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IMPACT OF ROTOR WAKES ON
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USA
Abstract u - axial component of U
V - scalar velocity given by vuZ + o7
This paper addresses the causal link first described by Smith be- v - tangential component of U
tween the unsteady flow induced by the rotor wakes and the com- W - velocity vector in the rotor frame
pressor SteadY'state perfom]anCC. As an initial step, inviscid flow u - vc]ocity within the wake in the rotor frame
in a compressor stage is examined. First of a kind numerical simu- T - axial coordinate
lations are carried out 1o show that if the rotor wakes are mixed out y - tangential coordinate
after (as opposed to before) the stator passage, the time-averaged Z - (absolute) wake velocity defect
overall static pressure rise is increased and the mixing loss is re- a - wake angle with respect to the y-axis
duced. An analytical model is also presented and shown to agree § - wake width-
with the numerical results; the model is then used to examine the &1 - change in efficiency
parametric trends associated with compressor design parameters. ¢ - flow coefficient
Nomenclature v - angle between the wake and the steady (base) flow
A - wake axial veloicy defect T - circulation
a - velocity defect in quasi-one-dimensional wake p - density
B - coefficient defining wake thickness @ - steady (base) flow angle with respect to the x-axis
b - width of quasi-one-dimensional wake w - vorticity vector
¢ - chord 11 - Pressure coefficient(normalised by inlet dynamic head)
E(z) - integer part of x A - change in
h - stator pitch normalised by axial stator chord Aw - wake velocity defect (in Table IT)
K - stator-to-rotor blade ratio Subscripts
L - loss coefficient (normalised by inlet dynamic head) A - area and ime-averaged
P - pressure (normalised by inlet dynamic head) a - case a (unsteady)
Re - Reynolds number based on axial stator chord adv - advection
RHS - right hand side b - case b (steady)
T - without subscript, denotes rotor wake passing period in - inlet
T - with subscript, denotes traverse time for fluid element igen - isentopic
t-time M - mixed out values
U - velocity vector in the stator frame out - outlet
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p - perturbation flow quantity

ps - pressure side

ref - reference values

33 - suction side

t - stagnation quantities

w - value in the wake

z - axial component

Y - tangential component

oo - far upstream from the stator
Superscripts

K - pertains to that associated with kinetic energy
P - pertains to that associated with pressure
() - average value

1 Introduction

Most of the current design methods in turbomachinery are pri-
marily based on steady-state aerodynamics. It has been argured
that further improvements in turbomachinery performance can be
achieved if the influence of unsteady flows on time averaged pet-
formance can be quantitatively understood. In multistage axial
compressors, two major sources of flow unsteadiness associated
with blade relative motions are potential interaction between blade
rows and wake-blade interaction. The latter can have animportant
influence on blade pressure distribution and resulting flow field de-
velopment. However, it is still unclear if (and how} the presence of
blade wakes modifies the steady-state compressor efficiency and
pressure rise. Any mechanisms associated with wake-blade in-
teraction that impact time-averaged performance of compressor
blade-rows would be of engineering interest.

From a designer point of view, particularly when dealing with
the effects of unsteady flows, effort should be focussed on answer-
ing wetl-defined fluid dynamic questions (Greitzer, et al.,1995)
(Munk,1981). A specific fluid dynamic question of practical rel-
evance to be asked and resolved would be: are the time-averaged
overall static pressure rise and mixing loss modified if the rotor
wakes are mixed out after (case a) as opposed 1o before (case b)
the stator passage ? This paper is aimed at addressing this ques-
tion and it is organised as follows.

Experimental results and simple analyses are first presented in
Section (2) in order to motivate the subject matter before stating
the overall technical objective and making hypotheses on the flow
in Section (3). With these hypotheses, the question is first ad-
dressed in Section (4) by examining the computed results from in-
viscid unsteady flow simulations involving rotor wakes interact-
ing with a stator blade row. Numerical results (from the inviscid
simulations) are summarized and given a qualitative explanation
in Section (5). The physical mechanisms thought to be responsi-
ble for the enhanced stator performance characteristics in case a as

compared to that in case b are used to develop a flow model in Sec-
tion (6). The model is first assessed against the numerical results
in Section (7); this is then followed by its application in Section (8)
to examine the parametric dependence of stator performance char-
acteristics on compressor design parameters such as blade loading,
flow coefficient and axial rotor-stator gaps. These trends are phys-
ically explained and briefly discussed in specific flow situations of
interest. Finally the key results and conclusions are given in Sec-
tton (9).

2 Background and Motivation

In this section experimental results and simple analyses are pre-
sented to motivate the investigation of time-averaged impact of
wake-blade interactions on performance.

2.1 Experimental Results

Multistage axial compressors have experimentally been shown to
exhibit both a higher pressure rise and a higher efficiency when the
axial gap between the blade rows is reduced. This is illustrated in
Fig. 1 (Smith, 1970) where data from two tests on a three-stage
low speed research compressor are shown. For the first test the ax-
ial spacing was 7% of chord, and for the second one it was 37% of
chord. There is a one or two percent increase in efficiency and a
two to four percent increase in static pressure rise for compressor
with reduced axial rotor-stator gap. Similar trends were also ex-
perimentally found by Mikolajczak (1977).

In these two studies, the data do not directly show that the en-
hancements are due to unsteady flow. Smith (1966) suggests that
this increase in performance for compressor with a reduced gap is
explained by a stronger flow unsteadiness in the blade passage than
for that with a large gap (where the wakes can probably be assumed
to be mixed out before entering the stator passage). Smith{1966,
1993) also provides the following plausible explanation (see illus-
tration in Fig. 2) for the increase in efficiency when the axial gap
1s reduced:-

If we assume that the flow is inviscid and the density constant,
then by Kelvin’s theorem, the circulation around the contour ¢
remains constant as the wake is convected through the passage.
Therefore the velocity difference between the wake and the free
stream decreases in inverse proportion to the length of the wake.
This means that if the wake were mixed out at the exit (1.e. sec-
tion 2 in Fig. 2), the associated loss could indeed be less than if
the wake were mixed out before entening the passage (i.e. section
1inFig. 2).

2.2 Mixing

The mixing process (schematically described in Fig. 3a} is char-
acterized by the action of viscous forces on flow nonuniformities
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entering at section 1, leading to an eventual uniform state at section
2. The effects of mixing depend on both the flow nonuniformities
at section 1 and what happens to the flow between section 1 and 2.
Throughout this study, we shall assume that mixing occurs at con-
stant area. In physical terms, the mixing process leads to a reduc-
tion in axial momentum flux, which in turn produces an increase in
pressure rise. The irreversible mixing process also generates loss,
i.e. the increase of specific entropy that can be approximated by
the reduction of mass averaged total pressure (Denton,1993). This
loss is measured in terms of a loss coefficient that is equal to mi-
nus the time-averaged creation of specific entropy associated with
mixing ax;d it is expressed as a percentage of the inlet dynamic
head (p522) .

To obtain an idea of the parametric dependence of mixing, we
can examine the simple flow situation of a quasi-one-dimensional
wake shown in Fig. 3b. It can be shown that 2 both the pressure
rise and the loss associated with mixing scale quadratically with
the velocity defect 2 in the wake and linearly with its width. The
velocity nonuniformity in the case of stator passage, though not a
simple one-dimensional wake, follows a relatively similar scaling.
If the wakes are effectively stretched in the stator passage before
being mixed out, we can indeed expect a diminution of mixing loss
as Smith had originally proposed.

2.3 Pressure Rise

The incompressible Navier-Stokes equations, written as :

iU VU=-VP+4Vxuw
or

WL vE —Ux(VxU)=-VP+ 4V xw M
v-u=90

can be used to derive an expression for the pressure rise. The flow
variables are made dimensionless using the axial stator blade chord
¢z, the density p and the axial velocity uq, far upstream of the sta-
tor.

The pressure rise is defined as the difference in time and area
averaged pressure between the inlet and the outlet. By multply-
ing the Navier-Stokes equation by the axial unit vector i, applying
Gauss theorem to the region S shownin Fig. 2 and integrating over
a time period, we obtain :

t+T
[~ 7)o
t outlel inlet

t+T
- f j P:1 - ndzdt
t atpe

1 As incompressibie flow is assumed, p can be taken as unity
2¢eeping first order terms in ﬁ and ﬂ-
Srelative to the free stream velocity

t+T
(o o) T
outlet inlet
3 t+T
+j jji-Ux(w)dzdydt
t s
4T
/ / / i —V x wdzrdydt 2)

The four terms on the RHS of Eq. (2) correspond to a total pres-
sure drag, a transfer from kinetic energy to pressure rise, a vortex
force and a viscous term (which vanishes for an inviscid flow) re-
spectively. Each of these contributions * 1o the passage pressure
rise can potentially be modified by the presence of wakes in the
stator passage; they thus provide plausible means for explaining
any change in the time-averaged pressure rise associated with un-
steady wake-blade interactions.

With the above (i.e. experimental observations, Smith’s cxpla-
nation, loss.associated with mixing-out of flow non-uniformities
and physical processes in establishing the pressure rise across a
blade-row) as background, we will propose to examine the change
in time-averaged pressure rise and mixing loss (associated with
wake-blade interactions) based on the approach to be delineated
in the next section.

3 Overall Technical Objectives and Ap-
proach

In this section the overall goal is stated; the approach taken to ac-
complish the state goal is then described.

3.1 Fluid Dynamic Questions to be Addressed

The overall goal is to address the following specific fluid dynamic
questions :

s |) What is the (ﬁﬁc-avemgcd) mixing loss if the flow is
mixed out at section 1 or at section 2 in Fig. 2 7

o 2)What s the (time-averaged) dnffcrence in passage pressure
rise if the flow is :

- a) unsteady (isentropic) with wakes in the passage and
then mixed out at section 2

- b) Mixed out at section 1 and downstream of which the
flow is isentropic '

4 As stated in Section (1), the focus of the preseni work is on inviscid flow so that we
need not be concerned with the contribution from term 4 on the RHS of Eq. (2)
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The above question will be examined for a flow situation that
can be well approximated as inviscid, incompressible and two di-
mensional. Simulations are thus carried out with a time accu-
rate two-dimensional inviscid incompressible code * where the
incoming rotor wakes are modeled as a moving stator inlet ve-
locity distortion. These simulations can be viewed as clean and
simple numerical experiments devoid of effects associated with
stator blade boundary layer (Valkov, 1992 and 1995) and flow
three-dimensionality (Graf, 1996) (Valkov, 1996). As such these
computed results can be contrasted with those from unsteady
two-dimensional viscous simulations (Valkov, 1996) and unsteady
three-dimensional simulations (Graf, 1996) (Valkov, 1996) for as-
sessing the role, if any, of wake-blade boundary layer interactions
and flow three-dimensionality on time-averaged performance (i.e.
numerical experiments cught to be implemented at different levels
of physical approximations to unsteady wake-blade interactions
for sorting out specific cause-and-effect on time-averaged perfor-
mance; the present work can thus be viewed as a step in this direc-
tion).

Such a flow situation would allow one to establish a causal link
between the unsteady flow induced by the rotor wakes in the stator
passage and its time-averaged performance characteristics without
undue complexities.

3.2 Numerical Approach

Numerical simulations are to be carried out to answer the fluid dy-
namic questions stated above. Todo so, the governing Eq. (1) are
solved by using a time splitting scheme (Orszag and Kells, 1980)
for temporal discretization and a spectral element method for spa-
tial discretization so that any resulting numerical dissipation can
be kept minimal. The computational domain is the region S as de-
fined in Fig. 27, at the inlet of which the wakes (mixed out in case
b) are simulated by a velocity distortions (see Appendix A fora de-
scription of the wake model). In order to somehow span the design
domain, numerical simulations are carried out for both a stator of
Eppler design (Eppler, 1990) with a pressure rise coefficient of 0.2

5The Kuna condition has been enforced numerically to ensure that there be no pres-
sure jump at the trailing edge; the pressure distribution from the inviscid solution
is in agreement with that from the Navier-Stokes calculation. As the use of Kutta
condition in inviscid Aow reflects the role of non-zero viscosity in setting up the
correct blade circulation and hence the pressure distribution, the agreement in static
pressure between the inviscid and Navier-Stokes solution indicates the consistent
imposition of Kutta condition here. Alternatively the numerical viscosity present
.in the inviscid splution procedure can prevent the formation of a singularity at the
blade trailing edge (i.e. infinite velocity at sharp trailing edge) and hence indirectly
allows the Kutta condition 1o be satisfied

SFor flow with inviscid assumption, one need not be concerned with the viscous term
and therefore non-slip condition is not imposed on blade surfaces.

78 is divided into 1300 spectral clements, each of them having 7 x 7 = 49 points
(7%} order method) ar the inlet of which wakes (mixed out in case b) are simulated
by inlet velocity distortions. Simulations were run with a times step of 5 % 104
s (convective time).

and a stator of E* design (Wisler, 1977 and 1981) that produces a
pressure rise coefficient of 0.5. The latter is representative of that
used in modern compressors. For the two blade geometries, the
pitch (0.6 of axial stator chord) and the flow coefficient (0.5) are
kept the same ( a solidity of unity would be more representative
rather than the value used here; its choice does not in any way im-
pactthe examination of technical questions posed in Section (3.1)).

For a given set of wake parameters (velocity defect and width)
that are representative of experimental values (Table IV in Ap-
pendix A), two calculations are implemented:

¢ A calculation {(case a) where the wakes are simulated by a
periodic inlet velocity distortion; here we shall examine the
(time-averaged) mixing loss and the (time-averaged) pressure
rise in the passage as a function of axial location at which the
flow is assumed to have mixed out .

e A calculation (case b) where the (steady-state) inlet condi-
tions reproduces the time-averaged mass flow and tangential
momentum of case a; this essentially yields the steady state
pressure rise and the loss due to mixing out of wakes at the in-
let (the increase in static pressure rise resulting from the mix-
ing of the wakes at the inlet (see Section (2.2)) will be taken
into account in Section (7)).

In what follows, we present and interrogate these numerical re-
sults in the context of questions posed in Section (3.1).

4 Numerical Results

Our primary focus in this Section is to determine how the mixing
loss and the difference in pressure rise between the unsteady and
the steady flow situations (i.e. case a and b respectively) varies
with the axial location at which the flow is mixed out. The com-
puted results will be used to show that the mixing loss is reduced
if mixing occurs afier as opposed to before the stator passage and
that the isentropic presssure rise is higher in the unsteady flow sit-
uanon.

4.1 Flowfields

For the two geometries, the disturbance flows are obtained by sub-
tracting the steady flow (case b) from the unsteady flow (case g at
a given time), In Fig. 4 and 5, the vorticity contours and the veloc-
ity vectors for the disturbance flows are shown for the Eppler and
the E? geometry. As shown in Fig. 4 and 5, each wake ? is com-
posed of two vortex sheets of opposite sign. It is convected by the
freestream flow (which turns and stretches it).

8The wake characteristics are summarized in Table IV at the end of Appendix A
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4.2 Mixing Loss

The time-averaged mixing loss as a function of the z-location (at

which the unsteady flow is assumed to have been mixed out) is
shown in Fig. 6. In the two cases (Eppler and E? blade design),
results show that the loss associated with the mixing is reduced if
it occurs at the exit of the siator passage (as opposed to the inlet).
At the inlet, the mixing loss coefficient® is approximately the same
(0.9%) for Eppler and E? blade design; however mixing loss is re-
duced further in the case of the E? blade design, down to 0.15%
at the outlet as compared to 0.3% for the Eppler.

4.3 Pressure Rise

The control volume analysis of Section (2.3) has shown that there
are three terms that could potentially contribute 10 a difference in
{time-averaged) pressure rise between the steady and the unsteady
case. The change in total pressure drag is numerically found to be
negligible (less than 0.1% '© ). The vortex force lead to a diminu-
tion of pressure rise of about half a percent. Its effect {confined
on the suction side) is due to the presence of a street of negative
vortices created when a wake intercepts with the leading edge !* (
For the viscous flow situations, positive vortices can beexpected to
appear between the blade and the negative vortices (Valkov, 1992,
1995), with the result that the net contribution is negligibly small
(Valkov, 1996)). For this reason, the influence of vortex force
(which appear as a spurious effect here) is not taken into account.

The difference in pressure rise between the unsteady and the
steady case is plotted as a function of the axial location in Fig. 7.
This shows a (time-averaged) passage pressure rise premiumin the
unsteady case (a) of about 1.5% of inlet dynamic head. This pre-
mium js slightly larger and attained earlier for the E® than for the
Eppler blade design.

5 Summary and Further Physical Inter-
pretation of Numerical Results

5.1 Mixing Loss

The numerical results of Section (4) clearly show a reduction in
mixing loss if mixing out of flow non-uniformities {due to rotor
wakes) were to occur at the outlet, as opposed to at the inlet. The

Pcreation of specific entropy expressed as a percentage of the inlet dynamic head

10 A1l the results regarding pressure rise are given as a percentage of the inlet dynamic
head

11 This effect is relatively morc pronounced in the case of Eppler blade as it has a
sharper Jeading edge; this spurious effect is associated with high flow gradient in the
immediate leading edge region where numerical dissipation can be non-negligible;
however its contribution is negligibly small compared to the overall change in time-
averaged pressure rise

wakes are stretched in the passage leading to a reduction of the ve-
locity defect in the wakes at the outlet relative to that at the inlet;
this is in line with the explanation originally put forward by Smith
{1966, 1993) . The present numerical results indicate that the re-
duction in mixing loss scales with the diminution of wake veloc-
ity defect (from inlet to outlet) in a manner slightly more than the
quadratic dependence.-

Calculations for the case of Eppler blade ( with wake velocity
defect Z taken as 0.27 and 0.54, and with corresponding wake
width 4 taken as (.32 and 0.16) have been implemented and the
results show that the inlet mixing loss does approximately scale
quadratically with the wake velocity defect and linearly with the
wake width, in agreement with the results of a simple control vol-
ume analysis presented in Section (2.2).

5.2 Pressure Rise

Numerical results presented in Section (4.3) show a higher time-
averaged pressure rise in case ¢ of unsteady flow relative to case
b of steady flow; this can be attributed to a larger reduction of the
(time- and area-averaged) kinetic energy in the passage !? . At the
inlet of the Eppler blade passage, the kinetic energy in the wake
is the same as the freestream value, but as the wake is convected
through the passage, a kinetic energy defect appears in the wake
that will in turn lead to 2 higher passage pressure rise. In contrast,
at the inlet of the E® blade passage, there is an excess of kinetic
energy in the wake relative to the freestream value. As the wake
is convected through the 13

passage, this excess first disappears before developing into a ki-
netic energy defect in the wake within the second half of the pas-
sage. This effect can be explained by the change of velocity wi-
angle from the inlet to the outlet. The relatively larger transfer of
kinetic energy in the unsteady case leads to a larger pressure rise
14

5.3 Turning of the Wake

Numerical results of Fig. 4 and 5 show that the wakes, as they pro-
ceed from the inlet to the outlet, wm counter-clockwise by 5 de-
grees in the Eppler blade passage and clockwise by 4 degrees in the
E? blade passage '° . There are two physical effects that tend to
turn the wakes in opposite directions. The first is a *“diffuser effect”

12The kinetic energy in the wake changes with axial position as the local velocity
triangle evolves axially through the blade passage; it can be less than, the same as,
or greater than the freestream value,

13where the loading is defined as the static pressure rise divided by the inlet dynamic
head.

14Note that in the steady case. the flow can perceive s larger reduction of the kinetic
encrgy than the unsteady case but the effect of the apparition of a relatively large
kinetic energy defect in the wake is preponderant.

15 with respect to a fixed frame
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illustrated in Fig. 8a : a decrease in velocity in the axial direction
z implies that the farther end of the wake is convected slower than
the other section. As a result, the wake tends to turn clockwise;
the strength of this first effect depends on the pressure gradient in
the z-direction. The second is a “circulation effect” (illustrated in
Fig. 8b): ata given axial location the flow velocity is greater on the
suction surface than on the presure surface, so that it induces a ro-
tation counter-clockwise. For example, at the inlet of the E® pas-
sage (in Fig. 5), the wakes indeed tum counter-clockwise due to
a relatively strong circulation around the leading edge. It is rather
interesting to note that these two competing effects from which the
actual turning results equilibrate before the end of the passage for
these two blade designs; as a consequence, the wake angle !® at the
outlet has a weak dependence on the inlet wake angle.

6 Development of An Ahalytical Model

We have used the numerical results to develop a physical explana-
tion for the observed improvement in time-averaged stator perfor-
mance characteristics. To complement the computations, we will
propose an analytical model based on control volume approach
and kinematics of wake-blade interaction. The model is then used
in Section 8 to examine the parametric trends of (ime-average)
performance associated with some of the compressor design pa-
rameters.

6.1 Integral Forms

The control volume analyses of Appendix B provide integral forms
for both mixing loss at the inlet and at the outlet, as well as the dif-
ference in static pressure rise between the unsteady and the steady
flow situation. The expression for the loss coefficient contains four
terms: the first two depend directly on velocities while the third
can also be expressed in terms of velocities using the axial mo-
mentum equation; the computed results (for Eppler and E® blading
used here) indicate that the fourth term is negligibly small. Thus it
may be deduced that only a kinematic description of the flow at the
inlet and at the outlet can be used to determine the changes in pres-
sure rise and loss associated with wake-blade interactions; specif-
ically, only the difference between the flow kinematic character-
istics at these two locations obtained before and after mixing (in
the unsteady case) is needed. These observations and inferences
form the guideline for developing a model based on an approxi-
mate kinematic description of wake-blade interaction.

16The wake angle is defined as the angle between the wake and the vertical axis y

6.2 An Approximate Kinematic Description of
Flow

As stated, only those aspects of the flow which affect the difference
between the flow before and after mixing (both at the inlet and the
outlet) are of interest. We shall therefore focus on these specific
aspects of the flow that can significantly alter this difference. The
unsteady flow can be taken as the superposiuon of a (steady) flow
17 and an unsteady disturbance flow associated with the wake pas-
sage. The flow features that essentially constitute the key ingredi-
ents for the analytical model are described in Appendix C.

The inlet disturbance velocity field is given in Eq. 6 of Ap-
pendix A. For the outlet disturbance flow, we must first determine
the wake angle or,u1i.t, the extent of the wake stretching Soyeze:
between the inlet and the outlet of the stator passage as well as the
extent of the wake advection. Otpusies and Souser are determined
from geometrical constructions presented in Appendix C. In order
to predict how much the wakes are self-advected, we assumed the
self-advection (constant) velocity to be half of the wake average
18 velocity defect.

6.3 Integrated Expressions

The above kinematic description of the flow at the inlet and the out-
let can be substituted for 4 and v in the integral expressions given
in Appendix B. Since the velocity profiles are Gaussian, analytical
results can be obtained.

6.4 Summary : inputs and cutputs to/from model

The inputs to the model are : the inlet wake coefficients (see
Appendix A), the inlet and outlet steady flow angles (f;ns: and
Boutiet ), the difference in traverse time for a fluid element along
pressure and suction side, the stator pitch-to-chord ratic and the
flow coefficient.

The outputs from the model are : the difference in time-
averaged passage pressure rise between the unsteady and the
steady flow situation, the inlet and the outlet mixing loss, and the
associated time-averaged static pressure rise (see Section 2.2) in
the unsteady flow situation.

The integral expressions given in Appendix B can be used to
compute the change in performance of a stator interacting with up-
stream moving wakes; they will be used in Section 8 to examine
the parametric trends.

17In using the analytical model for obtaining mixing loss and change in pressure rise
between case (a) and (b), the effect due to velocity variation across the blade pas-
sage is pegligibly small for the cases examined here

18the average wake velocity defect is defined as its average value between the inlet
and the outlet
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7 An Assessment of Analytical Model
Against Numerical Results

7.1 Turning and Stretching of Wakes in Blade Pas--

sage

For Eppler and E® blading with a flow coefficient of 0.5, the turn-
ing of the wakes can reasonably be predicted. The geometrical
stretching 8y.0m (i.€. of how much a contour similar to € in Fig.
2 is stretched between the inlet and the outlet) can also be deter-
mined (1.4 and 1.8 for the Eppler and the E3 blade geometry re-

spectively).

7.2 Mixing loss

The comparison between the results obtained for mixing loss co-
efficients based on numerical simulations and the model are sum-
marized in Table 1.

Table I : Mixing Loss Coefficient in Case a and b

Blading | Mixing out atinlet [ Mixing out at outlet
simulation | model | simulation | model
Eppler : 0.9 0.88 0.30 0.32
E? 0.9 0.83 0.15 0.16

These results indicate that mixing loss at the inlet and the outlet
can be predicted with less than a 10% error.

7.3 Pressure rise

The computed results for pressure rise are compared against those
from the model in Table II.

Table II : Pressure Rise Coefficient: Case a vs b

Blading | Simulation Model
Hapisen | Hapisen Hapm
inlet | outlet
[ Eppler 1.3 L11 [ 045 0.25
E® 1.6 1.51 0641 .12

For the Eppler and the E* blading, the model underpredicts the
premium in isentropic pressure rise of 15% and 6%, respectively.

Simulations (not shown here) have been carried out for the Ep-
pler and the E® blading with different wake parameters (including
velocity defects of up to 50%). They show an underprediction of
A Pisentropic of 5 —15%. These simulations also show that the in-
let and the outlet mixing loss are predicted by the model within less
than a 10% error. These results not only complement the numer-
ical study, but also imply that the model can be used to examine
parametric trends of interest.

The overall premium in (time-averaged) pressure rise is :

Napoveratr = aPisentropic + nAPm:':iug (outlet)

3

As shown in Table II the pressure rise associated with mixing is
larger at the inlet than at the outlet, which therefore tend to reduce
the overall pressure rise ( of 0.20% for the Eppler and 0.52% for
the E? case). These numbers should be compared to the respec-
tive isentropic pressure rise of 1.3% and 1.6%, respectively. In this
respect, the static pressure rise increase associated with mixing is
not quite negligible and will be taken into account in the following
Section.

_HAPmi:ing (iﬂtet)

8 Parameter Trends

The analytical model of Section (7) can be used to examine the
parametric trends of interest, and can also be compared with avail-
able experimental data for assessment purpose. In this Section we
apply it to explore the influence of inlet flow angle, flow coeffi-
cient and axial rotor-stator gap on the performance characteristics
of stator blade rows.

8.1 Effect of a Change in Blade Loading

When the blade loading is increased, wakes are stretched further
which therefore leads to a larger relative diminution in mixing loss
between the inlet and the outlet. However for constant axial ve-
locity defect and flow coefficient, the absolute wake velocity de-
fect decreases with inlet flow angle( and hence stator blade load-
ing). As the results of Fig. 10 (for a flow coefficient of 0.5 but
with wakes that have a constant axial velocity defect of 0.15 and
with the variation in inlet flow angle determined based on values
used for Eppler and E* blade) show, both the mixing loss and the
premium in pressure rise coefficient decrease with an increase of
blade loading. This effect is magnified when the results are ex-
p;'essed in term of changes in efficiency and relative pressure rise
1

8.2 Variation of Flow Coefficient for £° Blading

In Fig. 11, we plot the difference?® between the inlet and the out-
let mixing loss and the pressure rise premium coefficient as a func-
tion of the flow coefficient ¢ for the E® passage. In doing so, we
assumed that both the passage loading and the wake axial velocity
defect do not vary with the flow coefficient ¢. The mixing loss and
the pressure rise increase when the flow coefficicent is reduced. As
the axial wake velocity defect is kept constant, the absolute wake
velocity defect thus increases with a reduction of flow coefficient.
In addition, the stator inlet velocity angle 8 is increased and the

19The change in efficiency associated with mixing and the relative increase in pres-
sure rise are obtained by dividing the mixing loss and the premium in pressure rise
coefficienl by blade passage loading.

20in absolute vatue.
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wake angle o is reduced which substantially increases the angle v
between the freestream velocity and the wake (see Fig. 9). The lat-
ter effect leads 2! to a relatively larger wake kinetic energy. This
explains the increase in pressure rise premium when ¢ is reduced.

l8.3 Results based on Experimental Data

In Table III, mixing loss and pressure rise coefficients are calcu-
lated, based on experimental data obtained by Silkowsky for two
different flow coefficients ( Silkowsky, 1995). The corresponding
changes in wake charactersitics, inlet flow angle 8;,;.; and blade
row solidity are appropriately accounted for in the model.

Table Il : Mixing Loss and Pressure Rise Premium

¢ Bin | Aw/u ] AP | Liy | Lout én
042 |1 44| 18% (031 | 09 (08 ] 02 [12%
038149 33% (019 1.7 [ 16 ] 04 | 24%

A flow coefficent of 0.42 is near the design point, while one of
0.38 is close to stall. The gain in (total pressure) efficiency (appar-
ently due to mixing) if the flow is mixed out at the exit is given in
the last column. Table I provides a good quantitative estimate
of the impact of the unsteady flow on steady-state performance
(which is more pronounced at the lower flow coefficient).

8.4 Role of Unsteadiness on Enhancement in
Time-averaged Stator Performance Charac-
teristics

Results from numerical simulations showed that the time averaged

tangential momentum flux at the passage outlet is the same in the

unsteady and the steady case (i.e. case a and b). If this tangential
momenium flux were constant with time in case a and since the
axial velocity u s, is constant with time, the mixed out tangential
velocity vpr, Wwould also be invariant with time. Thus, the only
way that the loss generated within the passage can appear is in the
form of a change in static pressure between case a and b, The dif-
ference in both passage pressure rise and mixing loss between case

a and b as a function of the inlet flow angle is plotted in Fig. 102

The difference between these two curves (due to unsteadiness) is

seen to decrease with blade loading. This result appears to indicate

that the effect of unsteadiness on performance enhancement would
diminish as the stator loading is increased.

8.5 Effect of a Change in Axial Rotor-Stator Gap

We have assumed that for reduced axial rotor-stator gap, wakes are
present at the stator inlet while for larger axial gap, the wakes are

2!Note that, according to Section (5.4), the outlet wake angle « has a weak depen-
dence on its value at the inlet

22The axia! wake characteristics are kept constant

fully mixed out before entering the stator passage. To assess the
goodness of this assumption, we examined the experimental re-
sults (Stauter,1991) from a two stage axial compressor (LSRR2).

Results based on the use of experimentally-determined wake char--

acteristics at various axial locations from the rotor are used to cal-
culate the passage mixing loss and the pressure rise enhancement;
these are shown in Fig. 12. Note the change in performance as the
axial gap is increased as well as the values that represent changes
in efficiency of the order of one percent and relative changes in
pressure rise of up to 4 percent.

9 Summary and Conclusions

The overall problem addressed was the time-averaged impact of
unsteady flow induced by rotor wakes on the stator steady-state
performance; this was motivated by Smith’s experimental obser-
vations (1970) in multistage compressors that show a higher pres-
sure rise and a higher efficiency when the axial gap between blade
rows is reduced. In the light of these observations, numerical sim-
ulations and an analytical model have been implemented to deter-
mine if the time-averaged overall pressure rise and mixing loss are
modified for flow situations where the rotor wakes are mixed out
after (case a) as opposed to before (case b) the stator passage. Ithas
been shown both numerically and analytically that in the unsteady
case a as opposed to the steady case b:

e mixing loss is significantly reduced, primarily due to the
stretching of the wakes in the passage.

o the overall pressure rise is larger due to a larger reduction of
the (time- and area-averaged) kinetic energy between the inlet
and the outlet of the passage.

These phenomena 2* imply an increase in both efficiency and
pressure rise>* of the order of one or two percent ( based on wake
characteristics from experimental data in geometries representa-
tive of modern compressors). These values 25 are of the same or-
der of magnitude as the gain measured by Smith for the reduced
versus large axial gap. Parametric studies have been carried out
to demonstrate a larger gain (especially in pressure rise) when the
flow coefficient is reduced, which also agrees with Smith’s exper-
imental results.
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Appendices

A Wake Model

The wakes are modeled as moving velocity distortions:; the veloc-
ity distortion is assumed to have a Gaussian profile. The wake ve-
locity profile in the rotor frame can be written as (Valkov, 1992,
1995): o)
W) _ 1 _ ge-BVa

W= 1-— Ae @)
where y,, is the distance from the center of the wake, A the max-
imum axial velocity defect in the wake®® and B represents the
thickness of the wake. The width of the wake J is given in term
of the distance between the locations where the axial velocity is
equal to 95 percent of the free-stream value: i.e.

In1004
B

The wake velocity defect in the stator frame can be written as a
function of y, t, the wake angle a and the maximum absolute ve-
locity defect in the wake 27 :

{ uw(y: t) =
Uw(ys t)
where at the inlet :
. - -] Uiniei
Qinfee = tan (:‘_";L-u,-.....tanﬂ.'..m)

Z:A\/1+ (%"L-uiuhltﬂﬂeinl’ll)z

Uinlus

6=2

_Zf(y! t)sin(a)
Zf(y,t)cos(a) } ®

M

The function f(y, t) can be expressed as the sum of two moving
overlapped Gaussian disturbances (Valkov 1992, 1995)

fu,1) = exp [—B (et52.m)

+exp [-B (1 -g(y;s‘ﬁ,p)) 2] ®

26nomalised by upey
27 A wake defect of 30% means that u,, is equal to 30% of the reference axial velocity
Uref

5).
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with a Jsvpatial period determined by the stator-to-rotor blade ratio
K = g+ which will be taken as unity throughout this study 28 ;
the function &(y, P) (Valkov 1992, 1995) is defined as

y/K - E(y/K)
E(y/K)-y/K

and it describes the spatial periodicity

y=20

y<0 @)

£y, K)'= {

Table IV : Wakes Parameters for Numerical Simulations

Geometry | A Z B & Qin
Eppler 0.15 | 0.27 | 100 | 0.32 33
E° 0225 { 0:32 | 100 | 0.35 44

B Control Volume Analysis
B.1 Mixing Loss

For a given flow configuration, the (time averaged)loss coefficient
associated with mixing at a given z-location can be shown to be :

ff“’T JH(Purt(z) — Pea(=,))ua(z, y)dydt
7 "f(l +tan?b,.y) j;) U (2, y)dy

Lmizing (z) =

(10)
where subscript M refers to the mixed out guantities. The above
integral can be rewritten as follows 9 :

s ( (Wl + v3) — L (ualy) + va(y)?)) dydt

Lm::mg (55 ) dy

2 ref(l + tﬂﬂ26"f fo
t+T ch
+f Jo (Pu(y) - Paly))ualy)dydt
3Ules (L + tan6,.¢) fo u(y)dydt
The two parts correspond to a change in mass-averaged and time-
averaged kinetic energy and pressure, respectively. Let us first cal-

culate the part related to kinetic energy changes, which in turn can
be written as :

(11)

LK

_ LT Gled + vd) - $(uB () + vB(v)) dyat

ml:ln )
o(@ FuZ, (1 +tan?6,;) j;, u(y)dy

TR Gd) +v3w) - Sdy )+v§(y)))dydt
% 24 (I+tan29,-¢;) fo Ydy

(12)
where the subscript B pertains to the steady (base) flow.

281n practice there will be less rotors than stators (K > 1), The analytical model
based on the control volume approach of Appendix B and the kinematies of wakes
given in Appendix C remain valid.

29The constant density p has been normalised so that it assumes a value of unity

10

The first term requires the knowledge of the axial and tangential
mixed out velocities (at each time). Continuity conditions gives :

foh ua(m,y)
R — (13)

while invoking the conservation of tangential momentum flux-al-
lows the tangential mixed owt velocity to be expressed as :

Up =

h
fo Uq (z, y)ud (z,y)

oM = RUn (14)

The second part of Eq. (11) (related to the pressure) can also be

rewritten as follows :

ST 12 (Pur(y) — Pa(y))ualy)dydt
-‘u"f(]. + tanzeref) fo ‘Ua dy

LT (Paty) — P@)uty)dyds
Ful., (1 +tan?6rey) I3 ua(v)dy

where subscript A refers to the time and grea-averaged pressure.
In the first integral, the two terms are constant both in space and
time. Upon using the axial momentum equation, their difference
can be shown to be

h
/0 (Par(y) — Paly))dy =

LP

mizing

(15)

h h
/ (Puly) - PW))dy = p / @) -d) (6
0 0

The second term in Eq. (15) has been shown to be negligible based
on the computed results and will thus be assumed to be zero.

B.2

The control volume analysis of section (2.3) shows that the differ-
ence in isentropic pressure rise between case a and bcan be written

t+T ) 1 9
APap =/ {(/ 1y oy, t)dy - / ~/ a(y,t)dy)
t inlet 2 outlet 2

_(/n,“; olw t)ay - /W M%U’a(y,t)dy)}dt an

It has been found numerically that the outlet ime-averaged tangen-
tial momentum flux is the same in case a and b, so that to a good
degree of approxamation the velocities in case b can be replaced
by the mixed out velocities obtained from case a; AP, . can thus
be rewritten as ;

t+T
aps=g [T tuana) - jua ) ave
T t nlet 2

_Ler L2y, dy — UL () ) Laydt (18
(] jvaeom- 3ua0) faee as

Isentropic pressure rise
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C Kinematic Description of Flow

According to the integral forms given in Appendix B, only those
aspects of the flow that affect the difference between the flow be-
fore and after mixing (both at the inlet and the outlet) are of in-
terest. We shall therefore focus on these aspects of the flow which
can significantly alter this difference. The unsteady flow is consid-
ered as the sum of a steady (base) low and an unsteady disturbance
flow. The (time averaged) mixed out conditions are obtained using
Eq. (13) and (14). The velocity field can be written as:

{ u(y,t) } (19)

v(y,t) } - {

where u, and v, represent the axial and tangential velocity pertur-
bation associated with the wakes (mixed out in case b). An analyt-
ical model for the velocity defect within the wakes at inlet and the
outlet has to be developed.

Ures + up(ya t)
tres tanfres + vp(y,t)

C.1 Inlet
An analytical representation for the unsteady perturbation flow at
the inlet is :
{ uP(ylt) } = { ‘Zf(y.t)-?i"(airuet) } (20)
vp(y,t) Zf(y,t)cos(ainter)

where y varies from Oto A and ;. is the angle between the wake
and the vertical as shown in Fig. 9:

= tan=} u
Qinler = tan (T:' — utanﬂ) (21)

C.2 Outlet

To obtain a description of outlet perturbation flow, we must first
determine the new wake angle a,ys1.: as well as the distance d,. 4,
associated with the advection of the wake.

To derive an expression of @,yu.:, We note that as the wake
leaves the stator passage (Fig. 9), the lower portion of the wake
(i.e. porticn on the suction side of the blade)} will be convected
through a distance d befere the upper portion (i.¢. portion on the
pressure side of the blade} reaches trailing edge. This distance d
can also be equivalently given in terms of the traverse time Tgo =
Tp4 + Tpp — Tsp (using the notations of Fig. 9).

The time Tp4 shown in Fig. 9is;

-1
;) (22)

tan ¢inlct

dpa _ h
Upef Upes

Tpa= (tan e+
while time (Tpp ~ Tsp) can be estimated based on the times
it would take for a fluid element to traverse the suction side and
the pressure side. The portion of circulation associated with the

11
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Figure 1: Compressor Performance at Two Different Axial Gaps
(After Smith , 1970)

suction side and the pressure side are given respectively as Iy, (
[, Vaods yand'pp (j;” Vpads ); if c,, and cp, denote the extent of
suction side and pressure snde then an average velocity (changes
in blade velocity due to the passage of the wakes are neglected) can
be defined for the suction side as V,, = %:L. and for the pressure
side as 17,,, = -El-'- From the above the traverse time Tsp = T'jﬂ-

and Tpp = --L can be determined. The difference in traverse
time between t.hc pressure and the suction side can now be deter-
rmined as:
&L, - &,T,,
Leslps
The wake anglc Qouttet and the extent of the stretching s,y of the
wake between the inlet and the outlet are givenas ;

Tpp=Tsp = (23)

-1 uref(TPA"‘TPB ~Ts8)

Quutlet = tan

,.,(TP4+TFB—T53)’+P;'-'
Sout =
P-ﬂ (l+ ul:i t:j

The wakes are asumed to be advected at a constant velocity

Z( 2 )
4 Sout

which is the average between that at the inlet and the outlet.

24

Vadu = (25)
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Figure 2: Overall Kinematics of Rotor-wakes-stator Interactions
(After Smith', 1966) -
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Figure 4: Disturbance Velocity and Vorticity Field Associated with
Wakes Interacting with Stator Blades of Eppler Type; shown at Top
of Figure is a Normalised Velocity Vector of Unity.
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Figure 3: An Illustration of Mixing-out Flow Non-uniformity . o <. pyicos hance Velocity and Vorticity Field Associated with

Wakes Interacting with Stator Blades of E® Type; shown at Top of
Figure is a Normalised Velocity Vector of Unity.
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Figure 6: Axial Variation of Mixing Loss (expressed as percent-
age of inlet dynamic head; negative value implies a loss) for Rotor
Wakes Interacting with Stator Blades of Eppler and E? Type
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Figure 7: Axial Vanation of Difference in Pressure Rise (ex-
pressed as percentage of inlet dynamic head) for Rotor Wakes In-
teracting with Stator Blades of Eppler and E3 Type
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(a) "Diffuser" Effect

Figure 8: Turning of Wake as It Passes through the Stator Blade
Passage
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Effect of a variation of flow coefficient
— Premil.im in preséure rise
= - Mixingioss :
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Mixing ioss and pressure rise coefficients

Figure 9: Notations Used in Analytical Model
b Flow t?dgf'ficiel"lto'55 )

Figure 11: Effect of Flow Coefficient Variation on Mixing Loss
and Difference in Pressure Rise (expressed as percentage of inlet
dynamic head)
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Figure 10; Effect of Inlet Flow Angle Variation on Mixing Loss Axial rotor-stator gap
and Difference in Pressure Rise (expressed as percentage of inlet
dynamic head) Figure 12: Effect of Axial Rotor-stator Gap Variation on Mixing
Loss and Difference in Pressure Rise (expressed as percentage of
inlet dynamic head)
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