LOUGHBOROUGH
UNIVERSITY OF TECHNOLOGY
| LLIBRARY

t.
AUTHOR Oniiams, & T

l COPY NO. 00 62?7/0 2

’ YOL NO. CLASS MARK

R ¢ grves | Co P

0\\\\){

R

cdr REFERENCE




THE INFLUENCE OF INLET CONDITIONS ON
" THE BOUNDARY LAYER GROWTH AND OVERALL

PERFORMANCE QF ANNULAR DIFFUSERS

'hy

¢. J. WILLIAKS B. Tech.

. Supervisor: S. J. Stevens Ph.D.

Submitted for the Degree of Doctor of Philosophy
of Loughborough University of Technology

August 1972



oo —
t»‘ﬂ‘}.i f"‘-"ﬁ'_"‘l Vo fhvy ':‘_:_y
Of tein ooy Loy

Lo dee 72
i
Lom

i
AN



SUMMARY

An experiméntai investigation éf the flow.behaviour in, and overall
ﬁerformance of, the straight-core annular diffuser under naturally and
artificially generated inflow conditions ié described. For naturally
developed near uﬁiform inflow diffuser overall performénce, and stability

-.limits,, are theoretically predicted.

In the first part of the research preogram the diffuseré were tested

ovef a range of naturally developed inflow velocity profiles from near-
-uniform to fully developed flow. The diffuser pressure recovery was observed
o fdll with initial thickening of the inlet béundary'layers and sgbsequently
- dmproved as the flow became fully developed. Downstream of-the diffuser
.exit pressure recovery continued for somé two hydrauiic diameters into

‘the settling length. The measured levels of diffuser performance COmpared

well with relevaﬁt published data but simila} sfabilifyrlimits were not

found. This was attributea to the varying inflow conditions for the

~ published data.

~Petailed inveétigations of the boundgry layer growth in the test
*diffusefs.showed‘that the flow deveiopment was dominated by pressure forces
and that the asymmetric 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
velocity profile distortion in the diffuser was reduced by increasigg the
level of flow mixing near thg wall at diffuser inlet; attendant improve-
ments in static pressure recovery and exit flow stability were also noted.
For nafurally queloped near uniform inflow the diffuser overall
performance, and stability limits indicated by test results were gucqessfully
predicted using integral methods based on the physics of boundary layer

entrainment,
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NOMENCLATURE

The following nomenclature applies unless otherwise defined in the

“text:

A Area of cross-section
AR Area ratio
. A
B Blocked area fraction 1 - 11 g }[]—I dA
. s s . s ) 2

Cp Local skin f;'lctlon coefficient Tw/%pU
_C-p? "Static pressure recovery coefficient based on mean inlet

“dynamic head, "'ﬂp/%p-ﬁ}2
D Diameter of cross-section

Dh " Hydraulic mean diameter, ,Do - Di

8
@ " Shear work integral, 2 Tﬁ_}i dRr

3 dR
pU
o
‘ *
H Shape paraneter, & /8
- *k.
H - Shape parameter, § /0
*
H:S—G* “Shape parameter, (§ - & )/6
L Diffuser average wall length
Le Length of approach pipe upstream of diffuser
Ls Distance to upstream flow spoiler i
%
- - —— Adu du

[} Prandtl mixing length, {— u v'/% lEﬁ [}
N Dif‘fuser axial length
r Static pressure
P + Total pressure

R Radius
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. 3
-Velocity profile energy coefficient, -+ J (=) aa

Radius, effective ceﬁtre of entrainrment
Annulus height, Ro'-,Ri
Reynolds number, ,UDh/v
Reynolds number, Ue/v -

Local axial velocity
Mass average velocity

Friction velocity

u/u’

.
r.m.s. fluctuation velocity in X-direction

Reynolds shear stress

“~Maximum velocity at cross~section.

r.2.s5. fluctuation velecity in R-direction
Axial distance from diffuser inlet

Axial distance into settling length
(®, ~R), (&-R) ‘

ya_

v

2
Velocity profile momentum coefficient 1 J &) da

Intermittency factor

Displacement thickness of boundary layer on outer wall

. RO
. uy R
J (1 - U) Ro dR

Bs
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*

8 Displacemént thickness. of boundary.layer on inner wall

Rs
uy, R ’

R
6:*. Energy thickness of boundary layer on outer wall
R, -
(1 S @ ) §a o
" Rs
5:* Energy thickness of boundary layer on inner wall
2
Llﬁ (@)%—%dﬂ
o, - Momentum thickness of boundary layer on outer wall,
. . |
K (1 "%)%ER: aR
B ,
Gi : - Momentun thickness of boundary layer on inner wall,
Rg
ﬁ-ﬂ%
B
£ Eddy viscosity
A Loss coefficient
v o Fluid.kinematic viscosity
[+ ‘Fluid density
T Shear stress.
¢ Diffuser wall angle
s Diffuser effectiveness
SUBSCRIPTS
1 . - Diffuser datum inlet station
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2 Diffuser outlet

o . Outer wall

i Inner wall._

w General wall value

§ Limit of boundary layer.

t Turbulent flow._

P Potential flow

2~D Two-dimensional parametér value
:;EQQE

.—~At the -time -this-work was commenced Imperigl Units were still in
Lgeneral use and thus values are quoted in terms of these units. = However
~ as the vast majority of the experimental aata is presented in non-dimensional
~-terms this only has a minimal effect. The following conversion faclors are

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

Unit ' Unit Symbol | S.I. Equivalent

. . : -2

inch 1in 2.5 x 10 ~ metre
ft/sec /s 2,048 x 10_1 netre/sec
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CHAPTER 1

‘1.0 _INTRODUCTION

1.4 The Diffuser - its uses and problems

The diffuser is a fluid flow device cﬁnsisting of g~passage of
: incfeasing crbss—sectional area through which fluid is decelerated with
an accompanying pressure rise. Whether velocity reduction or pressure
rise is thé primary objective depends oﬁ the particular application.

A diffuser is éften used to minimise fluid enefgy losses in, and
hence power requirements of, dupting systems, The reduction of flow
velocity gives a lower dynamic head, and conseguently 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 emplofl
a diffuser, to decelerate the compressor exit flow; in this case the
purpose is to ensure stable combustion and a sufficient supply of
dilution air. TUses of the pressure risé capability of the diffuser
include reduction of back pressure on turbines, thereby increasing their
work output, ana the reduction of bhack pressﬁre‘in exhaust systems. to
provide better scavenging of exhaust products.

Whatever.the application, the pressure rise in a diffuser results in
.an adverse pressure gradient which can cause unstable separatedrexit_flow
conditions so_impairiﬁg the performancé of the diffuser and adjacent
components.  Thus the designér must, within whatevef practicﬁl constfaints
may apply,,specify a.diffuser geometry capablé of achieving the desired
velocity reduction and/or pressure rise with stable unsepafated outlet
flow conditions. |

1.2 Diffuser Geometry

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

-1 -



cross-sections and wall shapes. TFor engineering purpbses many diffuser
geometries are used; such as curved diffusers conneéting inlet and outletr
“ducts af right-angles, or diffusers connecting ducts of different cross-
‘section. Owing to the problems these types present, bbth in hanufactufe
-and use, straight-wall diffusers of simple geometry are used wherever
possible, ‘
Simple straight~wall diffusers can be subfdividgd into the following
basic geometries:
(i) two-dimensional diffusers
(ii) conical diffusers
(iii) eannular diffusers.
';Figure 1.1 shows these geometries together with the nomenclafure
gdopted; types (i) and-(ii) are special casés of the annular geometry.
. Tor a symmetrical two-dimensional diffuser the wall.léngth'(L), area

ratio‘(AR1_2), and the divergence angle (2¢) are related as follows:

AR = 1 + %%-sin¢ ' ' 1.1

1-2 ;
while for an asymmetric diffuser with one divergent wall, of divergence

angle ¢,

: R P o '
..AR1_2 = 14+ wﬁ sin ¢ - | 1.2

In view of this relationship between the basic diffusér ge&metry parameters
it has.bec;me common practice to present tﬁo-dimensional diffuser data in
terms. of area rgtio (AR1_2) or divergence angle (¢), and non-dimensional |
length (L/W1 orN/'W1). | |

Gonical diffusers exhibit anothér three parameter group, where:

AR =1 4+ ZL-sin¢ L in 2 ' 1.3
fu2 = R1 . +. R1 sin ¢ N

hence in this case data may be presented in terms of AR1_2 or ¢, and L/R1.
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For an equiangular annular diffuser the expression is similer in form -
\ ! . : .

to that for two-dimensional diffusers, being:

L. : ' .
= 1+ EAR_I sin¢ , 14

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

I ” R, cosd
1+ ?E§m SU, * ﬁ;'31n¢i cos ¢

ARy

1

AR1-2 - R
11+ R
o
L2 "R, | cos¢ T2
-lL§ 1 -‘ﬁ%- sin2¢ - .=.::i.n2¢:.L s 2
4R, o ° %3]

1-5_ .

It can be seen that while'the-two-dimensional and conical geometry
relatiohships involve three parameters, the generél annuiar diffuser case
“has five variables. Thus by the very nature of-its geometry any general
experimental investigaticn of thérannplar diffuser must consider a much
wi&er rahge of test‘geométries.

‘1.3 Evaluation of Diffuser Performance

For any of the straight—wali diffusers describéd in section 1.2,
operating with low-speed incompresaible*naturally developed inlet flow, it
is possible to predict the diffuser flow behaviour by theoretical methods,
provided the pressure gradienfs.are moderate. These conditions are not
usually enﬁountered in engineering practice, and‘systematic experimental
tests are needed to establish diffuser performance and stability limits.
This experimental data must be suitably evaluated and presgnted to ensure
ifs.éeﬁeral 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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¢iffusion and iﬁcreaS;d energy losses.

4 correlation of flow stability limits in terms of the two-dimensional
 diffu$er geometry was obtained by Fox and Kline* (23) for diffusers with
low speed incompressible flow and fhin iniet bouhdary layers. TFour fioﬁ
regimes. were defined from flow visualisation studies: .

1) étead& flow with no appreciable stall.
(ii) Unsteady flow with strong transitdry stall.
(iii) Steady, fully.devgloped, two-dimensional stall.

(iv) Steady jet 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
‘stability. -Similar presentations of stability limits may be made for
conicél and annular diffusers.

1e3.2 Performance Parameters

It is necessary to quantify diffuser bérformance and losses by
représentative pargmeters. For many designs a specific velocity reduction
is requirea; however, since the velocity‘varies across a diffuser cross-
‘section, and can be difficult to.measure_accurately, its use as a parameter
is impracticable. |

In the ébsence of appreciable flow sﬁirl or streamline curvature,
the static pressure is'essentiallyiéonstant over a diffuser cross-section
and can be measured with confidence. Iﬁ view of this a performance
parameter often uséd is the pfessure recovery coefficient, defined for
the general compressible spatially non-uniform flow by Iivesey (36), and

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

* Numbers in parentheses denote references detailed at rear.
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_ 59,

Cpyo = 1;55- 1.6
2 1 )

being the measured static presguré rise between stations 1 (inlet) and

2 (outlet) expressed.as a fractibn of the pressure rise in a diffuser of
infinite area ratio. A measure of the diffuser effectiveness (C1_2)‘is
‘;fteh expréssed by comparing the actual static pressure recovery coefficient'

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

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

e o 1 S
Cpy_jideal = 1 - 2 | 1.7
: 12 ‘
and
%_2 = Cp1_2/6p1_21deal . 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:

S, -2 o, =2 - -2
ey +py = el + Py 4 hy pFol o 1.9
where
A
o =.f.._ﬁi_ﬁ.
W

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

and the overall loss coeficcient A is expressed as a fraction of the

1=2

inlet mean dynamic head, then re-érranging equation 1.9 gives:

— . >
= e - - A

Pz = |5 "2 1-2 110

- | AR

Equation 1.?0-show5'that good pressure recovery is dependént on a low
energy loss in the diffuser coupled with an exit velocity profile having a

1ow‘dégree of distortion with a correspondingly low value of o The

2l
evaluation of 32 and 11_2 involves measuring both static pressure recovery
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and the inlet and outlet mean velocity profiles. Vhile the static pressure
and inlet velocity profile can be deternined accurately, the exit velocity
profilé is often difficult to measure bécause'of unsteady flow conditions

.are not often

and asymmetry. . For this reason values of 11_2 and‘a2

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 followiﬁg
comments may be made:

Experimental investigation of diffuser.flow has teﬁded_to fpcus on
two main areas:

(1) 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 theocretical prediction methods., However these tests
form a small part of the total effort up to the present time.

Among the most'systematib recent investigations of gross geonetry
effect are those due‘tc Kline and ofhérs at Stanford University. The
majority of their tests were carried out on straight-wall diffusers ﬁith
. subsonic incompressible flow, as a large proportion of all diffuser
investigations have been, and these limitations will be assumed for the
remainder of this chapter, unless'speoifically stated otherwiﬁe._ " Fox
and Kline (23) and Reneau et al (B4) presented flow regime and performance

maps respectively in terms of the two-dimensional éymmetrioal diffuser
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geometry. These are ;hown in Figures 1.2(a); (b). It is seen that the
gross diffuéer geometry has a major effect on floﬁ regime and performahce,
- and that presentation of'expérimentai data in these terms is a very powerful
~ design aig. However the designer can.inadvertently assune that diffusers.
. designed from these maps will.alﬁays give good results;- this is not true
since adjacent flow conditions can also have marked effects on diffuser
stability and performance.
Some of the inlet'flow.parametgrs/bonditions which can influence
diffuser fIOﬂ are: | ‘ |
(1) Mean velocity profile
(ii) TFlow mixing/turbulence
(iii) Swirl
- {iv) Reynolds number

(v) M¥ach nunber.

(i) Mean Velocity Profile

fbr a given pressure gradient it can ﬁe shown that for any streamline,
neglecting energy losses, the local,decélefation is inversely'proportional
to fhe local mean velocity. Hence the thicker the inlet boundary layer
© to any diffuser the lower the mean velocity at any fixed distance from
the wall, and:the greater the tendency of the mean velocity profile to
distortion.with a high ﬁz and an attendant performance penalty,las shown
by equation 1.10. Faitman et al (79), Cockrell and Markland (18), and
Stevens and Marklana 68), waking on two~dimensional, conical, and annular
diffusers repectivel&, have all noted this reduction in diffuser performance
with initial‘thickening of the inlet boundary layer, and correlate the
perforﬁance with some characteristic boundary layer thickness or slockage
parameter. |

Sovran and Klomp (B82) show that diffuser performance is in fact largely
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governed by the distortion of the exit mean velocity profile. Considering

equation 1.10 and dividing bylEEH_zideal,rthey show that the'effectiveness

512}
[ %2/
1
1 e an .
1—2 B -1 1 7 ) 1 : ) - .
- 1-— :
A1z | ARi2
In the first term above 4, > 1 represénts the éxcess kKinetic energy flux
of the exdt vélocity profile. . A high value'of & indicates insufficient

2

‘diffusion which results in a reduction of diffuser effectiveness. The
second term represents the redﬁction in effectiveness due to energy losses;
however, the expression gives no indication of the relative importance of
these two terﬁs.

Considering the masimum velocity streamline, denoted m, and assuming

constant static pressure over a cross-section, we have, for incompressible

flow:
Po= p+dpl’ | | 1.12
thus ) |
- 1 - — = . . : :
PPy = zp(Uf U;) M-z Y 1.13
where . P <P
, n, -
_JL.]H2 = . . 1eth

and the effectiveness ;{_2 may thus be expressed as

2 1 == A
, U U - =2
z = | S 5 P B N 1.15
Jam2 ﬁ1 1 1 -
1T-—3 T-—
ARy o ARy o

Now at any station the effective area (AE) is by definition
R .

AU = fu.cm _ o 1.6

and the blocked area fraction



osAta L

These are non-dimensicnalised as follows: .
‘E (effective area fractibn) = AE/A o | o 1.18
B (blocked area fraction) = A /A | o 119

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

"

A
. Q fxﬂA: AE1U1 = AE2U2

= LE T, =4y B0,

U, = | A, E., .
1 2 2 |

and-fe-writing equation 1.15 gives

giving

E, 2 ’ . )
Ll B A M2
‘ ’ = —1— 2 - o 1.29
%-2 2 1 1 .
ARy, AR, >

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

-11-2m = 0, and even when this is not the case'A1_2 is often.small compared
with the exit profile distortion term. Thus it m:& be concluded that an
effectiveness value of leés than 100% is largely due to distortion of the
loutlet profile. Sovran and Klomp point out that the exit profile distortion
will be determined by the inlet profile and the distortion it undergoes during
dgiffusion. TFor diffusers on the +Cp* optimum line pressure forces predominate
over viscous fofces and the exit velocity profile distortion is essentially
governed by these pressure forces; which are in turn determined by the

diffuser area ratio. Thus Sovran and Klomp 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 denoted by E2 for-Cp* ¢iffusers in terms of
the following empirical parameter involving inlet blockage fraction (B1)

. and diffuser area ratio (AR1“2):

AR

1 o ' ‘
1-2(Bg)" - o 1.22

" This correlation is shown in Fig. 1.3(a).

The definition of blockage ares

A
o= b g

takes the following form for axi-symmetric pipe flow:

R R u
AB= J %Mruj #Mh
0 o
R :u r
= 27R j (1 - ﬁJ 7 dr .
0
and hence
A, = 2mRe* ' ' 1,23

where §* is the axi¥symmetric boundary layer displacement thickness.

Now the inlet blocked area fraction (B1) can be related to & as

follows:
LT
By = qm=—37 =% 1.2
, . 1 ' nR1 1

Thus the inlet blockgd area fraction is directly proportional to £he iﬁlet
boundéry layer displacement thickness. This explains the success of
previous correlations which, for a specific diffuser geometry with naturally
developed inlet flow, relate diffuser perforrance to some inlet'bouﬁdary
layer tﬁickness or blockage;fraotion.

(ii) Flow Mixing

Current boundary layer thinking indicates that a high level of flow
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mixing near thé wall in the diffuser inlet flow ﬁill‘have a beneficial effect
o _

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

the diffuser and fo delay the onset rof separafion, thus avoiding the severe

performance ﬁenalty caused by blockage of the outlef flow by the separated

boundary'layef.'

Livesey and Turner (38) have studied.the effect of high decay rate
inlet #elocity profiles generated By wall flow spoilers at inlet to two-
dimensional diffusers. Values for'diffuser effectiveness of greater than
100% were measured and, ﬁhile this is mainiy attributable to the failure of
the ;ccepted 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 20° included angle Migai
(43) eliminated flow‘sgparation by introducing flow mixing using coarse
grids upstreﬁm of diffuser inlet,_ He also noted an optimum increase in
pre#sure recovery from. 55 |

) 1
60% with flow mixing; However part of this increase is again probably

o= 30%, with naturally developed inlet flow, to

attributable to the definition of {p_,.

* Changes in the turbulence structure of naturally developed flows can
also affect diffuser performanée. Bradshaw ( 3 ), conmenting on the conical
diffuser test data of Cockrell and larkland (18 ), has suggested that fully
developed inlet flow can give fise tc 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 devel&ped flow. This
hypothesis has been vérified in the recent work of Stevens and Williams (69).

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

region. can improve diffuser perfornance and current designs of mixed com=-
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pression intakes |(llustrate the use of vortex generators to iuprove subsonic
L .

diffuser performance. Thus where a high degfee 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.

(iii) - 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 diffusers
respectively. Peters found that diffuser effectiveness improvéd,with large
(200) inlet swirl components, while Schwartz noted that a similar degree 5f
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 tests on straight-core
annular diffusers shows casing stall for zero'inlét swirl gnd hub stall at
large swifl angles. At intermediate conditions both walls ére unstalled.

Therefore, the influence of inlet flow swirl can vary with both the
degreé of swirl and the diffﬁser geometry. |

"(iv), (v) Reynolds Number and Mach Number

The effects of Reynolés number and Mach number overlap to a certain
degree. Initiél increﬁse in inlet Reynolds mumber, 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 systensrare formed arouna
the inlet bend with detrimental effects on performance which intensify up to
the attainment of chokding flow.

_Squire (65 ) has shown, for a suitable velocity range below the critical

Mach number, that the performance of a range of conical diffusers (up to the
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Cp* optimum geometry at AR
. N

4o = 4) was only very weakly dependent on Reynolds

humber, wifh no clear trend being appareﬁt. It is pfobable that this is
also true for other diffuser geometries. . |

Again wérk:i.ng with conical diffusers, Id_ffesej and Hugh (37 ) investi~
gated Mach number effects on diffusers of area ratio up to 16 and included
angles 50, 80 and 120. Above a certain critical. Mach number there is a
sudden_increase in losses. 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'acceleraéion at the highér angles causing
the férmation of local shock systemﬁ around the inlet bend at a lower inlet
Mach number. |

Finally it should be noted that downstream flow conditions can ﬁodify
diffuser performance; for instance, flow separation in a,downstream‘
component can cause disturbances t§ propagate upstream fo the diffuser.

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

‘ 1.4.1 Diffusers QOperating with Naturally Developed Inlet Conditions
Thé majority of diffuser investigations have been carried out under

naturally developed inflow conditions. The work of'Reneau‘ et 21 (54 ) on
symmetrical two-dimensional diffusers has previously been referred to, but
some further commént is relevant at this stage. It is notéd that diffluser
pressure recovefy is affected much more by inlet conditions than is the flow
regime. - Peakiressure recover& correlates as a single line on the AR1_2—L/WH
plot for the range of-thin to thick inlet boundary layers tested. However,
‘the region over which this correlation is valid reduces with increasing
bbundary layer.thickness and this would suggest that the same limitations
aﬁply to the 'line of first stallf.

‘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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(sane L/ﬁ%, AR1_2) symﬁetricél diffuéer geometry but noradverﬁe effect on
optimum performance was apparent, for the geometries tested.

Cockrell and Mafk]and (18) repérted on a comprehensive series of tests
carried out on a range of conical-diffusers operating with thin inlet
‘boundary layers to fullydeveloped inflow, This data was fe-analysed by
- Sovran and .Klomp (6.2) and presented as a performance map in terms of the
. conical diffuser geomet;y, shown in Fig. 1.4. Two optimgm lines Cp* and
Cp** were defined, where: |

Cp* - is the locus of points w@ich define the diffuser area

| ratio producing maximum pressure recovery in a prescribed
non-dimensional length.

Cp** - is the locus of pointswhich 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 aé previously stated for the two~
dimensional diffuser geometry.
 Several variations of the basic annular diffuser geometry occur in
tufbomachines,émphasising thé practical importance of this type. Howéver,
due to its complex geometry it has been the subject of comparatively few
- systematic experimental investigations.

Ainley (1 ) measured the éerformance 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 19o were.tested; a maximum diffuser
effectifeness of 86% was measured for an 8.5° diffuser.

More recently Howard et al (30) preseﬁted perfarmance and 'line of |

first stall' maps for equi-angular -and straight-core annular diffusers with
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fuily developed inflow, sece Eig. 1.5. The 'line of first stall' for equi~ -
angular diffusers comes below that for twb—dimensiqnal diffusers given by
" Fox and Kiine ( 23), %hilerthat 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
with that of.Brightoﬁ énd'Jones.( 9 ), it is unlikely that the turﬁulence
structure was that of a naturally.deyeloped flow. It has been showﬁ that
the'degreé of flow mixing can have a marked effect on diffuéér pressure
recovery and to a lesser extenf, 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 showﬁ to correlate with
those of Johns£on (31), who teéted Ainley}s range of diffusers with inlet
profiles distorted by wire screens placed some three hydraulic dianeters
upstreﬁm of .diffuser inlet. TFurther Ainley's diffusers with angles 6.5°
' a.nd'8.50 and non—dimenéional lengths 19.2 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 measured outlet velbcity profiles show no evidence
of separation or near-separation. Hence the equi-angular -'line of first.
stall’ musf be regarded with some reservation. Howard et al ndtézin.their
report that there is a step at the gquter—tube cone junction; ‘fhis may have
affected the diffuser flow regime and cxplain the noted lack of correlation.
Stevens and Markland (G5B ), as part of a more detailed investigation,
give perforﬁénce measurements. for two equi-angular annular diffusers of area
ratio 4.0 with included angles of 50 and 10°, Their tests were carried ouf '
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 sfeadily decfeases with
inéreasing blockage fraction,.inéluding.that due to.the étificialiy thickened -
'profiles. A maximm effectiveness of 95% was noted for the 50 included angle
diffuser, both diffusers exhibiting asymmetry of flow over a large proportion
of their length. o - |

| By far the most comprehensive investigation of the annular diffuser -
geometry is that of Sovran and Klomp {6Z7), who tested over one hundred
diffuser‘geémetries, most of which had diverging centre-bodie;. The tests
were carried out for a thin inlet boundary layer conditioﬁ (B1 = 0,02).

- The results, in the form of a perforﬁance map,'are shown in Fig., 1.6. The
tests indicated that the Cp* optimum diffuser occurred at an area ratio that
was. reasonably independent of the combination of wall angles and radius ratio
émployed. The effect of inlet blockage fraétion on the performance of the

. Cp* optimum diffuser was predicted using th; previ;usly descfibed |

EZ - ARt—Z(B1)% correlation. The line for this cofrelation was taken from

& 'best fit' of all available‘diffuser data for all geometries. o

1.:.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
Jomnston (83 ) who tested symmetrical two-dimensional diffusers for wake,
jet, stép*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 iﬁ performance énd.flow étébility was observed, whereas -
with wake flow at inlet the.perférmance increased above that obtained with
naturally déveloped 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 furbulent,mixing was introduced into the flow, and thaf the

. impfoveﬁent in perfor@ance with ﬁake flow is due ?rimarily tol£he higher
-velocity near the wall. Peak preésure recover& performahcé was shown in
ferms of the Sovran and Klomp correlation énd is over-plotted in Fig. 1.3(b).
The data correlates ﬁell; howevér, Wolf and Johnston show that prediﬁtién
of pérformanc; from this carrelatipns is inaccurate for inlet blockage
fractions in excess. of 0,05,

For annular diffusers Johnston (31 ) tested‘Ainley's range of diffusers
wifh distorted inlet ﬁrofiles generated by‘meaﬁs of upstream annular screens,
mounted three.hydraulid diametefs upétream of diffuser inlet.' The inlet
profiles may bé-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 preéted; however performance was pOorer in mest caées in compafison
wi%h Ainley's tests. Only in thé 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‘downétream
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 nounting
the rig air intake section in the cross-flow of a wind tunnel; So far as
is undeTStoo@, inlet and outlet velocity profiles were only measured across
one diameter so inlét flow asymmetry would not have been detected; For
conical diffusérs the static pressure redovery 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 exceés of 0.i. An example of the correlation
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of the experimental data for conical ¢iffusers at peak pressure recovery is
shown overwplotted on Sovran and Klomp'e E, f_AR(Bi)%'correletion in Fig. 1.3(c).
Agreement is poor for an inlet blockage fraction in excess of 0.16. = For
annular diffueers deviation occufe for inlet bloekages greater thah 0.05.

This suggests'that_Sovran and Klomp's correlation-EOes not hold for highly
asymmetric inlet velocity profiles of this typee .

1.5 Prediction of Diffuser Perf‘ormance

The basic problem in theoretlcal predlctlon of diffuser perforﬁance
is to predlct the growth of an internal boundary layer where, in this situation,
‘the adverse pressure gradient is determlned by the development of the boundary
lajer.itself. _ o

" For naturally developed inlet eonditions, predictions of diffuser fer-

formance have been made by a numbef of authors using 'integral' methods,
where the variation of the boundary layer shape parameter (H)'is given by
soﬁe form of awxiliary equation. Examples are Cocanower et al (16 ),
Carmichael and Pustintsev'(]l‘l ), and Stevene (67 ), who for two-dimensional,
conical, and annular diffusers respectively show reasonable prediction of
performance up to flow seperetion as compared with experimental data,
Separation could not be predicted accurately because, as noted by Sovran (66),
there is no re]'iablle separation criterion. |

In critical exam.natlon of. the integral approach both Thompson (72)
and Rotta (555) state that its range of application is severely llmlted
unless the aux1llary eqpatlon has some physical basis, as for example in
Head's eﬁtfainment equatioh. Thus many of the integral methods have now
been superseded by the appllcatlon of dlfferentlal methods based on the mean
flow equations with a suitable representation of the turbulence structure.
These include those due to Spalding and Patankar (63) and Bradshaw et al

( 6 ), and were reviewed at the 1968 Stanford University Conference (66).
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The disadvantage of thesé methods is that, while they should give
better predictions df internal boundary layer behaviour in diffuseré, they
'require detailed expérimentai data both for_comparison and for turbulence
models. Such detailed dafa on the devélopment of mean velocity'profile
and turbulence structure along_the diffuser is very sﬁarde. Recourse
.therefore has to be made to general flat plate external boundary iayer
data which is invariably taken at low pressure gradients (e.g. Ludweig
and Tillmann . (40)) and is not répresentative of typicai diffuser flow
conditions. |

However, a limited amount of diffuser-baééd data'is available. Ebf
example, early tests. by Uraul('77) show the development of the mean ve1001ty
profile along a 7. 5 included angle conlcal dlffuser with a thin inlet
boundary layer. Recent work of Trupp et al (74.) gives the development of
both mean ve1001ty profile and turbulence structure in an 8° 1ncluded angle
conical diffuser of area ratio 4: 1 with a thick inlet boundary layer.

For two eqpl—angular annular diffusers of area ratio 4 and 5 and
_100 included angle, operating over a range of naturally developed inlet
condit ions, Stevens and Markland (68 ) show detailed measuréments of velocity
profile developmeﬁt. Traverses were taken at three dircumferential positions
and marked flow asymmetry was detected in both diffusers.

As can be seen from this brief review of published data the informatibn
- 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 and King (17 ),.shods_a preponderance of work on the two-
dimensional and conical geoﬁetries.‘ The annular diffuser, while of great

engineering importance, eépecially_so in turbomachinery applications, has
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been the subject of considerably less iﬁveétigation. This is due ig large
part to the complexity of the annular geometry whiéh‘prevents the simple
-correlafion of experimental data.- |
| Thus in view of its praﬁtical importance and the relative scarcity of
data the annular diffgser was chosen as the subject of investigation, the
‘annulalr geométry giving tﬁe added advantage of a flow free of 'side-wall'
effects}_ The bulk of previous annulsr diffuser tests had been carried
out on the 'jet pipe! geometry, broadly glassified as a constant diameter
oufer body enciosing a conical immer body; Aﬁcordingly, so as to increase
the scope of knoﬁledge; the 'compressor exit' annular diffuser geometr& was
chosen, the asymmetric form with a conical outer body and constant diaﬁeter
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 ﬁressure récdvery, energy losses, and flow stability over
& wide raﬁge of inlet conditions.
(ii) Tor certain of these inlet conditions to measure in detail
the internal boundary layer growth in terms of the mean
velocity and turbulence stfucture. |
(i3i) To investigate the effect of the diffuser dowmstream settling
length. | | |
(iv) 1In parallel ﬁith the test series, to evaluate integral
prediction methods using physically based 'auxiliary equations’
with a view to developing a réliabie method of internal boundary
layer growfh prediction.
. Chapters 2 and 3 describe the selection of the test diffuser

geometries, the experimental facility, and the test techniques 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 compéred with experimental data in Chapter 6;_

conclusions relevant to the whole investigation are drawn in Chapter 7.
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FIGURE 11
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EFFECTOF INLET VELOCITY PROFILE  FIGURE 1.3
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FIGURE 13(cont.)
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CHAPTER 2

" 2.0 EXPERIMENTAL TEST FACILITY AND TNSTRUMENTATTON

2.1 Choice of Test Diffuser Geometries

Vﬁrioua sources were consulted in deciding on the range of test
geometries, . The correlation of a nﬁmber of industrial gas-turbine diffuser
geometries by Sovran and Klomp (62 ), shown in Fig. 2.1, indicates a’
preponderance of diffusers having an area ratio (AR1_2) in the region of
2.0; however there is no ciear indication of a 'typical' inlet radius
ratio (Ri/ho). ConSultatiQn with industrial sources confirmed that the
afea ratio of 2.0 was representative of engineering applicafions, and with
& radivs ratio of 0.85 - 0.90 this would give_a typicai cofipressor exit
configuration, As this range of radius ratio also represented a‘uéeful
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 geomefries was selected with a view to checking
the annular diffuser stability limits indicated by Sovran and Xlomp in their
performance map, shown in Fig. 1.6, and ensuring that detailed data on
internal flow development was taken-at representative overall pressure
gradients. Three geometries were chosen t§ make up the test range, the
Cp* and Cp**noptimum‘geometries, and a third with a more moderate pressure
gradieﬁt for calibration purposes. Details of the ovérall geometry of these

diffusers are given in Table 2.1.

-3 -



TABLE 2.1

DIFFUSER GEOMETRIES

ENTRY DIA. | WALL ANGLES |,poo .
DESIGNATION OUTER | INNER | OUTER | INNER |RATIO N/AR, [ﬁ]
] @ne) | @ne) | ) ) ol
<
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 10.833

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 fegarding
the inlet turbuleénce structﬁre presented b& a ‘bléwn' rig, a‘suotion rig
was chosen.

The general layout of the test rig is shown in Figs. 2.2 and 2.3;
The choicé of a vertical rig layout redﬁce& the num£er 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 avolded, - 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 the rig flow components were fabricated from perspex
allowing easeé of flow visuélisation 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 filfer into an integral flare and'bullgt
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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ihlét velocity profile ranging from near uniform flow (Le/bh_ ='2.0) to -
fully de&éloped flow (Le/bh = 50.0). Stable transition to1ﬁibulent flow
was ensured by mounting tri; wires in the bell-mouth throat. After passing
-through the diffuser the flow entered a settling length and was discharged
via & honeycomb flow straightener into a_plenumrbox.

| The rlenum box was evacuated by a Keith Blackman 25138 centrifugal fgn
aﬁd the waste air ejected into the laboratory at a stﬁtién remote from inlet
50 as to prevent flow recirculation. The maximum mean inlet velocity |
'atfainable under fully developed inlet flow conditions was 250ft/sec.,

5

giving a maxinum inlet Reynoids number Rg = 2,7 x 107,

Dh,

2.3 Artificially Generated Inlet Conditions

Some of the methods which can be used to generate non-uniform conditions
at diffuser inlet are reviewed in Appendix 3; mos£ of these are normally
employed for the ﬁroduction of-specific velocity distributions and take no
account of fhe turbulence structure. It was. felt that the effects of -
turbulent mixdirg shoﬁld be isolated. Thus these methods Were.adapted to
give an increased level of turbulent mixing to velocity profiles closely
approximating particular naturally de%eioped profiles.
| The investigation was undertaken with the-aim of quantifying the effect
of increased inlet turbulent mixing on the test diffuger geometries. The
two methods uéed were necesaarily simple.due to the manufacturing diff;culties
"~ imposed by the combination of &all.curvature ana small annulus height.

These methods were:

(i) Flow Spoiler

In the diffuser used for this test the outer wall boundary layer
detericrated to a transitory stall condition under naturally developed flow
conditions. = The effect of a loeal increase in turbulent mixing at the

outer wall was investigated by plading a continuous arnular flow spoiler, a
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seiected distance uﬁstfeam of the diffuser 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.

(ii) Coarse Gauze

;Tﬁe objective of this method was to produce an o&eréll increase iﬁ the
levéi qf turbulent‘ﬁixing presénted to the test 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.VZ.A; this configuration involved the
minimum of additional flow energy 1ossés. Some decay of the turbulence
was 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.y Instrumentation

The test program called for the measuremeqt of pverall performanog apd ‘
internal flow development for aiffusers operating with incompressible flow.
These were quantified in terms of the folloﬁihg:

(i) wall static pressure
(1i) 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 measurements were made upstream of the diffuser inlet,
| and along the diffuser and downstream'settling length. At each'position'
three tappings 0.030in., in diameter were drilled equally spaced aroﬁnd the
circumference of the inner énd outer walls. Three radial total pressuré'

traverses were also taken at selected stations both to allow measurement of
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the mean veloclty profile and to attempt to check the symmetry of flow.
Detalls of the measurlng statlons, for the range of dlffusers tested, are
. as follows: |

The experimental layout and equipment forrpressure and velocity measure-
ment are shown in Figs. 2.5(a), (b) and the measuring stations.detailed in
figs. 2.6(&); (b), (e). .All—preqsure measurements were taken on a Betz
micromanométer; to preventlcontamination by ingestedﬁdust'all fappings
were blanked off when not in use.

The mounting of the pitot-tube traverse head 1s shown in Fig. é.5(a)
with detail of the traversing head given in Fig. 2;50&. Traverses were
taken normal to the wall, static préssure being assumed constant across thel‘
“annulus and equal to the adjacent wall value., The pitot probes were.
slightly dlsplaced to one side of the static tapping to prevent 1nterf srence ‘
with 'near wall' measurements. These probes were made from stainless steel
hypodermic tubing flattened at £he end (0.047 x 0.023in.) té give an
effective wall displacement 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...2  Measurement of Turbulence Parameters

Turbulence measurements were.taken with 8 D.I.S.A. 55401 constant
température hot wire anemomefer 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 étraighf (55453) and 45° 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 angle of A5O to the direction of the mean flow and could be rotated
through 360 in 90 intervals by means of a square sectloned element carrier.

This facility, in combination with the stralght wire readings, allowed the
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measuretent of turbulence parameters u', v', w', u'v', u'w'. The probe
. N b

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

the total pressure traverse staticns, and traversed in the same manner as

" the pitot tubes.
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FIGURE 2.2

EXPERIMENTAL TEST FACILITY.
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CHAPTER 3

" 3,0 EXPERIMENTAL WORK

3+ Test Series

The objectives of the experiméntal investigation were sub-divided és
follows: o |
(i) To evaluate the overall performance df the straight core
. annular @iffuser over a representative range of naturally
deVelopea and artificially generated axial iﬁflow conditions,
(ii) To investigate in detail the diffuser internal flow

development for selected inlet conditions.

3.1+1 MNaturally Developed Inlet Conditions

Naturglly.aeveloped inlet velocity profiles were generated by é series
of inlet pipe lengths. The range of inlet lengths was initially chosen by
reference to the work of Stevens and Markland (B8 ), where the inlet velocity
profile for a range of inlet lengths is characterised by blocked area fraction
(B1), 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 blockﬁge) to
fully developed flow conditions. Later in the test series the range of
inlet lengths was augmented to'give better coverage in the low blockage
region and the final variation is shown in Table 3.1, where the ve}ocity'
profiles are expressed in terms of the blocked area fraction'(Bi). ‘

| | TABLE 3.1

INLET LENGTH VARTATION

I-‘e/D B ' COMMENT

=
ey

0.028 1 near uniform flow
0.053
0.03%0
0.109
0.101 :
0.105 | fully developed flow

£~ ro
. - »
o R U NaRE,RE . Na

O v N

A5 (W =
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.'The range of tests ca;ried out under naturally dé#eiopea inlgt conditions
is summarised in T;ble 3.2, where the following convention has been adopted
_to indicate the.scope of each test:

'F - measurement of the development of the internal boundary
layer flows along the diffuser and settling lengfh,
measurement of inner/outer wall static ﬁressure along
the diffuser and settling length. |
T - measurement of turbulence.parameters (-1'1—', ;'-,‘ ;v-'-, W, W) :
in the internal boundary layer fiows along the éiffu;er.
| s - measurement of diffuser inlet/outlet velocity profiles

and inner/outer wall static pressure along the diffuser

and settling length.

TABLE 3.2

TESTS WITH NATURALLY DEVELOPED INFLOW

E/AR.I- ;
Le/Dh 5.0 | 7.5 }10.0
1

2.0 F |pr | BT
L5 S S 8
9.5 F F T
12.0 S S S
39.5 s S S

Together with the work of Stevens (67) for fully developed inflow the
tests undertaken gave detailed data on internal mean flow development for a
comprehensive rénge of naturally developed inlet conditions. -

In view of the time available it was only possible to take detailed
turbulence data for one inlet condition and it was felt that the thin inlet

boundary layer case (Le/bh = 2,0) merited firdt consideration since it
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| formed a logical comparison with the work of Stevens (67) regarding the
L} .
 universality of mixing length, eddy viscosity values, ete. for widely
differing naturally developed inlet conditions.

3.1.2 Artificially Generated Inlet Conditions

Floﬁ Spoiler . .
The range of diffuser tests carried out with an outer wall flow spoiler .

in the inlet length is given in Table 3.3. The objective of these tests
was to investigate possible performaﬁée imprqvement for the i/ﬂRi = 5;0
diffuser geometr& having an increased level of turbulent mixing at the outer
‘wall, as compared with naturally deveioped inflow, of approximately the
‘same blockage fraction, and was undertaken in two stages: '
(1) To optimise the position of the wall flow spoilep
‘upstreaﬁ of diffuser inlet to give maximum improve-
ment in diffuser performance in terms of pressure
recovery.
(ii) At the optimum conditioﬂlto investigate fully the

" internal flow development-along the diffuser.

TABLE 3.

WALL FLOW SPOILER TESTS

mt-'
e
ja
=
=
(2]
= |

=9
—

945

R =+ 1.6 x 10°
. enh'

#*
.

a:~J0\§n4f\N|u
L ] L ]
COO0ODO0OO

* (ptimum geometry
+ Here denotes measurement of inlet turbulence parameters also
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Coarse Gausze

The full range of diffuéer geometries was tested with an iﬁcreased 
level of inlet_turbulence generated by a coarse gauze_at.inlet; apﬁlied to :
a near uhiform inlet flow to allow coftparison, in terms of §Verall pérform—
ance, w1th tests having a near unmiform naturally developed inflow. The

‘detalls of these tests are glven in Table 3.4 below.

‘-TABLE oy

TURBULENCE GRID TESTS

T/ r, | e/ TEST
1 “hy |
5.0 2.0 s Ry - 1.6 x 10°
?05 2,0 S Dh|
10.0 2.0 S ‘

3.2 Experimental Technigue

Before each dlffuser test , priﬁr to any meésuféments being taken all
manometers, piping, and pitot 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 speedlto give the reguired depreésionrin the iﬁtake flare and a final
period allowed for speed stabilisation..

Each diffuser test was carried out in up to four stages in the
following order: |

" Flow behaviour

Observations were made of exit flow behaviour as indicated by wool

tufts on the imner and outer walls.

Static pressure variation

Static pressure was recorded from the three circumferential tappingSA
on the inner and outer walls for the measuring stations along the diffuser
and settling length.
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Mean_velocijy profile development

Mea;urements of the dynamic head, and hencervelocity, vafiation across
" the diffuser aﬁnuius ﬁere made by traversing a pitot probe referenced tﬁ-
the adjacent wall static tapping, from the outer wall inwards to the point,
or region, of maximum velocity, and similarly outwards from the inﬁgr wall,
This procedufe was cérfie& out simultaneously for each of the three,qircum—
ferential traverse poéitions at e#ch ﬁeasuring station,
Turbulence

At each of the measuring stations along the diffuser, for one circﬁmr
ferential position; a 450 slént hot-wire probe was traversed across the
diffuser annulus in four 90o opposed configurations; this technique is fully
_described in Aépendix 3, A3, The readingé from these traverses togethef
" ‘with data from a straight-wire traverse gave the following values:
N/ETZ', M/;721’ ETéﬂ, u'vt ,  u'w!

At appropriate stations asymmetry checks were carried éut and as a

precautionary measure the hot-wires were inspected under a microscope after
each traverse to check for deformation or contamination and rejected or °
¢leaned with Freon as necessary.

3.3 Data Reduction

%.%3.1 Mean Velocity Profile Data

The boundary layer velocity profile data for the three circumferential.
traverée'pos;tions at the inner and outer walls respectivelj was non-
dimensionaliged in ferms.of the maximum velocity.(%J, and plotted in terms
of distance from each respective wall, - In general the symmetry of the
data was such as to 'allow a mean liné 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

éomputer pProgram. The program used a trapezoidal numerical integfafion

-



ltechniéqe to generate the inner and outer wall boundary layer axi—symmetrié_
-integral parameters and, b& combining both inner and'bufer wali pfofiles;
‘the.integral parameters of the anﬂulus velocity profile.

The.méthod of data preparation and analysis is given in detail in‘

Appendix 2, A.2.1.

3.%.2 fufbulencé Daéa

The raw data from hof-wire traverses in each cénfiguration was plotted,
mean lineé drawn, an& tﬁese lines encoded onto ﬁﬁnch cards together with
'meén velocity data from the pitot~static measufements.

The computer prbgfam employed initially calculated at required intervalé,

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

~/%72 s v/%72 ’ q/%FQ , u'v', uu', 2, ¢

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

- parameters:

to give the turbulence integral parameters viz. the shear work integral ()
| 5 o
and the Reynolds normal stress terms ( j u'z,dR , 56 v'z,dR). Appendix 3,
o o _
A.3.2 describes this analysis in full.

3y Acecuracy

341 Experimental Accuracy

The limits of accuracy of the experimental instrumentation used are
discussed 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

EXPERTMENTAL ACCURACY

i ACCURACY _
P- IR EARLY STAGES IN DIFFUSION LATTER STAGES OF DIFFUSION
Static pressure .Q1in. water . 01in. water
. . near wall ' : near wall
Mean Velocity 2.0% (region only) 20°0%.(region only)
'.'l.‘u::'bulenc:t:/..._..f , - :
L . : 10.0+15.
- : 5.0% ’ _ +15-0% where
N2 30.0% | 60050 =5
uty! 10.0% I-I-O% T> 0.20

3442  Accuraoy of Caiculéted Parameters

The calculated parameters are liable fo ihaccuracy for two reasons:
(i) The accuracy limits of the numerical
integration techniques emﬁloyéd.
(i1) Inaccuracy arising from errors in the
basic measured data.
Of these the effect of the first is minimgl since the numerical infegration-
techniques. were shown (see Appendixiz, A.2.1) to have an accuracy at least
equal to that of integration by the planimeter method;
The effects‘of meagured data errors may be summarised.under the following
headings: |

Overall performance parameters

The use of Betz manometers resulted in accurate measurenent of static
pressure and it is estimated that the value of EB}—x (general x station) is
correct within 1%. However considering equation 1.10, in terms of the

general x station:

_' S Oy .

1-x



it is found that this érror combined with possible inaccuracy in Gx, notably
in the latter stages of diffusion, can give rise to errors of the order

. 30% :|.n A

1-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 veloeity profile
du ) -

E-ﬁ) as detailed in Appendix 3, A.3.3.

TABLE 3.6
INACCURACY OF CALCULATED TURBULENCE PARAMETERS

ACCURACY
PARAMETER ' :
: EARLY STAGES OF DIFFUSION [LATTER STAGES OF DIFFUSION
[ i : 10% 20%
€ _ 15% 30%
5 _, - )
S u'“dr , 10% - 20%
) _ | '
8
772 :
v aR 50% 100%
o .
§
. 2 g du
= £ T S8 3R : 15% . 30%
9 DU3 0 dR
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3,5 Preliminary Tests and Calibrations

Prior to the test series preliminary rig and instrumentation checks
and calibrations were carried out.

3,5.1 Preliminary Testéﬁ

Size checks showed that all rig dimensions were within the stipulated
general tolerance of 10.0in. + 0.002in.

‘Testing with the E/AR1 = 10,0 diffuser and a short inlet length
(Le/Dh1 = 9.5), the following measurements and observations were made:

Pressure variation.

No appreciable circumferential préssure gradient was observed at any
measuring station.

Symmetry of flow

Vglodity profile meaiﬁrements at the diffuser upsiream measﬁring:statioﬁ
‘sﬁowed excellent symmetry of flow at the three circumferential traverse
pésitions ﬁith a boundary léyer shape factof of 1.35, typicél of the values
found by Okiishi and Sérpvy (1;85 from their tests with turbulent flow at a
similar Reynolds number in an annular pipe.

Flow Swirl

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

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

Pre-entry static pressure variation

Meésurgment of the static pressure upstream of d&iffuser entry confirmed
that the upstream datum measuring station was not in the region of influence
of the outer wa.l‘l inlet bend, noted by Stevens and Markiand(SB ), 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 present when rﬁnning with extremely long inlet

lengths (Le/Dh = 50).
1

Hot-wire operation in unfiltered flow

With the rejection of the iniet fiiter it becéme necessary to consider
the possible contamination df the hot-wires by‘dust and other éirborne
impurities.— This was studied by noting the probe behaviour dufing a
pfolonged éxposure to the rig airflow. A marked deterioration in re;ponse
was noted for periods in excess of 20 minutes and subsequént inspection
under .a microscope showed particles adhering to the wire; however, thorough
cleaning of the wire restored the probe to its original operating condition.
In the light of these findings a routine of inspecting and cleaning the probe
after each traverse was adopted.

2.5.2 Calibrations

Following the preliminary tests described in Section 3.5.1 necessary

rig and instrumentation calibrations were carried out.

Inlet calibration

In view of the good symmetry of flow at inlet it.was decided to
calibrate the inlet flare/bullet to give & datum airflow for comparison
purp;ses. This calibration gave a discharge coefficient of Cp = 0.972 with
no cbservable variation over the attainable Reynolds number range.

Hot-wire calibration in fully developed flow

The measurement of shear stress by the slant wire technique was checked
by'traversing the hot-wire probe in a fully developed annular pipe
(Le/Dh = 50) calibration flow compared with the fully developed flow of
Brighf:n and Jones ( § ) in Fig. 3.3. 1In this type of flow the turbulent

stress T is given by the relation:’

£l&

A
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hence the shear stress varies linearly with R, and measured values of shear
stress for this flow should exhibit this ﬁazjiation-. Fig. 3.4 shows shear
stress measurements taken using the 45° reversed slant wiré technique at
the diffuser upstream measuring station in fully developed flow. The
shear_ stress radial variation is seen to be linear and, when eicti‘apolated
to the wall, agreemén't with the skin friction coefficient of Ludwéig and

Tillmann (40) is excellent.
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CHAPTER &4

4.0 - PRESENTATION AND DISCUSSION OF EXPERIMENTAL TEST RESULTS

To clarify presentation the test results héve been grouped under the
general heading of 'type of inlet condtion'.  The bulk of graphical
presentation of a repetitive nature, e.g. boundary layer velocity profileé,
has been removed to the Appendicés and representative e;amples given where

pertinent to the text.

Lot Naturally Developed Inlet Conditions

L.1.4 Diffuser Inlet Conditions

Throughout the test series an axial incompressible inflow was main-
tained with Reynolds number Be = 4.75 x 105. Fig. 4.1 shows the inlet
o :
hl
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 VELQCITY PROFILE PARAMETERS

E % . :
L & . )
e/Dh1 [ o/ARL [51 /ARL H01 Hi1 B, o, B,
2.0 0.0142 | 0.0133 1.38 | 1.37 | 0.028 | 1.019 | 1.007
ka5 0.0253 | 0.0280 1.35 { 1.37 | 0.053 | 1.033 { 1.012
9.5 0.0450 | 0.0456 1.35 | 1.35 | 0.090 | 1.051 | 1.019
12.0 0.0523% | 0.0571 1.35 | 1.35 { 0.109 | 1.059 | 1.021"
17.0 0.0565 | 0.0560 - - - - -
24 .5 0.0570 | 0.0555 - - - - -
32.0 0.0520 | 0.0495 - - - Co- -
39.5 0.0520 | 0.0486 1,28.1 1.28 | 0.101 | 1.042 | 1.015
50.0 0,055 | 0.0510 - - - - -

Reynolds number (Re ) = 1.75 x 10°
D
h

i

The growth of boundary layer.displacement thickness on the inner and

cuter walls is compared, in Fig. 4.2, with the data of Okiishi and Serovy (453)
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from tests in an annulus for a similar Reynolds number and radius ratio,
and shows good overall dgreement. Over the inlet length range

Le/'Dh = 10.0 + 50.0, as Fig. 4.2 shows, an oscillation in‘the boundary

layer1displacement 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 ﬁarked degree of ciroumferential 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 éuter and inner walls, in Figs. L.3(a) and 4.3(b)
respectively, shows that the profiles exhibit a linear form of the semi-
lbgarithmic 'law of the wall' blegding‘into.a wake région. The thinnest
inlet boundary layers (Le/Dh = 2,0) are dominated by the wall ané only a
minor wake region is apparenl. |
The growth of- the inlet turbulence structure, for selected inlet
: lengthé, is illustrated in Figs. 4L4(a) and L.A(b),lin terms of the axial
turbulence intensity —Eé—~ and turbulent shear stress —;;T
For the case of fully developed flow (Le/bh = 39,5) agreement.with the

. 1 :
shear stress data of Brighton and Jones ( 9 ), for a similar radius ratio

respectively.

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).

hoio2 OQutlet Conditions and Flow Stability

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

* Fylly described in Section 4.1.9
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wide variation of inlet blockage fraction (B1). ~ For each-of these
‘blockage fractions the diffuser exit profiles were measured, and the flow
state noted, for each of the test diffusers. The raw velocify profile
dafa, together with tabulate@ velocity profile data, is-presgnted in
Appendix 8. |

The state of the exit flow was observed using wool tufts on the inner
and outer walls of the diffusers. Aaopting the definitions of tuft
‘behaviour given by Carlson and Johnston t]()) as shown in PFig. 4.5,
 comments on the state of'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 stall which occurred in the TVKR1 = 5.0 diffuser was

confined to patches on the outer wall. over the region %==,0.7O +1.0.

- TABLE 4.2

EXIT FLOW STATE AND VELOCITY PROFILE PARAMETERS

See page Lia
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TABLE L..2

EXIT FLOW STATE AND VELQCITY PROFILE PARAMETERS

Dhl

..41&..

L/®, 1 B, % & eoz(in) eiz(in') H02 H FLOW STATE
10,0 | 0.247] 1.292] 1.404| 0.4195 | 0.1160 | 2.00! 1.86 | OUTER- § INNER- S
7.5 | 0,261} 1.381 1.139| 0.1114 0.1050 | 2.451 1.92 | OUTER~ U INNER- S
5.0 | 0.297[.1.586] 1.224 1 0.4047 0.0710 | 3.65} 4.79 | OUTER-IT INNER- U
Le/p =4.5 B, = 0.0
e h.1 - » _1 — - 53
L/® | B, W 1 B eoz(in') eiz(in’) 5| % FLOW STATE
2 2
10.0 | 0.303]1.379 [ 1.133| 0.1350 0.1387 | 2.25] 1.82 | QUTER- S INNER~ 8
"7.5 10.323 | 4.49 11,177 ] 0.1%10 0.424,0 |2.65!1.91 |QUTER-TI INNER- S
5.0 | 0.378]1.80811.300 | 0.1275 0.0867 | 3.89|1.73 {OUTER-IT INNER- U
Le/n = 9.5 B, = 0.090
h1 - - 1 — -
L/MR, | By oy By 902(5“"') Bi'z(im) H02 H12 FLOW STATE
10.0 | 0.320 [1.378 }1.130 | 0.1513 |.0.1513 [2.181.82 |OUTER~ S INNER~ S
7.5 [ 0.3:7 11.519 11.182 { 0.1453 0.1296 |2.64 |1.85 {OUTER-TI INNER- S
5.0 |0.390 [1.807 {1.293 | 0.1366 0.0949 |3.69]1.71 |OUTER-IT INNER- U
L .
e/Dh = 12.0 B, = 0.109
1
. 8 .
L/iRy | By “ | &y 602(“1‘) iz(m') i, Hi2 FLOW STATE
10,0 | 0.362 |4.43 [1.148 | 0.1566 0.1649 |2.3%5|1.85 |OUTER- S INNER- S
7.5 | 0.364 |[1.543{1.191 | 0.1511 0.1332 |2.7111.81 |OUTER~TI INNER- S
5.0 [0.406[1.833 |1.297 | 0.1380 0.1098 |3.741 |1.72 |OUTER-IT INNER- U
L
e/Dh1 = 39.5 B, = 0.101
/By | B, op | B e:a?\(i"“') eiz(in') H02 H12 FLOW STATE
10.0 {0.297 11.292 [1.101 | 0.4519 0.1426 |2.03|1.6, |OUTER- S INNER- S
7.5 | 0.331 |1.406 |1.142 | 0.1520 0.1410 {2.35|41.71 |OUTER- U INNER- S
5.0 ] 0.369 11.657 |1.237 | 0.1405 0.1107 3.2, | 1.67 |OUTER-TI. INNER- U
Reynolds number (Re ) = 1.75 x 10°




4.1.3 Static.Pressure Recovery

The static pressure recovery for each diffuser - blockage combination

is given in Figs. h;6(a), (b), (c), which show the static pressure variation

in the diffuser , ' o and g, 4.7, which details the local
static pressure variation in the diffuser inlet plané. The data is
. . w,
presented in the form of pressure recovery coefficient ij . —-1~%%«, where
-— 1 -— .

the suffix (1-x) refers to the general axial x-station in the diffuser,

taking the inlet station (1) as a datum.

‘In all cases the.static pressure measured along the inner and outer
walls.of the diffuser and settiing length showed good circumferential
symmetry. Minimal radial pressure gradients are indicated save in the
immediate region of the diffuser inlet plane; Fig. 4.7 illustrates the high
local radial pressure gradient.

L1 Overall Performance

' The combination of pressure recovery data fromr Section L.1.3 with that
for outlet conditions from Section 4.1.2 allows evaluation of diffuser overall
performance in terms of static pressure recovery and energy loss by using the

relationship given in equation 1.10:

34

—_— S -
- . Y 1.
CPy2 % 2 Moo 1.10
4-2

- Thus the details of diffuser overall perqumance were calculated and are
given in Table 4.3 below. The value of pressure recovery coefficient .
(EEEK) from the work of Sovran and Klomp (62) has been included for purposes

of comparison,
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TABLE 4.3

OVERALL PERFORMANCE

£l
]

1] B | P2 | PPgx | M- B, %

0.028 | 0.615 | 0.610 |0.085 | 0.247 | 1.292
0.053 | 0.610 - 0.085 | 0.303 | 1.379
0.090 | 0.615 - 0.090 | 0.320 | 1.378
0.109 | 0.600 - 0.115 | 0.362 | 1.43,
0.101 | 0.630 - 0.090 | 0.297 | 1.292

0.028 | 0.605 | 0.620 {0,080 | 0.261 | 1.381
0.057 | 0.575 - 0.050 | 0.323 | 1.494

10.0

0.089 | 0.570 - 0.110 | 0.247 | 1.519
. 0«109 01575 - 00090 O-j&l— 1o5£i-3
. 0.101 0.620 - 0.075 | 0.33 1.406

0.027 | 0.515 | 0.610 [0.120 | 0.297 | 1.586
0.053 | 0.455 | 0.550 {0.430 | 0.378 | 1.808
0.090 [ 0.470 { 0.515 (0.125 | 0.390 | 1.807
0.109 | 0.470 | 0.535 [0.130 | 0.406 | 1.833
0.102 | 0.54,0 | 0.525 {0.085 | 0.369 | 1.657

- O 'S

MU b | s~ ~~] OO0 CC
»

QOOCC oluvuuuvwuyl OO OO

14

Reynolds number (ReDh 1.75 x i05)

'With initial increase inrthe inlet blockage fraction B1 and attendant
‘reduction in the 'near wall' velocities there is a decrease in static
pressure recovery coefficient., TWith further increase of inlet length,
and blockage, as the fuliy developed condition is'approached'an appreciable
increase in pressure recqvery coefficient‘is evident.  This effecf was
first noted by Bradshaw ( 3 ), commenting on the nonical diffuser work of
Cockrell and Marklénd (17 )« He attributed this effect to the higher
level of turbulent mixing in the thear wall' region with fully developed
flow, This increase in mixing may be seen by comparing the respective
ievéls of turbulent shear stress at the diffuser inlet station in Fig. b (b)
for the Le/Dh = 9.5 and 39.5 inlet lengths which have an approximately
eqpai blocke@?area fraction. 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 E}AR1 = 5,0 diffuser by cc@parison of the exit velocity
profiles, for these two inlet conditions, shown in Fig. L.8.

| The predictioﬁ of the effect of inkt blockage given by Sovran and

Klomp (6§72) for the Cp* diffuser where pressure forces predominate,” has been

included in Teble 4.3. This does not indicate the increase in 655_2 when
approaching fully developed flow as it is esaentiélly velocity profile
based and makes no allowance for the .effects of turbulent mixing.  However
the conciusion drawn by Sovran and Klomp that exit flow blockage and not
energy loss hasvthe major influence Ol pressure recovery is clearly-
illustrated in TaBle L.;. In this table the reduction in pressure recovery
-(653_2) that occurs when the non-dinensional length (E/AR1) of the diffuser
is redgced.from 10.0 to 5.0 is indicated. Using the suffix 105 to
indicate this change, it is seen that at worst (&A1P2) = 0.3(665}~2)

: - 10+5 1075
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

exit blockage.

TABLE 4.4

PERFORMANCE PENALTIES DUE TO EXIT BLOCKAGE AND ENERGY LOSSES

L/&, | B, B, | %o [M-2
10.0 | 0.028 | 0.247 | 0.615 | 0.085
5.0 | 0.028 | 0.297 | 0.515 | 0.120
10.0 C.053 | 0.303 | 0.640 |} 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 | 0470 |0.125
10.0 | 0.109 | 0.362 | 0.600 |0.115
5.0 | 0.109 | 0.;06 | 0.470 |0.130
10.0 | 0.101 | 0.297 | 0.630 | 0.090
5.0 | 0.102 | 0.369 | 0.5,0 |0.085

4.1.5 Comparison With Published Data

Published data of a comprehensive nature on the performance and losses



in an arnular diffuser is sparsé. An early series of tests by Wood et al
(84 ) concentrated on the 'exhaust jet' type of annular diffuser with some
form of inlet flow control, whiie the 'compressor exit' type cf geometry
was studied by Ainley ( 1 ) and Jobnston (31). Much of this work is
summarised in thé N.A.CfA. publication: |

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

More recently, interest has f‘ocuséed rainly on the 'compressor exit!
type of geomefry and, for a limited range of geometries, the behaviour of
the internal flow in this type of diffuser has been investigated by Stevens
and Markland (68 ). However the area ratio employed (AR1_2 = 4.0) was
.high and makes this work unsuitable for the present comparison. Later
work by Stevens and Williams (G9), (7(Q), was carried out on this type of

diffuser at a more relevant area ratio (AR, , = 2.0).

1=2
Concentrating on overall performarce and diffuser stebiliity limits,

wider studies were carried out by Sovran and Klomp (62) and‘Howard et al

(30) respectively. | -
Comparison with the earlier data is shown in Figs. 4.9 and 4.10 in

terms of static ’pressure recovery and flow énergy loss respectively. It

Bhould be noted that, for the purposes of this comparison only, the following

definitions apply: |

Mow L K= m———am =k,

Bearing in' rind the wide spread of geometries and inlet conditions the
broad comparison of data is reasonable, notably with the nearest geometrically
equivalent diffusers tested by Ainley ( 1 ) and Nelson and Popp (47).

The resuits of Howard et al (30) from tests on the straight-—cofe and

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

geometries we fihd the comparison given in Table 4.5 below.
TABLE 4.5

DiFFUSER PERFORMANCE - PRESENT WORK CCMPARED WITH THE DATA OF
HOWARD ET AL FOR FULLY DEVELOPED INFLOW

A= HOWARD

— HOWARD .

L/8R | ARy 5 | BRy/R))y | (R/R )y ep a1 | (Pyoyrn | (0P1l2) et a1
10.0 | 2.0 0.833 0.78 0.63 0.61

7.5 | 2.0 0.853 0.78 | o.62 0.58

5.0 | 2.0 0.833 0.78 0.5, 0.53

* includes. pressure recovery in settling length.

. The performance qg9ted by Howard et al is. at a somewhat lower level
than has been found from the present tests ;ﬁd, although considering the
possible experimental error, this difference is not large, since the static
pressure recovery quoted by Howard et al must contain an additive element
due to the effect of thé settling length downstrean (see Fig. 4.11), this
does; in fact, represent quite an appfeciable discrepancy. Further, when
the stabilitylimit indicated in Table 4.2 is compared with the 'line of
first étall} 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 bettef. Also the
Mfirst stall' line guoted for the equi-angular annular diffuser is in very
poor agreemenf with the test data of Stevens and Markland (68 ). This
suggeSts that the inlet turbulence structure in the rig used by Howard et al
was. not that of a fully developed fiow.

| - The range of tests 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 test facility.
Compariéon 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 pf the i/AR1 = 5.0 diffuser which
was selected as a Op* optimum geometxry from the performgnce map given by
Sovran and Klomp. Table 4.2 shows that for the present tests the exit
flow in this diffuser wés in a transitory stail_condition, while the value
of pressure recovery quoted by Sovran and Klomp would seem to indicate an
unstalled exit flow. This is probably attributable to a 'favoursble'
iniet turbulence structure in the test facility used by Sovran and Klomp,
. partly due to the fact that a 'blowh' rig was used, and partly inherent in
the design of the inlet section.

This TVZR1 = 5.0 geometry merits further comment since it exhibits,

/
in contrast to the other test diffusers, a wide variation in performance

and flow behaviour over a relatively limited rangé of naturally developed
inflow profilesi Thus the statement made by Sovran and Klomp that:
"Optimum geometry was seen to be relatively independent of inlet conditions'
is not borne oﬁt and this fact must bé considered when designing a Cp*
diffuser geometry for use in industrial flow conditions.

L.1.6 Effect of Downstream Settling Length

For all the diffuser - inlet blockage combinations tested, radial
momentum transfer in the settling length led to a more uniform velocity
profile with an attendant improvemeht in static pressure recovery, as shown
in Figs., }+-1$ and 4.14.

Iig. 414 shows the aecrease_in shape parameter and.aurgy and mementum
flux coefficlients 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.O(Dh ) of diffuser exit, and for the i/ﬂR1 = 10.0, 7.5

2
geometries. Cp improves to a final valie in the region 0.65 - 0.67 irrespective
. 1mx

of the inlet blockage.

oy



For the EQ%R1'=—5.O diffuser the effect of the settling length is
blockage dependent, having less effect (Eﬁ;_x = 0,63) in the medium blockage

range, B, = 0.05 =+ 0.09 (Le/Dh =4,0 *10.0). This is no doubt due to the
1 : '

1
poor state of the exit flow at these inlet blockage fractions (see Table 4.2),
while for the uniform flow (B1 = 0.028) and fully developed inlet flow cases
the improved state of the exit flow allows the settling length to agéin exert

its full effect with improvements in Eﬁ}_x up to 0.67.

L.1.7 Internal Boundary Layer Development and Flow Stability

A detailed investigation éf internal flow developqent in the test
diffusers was made for two 'potential core' inlet conditions. These were
(as noted in Section 351.1) for Le/bh1 = 2.0anﬁ.9.5, giving a near uni form
' flow (B1 = 0.028) and a thick inlet boundary lé&er £low (B1 = 0.09) -
resﬁectively. '

The 'raw' vélocity profile data is given in Appendix 7 with tabulated
‘values of the integral parameters, while ﬁlots showing the development of
the meén velocity profile (mean of three circumferential traverse positions)
are given in Figs. 4 .15 > 4,26, The accuracy limits of these measurements
have been qyote& in Séction 3. and are substantiated by the fact that the
integrated quantity flows at the traverse stations: along each diffuser agree
bo within + 1.5 of the inlet datum £low. o

Wnile the diffuser tests with fully'deveioped inflow iﬁdicated.éxcellent
symmetry of flow at all measuring stations (see Appendix 8 and Stevens. (67)),
for the tgsts carried out under 'potential core' inlet conditions a degree of
exit flow asymmetry was present and in evaluating this the EZBR1 = 7.5
diffuser was fully analysed, in that where any asymmetry was apparent a
full circumferential analysis was: carried out at that station. The results
of this anaiysis.are illustrated in Fig. 4.27 in terms of shape parameter .

(H) and momentum thickness (), and it is scen. that even with apparent marked
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asymetry (L/MR, = 7.5, B, = 0,028, EXIT STATION) the circumferential
variation of the boundary layer integral parameters (H,6) is not excessive.
Thus in Figs. 4.28, 4.29 mean éurves are given showing the development
of shape factor and moﬁehtum thickness aleng the teét 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 losses the velocify

reduction along a streamline is, for any given pressure gradient, inversely
proportional to the local velocity i.e. du&% . ThusAfor a symmetric inlet
veloeity profile having the samé boundary layer profile on the inner and
outer walls, with each boundary layer experiencing the same preésure 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 walls. However fof the test diffuser geometries, as noted in Section
4.1.37(see Fig. 4.7), the curvature around the outer wall inlet bend gives
rise to a more adverse pressure gradiént in the outer wall region at diffuser
inlet, as compared to the inner wall, and this local adverse pressure gradient
in turn causes a local distortion of the outer wall boundary layer and leads
to asymmetric boundary layer growth in the diffuser. The effect of the
local adverse pressure gradient is modified to a certain extent by fﬁe
diffuser inlet velocity profile as inspection of Figs. 4.28 and 4. 29
ilIustrates.

| Thus for the 376R1 = 10.6 diffuser where the'inlet bend is moderate
(¢0 = 50), and the inlet profile uniform, the boundary layer growth ig
nearly equal on both-walls, while with the thicker inlet velocity profile
(B1_='0.090) a marked difference in growth is apparent. For the 37AR1 = 7.5

diffuser these observations still hold true but for the fVAR1 = 5.0 geometry



the adverse effect.of the more severe bend (¢0 =‘10°) extends to both inlet
profiles.

These comments on the critical effect of the diffuset inlet bend are
borne out by a recent J.3.M.E. paper by Furuya et‘ai'(ZA) where symmetric
two~dimensional diffusers of high aspéct ratio and a large included angle
up to 450, which normally produce a very low static pfessure.recovery, were
dramatically improved by‘the addttion of boundary layer suction slots Jjust
dovnstreanm of the inlet bend tith a maximum off-take of only 3% of the.
total inlet flow. The improvements in recovery gained through the use of
this technique are shown in Fig. 4.30. ) o

As noted in Table 4.2 varying degrees of transitory stall were observed
in the exit region of the f&ﬁR1 = 5.0 @iffuser, being dependent on the inlet
condition. Unfortunately, as noted by Sovran (66), there is no completely
reliable stail.criterion and so in the present case the corrélation of a
wide _range of experimental data for turbuient'boﬁndary layer stall due to
Sandborn and Kline (B0) has been employed. Data from the 573R1 = 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
'toth cases for'% > 0.70, which agrees well with viﬁual.dﬁervations; “certainly
for the present tests the Sandborn and Kline correlation would seem fto give a

reliable indication of transitory stall.

L.1.8 BShear Stress and Turbulence Inten31ty

The development of the turbulence structure in the diffuser boundary
layers in terms of turbulent shear stress.and turbulence intensity was
measured for the‘ith1 = 10.0.and 7.5 diffusers with a near uniform (B1 = 0.028)
inlet veltcity-profile; " The i/AR1 = 5,0 diffuser geometry, for this inlet
condition, exhihited transitory stall and the resulting unstable flow conditions

rendered it impossible to cotain reliable turbulence data.

w50 =



The data is presented in Appendix 7 where the turbulent shear stress

, —_
is given in the form 2 ng which, on extrapolation to the wall, allows

comparison with the wall skin friction coefficient (cf) given by the

Tudweig.and Tillmann (40 ) relationship:

0y = 0.246(116)"0'268(1o)‘°‘678H

L
The variation of the axial turbulence intensity is presented in terms
2

u‘
U ~
mum velocity has been adopted throughout, the velocity measured by the

of

s where the practice of non-dimensionalising using the local maxi-

pitot-static system being employed.

The tﬁrbulent shearing atresé  1 o daté is summariééd in
terms of carpet plots in Figs. 4.32 and 4.33.

Checks forr flow asyﬁmetry, and for the validity of King's law, were

cérried out in selected cases and these are included in Appendix 3, A3,

The values of turbulent shearing stresa.(éE;gT) across. the boundary
layers in both diffusers. exhibit a. meximum which increases and moves away
from the wall region as. the flow proceeds éownstream. This would &uggesi
that though theré are quite high levels of turbulence in the wall region
they are uncorrelated, and thus not attributable to the local velocity
gradlent, perhaps being due to turbulence convected from upstream.

In axi-symmetric flow the mean flow equation takes the form:

I N B | |
uﬁ—- e~ ko2 )+.p (tR) 4.2
for R >>_1, and ignoring the Reynolds normal stress gradient term, we have

near the wall:
4.5
being the force required to balance the pressure gradient G%%). 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 data given in Appendix 7 shows is indeed the case.

Table 4.6 below shows a typical comparison taken from this data.

TABLE L .6

GRADIENT OF SHEAR STRESS AT WALL i

f/ﬂfi1 = 10.0, B, = 0.028 'f./,zm1 = 7.5, B, = 0.028
% / dp /gx d1/aR X dp /gx [d’rde
U ou? R=R_ PU
0.545 | 0.4 0.39 0,547 | 0.69 0.50
0.725 | 0.35 0.30 0.673 | 0.56 0.54
‘ 0.800 | 0.43 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

dT

reliable value of [——] . Within this limitation the relationship
RﬁR ‘

dr

.
"%1{7 %& in the near wall.region, for the G:Li‘fuser geometries and inlet

condit 1ons tested, is confirned.

Tn a general investigation of a necar separating boundary layer,

Spangenberg ot al (64 ) could not verify the relationship & near the

CdR dx
wall but found that typically oX dR = 0.0+0.2 Ef? with the Reynolds normal
stress gradient (——-) providing most of the remaining force necessax‘y to

balance the pressure gradient. Further, Stevens (67 ) in an investigation

of straight-core annular diffusers. with fully developed inflow showed that

% 0.5 %% as the flow approached separation and égain concluded that

'Reynolds normal stress gradient and other terms in the mean flow equation
made a contribution. |

Thus, from this experimental evidence, i{: would appear that as the
flow approaches separation the gradient of Reynolds normal stresses provides
. However it

part of the force required to overcome the ‘Pressure gradient.

must be stated that under these conditions. the other;terms in the mean flow



equation should also be taken into accounf.

¥here the boundary layer is proceeding against an adverse pressure
gradient the shear stress structure tgnds to lag behind the mean flow
development. A useful datum for comparison is the equilibrium boundary
layer where the pressure and skin fricti;m forces are in balance and the
boundary layer has a given shape independent of Reynolds number, In
represen.tlng the equilibrium boundary layer over a range of pressure |
gradient N_ash (45) has given an -empirical curve representing a correlation

of experimental and theoreticsl data, wviz:

‘ 1
6 =64(r+ 1817 = 1.7 A ke
where

. .

T =;-fi—;%§ - 'pressure gradient' parameter
1 -
2| 1 ' '

G = |— 1 = == |~ 'shape' parameter .

Cp H .

This .ciJrve is presented in Fig. 4.3 with overplo.tted comparison‘ for -the

test diffusers; the -f/AR1 = 10,0, 7.5 data indicate a condition of !'local
equilibriun;' in that while G. and 7 do not remain constant, G as a |

function of ™ follows fhe equilibrium curve. As noted by Nash this does

not mean that the shear stress distribution remains ;bhat of an equilibrium
layer, and this is reflected in the comparison, glven in Table 4.7, of the
dissipafi.on coefficient (9) calculated from the test data Wi";h the .e‘quivalent

D equilibrium given by Walz (80),

0,00962 + 0.1644 (H - 1.5+
Ry (0.2317H = 0.264%4)

P equilibrium =

Pl

~ b3 =



TABLE 4.7
COMPARISCN WITH EQUILiBRiUM DISSIPATION COEFFICTENT

T;m31 = 10.0, B, = 0.028, OUTER VALL | LAR, = 7.5, B, = 0.028, OUTER WALL
I/N |9 Experiment |9 Equilibrium | Z/N | P Experiment | Bquilibrium
0.030 0.00099 0.00351 0.040 0.00110 0.00350
0.100 0.00110 0.00352 0.167 0.00118 0.00360
0.225 0.00141 0.003265 0.293 0.00278 0.0037
0.325 0.00158 0.00380 0.420 0.00370 0.00389 .
0.4:25 0.00206 0.00390 0.5:7 0.004.00 0.00399
0.545 |- 0.00283 0.00399 0.673 0.00426 0.00405
0.725 | 0.00360 0.00405 0.800 0.00580 0.00410

Given thé poésible experimental inaccuracies (see Section 3.4), compari-
son of these values illustrates the degree.of shear lég in the test diffusers,
indicating anrinitial departure from an equilibrium shéar stress distribution
tending back towards equilibrium in the 1after stages. of diffusion.

AllL three components of the Reynolds normal stress. were measured
) i

(ur

been presented since, as shown in Appendix 3,'A.3.3, and also noted by

—2 -2 ‘
s V', w' ); however only the directly measured axial component has

Lee (35), the values of T2 and wic measured using the slant wire technique
are prone to inacpuracy. However, the ;72 values have been used in an
attempt to make some estimate of the Reynolds normal- stress contribution

to the lMomentum Integral Equation, diséussed later in-this section.

Spangenberg et al {64 ) note that a turbulence intensity, based on

the local mean velocity, 6f _i; >0.30 is indicative of transitory stall,
and Fig. 4 .35 shows the development of this parameter at exit from thé test
diffusers; pitot-static measurements of the local mean velocity have been
used in non-dimensionalising. The indications from this figure are that
._the f&ﬁ31 = 10,0 geometry should not exhibit transitory gtall.while the
EVER1 = 7.5 diffuser should suffer a local transitory stall for X/N > 0.70.

Wall tuf't observations confirm the former statement but not the latter.
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Wnile marked flow unsteadiness was noted in the outer wall ‘exit region of
the E]%R1 = [.5 geometry any transitory stall, if present, was extremely

slight and did not reverse the wool tufts. lHowever, on the basis of the
: — .
]

present observations it would seem that the criterion 0,30 is a

reasonable guide to the imminence of transitory stall,

4.1.2 Taw of the Wall - FEstimation 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 velocity:profilé near the
wall. Unfortunately, as noted by Thompson (73), in severe adverse
pressure gradient the validity of thé universalilaw of the wall is open to
question, and may cause such devices.to-be inaccurate. The most satisfactory
method of evaluéting wall shear stress is by direct meaaufement, but the
éhysical limitations of the test rig and the experimental coﬁplexity involved
precluded its use in the present test series. -

In view af these points it was decided té plot the ’1aw.of the wall'
after the method of Clauser (15 ), serving the dual purpose of:

(1) investigating the validity of the law of the wall under
conditions of severe adverse pressure gradient.
(ii) obtaining an approximate value of the wall skin friction.

The law of the wall nay be written:

= A + Bxlog[ T} _ B 4.6

T v

'::_]s

where in the present case y = (Ro -~ R)or (R - Ri) on the respective
dgiffuser walls.
u. . fo,
Noting that T =72 for any given veue of Cp We may write:

(R0 - R)U :
._.__] b7

=Af+B'hg[ 5

~ 55 =



On this basi; a 'Clauser‘piot' is formed'by generating a family of
lines for a raﬁge of Ce values, The Clauser flots for all three test
diffuser geometries with near uniform (B1 = 0.028) and thick inlet‘boﬁnaary
layer (B, = 0.090) inlet conditions are given in Appendix 7, where the
foliowing values of & and B, given by Thompson (73) as represénting a
wide range of experimental data,"héve been assumed:

A= Dd
B = 5.5
‘A.typical plot is given in Eig.74.36.

The valués of o estimated from these plots are shown for the |
_ /M, = 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 forminé a reliaﬁle estimation of Co is

very difficult. This deviation may be explained by again referring to

equation 4.6, the law of the wall:
' yu . ‘
u .-
S -A+B log[-—-——v T:l - ' 4.6

This formulation is based on the assumption that there is no shear stress
variation in a direction normel to the wall in the neasr wall region, i.e.

in the present case g'-'E-'"—‘O (near the wall).

dR
Now as Section 4.1.8 shows, there is a large gradient of shear stress
normal to the wall where [%%} = *gE-, thus a basic assumption made in
A R=R dx .

generating the law of the wall is®violated.

The siﬁplest improvement which can be made to the 'law of the wall’
to take account of the shear stress gradiént at the wall may be effected
by considering fhe.relationship in the near wall region:

& &%
ax = @R



and assuming 1 = T at the wall we may write

o= dp -
TET, AT Y _ : _ 4.8

A more rigorous treatmeﬁt is given by MacDonald (41 ) where a linear
dependence of shear stress._ upon y is assumed, but this is alioﬁed to
extrapolate to a wall value To wheré T # Tw. This approach gives:

1

; _

g 2 _ A2 4 1

u+=£*fc-loge (o +£L) A:, -t-'l'zc" (ay® « A)Z - 42| 4+ BT
(o5 + A)z + A%

4.9
where
T=ay + TO
_ 3
* 2 /p'l.l_r
= 7 /T
z 2
el iy, g )42 QA
If 1 = 1 then equation 4.9 simplifies to
1 FaY
ut = -}% [(ay++1 ¥ - 1] + jk_ log [h (o™ +1) L ] Bt L.10
€ (ﬂy +1 )4 + 1 _

wheré BY = 5.0 for the present experimental pressure gradients. Thus in
this. form the law of the wall is seen to depend on the parameter ¢ agnd, if
T = T + gf—c ¥, then Gz -——-3 & i.e. the ratio of the pressure to the
viscous forces, P

Following the work of, among others, Ludweig and Tillmar (40 ) the
basic form of the law <‘>f' the wall has been assumed to bre applicable to
flows over a wide range of pressure gradients. However the .'severe adverse
pressure gradient' data of Ludweig and Tillmann corresponds only to values
of ¢« £ 0. 0035, typical values for the present tests (L/AR = 745 dlfi‘user)

are given in Table 4 .8 where it can be seen that the values of A are very
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much greater than those recorded in Ludweig and Tillmann's experimenis.

TABLE 4.8

APPROXIMATE VALUES. OF o PARAMETER

L/AR, = 7.5 ' B, = 0.028

0.167] 0.294 | o.420 | 0.546 | 0.675 | 0.800 | 0.980
0.055| 0.060 | 0.080 | 0.089 |0.093 | 0.112 | 0.109
0.022| o0.041 | 0.050 | 0.061 | 0.055 |.0.049 | 0,032

b
HPbQT;?

Fig. 4.38, taken from the work of MacDonald, illustrates the effect
of the a parameter on the‘law of the wall. If the simple form T = L %%-y
is assumed then it is possible to.generaté a.‘Clauser‘plot' profile by
'aPplying experimental test values of gﬁ-in equatior 4,10, For a chosen
's#ation in the i]hR1 = 7.5 diffuser with B, = 0.028 this. has been done and
the comparison of the generated and measured Clauser profiles is shown in
Fig. 4.39. Vhile the absoluté levels are rot inifull.agreement the trend
of the Clauser plot is successfuily reproduced.

Though a. single comparison of this sort ié encouraging, to use Mac-
Donald s relationship in a Clauser plot form would be excessively complicated
and the conclusion must be drawn that reliable direct measurement techniques

would give wall shear data more reliably and more quickly.

ha1.10 Mixing Length and Eddy Viscosity

......The ndxingriength and eddy viscosity concepts represent carly attempts
to relate the locel turbulent shear stress to the local mean velocify
gradient. As turbulence model§ they are necessarily limited but none the
less are representative of many of the simpler turbulen£ flow situations,
and Lave found wide afplioation in theoretical prediction methods, €
Spalding and Patapkar (63). |

Prandtl postulated 2 'mixing lergth', analogous to the 'mean free path;

" in the kinetic theory of gases, where:

- 58 -



or in the present formulation

2 2 ' .
T = ph .[Eﬁ] _ b1l
This concept is known to have limitations in that, for instance, it
cannot allow for the so-called 'hisfory 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 é ramp function in the
near wall region, with a constant value in the outer region of the
boundary layer, thus:

C beky  0<y<kb/fk ko5

Rl

“y

k26' kza/k1 <y 8 ' 416

where k{rand k2 are nuﬁerical constants.
The ex@eriﬁental mixing l;ngth distriﬁutions, non-dimensionalised in
the terms f% , are given in PFigs. 4.40 and 4.1 for the TV531 = 10,0, 7.5
diffuser geémetries.?‘ﬁfhese plots show that the ranm/bonstant mixing,
lerngth & stribution ié indéed evident except in the early stageé of
diffusion. The choice of a non~dimensionalising length fof L is soméwhat
arbitrary and in the present case éz—D has been adopted in order to be
consistent with Clauser's work on eddy viscosity. | However, if 8§ is chosen
as the non-diﬁenéionalising parameter then compariscn may be made with the
work of Brédshaw (4, 5 ) for equilibrium flow and mild adverse pressure
gradient, and Goldberg (25) for more severe adverse pressure gradient.
Thus, in Table 4.9, a ccmparison of the k2 values shows that in all three
adverse pressure gradient caseé the lag in turbulent shear stress Qevelop—

ment tends to depress the level of mixing length below the equilibrium

value of k2 = 0.08.
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TABLE 4.9
DEVELOPMENT OF MIXING LENGTH

In respect of eddy viscosity the Boussinesq relation assumes

turbulent shear stress

H

Ty

where the total ghear stress

~ -
I

2
oy

p(v e+ e) g—;
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i/,;\R1 = 10,0, B, = 0.028
OUTER WALL
| X/W 0.100 0.225 | 0.325 | 0.425 | 0.545 | 0.725
{3/5} expt 0.045 0.040 | 0.049 | 0.05: | 0.0E4 | 0.05%
" {%/s} Bradshaw| 0.06 >
- . )y 0.10 .
{4/5} Goldberg O.%}zﬁ;‘. >
INNER WALL

X/N 0.100 0.225 | 0.325 | 0.425 | 0.5,5 | 0.725
 {L/8}expt 0.05% 0.051 { 0.049 | 0.052 | 0.053 | 0.062
{e/8}Bradshaw | 0.06 -+ :
{£/5}Goldberg g:gﬁ}fﬂ?i: -~
E/A.R1 = 7.5, B, = 0.028
OUTER WALL
X/ 0.167 0.293 | 0.420 | 0.5.7 | 0.673 | 0.800
{1/8}expt 0.045 0.061 | 0.070 | 0.066 { 0.071 | 0.071
{2/8}Bradshaw | 0.06 - _

y 0-0 +
{E/G}Goldbe?g 0&}?22 +
INNER WALL

X/ 0.167 0.293 | 0.420 | 0.547 | 0.673 [ 0.800
{25} expt 0,045 0.054 | 0.062 | 0.050 | 0.063 | 0.057
{%/8} Bradshaw 0.06 . .

0.10)max.

{2/5} Goldberg 0.45}min.

that the
417
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€ being termed the 'eddy viscosity'; in turbulent flow the term v is
negligidble except in the immediate vicinify of the wall.
Clauser (14 ) showed that in the outer region of an equilibrium boundary
layer the value
e = 0.018 U &,
= 0. 18 U oD | hf19
gave a reasonable match to experimental velocity profile data; however,

‘ €
later experimental investigation by Bradshaw { 4 ) has shown that [-—-}
2

£ 3
Us,.

is not constant over the whole outer region of the boundary layer.

The eddy viscosity variation exhibited in the present work is shown in
Figs. L.#Z-and L .43 and, indeed, é similar eddy viscosity‘digtribution to
_thaf of Bradshaws work is found, but there are variatiéns in the_constant
of proportionality due, no deubt, 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 o

EDDY VISCOSITY VARTATION

TV%R1 = 10.0, B, = 0.028

CUTER WALL

¥
(q/U&z_D)max. 0.010 |Early stages. of diffusion

2 .
(?/Ua2-D)max. 0.012 jlatter stages of diffusion .

INNER WALL

]
.(E/vda-D)max. 0.011 |Early stages of diffusion
(€/b62-D)ﬁax. 0.013 |Latter stages of diffusion

EV%R1 = 7.5, B, = 0.028

OUTER WALL

i - :
(e/Usé_D)max 0.013 |Early stages of &iffusion
(e/haz_n)max 0.017 |Latter stages of diffusion

INNER WALL

E 3
(e /US mD)mav 0.012 {Early stages of diffusion
(e/U6,_n)n 0.016 {Latter stages of diffusion




L.1.11 Balance of Momenium

The Momentum Integral Equation, derived i1:1 Appendix 4, is quoted here

in full in its axi-symmetric form for the outer wall of the test diffuser

geometry:
de0 °f eo dRo eo dU Ri " Ri dap
W52 TR U a et [?a:c]
. o é
R
0 . ‘
+'-!§ % (u_'-2 + ;,.‘12 - ;r-'-z)dR .20
U Rd‘ :

The weighting due to ﬁB_ in the Reynolds normal stress term has been neglected
(o}

“as being of second order importance in this case.

Since this equation is derived assuming an axi-symmetric flow free of
three-dimensional ef;F'ects, it provides a very useful check on the accuracy
of the experimental data. Any marked divergénce of the two sides. of the
equation is generally attributed to thi-ee-dimensional effécts, and curtails
the usefulness of the data as a basis for the evaluation of theoretical
-methods.

The comparison of the measured value of %e; with. that givéﬁ by the
R.H.S. of-equation 4L.20 is given for all threé test diffuser geometries
-under selected inlet conditions in Appendix 41, and a typical example for
the -f/AR,l = 10,0 diffuser geoumetry (B1 = 0.028) is given in .E'Lg. 4’.24.4..‘7

The comparison for the -I-:/AR,I = 10.0, 7.5 diffusers is excellent, apd
.while that for the -!':/AR1 = .5..0 géometry is not quite as good, it represents
a marked improvement over much of the experimental data i)reviously 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 major thfee-dimensional effects.

For the EQER1 = 10.0, 7.5 diffuser geometries (B1 = 0.028) ﬁhe 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 E/AR1 = 5.0
geometry but in fhis case probably becomes significant only as the flow
approaches transitory stall. |

Thus on the basis of these comparisons the indicatiopg are that the
experimental flows are substantially free of three-dimensiénal effects
an&, with the further evidence of a good mass flow balance and the symmetry
of the velocify profiles, may be used with confidence in the evaluation of

theoretical methods.

4.2 Flow Mixing at Inlet Generated by g Flow Spoiler on the Outer Wall

As noted in Section 4.1.2 the diffuser of non~dimensional length
E/AR1 = 5.0 exhibited transitory stall ;n the exit flow, when running with
naturally developed '‘potential core' inlet con@itiqns. The object of the
test series described in this sect%on was to investigate the feasibility
of eliminating this stall by increasing the level of radial flow mixing in
the affected region., This mixing was artificially introduced by a flbw
spoiler upstream of diffuser inlet and it was hoped to sensibly retéin,
if possible, the naturally developed form of inlet velocity profile.

A pfeliﬁinary series of tests in a'tWOadimeﬁsional ducf indicatgd
that the spoiler geometry shown in Fig. 4:46(a) should achieve.the desired
effect.

L.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 (655_2), allied

with stable exit flow conditions. The following sections present pertinent
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data for the test range of spoiler positions, Ls/Dh = 0.0 + 8.0.
| S ’ |
L.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, ié
excellent.  Thusthe inlet velocity profiles for the-range of spoiler posi-
tidns,(Ls/Dh1)= *2.0 + 8.0 are presented as mean lines in Fig. h.47.

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. 4.48, where the flow may be said to progfess from a
'half-jet' profile, (Ls/'Dh Y= 2.0, to a mildly sheared profiie with thick

1
boundary layers, (LS/Dh ) = 8.0.

1
The variation of the velocity profile integral parameters, given 1n
: : L
Table 4 .11, would appear to suggest that for spoiler positions EF“ > 4,0
' h

the 'adjustment' of the velécity profile is very slow. However, inspection

of Figs. 4 .49 and 4 .50, which show the development of axial turbulence
ure @
i} U2
that the inlet turbulence structure is changing more rapidly.

intensity and turbulent shear stress ) respectively, indicates
Fig. 4.50 is the more interesting since the variation of turbulent shear
is indicative of the level of radial flow mixing, and it was this feature of
the artificially generated inlet flow whicp was. expected to exert a stabilis-
ing influence on the diffuser flow. Thus, on this basis, it could be 7
‘conclﬁded that the profiles at-(Le/Dh1) = 4.0, 5.9 should give the best
results; however, as will be shown in the folloﬁing sections, this is not

the case since the influence of both the velocity profile and turbulence

structure must be considered.

* exit flow stalled for LS/’Dh = 0.0 > 1.0
1
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TABLE 4.11

INLET VELOCITY PROFILE INTHEGRAL PARAMETERS

Le LS [eo} [ei l
— 1 £ B - = H H, o B
Dh1 Dh1 1 AR 1 AR : o, i, 1 1
9.5 2.0 0.172 | 0.0528 | 0.0256 | 2.46 | 1.3% 1.229 | 1.090
3.0 0.13 | 0.0610 | 0.0302 | 1.7 | 1.% | 1.085 | 1.030
4.0 0.129 0.0616 0.0306 135 137 .1.064 1.022
5.0 0.123 | 0.0557 | 0.0320 [1.29 } 1.35 | 1.051 1,018
6.0 0.119 0.0600 0.0298 1.27 1.3 1.045 1.016
7.0 0.117 0.0550 0.0321 1.28 1437 1.049 1.018
8.0 0.115 0.0521 0.0332 1.30 1.36 1.052 1.019
R = 1.6 x 105
°p
h

1

Lo2.1.2 OQutlet Gonditions and Flow Stability

Exit velocity profiles were measured énd are presented in Fig. 4.51.
The integral parameters generated from these profiles are given in Table
4.12, which also indicates the diffuser exit flow behavicur for thespoiler
position range (LS/Dh1) = 0.0 » S.O. In view of the reasonable symmetry
of the exit velocity profiles mean values have been quoted in this Table.

The improvement in the exit velocity profile, when compared with tﬁe
naturally developed-data ineluded in Table L.12,.is clearly démonstrated;
Significantly, for spoiler positions Q;EL) = 6.0, 7.0 stable exit flow

behaviour was observed together with marﬂeﬁ reductions in blockage, distortion,

and exit kinetic energy flux, as characterised by B2, H0 , and a respectively.
2

These improvenments in the exit flow are reflected in appreciable inereases

2

in pressure recovery over the naturally developed inflow case, as the following

sections show.
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TABLE 4 12

OUTLET VELOCITY PROFILE INTEGRAT, PARAMETERS AND FLOW GONDITION

L L 0 0, | *¥low
_e | & B %2 T2 H H, o B i £
Dh1 Dh1 2 (in.) (in.) 0, 12 2 2 Conditien
9.5 0-0 el - - - - = - F
0.5 - - - - - - - F
1.0 - - - - - - - T
2.0 0.4:04 | 0.4894 | 0.0%3 | 2.81 [ 1.66 | 1.646 | 1.224 T
3.0 | 0.379}0.182% | 0,0997 | 2.64 | 1.72 | 1.564 | 1.196 _
4.0 | 0.3,90.4738 | 0.1023 | 2.46 | 1.76 | 1.482 { 1,170 } T (patohes)
5.0 0.370 | 0.16%: | 0.1098 | 2.63 | 1.8 | 4.551 | 1.195 IT
6.0 | 0.358]0.1682 | 0.1091 | 2.55 | 1.81 | 1.515 | 1.182 U
7.0 | 0.356| 0.1630 | 0.4080 | 2.63 | 1.80 | 1.530 | 1.189 U
. 8.0 - - - - - . - - 7T
, . 0.390 1 0.1366 | 0.0949 | 3.70 | 1.71 | 1.807 | 1.293 T
50,0 | ¥ - 0.349 | 0.1405 | 0.4407 | 3.2% | 1.67 | 1.657 | 1.237 I
R« 1.6 x 107
D
hy

+ naturally developed flow.

L.2.1.3 BStatic Pressure Recovery

The plots of static pressure recovery for LS/'Dh = 2.0 » 8.0 are given
: 4 , _

in Fig. 4.52 with the logal pressure variation in thg region of the diffuser '
inlet plane being detailed in Fig. 4.53. The measured pressures showed
good circumferential symmetry.
At Ls/bh1 = 2.0 Fig. 4.52 shows evidence of aslight radial pressﬁre
gradient in tﬁe diffuser which is attributable to pre-entry effects caused
by the proximity of the wall flow spoiler to diffuser inlet (see Fig. 4.53).
Fig. 4.53 further ;}lustrates that the high iocal 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 thé inerease in radial flow mixing.

4.2.1.4 Overall Performance B

Data collated from the previous Sections 4.2.1.1-3 is presented in
Table 4.13 in terms of overall performance and compared with relevant data

from tests underlnaturally developed inflow conditions.

”

TABLE 4.13
OVERALL. PERFORMANCE

7 f e s - — Flow
R ) By 0Py o|®Pyn, | Mo2f Bo | % [, [Bi | condition
1 7hy | 7By /oy | 2 | "2
540/9.5| 2.0 10.172{0.65 | 0.53 0.17 oo 4.606]2.81[1.661 T
3,0 {0.1% [0.58 | 0.535 |0.115[0.379[1.56 (2.8 [1.72| T
- patches
4.0 10.12910.58 | 0.545 |0.115]0:249)1.48212.4611.761 T

5.0 |0.123[0.59 | 0.56 0.075]0.370[1.551 [2.63|1.84 | IT

6.0 |0.119]0.58 [ 0.555 [0.085|0.358{1.515}2.55[1.81| U

7.0 {0.117]0.61 | 0.58 0.06 0.356(1.530(2.63[1.80( U

8.0 [0.115}0.56 | 0.535 i - - - - TI

{ | - lo.090l0.475] o553 lo.125l0.390]1.81013.701.74 | I

+ 1335 | - |0.102|0.540| 0.520 ([0.085(0.3691.6603.2411.67| TI

Comparing the two sets of data it can be seen that the increased turbu-
lent mixing results in g reduction in the distortion of the outlet velocity
profile, as.indicadted by the lower values of outer wall boundary layer
shape paxfameter_ Hoz. | This in turn lowers o, and B2 and gives a consequent
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increase in the static pressure coefficient. The value for EE} 2 of
L -

0.65-achieved with the spoiler at position iri- ‘= 2.0 is due to the
h

}peaky' irlet profile for this spoiler poaition} where the profile has a
higher energy, for a given value of EA, than that of a naturally developed
profile having tﬁe ssme EA. Thus it does not mean that the pressure
recovery capability of the diffuser is any greater but that a higher initial
kKinetic erergy is available for recovefy. This is confirmed by the wvalues

of EE}mZ/q1 quoted in Table k.13, y ‘
“Study of Table 4.:13 shows that for the = = 7.0 spoiler position

P

the maximum value of pressure recovery'coefficiént of 0.6 was obtained
together with a stable outlet flow., This configuration was. therefore
taken as the optimum for further investigation.

4e2al.5 Comparison with Published Data

. L]
Since the test series described in this section was of an explcratory

nature this precludes any detailed com?arison with published data; it is
_fe}t thgt discussion may be aicded by considering the following questions:
(i) Does the diffuser performance under artificially generated
inlet‘conditions show any improvement over the 'nearest
equivalent' naturally devecloped inflow case?
(ii) Is the artificially generated inflow fypical of
'industrial‘ flow situations?
(iii) Can any 'general-principles' be deduced from the results?
As regards (i), Fig. L.54 compares the inlet %elocity profile to
the diffuser of non-dimensioral length EYAR1 = 5.0, for optimum spoiler
position, with the naturally devéloped'inlet profiles for inlet lengths
oL - | ‘
—% = 9.5 (same external geometry), and 39.5 (fully developed flow)

Dy

regpectively. In all cases the non-dimensional axial velocities in the

near wall regions (y/(Ro-Ri)'s 0.1) are the same, and the values of blockage
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fraction (31) are approximately equal. However, notable differences are

evident in the levels of radial flow mixing as indicated by the turbulent

' o har t
_shear stress ( 2u1]2v ).

- This relative increase in radial mixing with
- the artificially developed inflow is reflected in an improvement in
" pressure recovery, as shown in Table k.14, with substantially the same

losseé}as for the ﬁaturally developed, fully developed inflow. The
L

353 = 9.5 naturally developed inlet flow
h . .

are attributed to energy losses. inherent in the stalling diffuser exit flow.

higher.losses apparent for the



TABLE 4 .14

IMPROVEMENT IN DIFFUSER PERFORVANCE WITH ARTIFICIALLY GENERATED INFLOW

T = A
L/tR, | L./Dy Ls/bh1 CPyon | M2

5.0 9.5 7.0 't 0.610 1 0.06
5.0 9.5 i - | 0.475 | 0.125
R = 1.6 x 105

e

Dy
- Y

 Thus, taking the fully developed flow as the 'nearest equivalent'
.naturally de%eloped inflow case, the improvement in pressure recovery,

. attributable to an approximate doubling of the level of flow mixing at
ACD ' -
diffuser inlet, is 12% = ! 2] accompanied by a major improvement in the
' P B -
o N.D. ‘
stability of the diffuser exit flow.

- The similarity of fhe artificiélly‘generated flow, using fhe inlet
wall ?poiler,'wifh 'industrial' flow conditions, mentioned in (ii), dis
difficult to quantify. It is probably true to ééy that 1olassical
naturally developed flow very farely ocours in industrial flows, én@ both
. the vglocity'b#ofile and turbulence structure ma& be hodifiéd by, for
example, struts, surface imperfections, forced fluctuatioﬁ_frequencigs,
efcr In'shoft it is virtually impossible to specify a 'typlcal' industrial
flqw?" Realiéing this, it was decidéd tp focus comPari;on on turbo~machinery
applicafions‘and-to this end a short aerieé-of.te;ts was undertaken by
Williams and Terrell (81) on the National Gas Turbine Establishment research
compressor. The instrumentation‘available allowea the neasurenent of axial
turbulence infensify —%%E . distribution at compressor exit, and this is
compared‘with the radial variagtion of turbulence intensity for the présent

artifiéiaily developed inflow in Fig; 4.55. This shows good agreement for
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thelinnér wall., The wide deﬁiation at the oﬁter 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 basié of these tests the artificially generated turbulence
levels are apparently similar to tﬁose occurring in a typical turbomachine
flgﬁ.‘ - ‘
.‘ﬁnder heading (iii) the most general pri£cip1e to arise is that,
given a well behaved inflow velocity prbfile, indfeasgé radial momentum
transfer assists. the flow to pProceed aéaihsﬁ adverse preséure gradient; in
downstream flow components. With special féferende‘to the present tests,
quite modest increaées in turbulent mixing have beeﬁ shown to lead tp a
" useful imﬁrévemenf in diffuser performance and a quite striking improvement
_in exit £low stability, -

Lo2.1.6 Effect of Downstream Settling iength

' 'Thé Beneficial effect of_mdmentum transfér in the diffuser downstream
setfling_iéﬁgth hés been previously noted in Section 4.1.5. With the
artificially developed diffuser inflow the same flow behaviour and levels
ioflimptévement in static pressure recovery are.afpérent as shown in Figs.
4,56, 4.57, where cémparison is made betﬁeeﬁ the naturally developed fully
develobed nflow dafa and the optimun spdiler Position results.

L.2.2 rInternal-Flow Development for Optimum Spoliler Position -

2, To -allow ﬂetailedrcomparison of the natufaliy developed and artificially
geﬁerated diffﬁsep flows, and thus highligh% the main_differences,'a full
-invesfig;tioﬁ.of the diffusef‘internal flow was carried out for.thé optimum-
‘spoilér position, aé 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_bouhaary layer integral parameters,
Over the majorify 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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presentation of the flow development in férmsrof a mean velocity profilg,
as given in Figs. 4;58, 4 .59 while thé b§@ndary layer integral parameters
" are summarised in Fig. 4.60. | |

Qomparison with data for naturally developed fully developed inflow,
gi{en in:Fig; 4 .60, shows. that major effécté'of floﬁ ﬁixing cannot be
attributed for X/N < 0,50 és, for instance, conmafison of the outer wall
shapeﬁparamcteré:(ﬂb) indicates. Howéver‘for X/N > 0;50 considerable
,suppréssian of distortion is evidept; which fésﬁlté in-both an improvement
in fldw sfdbilitf and a.considerablelinéfease in velocity near the ;uter
-wail'at exif,_with attendant lower exit blockagé as shown in Fig.‘4.6 1

L.2.2.2 Shéar Stress and Turbulence Intensity

With:the spoiler artificially generéted infldw.thq mean bridge voltage
(E) given by the hot-wire anémomete:lwaé weii.behafed allowing complete
measuﬁeﬁeht of tufbulence parameters up fo diffuser_exit and into the
settling igngfh; és.with naturally deVelQﬁed inflow, ﬁeasurements were
| token at oné_circﬁmferenti,al position with chécks for the degree of
asymmetrj (see Appendix 3, A.3.4). | -

. Thé_dévelopment of turbulent shear &tfess aﬁd turbulence intensity
along the diffuser, calculated on the as;ﬂm@tﬁoﬁ df King's law and the
Cosine rule (seé Appendix 3), is présentéd'in'Appendix 9 and summarised in
terms.of contour pléts in Fig. 4.62. The'shear stress maximum away frém
thé'wéll a$s§diated with the retarded fléw.near the wall is again evident;
however, thé:gradient of shear stress at‘fhe wall does not compare with the
axial pressure gradient a8 shown in Table 4.15.

Consideration of the mean flow equation:

Lo dw__Adp 3 =2y 44 o '
" TVRT T pax T ax Y ) + o5 3m (TR) - ke
a

~ shows that the Reynolds normal stress term (pET2) could account for this

dx
difference and this term is therefore included in Table 4.45. It is seen -

.



* that only in part does the Reynolds normal stress term assist in balancing
the axial pressure gradient and it must_be concluded that other terms in
the méaﬁ flow equation contribute in this flow situation, as in the case

of fully developed inflow (see Section 4.1.8).

TABLE 4.15
BALANCE OF SHEAR STRESS AND AXTIAL PRESSURE GRADLENT

1 dp | _1 Eyi 14,2y 1 [ar 1,42 -
IN .| —= = — — —(u'") o ~—] + —{u' L/MR, = 5.0
o2 9% | 28R, | R & o 2 L] T2 )o . /A 1
0.63. - - - o .- L /D =9.
0.060 - - ~ R e/ hy 72
lo.150 | - - - - | ./, =70
0.270 | -1.50 0.39 - . - . s/ b, !
0.390 1.00 |, 0.33 - S L. ' :
0.510 | 0.81 |  0.27 - o OUTER WALL
0.630 | 0.72 0.20 | . 0.05 . 0.25
0:963 | .0.53 0.07 0.12 0.19
R = 1.6 x 165
eD : :
N R

:'Table 4;16 coﬁpares.the experimental'valuerof dissipétion coefficient
@ ) with that given.by the relationship of Walz (80 ). An early departure
from equilibrium is observed with subsequent equilibrium and overshoot in .

the reducing pfesSure gradient toward diffuser exit.

PABLE 4..16

COMPARISON WITH EQUILIBRIUM BOUNDARY LAYER SHEAR STRUCTURE

AN gE)EXPT. ,EEQUILIBRIUM
0,06 | 0.00078 | 0.0028 I/AR, = 5.0
0.15 | 0.00085 0.0029 1 -
0.27 | 0.00246 0.0030 L /bh = 9.5
0.39 | 0.00%, 0.0033 &
0.51 | 0.0037 0.0035 L
0.63 | 0.0037 0.0037 L/D, = 7.0
0.75 { 0.0057 | o0.0041 1 ,
0.96 | 0.007% 0.0042 OUTER WALL
R =1.6 x 10°
e
Dy
1
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If the £urbulent shear stress di;tribution‘for the spoiler'generated
inflow is compared, at represéntative statipns, with the distribution for
fully developed inflow then, as Fig. 4.63 shows, the increase in flow
mixing 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 thé mixing level.is evident; This aﬁparéntly small increase in mixing
exerts a beneficial influence on the diffuser flow as illustrated in
Section 4.2 ..

:The data for turbulence intensity'givenlih Appeﬁdix 9 has been non-
. : 2

 dimensionalised in terms of the station'ﬁaximum'velocity —%T— . If

the local mean velocity is used as a non-dimensionalising parameter then
) . _ 5 _
1

very high local turbulence intensities of the order = 0,60 are

indicated in the outer wall region, which is well in excess of the criterion
2

u!

noted ﬁy Spangenberg et al (B4 ) for transifdry St@il,_ >0.,33 . In
fact no transitory stall was obsérved. Thus in this flow situation, where
the eddy‘métioﬂ.is of the same order aé the mean‘veloéity, turbulence
.measnrempnts takép using the standard hot—ﬁire technique are clearly
inaccurate. For this type of flow the most_useful'iﬂstrument is the pulsed
double wire probe-described by Bradbury (.2 ) where the 'time of flight' Qf
a heéted‘paqket‘of_fluid is measured. |

L.,2.2.3 Law of the Wall - Estimation of Skin Friction

The mean veiocity profile data is presented in terms of Clauser plots
in Appeﬁdix 9, These exhibit the same behaviour as the plots for naturally
developed flow e¢.g. deviation from the log-linear law of the wall for

value,

y* <100, with the attondant difficulty in establishing an eccurate o

Lo2.2. Mixing Length and Eddy Viscosity"

The mixing length distributions shown in Fig. 4.6, exhibit a ramp

function in the eafly stages of diffusion with a constant level over the
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outer region of the boundary layer in the.lafter staggs of diffusion.

Comparison of the levels of mixing iength along the diffuser ﬁith
those of naturally developed, fully developed flow is made in Table 4.17,
where the lu'gher mixing levels in the artiﬁcially generated flow are
reflected in the highe;r mixing leng{:h values as directly compared by the
. values of R/(Ro —-Ri). | | ; |

Presentation of the non-dimensional eddy viscosity (ﬁi—-—) in Fig.
' 2-D

£ } = 0,010 + 0.016 over the Iﬁajority of the diffuser, which-

‘#.65 shows (=
U6, |
is typical of the values noted for naturally developed inflow in Section

L1410,

TABLE L .17
COMPARISON OF MIXING LENGTH WITH FULLY DEVELOPED INFLOW LEVELS

Fully developed data - Stevens (67)

2 ) 3 3
AN O "D [Ro'Ri] [Ro“Ri ]FD =
, L/.I_\R1 = 5.0
0.63 1.50 | 1.00 0.110 0.075 ‘
0.06 1.50 | 0.70 0.105 0,05 L /D, = 9.5
0.15 | 0.70 | 0.60 §o.062 | 0.055 ¢ by
‘1 0.27 0.60 | 040 | 0.065 0.038 L /Dh = 7.0
0.39 | 0.40 | 0.40 | 0.052 0.039 Sy
0.51 | 0.35 | 0.47 | 0.052 0.019
0.65 | 0.25 | 0.47 | 0.043 0.019 OUTER WALL
0,75 | 0.25 | 017 | 0.7 0.019 :
0.856 - - - -
0.963 | 0.20 [ 0.47 | 0.8 . 0,019
R = 1.6 x ‘105
°p
h

L.2,2.5 Balance of Momentum

The Momentum Integral Equation is 'quoted-in.Section 4.1.11 for the

diffuser outer wall:

de  Cr 8 0 2 2
-2 _-_0 ‘RQ&"‘Q'@(H 2) RO—RG dp
ax = 2 o dx = U & Yo Tt T [;1;]
B 2pU"R
‘ 8
a4 =2 , R _ o7<
*Uzdxf (u + v vT)aR 4.20_



For the case of spoiler artificially generated inflow the Reynolds
normal siress 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 [QQ] with the value calculated

dx
expt. _
* from the R.H.S. is well within the limits attributable to experimental
.error, and indicates that the flow does not éuffer‘from three~dimensional
effects. As for the case of naturaliy developed inflow the pressure

: 8
gradient parameter (1?-%5 (Ho + 2)) is seen to be the dominant term in the

~-momentum ihtegral-equation for this adverse pressure gradient situation.

4.3 Inlet Flow Mixing Generated by.Coarse Gauze

‘Tﬁe f#eceding.section describes the éffect of inlet flow mixing.applied
to an essentially fully ‘developed diffuser inflpw. The tests. described in
this section were intended to provide data on the effect of mixing applied
to a néar_uniform inlet flow. Further, fb proﬁide more general information,
all ﬁhﬁee teat-diffusers were investigated. | |

. The nécessity'of maintaining a near uniform inlet flow precluded the

use of ‘fiow spoiiér' metho&s since these,'asrfhe ﬁrévious section has shoﬁn,
~ tend to thicken‘the boundary layer. Thug.fqr this test series & 'coarse .
gauze' method was employed té 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 néar
: unifqrm infloﬁ,‘ Some reduction in-the generated.turbulence waa.inévitable,
. bu? a high residual level was maintained'ét diffuser inlet.

4.3.1 Diffuser Inlet Conditions

The inlet velocity profile data is compared with the equivalent
(Le/bh = 2,0) naturally developed flow in Fig. 4.67 where it is seen that
1 o - o
the profiles are virtually the same. There is a slight blockage (B1)

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 siress in Fig. 4.67
shows marked increases in the near wall region over both the naturally
.developed and sp011er generated inlet flows. Hence the generated inlet
conditions may besummarised as a near uniform inlet velocity profile
'coup}ed with a high rate of mixing in the near wall regions. Comparison
of the inlet velocity profile-integral-péramefers with_those for natural

development is given in Table 4.18.

TABLE 4.18

INLET VELOCITY‘PROFILE INTEGRAL PARAMETERS

Le/Dy | B (o /)y | (oy/8R), | H - | H o 8

CELhy 1 1 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 | 1.014

* natural development

R, =1.6+1.7x 107
1

L.3.2 OQutlet Conditions and Flow Stability

The measured exit velocity profiles,are shown ih Fig.‘4.68 and the

" tabulated integfal parameters given in Appendix‘10. _ The comparison yith
data for naturally developed inflow given in Fig. 4.68 shows: that the
1ncreased level of radial momentum transfer reduces the degree of distortion.
 The values of profile shape factor and gnergy flux coefficient are given

in Table 4 .19 together with comments on the exit flow state.
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TABLE 419

COMPARISON OF EXIT VELOCITY PROFILE PARAMETERS

i/AR1 L/D, | H H, oy | BXIT FLOW R, = 1.6 ,51.7x 10°
€ 1 % 2 CONDITION N
) - 1
10.0 o0 |2.00 1.8 | 1.29 'S
10,0 L2-0 | 148 19 |41 Cu
7.5 2.0 | 2.35 11.92 | 1.36 U
7.5 ,2:0 1172 | 147 11,46 U
5.0 2.0 | 3.40 {1.80 | 1.56 17
5.0 2.0 | 1.90 | 1.50 | 1.17 U
5.0 %9.5 | 2:63 | 1.80 | 1.53 U

ﬁaturél development
* 'éppiler'optimum (ﬁi_ = 7.0)
By

As a consequence of the increased mixing the shape parameter at exit
on both inner and outer walls is reduced consideraﬁly; resulting in a

lower kinetic_ene}gy flux (&2). _ Fhrthefmore‘the state of the exit flow
shows marked improvement. Comparison with the results for the i}hR1 = 5.0
diffuser indicate that the influence of increased mixing is confined to
. the rélevant'wall boundary layer since, for the casé of the flow spoiler
~ on the outer wall, only the outer wall shape pafaﬁeters are affected, and
the shape parameter at exit on the inner wall remains virtually the same
as that measured with naturally developed inflow,’at approximgtely the same

inlet blockage fraction,

4.3.3 S8tatic Pressure Recovery

The stafic'pressure recovery in the test diffusers is presented in
.Iig.-4.69._ The measured static presaufes sho#edléood circumferential
symmetry and there was no indication of.fadial pressure gradient within the
diffusgt,

Comparison with the data for naturally developed inflow (B1 = 0.028)
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in Fig. 4.69 shows.'the level of improvement in static Pressure recovery
A} .

attributable to increased flow mixing.

L.3. Overali Performance

The diffuser performance data from the tests with grid generated inflow
is summarised below in Table 4.20; comparison is made in each case with the

data.for'néturally developed inflow.

TABLE 4 .20

-DIFFUSER OVERALL.PERFORMANCE WITH 'GRID GENERATED' INLET CONDITTONS

1/AR, |L /D B Cp Cp, /2, | A Flow
1 |7/ "n, 1. 1-2 12771 F M2 ] N
10.0  [-*2,0 | 0.028 | 0.615 | 0.605 - | 0.085 S
10.0 | 2.0 | 0.044 | 0.660 | 0.6:0 0.100 U
7.5 2.0 | 0.028 | 0.600 | 0.590 0.085 g
7.5 | ,2.0 | 0.0k | 0.655 | 0.635 0.090 g
5.0 ‘9,0 | 0,028 | 0.515 | 0.505 0.120 IT
5.0 2,0 | 0.04% | 0.640 | 0.595 0.125 U

*+;'natura1 development

B %165 1.0x 10°
Dh
1

It will be noted that there is a marked increase in overall pressure

_ 565'_ ‘ . N
recovery (Cp1_2) from 7% [firlzg——-] for the L/AR1 = 10.0 diffuser
4= _
N.D. . ‘

geometry to some 18% for the'f/AR1 = 5.0 diffuser With the

- generated inflow slight increases in the diffuser loss coefficient (A1_2)
are fegistered but these are of a low level, presumably due to suppression
of boundary layer distortion at diffuser exit.

L .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: Fig. 4.70 illustrates.

For the E/AR1 = 10,0 diffuser the exit profile is relatively undistorted
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~and only a minimal pressure recovery is evidént in the settling length.
The E/AR1 = 7.5, 5.0 diffusers. suffer a slight distortion of the exit
_velocity profiie (Hh‘g 1.9) and in thé subsequeﬁt momentum transfer in the
settling lengtﬂ some pressure recovery 1s evident, but this is below the

level found for naturally developed diffuser inflow.



RANGE OF NATURALLY DEVELOPED
INFLOW VELOCITY PROFILES.
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INFLOW VELOCITY PROFILES IN FIGURE 4.3
CLAUSER PLOT FORM
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DEVELOPMENT OF INFLOW TURBULENCE

FIGURE 4.4
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FIGURE 45

‘Tuft Pattern
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Unsteady flow -~ medium ampli-

_tude oscillations of tufts
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FIGURE 456

STATIC PRESSURE RECOVERY OVER RANGE OF
INFLOW BLOCKAGE(B,)
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FIGURE 4.6(cont.)
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FIGURE 4.6(cont.)
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FIGURE 4.7

VARIATION OF STATIC PRESSURE IN
DIFFUSER INLET REGION

/0,45 Bz0053 L/DE12.0  B=0J09
T AR T > AR |
/AR= 10.0 — =10}
- T o | ) ;
i |
p—o=g—g- =S, ;f 0.0 — e -
| l | \ |
% E ; 5
‘ — 6.] — -,!M_,i I 77._..__‘__.__]
ooo QUTER WALL |
eee INNER WALL | | |
L ~ . 1 _l
L ! 0.2 -
— T v 0.1 —— ;
[/AR=75 | — CARET.5 |




10

09

08

07

0.6

0.5

04

Q.3

02

0.1

FIGURE 4.8

EXIT VELOCITY PROFILE COMPARISON

L/AR=50 DIFFUSER
X/N = 0.963

T
(%5) |
I S/
| | ~ /D795 ( B=0.09)
Le/q%g.S( 81:0.101)
: ]
|
l S
- —_ - _Ii,
0 0.5

(R~ R)ins




EFFECTIVENESS LOSS, 1-7

FIGURE 4.9

EFFECTIVENESS LOSS IN ANNULAR DIFFUSERS
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LOSS FACTOR, K
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FIGURE 4,13
PRESSURE RECOVERY IN SETTLING LENGTH
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FIGURE 4.14

BEHAVIOUR OF VELOCITY PROFILE
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| FIGURE 4.18
MEAN VELOCITY PROFILE DEVELOPMENT
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MEAN VELOCITY
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FIGURE 419
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FIGURE 4.20
MEAN VELOCITY PROFILE DEVELOPMENT
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‘ FIGURE 4.21
MEAN VELOCITY PROFILE DEVELOPMENT
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| FIGURE 4,22
MEAN VELOCITY PROFILE DEVELOPMENT
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MEAN

FIGURE 4.23
VELOCITY PROFILE DEVELOPMENT
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MEAN VELOCITY PROFILE DEVELOPMENT

FIGURE 4.24
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FIGURE 4.25

MEAN VELOCITY PROFILE DEVELOPMENT
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MEAN

VELOCITY PROFILE DEVELOPMENT

FIGURE 4.26
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FIGURE 4.27

FLOW ASYMMETRY ANALYSIS
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BOUNDARY LAYER DEVELOPMENTIN TEST DIFFUSEIE\’S
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FIGURE 430

FURUYA ET AL(24)  DIFFUSER PERFORMANCE IMPROVEMENT
- THROUGH INLET SUCTION
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FIGURE 4.31

COMPARISON OF TEST DATA WITH THE TURBULENT
FLOW CORRELATION OF SANDBORN& KLINE(56 )
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TURBULENT SHEAR STRESS DISTRIBUTION  L/AR:100 B:0028  R.= 165x10°
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COMPARISON WITH EQUILIBRIUM BOUNDARY

LAYER PROFILE OF NASH(45)

000 | /AR=100(OUTER WALL) B=0.028
AAAL/AR=T75(0UTER WALL) B=0.028

T.dp §*
dx Tw

eI




05

04

ol

FTiIOoUNC 4.0 0

COMPARISON WITH THE TRANSITORY STALL
CRITERION OF SPANGENBERG ET AL(64)

-

]
|
|

P O

|

TRANSITORY STALL LINE
SPANGENBERG ET AL

|

]
i

L 1
L/AR=75 B=0.028

1

_ ~
| C/AR-I00 B=0028 < .1

e e s - JRE—

ot s e o - S AN e EES EEE TR AR e G SR e M e WS Smms e w

S J SOBR S—
|

OUTER WALL ¥N=0.800

SRS

7

OUTER WALL X/N=0725 |
| . |
|

L
i i

0 04 0.2 0.3 0.4

0.5



FIGURE 4.36

DETERMINATION OF SKIN FRICTION' COEFFICIENT AFTER
CLAUSER(5) L/A R =75 ; Le/Dp=2.0 ; B, =0028
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FIGURE 4.37

VARIATION OF SKIN FRICTION COEFFICIENT IN
TEST DIFFUSERS-ESTIMATED FROM CLAUSER PLOTS
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FIGURE 4.54

COMPARISON WITH INLET CONDITIONS GENERATED
BY A FLOW SPOILER ON QUTER WALL.
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FIGURE 4.55
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FIGURE 4.57
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FIGURE 4.58

MEAN VELOCITY PROFILE DEVELOPMENT — OPTIMUM FLOW
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FIGURE 4.59
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FIGURE 4.50

OPTIMUM FLOW SPOILER POSITION — BOUNDARY LAYER

DEVELOPMENT  L/AR=5.0  R,=16x10°
DM

[‘,O ] IR 1 L L] T T T L 1 I L Ll J T T T 1

() FLOW SPOILER AT INLET | NATURALLY DEVELOPED FLOW
30 bW/ S5 L0501 ] L D,= 500 ~STEVENS(67)
; | | FULLY DEVELOPED FLOW

pe

X/N X/N

000 QUTER WALL
eee [NNER wWALL



).8

0.6

0.4

( Re- R )ins

J ! ¥ T X.XOx. ® T T y
u ! | | o e ° ! ,XG ® ¢
U ‘ ") | :
- U .0 E x © "
x@ 8 XC;
o . - N
S - ‘. ﬁ‘... ' l a :
| A \ ‘ X o
I | i o ° 00 o0 Le/Dh]=9.5i | x @
x .
TRANSITORY STALL 0 X X X '—e/th 50.0 — STEVENS(67)ED.FLOW ;
- - DAMPED OUT : e X - ! _ X -
Xy = 153 . . oo e :Le/Dh—l9.5 LS/Dh"I 70 | >(8 5
- o i XO .
. ® >’.
S
as - ® 0 X S
&
® oX N X
- N X
® o , \ ;
. * XO X TRANSITORY STALLING & o -
® ' FLOW ASYMMETRY £, ~ 1,8
L... © : '
4 o L i
0 % f | ) | : |
o ) i L 1 i i i i i
0 02 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8

AV

43SN4410 06

NOSIHVAWOD 330dd  ALIDOT3A LIX3 ¥3snd3id

9% 3dN9id



TURBULENT SHEAR STRESS DISTRIBUTION L/AR=50 L/Dz95 L./D=70 R ~1.6x10°
& [

eoh'
0-01 6 S mmme e ,

OUTER WALL

0014

0012 -

0010

2 uv’

U
0008 -

0006

0004

o
(]
]
)

o
O TOKOX-D> 00—

97 3dN9id



0.02

-0.01

—~ 0.02

i T T 1 T l T T T T ! T T !] 1 T ?
| * o ‘ | | : | |
i ‘ I i : i E H
Lt e | | L ! ;
—— - _ - .__. -~ X_ _X n.xH}_@ ’X - _ L " -
| . .x " : '. 6 | |
e ® T | ! * e : |
' ° b X lf | |’ ® .: ' ‘
| e & x ™ | X T e e g :
I X X [ ] :
: ! X X@i :
. ‘ o, | | | ®x
; : : : | | : x.x . E
. ‘ i i ! : : i ! ' .X.:. L4
a ' ! : X
S ixxx Lo/Dz50.0 —STEVENS(67 ) FULLY DEVELOPED FLOW . SR XLT
i ! ; ' v !
o0 LG‘/Dh:, 9.5 Ls/Dﬁ|7'O |
I ! | : : ; -
:' : | ! ! : | ! ’ f
i i i N . i l ) . i i i |

0.5

4v/ 1

1

H43sN4310 05

NOSIHYJWOD SS3HIS ¥V 3IHS LIX3 ¥3snidld

£9'%7 34N9l4



1.6

04

1.6

04

FIGURE 4.64

! ) 1 ! !
N MIXING LENGTH DISTRIBUTION
C ee. | ; [/AR=50 B=017
- - .Veeq . OPTIMUM SPOILER -~
e o POSITION, L /Dz 7.0
f : ' ‘ [
o e M__E.. —_ uw._._q;.o [ , - -
! o |
L - O'u, o R -
o ' i
¢ o A
L ..-.i..__:O - - e A o i_ o
* o % 'y |
. Lo % .AA_._:L.- A i -
‘0 ; i |
* o ahad &  ©
Reni Ak L& Aﬂ K o . S
0 Ad 2 : 0 vy o
i AAT A b, X i
o O AT Ay XX e ... wY. . -
® 0 4a & x XX oovov","wvvvv o
O A% 0 © 08 0% o TV i ®
0 'x:'t)"v'vvvvovo-o ® o0 0000 009 -
53@3@0'%"0' d o o . OUTER WALL |
% ? | I fr
,, _. e I B N
i
® ‘ a
Y
N e E o
® 00 R
i O !
.. ; Ie} ;.\(.
R 600:"" '%. -0 -
000" AL, © v
o ; A © v
o i AL A Ty ]
T8 aheaskioofy"Y
x xk X w®fvy 0 ¢ > O
A AL AL L S
-gﬁeﬁ’ ! | .
4 | ~ INNER WALL .
1 i I | 1
02 04 06 08 1.0 1.2

(Re- Rlor (R-R,)ins



EDDY VISCOSITY DISTRIBUTION

L/AR,= 50

B=0117 ‘OPTIMUM SPOILER

- POSITION L /Dg70
! T T T T
JR A A S A A A
5 i j Y \ 2 |
Ve ; 5 0 @ Y |
Uos,, X ;o v%xv . ;v a0 A 4 R i\ o voly Ay
ix . v ‘ix XA b xo X X )!) )(0
001 D0 g0, ata BT TR0 X0 g T :
VYA A v
 ox a2 @ o
A A - g A 0 v
: Y
L e 0 g - :
X v : !
A A OUTER WALL
OO")‘ : ; .
A | . . ; :
0 p——t : : ; ; : : ; = :
Qt. " . - B ) ? O [4 ] X . % .
U, ; 2x 2y ! » 1
XX v A 4 v : ;
X V v V X X X ' }
:0 Vm £ x'h A"j?A E A% YPXA onva' v o
001F "o {3%0 LA ) RV, Ao‘AO%‘%} —
g0 Y L | A
| A )
S T T AR
w, E T k - ;
o | INNER WALL |
0 0.2 04 06 ; 1;
(Bo_ R )hr( R" R.) 08 O

5o

B

G9% 3YNot4



004

003

002

001

-00t

FIGURE 4.66

MOMENTUM EQUATION BALANCE — OUTER WALL,C/AR,=50
B,=017 FLOW SPOILER AT Ls/Dh‘: 70 WITH Le/Dh=9.5

8= OdR,-0dU(H,2) » R Ry 1 dPg + 1.d
dX 2 RgX UdX R, 2pU*dX  UdX

8 ]
d S( o v/-v')dR

-]




10

FIGURE 4.67
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DIFFUSER EXIT VELOCITY PROFILE COMPARISON
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FIGURE 4.70

COARSE GRID INFLOW— STATIC PRESSURE
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CHAPTER 5

5.0 THE APPLICATION OF INTEGRAL METHODS TO THE PREDICTION O0F DIFFUSER
PERFORMANCE AND STABILITY

5.1 Introduction

Theoretical'analysis of the flow in diffusers is a problem in predicting
the rate of growth, and pﬁssible 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,
bui oy the development of the boundary layer itself. Therefore one of
the main difficulties in calculating diffu;ef_flow is that the pressure
distribution 1s unknown to begin with, and is énly established in the
course of the calculations.

Allutheoretical prediction methods incérporate ééuations derived from
the Navier;Stokes equations by separating fhé vélodity field into mean and

flucfuating qomﬁonents. For axi-symmetric flows these may be written as

follows:
X~-direction |
-Pu_'g%* pvgi-:h-g:%—p[ﬁ (H'_z).-l- fblfs-a_e\ﬁ (TR)} AI 5.1
R-direction
p“g—:&*""%"% "[%53}()*3&}1("'2)} 242

The continuity equation for axially symmetric flow is
B Y , | ' g
e (Ru) + o (Rv) = 0 ) 5.3
If equations 5.1 and 5.2 are combined together with the continuity
relationship, and the Reynolds normal stress terus neglected, this yiélds

two equations for three unknowns u, v, {.' These partial differential

equations may be reduced to ordingry differential equations by integrating
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across. the boundary layer, thefeby avoiding explicit local turbulence
assumptions. This treatment gives rise to thé class of 'integral' methods.

If the basic partial differentiél equations are solved by numerical
techniques 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 ﬁr directly to other turbulence
parameﬁers_e:g.‘via the turbulent kinetic energy eqﬁation. .This technique
gives_the generéi;class of 'differential’ ﬁethods.

“Differential methods are at present under vigorous development and,

with the applicatioh.of increasingly sophisticatéd turbulencé models, are
able to solve dﬁitg complex flows., They suffer from the small amount of
reliable experimental data available both for prediction comparison, and
for the supply of improved turbulénce models., - Consiééring these. facts it
was. decided to initially-prediof diffuser pe&forﬁance.and stabilify using
an integral‘épproach and, at a later stage, apply the measured data to the
evaluation of the Spalding and Patankar (§3) aifferential method.

The application of selected integral methods to the prediction of
perfdrmance and flow. stability in the straight core annular diffuser with
' near uﬁiformrinflow is described in detail in:the following sections.
Wherelthe flow is fully developed the method due to Stevens (867) may be
appliéd. | | |

5.2 Integral Methods

The basic elements of integral methods may be isolated by éonsidering.
the moméntum integral equation for incompressible turbulent flow, which is
generated by integrating the equafions'of motion across the”boundary layer.
This islderived in Appendix 4 and is quoted here in its fullest form for
axi—symmetric flow with transvefse wall curvature R', and the integral

parameters take their axi-symmetric definitions:
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2 2

'.*" - 1
2pU2 dx R!

5o

-

In the case df flow having a potential core the last term, involving
the gradient of total pressure at the pdint of waximum velocity in fully
R!
L 3
developed flow, vanishes. The Reynolds normal stress term, ;%L[ (u'
. . . U JR

. : o 5
in potential core flow, is normally neglected as being of second order

importancé,whiqh 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 infofmation is required:

(i) The maximum velocity (U) variation which, for internal flow,

- satisfies continuity. In its. turn continuity requ1res a
model of the velocity profile which must be su1tably described
in terms of known.integral parameters:.
(ii) Informatlon on wall shear stress (c ), agaln in terms of known
integral parameters.
(1ii) A reliable criterion for the imminence of separation.
(iv) A relationship describing the rate of'changelof shape parameter
("), normélly termed the 'auxiliary equaticn'. |
~ The information apecified 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 équation is discussed in Section 5.2.).

5.2.4 Continuity = Mean Velocity Profile
Continuity of internal flow, provided there is no flow addition or
removél, may be expreséed as follows:
m ='fowA ‘ Ded
4 | E
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Thus the need arises for an accurate rep;esentation_of the mean
velocity profile related to local integral parameters.

Power-Law Velocity Profile

The power law, in two—dimensional flow, may be stated as:

n . . .
u ‘ : -
5= @ " 0gys g - - 5.6
It was formulated by Prandtl who used n = %gto describe the mean
velocity profile for the flat plate boundary layer. Pretsch (51 )

generalised these profiles allowing 'n' to vary and adopted the character-

ising shape parameter H = &*/¢ to give:

%(1-1) '
G =@ S 5.7

Later ﬁbn Doenhoff and Tetefvin (78 ) conducted a series of experiments
which verified this method of profile repre;entation as Fig. 5.1, quoted
from thgir'work,jshows. . ‘ |
‘The apglicatidn of this profile representation to diffuser flows with
walls having tramwrse 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 pressure gradient.
,Assﬁming that this,finding is true in all.pressnre gradients leads)to the
. followiﬁg_expressiéns for flow in diffusers.of small divergence angie:

. Conical Diffuser
| R =« R ;—(H—‘I)

R .
QFS ° 2qrU °R 4R S 5.8
do o L
for fully developed flow,- and o ,
RS R R -R > (H 1.)dR |
Q= 2vRUGR + | 2qRD |2 R’ 5+9
. N 0 .

o . L R-G

where there is a potential core.



Annular.Diffuser

. s
(Rt me R, 2(H;~1) R, R -R 2 (H,-1)
Q=|" 2nRU( ) dR + 27RU( s ) @ 5.10
: :L ] . . 8 o
Ri Ri+ i

for fully developed flow, and

_ ‘ - i L
o R s , R—Ri z(H;-1) B8, : R R -R 2 (H,-1)
Q= ‘ __2nau( ) dR + 27RUAR «+ | . 2wRU( .
R,  * JR.+8. dm -8 °
i i i i 0 0
5.11

wheré théfe is a potentiql COTeE. . 'ExpresSibns 5.8.- 5.11 all reduce to
. simple functions of R , Ry, &, 8., H , H,, Uand ave thus 1deal for
inclusion in 1ntegral methods.

An eValuatlon of the accuracy of the method of profile representation
may be gained from Qomparlson with velpclty‘prqfile data from Chapter 4 for
the test diffuéers with near uniform inflow (B1 5.0.028). Experimental
velocity profile data. is compared with thé,bower laﬁ mean velocity profile
représentafibn.in Fig. 5.2(a) where,the'same.falﬁe& ofréhépe parameter (H)
and boundafyrlayér'fhickness (8) have been assumed. |

Whether the axi-symmetric or twohdiﬁensional‘shape parameter is
adopteq is seen fo;be Qf seéondary.impoftance.' lThe mgin coﬁclusion is
that agreemeﬁt ﬁith experiment is not-gqod. Hoﬁever, it is found that
if_tﬁe moméntum_fhicknesa (6) is adopted as the boundary layer thickness
parameter,_theﬂ overa1i.agreementrwith éxberimént is much impro#ed, aé
Fig. 5;é(b) illustfatés. This imprbvemeﬁt is aé the expense of a poor

match to the actual boundary layer thickness.

dR

To summarise; the power~law velocity profiie representation is simple -

to apply to the evaluation of dlffuser flow, preferably ‘using momentum
thickness (6) as the boundary layer thlckness parameter, and yields

reaSonable accuracy.



Two~Part Velocity Profile

It is now generally accepted on physical grounds that the turbulent
boundary layer veiécity profile can best be described in terms of a minimunm
of_two regions (inner and outer) each having different characteristics,
see Rotta (65), and this necessitates the use of at lgasf two independent
paramétéré to defihe the profile. | B ,k.

In general form the mean velocity‘profile in turbulent shear flow may

be expressed as

_ wy - _
S ( .’ ) -t—h.(_x,y) ST . 5.12

where the term h(x,y) glves the departure from the logarlthmlc law of the

u 1
wall 1.e._ﬁ; =5 log(—-—-—) + C.

The law of the wake postulated by‘Coles (19 )y where h(x,y) ngl WQ?),
has,been used 1n,many theoretical prediction methods applied over a wide
variety of conditiohs;. however a more recent formulation by Thompson (7:}),
based on the work of Sarnecki (58), would appear to be more deeply rooted
in thé physics of turbﬁlent flow. and may be briéfly deseribed as follows:

The edge of a boundary layer is deeply convoluted with incursions of
the tﬁrbﬁlgnce front into the potential flow regioh. The fraction of.time
for which the flow is turbulent at any éiven distance ¥ from the surface is

termed the intermittency factor (y) where,

u = yut-t-(1 -w)gp - , 5.13
and. . o
u, = mean velocity over 'time turbulent' )
up ='meén velocity over '{ime potential' .

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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u, - u (5.4 + 5.5 log,, (E%{)) o | o 5etl
Further assumingqp = U. - - : o 5.15
Thompsdnlshows '
sy (1-y U | | o 5.16
where YS indicateg 5.15 appiies
. thus
Ly

-7 ' :
S P , T - o : 517

.S % U ‘
Using equation 5.17 Sarnecki analysed a:comppehensivé range of experimental
data to give the correlation shown in Fig. 5.3 which leads to the conclusion

that Y _ is a universal function of (&), where § = 2(y ).

‘ From équation 5.16 a nunber of profiles were generated for a range of

L

‘and Rﬁ. = —;E;‘sé'that L
- o

¢ ]

5 8

Nume#ical iﬂtegration, and cross plotting,'then yielded the relationship:

g = £ 1 Ry)
presented in the form of charts for a range ofrfixéd values of % as, for
example, in Fig. 5.#. '

“'Using this velocity profile method'cbmpafisons are again made with
experiméntal velocity profile data from Chapter 4 as shown in Fig. 5.5(a),
(b). Agreement with the experimental velocity profiles is greatly imﬁrovéd
in the latter stages of diffusion where the law of the wall céntribution is
minor. In thé early stages of diffusion however the prgfile match ié-
somewhaﬁ.poorer_due, no doubt, to‘modificatiéﬁ of‘the iaw of the wall in
severe advefsa pressure gradient, where in thié'case'the‘law of the ﬁall

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 power law representation. - Both are later evaluated in the context of
the theoretical prediction methods employed.

5,242 Wall Shear Stress

Vhere the mean velocity profile can bé aescribed in two-parameter form,
.and the univefsal.law of the wall holds, experimental evidence has shbwn
that it is foésible‘to‘relate the sheaf streés, to a good approximation,
to some chgracteristic boundafy layer thickness ana‘to the shape of the
bpundary.iaye; velocity profile.

‘The requirements for é knowledge of ﬁall shear stress may be stated és:

(i)',axéeparation criterin when c +0

(ii) its contribution to the momentum integral equation.
Uhfortunately, near to separation the‘assumptions on which the two-

parameﬁér representation for ¢, is based fail, severely curtailing the use

£

of_the_two-paraméter form for accurate prediction of separation point.
Thé_pfésent application of the momeﬁtum iﬁtegrai equation is to

diffuser flow Whére'there is a strong adverse pressure gradient and, as

theuintegrated momentgm balance plots given in Chapter 4 have shown, the

value of c, is of relatively minor importance. The various forms for c

i £
have been adequately reviewed by, among others, Rotta (55) and Nash (44 )
and from these the simple relationship‘given'bj-Ludﬁéig and Tillmann (40)
,has.begp as&umed'for use ih conjunction with Fhe power law mean velocity
prqfile: | | |

O 268

~0- 67BH(RE,) _ 5.18

‘f = 0.246 . 10

-'_Ihis relationship is based on the assumptfion of two-dimensional flow;

hoWeter its use in tﬁe prediction df annular diffuser flow where the inlet
g : . R LU
radius. ratio is high (§%-= 0.8) can be justified by the quasi two-dimensional

. nature of the flow and the relative unimportance of the c. assumption.

f

‘_ Where a two-part velocity prdfile has been assumed the value of o is

implied, through the law of the wall.
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5.2.% Separation Criterion

In general terms the separation of the boundary layer in a_fluid
lmechanicaldevice can cause a rapid decline in performance with the possible
addition of large scale instabilitigs.and allied vibration loads.
Unfortunatély the 'best performance' of many flow components occurs just
prior to separation and thus the successful prediction of the imminence
of separation is of major importance in any theoretical method.

The separation point has, in the past, been predicted via the wall
skin friction (cf) which was assumed to be zero at the poiﬁt of separatioﬁ.
As noted in the previous section this approach is invalidated by the
inherent inaccuracy in the determination of Cp near separation, aﬁd will
probably yield optimistic estimations of the separation point.

Historiéally another widely used separation criterion has been the
boundary layer shape factor (H) with turbulent flow separation being pre-
dicted at shape factér values in the rangé 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 attendant size penalties.

The problems associated 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 purposes of
sepafation prediﬁtion in the theofetical nethods subsequently descriﬂed
it was decided to employ the transitory atall‘correlation, based on
experimental data, given by Sandborn and Kline (586), as. shown in Fig. 5.6.
This has been shoﬁn in Chapter 4 to agree with prgsent experimental test
observations of the point of transitory stall, and could this be applied
with a fair degree of confidence.

5.2 The Auxiliary Equation

The auxiliary equation is a broad term applied to the means employed
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for predicting the rafe of change of thé‘shape parameter (H), or any other

s suitable boundary layer integral paramefér. Many of the-éduations.employed
are empiricall& based making their extension to a wider class of flows
questionable, as has been noted by both Rotta (55) and Thompson (72)

in crltlcal examination. - The most rellable aux111ary equations have been
found to be those firmly based in the phy51cs of turbulent flow rather than
on-§peclflc experlmental data. ThlS phy51ca1 basis is found 1n very few

‘ cases:and by far .the most widely acknowledged_ls the_entralnment bgsed
&uxiiia.ry equé..tio'nrof Head (26 ), later moéifiéd :by Thompson (71 ). The
Stanford Conference Proceedings of 1968 (6{3) sﬁowed'that integral methods
basea on this entrainment model gave consisfently good resglts for a wide
fange of.expérimental flows, as Fig. 5.7 iilustratés, and thus it was
d601ded to adapt these methods to the predlctlon of 1ncompr6351ble turbulent

flow behav1our in stralght—core annular dlffuucrs.

5.3 Fotrainment Model due to Head (26) '

-The folléwing sections describe the physical bésis of Head's enfrain~
ment quél and its application to the generation of an auiiliaryAequation
fof incorporatidn into an integral method. _This ﬁéthod is then apﬁlied
to the specific problem of predicting fhe performancé and flow stability
limité of the straight core annﬁlar diffusef having near uniform inflow.

5.3.1 Physical Basis

bbnsidering fﬁe case of incomprgssible_£wo—dimensi§nal turbulent floﬁ,
as defined in TFig. 5.8, the basis of Head's entrainment model is.thlat the
amount of flui&'ent;ained from the freestrean by the boundary layer over
unit iength, denoted %ﬁ-, is dictated by thé‘shape‘ﬁf the velocity profile,
by‘the freestream velocity, and by some measure of boundary layer thickngss.r

Thus it was stated:

I I s unit depth

° ' >
_ - %
Figure 5.8
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%§,= f{profile shape, freestream velocity, a boundary layer thickness)

5.19
NQW _ Q= j udy = U(5 - d*)
. o
- thus | ‘—;%;% [U(G -6.*)]. - o B 520
and choosing convenient parameters, viz.
. _ 8 -4&*
prof;le shape H&"G* | =T
boundary layer thickness— & - §%
gave .
8.8 -] s

which'inherently'asaumes that the scale of the largest turbulent eddies is
characterised by U and & - &%,
Equation 5.21 gives, in non-dimensional terms:

, %[Ed; [U(a - &_*)1] = F(ﬁd"a*) . | 5.2

which on expansion gives:

A e gh) = _gmg* 4w
5 @ a*)_F(H&_&*) T i S 5.23

ﬁith the\as;umption of & one—pérameter fanily of velocity profiles
such that H&_'é,k = G(H) it is possible, with experimental evaluation of
F and G, to calculate the develofment'of H and thus, in conjunction with
the momentum integral eqﬁatidn and continuity,.to predict the growfh of

internal turbulent flows, as detailed in the following section.

5.3.2 Application to: Two-dimensjional Internal Flow

‘Brief details of the application of Head's entrainment method to

two-dimensional internal flow facilitates the description of its subsequent
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application to axi-symmetric flows.

Consider'an.incoﬁpressible, two—diménsiohal,-turbulént internal flow
in a duct of smallfdivergence of arbitrary proés;sectionh(width 2W) énd
unit depth. We Eave the following‘équatibns, whefe all integral paraméters

take their two-dimensional form;

Momentum‘integral'equétion {neglecting Reynolds normal stresses)

a® %r o au IR ‘ _

ST ST Ee2 5
4 : . : ‘ |

(where ¢, = 0.246 . 10706781 (,)70-268)

Auxiliary equation due to Head

a Jg* . an
i (8- = lF(Ha_sf) - b = 5.25
Continuity
Q=21 udy = 2U0(W- g*) 5426

"A.power—law forn of the velocity profile i1s assumed since this is

inherent in Head's auxiliary equation (H%—6¥ = G(H)) and the functions F

and G,iillustratéd in Fig. 5.9, are quoted from the work of Head . (26 ).

~ Given this basic information, prediction of the internal boundary -
layer growth is possible up‘to'thelpoint where the boundary layers meet.
The method'of solution is indicated, iﬁ term; of a 'bleck diagram',:in_
Fig.'5.10, and may be briefly described as folloﬁs;r )

Over a step length dx a velocity increment 4U is assumed. Applied

to the momentum integral equation in mean terms, this gives extd s and

“applied similarly to the Head auxiliary equation, using F(H&_ﬁ*) from

Fig. 5.10, (8 = 6%)p gy This gives, thgough'H6_6* = G(H), the value of

fodx,and.allows calculation of Qx+dxf‘ If Q- # Q,a simple predlitor— |
- x  x+0x
s

and the calculation pursued until, within an acceptable tblerance, continuity

corrector technique is applied, the mean &alues.adjuéted €.2. O =

is satisfied.
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5.3.3 Application to Axi-Symmetric Internal Flow

The basic difference in the mechanisﬁ of entréinment in external and
infernal flow is, as Section 5.3.2 has indicated, that free entrainmenf
ceases when the tﬁo boundary layers_meetﬂ The casé qf axi-symmetric
internal flow adds a further dimension ip_that_the actual 'front' over
whichuéntféinment takes place reduces or iﬁcréaée# éé_the—boundary layer
de#elobs. This is illugtratéd in‘Fig. 511, ﬁhere-the conical diffuser

has been taken as an example.

‘Figure 5.11

Similar behaﬁibur is enéountered'in the annular diffuser where entrain-
" ment -takes plade on two fronts which may reduce or increase és diffusion
_takeé place dependent on the diffuser geometfy, witﬁ free entrainment
ceasing when the fronts coincide.
Thus in axi-symmetric flpw some re-definition is required when considering
entréinmént. Hére it is assumed that the'féte of entrainment of the frée—

stream by the boundary layer (%%) takes the_foilowing form:

a9 _ N
& = 2TReff.UF(H ) N _ 5.27

where Reff' is the effective radius of entrainment and H' some representative
shapé parameter equivalent to He g in two-dimensional flow., The relation-
ship givén in 5.27 fulfills all.physicai requirements in that gﬁ-is direétly

proportional to the length of the entrainment front, and reduces to zero

- 92 -



when Reff = 0, .

-_?he effective radius of entrainment can be found by refe:ence to the
experimental work on intermittency By Feidier and Head (22 ). The effective
centre of cntrainment (%) in adverse pressure gradignt is given in terms
of fhé‘shape paraieter H as illustrated in Fig. 5.12, Thus assuming a
.coﬁibél diffuser, for purposes of illustration, where the radius is R and
the boundary iayer‘thicknéss 6,.we havé | | |

B _A.Réff:= R - (YV/s)s o - 5.28

. Turniﬁg to the specific case of the st;aight—core ;nnulaf diffpser
ofi;mall divergence, with the geometry and némeﬁelatdre-as giﬁen in Fig..5.13,
we have bopndary iayers on both outer and inner walls experiencing an
(aséﬁmed).eqpal axial pressure gradient.: Negiecting,Reynolds normal gtfesaes

the momentum integral equations on the outer and inﬁep_walls respectively,

_derived in Appendix 4, are as follows, assuming a potential core:

e A R Y 5029
Ry .

where ¢, = 0,246.10‘0-673H0 p ~—0.268

' f0 By

o e o oo

s 5 say ;@R

'ﬁ}”"z“'ﬁ-a;(ﬂinsz)_—_ﬁ;-ﬁ__ 5.30

: where'cf = 0.2h6.10"0'67gﬂi R, -9.268

R TR !

Note that the boundary layer integral parameters here take their axi-
| symmetriq form.
The boundary layer flows denoted-Q; and Q, for the outer and inner

walls respectively are derived in Appendix 5 and reduce to:
2

. 8o
_Qo = 2"UR0(50 - /2Ro

e 5.31

=95~



8 - o
Q= 2nUR (8, + "1/2R, - &%) . - 5.32.

‘ . L2 )
lz_a.nd lett;ng. (60 - 60/2_1%0 60) = DO
52 - .*

The following convenient shape parameters are defined:

Hg' = DO/6
By = D1/,
it being assumed that - _ ‘_ | u'
HU o= F(H) - 5.53
Hi'l = FyH;) | .'., | | 5.3

Two entrainment functions are then assumed, visz.

. de/ax
¥ oo et —————
FB(HO)"‘Z-"RO U 5'35
' eff
. in/dx'
bl e e e
&GE)‘zm%_II 5.36
o ' eff
Now differentiation of 5.31 gives
Q. : !
0 o, 1Y = 4 4y 0
3 = 2® ,F3(H0) = 2«[:R0.U.dx(no) + R DO + UDOogz ]
eff
. from which, as detailed in Appendix 5:
: ' ' R .DO . dR
2 (poy = L | oot may o T
= (Do) == [30 | .FB(HO) T o - DOy ] 5.37
. -0 el'f _ [
and Similérly‘fbf the inner wall
' ' . R. .DI dR
4 (p1) =L NS iy (L i
& on = [Ri_éff.Fh_(Hi) Wy DI'd.x] 538

Equations.5.3f and 5.38 form the auxiliary equations and the remaining
requireﬁent'for solution of the flow is to,evaluéte the functions F1—4
appearing in equations 5.33 - 5.3 6.. '
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" This requires .detailed e%périmental data aqd the only independent
inférmation available wasathat aue fo Stévens &né Markland (68),_50
initially this daté_was used. ﬁnfortunately the degree of flow asymmétry
was. éuch as to invalidate the use of the data for this purpose, and
recoufse had t§ Be made to data from the experimental tests described in

Chapter.A. U51ng these results the functlons F were generated and

-4
are illusfrated in Flg S5.14. It w1ll be noted that wlthin acceptable
1imi‘ca.F1 F2 while F % F the latter result being discussed in detall

" in Chapter 6. ' _ S RS

‘Thus for the purposes of computation a;singie function for tﬁe form
of shabé-parémeter;was assumed (H' = F(H)) while separate functions were
used for the inner and outer walls.

Assuming a power law mean veloc1ty profile representation the total

quantlty flow (Q), as derlved in Appendix 5, takes the form:

o, 2
Q = 10 R, . 8 . ((, - é"o)- - (B ¢ 5i) ) 'bRoao S 5.39
- JH 1 T H 45 I o CH+1 H 43 e

Sufficlent 1nformatlon was then avallablelto allow solutlon of the
dlffuser flow by ba51cally the same process as 1ndlcated in Section 5.3.2.
. Fig., 5.5 shows a flow diagram of the computer program employed in the
. case of annular diffuser flow.

Basic checks were carried out on the predicfion method for sensitivity

to: | | L
1) toleréhce (DIFF) on continuity
(ii) variation of the step DX from 0.01(N) to 0.1-(N)
‘(iii) ‘smail changes in diffuser inlet parameters.

The significént results of these éhecks are illustrated in Fig. 5.16

- where it is seen that a value of DIFF/Q ‘> 0.01 causes inaccuracies; however,

DIFF
Q

in practice a very close tolerance of the order = 0.00001 was maintained.
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Senéitivity.to DX was.negligible as was the effect of small variations
"in the _iplet parametérs . |

Comparison of this prediction method with eiperimental results from
the test diffusers is made in Chapter 6.

5.4 Entrainment Model due to Thompson (71 )

The phy51cal basis of Thompson s entrainment model is described and

 the resulting auxiliary equation is applled to the prediction of perform-

ance égd stability limits. of the straight core annular diffuser with near
, : .

uniform flow.

5.4..1 Physical Basis

For the two-dimensional, incompressible turbulent bouﬁdary layer,
Thpmpson_conéi&erably revised the entrainment concept of Head. Considering
" an entrainment front continuously propagéﬁti’ng into the extérnal flow he

bases his arguments on relating the rate of increase of flux of the

, . ag ,
turbulent flow (TEE) to the mean entrainment rate, denoted VT e
Considering equation 5.13 where
u = +« (1 - y)uP
¢ o
then .~ g =1 yudy = Ut . \ 540
. _ o _ _

where t is ﬁéfined‘as the ‘furbulence flux thickness', and the basic
entrainmgnt equaiion could Be-ﬁritten: _ _ |
%(Ut) = vgﬂ; (Ry . t/e)ﬂ = ver ' L 3 - LR
In éhe absence of experimenfal information, Thompson assumed that the
inte.r'_nﬁ.t;tency .disffibution_ was in all. caées tha.rt measured by‘ ‘Klebanoffc_~_,(33 )
in thg'ze_rd pressure gr_adient layer, and f‘urtizer, 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

e -



regions was that of the freestream.

With these assumptions Thompson_was able to construct é family of
-turbul.ence.a flux profiles corresponding to his velocity profilerfamily, anq
* to plot t/gas a function of Ré and ﬁ.

T was assumed to be propbrtional to the
velocity défect.Au of the turbulence flux profile near the bottom of the

';The‘entrainment velocity

intermittent region, as illustrated in Fig. 5.17, thus:
. o o V'd—; (RB . /9) = g Au.

or

n
%
I

ACOVARLS S 5w

whe;etxé waa.asaumed to be a 'universal éntrainment coeffigient‘. |

From the faﬁily of turbulence flux profiles %%- was plotted as a-
fﬁnction.of H and Ry and, with t/é'and Cp similarly displayed, the entrain-
ment equation, 5J+2,Vand momentum-integral equation could be applied to the
-solution of fwo-dimensional flows, using the computational techn}ques
describgd in Section 5.3.2. |

ﬁith aé =.0.09 good agreement was obtained for the equilibrium boundary
layers of Clauser (i 5) and the flat plate boundary layef, but only poor
aéreement for separatlng flows. At this stage 1t was assumed that

9-—'( /6) could be used as a measure of the departure from 51m11ar1ty and

this waa,lntroduged by assuming:
%:éa | (/Q o _ . 543

Thus equatlon 5.#2 then took the form

-‘—“5—“-(/)—G

&ty '
% (/9 Re('l - g &0 o
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With o = 0.09 and B= 1.0 equatlon 54k was found to give satisfactory
results, and where GEE ( /e) > 0.003 the assumption of g = 2.0 gave
improved agreement with ex?erimental data.

Budpa2 Appllcatlon of Thompson's Method Using the Concept of
'Equivalent Two-Dimensional Flow'

In Thompson's method-two—d:_i.mensilona..l flow and definitions are
asﬁumed throughout, and the use of empirical constants generated from two-
dimensional experimental data makes the rigorous‘appliéation 6f the method
to axi-symmetric‘turbulent flow impossible without complete re-definition
: of fhe method in axi-symmetric terms. This was beyoné‘the scope of the
. prgseﬁt evaluafion‘of entrainment based intégrgl ﬁethdds apglied to the
straight core annular diffuser and indee@_presenﬁs a primary obstacle to
tﬁe genéral épplication of this methed. |

:Ibruthe'specific case of straight core annular diffusers of high .
rédius'rafio;'fof the geometry shown in Fig. 5.13,'ﬁhe concept of a 'two-
_dimensional équi&alent' annular diffuse” ﬁas evolved.

The ba51o computatlonal method oatllned in Section 5.3.3 was retalned.

and a dlffuser 1nlet radlus ratlo of 0. 98 assumed to give a quasi two-
: dlmen31ona1 flow allowing the use of Thompson s entralnment equation,
The dlffuser non-dimensional length (N/AR ) was maintained and the outer
wall angle (¢ ) adjusted to glve an area ratlo AR = 2,0, The actual

1-2

and modlfied diffuser geometry parameters-are glveﬁ in Table 5.1 below:
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"TABLE 5.1

_FQUIVALENT DIFFUSER GEOMETRY

. ACTUAL . EQUIVALENT

R : R, o -

i] | N . i N

= — AR ¢ $. [——1 e AR ¢ .
[Rp]1. iR, -2 o i iR, ARi_ 1-2 o i
0.83 { 10.0 | 2.0 5.0° ° 10,98 [10.0 | 2.0 5.733° | 0°
0.83 | 7.5| 2.0 | 6.65° | 0° |0.98 | 7.5 | 2.0 | 7.607° | 0°
’ o ‘ 0

0.83 5.0 | 2.0 {10.0° 0.98 | 5.0 | 2.0 [1143%°

The validity of this concept waé checked using tﬁéﬂestébliShed Head's
Vmethba with encouraging results, as Fig. 5.18 shdws; © This is probably
mainly due to the high actual diffuser radius ratio, and the :equiva}ent
diffusérﬁ concept is not_advocated as being generali& épplicabie.

Thgs-the Thoﬁpaon entrainment equafiﬁﬁ 5.4 waé assumed ana also-
coqfinuity baéed on thé Thompson tﬁo~paft #elocity profile, both as detailed
in Aépeﬁdix 6. With the addition_of the'puter and inner wall momentum
integrallgqﬁatiéns this allowed‘solutiqﬂ of.the fiow,'using the techniques
.estabiighed in Section 5.3.3, as shéwn iﬁ_the computer program flow diagram
in Fig. 5.19. | )

The-sensitivity of the method to the qpanfit& flbw tolerance,
var¥at10n in the DX step, and varzatlon in the 1n1t1al parameters was

checked with satlsfactory results 51m11ar to those quote& in Fig 5.16

Comparlson of this prediction method wlth experlmental results from

the test dlffusers is given in Chapter 6
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FIGURE 5.3

SARNECKIS INTERMITTENCY CORRELATION
AS GIVEN BY THOMPSON(73).
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FIGURE 5.5

THOMPSON(73 ) TWO -PART VELOCITY
PROFILE ,COMPARISON WITH EXPERIMENT.
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FIGURE 59
HEAD'S' METHOD — SHAPE FACTOR& ENTRAINMENT
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FIGURE 5.4

HEADS METHOD FUNCTIONS—AXI-SYMMETRIC FORM.
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FIGURE 5.5

HEADS METHOD SOLUTION PROCEDURE
IN AXI-SYMMETRIC FLOW
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FIGURE 5.7

EXPLANATION OF TERMS—THOMPSONS METHOD(71 )
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"FIGURE 5.9

THOMPSONS ME THOD — SOLUTION, PROC EDURE

INITIAL CONDITIONS AT X
Ho,H;,6,.8:,U, geometry,etc..
| - —
THOMPSON TWO -PART
VELOCITY PROFILE |

ESTIMATE DU/DX |

I g _
e g

r OUTER WALL BOUNDARY LAYER |

ENTRAINMENT EQUATION (tle)aldx 1 (t/9), .

MOMENTUM EQUATION

dajdx "eoX+dX
]
l ' o - Rg, x»dx

THOMPSON_ TWO- PART
VELOCITY PROFILE

I
OUTER WALL BOUNDARY
LAYER FLOW

 J

A

a~
Ju
(o)
>
>
0
>

L e it Tl T R N —

Li __________________________
- ey omr we by S WY I W A S R S R e e e ome S A 1

"INNER WALL BOUNDARY LAYER : ,

INNER WALL BOUNDARY | - t
LLAYER FLOW .

e -

e B it I N v
OXth
A S .
Qx,dx=0x ? p—tom CONTINUE TO NEXT|:

- RE-ESTIMATE DU/DX

- ADJUST MEAN VALUES

— e et e M A e St e mm me e SmS s m e



CHAPTER 6

6.0 COMPARISON OF THEORY WITH EXPERIMENT

In this chapter the application of the turbulent boundary layer
prediction methods.torthe straigﬁt-core annular diffuser, described in the
previous.chapter,'is_evalﬁatéd, in detailed and overall terms, through '
. comparison with the experimentél data given in Chapter %4, and other
pertinent data.

_Thé qfucial test of any theéreticél pfedidtion method, as applied

. : - . :

to_thejflow in difﬁusers, is its ability to successfuily‘predict the
growth of the boundary layers. Remarkably crude assﬁmptious_(e.g. Kungz
(34), H = 2.0) will yield an acceptable prediéti'dn of the diffuser
_ peffofmanqe in terms.of‘EE while not giving the detalled growth of the
boundary layers. | Fof this reason it was notlfélt useful to_ovéremﬁhasise
. thelébﬁpériéon.bf the prediction‘methods with ofherfdiffusér performance
data, and attention has been focussed on the ability of the methods to
predict the diffuser boundary layer growth, from which an accurate

prediction of diffuser performance.inevitably arises.

| 6.1 _The Effect of the Mean Velocity Prbfile_Form on the Evaluation
L of Diffuser Quantity Flow

.- Since the continuity of flow forms the basis of the iterative procedure
. employedAin.fhe prediction meﬁhods, the correct evaluation of diffuser flow,
. using boundary 1éyer integral parameters, i§ of great importance.
- vThe two Yelpcity_profile fépresentations émployed viz. the-bower~law
. profile and the Thompson two;part profile, have been compared with typical
'experimental,yelocity profiles in Chapter 5.. They are ney, evaluated in
'ovefall'_terms in the following mannér:_ |

For the test diffusers (iYAR1 = 5.0, 7,5, 1béd) with near uniform inlet

flow (B1 = 0.028) the diffuser flow has been calculated from the 'raw data'
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values. of R, and H (inner and outep,walls)‘ﬁsing the. two velocity profile

models. These calculated values are then non-dimensionalised using the

.

integrated mass flow at each respective $tation,‘as_shown in Table 6.1.

'_‘VEVALUATION OF VELOCITY PROFILE MODELS

TABLE 6.4 -

[}

T/my = 10.0 B, = 0.028
. . _3- : Powgr"L%w Profile TwofPartjProfile
X/N |Qpypn (FI2/5EC) | --Qp(FI/SEC) | . Qpp(FT9/SEC)  |Qp/Qpypn O/ Qpypy
0.030 40.95 - 40,00 39,98 0.980 0.975
0.075 4040 40.00 o 40.07 0.990 0.990
0.145 LOLO - 40.05 40,10 0.990 0.990
0.215]  -40.45 40,12 - 40,12 0.990 | 0.990
0.270{ °  40.65 40.20 40.30 0.990 0.990
0.3701 . 40.75 40,20 40,20 0.990 0.990
0.470 40,65 L0.10 40.15 - 0.985 0.990
0.5901 = 40.77 40,04 40,20 0,980 | 0.985
0.770 L40.75 29.72 " 40.5 0.975 0.985
10.985 40.83 39,60 " L0045 0.970 0.990
W/, =17.5 B, = 0.028 |
. Power Law Profile|Two~Part Profile
X/.N QEXPT(ETZ’/ SEC) QP(FT3/ SEC) _QTP(FT3 /SEC) QP/ Upxpr QTP/ QExeT
0.0, - 38,80 327,52 37.72 0.970 0.970
0.100 38,05 37.60 37.70 0.990 0.990
0.167 38.25 37.68 27.65 0.985 0.985
0.293| = 38.15 37.87 37.80 0.990 0.990
0.420] . 3842 38.20 38.33 0.995 0.995
0.547 38.68 28,12 38,30 0.985 0.990
0.673 38.48 37.95 38,48 - 0.985 | 1.000
0.800, 38.88 37.85 38,70 0.975 0.995
0.987 29.40 37.72 39.00 0.965 | -0.995
L/AR, = 5.0 B, = 0.028 | .
‘ , Power L%w Profile jTwo~Part Profile :
X/N .QEXPT\EL3/5EC) QP(FT /SES) QTP(FT3/SEC) QP/QEXPT QTP/QEXPT
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 38.60 138,22 . 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
10.963 40,07 37.68 * 0.940 -

*' shape factor outside range of Thompson two-part profile
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In the early stages of diffusion the two-part ve;ocity‘profile yields
no greater accuracy tﬁan 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 power-law 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 pﬁrposes, of unity
over.the meaauréd range of H and Re, while the power-law profile calcula-
tion gives rise to quite serious underestimétion for H> 1.8, The effect
on -the pfediction_mé£hods is to depress. the calculated value of %% for
H s 1.8 and thus inhibit the more fapid growth of gshape parameter in excess

of this value.

The departure from the one-parameter velocity profile is illustrated

8
. %0.995
the outer wall of the test diffusers compared with the power law form,

-% ='ﬁ%%§%7 , showing a clear lack of agreément on the outer wall where H > 1.8,

in Fig. 6.1 which shows the experimental variation of = i (H) on

Fig. 6.2, which shows a similar comparison for the inner wall, confirms

that for H < 1.8 the one-paraneter form of the velocity profile 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
experimental daté is.given in Chapter L. Comparison was confined to the
data for the near uniform inlet velocity profile (B1 = 0.028) where a
‘potential core' was. maintained up to diffuser exit. TFor the other
naturally developed inflow case where detaliled dats was available (B1 = 0.09)‘
the flow became fully developed in the early stages of diffusidn glving
insufficient basis for comparison.

Initially prediction was started from the experimental values at the
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upstream‘datﬁm station (x = ~3.15in) and éllowed to proceed to diffuser
exit unless terminated by anyrprogram check stops e.g. H > 3.0 or fully
developed flow. For the three test diffuser geometries (E/LR1 = 10.0,
7.5, 5.0) the comparison of the predicted devélopment'of the shape factor

(u

. Hi), momentum thickness (90, 0,) and pressure recovery (Cp) with

experimental data is shown in Figs., 6.3 - 6.5, the detailed program out-
puts beiﬁg given in Appendix 5. For the i/hR1 = 10}0, 7.5 diffuser
geometries thq overall agreement of the predictions with the experimental.
data is excellent, aﬁd up to the estimated separation region this is also
true for the EQ%R1 = 5.0 geometry. The eatimafed separation region was
established from the values of shape parameter (H) and skin fricfion (cf),
" applying the separation criteria of Sandborn and Kline (56).' Separation,
vhen predicted, always occurred on the outer wall. Fig. 6.6 shows the
Prediéted values of H;‘and c_f0 for the tes? diffusers, and these indicate
that the thR1 = 10.0, 7.5 diffusers were free of éeparation while the
flow in the EJKR1 = 5.0 diffuser separated at the approximate position

X/N = 0.80. This agrees weli with the experimental observations noted in
Chapter 4. In line with these findings EE-was corfectly predicted for the
fDﬁR1 = 10.0, 7.5 diffusers, while for ;he EDAR1 = 5.Q diffuser there is-a
marked deviation between the predicted and measured valueé of Eﬁ—after the
estimated separation.point.

_élight inaccuracy in the prediction of shape parameterlin the early
“stages of diffusion was noted énd this ﬁas attributed to the inability of
the metheod to predict the radial pressure gradient in the diffuser inlet
pléne, due to the inherent assumption of equal pressure gradients on béth
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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experimenfal data at this point.  The détailed tabulation of these ére-
dictions is given in Appendix‘B, while Fﬁgs. 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 1ts 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-énd an attempt was made to predict the flow in the
test aiffusers on this basis where, adopting thé nomenclature of Chapter 5,-
Fj(Hé) = Eh(ﬁi)' Thus the outer wall. entrainment function (Fj(ﬁé))‘was
assumed to appl& tp both diffuser walls and the predictions repeated for.
the set of test diffusers. figs. 6.10 »6.12 illustréte these results.
The absence of the asymmetric growth of shape parameter will be readily
noted,.and it becomes clear that a single éntrainment function will not
satisfy the behaviour of the inner and'outer wall flows in annular
diffusers; the difference iﬁ_the entrainment functions mugt be attributed
to physical differences in the respective bourndary layers. Two possible
sources are considered here: ‘

(i) due to the transverse cﬁrvature on the diffusér walls,
fhe entrainﬁent front is either stretched or compressed
accoraing 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.

(1i) modification of the mechanism of entréinment dué to

longitudinal stretching of the entrainment front caused

by the curvature of the inlet bend at the outer wall.
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of theée fwo possible effeéts, modification due to transverse
curvature is probably only slight in the tesit dlffusers since the radius
dlmen31ons are relatively large. Thus the dlfference between the inner
and outer wall entrainment functions can be mainly attributed to the effect
of the outer wali inlet bend. |

The validity of the above argument has been independently checked
by making minor modifications to the ﬁethod to adapt it for the conical
diffuser'geometry and predicfing the boundary layer development in the
conical diffuser geoﬁetry tested by Uram (77),'thé_'inlet bend sensitive!
outer wall entrainment funection being used_in this prediction. Fig., 6.13
shows a favourable comparison of the predicted values of H and 8 with
those measured by Uram and indicates that the ehtrainment functions
geperated from the test data are generally applicable.

6.2.2 Thompson's Prediction Method

Due to the graphical basis of this method-it prd%éd very cumbersome
. in use, taking up a large amount of computér space anéd running time.

In predicting the flow development ih the test annular diffuser
geometries, attempts to run the predictioﬁ method starting from the upstream
datum station proved impossible since the method proved very sensitive to
the high pressure gradient in the early stage of diffusion. Thus all
pfedictionsrhad to be atarfea from-a position dovnstream of the inlet which,
as. has. been noted in Section 6.2,1, is unnecessarily restrictive. |

In view of these problems it.was.not possible to carry out extensive
predictions 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 pré@icted values. of shape factor and momentum

thickness with the annular diffuser test data for the i/AR1 = 10,0, 7.5,-5.0
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,geometries (B1I= 0.028) is sh;wn in Figs. 6.14 + 6.16., 0n the basis of
this comparison the performance of the Thompsoﬁ prediction method in this
épplication.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 thé establishment of dffuser stability limits, is based
exclusively on Head's method. |
In an attempt to explaiﬁ the relatively poor performance of ThomeOn's

. method the value of the 'constant' 8 in equation b.44 was investigated.
~Several sefs 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 daté. While
-values of 8 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{g quoted in Thompson'é
work are.not universally applicéble.

6.3 Prediction of Overall Performance 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 bounéary 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 reporf of Sovran and Klomp (52), and an attempt was
made to reproduce these maps_using Head's prediction method.

In the case of conical diffusérs the inlet data from Uram's work was
aSsﬁmed (B1 = 0,032), and for the annular geometries the inlef data from
the present tests has been used (B1 = 0.028). TFor these fixed inlet
condiﬁions the internal flow development in a wide range of diffuser

geometries was predicted and the Sandborn and Kline (56 ) separation

~ 106 -



criferion applied to locate the stability limits. The performance data
was then plotted in terms of Ef and lines of constant Eﬁ-generated, which
are shown, for the conical and annular geometries respectively, in Figs.
6.17 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 Eﬁ'z 0.50 »0.70,. The
deviation of the stability limit.atAthe lower‘values of presaure'recovery
(65 = 0,20) can be attributed to the failure of the methpd'to accommodate
the large divergence angles which are iﬁplied by such low values of
pressﬁre recovery.

Performance prediction in terms of Ei-is excellent except'where there
is marked deviatiqn between the actual and predicted Cp* lines at the lower
values of EF.

6. Finite Difference Methods

The differentiélhmethod of Spalding and Patankar (63 ) was applied by
Nayak (46 ) to the prediction of'boundafy layer groﬁth in the test diffuser
geometries, the measured values of mixing length etc. being incorporated
into the program. | .

Application of the method was adversely affected bythe diffuser outer
wall inlet bend and it proved necessary to adopt the practice of starting
" the prediction downstream of the.inlet‘pléhe. With this restriction

reasonable predictions of boundary layer growth were made.
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CONICAL DIFFUSER PERFORMANCE MAP

FIGURE 6.7
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ANNULAR DIFFUSER PERFORMANCE MAP

FICURE 6.18
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CHAPTER - 7

7.0 CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

The major points of interest which arose from the research progran
are summarised in this chapter.

7.1 Experimental Tests

A detailed investigation of a range of straight—co;e 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.

~7e1e1 Naturally Developed Inflow

In the first part of the researchrfrogram the diffusers were teafed
with a range of naturally developed inlet velocity profiles from near
uniform flow to fully developed flow.  The following points afe'noted:

(i) The levels of diffuser performance, in terms of EE}—Z’ compare
well with the measured data of Sovrén and Klon@‘(ESZ). However
the diffuser stability limits given by their work are not verified
angd the‘general applicability of these limits is open to éuestion.

(ii) TFor the test diffusers the value of Eﬁg_é-fell with initial
thickening of the inlet boundary layers with subsequent recovery
as the inflow became fully aeveloped. |

(iii) ‘Downsfream of diffuser exit, pressure recovery continued in the

settling length due to momentum transfer; this was substantially

complete within two hydraulic 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.

(i1) The flow de#elopment is dominated by the préssure forces,
especially in the early stages of diffusion.

(1ii) The turbulent shear stress distributions exhibit a maximum
which moves away from the wall, the'gradient of shear ﬁtress
at the wall [%%] . being-abproximately equal to fhe local

axial pressure gradi%pt %Ez . The indications are that in
the initial stages of diffusion the turbulent shear stress
structur; lags behind the development of the mean velocity
profile.

(iv) The non-dimensi onal mixing length diétributions agree reasoﬁably
weil 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 siress gradient in a direction normal
 to the wall the conventional form qf 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;confifm the utilitj of
the experimental data and indicater that it may be used with
cﬁnfidende in the checking and generation of theoretical
prediction methods. °

7.1.2 Artificially Generated Inflow

In an attempﬁ 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 change§ in the inlet velocity
profile.

For mixing generated with a flow spoilér on the outer. wall at inlet to
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the 3]531 = 5.0 diffuser, in the optiﬁum'case; the folldwing effects were
apparent: | p
(i) A marked improvement in the stability of the diffuser exit flow was
noted with an attendant improvement in EE}-2 of some 12% over the
equivalent naturally developed inflow éase, with no significant
change in diffuser losses.:
(ii) The distortion of the boundary layer on the outer wa11.0f the
diffuser was reduced siénifidantly.
(iii) fThe shear stress distribution again exhibited a maximuﬁ'which
moves awaj from the wall; however in this case the gradient of
shear stress normal tq the wall is not equal to the local éxial

R i The inclusion of the

pressure gradient, [QI!J o< ]
‘ : R:Ro
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 accougt.
Similarly to the naturally developed inflow cases, the shear
stress,structure initialiy lags behind the development of the
, mean velocity profile. | L

(iv) The absolute mixing léngth levelsrwere considerably higher than
those meaéured_in the diffuser with naturally developed inflow.
In noﬁ-diﬁensional form the ramp function of the mixing length
distr;butibn persisted over mosf of the boundary layer in the
early stages of diffusion. In the létter stages of diffusion
a constant level over most_of the boundafyrlayer 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 n;turally developed inflow, to
the large éradient of shear.st;ess near the wall.
(vi) The momentum balance, which includes all releﬁéﬁt terms, is
excellent. |
In the case of inlet flow mixing generated by é coarse gauze, which
‘was ;pplied to all three test difquers, thelfollowing comments may be
made:

(i)‘ The stability of the exit flow was markedly improved with the
‘outer_wail.shape factor at diffuser exit (H°2) being reduced
from a value in excess of 3.0.to 1.8 in therf/AR1 = 5,0 diffuser.

(1i) Maximum improvements in pressure recovery (EYAR1 = 5.0 diffuser)
of approximately 20% in EEA—Z were noted, .with Sméll-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
additiongi pressure recovery.

- The létter results serve to highlight the fact that inlet conditions
can have far-reaching effects on diffuser perfofmance. 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 strongly that the possible effects of inlet
conditions should be equally well understood. It is within the autﬁor's
experience that within industry serious problems have arisen which #re
directly attfibutable to the 'optimistic' application of the Sovran and
Klomp performance/stability limit corfelation. ' |

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 wusing integral methods which had been modified for
application to axi-symmetric flows and included entrainment based
“tauxiliary 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
perfornance agreed well with experimentzl data. With the adoption of the
separation correiation 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 Thempson's entrainment model, while poténtially
superior, proved unwieldy in use due mainly to its high graphical content.
- This method gave disappointing results in this particular appliéatién, and
is‘not to be recommended where it ié necessary to solve the floﬁ‘using
computer methods because of the prohibitive amount of funning.time required;

7.3 Future Work

The general solution of the flow in diffusers with arbitrary inlet
flows must come from & theoretical approach sinée‘it is impossible to
test all the possible diffuser geometfiés for all the possible inlet
conditions. 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, _.Tﬂese experiments must be caréfully
selected 50 as to give the maximum of useful data and a physical under-

standing of the problems of flow in diffusers.
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