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In� uence of Compressor Exit Conditions on Combustor
Annular Diffusers, Part 1: Diffuser Performance

A. G. Barker and J. F. Carrotte†

Loughborough University, Loughborough, England, LE11 3TU, United Kingdom

In gas-turbine engines, the velocity of air issuing from the compressor must be reduced to permit effective oper-
ation of the downstream combustor. This is partly achieved by locating an annular diffuser behind the compressor
outlet guide vanes (OGV) and, in modern systems, the inlet of this diffuser is usually located at the trailing edge
of the blade row. The interactions that occur between these components and, in particular, the impact on the
measured diffuser performance are studied. A mainly experimental investigation has been undertaken in a fully
annular facility that incorporates a single-stage axial-� ow compressor and simulated � ame tube. In addition, a
constant-area passage, or diffusers of area ratio 1.45 or 1.60, can be incorporated immediately downstream of the
OGV row. The results indicate that, within experimental error, the diffusers have little effect on the � ow within the
OGV blade passages. However, the OGV blade row produces a pro� le that, due mainly to the blade wakes, contains
a relatively large amount of kinetic energy. Hence, even within the downstream constant area passage a signi� cant
pressure rise is observed as these wakes mix out. Additional pressure forces are introduced with the downstream
diffusers present, but analysis of the experimental data indicates these have a limited effect on the wake mixing
process, both in terms of stagnation pressure loss and static pressure rise. Hence, the overall static pressure rise
measured, between the inlet and exit of each diffuser, is greater than that predicted using design charts obtained
using more conventional axisymmetric inlet conditions. This con� rms previous work where it was thought that
wake mixing can enhance diffuser performance.

Nomenclature
A = passage area
AR = area ratio
C = outlet guide vane (OGV) blade chord
Cp = static pressure rise coef� cient
h = annulus passage height
L = diffuser length
m = mass � ow
N = rotor speed
P, p = local stagnation, static pressure
Rn = nondimensional radius [(r ri )/ (ro ri )]
r = radius relative to rig centerline
ri , ro = inner casing, outer casing radius
s = blade pitch
T = temperature
Ue = mean wake freestream velocity (Fig. 3)
U f = interpolated wake freestream velocity (Fig. 3)
Um = overall mean velocity
u = local axial velocity
uc = wake centerline velocity
a = kinetic energy � ux coef� cient based

on the overall pro� le
a r = kinetic energy � ux coef� cient based

on the average radial pro� le
d 1 = wake displacement thickness
d 3 = wake kinetic energy displacement thickness
h = wake momentum thickness
k = stagnation pressure loss coef� cient

Subscripts

0, 1, 2 = OGV inlet, diffuser inlet, and diffuser exit
traverse planes

Received 22 February 2000; revision received 9 July 2000; accepted for
publication 9 July 2000. Copyright c 2000 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

Research Assistant, Rolls–Royce UniversityTechnologyCentre, Depart-
ment of Aeronautical and Automotive Engineering.

†Rolls–Royce Lecturer in Aerospace Propulsion, Rolls–Royce Uni-
versity Technology Centre, Department of Aeronautical and Automotive
Engineering.

mix = pressure or velocity after � ow is mixed out at
constant momentum and area

Superscript

= mass weighted spatial mean value

Introduction

T HE quest for increased power plant performance means that
manufacturerscontinue to focus their attention on the aerody-

namic processes taking place within a gas turbine engine. This is
achievedboth throughexperimentalmeasurementsand the develop-
ment of numerical codes. However, further performance improve-
ments often mean that consideration must be given to the aerody-
namic interactionsthatoccurbetweencomponentswithinan engine.
This is one of two papers that concentrate on one particular aero-
dynamic interaction, namely, that which occurs between an axial
compressor stage and the annular diffuser that is located immedi-
ately downstream. In gas turbine engines the velocity of the air,
issuing from the compressor, must be reduced to permit effective
operation of the downstream combustor. This is partly achieved by
locatingan annulardiffuserbehind the compressoroutlet guidevane
(OGV) row. Optimization of engine performance means maximiz-
ing the velocity reduction within this diffuser, while maintaining
a stable � ow, before the � ow undergoes an abrupt expansion as it
enters the combustion system.

Klein1 reviews numerous diffuser investigationsthat are relevant
to the combustordiffuser application,although most of these inves-
tigations have been conducted with nonrepresentative boundary-
layer-type inlet conditions. In such investigations the inlet condi-
tions are de� ned, and surface tappings are used to measure the
static pressure rise, within a variety of diffuser geometries. From
such experimental work, performance charts have been produced
that indicate,for example, the static pressurerise and maximumarea
ratio, within a given axial length, that can be achieved while avoid-
ing � ow separation. This ensure: stable diffuser operation, which
is essential for this application.However the different performance
charts are obtained with relatively thin2 or fully developed3 inlet
boundary layers. This re� ects the importance of inlet conditions,
and Klein1 outlines the limited data obtained with diffusers located
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behind axial compressors.For example, Stevens et al.4 investigated
the performanceof a diffuser operating downstreamof a multistage
axial compressor and also with fully developed inlet conditions. In
these investigations overall diffuser performance was assessed, in
addition to providing some indication of the mean blade wake pro-
� les and their decay within the diffuser. Further work by Stevens
et al.5 utilized a single-stagecompressor whose location, relative to
diffuser inlet, could be varied. Hence, the impact on performance
of including a parallel passage, between compressor outlet and dif-
fuser inlet, could be assessed.Such a passagewas thoughtnecessary
to permit the compressor blade wakes to partially mix out prior to
entering the diffuser. However, the ever increasingdemands for en-
gines of shorter length mean that within modern engines diffusers
are often located immediately downstreamof the compressor. This,
together with diffusers of shorter length, enhances the interaction
between the diffuser and compressor-generated � ow� elds. More
recent work by Zierer6 showed how changing the compressoroper-
ating point affected the boundary layers and pressure rise within a
diffuser and also noted that, in general, greater pressure rises were
achieved with a compressor present. Although no detailed inves-
tigations have been conducted, the general conclusion from all of
these investigations is that, in addition to the mean � ow distribu-
tion at the diffuser entrance plane, the enhanced turbulence associ-
ated with a compressor-generated� ow� eld can improve spanwise
mixing and thereby reduce boundary-layergrowth and the onset of
separation.

This investigation concentrates on the effects of wake mixing
and secondary � ows, due to the presence of an upstream axial � ow
compressor, on the mean � ow� eld that develops within a modern
combustor annular diffuser geometry. Currently the design of such
diffusers is based predominantly on experimental data, obtained
with conventional boundary-layer-typeinlet conditions, and takes
no account of such interactions. It is thought the understanding
and capturing of these processes, and their impact on the bound-
ary layers that develop along each casing, is important if a more
numerically based method is to be developed for optimizing the
design of such diffusers. To assist in de� ning these processes, re-
sults are presented from a mainly experimental investigation in
whichpneumaticmeasurementsweremade,downstreamof a single-
stage axial � ow compressor, as the pressure gradient was varied.
This was achieved by using annular diffusers of the same axial
length but of area ratios 1.0, that is, parallel passage, 1.45, and
1.60. Furthermore, a � ame tube, typical of current gas turbine en-
gine practice, provided a representative blockage to the � ow issu-
ing from these diffusers. Note that the distance between the OGV
trailing edge and this � ame tube was maintained constant in all
tests. This particular paper concentrates on the mean � ow� eld de-
velopment and its in� uence on diffuser performance, in terms of
the diffuser static pressure rise and the stagnation pressure loss.
A subsequent paper (Part 2) outlines how the compressor gener-
ated inlet conditions can improve spanwise mixing, within the dif-
fuser, and thereby reduce boundary-layer growth and the onset of
separation.

Experimental Facility
A comprehensivedescription of the overall experimental facility

is given by Wray and Carrotte.7 The working section approximates
a large-scale version of a current engine. Air is drawn from atmo-
sphere into a large plenum, above the vertically mounted facility,
before passing through the entry � are that contains a honeycomb
� ow straightener.The pressure rise required to draw air through the
facility is providedby the single-stageaxial � ow compressorlocated
within the working section (Fig. 1). An 80-blade inlet guide vane
(IGV) row precedes the rotor, which is operated at a � xed nondi-
mensional condition [m (T )/ P], which corresponds to a � ow co-
ef� cient of approximately0.4 and a nondimensionalspeed (N / T )
of 170. For a typicalambient temperatureof 291 K, this corresponds
to a rotor speed of 2900 rpm, with the rotor providing nominally
45 degof inlet swirl, at midpassageheight,to thecompressorOGVs.
The mean radius of the IGV, rotor and OGV blade rows is 375 mm,

Fig. 1 Test facility.

Fig. 2 OGV/diffuser geometries.

with a passage height of 36.6 mm. At a mass � ow of 4.6 kg/s,
the mean axial velocity through these blade rows is approximately
45 m/s (Mach number 0.13) with a stage loading of 0.32. Within
the facility, various OGV and diffuser geometries can be incor-
porated, but numerous authors, including Fishenden and Stevens,8

have also noted the stabilizingeffect of the blockage,presentedby a
downstream� ame tube, on the diffuser � ow. Hence, at diffuser exit
the � ow enters a dump cavity, where it divides to pass either into
an annular � ame tube or to the surrounding feed annuli. Note that
porosityof the � ame tube head is fully representative,and a seriesof
downstream throttles control the mass � ow distribution to the � ame
tube, feed annuli,and turbinecoolingpassages.Hence, the blockage
downstream of the diffuser is accurately simulated, whereas a fur-
ther throttle within the exhaust system ensures the axial compressor
is maintained on its correct operating point.

For the tests reported here, the OGV row consisted of 160 con-
trolled diffusion blades that were designed to turn the � ow through
approximately 45 deg. The blades were of chord 39 mm and had a
thickness/chord ratio of 6%. At the OGV exit, this same blade row
could be attached to diffusers of area ratio 1.00 (parallel passage),
1.45, and 1.60 (Fig. 2), with each diffuser having an axial length
of 2.23 inlet passage heights, that is, 2.23h1. In addition, the axial
lengthbetweenthe OGV exit and the � ame tubeheadwas also main-
tained constant at 3.63h1. Note that according to the design criteria
obtained with the boundary-layer-type� ows described by Howard
et al.3 for a nondimensional length of 2.23h1 diffusers of area ratio
1.45 and 1.60 fall within the attached � ow regimes, although the
latter lies relatively close to the stall line.

Instrumentation
The performanceof each diffuser system was de� ned from mea-

surements at the OGV exit/diffuser inlet (x / L 0.00) and diffuser
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exit (x / L 1.00). Area traverses were performed using miniature
� ve-holepressureprobesof overalldiameter1.5 mm, with hole bore
of 0.25 mm, which were used in a nonnulled mode as outlined by
Wray and Carrotte.7 Preliminary measurementscon� rmed the sym-
metry of � ow, around the annulus, at the diffuser exit after which
detailed area traverses were conducted at these two axial locations.
At each location, an area corresponding to two OGV blade spaces
was traversed with some 820 data points being obtained from 20
radial measurement locations that were repeated at 41 circumferen-
tial positions. In addition, � ve-hole probe traverseswere performed
on the diffuser centerline, midway between blades, at typically 20
positions between the OGV exit (x / L 0.00) and the exit of each
diffuser (x / L 1.00). These measurements were used to provide
information on the static pressure rise along the diffuser centerline.
Further detailed measurements were obtained with a � attened pitot
probe, at midpassage(50%) height, to de� ne the OGV blade wakes.
At each of typically20 axial locations,measurementswere obtained
at 81 circumferential positions across 2 blade spaces.

Radial movement of the instrumentation, where required, was
obtained by attaching the probes to stepper motors located on the
outer casing of the facility. In addition, to avoid numerous circum-
ferential access locations,within the diffuser casings, the OGV row
and downstream � ame tube were mounted on bearings and could,
therefore,be indexed to provide the required circumferentialmove-
ment. Probes of various sizes were inserted, through the rear of the
diffuser,with the axial locationbeing varied by attaching the probes
to the outer casing at various locations downstream of the diffuser
exit plane.

All pressures were logged using Furness pressure transducers,
whereas operationof the test rig, positioningof the instrumentation,
and digitizingof all pressure transducer signals was controlledby a
personal computer.

Data Reduction
Diffuser Performance

The diffuser performance is assessed from area traverses with
� ve-hole pressure probes, at diffuser inlet and exit, that provide
information on stagnationand static pressure in addition to velocity
magnitude and direction. For the area traverses, this information
can be used to derive the overall mean velocity Um and mass � ow
through each traverse plane:

m q u dA q Um A (1)

where A is the � ow passage area at the plane concerned. Mean
values of stagnationpressure P were de� ned by mass weighting the
appropriate individual values, that is,

P
1
m A

P q u dA (2)

For spatially nonuniform incompressible � ow, which is in a pre-
dominantly axial direction, it also follows that8

P p a 1
2

q U 2
m (3)

where

a
1
A A

u

Um

3

dA, p
1
m A

pq u dA

The kinetic energy � ux coef� cient a represents the ratio of mass-
weighted mean kinetic energy of a nonuniform � ow to that of a
uniform� ow with the same mass � ow rate.8 Note that an alternative
de� nition has also been used, a r , which is based on a mean radial
pro� le obtained by circumferentially averaging the velocity data,
usingan area weighting, at a given radial location.A � ux coef� cient
a r can then be calculated based on this pro� le, which, therefore,
re� ects the radial distortion of the � ow and its effect on the � ow
kinetic energy.

Changes in the spatially averaged pressures between planes 1
(OGV exit/diffuser inlet) and 2 (diffuserexit) are expressedin terms
of a total pressure loss k and static pressure rise coef� cient Cp,
which is nondimensionalizedby a reference dynamic head:

k (P1 P2 )/ (P p)1 , Cp ( p2 p1 )/ (P p)1 (4)

Furthermore, as described by Fishenden and Stevens,8 with the use
of Eqs. (1–4) along with the energy equation p1 a 1(

1
2 ) q U 2

m1
p2 a 2( 1

2 ) q U 2
m2 P1 P2, it follows that

Cp 1 ( a 2 / a 1 )(1/ AR2 ) k (5)

which relates the diffuser static pressure rise with that of its stag-
nation pressure loss, area ratio AR, and � ow nonuniformity at inlet
and exit.

Wake Pro� le De� nitions

The wake velocity pro� les at the midpassage height were ob-
tained from pitot tube measurements,with the static pressure being
provided by the � ve-hole probe. From these data, the following
wake displacement, momentum, and kinetic energy thickness val-
ues could be calculated:

d 1
d

1
u

U f
r dh , h

d

u

U f
1

u

U f
r dh

d 3
d

u

U f
1

u

U f

2

r dh (6)

where U f is the local wake freestream velocity (Fig. 3). Based
on the wake pro� les, the mass-weighted stagnation pressure loss,

a) Wake axial velocity pro� les

b) Wake velocity de� nitions

Fig. 3 Circumferential velocity pro� les along the diffuser centerline.
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associated with the blade wake, D Pmw , can be calculated at a given
axial location from the following de� nition (see Appendix):

D Pmw
0.5U 2

e d 3

(s d 1)
(7)

An alternativede� nitionconcernsthechangein stagnationand static
pressure, associated with the wake, if it is allowed to mix out at
constant momentum and at the local � ow area. These can be de-
rived from the continuityand momentumequations(see Appendix),
which, assuming incompressible � ow, yield

D Pmix (d 1 / s)2 (2h / s) 0.5 q U 2
e

D pmix [(2d 1 / s)(1 d 1 / s) 2h / s] 0.5 q U 2
e (8)

where Ue is the mean wake freestream velocity (Fig. 3). Note that
D Pmix representsthechangein stagnationpressurebetweenthe local
freestream and mixed out values and, therefore, indicates the total
loss generated by the blade due to 1) the growth of blade surface
boundary layers, and 2) the mixing out of the boundary layers in
the blade wake. Alternatively, D pmix is the change in static pressure
betweenthe localmeasurementplaneand themixedoutplane.These
wake loss de� nitions are in broad agreement with the equations
quoted by Denton.9

Estimate of Experimental Errors
The experimental accuracy of the � ve-hole probe, in regions of

high � ow� eld gradients,will be in� uenced by the spatial error asso-
ciatedwith the � nite distancebetweenthe � ve holeson theprobe tip.
Attempts were made to reduce this effect by radial and circumferen-
tial interpolationof the side pressuresonto the central measurement
hole, as described by Wray and Carrotte.7 However, experimental
accuracywill also be in� uenced by the proximity to casingsurfaces,
recording of the pressure transducer signals via transducers, and an
analog-to-digital convertor. Because of these effects, it was found
that the mass-weighted stagnation and static pressures at any tra-
verse plane were repeatable to within 3

4
-mm H2O. Based on these

values, it was estimated the stagnation pressure loss k and static
pressure recovery coef� cients Cp were accurate to within 0.005 of
their true values.

Excellentagreementwas obtainedfor the mass � ows calculatedat
compressor inlet, OGV inlet, and diffuser exit. However, discrepan-
cies in mass � ow of up to 2% were recorded at the OGV exit plane
and are attributed to the very high gradients at the OGV trailing
edge. This leads to errors in velocity and, hence, the kinetic energy
� ux coef� cient a 1. The value of this coef� cient was, therefore, ob-
tained using Eq. (5), where all other quantities, including the area
ratio, were known. For the pitot probe measurement, there will also
be some error in the derived velocity values at this OGV trailing-
edge location. This is because immediately behind the blade the
static pressure will not equal the value measured in the midpassage
region. However, the axial length of this region is relatively small
and is thought only to affect the � rst traverse location x / L 0.001.
For quantities derived from the pitot probe measurements, the re-
peatability was assessed with, for example, the wake displacement
thickness d 1 and momentum thickness h being repeatable to within
0.1 mm at a given axial location.This can be assessed relative to the
wake thickness which, typically, may vary between 5 and 14 mm
along the diffuser length.

Results and Discussion
The trailing edge of the OGV blade row is located at inlet to the

diffuser, and an indication of the � ow distribution, at this location,
is provided by the axial velocity contours (Fig. 4). Circumferential
variations in the � ow� eld due to OGV wakes are clearly evident,
although the distribution does indicate a relatively well-behaved
blade row with no signi� cant regions of � ow separation. Note that
slightdifferencesbetween blade passagesare due to the in� uenceof
wakes from the upstream IGV row, which contains80 blades (com-
pared with the 160-bladeOGV row). Note that within experimental

Table 1 Diffuser overall performance dataa

AR k Cp a 2 a 2r D Cp D Cpr

1.00 0.020 0.130 1.037 1.026 0.030 0.020
1.45 0.045 0.520 1.098 1.062 0.040 0.025
1.60 0.060 0.565 1.134 1.089 0.045 0.030

aKinetic energy � ux coef� cient at diffuser inlet, a 1, is approximately 1.20.
All values are nondimensionalized by the kinetic energy at diffuser inlet,
that is, a 0.5q U 2.

Fig. 4 Axial velocity contours at
OGV exit, AR = 1.0.

Fig. 5 Static pressure distributions along the diffuser centerlines.

error this distribution was the same for all con� gurations. Hence,
changesat the OGV exit plane, associatedwith the differentdiffuser
geometries, are small with the diffusers having little impact on the
� ow within the compressorpassages.What must now be established
is how this � ow� eld, thought representative of that generated by a
well-behaved compressor stage, in� uences the performance of a
downstream diffuser.

Overall Diffuser Performance

The static pressure distribution measured along the centerline of
each diffuseris presented(Fig. 5). Note that axial locationis denoted
both in terms of diffuser length L and OGV blade chord C , whereas
the static pressure rise is in terms of the diffuser inlet dynamic head
relative to the static pressureat either OGV inlet or diffuser inlet. In
addition, based on the � ve-hole probe area traverse at the diffuser
inlet and exit, the overall static pressure rise Cp and stagnation
pressure loss k coef� cients are presented (Table 1).
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The distributionof static pressure (Fig. 5) along the constant area
passage (AR 1.0) agrees with the overall static pressure rise Cp
of 0.130, determined from area traverses at OGV exit and diffuser
exit (Table 1). Not surprisingly,as the area ratio is increased to 1.45
and 1.60 the diffuser static pressure rise Cp increases to 0.520 and
0.565, respectively(Table 1). These values, though,are signi� cantly
greater than those indicatedby the performancechartson which dif-
fusers are often designed. For example, based on these charts zero
pressure rise would be expected in a parallel passage (AR 1.0).
Furthermore, with the diffusers present and fully developed inlet
conditions,the resultsof Howard et al.3 indicate static pressure rises
of approximately 0.37 (AR 1.45) and 0.38 (AR 1.60), whereas
the more uniform conditionsof Sovran and Klomp2 indicate a pres-
sure rise of approximately 0.40 for both diffuser geometries. Note
that in both cases the inlet � ow was axisymmetric with the nonuni-
formity being in the radial pro� le only, and furthermore, in these
investigations the pressure coef� cient was nondimensionalizedby
the diffuser inlet dynamic head ( 1

2
q U 2

m ). Hence, differences in the
static pressure rise will be even greater when the kinetic energy � ux
coef� cient a is included. In these other investigations, the static
pressure rise was obtained from tappings within each diffuser, and
the inlet pro� le was also measured. However, the exit pro� le was
not measured, and so insuf� cient information is available for the
stagnation pressure loss within each diffuser to be predicted. For
this investigation though, the stagnation pressure loss k measured
within the constant area passage was 0.020, and this increased to
0.045 (AR 1.45) and 0.060 (AR 1.60) with increasing diffuser
area ratio.

The static pressure rise within each diffuser is determined by the
area ratio, the stagnationpressure loss, and the kinetic energy of the
� ow entering and leaving the diffuser [Eq. (5)]. At diffuser inlet,
the kinetic energy coef� cient value a 1 is approximately 1.20 and
indicates a relatively large amount of kinetic energy is present at
the trailing edge of even a well-behaved blade row. This � ow then
enters the diffusersystem, and its subsequentdevelopmentwill have
a signi� cant effect on the observed static pressure rise and stagna-
tion pressure loss. For example, the axial velocity contours at the
diffuser exit are presented for the area ratio 1.0 (parallel passage)
and 1.60 diffusers (Fig. 6). Note that for both geometries the � ow
has remained attachedto the casingsat all circumferentiallocations,
and comparison with the diffuser inlet contours (Fig. 4) shows that
some mixing out of each OGV wake has occurred. However, both
the amount of mixing and the growthof low-energy� uid adjacent to
each casing varies between con� gurations. Such distributions also
indicate the complexity of the � ow� eld and highlight differences
relative to more conventional diffuser investigations with axisym-
metric inlet conditions. Nonetheless, an attempt can be made to
assess how these various � ow features, as found within a turboma-
chine environment, in� uence the diffuser static pressure rise and
stagnation pressure loss.

Diffuser Radial Pro� les

The accelerationor decelerationof a � uidparticlepassingthrough
each diffuser is mainly a function of the shear forces, acting on the
particle, along with the pressure forces associated with the applied
pressuregradient.In addition,themomentumequationindicatesthat
the sensitivityof a particle to thispressuregradient is much greater if
its velocity is relatively low. With more conventionalaxisymmetric
inlet conditions it is, therefore, the radial pro� le and, in particular,
the slower moving � uid within the casing boundary layers that is
of most concern. Hence, the resulting growth of the boundary layer
with increasing area ratio produces a more distorted radial pro� le,
which, relative to a uniform pro� le, contains a greater amount of
kinetic energy. This affects the static pressure rise, as re� ected by
the diffuser performancecharts,whereas the onset of transitorystall
and unstable � ow regimes is associatedwith the separationof these
boundary layers from the casing surface.

The axial velocity contours at OGV exit (Fig. 4) and diffuser
exit (Fig. 6) indicate the more complex � ow� eld that is introduced
by the upstream compressor. Furthermore, although mean radial
pro� les can be obtained by circumferentially averaging the data at

a) AR = 1.0

b) AR = 1.60

Fig. 6 Axial velocity contours (u/Um ) at diffuser exit.

each radial location (Fig. 7), the pro� les do not indicate clearly de-
� ned boundary layers. For example, variations in the radial pro� le
occur due to high loss regions associated with the remnants of end-
wall losses within the OGV passage. With an upstream compressor
present, investigationsby authors such as Stevens et al.5 and Klein1

have indicated, for pressure gradients typical of the gas turbine
application being considered, that radial distortions are ampli� ed
if distortion of the radial pro� le entering the diffuser is relatively
weak. Alternatively, if the initial distortion is large, then the radial
distortionswill decay. Presumably this reduction is due to the shear
stresses associatedwith highly distorted radial velocity pro� les. As
outlined by Klein,1 strong radial distortions may, for example, be
generated by OGV rows with radial blade clearances.However, the
results of the current investigation indicate that blade geometries
typical of current modern systems generate weak radial distortions,
and this is re� ected by the observed pro� le development within the
downstreamdiffusers (Fig. 7). Hence, for the constant area passage
(AR 1.0), the pro� les are virtually identical along the passage,but
with increasingarea ratio,moredistortedpro� les developand re� ect
the migrationof � uid toward the passagecenter.Thus, the radialpro-
� le development is being dominatedby the imposed pressure forces
rather than the shear forces.

Developmentof the radial pro� les within each geometryare sum-
marized by the radial kinetic energy � ux coef� cient a r , which can
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Fig. 7 Circumferentially averaged diffuser velocity pro� les.

be compared with the overall � ux coef� cient values a entering and
leaving each diffuser. As already indicated [Eq. (5)], these values
affect the overallpressureriseCp. For example,note that in all cases
thediffuserexit � uxcoef� cientvalues a 2 of 1.037(AR 1.00), 1.098
(AR 1.45), and 1.134 (AR 1.60) are less than the diffuser entry
value of approximately 1.20. Based on Eq. (5), this accounts for
the relatively high static pressure rise values Cp obtained for these
geometries relative to that indicated by the diffuser performance
charts. However, based on the radial pro� les, a r , the inlet value of
1.028 can be compared with the exit values of 1.026 (AR 1.00),
1.062 (AR 1.45), and 1.089 (AR 1.60). Thus, reduction in the
overall distortion of the � ow� eld within each diffuser means the
increasing radial distortion is being offset by a reduction in the cir-
cumferentialdistortions.Therefore, it follows that mixingout of the
blade wakes is responsible for the high static pressure rise relative
to that obtained from tests with axisymmetric inlet conditions.With
this in mind, attempts can be made to assess the signi� cance of
OGV mixing on diffuser performance and, furthermore, how wake
mixing is affected by the presence of a downstream diffuser.

OGV Wake Mixing (Midpassage Height)

The in� uence of OGV wakes on the diffuser static pressure rise
and stagnation pressure loss has been assessed by analyzing the
mixing out of blade wakes along the centerline of each diffuser.
This has been undertaken for the datum case when the wakes mix
out in a parallel passage, and the differenceswere then noted when
the diffusing passages were introduced. It is assumed that these
changes in wake behavior along the centerline are a re� ection of
those occurring across most of the blade height. Hence, what can
also be implied is how the remainder of the � ow, that is, low-energy
boundary-layer-type� uid adjacent to each casing, is contributingto
the overall performance for the different passage geometries.

Wake Parameters

At a givenaxial location, the bladewakes were de� ned from mea-
surements at 81 circumferential positions that were equally spaced
acrosstwo OGV bladepassages.Thesemeasurementswere repeated
at up to 20 axial locations within each diffuser. Development of the
blade wakes within the 1.45 area ratio diffuser is indicated by the
measured pro� les, although, for clarity, only a limited number are
presented(Fig. 3a). Note that at a givenaxial locationthe freestream
velocityvariationsare due to the remnantsof effects associatedwith
the upstreamIGV row. However, these variations impact on the cal-
culation of parameters such as the wake displacement thickness. A
linear variation of the freestream velocity U f has, therefore, been
assumed, across the wake, when calculating such parameters from
which a mean freestream velocity Ue can also be derived (Fig. 3b).

A general indication of the wake behavior is provided by the
integral-based quantities such as the variation of form parameter
H and displacement thickness d 1 along each diffuser centerline

a) Wake boundary-layer parameters (H, ±1)

b) Mixing loss components [2µ/s, (±1 /s)2]

Fig. 8 Wake parameters along each diffuser, 50% passage height.

(Fig. 8a). It is from thesevariousparameters that the most signi� cant
factors in� uencing the wake development can be determined. For
example, the initial reduction in form parameter H , immediately
downstream of each OGV blade, indicates the rapid mixing that
occurs due to the shear stresses associated with the high-velocity
gradients in the wakes. This is despite the pressure gradients that
are present immediately downstream of the blade row and that vary
between geometries (Fig. 5). The relatively large magnitude of the
shear forces, therefore, means that, in every geometry, the form pa-
rameter H falls to a value of approximately 1.2 within half a chord
of the blade trailing edge (Fig. 8a). However, as the velocity gradi-
ents, and hence shear stresses, reduce, the pressure forces become
of greater signi� cance, and so differencesare more apparent toward
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the rear of each diffuser.This is most clearly illustratedby the wake
displacement thickness. In all of the geometries, the displacement
thickness due to the shear forces reduces from approximately 1.2
to 0.8 mm within half a chord of the blade trailing edge; however,
downstream of this location, the displacement thickness increases
as the area ratio and, hence, pressure forces increase. Thus at the
diffuser exit, displacement thickness values of 0.8 and 1.7 mm are
obtained for the 1.00 and 1.60 area ratio passages.

These measurementshave been made on geometries in which the
length and aspect ratio of the OGVs and diffusers are thought to
be reasonablyrepresentativeof modern engines.However, it should
be remembered that these observations are a function of the OGV
chord relative to the diffuser length. For example, a blade of higher
aspect ratio and, hence, shorterchordwould reduceand increase the
respectivelengthsoverwhich the shearandpressureforcesdominate
within the diffuser.

In� uence on Stagnation Pressure Loss

The mixing loss value D Pmix de� ned in Eq. (8) represents the
stagnation pressure loss generated by the OGV blade, that is, it
is the mixed out loss and, therefore, represents the difference be-
tween the local freestream stagnation pressure and the mixed out
stagnation pressure. By de� nition, for the constant area passage
(AR 1.0), this mixing loss value D Pmix should be constant,but the
calculated values increase from, for example, 0.048 (x / L 0.20)
to 0.052 (x / L 1.0). Note that because the mixing loss values in-
clude the OGV loss these values have been nondimensionalizedby
the dynamic head at the OGV inlet D Pmix / (P p)o . It is thought
that the increasingmixing loss along each passage is due to a radial
redistribution of � ow associated with the secondary � ows, gener-
ated within the upstream blade row, and is the subject of a future
paper. An alternativemethod has, therefore, been used to assess the
approximate impact of the diffusingpressuregradienton the mixing
loss. When Eq. (8) is differentiatedand the momentum and continu-
ity equations are used, then the change in mixing loss is de� ned as

d
dx

D Pmix
1

Umix

dUmix

dx
2

d 1

s

2
2h
s

2h

s
H 0.5 q U 2

e (9)

where Umix is the mixed out (or mean) velocity and x is the distance
along the wake. Furthermore, as de� ned in Eq. (8) and describedby
Denton,9 the mixing loss is composedof 1) the mixed out loss of the
blade surface boundary layers (2h / s) and 2) that associatedwith the
blockageof these boundary layers (d 1 / s). This latter effect is due to
the pressure rise and, hence, loss increment that occurs as the blade
surfaceboundarylayersmix out, that is, as indicatedby themeasured
pressuredistributionwithin the parallelpassage.The valuesof these
terms within each geometry is presented (Fig. 8b) and indicate that
the loss is dominatedby the � rst term.With this in mind, the increase
in stagnation pressure loss D Pmix that would be obtained from a
mixing calculationat the local � ow area[Eq. (9)]canbe simpli� ed to

d

dx
D Pmix

1
Umix

dUmix

dx
[ D Pmix(1 H )] (10)

Equation (10) agrees with that quoted by Denton,9 and when the
measured values of form parameter H and local velocity Umix are
used, thishas beenused to calculatetheadditionalmixing loss due to
the appliedpressuregradientswithin each diffuser (Fig. 9). Thus, at
the midpassage height, the mixed out OGV loss is 0.053 (AR 1.0)
but this increases by 0.005 ( 9%) and 0.006 ( 11%) for the 1.45
and 1.60 area ratio diffusers. These values are nondimensionalized
by the OGV inlet dynamic head and so, when based on the dif-
fuser inlet conditions, a loss increaseof order 0.01 is indicated with
the diffusers present. Note that this represents a maximum because
1) it is assumed all of the mixing loss occurs within the diffusers
and 2) it assumes this loss is realized across the whole of the pas-
sage height. This loss increment, of order 0.01, can be compared
(Table 1) with the measured mass-weighted loss values, which
increase from 0.019 (AR 1.00) to 0.043 (AR 1.45) and 0.058

Fig. 9 Mixing loss increase along each diffuser ( D Pmix).

(AR 1.60). Hence, the largest contribution to the loss increase
within the diffusing passages is associatedwith the boundary-layer
growth alongeach casing rather than the additional loss due to wake
mixing within a positive pressure gradient.

In�uence on Static Pressure

It has already been noted that the kinetic energy � ux coef� cient
a value of 1.20 at the inlet of each diffuser is greater than the values
of 1.037 (AR 1.0), 1.098 (AR 1.45), and 1.134 (AR 1.60) at the
exit of these passages.Hence, despite a more distorted radial pro� le
(Table 1), mixing out of the blade wakes helps reduce the kinetic
energy associatedwith the overall � ow pro� le and therebyproduces
a static pressure rise. For example, in the parallelpassage (AR 1.0)
case the initial rapid mixing,within half a chord of the blade trailing
edge, leads to a reduction in wake displacement thickness (Fig. 8a).
Hence, the effective area of the passage increases, which accounts
for the observed rise in static pressure (Fig. 5). Although this pres-
sure rise occurs within the downstream passage, it is a remnant of
the inlet � ow conditions that are being generated by the upstream
blade row, that is, some 10% of the static pressure increase associ-
ated with the OGV row is occurringwithin the downstreampassage.
However, what must be consideredis how this wake mixing process
and, hence, the static pressure rise are affected when this process
occurs within a diffusing passage typical of those used within a gas
turbine engine.

Because of the magnitude of the shear forces, an initial pres-
sure increase occurs within the diffuser geometries, but in these
cases it is superimposedon the additional static pressure rise due to
the changing geometric passage area (Fig. 5). Within these cases,
though, the applied pressure forces associated with the increasing
passage area eventually cause the wake displacement thickness to
increase (Fig. 8a). This increasecan be assessedrelative to the blade
pitch (14.72 mm) so that, for the centerline � ow, the wake block-
age at the diffuser exit increases from 5.5% (AR 1.0) to 11.5%
( AR 1.60). This, of course, will reduce the static pressure rise
within the diffuser; however, note that the increasing displacement
thickness is occurring as the local velocity is reducing. Hence, the
effect of this blockageon the overalldiffuserpressurerise is limited.
This is illustrated (Fig. 10) by the mixed out static pressure values
D pmix de� ned by Eq. (8). At a given axial location, this represents
the change in static pressure between the measured value at that lo-
cation and the value that would be obtained if the � ow were allowed
to mix out at that local � ow area. Hence, a value, D pmix, of zero in-
dicates the blade wakes are fullymixed out, and the maximum static
pressure rise associated with this wake mixing has been achieved.
Hence, most of the pressure rise associated with mixing out of the
blade wakes is obtained with only small differencesbeing apparent
toward the diffuser exit. This agrees with the D Cp and D C pr val-
ues alreadypresented (Table 1) that quantify the additionalpressure
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Fig. 10 Mixed out static pressure distribution along each diffuser
( D pmix ).

rise that would be achieved if the overall diffuser exit pro� le, D Cp,
or the radial distortions only, D C pr , were to mix out. As a broad
estimate, the static pressure rise of 0.130 achieved within a constant
area passagewill be offset by an increasein stagnationpressureloss
( 0.01) and effectsdue to more distortedwakes ( 0.01) for the 1.60
area ratio diffuser. Nevertheless, this still indicates a static pressure
rise C p contributionin excess of 0.11,within the 1.60 area ratio dif-
fuser, that is associated with the mixing out of the circumferential
blade wake distortions.

In summary, a relatively large amount of kinetic energy is pre-
sented to the downstream passages because of the circumferential
distortionsassociatedwith the bladewakes.However, the high shear
forces produce a rapid mixing out of the blade wakes in each geom-
etry. In terms of the static pressure rise, this effect is of greater mag-
nitude compared with the slight increase in stagnationpressure loss
and the effects on wake mixing, due to the imposed pressure forces,
within the diffusing passages. This is also thought to account for
1) the relatively high static pressure rise measured by many authors
in gas turbine applications relative to that of publishedperformance
charts and 2) why in modern systems the diffuser is located imme-
diately downstreamof the blade row as opposedto a parallelmixing
passage that, in earlier gas turbine systems,was locatedbetween the
OGV row and diffuser. Note also this additional pressure rise is not
associated with a superior diffuser design, but merely the remnants
of the static pressure rise and � ow� eld produced by the upstream
OGV row.

Conclusions
Measurementshave been made behind a single-stagecompressor

in which, immediately downstream of the OGV row, the pressure
gradient has been varied by using either a parallel passage or dif-
fusers of area ratios 1.45 and 1.60. The OGV blading and diffusers
simulate the � ows generated within a modern combustor diffuser
system, and the following conclusionshave been drawn.

1) The mass-weighted stagnation pressure loss k , between the
OGV exit and diffuser exit, increases from 0.020 (parallel passage)
to 0.045 and 0.060 for the 1.45 and 1.60 area ratio diffusers. The
increase in loss associated with wake mixing, due to the additional
pressuregradientsassociatedwith the diffusingpassages,is of order
0.01, and so most of the loss increase is associated with the low-
energy � ow adjacent to each casing.

2) At the OGV blade row trailing edge, the � ow pro� le contains
a relatively large amount of kinetic energy due to the blade wakes.
In a parallel passage, some 10% of the pressure rise associatedwith
the OGV blade row, therefore, occurs in the downstreampassageas
the blade wakes mix out.

3) Despite the additional pressure forces introduced by the pres-
ence of diffusingpassages,the high shear forces, associatedwith the
blade wakes, ensure that circumferential � ow distortions decrease.

Fig. A1 Wake mixing de� nitions.

However, the pressure forces do result in the development of more
distorted radial pro� les along each diffuser.

4) The static pressure rise measured between OGV exit and dif-
fuser exit increases from 0.130 (parallelpassage) to 0.520 and 0.565
for the 1.45 and 1.60 area ratio diffusers. The small change in the
wake pro� les and mixing losses, between the different geometries,
indicates that virtually all of the pressure rise associated with the
wake mixing also occurs with the diffusers present.

In general,the results indicate that the initial shear forcesare large
relative to the pressure gradients associated with the diffusing pas-
sages.Hence, the performancepenaltyassociatedwith themixingof
wakes in a diffuser,whose inlet is located at the OGV trailing edge,
is small. Furthermore, it also seems relevant to assess the overall
performance of the OGV/diffuser system, rather than attempting to
assess the performance of these components in isolation.

Appendix: Wake De� nitions
Consider a wake, at plane a, within a constant area duct (Fig. A1)

for which the mass � ow will be q Ue(s d 1 ). The mass-weighted
stagnationpressureloss D Pmw associatedwith the reductionin pres-
sure within the wake is given by

D Pmw q Ue(s d 1)
1

2
U 2

e u2 q u dy

from which

D Pmw
0.5U 2

e d 3

(s d 1)
(A1)

Now if the wake at plane a mixes out, within the duct, to a uniform
pro� le at plane b (Fig. A1) then the following equations apply.

Continuity:

m q Ue(s d 1) q Umixs (A2)

Momentum:

pas q Ue(s d 1) q U 2
e pbs q sU 2

mix (A3)

Note also that the freestream stagnation pressure at plane a is given
by ( pa 0.5q U 2

e ) and that the stagnation pressure at plane b is
( pb 0.5q U 2

mix). These equations can be manipulated to provide
an expression for the change in stagnation pressure between the
freestream value, at plane a and the mixed out value, that is,

D Pmix (d 1 / s)2 (2h / s) 0.5 q U 2
e (A4)

Similarly, the change in static pressurebetween the freestreamvalue
at plane a and the mixed out value is given by

D pmix [(2d 1 / s)(1 d 1 / s) 2h / s] 0.5q U 2
e (A5)

Acknowledgments
The authors would like to acknowledgeD. Glover, L. Monk, and

W. Nivin for their assistance in the manufacture of the test rig and
A. P. Wray for his help in the mechanical design of this facility. In
addition, the helpful comments of S. J. Stevens and J. Denton are
also greatly appreciated.



686 BARKER AND CARROTTE

References
1Klein, A., “Characteristics of Combustor Diffusers,” Progress in

Aerospace Sciences, Vol. 31, No. 3, 1995, pp. 171–271.
2Sovran,G., and Klomp, E., “Experimentally Determined Optimum Geo-

metries for Rectilinear Diffusers with Rectangular, Conical or Annular
Cross-Section,” Fluid Mechanics of Internal Flow, Elsevier, New York,
1967, pp. 270–312.

3Howard, J. H. G., Henseler, H. J., and Thornton-Trump, A. B., “Per-
formance and Flow Regimes for Annular Diffusers,” American Society
of Mechanical Engineers, ASME Paper 67-WA/FE-21 (A68-11861), June
1967.

4Stevens, S. J., Nayak, U. S. L., Preston, J. F., Robinson, P. J., and
Scrivener, C. T. J., “In� uence of Compressor Exit Conditions on Diffuser
Performance,” Journal of Aircraft, Vol. 15, No. 8, 1978, pp. 482–488.

5Stevens, S. J., Harasgama, S. P., and Wray, A. P., “In� uence of Blade
Wakes on the Performance of Combustor Shortened Prediffusers,” Journal
of Aircraft, Vol. 21, No. 9, 1984, pp. 641–648.

6Zierer, T., “Experimental Investigation of the Flow in Diffusers Behind
an Axial Flow Compressor,” American Society of Mechanical Engineers,
ASME Paper 93-GT-347, May 1993.

7Wray, A. P., and Carrotte, J. F., “The Development of a Large Annular
Facility for Testing Gas TurbineCombustor Diffuser Systems,” AIAA Paper
93-2546, July 1993.

8Fishenden, C. R., and Stevens, S. J., “Performance of Annular
Combustor-Dump Diffusers,” Journal of Aircraft, Vol. 14, No. 1, 1977, pp.
60–67.

9Denton, J. D., “Loss Mechanisms in Turbomachines,” Journal of Turbo-
machinery, Vol. 115, No. 4, 1993, pp. 621–656.


