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Influence 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-flow compressor and simulated flame tube. In addition, a
constant-area passage, or diffusers of area ratio 1.45 or 1.60, can be incorporated immediately downstream of the
OGY row. The results indicate that, within experimental error, the diffusers have little effect on the flow within the
OGY blade passages. However, the OGV blade row produces a profile that, due mainly to the blade wakes, contains
a relatively large amount of kinetic energy. Hence, even within the downstream constant area passage a significant
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 confirms previous work where it was thought that

wake mixing can enhance diffuser performance.

Nomenclature

passage area
area ratio

outlet guide vane (OGV) blade chord

static pressure rise coefficient

annulus passage height

diffuser length

mass flow

rotor speed

local stagnation, static pressure
nondimensionalradius [(r — r;)/(r, — r;)]
radius relative to rig centerline

inner casing, outer casing radius

blade pitch

temperature

mean wake freestream velocity (Fig. 3)
interpolated wake freestream velocity (Fig. 3)
overall mean velocity

local axial velocity

wake centerline velocity

kinetic energy flux coefficient based

on the overall profile

kinetic energy flux coefficient based

on the average radial profile

wake displacement thickness

wake kinetic energy displacement thickness
wake momentum thickness

stagnation pressure loss coefficient
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Subscripts

0,1,2 = OGYV inlet, diffuser inlet, and diffuser exit

traverse planes
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mix = pressureor velocity after flow is mixed out at

constant momentum and area

Superscript

- = mass weighted spatial mean value

Introduction

HE quest for increased power plant performance means that

manufacturers continue to focus their attention on the aerody-
namic processes taking place within a gas turbine engine. This is
achievedboth through experimentalmeasurements and the develop-
ment of numerical codes. However, further performance improve-
ments often mean that consideration must be given to the aerody-
namic interactionsthatoccurbetween componentswithin anengine.
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
locating an annular diffuserbehind the compressoroutlet guide vane
(OGV) row. Optimization of engine performance means maximiz-
ing the velocity reduction within this diffuser, while maintaining
a stable flow, before the flow undergoes an abrupt expansion as it
enters the combustion system.

Klein! reviews numerous diffuser investigations that are relevant
to the combustor diffuser 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 defined, 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
thatindicate,forexample, the static pressurerise and maximum area
ratio, within a given axial length, that can be achieved while avoid-
ing flow separation. This ensure: stable diffuser operation, which
is essential for this application. However the different performance
charts are obtained with relatively thin® or fully developed® inlet
boundary layers. This reflects the importance of inlet conditions,
and Klein' outlines the limited data obtained with diffusers located
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behind axial compressors. For example, Stevens et al.* investigated
the performance of a diffuser operating downstream of 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-
files and their decay within the diffuser. Further work by Stevens
et al.’ utilized a single-stage compressor whose location, relative to
diffuser inlet, could be varied. Hence, the impact on performance
of including a parallel passage, between compressor outlet and dif-
fuserinlet, could be assessed. Such a passage was thoughtnecessary
to permit the compressor blade wakes to partially mix out prior to
entering the diffuser. However, the ever increasing demands for en-
gines of shorter length mean that within modern engines diffusers
are often located immediately downstream of the compressor. This,
together with diffusers of shorter length, enhances the interaction
between the diffuser and compressor-generated flowfields. More
recent work by Zierer® showed how changing the compressor oper-
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 flow distribu-
tion at the diffuser entrance plane, the enhanced turbulence associ-
ated with a compressor-generated flowfield can improve spanwise
mixing and thereby reduce boundary-layer growth and the onset of
separation.

This investigation concentrates on the effects of wake mixing
and secondary flows, due to the presence of an upstream axial flow
compressor, on the mean flowfield 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 defining these processes, re-
sults are presented from a mainly experimental investigation in
which pneumaticmeasurements were made, downstreamof a single-
stage axial flow 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 flame tube, typical of current gas turbine en-
gine practice, provided a representative blockage to the flow issu-
ing from these diffusers. Note that the distance between the OGV
trailing edge and this flame tube was maintained constant in all
tests. This particular paper concentrates on the mean flowfield de-
velopment and its influence 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.” 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 flare that contains a honeycomb
flow straightener. The pressure rise required to draw air through the
facility is provided by the single-stageaxial flow compressorlocated
within the working section (Fig. 1). An 80-blade inlet guide vane
(IGV) row precedes the rotor, which is operated at a fixed nondi-
mensional condition [m+/(T)/ P], which corresponds to a flow co-
efficient of approximately 0.4 and a nondimensionalspeed (N/ /T
of 170. For a typical ambient temperatureof 291 K, this corresponds
to a rotor speed of 2900 rpm, with the rotor providing nominally
45 degofinletswirl, at midpassageheight, to the compressor OGVs.
The mean radius of the IGV, rotor and OGV blade rows is 375 mm,

1 =375mm
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Fig. 2 OGYV/diffuser geometries.

with a passage height of 36.6 mm. At a mass flow 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,?
have also noted the stabilizing effect of the blockage, presented by a
downstream flame tube, on the diffuser flow. Hence, at diffuser exit
the flow enters a dump cavity, where it divides to pass either into
an annular flame tube or to the surrounding feed annuli. Note that
porosity of the flame tube head is fully representative,and a series of
downstream throttles control the mass flow distribution to the flame
tube, feed annuli, and turbine cooling passages. 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 flow 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, 2.234,. In addition, the axial
lengthbetweenthe OGV exit and the flame tube head was also main-
tained constant at 3.63%,. Note that according to the design criteria
obtained with the boundary-layer-typeflows described by Howard
et al.? for a nondimensional length of 2.23h, diffusers of area ratio
1.45 and 1.60 fall within the attached flow regimes, although the
latter lies relatively close to the stall line.

Instrumentation

The performance of each diffuser system was defined 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
five-hole pressure probes of overall diameter 1.5 mm, with hole bore
of 0.25 mm, which were used in a nonnulled mode as outlined by
Wray and Carrotte.” Preliminary measurements confirmed the sym-
metry of flow, 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, five-hole probe traverses were 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 flattened pitot
probe, at midpassage (50%) height, to define the OGV blade wakes.
Ateach of typically 20 axial locations, measurements were 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 flame 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 location being 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 operation of the testrig, positioning of the instrumentation,
and digitizing of all pressure transducer signals was controlled by a
personal computer.

Data Reduction

Diffuser Performance

The diffuser performance is assessed from area traverses with
five-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 U,, and mass flow
through each traverse plane:

m= /pu dA =pU,A (1)

where A is the flow passage area at the plane concerned. Mean
values of stagnationpressure P were defined by mass weighting the
appropriate individual values, that is,

o1
P:—/PpudA )
m A

For spatially nonuniform incompressible flow, which is in a pre-
dominantly axial direction, it also follows that®

P=p+ a(%)pU”Zl 3)

3
a= “ ) da 5o dA
= — — T — u
AR , p=o | e

The kinetic energy flux coefficient o represents the ratio of mass-
weighted mean kinetic energy of a nonuniform flow to that of a
uniform flow with the same mass flow rate.® Note that an alternative
definition has also been used, a,, which is based on a mean radial
profile obtained by circumferentially averaging the velocity data,
using an area weighting, at a given radial location. A flux coefficient
o, can then be calculated based on this profile, which, therefore,
reflects the radial distortion of the flow and its effect on the flow
kinetic energy.

where

Changes in the spatially averaged pressures between planes 1
(OGYV exit/diffuserinlet) and 2 (diffuserexit) are expressedin terms
of a total pressure loss A and static pressure rise coefficient Cp,
which is nondimensionalizedby a reference dynamic head:

A= =P)I(P=p).  Cp=F=P(P=p) @)
Furthermore, as described by Fishenden and Stevens,® with the use
of Egs. (1-4) along with the energy equation Py + & ($)pU2, =
P2+ ax(3)pU2, + Py — P, it follows that

Cp=1—(a/a))1/ R>) = A (5)

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

Wake Profile Definitions

The wake velocity profiles at the midpassage height were ob-
tained from pitot tube measurements, with the static pressure being
provided by the five-hole probe. From these data, the following
wake displacement, momentum, and kinetic energy thickness val-

ues could be calculated:
s /(1 ”)de 0 /(”)(1 ”)de
= —_——_— 7 s = _ - \r
5 Uy s \Uy Uy

u u 2
5= | [—  — do 6)
’ /5<Uf> ( Uf) '

where Uy is the local wake freestream velocity (Fig. 3). Based
on the wake profiles, the mass-weighted stagnation pressure loss,
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associated with the blade wake, A P, can be calculated at a given
axial location from the following definition (see Appendix):

0.5U25;

APHIW =
(s —6))

@)

An alternativedefinition concernsthe changein stagnationand static
pressure, associated with the wake, if it is allowed to mix out at
constant momentum and at the local flow area. These can be de-
rived from the continuity and momentumequations (see Appendix),
which, assuming incompressible flow, yield

APy = [(81/5)* + (20/5)](0.5pU?)

Apwi = [(281/5)(1 = 8,/5) — 20/51(0.5pU?) ®)

where U, is the mean wake freestream velocity (Fig. 3). Note that
A P, representsthe changein stagnationpressurebetween the 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, A pyx is the change in static pressure
betweenthe local measurementplane and the mixed outplane. These
wake loss definitions are in broad agreement with the equations
quoted by Denton.’

Estimate of Experimental Errors

The experimental accuracy of the five-hole probe, in regions of
high flowfield gradients, will be influenced by the spatial error asso-
ciated with the finite distance between the five holes on the probe tip.
Attempts were made to reduce this effectby radial and circumferen-
tial interpolationof the side pressures onto the central measurement
hole, as described by Wray and Carrotte.” However, experimental
accuracy will also be influenced by the proximity to casing surfaces,
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 %-mm H,0. Based on these
values, it was estimated the stagnation pressure loss A and static
pressure recovery coefficients Cp were accurate to within 0.005 of
their true values.

Excellentagreementwas obtainedfor the mass flows calculatedat
compressorinlet, OGV inlet, and diffuser exit. However, discrepan-
cies in mass flow 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
flux coefficient o;. The value of this coefficient 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 first traverse locationx/ L =0.001.
For quantities derived from the pitot probe measurements, the re-
peatability was assessed with, for example, the wake displacement
thickness 6, and momentum thickness 0 being repeatable to within
0.1 mm at a given axial location. This can be assessedrelative 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 flow distribution, at this location,
is provided by the axial velocity contours (Fig. 4). Circumferential
variations in the flowfield due to OGV wakes are clearly evident,
although the distribution does indicate a relatively well-behaved
blade row with no significant regions of flow separation. Note that
slightdifferencesbetween blade passagesare due to the influence of
wakes from the upstream IGV row, which contains 80 blades (com-
pared with the 160-blade OGV row). Note that within experimental

Table 1 Diffuser overall performance data?®

R A Cp [ oo ACp ACp,

1.00 0.020 0.130 1.037 1.026  0.030  0.020
145 0.045 0520 1.098 1.062 0.040 0.025
1.60 0.060 0.565 1.134 1.089 0.045 0.030

*Kinetic energy flux coefficient at diffuser inlet, @, is approximately 1.20.
All values are nondimensionalized by the kinetic energy at diffuser inlet,
that is, @0.5pU>.
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Fig. 5 Static pressure distributions along the diffuser centerlines.

error this distribution was the same for all configurations. Hence,
changesatthe OGV exit plane, associated with the differentdiffuser
geometries, are small with the diffusers having little impact on the
flow within the compressorpassages. What must now be established
is how this flowfield, thought representative of that generated by a
well-behaved compressor stage, influences the performance of a
downstream diffuser.

Overall Diffuser Performance

The static pressure distribution measured along the centerline of
eachdiffuseris presented (Fig. 5). Note that axial locationis denoted
bothin terms of diffuserlength L and OGV blade chord C, whereas
the static pressurerise is in terms of the diffuserinlet dynamic head
relative to the static pressure at either OGV inlet or diffuserinlet. In
addition, based on the five-hole probe area traverse at the diffuser
inlet and exit, the overall static pressure rise Cp and stagnation
pressure loss A coefficients are presented (Table 1).
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The distribution of static pressure (Fig. 5) along the constantarea
passage (R =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 arearatio 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 significantly
greater than those indicated by the performance charts on which dif-
fusers are often designed. For example, based on these charts zero
pressure rise would be expected in a parallel passage (R =1.0).
Furthermore, with the diffusers present and fully developed inlet
conditions, the results of Howard et al.? indicate static pressure rises
of approximately 0.37 (R =1.45) and 0.38 (R = 1.60), whereas
the more uniform conditions of Sovran and Klomp? indicate a pres-
sure rise of approximately 0.40 for both diffuser geometries. Note
that in both cases the inlet flow was axisymmetric with the nonuni-
formity being in the radial profile only, and furthermore, in these
investigations the pressure coefficient was nondimensionalized by
the diffuser inlet dynamic head (%pU”zl). Hence, differences in the
static pressurerise will be even greater when the kinetic energy flux
coefficient « is included. In these other investigations, the static
pressure rise was obtained from tappings within each diffuser, and
the inlet profile was also measured. However, the exit profile was
not measured, and so insufficient information is available for the
stagnation pressure loss within each diffuser to be predicted. For
this investigation though, the stagnation pressure loss A measured
within the constant area passage was 0.020, and this increased to
0.045 (R =1.45) and 0.060 (R =1.60) with increasing diffuser
area ratio.

The static pressure rise within each diffuseris determined by the
arearatio, the stagnation pressure loss, and the kinetic energy of the
flow entering and leaving the diffuser [Eq. (5)]. At diffuser inlet,
the kinetic energy coefficient value «; 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 flow then
enters the diffusersystem, and its subsequentdevelopmentwill have
a significant 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 flow
hasremained attached to the casings at 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 growth of low-energy fluid adjacentto
each casing varies between configurations. Such distributions also
indicate the complexity of the flowfield 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 flow features, as found within a turboma-
chine environment, influence the diffuser static pressure rise and
stagnation pressure loss.

Diffuser Radial Profiles

The accelerationor decelerationof a fluid particle passing through
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,the momentumequationindicatesthat
the sensitivity of a particleto this pressure gradientis much greaterif
its velocity is relatively low. With more conventional axisymmetric
inlet conditions it is, therefore, the radial profile and, in particular,
the slower moving fluid 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 profile,
which, relative to a uniform profile, contains a greater amount of
kinetic energy. This affects the static pressure rise, as reflected by
the diffuser performancecharts, whereas the onset of transitory stall
and unstable flow regimes is associated with the separation of 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 flowfield that is introduced
by the upstream compressor. Furthermore, although mean radial
profiles can be obtained by circumferentially averaging the data at

b) R =1.60

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

each radial location (Fig. 7), the profiles do not indicate clearly de-
fined boundary layers. For example, variations in the radial profile
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.’ and Klein'
have indicated, for pressure gradients typical of the gas turbine
application being considered, that radial distortions are amplified
if distortion of the radial profile entering the diffuser is relatively
weak. Alternatively, if the initial distortion is large, then the radial
distortions will decay. Presumably this reductionis due to the shear
stresses associated with highly distorted radial velocity profiles. As
outlined by Klein,' 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 reflected by the observed profile development within the
downstream diffusers (Fig. 7). Hence, for the constant area passage
(AR =1.0), the profiles are virtually identical along the passage, but
withincreasingarearatio, more distorted profiles developand reflect
the migration of fluid toward the passage center. Thus, the radial pro-
file developmentis being dominated by the imposed pressure forces
rather than the shear forces.

Developmentof the radial profiles within each geometry are sum-
marized by the radial kinetic energy flux coefficient ,, which can
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Ata givenaxial location, the blade wakes were defined from mea-
surements at 81 circumferential positions that were equally spaced
acrosstwo OGV blade passages. These measurementswere 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 profiles, although, for clarity, only a limited number are
presented (Fig. 3a). Note that at a given axial locationthe freestream
velocity variationsare due to the remnants of effects associated with
the upstream IGV row. However, these variationsimpact on the cal-
culation of parameters such as the wake displacement thickness. A
linear variation of the freestream velocity U, has, therefore, been
assumed, across the wake, when calculating such parameters from
which a mean freestream velocity U, 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; along each diffuser centerline

b) Mixing loss components [26/s, (81/5)*]
Fig. 8 Wake parameters along each diffuser, 50% passage height.

(Fig. 8a). Itis from these various parameters that the most significant
factors influencing 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 presentimmediately 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 significance, and so differences are more apparent toward
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the rear of each diffuser. This is most clearly illustrated by 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 measurements have 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
aspectratioand, hence, shorterchord would reduce and increase the
respectivelengthsover which the shearand pressureforcesdominate
within the diffuser.

Influence on Stagnation Pressure Loss

The mixing loss value A P,;, defined 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 definition, for the constant area passage
(AR =1.0), this mixing loss value A P,;, 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 AP, /(P — p),. It is thought
that the increasing mixing loss along each passage is due to a radial
redistribution of flow associated with the secondary flows, gener-
ated within the upstream blade row, and is the subject of a future
paper. An alternative method has, therefore, been used to assess the
approximateimpact of the diffusing pressure gradienton the mixing
loss. When Eq. (8) is differentiatedand the momentum and continu-
ity equations are used, then the change in mixing loss is defined as

2
d 1 dUpnix 19 2 2
— AP, = —mix |:2<_1> + 20 _ _9[.1:| (O.Spr) ©)

dx Unix dx s s s

where Uy, is the mixed out (or mean) velocity and x is the distance
along the wake. Furthermore, as defined in Eq. (8) and described by
Denton,’ the mixing loss is composed of 1) the mixed out loss of the
blade surface boundary layers (29/s) and 2) that associated with the
blockage of these boundarylayers (8,/s). This latter effectis due to
the pressurerise and, hence, loss increment that occurs as the blade
surfaceboundarylayers mix out, thatis, asindicatedby the measured
pressuredistribution within the parallel passage. The values of these
terms within each geometry is presented (Fig. 8b) and indicate that
the lossis dominatedby the first term. With this in mind, the increase
in stagnation pressure loss A P,;, that would be obtained from a
mixing calculationat the local flow area[Eq. (9)] canbe simplified to

d 1 dUy
_APmix: —_— APmix 1—-H 10
T U [ ( ) (10)

Equation (10) agrees with that quoted by Denton,” and when the
measured values of form parameter H and local velocity U, are
used, thishas beenused to calculatethe additional mixing loss due to
the applied pressure gradients within each diffuser (Fig. 9). Thus, at
the midpassage height, the mixed out OGV loss is 0.053 (R =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-
fuserinlet conditions, a loss increase of 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 (R =1.00) to 0.043 (R =1.45) and 0.058

0.10
0.08 ——o—— Arearatio 1.00
- ——— Arearatio 1.45
L ——o—— Area ratio 1.60
0.06 s
T et
Sle [
0.04
= d _ 1 du.
0.02 ax Prx= T~ ax APl 1-H)) |
000 L3 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
x/L

Fig. 9 Mixing loss increase along each diffuser (A Pp;y).

(R =1.60). Hence, the largest contribution to the loss increase
within the diffusing passages is associated with the boundary-layer
growth along each casing rather than the additional loss due to wake
mixing within a positive pressure gradient.

Influence on Static Pressure

It has already been noted that the kinetic energy flux coefficient
o value of 1.20 at the inlet of each diffuseris greater than the values
of 1.037 (R =1.0), 1.098 (R =1.45), and 1.134 (R = 1.60) at the
exit of these passages. Hence, despite a more distorted radial profile
(Table 1), mixing out of the blade wakes helps reduce the kinetic
energy associated with the overall flow profile and thereby produces
a static pressurerise. For example, in the parallel passage (R =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 flow 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 occurring within the downstream passage.
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 superimposed on 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 increase can be assessedrelative to the blade
pitch (14.72 mm) so that, for the centerline flow, the wake block-
age at the diffuser exit increases from 5.5% (R =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 blockage on the overall diffuser pressurerise is limited.
This is illustrated (Fig. 10) by the mixed out static pressure values
Apnix defined 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 flow were allowed
to mix out at that local flow area. Hence, a value, A py;, of zero in-
dicates the blade wakes are fully mixed 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 differences being apparent
toward the diffuser exit. This agrees with the ACp and ACp, val-
ues already presented (Table 1) that quantify the additional pressure
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Fig. 10 Mixed out static pressure distribution along each diffuser
(Apmix)-

rise that would be achieved if the overall diffuser exit profile, ACp,
or the radial distortions only, ACp,, were to mix out. As a broad
estimate, the static pressurerise of 0.130 achieved within a constant
area passage will be offset by an increasein stagnation pressureloss
(~0.01) and effects due to more distorted wakes (~0.01) forthe 1.60
arearatio 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
distortionsassociated with the blade wakes. However, the high shear
forces produce a rapid mixing out of the blade wakes in each geom-
etry. In terms of the static pressurerise, this effectis of greater mag-
nitude compared with the slight increase in stagnation pressure 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 applicationsrelative to that of published performance
charts and 2) why in modern systems the diffuser is located imme-
diately downstream of the blade row as opposedto a parallel mixing
passage that, in earlier gas turbine systems, was located between the
OGYV 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 flowfield produced by the upstream
OGYV row.

Conclusions

Measurements have been made behind a single-stage compressor
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 flows generated within a modern combustor diffuser
system, and the following conclusionshave been drawn.

1) The mass-weighted stagnation pressure loss 4, between the
OGYV 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
pressure gradients associated with the diffusing passages, is of order
0.01, and so most of the loss increase is associated with the low-
energy flow adjacentto each casing.

2) At the OGV blade row trailing edge, the flow profile contains
a relatively large amount of kinetic energy due to the blade wakes.
In a parallel passage, some 10% of the pressure rise associated with
the OGV blade row, therefore, occurs in the downstream passage as
the blade wakes mix out.

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

‘a’ ‘b’ - Mixed out plane

T
! .
‘—> Umix

Fig. A1 Wake mixing definitions.

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

4) The static pressure rise measured between OGV exit and dif-
fuser exitincreases from 0.130 (parallel passage) to 0.520 and 0.565
for the 1.45 and 1.60 area ratio diffusers. The small change in the
wake profiles 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 forces are large
relative to the pressure gradients associated with the diffusing pas-
sages. Hence, the performance penalty associated with the mixing of
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 Definitions
Consider a wake, at plane a, within a constantarea duct (Fig. A1)
for which the mass flow will be pU,(s — ;). The mass-weighted
stagnationpressureloss A Py, associatedwith the reductionin pres-
sure within the wake is given by

1
AmepUe(s _51) = 5/ (Uez - uz)pu dy

from which

0.5U25;

APﬂ‘lW =
(s —61)

(AD

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

m = PUe(S - 51) = pUmixs (A2)
Momentum:
Pas + pU(s = 8)) — pU; = pys + psUz, (A3)

Note also that the freestream stagnation pressure at plane a is given
by (p,+0.5pU?) and that the stagnation pressure at plane b is
(pp+ O.Sprﬂx). 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,

APy = [(81/5)* +(20/9)](0.5pU?) (A4)

Similarly, the changein static pressure between the freestreamvalue
at plane a and the mixed out value is given by

Apuwic = [(281/5)(1 = 81/5) — 20/51(0.50U2)  (AS)
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