean velocity over 'time turbulent' 

may be represented by the universal semi-logarithmic wall. law profile and, 

using the mean constants adopted by Sarnecki, 
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Further assuming u = U 
P 

Thompson shows 

u = Y .ut -\, (1 - Y )U . s ' s 

where Y s indicates 5.15 applies 

thus. 

u - U Y . = 
sU

t 
U 

5.15 

Using equation 5.1.7 Sarnecki analysed a. comprehensive range of experimental 

data to give the correlation shown in Fig. 5.3 which leads to the conclusion 

that Y . s is a universal function of (~), where 0 
. u S 

s. 
= 2(y -0 5)· Y - • s 

From equation 5.1.6 a number of profiles. were generated for a range of 
UO s ' u 

cf and Ra = --- so that -U = . v . s 

Nume~ical integration, and cross plotting, then yielded the relationship: 

U (Y.. . ) U " f a,,'. H, Ra 

u presented in the form of charts for a range of fixed values of U as, for 

example, in Fig. 5.4. 

'Using this velocity profile method comparisons are again made with 

experimental velocity profile data from Chapter 4 as shown in Fig. 5.5(a), 

(b). Agreement with the experimental velocity profiles is greatly improved 

in the latter stages of diffusion where the law of the wall contribution is 

minor. In the early stages of diffusion however the profile match is . 

sDmewhat.poorer due, no doubt, to modification of the law of the wall in 

severe adverse pressure gradient, where in this ·case . the law of' the wall 

component makes.a major contribution to the velocity profile. 

However, this two-part profile does represent a marked improvement over 
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the powe~ law representation. Both are later evaluated in the context of 

the theoretical prediction methods employed. 

5.2.2 Wall Shear Stress 

Where the mean velocity profile can be described in two-parameter form, 

. and the universal law of the wall holds, experimental evidence has shown 

that it is possible to relate the shear stress, to a good approximation, 

. to some characteristic boundary layer thickness and to the shape of the 

boundary layer velocity profile. 

The ·requirements for a knowledge of wall shear stress may be stated as: 

(i r . a separation criter:bn when cf -+ 0 

(ii) its contribution to the momentum integral equation. 

Unfortunately, near to separation the assumptions on which the two-

parameter representation for c
f 

is based ·fail, severely curtailing the use 

of the two_parameter form for accurate prediction of ·separation point. 

The present application of the momentum integral equation is to 

diffuser flow where there is a strong adverse pressure gradient and, as 

the integrated momentum balance plots given in Chapter 4 have shown, the 

value of cf is. of relatively. minor importance. The various forms for cf 

have been adequately reviewed by, among others, Rotta (55) and Nash (44) 

and from these the simple relationship given by Ludweig and Tillmann (40) 

has. been assumed for use in conjunction with the power law mean velocity 

profile: 

5.18 

This relationship is based on the. assumption of two-dimensional flow; 

however its use in the prediction of annular diffuser flow where the inlet 
R. . . 

radius. Fatio is high (Rl ~ 0.8) can be justified by the quasi two-dimensional 
o 

nature of the flow and the relative unimportance of the cf assumption • 

. Where a two-part velocity profile has been assumed the value of c
f 

is 

implied, through the law of the wall. 
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5.2.3 Separation Criterion 

In general terms the separation of the boundary layer in a fluid 

mechanical device can ca use a rapid decline in performance with the possible 

addition of large scale instabilitie~ and allied vibration loads. 

Unfortunately the 'best performance' of many flow components occurs just 

prior to separation and thus the successful pre~ction of the imminence 

of separation is of major importance in any theoretical method. 

The separation point has, in the p~t, been predicted via the wall 

skin friction (c f ) which was assumed to be zero at the poi~t of separation. 

As noted in the previous section this approach is invalidated by the 

inherent inaccuracy in the determination of cf near separation, and will 

probably yield optimistic estimations of the separation point. 

Historically another widely used separation criterion has been the 

bounaary layer ~ape factor (H) with turbulent flow separation being pre-

dicted at shape factor value~ in the range· H = 1.8..,. 4.0. Such a wide 

spread gives rise to unacceptable variation. in the predicted point of 

separation and thus the engineer is usually forced into conservative 

designs with attenaant size penalties. 

The problems as~ociated with the prediction of flow separation have 

recently been reviewed in detail by Sovran (66) who highlights the 

pressing need for more research in this area. For the purpos es of 

separation prediction in the theoretical methods subsequently described 

it was decided to employ the transitory stall correlation, based on 

experimental data, given by Sandborn and Kline (56), a~ shown in Fig. 5.6. 

This has been shown in Chapter 4 to agree with present experimental te~t 

observations of the point of transitory stall, and could this be applied 

with a fair degree of confidence. 

5.2.1. The Auxiliary Eguation 

The auxiliary equation is a broad term applied to the ffieans employed 
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for predicting the rate of change of the shape parameter (H), or any other 

suitable boundary layer integral parameter. Many of the equations employed 

are empirically baaed making their extension to a wider class of flows 

questionable, as has been noted by both Rotta (55) and Thompson (72) 

in critical examination. The most reliable auxiliary equations have been 

found to be those firmly based in the physics of turbulent flow rather than 

on specific experimental data,. This physical basis is found in very few 

cases and by far.the most widely acknowledged is the entrainment based 

auxiliary equation of Head (26), later modified by Thompson (71). The 

Stanford Conference Proceedings of 1968 (66) showed that integral methods 

based on this entrainment. model gave consistently good results for a wide 

range of experimental flows, as Fig. 5.7 illustrates, and thus it was 

decided to adapt these methods to the preG.iction of incompressible turbulent 

flow behaviour in straight-core annular diffusers. 

5.3 Entrainment Model due to Head (26) 

The following sections describe the physical basis of Head's entrain-

ment model and its aP2lication to the generation of an auxiliary equation 

for incorporation into an integral method. This method is then applied 

to the specific problem of predicting the performance and flow s.tabili ty 

:j.imits of the straight core annular diffuser having near uniform inflow. 

5.3.1 Phyaical Basis 

Considering the case of incompressible two-dimensional turbulent flow, 

as defined in Fig. 5.8, the basis of Head's 'entrainment model is that the 

amount of fluid entrained from the freestream by the boundary layer over 

uni t length, denoted ~ , is dictated by the shape of the velocity profile, 

by the freestream velocity, and by some measure-of boundary layer thickness. 

Thus it Vias stated: 

:67 IS 
unit depth 

Figure 5.8 
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~ = f(profile shape, freestream velocity, a. boun6.ary layer thickness) 

Now Q = J: udy = U(o - & *) 

. thus 5.20 

and choosing convenient parameters, viz. 

profile shape ----- H&_o* 
0-0* 

= e 

boundary layer thic,kness - 0 - & * 

gave 

= =- U(& - 0*) = f(H . dn d [ ] . 
<Ix dx 0.-&*' U, 0. - 0*) 

which inherently assumes that the scale of the largest turbulent eddies is 

characterised by U and & - 0.*. 

Equation 5.21 gives, in non-dimensional terms: 

5.22 

which on expansion gives: 

d 
- (0. - 0 *) = F(H ) 
dx 0.-0 * 

0- 6* dU 
U • <Ix 

va th the assumption of a one-parameter fan.ily of velocity profiles 

such that Ho,.. 0* = G(H) it is posaible, with experimental evaluation of 

F and G, to calculate the development of H and thus, in conjunction with 

the momentum integral equation and continuity,. to predict the growth of 

internal turbulent flows, as detailed in the following section. 

5.3.2 Application to Two-dimensional Internal Flow 

Brief details of the application of Head's entrainment method to 

tV/o-dimensional internal flow facili t~tcs . the description of its subs equent 
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application to axi-symmetric flows. 

Consider an incompressible, two-dimensional,. turbulent internal flow 

in a .duct of smalL divergence of arbitrary cross-section (width 2W) and 

uni t depth. We have the folLowing equations, where all integral parameters 

take their two-dimensional form: 

l!omentum integral equation (neglecting Reynolds normal stresses) 

de Cf e dU 
- "' - ~ - - (H + 2) .dx 2 U dx . 

) 

( 0 246 .1 0-,·0. 678H (Re )~o. 268) where Cf·" • 

Auxiliary equation due to Head 

o - 0* dU 
U dx 5·25 

Continui ty 

Q." 2 ~: udy .. 2U(W - 5 *) 5.26 

A power-law form of the velocity profile is assumed since this is 

inherent in Head's auxiliary eq.uation (Ho_o* " G(H)) and the functions F 

and G, illustrated in Fig. 5.9, are q!loted from the work of Head (26). 

Given this basic information, prediction of thc internal boundary 

layer growth is possible up to the point where the boundary layers meet. 

The method of solution is indicated, in terms of a 'block diagram',.in 

Fig. 5.10, and may be briefly des1:ribed as folLows: 

Qver a step length dx a velocity increment dU is assumed. Applied 

to the momentu. m integral equation in mean terms, this gives e d' and 
. X-Io X 

. applied similarly to the Head auxiliary eq.uation, using F(H *) from 
. 0-6 

This gives, through H *" .. G(H), the value of 
0-0 

H d· • and· allows calculation of Q . ~. If Q .. . ~ . :/ Qxa simple predictor-
x+ X X-KlX X"KJX . e .., e 

corrector technique is applied, the mean ~alues. adjusted e.g. e = x 2x+dx , 

and the calculation pursued ~til, within an acceptable tolerance, continuity 

is satisfied. 
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5.3.3 Application to Axi-Symmetric Internal Flow 

The basic difference in the mechanism of entrainment in external and 

internal flow is, as Section 5.3.2 has indicated, that free entrainment 

ceases when th~ two boundary layers meet. The case ofaxi-symmetric 

internal flow adds a further dimension in that the actual 'front' over 

which entrainment takes place reduces or increases as the boundary layer 

develops. This is illustrated in Fig. 5.11, where the conical diffuser 

has been taken as an example. 

Figure 5.11 

Similar behaviour is encountered in the annular 'diffuser where 'entrain-

ment'takes place on two fronts which may reduce or increase as diffusion 

takes place dependent on the diffuser geometry, with free entrainment 

ceasing when the fronts coincide. 

Thus in axi-symmetric flow some re-definition is required when considering 

entrainment. Here it is assumed that the rate of entrainment of the free-

stream by the boundary layer (~) takes the fol~ovdng form: 

E:9.= 21iR UF(H') 
dx eff. 5.27 

where Reff • is the effective radius of entrainment and H' some representative 

shape parameter equivalent to HeS-c* in two-dimensional flow. The relation-

ship given in,5.27 fulfills alL physical requirements in that ~ is directly 

proportional to the length of the entrainment front, and reduces to zero 
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when Reff =. O. 

The effective radius of entrainment can be found by reference to the 

experimental work on intermittency by Feidler and Head (22). The effective 

centre of entrainment (~) in adverse presaure gradient is given in terms 

of the shape parameter H as illustrated in Fig. 5.12. Thus assuming a 

conical diffuser, for purposes of illustration, where the radius is Rand 

the boundary layer thickness 0, we have 

5.28 
, 

Turning to the specific case of the straight-core annular diffuser 

of small divergence, with the geometry and nomenclature as given in Fig. 5.13, 

we have boundary layers on both outer and inner walls experiencing an 

(assumed) . equal axial presaure gradient. Neglecting Reynolds normal stresses 

the momentum integral equations on the outer and inner.walls respectively, 

derived in Appendix4, are as follows, ass.uming a potential core: 

.where c
f o 

6 
...£ dU (H + 2) 
U dx 0 

6
0 

dRo 
R dx 
·0 

6 6 dR . dU . . 
..2:. _ (H '" 2) _ ..2:. --2:. 
Udx i·R dx 

o 

h · 0246 10-0.678H. were Cf. = •• l. 
R -0.268 
e
i J. 

5.29 

Note that the boundary layer integral parameters here take their axi-

symmetric form. 

The boundary layer flows denoted Q and Q. for the outer and inner 
o J. 

walls respectively are derived in Appendix 5 and reduce to: 
2 

Q = 21TUR (0 _ 00/2R *) 
o 0 0 0;:: 00 

- 93-

5·31 



and letting (0 - 0
2
/2R - 0 *) = DO o 0 0 0 

2 
(0. + &./2R. - 0:0') = DI 

·30 30 1 30 

The following convenient shape parameters are defined: 

H' = Do/e o 0 

H! = DI/e. 
30 30 

it being assumed that 

H~- F1(Ho ) 

Hi = F2(Hi ) 

Two entrainment functions are then assumed, viz. 

dQ /dx 
F
3

(Ho') = ==""'---=: 21TR U 
°efi' 

Now differentiation of 5.31 gives 

dQ 
o 

dx= 2nR •. F3(il') = 21T[R .U.~~_(DO) 
0eff 0 0 WI. 

i'rom which, as detailed in Appendix 5: 

d . 1 . [ . R .DO dU . dR ] 
- (DO) = - R .F (H') - 0 - - DO. dxo . 

. dx Rooeff 3 0 U dx 

and similarly for the inner wall 

DI.a: 
dR. ] 

5.32 . 

5.33 

5.35 

Equations 5.37 and 5.38 form the auxiliary equations and the remaining 

requirement· for solution of the flow is to evaluate the functions F1-4 

appearing in equations 5.33 - 5.36. 
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This requires.detailed experimental data and the only independent 

information available was. that due to Stevens and Markland (68), so 

initially this data was used. Unfortunately the degree of flow asymmetry 

was such as to invalidate the use of the data for this purpose, and 

recourse had to be made to data from the experimental tests desoribed in 

Chapter 4. Using these results the functions F1._4 were generated, and' 

are illustrated in Fig. 5.14. It 'will, be noted that within acceptable 

limits, Ft =F2 while F1 I F4 the latter result being discussed in detail 

in Chapter 6. l 

Thus for the purposes of computation a single function for the form 

of shape parameter was assumed (H' = F(H)) while separate functions were 

used for the inner and outer walls. 

Asauming a power law mean velocity p'rofile representation the total 

quantity flow (Q), as derived in Appendix 5, takes the form: 

. [R.o.., o.~ «R - 0. )2 - (R. of, 0.)2) R 0. 0
2

] 
. 1l J. 0 0 ]. 1 00 0 

Q = 41TU 'H:'7-I + H. +3 + 4,' '" H +1 - H +3 
l. J.. . 0 0 

Suffici ent information was then available to allow solution of the 

diffuser flow by basically the same process as indicated in Section 5.3.2. 

Fig. 5.15 shows a flow diagram of the computer program employed in the 

. case of annular ,diffuser flow. 

Basic checks were carried out on the predict.ion method for sensitivity 

to: 

(i) tolerance (DIFF) on continuity 

(ii) variation of the step DX from 0.01(N) to 0.1(N) 

(iii) small changes in diffuser inlet parameters. 

The significant results of thes,e checks are illustrated in Fig. 5.16 

where it iS,seen that a value of DIFF/Q > 0.01 causes inaccuracies; however, 

in practice a very close tolerance, of the order Dr:F = '0.00001 was maintained. 
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Sensitivity. to DX was. negligible as wa~ the effect of small variations 

in the inlet parameters • 

. Comparison of this prediction method with experimental results from 

the test diffusers is made in Chapter 6. 

5.4 Entrainment Model due to Thonrpson (7.1 ) 

. The physical basis of Thompson's entrainment model is described and 

the resulting auxiliary equation is aplllied to the prediction of perform­

ance a~d stability limit~ of the straight core annular diffuser with near 

uniform flow. 

5.4.1 Physical Basis 

For the two-dirr.ensional,. incompressible turbulent boundary layer, 

Thompson .considerably revised the entrainment concept of Head. Consi dering 

an entrainment front continuously propagating into the external flow he 

bases his arguments on relating the rate of increase of flux of the 
. dQt 

turbulent flow (dx) to the mean entrainment.):·,<I.te , denoted 7t . 

then 

Considering equation 5.13 where 

u = yllt + (1 - y)up 

Qt = f\UtdY = Ut t . 
where t is defined as the 'turbulence flux thicknesa', and the basic 

entrainment equation could be written: 

51.-0 

. 5.41 

In the absence of experimental information, Thompson asaumed that the 

intermittency distribution. was in all. cases that measured by Klebanoff'.(33) 

in the 'zero presaure gradient layer, and further, that the mean velocities 

in the turbulent fluid were given by the universal inner law projected out 

into the intermittent region, and that the velocity in the irrotational 
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regions was that of the freestream. 

With these assumptions rhompson was able to construct a family of 

turbulence flux profiles correspondine to his velocity profile family, and 

to plot tl a as a func'tion of Rand H. e 
The entrainment velocity Vet was·ass.umed to be proportional to the 

velocity defect AU of the turbulence flux profile near the bottom of the 

intermittent region, as illustrated in Fig. 5.17, thus: 

l 

or 

~ (R t / ) = ch AU!! 
dx e· e eU\! 

where eX- was ass.umed to be a 'universal entrainment coefficient'. 
e 

5.42 

From the family of turbulence flux profiles tu 'was plotted as a 

function of H and Ra and, with tie and cf similarly displayed, the entrain­

mente~uation, 5J+2,'and momentum integral e~uation could be applied to the 

solution of two-dimensional flows, using the computational techni'J,ues 

described in Section 5.3.2. 

With a = 0.09 good agreement was obtained for the e~uilibrium boundary 
e 

layers of Clauser (15) and the flat plate boundary layer, but only poor 

agreement for separating flows. At this stage it was ass.umed that 

d t e dx ( le) could be used as a measure of the 'departure from similarity and 

this was introduced by assuming: 

Thus e~uation 5.42 then took the form 

U Au t dRe 
a--_ ( I )-vu 8 dx 

R (1 _ B Au) 
a U 
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With Cl = 0.09'and e = 1.0 equation 5.44' was found to gf've satisfactory 

results, and where 
d t ' 
~ ( le) > 0.003 the assumption of e = 2.0 gave 

improved agreement with experimental data. 

Application of Thompson's Method Using the Concept of 
, 'Eguivalent Two-Dimensional Flow' 

In Thompson's method two-dimensional flow and, definitions are 

assumed throughout, and the use of empirical' constants. generated from two-

dimensional experimental data makes the rigorous application of the method 

to axi-sjnIllIletric turbulent flow impossible without complete re-definition 

of the method in axi-symmetric terms. This was beyond the scope of the 

present evaluation of entrainment based integral methods aPI!lied to the 

s.traight core annular diffuser and indeed, presents a primary obstacle to 

the general apI!lication of this method • 

. For ,.the specific case of straight core annular diffusers of high 

radius ratio; for the geometry shown in. Fig. 5.13, the concept of a 'two-

,dimensional equivalent' annular diffuser was evolved. 

The basic computational method outlined in Section 5.3.3 was. retained 

and a diffuser inlet radius ratio of 0.98 ass,umed to give a quasi two-

dimensional flow allowing the use of Thompson's entrainment equation. 

The diffuser non-dimensional length (N/AR1) was maintained and' the outer 

wa;ll angle(~o) adjusted to give an area ratio AR
1

_
2 

= 2.0. The actual 

and modified diffuser geometry parameters 'are given in Table 5.1 below: 

" 
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TABLE 5.1 

.. EQUIVALENT DIFFUSER GEOMETRY 

ACTUAL EQJJIVALENT 

[:~11 [ :~11 
.. 

N AR
1
_
2 ~o <P. 

N AR
1
_

2 ~o <Pi lIR1 ~ lIR1 

0.83 10.0 2 •. 0 5.00 00 0.98 10.0 2.0 5.7330 00 

0.83 7.5 2.0 6.650 00 0.98 7.5 2.0 7.6170 00 
.. 

0.83 5.0 2 •. 0 10.00 00 0.98 5.0 2.0 11.4330 00 

. L 

Th~ validity of this concept was checked using the established Head's 

method with encouraging results, as Fig. 5.18 shows •. This is probably 

mainly due to the high actual diffuser radius ratio, and the~equivalent 

diffuser' concept is not advocated as being generally applicable. 

Thus the Thompson entrainment equation 5.41+ was asaumed and also 

continuity based on the Thompson two-part velocity profile, both as detailed 

in Appendix 6. Wi th the addition of the' outer and inner wall momentum 

integral equations this allowed solutio~ of the flow, using the techniques 

established in Section 5.3.3, as shown in the computer. program flow diagram 

in Fig. 5.19. 

The sensitivity of the method to the ~uantity flow tolerance, 

varia'tion in the DX' step, and IT.aria tion in the ini tial parameters was 

checked with satisfactory results s'imilar ,to those quoted in Fig. 5.16 

. Comparison of this prediction method vri.:th experimental resulta from 

the teat giffusers is given in Chapter 6. 
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FIGURE 5.3 
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FIGURE 5,5 
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FIGURE 5.14 
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FIGURE 5.16 
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CHAPTER 6 

6.0 COMPARISON OF THEORY WITH EXPERIMENT 

In this chapter the application of the turbulent boundary layer 

prediction methods to the straight-core annular diffuser, described in the 

previous. chapter, is evaluated, in detailed and overall. terms, through 

comparison with the experimental data given in Chapter 4, and other 

pertinent data. 

The crucial test of any theoretical prediction method, as applied 

to the flow in diffusera, is its ability to auccessfully predict the 

growth of the boundary layers. Remarkably crude assumptions .(e.g. Kunz 

(34), H = 2~0) will. yield an acceptable prediction of the diffuser 

performance in terms of Cp while not giving the detailed growth of the 

boundary iayers. For this reason it was not felt useful to overemphasise 

the comparison of the prediction methods with other diffuser perforrrance 

'data, and attention has been focussed on the ability of the methods to 

predict the diffuser boundary layer growth, from which an aocurate 

prediction of diffuser performance inevitably arisea. 

6.1 The Effect of the Mean Velocity Profile.Form on the Evaluation 
of Diffus.er Quantity Flow 

Since the ,continuity of flow forms the basis of the iterative procedure 

employedin the prediction methods, the correct evaluation of diffuser flow, 

using,boundary layer integral parameters, is of.great importance. 

,The two "eloci ty profile representations employed viz. the power-law 

profile and the Thompson two-part profile, have been compared with typical 

'experimental velocity profiles in Chapter 5. They ,are no~ evaluated in 

'overall' ,terms in the following manner: 

,For the test diffusers (L/lffi1 = 5.0, 7:5, 10.0) with near uniform inlet 

flow (B
i 

= 0.028) the diffuser flow has been calculated from the 'raw data' 
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values. of Re and H (inner and outer walls.) using the two velocity profile 

models. These calculated values are then non-dimensionalised using the 

integrated mass flow at each respective station, as shown in Table 6.1.. 

TABLE 6.1 

. EVALUATION OF VELOCITY PROFILE MODELS 

. -
B1 == 0.028 L/tR1 == 10.0 

... 

Power Law Profile Two-Part Profile 
X/N QEXPT(FT3/SEC) ',QpCi!'r3/SEC) '. . QTP(FT3/SEC) QpfQEXPT QTpfQEXPT 

0.030 40.95 40 •. 00 39.98 0.980 0.975 
0.075 40.40 40.00 

'. 40.07 0.990 0.990 
0.145 40.40 40.05 40.10 0.990 0.990 
0.215 I 40.45 40.12 40.12 0.990 0.990 
0.270 40.65 40.20 40 • .30 0.990 0.990 
0.37.0 40.75 40.20 40.20 0.990 0.990 
0.470 40.65 40.10 40.15 0.985 0.990 
0.590 40.77 40.04 40.20 0.980 0.985 
0.770 40.75 39.72 40.15 0.975 0.985 
0.985 40.83 39.60 40.45 0.970 0.990 

. L/ilR1 == 7.5 B1 == 0.028 

Power Law Profile Two-Part Profile 
xjN QEXPT(FT3/SEC) Qp(F1'3/SEC) QTP(FT3/SEC) QpfQEXPT QTP/QE.1CPT 

0.04 . 38.80 37.52 37.72 .0.970 0.970 
0.100 38.05 37.60 37.70 0.990 0.990 . 
0.167 .38.25 37.68 37.68 0.985 0.985 
0.293 38.15 37.87 37.80 0.990 0.990 
0.420 38.42 38.20 38.33 0.995 0.995 
0.51+7 38.68 38.12 38.30 0.985 0.990 
0.673 38.1+8 37.95 38.48 0.985 1.000 
0.800. 38.88 .37.85 38.70 0.975 0.995 
0.987 39.10 37.72 39.00 0.965 . 0.995 

L/flR1 == 5.0 B1 == 0.028 -
Power Law Profile Two-Part Profile 

X/N . QEXPT(JiT3/SEC) Qp(FT3/SEc) QTP(FT3/SEC) QpfQEXPT QTpfQE.1CPT 

0.06 39.60 37.1tO 37.40 0.945 0.945 
0.15 37.82 37.50 37.50 0.990 0.990 
0.27 38.18 37.82 37.90 0.990 0.990 
0.39 38.60 . 38.22 38.55 0.990 1.000 
0.51 38.98 38.12 38.80 0.980 0.995 
0.63 .39.10 37.87 39.30 0.970 1.005 . 

0.75 39·55 37.30 39.10 0.945 0.990 
0.856 38.37 37.30 39.30 0.970 1.020 
0.963 40.07 37.68 * 0.940 -
*" shape factor outs.ide range of Thompson two-part profile 
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" " In the early stages of diffusion the two-part velocity profile yields 

ne greater acc,uracy than the power-law, with both methods giving within 1% 

,.of the measured flow. However, in the latter stages, the two-part profile 

maintains this accuracy while the pewer-Iaw profile exhibits errors of up 

to -6%. Thus the two-part profile based flow calculation is shown to 

have a constant "calibration factor', for all practical purposes, of unity 

over the measured range of Hand R , while the power-law profile calcula-
o , 

tion givea rise to quite serious underestimation for H> 1.8. The effect 

dU on the prediction ,methods is to depress, the calculated value of dx for 

H > 1.8 and thus inhibit the more rapid growth of shape parameter in excess 

of this value. 

The oeparture from the one-parameter velocity prefile is illustr~ted 

in Fig. 6.1 which shows the experimental variation .of 0 e = fn(H) on 
0.995 

the outer walL of the test diffusers compared with the power law form, 

e H-1 . & = H(H+1} , shoWlng a olear lack of agreement on the outer wall where H > 1.8. 

Fig. 6.2, which shows a similar comparison for the inner wall, confirms 

that for H < 1 • .8 the one-parameter form of the velocity prefile is valid. 

6.2 Internal Flow Development 

6.2.1 Head's Prediction Method 

The computer program based on Head's method was. applied to the prediction 

of flow development in the test straight-core annular diffusers for which 

e::"'1lerimental data is given in Chapter 4. Comparison was confined to the 

data for the near uniform inlet velocity profile (B
1 

= 0.028) where' a 

'potential core' was, maintained up to diffuser exit. For the ether 

naturally developed inflow case where detailed data was available (B
1 

= 0.09) 

the flow became fully developed in the early stages of diffusion giving 

insufficient basis for comparison. 

Initially prediction was started from the experimental values at the 
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upstream datum station (x = -3.15in) and allowed to proceed to diffuser 

exit unless terminated by any program check stops e.g. H> 3.0 or fully 

developed flow. For the three test diffuser geometries (1/~1 = 10.0, 

7.5, 5.0) the comparison of the predicted development of the shape factor 

(Ho' Hi)' momentum thicknesa (6
0

, 6i ) and pressure recovery (Cl') with· 

experimental data is shown in Figs. 6.3 + 6.5, the detailed program out-

puts being given in Appendix 5. For the 1/~R1 = 10.0, 7.5 diffuser 

geometries the overall agreement of the. predictions with the experimental. 

data is excellent, and up to the estimated separation region this is also 

true for the 1/~R1 = 5.0 geometry. The eatimated separation region was 

established from the values of shape parameter (H) and skin friction (c f ), 

applying the separation criteria of Sandborn and Kline (56). Separation, 

when predicted, always occ.urred on the outer wall. Fig. 6.6 shows the 

predicted values of Hand c for the test diffusers, and thes.e indicate 
o fo 

that the 1/~R1 = 10.0, 7.5 diffusers were free of separation while the 

flow in the L/~R1 = 5.0 diffuser separated at the approximate position 

X/N = 0.80. This agrees w~ll with the experimental observations noted in 

Chapter 4. In line with these findings Cl' was correctly predicted for the 

1/~R1 = 10.0, 7.5 diffusers, while for the 1~R1 = 5.0 diffuser there is a 

marked deviation between the predicted and measured values of Cp after the 

estimated separation point • 

. Slight inaccuracy in the prediction of shape parameter in the early 

. stages of diffusion was noted and this was attributed to the inability of 

the method to predict the radial press.ure gradient in the diffuser inlet 

plane, due to the inherent assumption of equal presaure gradients on both 

diffuser walls. In an attempt to avoid this a series of predictions was 

carried out on the same diffuser geometries with the solution starting at 

a position just downstream of the diffuser inlet plane matched to the 
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experimental data at this point. The detailed tabulation of these pre-

dictions is given in Appendix 5, while Figs. 6.7 + 6.9 present the main 

parameters. Some slight improvement in the accuracy of prediction is 

evident but it is not sufficient to recommend the general use of this 

technique in view of its restrictive nature. Quite detailed experimental 

data is required before a prediction can be made, and this data is not 

normally available. 

The two-dimensional form of Head's prediction method uses a single 

entrainment function and an attempt was made to predict the flow in the 

test Oiffusers on this basis where, adopting the nomenclature of Chapter 5, 

Thus the outer wall entrainment function (F 3 (H~)) was 

assumed to apply to both diffuser walls and the predictions repeated for 

the set of teat diffusers. Figs. 6.10 +6.12 illustrate these results. 

The absence of the asymmetric growth of shape parameter will be readily 

noted, and it becomes clear that a single entrainment function will not 

satisfy the behaviour of the inner and outer wall. flows in annular 

diffusers; the difference in the entrainment functions must be attributed 

to physical differences in the respective boundary layers. Two possible 

sources are considered here: 

(i) due to the transverse curvature on the diffuser walls, 

the entrainment front is either stretched or compressed 

according to whether the curvature is concave or convex. 

Thus the flow on the outer wall of the diffuser may 

exhibit deeper convolutions along the entrainment front, 

with the reverse behaviour occurring on the inner wall. 

(ii) modification of the mechanism of entrainment due to 

longi tudinal stretching of the entrainment front caused 

by the curvature of the inlet bend at the outer wall. 
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Of these two possible effects, modification due to transverse 

curvature is probably only slight in the test diffusers since the radius 

dimensions are relatively large. Thus the difference between the inner 

and outer wall entrainment functions can be mainly attributed to the effect 

of the outer wall inlet bend. 

The validity of the above argument has been independently checked 

by making minor modifications to the method to adapt it for the conical 

diffuser geometry and predicting the boundary layer development in the 

conical diffuser geometry tested by Uram (77), the 'inlet bend sensitive' 

outer wall entrainment function being used in this prediction. Fig. 6.13 

shows a favourable comparison of the predicted values of Hand e with 

those meaaured by Uram and indicates that the entrainment functions 

generated from the teat data are generally applicable. 

6.2.2 Thompson's Prediction Method 

Due to the graphical basis. of this method it proved very cumbersome 

in use, taking up a large amount of computer space and running time. 

In predicting the flow development in the tes.t annular diffuser 

geometries, attempts to run the prediction method starting from the upstream 

datum s.tation proved impossible since the method proved very sensitive to 

the high presaure gradient in the early atage of diffusion. Thus all 

pr·edictions had to be s.tarted from a position downs,tream of the inlet which, 

as has. been noted in Section 6.2.1, is unnecessarily restrictive. 

In view of theKe problems it was. not possible to carry out extensive 

predicti·ons using Thompson's method, and attention was confined to 

evaluating the method in terms of the annular diffuser test data and of 

Head's prediction method. 

The comparison of the pre~cted valuea of shape factor and momentum 

thickness with the annular diffuser test data for the 1/AR
1 

= 10.0, 7.5, 5.0 
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,geometries (B1 = 0.028) is shown in Figs. 6.14 + 6.16. On the basis of 

this comparison the performance of the Thompson prediction method in this 

application is seen to be inferior to that of Head's method. Because of 

this the following section, which deals with the application of theoretical 

prediction to the establishment of diffuser stability limits., is based 

exclusively on Head's method. 

In an attempt to explain the relatively poor performance of Thompson's 

method the value of the 'constant' S in equation 5.44 was investigated. 

'Several sets of data were selected from the Standford Conference Proceed­

ings (66), care being taken to choose data which. showed a reasonable 

momentum balance. The value B was then calculated from this data. While 

values of B of 1.0 or 2.0 were certainly given in approximately half of 

the cases, values as widely divergent as 6.0 and -2.0 were also recorded. 

Thus the conclusion must be drawn that the v~lues of ~ quoted in Thompson'~ 

work are not universally applicable. 

6.3 Prediction of Overall Perforrr~nce and Stability Limits 

As stated at the beginning of this chapter the basic test of any 

prediction method applied to diffuser flow must be to successfully predict 

the boundary layer growth in the diffuser for any particular geometry. 

Detailed performance maps giving the stability limits for the conical and 

annular diffuser geometries under near uniform inflow conditions are 

available from the report of Sovran and IO.omp (62), and an attempt was 

made to reproduce these maps using Head's prediction method. 

In the case of.conical diffusers the inlet data from Uram's work was 

assumed (B1 = 0.032), and for the annular geometries the inlet data from 

the present tests has been used (B1 = 0.028). For these fixed inlet 

conditions the internal flow development in a wide range of diffuser 

geometries was predicted and the Sandborn and IO.ine (56) separation 

- 106 -



cri terion applied :to locate the s tabili ty limi ts • The performance data 

was then plotted in terms of Gp and lines of constant Gp generated, which 

are shown, for the conical and annular geometries respectively, in Figs. 

6.1.7 and 6.18. 

In both cases the agreement with the experimentally measured diffuser 

stability limits, while not in exact coincidence, is very good, especially 

in the 'useful' range of pressure recovery where Gp = 0.50 ... 0.70. The 

deviation of the stability limit ~t the lower values of pressure recovery 

(Gp" 0.20) can be attributed to the failure of the meth?dto accommodate 

the large divergence angles which are implied by such low values of 

pressure recovery. 

Performance prediction in terms of Gp is excellent except where there 

is marked deviation between the actual and predicted Gp* lines at the lower 

values of Gp. 

6.4 Finite Difference Methods 

The differential'method of Spalding 8.nd Patankar (63) was applied by 

Nayak (46) to the prediction of boundary layer growth in the teat diffuser 

geometries, the meaaured values of mixing length etc. being incorporated 

into the program. 

Application of the method was adversely affected byihe diffuser outer 

wall inlet bend and it proved necessary to adopt the practice of starting 

the prediction downstream of the inlet plane. With this restriction 

reaaonable predictions of boundary layer growth were made • 
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CHAPTER" 7 

7.0 CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK 

The n~jor points of interest which arose from the research program 

are summarised in this chapter. 

7.1 Experimental Tests 

A detailed investigation of a range of straight-core annular diffusers 

was undertaken. The diffuser geometries were chosen with reference to 

the optimum lines given by the work of Sovran and Klomp (62) and gave 

pressure gradients representative of industrial flows. 

7.1.1 Naturally Develop ed Inflow 

In the first part of the research program the diffusers were tested 

with a range of naturally developed inlet velocity profiles from near 

uniform flow to fully developed flow. The following points are"noted: 

(i) The levels of diffuser performance, in terms of CP1_2' compare 

well with the measured data of Sovran and Klomp (62). However 

the diffuser stability limits given by their work are not verified 

and the general applicabili ty of these limits is open to question. 

(ii) For the test diffusers the value of CP1_2 fell with initial 

thickening of the inlet boundary layers with subsequent recovery 

as the inflow became fully developed. 

(iii) Downstream of diffuser exit, pressure recovery continued in the 

settling length due to momentum transfer; this was substantially 

complete within two hyaraulic diameters. 

Detailed investigation of the boundary layer growth in the test diffusers 

suggested that: 

(i) The disturbance associated with the flow curvature around the 

outer wall inlet bend presents the diffuser with a locally" 

distorted inlet velocity: profile which is accentuated by the 
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pressure gradient. 

(ii) The flow development is dominated by the pressure forces, 

especially in the early stages of diffusion. 

(ili) The turbulent shear stress distributions exhibit a rraximum 

which moves away from the wall, the gradient of shear stress 

at the wall [~J being approximately equal to the local 
R=R d 

axial pressure gradi~nt~. The indications are that in 

the initial stages of diffusion the turbulent shear stress 

structure lags behind the development of the mean velocity 

profile. 

(iv) The non-dimensi onal mixing length distributions agree reasonably 

well with the form of a ramp function near the wall and a constant 
. . 

level in the outer part of the layer. However the magnitude of 

this constant level varies slightly. 

(v) Due' to the large shear s.tress gradient in a direction normal 

to the wall the conventional form of the 'law of the wall' 

equation ceases to be valid; + even at y values as low as 100 

deviation is observed. 

(vi) The excellent momentum balance plots, confirm the utility of 

the experimental data and indicate that it may be used with 

confidence in the checking and generation of theoretical 

prediction methods. ' 

7.1.2 Artificially Generated Inflow 

In an attempt to separate the influences of 'turbulent mixing' and 

the local velocity profile a series of tests was carried out in which the 

turbulence levels were increased with minimal changes in the inlet velocity 

profile. 

For mixing generated with a flow spoiler on the outer,wall at inlet to 
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the L/&l1 = 5.0 diffuser, in the optimum "case, the following effects were 

apparent: 

(i) A marked improvement in the stability of the diffuser exit flow was 

noted with an attendant improvement in Cp of some 12% over the 
1-2 

equivalent naturally developed inflow case, with no significant 

change in diffuser losses. 

(ii) The distortion of the boundary layer on the outer wall of the 

diffuser was reduced significantly. 

(iii) The shear stress distribution ag~n exhibited a maximum which 

moves away from the wall; however in this case the gradient of 

shear stress normal to the wall" is not equal to the local axial 

pressure gradient, [~ J < ~. The inclusion of the 
R=R o 

Reynolds normal stress terms from the mean flow equation partly 

accounts for this discrepancy indicating that in this case "further 

terms from the mean flow equation must be taken into account. 

Similarly to the naturally developed inflow cases, the shear 

stress structure initially lags behind the development of " the 

mean velocity profile. 

(iv) The absolute mixing length levels were considerably higher than 

those measured"in the "diffuser with naturalLy developed inflow. 

In non-dimensional form the ran;p function of the mixing length 

distribution persisted over most of the boundary layer in the 

early stages of diffusion. In the latter stages of diffusion 

a constant level over most of the boundary layer was observed; 

however the value of the constant varied considerably along the 

diffuser. 

(v) The conventional form of the law of the wall ceases to be valid 
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due, as noted in the case of naturally developed inflow, to 

the large gradient of shear. stress near the wall. 

(vi) The momentum balance, which includes all relevant terms, is 

excellent. 

In the case of inlet flow mixing generated by a coarse gauze, which 

was applied to all three test diffusers, the following comments may be 

made: 

(i) The stability of the exit flow was markedly improved with the 

outer wall shape factor at diffuser exit (H ) being reduced 
O2 

from a value in excess of 3.0,to 1.8 in the 1/~R1 = 5.0 diffuser. 

(ii) Maximum improvements in pressure recovery (11 liR1 = 5.0 diffuser) 

of approximately 20% in CP1_2 were noted, with small_increases 

in diffuser energy losses. 

(iii) The high level of mixing near the wall contributed to such 

effect that the downstream settling' length produced only slight 

additional pressure recovery. 

The latter results serve to highlight the fact that inlet conditions 

can have far-reaching effects on diffuser performance. The practice of 

presenting diffuser performance in terms of gross. geometry, while a useful 

design aid, has tended to minimise the importance of diffuser inlet conditions. 

It cannot be emphasised too s_trongly that the possible effects of inlet 

conditions should be equally well understood. It is within the author's 

experience that within industry serious problems have arisen which are 

directly attributable to the 'optimistic' application of the Sovran and 

Klomp performance/stability limit correlation. 

7.2 Theoretical Methods 

The flow development and overall performance, assuming naturally 

developed flow, in the test diffuser geometries was predicted for near-
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uniform inflow using integral methods which had been modified' for 

application to axi-symmetric flows and included entrainment based 

"auxiliary equations'. 

The method based on Head's entrainment model was very reliable and 

rapid in use and the predicted diffuser boundary layer growth and overall 

perforwance agreed well with experimental data. Vuth the adoption of the 

separation correlation of Sandborn and Kline (56) this method was applied 

to a .. range of straight-core annular diffuser geometries and from these 

predictions it waS possible to reproduce, to a fair degree of accuracy, 

the performance map of Sovran and Klomp (62). 

The method based on Thompson's entrainment model, while potentially 

superior, proved unwieldy in use due mainly to its high graphical content. 

This methoQ gave disappointing results' in this particular application, and 

is not to be recommended where it is necessary to solve the flow using 

computer methods because of the prohibitive amount of running time required. 

7.3 Future Work 

The general solution of the flow in diffus ers with arbitrary inlet 

flows must come from a theoretical approach since it is impossible to 

test all the possible diffuser geometries for all the possible inlet 

condi tions. There is no doubt that the differential methods now being 

developed are moving in this direction but more experimental data is 

required before this can be achieved. These experiments must be carefully 

selected so as to give the maximum of useful data and a physical under­

standing of the problems of flow in diffus ers • 
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