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In� uence of Compressor Exit Conditions on Combustor Annular
Diffusers Part II: Flow Redistribution

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 in order to permit
effective operation of the downstream combustor. This is partly achieved by locating an annular diffuser behind
the compressor outlet guide vanes (OGVs) and, in modern systems, the inlet of this diffuser is usually located
at the trailing edge of the blade row. This paper is concerned with some of the interactions that occur between
these components and, in particular, the � ow redistribution that occurs along the diffuser length due to the � ows
generated bytheOGV bladepassageandupstreamrotor. A mainlyexperimental investigationhasbeen undertaken,
on a fully annular facility, which incorporates a single-stage axial � ow compressor and simulated � ame tube. In
addition, immediately downstream of the OGV row a constant-area passage, or diffusers of area ratio 1.45 or 1.60,
can be incorporated. The OGV blade row produces a pro� le that, as a result mainly of the blade wakes, contains
an excess of kinetic energy relative to that of a uniform pro� le. The mixing out of these wakes therefore enhances
the pressure rise within the downstream diffuser. Measured mean velocity data are used to determine the path of
streamlines alongeach diffuser and indicate regions where high-energy � uid is being convected, towardeach casing,
and low-energy boundary layer � uid is being removed. This is because of the remnants of the � ows generated within
each OGV passage. The mean momentum equation along each diffuser is then used to indicate that such � ows
signi� cantly offset the changes in momentum, within each boundary layer, that are associated with the applied
pressure gradient. Such effects are therefore thought signi� cant in terms of reducing the boundary-layer growth
and delaying � ow separation from the casings.

Nomenclature
A = passage area
AR = area ratio
C = OGV blade chord
Cp = static pressure rise coef� cient
h = annulus passage height
L = diffuser length
m = mass � ow
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, n, z = coordinates relative to the local inviscid

streamline (see Fig. 3)
T = temperature
U, V , W = velocity components for x , r, h coordinate

system (see Fig. 3)
Us , Vs , Ws = velocity components for s, n, z coordinate

system (see Fig. 3)
x , r, h = coordinates relative to the rig centerline (see Fig. 3)
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
k = stagnation pressure loss coef� cient

= mass-weighted spatial mean value

Subscript

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

I N gas-turbine engines the velocity of air, issuing from the com-
pression system, must be reduced in order to permit effective

operation of the downstream combustor. This is partly achieved by
locating a diffuser immediately behind the compressor outlet guide
vane (OGV) blade row. Optimization of engine performancemeans
maximizing the velocity reduction within this diffuser, while main-
taining a stable � ow, prior to the � ow undergoing an abrupt expan-
sion as it enters the combustion system. This is the second of two
papers that are concerned with the aerodynamic interaction which
occurs between the annular diffuser and the axial compressor stage
which is located immediately upstream.

In Part I the numerous diffuser investigationsthat are relevant to
the gas-turbine application were reviewed. These included investi-
gations with axisymmetric boundary-layer-typeinlet conditionsor,
alternatively, investigationsin which more representativeinlet con-
ditions were provided by an upstream compressor. In general it was
notedthatgreaterpressureriseswere achieved,relativeto those indi-
catedby diffuserperformancecharts,when the inlet conditionswere
provided by an upstream compressor. This agreed with the results
that were presented in Part I, which de� ned the overall performance
of several diffusers that were located downstream of a single-stage
axial � ow compressor.Detailed analysis indicated that the inlet pro-
� le provided to each diffuser contained a relatively large amount of
kineticenergybecauseof thepresenceofwakes fromthecompressor
OGVs. Despite the pressure forces introduced by the diffusing pas-
sage the high shear forces, associatedwith the blade wakes, ensured
that these circumferential distortions decreased, thereby leading to
a relativelyhigh diffuserpressurerise. However,whereas the results
in Part I explained the origins of the increased pressure rise, no ex-
planation was provided as to how these higher pressure gradients
were sustained by the boundary layers, adjacent to each casing, so
that � ow separationwas avoided.Work by previousauthorshas sug-
gested that, in addition to the mean-� ow distributionat the diffuser
entranceplane, the enhancedturbulenceprovidedby thecompressor
can improve spanwise mixing and thereby reduce boundary-layer
growth and the onset of separation. With this in mind, it is thought
investigations into the spanwise mixing and redistribution of high
loss � uid that occurs within axial-compressorblade rows may also
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be of relevance. For example, Adkins and Smith,1 Gallimore and
Cumpsty,2 Wisler et al.,3 and Leylek and Wisler4 have all investi-
gated both secondary � ow and turbulent diffusion as mechanisms
for the spanwise and cross-passage mixing in axial � ow compres-
sors, the relative importance of these mechanisms depending on
con� guration and loading levels.

Whereas the Part I paper concentratedon the overall performance
of the OGV/diffuser system, this paper (Part II) attempts to estab-
lish what potential mechanisms, generated by the upstream blade
row, are responsible for reducing the growth of the casing boundary
layers and delaying separation. Such effects enable the low-energy
bounday-layer � uid to remain attached to each casing despite the
increased pressure gradient along the diffuser. Results are there-
fore presented that were obtained using the same single-stage axial
� ow compressor and diffusers that were described in Part I. This
included using annular diffusers of the same axial length but which
had area ratios of 1.0 (i.e., parallel passage), 1.45, and 1.60. In all
tests a � ame tube, typical of current gas-turbine engine practice,
provided a representative blockage to the � ow issuing from these
diffusers.

Experimental Facility
A description of the overall experimental facility has already

been provided in Part I, with the working section approximating
a large-scaleversion of a current engine (Fig. 1). An 80-blade inlet
guide vane (IGV) row precedes the rotor, which is operated at a
� ow coef� cient of approximately 0.4 and a nondimensional speed

Fig. 1 Test facility.

Fig. 2 OGV/diffuser geometries.

(N / T ) of 170. The mean radius of the IGV, rotor, and OGV
blade rows is 375 mm with a passage height of 36.6 mm; at a mass
� ow of 4.6 kg/s, the mean axial velocity is approximately 45 m/s
(Mach number 0.13). Within the facility various OGV and dif-
fuser geometries can be incorporatedwhile the blockage presented
by a downstream � ame tube is also simulated.

For the tests reported here the OGV row consisted of 160 con-
trolled diffusion blades of chord 39 mm and 6% thickness/chord
ratio, with these blades being typical of current engine hardware.
At OGV exit this same blade row could be attached to diffusers of
area ratio 1.0 (parallel passage), 1.45, and 1.60 (Fig. 2), with each
diffuser having an axial length of 2.23 inlet passage heights (i.e.,
2.23 h1). In addition, the axial length between OGV exit and the
� ame tube head was also maintainedconstant at 3.63 h1 . According
to the design criteria obtained with the boundary-layer-type� ows
describedby Howard et al.,5 for a nondimensionallength of 2.23 h1

the diffusers with area ratios 1.45 and 1.60 fall within the attached
� ow regime.

Instrumentation
For the results presented here, area traverses across two blade

spaces were obtained at x / L 0.0, 0.21, 0.43, and 1.0 within each
diffuser (Fig. 2). These traverses were performed using miniature
� ve-hole pressure probes of overall diameter 1.5 mm, hole bore
0.25 mm, which were used in a nonnulledmode as outlinedby Wray
and Carrotte.6 For each of these traverses some 820 data points were
obtained, with 20 radial measurement locations being repeated at
41 circumferential positions. In addition, � ve-hole probe traverses
were performedon the diffuser centerline,midway between blades,
at typically 20 positions between OGV exit (x / L 0.0) and the
exit of each diffuser (x / L 1.0). These measurements were used
to provide information on the static pressure rise along the dif-
fuser centerline. The method by which radial and circumferential
movement of the instrumentation was achieved is the same as that
outlined in Part I, as are the experimental errors associatedwith the
instrumentation.

Data Reduction
Diffuser Performance

The diffuser performance is assessed from area traverses with
� ve-hole pressure probes, at diffuser inlet and exit, which provide
information on stagnation and static pressure in addition to veloc-
ity 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. In addition, mean values of stagnation
pressure (p) were de� ned by mass weighting the appropriate indi-
vidual values. For spatially nonuniformincompressible� ow, which
is in a predominantly axial direction, it also follows that

P p a 1
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where a is the kinetic energy � ux coef� cient and 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.7 As in Part I,
changes in the spatially averaged pressures between planes 1 and 2
are expressed in terms of a total pressure loss k and static pressure
rise coef� cient Cp in which these changes are nondimensionalized
by a reference dynamic head.

k (P1 P2 )/ ( P p)1 , C p ( p2 p1 )/ (P p)1 (2)

Mean Momentum Equation

If effects from curvature are small, then the mean momentum
equation for incompressible, steady � ow is given by
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In this nomenclatures, n, z are the coordinatesalong (s) and normal
to (n, z) the direction being considered. The terms on the left-hand
side of this equationare associatedwith the acceleration,undertaken
by the � uid, whilst the terms on the right-hand side represent the
forcesbeingapplied to the elementof � uid. These arise as a result of
gradients in either pressure or the turbulent stresses, the latter often
being dominated by the shear-stress gradients. Such terms can be
consideredrelativeto thediffusersbeingtested.For examplethepath
traced out by a particle as it moves along the length of a diffuser
is dictated by the applied pressure and turbulent forces. Alterna-
tively, at a given location the acceleration of the � uid (Us @Us / @s),
in addition to the applied forces, is also a function of the velocity
components and gradients normal to the direction being considered
(Vs @Us / @n Ws @Us / @z).

For practical reasons the area traverses, within each geometry,
have been conducted on planes normal to the x direction (Fig. 3).
However, if a one-dimensional inviscid � ow is considered, then
velocity components will be generated, that are normal to the x di-
rection, as a result of the diverging passage. Of interest in this in-
vestigation is the movement and redistribution of � uid caused by
the � ows generated by the upstream blade row. Hence, what must
be consideredis the momentum equation for the � ow passing along
these inviscidstreamlines(Fig. 3). However, in additionto assuming
that curvature effects are small, some simpli� cations are required,
to Eq. (5), because of the alignment of the traverse planes with the
local streamlines. For example,
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Fig. 3 Diffuser nomenclature.

where theseassumptionsare justi� edbecause1) b is relativelysmall
(max. value 7 deg), 2) away from the OGV trailing-edgevelocity
gradients in the radial direction are much greater than those in the
axial direction, and 3) the axial pressure gradient is signi� cantly
greater than the radial pressure gradient (because the OGVs ensure
the � ow is predominantly in the axial direction). Based on these
assumptions, the momentum equation (5) that is applied along the
inviscid streamlines (Fig. 3) becomes
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The streamwise and normal velocity components can be calculated
from the measured velocity data. In addition, the mean velocity
gradients have been derived by � tting a three-term Lagrange poly-
nomial to this data in either the radial or circumferentialdirections.

Results and Discussion
Inlet Conditions

Whereas Part I was merely concerned with changes to the mean
axial velocity distribution within each diffuser, of interest in this
paper are the secondary � ow features generated by the blade row
upstreamof each diffuser.The circumferentiallyaveragedpro� lesof
axial velocity, swirl angle, stagnationand static pressuresmeasured
at OGV inlet are therefore presented (Fig. 4). At this location the
axial velocity pro� les indicate the hub and casing boundary layers,
each occupying approximately 20% of the passage height, with the
swirl distribution indicating a nominal air angle of approximately
45 deg within the central portion of the passage. The rise in stagna-
tion pressure toward the hub is associated with the upstream spin-
ning rotor disc, while rotor-tip clearance effects in� uence this pro-
� le toward the outer casing. Efforts have been made to ensure these
conditions are typical of those presented to an OGV row within a
modernengineand,within experimentalerror,theseconditionswere
maintained constant for all the OGV/diffuser geometries tested.

The trailing edge of the OGV blade row is located at inlet to the
diffuser (x / L 0.0), and an indication of the overall � ow distri-
bution, at this location, is provided by the axial velocity contours
for the case with the parallel passage downstream (Fig. 5a). Cir-
cumferential variations in the � ow � eld caused by OGV wakes are
clearly evident, but the distribution also indicates a relatively well-
behaved blade row with no signi� cant regions of � ow separation.
In addition to the axial velocity contours, � ow vectors at the dif-
fuser inlet plane are also presented (Fig. 5b). Unlike tests with more
conventional boundary-layer-type inlet conditions components of
velocity, which are normal to the mainstream direction, are gen-
erated by the upstream blade row. Furthermore, at this location
changes in the � ow� eld, associated with the different downstream
geometries,are relativelysmall. Hence, the assumptioncan be made
that the differentpressure � elds, associatedwith each diffuser, have
little in� uence on the � ow within the OGV passages, and so this
� ow distribution (Fig. 5) is representative of the conditions being
presented to all three diffuser geometries.

Diffuser Performance

The axial velocity contours,at diffuserexit, for both the area ratio
1.0 (parallel passage) and 1.60 diffusers (Fig. 6) show that for both
geometries the � ow has remained attached to the casings at all cir-
cumferentiallocations.Alsopresentedis the static pressuredistribu-
tion measuredalong the centerlineof each diffuser(Fig. 7), whereas
the tabulated performance data, presented in Part I, indicated the
relatively high overall static pressure rise within each diffuser. As
already discussed, the pressure rise is in� uenced by the OGV blade
row, which presentsa pro� le to the diffuser that containsa relatively
large amount of kinetic energy. However the steep velocity gradi-
ents, and hence high shear stresses, associated with these features
ensure that signi� cant mixing out of the wakes occurs downstream
of the blade row, and so a rise in pressure (Cp 0.130) is observed
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Fig. 4 Circumferentially averaged pro� les at OGV inlet and exit.

a) Axial velocity contours
(U /Um )

b) Flow vectors

Fig. 5 Axial velocity contours and � ow vectors (OGV exit, area ratio
= 1.0).

evenwithin the parallelpassage.With increasingarea ratio the asso-
ciated pressure forces suppress, to a limited extent, the blade wake
mixing while promoting the growth of low-energy boundary-layer
� uid adjacent to each casing. Nevertheless, for all three geometries
tested relatively high static pressure increases were observed.

The static pressure rise along each diffuser (Fig. 7) can be com-
pared with that obtained using more conventionalaxisymmetric in-
let conditions with relatively thin inlet boundary layers8 or a fully
developedpro� le.5 These data are often in the form of diffuser per-
formance charts which indicate, within a given axial length, the
area ratio at which the maximum pressure rise is achieved.At larger
area ratios the pressure gradients cannot be sustained, by the casing
boundary layers, so resulting in � ow separation and a reduction in
the diffuser pressure rise. For the current nondimensional length of
diffusersbeing tested, results from Sovran and Klomp8 and Howard
et al.5 indicate a maximum pressure rise Cp of approximately0.41.
However, the pressure rise within the 1.45 and 1.60 area ratio dif-
fusers far exceeds this value (Fig. 7). Although the reasons for this
additional pressure rise have already been explained in Part I, in
termsof the inletpro� le developmentwithin thediffuser,it shouldbe
rememberedthat this increasedpressuregradientwill be imposedon
the casing boundary layers. For all of the geometries tested, though,

Area ratio = 1.0 Area ratio = 1.60

Contour interval 0.1

Fig. 6 Axial velocity contours (U/Um) at diffuser exit (AR = 1.0, 1.60).

the boundary layers are attached to the casings at diffuser exit
(Fig. 6), and it must therefore be concluded that the inlet conditions
being provided, by the upstream OGV row, enable the low-energy
� ow adjacent to each casing to sustain this increased pressure rise.

The inlet conditionspresented to a diffuser can have a signi� cant
impact on its performance.For example, Stevens and Williams9 ob-
tained performance bene� ts by placing a coarse grid and spoiler
upstream of their diffusers, whereas Klein,10 in his review arti-
cle, comments that turbulence generally reduces � ow distortions
within diffusers and delays separation. It is widely accepted that
these bene� ts are caused by the transmission of turbulent energy
toward the diffuser walls, and, with this in mind, the orientation of
the turbulent eddies is therefore also important. In the application
being considered in this paper, the inlet conditions are generated
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by upstream turbomachinery. Hence, this not only generates the
highly three-dimensional boundary layers that have already been
described (Fig. 6) but � ows that are normal to the axial direction.
For example, secondary � ows can be generated by the pressure
forces acting on the � ow within each passage while changes to the
mean � ow� eld can also be turbulent in origin, i.e., as a result of
turbulent shear stresses associated with radial gradients in velocity.
Various authors have considered these processes1 4 within a blade
passage and their importance in redistributinghigh-loss � uid away
from the hub and casings toward the passage center. Whether the
spanwise and cross-passage � ows within the blade passages origi-
nate from secondary� ows or turbulenteffects has no bearing in this
investigation.However, the remnants of these � ows, and the turbu-
lence effects that could continue downstreamof the blade row, may
be of signi� cance in terms of in� uencing � ow development within

Fig. 7 Static pressure distributions along the diffuser centerlines.

Fig. 8 Three-dimensional view of a particle streamline within the diffuser.

the diffuser. In particular, these � ows are signi� cant in enabling the
casing boundary layers to sustain the applied pressure gradient, the
magnitudes of which are relatively large as a result of the diffuser
inlet pro� le.

Flow Streamlines

At OGV exit the swirl-angle distribution (Fig. 4) indicates the
presence of blade passage � ows typical of those generated within
compressor blade rows. For example, increasing swirl angles close
to the hub and casing (Fig. 4) indicate classical � ow overturning,
whereas the � ow vectors (Fig. 5) clearly indicate velocity com-
ponents that are normal to the mainstream direction. However the
amount of circumferential or radial movement that occurs within
the diffuser, as a result of these velocity components, may not be
signi� cant because of the relatively large streamwise component.
One method by which the � uid redistributioncan be assessed is by
tracing the path of massless particles within the diffuser passage,
this path being de� ned as the tangent to the local mean-� ow vector.
The simplest method by which this can be achieved is to assume
that the local � owpath is constant until the next traverse plane is in-
tercepted, the � owpath then changing to correspond with the local
mean-� ow vectorat the point of interception.However, in this case a
more sophisticatedapproachwas achievedby using the Tecplotv7.5
softwarepackage.In this case the local � ow directionis interpolated
between the experimental traverse planes, with the indicated parti-
cle path being tangential to both the experimental and interpolated
� ow vectors. In theory the path of each streamline is determined by
the remnants of the blade-row� ows, together with the pressure and
shear forces that are applied downstream of the blade row within
the diffuser passage. A streamline is shown (Fig. 8) emerging from
the OGV exit plane (x / L 0.00), tracing the path of a hypothet-
ical particle to diffuser exit (x / L 1.00). When viewed looking
upstream, the three-dimensionalstreamline is projectedonto a two-
dimensional sector showing the radial and circumferential move-
ment of the particle as it passes through the diffuser. This technique
and method of presentationwill be applied to the experimentaldata.

Meanvelocitycomponentswere obtainedfromarea traversesper-
formed at x / L 0.00, 0.21, and 0.43 using a � ve-hole probe. The
resultspresentedthereforerepresentthe trajectorytakenby particles
along the initial 43% of the diffuser length. Starting at OGV exit,
some 410 locations were studied, with 41 particles being released
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at 10 radial locations. Superimposed on the axial velocity contours
at x / L 0.00 (OGV exit) and x / L 0.43, for the parallel passage
(AR 1.0) geometry,are these traced particles(Fig. 9). Note the di-
rection of movement can be deduced by remembering that, at OGV
exit, the particles were initially released at 10 radial locations only.
Furthermore, the streamlines are, of course, the same in each dia-
gram. However, superimposing them on the axial velocity contours
at both the start (x / L 0.00) and end (x / L 0.43) planes allows
the indicated� uid movement to be comparedwith the axial velocity
development. In particular, a good correlation is observed between
the shape of the velocity contours that have developed, between
x / L 0.00 and 0.43, and the indicated � uid trajectories (Fig. 9).
For example, there is clear evidence of general � ow under turning
by the OGV blade row, of less than 1 deg, within the centralpassage
region.This is in agreementwith theobservedcircumferentialmove-
ment of the blade wake, as shown by the axial velocity contours, and
the OGV exit swirl-angle distribution. However, it should also be
noted that between wakes there is a radial movement of � uid toward
the hub and casing as the � ow progressesalong the passage, accom-
panied by increased circumferential� uid movement. In contrast, in
the immediate vicinity of the wakes the movement of � uid is away
from the hub and casing surfaces, toward the center of the passage.

The conditionsgeneratedby the OGV row are similar for each of
the geometriestested, and so similar effects are likely to be observed
within the diffusingpassages. In a parallel duct (AR 1.0) the pas-
sage� ows that are responsiblefor the radialandcircumferential� ow
redistribution are broadly indicated by the components of velocity
normal to the axial direction(V , W ). However, for the diffusingcase
radial velocity (V ) components will be generated, even in the ab-
senceof secondary� ows, as a resultof the divergingpassage.This is
illustratedby the trajectoriesfor the area ratio 1.60 geometry,which
have been superimposedon the axial velocity contoursat x / L 0.0
and 0.43 (Figs. 10a and 10b). To indicate a relative movement of
� uid either toward, or away from, the hub and casing surfaces, the
trajectories between x / L 0.0 and 0.43 are therefore presented in
terms of their nondimensionallocationwithin the divergingpassage
(Fig. 10c). Note that similar characteristicsof radial and circumfer-
ential movement of � uid, caused by the secondary � ows, are ob-
served as for the AR 1.0 con� guration.These similaritiessuggest
that effects associated with the diffuser geometry are not responsi-

Fig. 9 Axial velocity contours and streamlines (area ratio = 1.00,
streamlines 0.00 to 0.43).

a) ‘Absolute’ streamlines b) ‘Absolute’ streamlines c) ‘Relative’ streamlines

Fig. 10 Axial velocity contours and streamlines (area ratio = 1.60, streamlines 0.00 to 0.43).

ble for the observed � uid movement and, instead, it is the � ow� eld
generatedwithin the OGV row. This is furthercon� rmed by the path
of each streamline, which, in most cases, is in a similar direction to
the local velocity components measured at OGV exit.

The path traced by the streamlines can be considered relative to
that expected with more conventional boundary-layer inlet condi-
tions. In such cases the boundary-layer growth would result in a
general movement of the streamlines away from each casing and
toward the center of the diffuser. With an upstream compressor it
appears a mechanism is provided whereby high-energy � ow is be-
ing convected radially toward the casing boundary layers and swept
circumferentially along each surface, while low-energy boundary-
layer � uid is being removed from the surface in the vicinity of each
wake. However, what cannot be assessed from these traces is how
signi� cant this effect is in terms of increasing the momentum in the
near-wall regions and helping the casing boundary layers withstand
the applied pressure gradient.

Estimate of Momentum Convection

The streamlines indicatea relativemovementof � ow both toward
and, in thevicinityof thebladewake, away from thediffusercasings.
However, no quantitative information is provided to indicate if this
effect is signi� cant in terms of convecting momentum toward the
diffuser walls, thereby reducing boundary-layergrowth and delay-
ing the onset of separation.However, at a local point in the � ow the
convectionof momentum can be estimated. For example, the radial
and circumferentialconvectionof streamwisemomentumis approx-
imately indicatedby the terms Vs @Us / @r and Ws / r(@Us / @h ), where
Us and Vs are the mean velocity components in the directionof, and
normal to, the streamlines that would be present for an inviscid � ow
(Fig. 3). These terms are approximations but they should, based
on order of magnitude arguments, give a reasonable indication of
the convection of momentum, both circumferentially and radially,
toward each casing surface.

Contours that indicate the convectionof momentum, which have
been derived from the experimental data, are presented at plane
x / L 0.21 (Fig. 11) for the parallelpassageand 1.60 area ratio dif-
fuser. Negative values (i.e., grey regions) indicate a net local gain of

Area ratio = 1.00 Area ratio = 1.60

Fig. 11 Radialandcircumferential convection ofmomentum(absolute
values at x/L = 0.21).



BARKER AND CARROTTE 693

momentum causedby the convectionof highermomentum � uid into
these regions. In contrast, the white regions indicate those areas of
the diffuser passage in which momentum is being convected away.
Hence, the circumferentialmovement of blade wakes, as a result of
residual swirl from the upstream blade row, accounts for the large
positive and negative regions that span most of the passage height.
However, close to the hub and casing local regions, into which mo-
mentum is being convected, can be observed while there are other
regions, close to each blade wake, into which low-momentum � uid
is being convected and higher-momentum� uid removed. Although
there are some differences between the contours observed for the
parallel passage and 1.60 area ratio diffuser, the overall pattern of
� uid movementand redistributionfor thesecon� gurationsis similar.
The aforementionedobservationsare consistentwith theparticletra-
jectories already described in which high-energy� ow was observed
to move radially toward the casingboundarylayers and be swept cir-
cumferentiallyalong each surface,with low-energyboundary-layer
� uid being removed from the surface in the vicinity of each wake.

To assess the signi� cance of these effects, it would be desirable
for the calculatedvalues to be expressedrelative to the pressure and
shear forces that are being applied to the � ow at that point. Unfor-
tunately no turbulent information is available, and so, as a compro-
mise, the derived values are expressed relative to the change in mo-
mentum associated with the applied pressure force (1/ q )(@p / @x ),
as de� ned by measurements along the diffuser centerline(Fig. 7). It
must be acknowledged that there are regions, particularly close to
the diffuser casings, where the turbulent shear forces will be very
large. For example, at the casing surface the axial pressure gradient
(@p / @x ) will equal the shear force (@uv / @n). Nevertheless,present-
ing the data in this way at leastallows the convectioneffects to be as-
sessed relative to the pressuregradientsassociatedwith the different
diffuserarea ratios.For the1.60area ratiodiffuserthecontoursof the
combined radial and circumferential convection of momentum are
therefore presented in this way (Fig. 12a[i]). As already presented,
grey regions indicate a net local gain of momentum while the white
regions indicate those areas of the diffuser passage where momen-
tum is beingconvectedaway.By presentingthedata in thisway it can
be seen, for example, close to each casing momentum values are in
excessof 50% of the momentum change associatedwith the applied
pressure force. Hence the applied force, caused by the pressure rise,
is being offset by the convectionof higher-momentum� uid into the
boundary-layerregions. By plotting the � uid convection caused by
radial� ow (Vs @Us / @r ), the effectsof thecircumferentialbladewake
movement can be removed (Fig. 12a[ii]). In general, it can be seen
that momentum is being convected away from the central region of
the diffuser passage, and, close to the hub and casing, the increase
in momentum is being dominated by this radial � uid movement.
This canbe comparedwith that expectedfor conventionalboundary-
layer-typeinlet conditionswhere the boundary-layergrowth,within
the diffuser, would generate radial velocity components Vs away
from each casing. Hence at a given location there would be a local
reduction in momentum caused by the growth of this slow moving
boundary-layer � uid (although this is partially offset by turbulent
interchange). However, this is the opposite to that observedwith the
compressorgenerated inlet conditions,where the convectioneffects
indicate momentum is being increased.

The data presentedat diffuserexit (Fig. 12b) indicatehow thecon-
vectioneffectsvary alongthediffuserrelative to theappliedpressure
gradient. Although not presented here, similar trends were also ob-
served within the other geometries tested. It is to be expected that
the relativemovement of � uid, as a result of the blade passage � ows
issuing from the OGV row, will be more evident toward the front of
the diffuser. Furthermore, it also appears that these effects are more
prominent in the hub region. However, as the � ow develops down-
stream the radial convection of momentum toward the outer casing
becomesmore evidentand is particularlypronouncedat diffuserexit
(Fig. 2b[ii]). Now severalworkers includingFishendenandStevens7

and Carrotte et al.11 have noted the bene� cial effect on a diffuser
with a � ame tube locateddownstream.Hence the upstreampressure
� eld from the � ame tube is generating radial velocity components
causing this effect which, as a result of the � ame tube location and

a) x/L = 0.21

b) x/L = 1.00

Fig. 12 Radial and circumferential convection of momentum (area
ratio = 1.60).

� ow distribution around it, means this effect is more pronounced
in the outer-casing region. The circumferential variation of this ef-
fect is caused by the � ow gradients (@Us / @r ) associated with the
blade wakes. However what can also be noted from these data is
that this widely acceptedprocess by which the diffuser is stabilized,
by the downstream � ame tube, is of comparable magnitude to the
effects in the early part of the diffuser, which are associated with
the compressor generated � ow� eld.

Conclusions
Measurementshave been made behind a single-stagecompressor

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

1) The pressure rise within each diffuser is signi� cantlyenhanced
by the mixing out of the OGV blade wakes. Diffuser performance
charts indicate that such a pressure rise is beyond that which the
boundary layers could sustain using more conventionalaxisymmet-
ric inlet conditions.

2) Streamlines within each diffuser indicate regions where high-
energy � uid is being convected toward each casing and low-energy
boundary-layer� uid is being removed. Although these streamlines
are in� uenced by the pressureand shear forces within each diffuser,
the path of each streamline is predominantly associated with the
inlet conditions that are provided by the upstream OGV blade.

3) For the 1.45 and 1.60 area ratio diffusers in excess of 50% of
the momentum change associated with the applied pressure forces
is being offset by the convection of high-momentum � uid toward
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each boundary layer. Hence, these effects are thought signi� cant
in terms of reducing the boundary-layer growth and delaying � ow
separation from the casings.

These measurements have been conducted at the compressor de-
sign operating condition and both the mean inlet velocity pro� le,
and theseother � ow featureswill vary when the compressoris oper-
ated at a different condition.Furthermore, the observed interactions
suggest a more integrated approach to the design of the OGV and
diffuser components,rather than designingsuch components in iso-
lation,while the performanceshouldalso be quotedon an integrated
basis.
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