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Abstract: Linear cascade testing plays an important role in the research and development of turbomachinery and is
widely used over the world. T he ideal cascade model of a turbomachinery blade row is two dimensional. In actual linear
cascade testing, the flow through the test section converges due to the development of the boundary layer and seconda
ry flow along the sidewall surfaces of the test section. Axial velocity density ratio (AVDR) is adopted to account for
the deviation of the tested cascade flow from the ideal 2D model. Among numerous published cascade works, the influr
ence of AVDR on cascade performance is seen to be complicated with many affecting factors; such as those related to
cascade/ blade geometry and flow conditions. Also, controlling AVDR is limited by the facility“capability. Furthermore,
real blade to blade flow in turbomachines is usually associated with AVDR-greater than unity due t6 limitéd span of
blades betw een the hub and shroud such that cascade testing without reducing AVD R could be favored-Sometimes. All
these facets add complexity and diversification to the matter. The cufrent paper reviews previous studies and results on
AVDR . Consolidated understanding on the role of AVDR and recommendations on how'to deal w ith\it in linear cascade

testing are provided.
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Nomenclature Y stagger angle
AR aspect ratio= L/C ¢ camber angle
Zpitch p densit
AVDR = -[0 - 192- o oo & Y soliditz/f: /S
'[jmpl *Vie cos q* ds ® loss coefficient= (pu— pw)/(pa= ps)
c blade chord Q AVDR
DF diffusion factor= 1- V,/V1+ (V;sin a, - Subscripts
Vasin as)/ (20V1) 1 inlet plane
incidence angle 2 outlet plane
L blade span tot total
Ma — Mach number Introduction
Ps static pressure
e total pressure Linear cascade testing still plays an impor
q dynamic pressure head tant role in the research and development of tur-
Re Reynolds number bomachinery and is widely used over the world.
S pitch One primary function of linear cascade testing is
v flow velocity to verify the cascade performance and validate
X distance in axial direction the blade design. In addition, flow diagnostic ex-
a flow angle (with respect to axial direction) periments on the compressor or turbine cascades

Received date: 2006 10- 16; revision received date: 2007 05 23



934

22

are easier to carry out than those on the annular
cascades or compressor/ turbine rigs. As such,
cascade experiments are favored in the study of
turbomachinery flow fundamentals. Significant
progress of CFD and computer techniques in re
cent years have made it practical to simulate ve
rious turbomachinery flows, from steady to umr
steady, from one dimensional to three dimensiomr
al, and from one stage to multrstages. However,
the power of CFD cannot be fully harnessed
without the validation and support by experr
ments. Even a modern sophisticated CFD tool,
which is capable of full flow simulation with em-
ploying state of theart turbulence models, has
not achieved a selfproving level. Linear cascade
testing will continue to be indispensable in mod
ern turbomachinery research.

The cascade model of a turbomachinery
blade row is two dimensional by its definition'".
Apparently, the ideal cascade model cannot be a
chieved in practice due to the fact that _the width
of the test section in a cascade wind tunnel is {T
nite. In actual linear cascade testing;~the flow
through the test_section\converges\due-to the de
velopment of, the-boundary layer and secondary
flow along the endwall ( or\ called sidewall) swr
faces of the test section, as illustrated in Fig. 1.
Therefore, the cascade/ flow/in the test section
becomes three dimensional in essence. T o quantr
fy the flow contraction, a parameter called” axial
velocity density ratio” (A VDR) is adopted ( see
the Nomenclature for its definition). All varia
bles in the calculation of A VDR are measured in
the midspan plane of the tested cascade and the
integration is for one or two pitches. In order to
obtain 2D cascade flow, i. e., reduce the flow
contraction, endwalls with openings are used and
air is bled or sucked away from the test section
(see Fig. 1). As such, A VDR can be controlled
by adjusting the amount of air removed from the
endw alls.

It is seen that A VDR, as a sum-up flow pa
rameter in the cascade mid span, reflects the de
viation of the tested flow from the ideal 2D cas

cade model. Although A VDR is not adequate for

Porous or slotted wall

{VDRx1.0

Solid wall
AVDR>1.0

NNV N .

Blade

Air Iill‘l'l]
. r suction
Endwall boundary layer/secondary flow ' ' ° ’

Fig.1 Flow contraction and A VDR

control in cascade testing

a rigorous judgment of two dimensionality of the
flow (a flow across the test section can be ma-
nipulated with A VD R being unity while it is still
three dimensional), it serves as a practical meas-
ure to approximate the offset of the tested flow
from the ideal 2D model:

Among numerous ‘cascade teSting works
published in the open literature;A VDR was not
always reported-T hose papers that published the
effects of A VDR seemed to be not always con-
current ( probably due to the complexity of the
matter)..

Another fact is that the control of A VDR in
cascade testing is limited by the facility capabili-
ty hence it cannot be always guaranteed. Moreo-
ver, the blade toblade flow in turbomachines is
usually associated with A VDR greater than unity
due to limited span of blades between the hub
and shroud. From this perspective, cascade tes-
ting with A VDR greater than unity (no need to
reduce it) can be acceptable.

Given the diversification of the subject in
discussion, this paper is intended to review previ
ous A VDR studies and results to consolidate un-
derstanding. The paper ends with recommenda-
tions on how to deal with the A VDR issue in lin-
ear cascade testing. Discussion is primarily di
rected to compressor cascades. Limited turbine
cascade results are also discussed to make the

current review a more generic effort.

1 Earlier studies

The important role of A VDR in 2D linear

cascade testing was ascertained earlier in the
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1960s. T he experimental investigation conducted
in a low-speed cascade wind tunnel by Pollard
and Gostelow'” was a pioneering effort dedicated
to studying the effect of A VDR on compressor
cascade flow and the improvement by sidewall
air removal. They found that the cascade flow
with solid sidewalls was significantly twisted by
the sidew all secondary flow for alow aspect ratio
(AR=2),but for high aspect ratios (AR 3. 0),
a large part of the span was unaffected by the
secondary flow although the blockage effect of
the nearwall region was still appreciable
(AVDR> 1 1). A low aspect ratio would give
good two-dimensional results if porous sidewalls
were used to remove the sidewall boundary lay-
er. Nevertheless, even with sidewall suction in
use, an area of low energy air was present near
junction of the wall and the blade suction sur
face. Their attempts to remove it failed. The
complexity of the cascade flow under real cas
cade wind tunnel conditions ( three dimensional
in essence) and the limitation in_reducing the 3D
effects by sidewall air removal can be viewed
from this early work.

Later, in\ a review of ‘the earlier cascade tes
ting work, Gostelow!'" clarified, that\it"was the
influence of A VDR that caused the discrepancy
between American and British test results, indr
cating that A VDR was an’indispensable factor to
be considered when comparing cascade test data
obtained from different tunnel facilities.

In 1970s and early 1980s, the effect of
A VDR in cascade testing drew more attention. A
few focused studies on compressor cascades were
conducted ( Fottner”, Stark'™, Heilmann'”,
Starken et al.'®, Stark and Hoheiselm). Most of
the results from these studies indicated a com-
mon trend about the influence of A VDR on cas
cade performance, i. e., total pressure losses de
creased and blade surface Mach number ir
creased with increasing A VDR, see Fig. 2, Fig. 3,
and Fig. 4 for examples. This trend can be re
ferred to as “the Normal A VDR Influence”. Tt is

not difficult to understand it as the flow speeds

up in the midspan when increasing A VDR, re

sulting in less diffusion, which in turn, would

lead to lower losses.
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Some of the results from these early studies
also showed that neither did the existing A VDR
influence fall into the scenario of the Normal
A VDR Influence nor could it be satisfactorily re-
solved by endwall air removal. H eilmann" in-

vestigated the influence of A VDR on the per
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formance of compressor cascades for different
boundary layers and found that the change in
cascade performance with A VDR substantially
depended on the blade boundary layer behavior,
L e ,the A VDR influence was coupled with the
flow characteristics due to the cascade. In testing
a high turning compressor DCA cascade, Starken
et al.'" obtained three different loss variation
trends with A VDR, given different flow speeds,
flow angles, and A VDR ranges. As seen in Fig.
5, with increasing A VDR, ( 1) the normally err

0.14
0.12f Mu=064
3 B=44
— 0.10F o B =40°
5 e \
5 0.08F = B=36 N
& 0.06F * B=32"
§ . N \"/
g 0048 N—
2 og.02p TR o
0 L 1 i I} 1
08 09 1.0 L1 1.2 1.3
Axial celocity density ratio, £
(a)
0.14
0.12 M";"z‘f
3 *P=
go.lok °oB=40 N\ .
£ oosk 23\ NG\ L
%: 0.06~ = B=132 ‘x
o 0.04F
3 0.02F —
0 1 1

i 1 1
08 0.9 1.0 11 1:2 1.3
Axial celocity density ratio,

(b)
Fig. 5 Diversified loss variation trends with A VDR

countered loss drop, ( II) parabolic loss varia
tion, ( II) nearly constant losses. They also test
ed with three different sidewall slot- o pening corr
figurations and found that the A VDR influence
differed from one configuration to another. Stark
and Hoheisel'” investigated the combined effect
of A VDR and AR ( Aspect Ratio). They found
that it was A R that defined the axial velocity dis
tribution through the cascade at a given wall
shape and contraction ratio, and it was the axial
velocity distribution that decisively determined
the local values of pressure distributions as well
as the cascade overall parameters. This research

indicates that A VDR may not be reactive enough

to the change of the flow that accounts for the

performance variation.

2 Later cascade tests

There is little focused research on A VDR
appeared in the open literature since the above
mentioned earlier efforts. But the importance of
AVDR in cascade testing received sufficient at-
tention and many published papers included
AVDR data.

2.1 Subsonic¢/ transonic compressor cascade

Hobbs and Weingold™® developed a series of
Controlled Diffusion A irfoils (CDA) for multi-
stage compressor application. The cascades were

designed with an inlet Mach number of 0.7, inlet
flow angle of 30°, flow~turning 13. 6°, A VDR
1. 07, and solidity of 0. 933. Cascade ftest results
demonstrated lower losses andwider low-loss in-
cidénce range of the CDAs ‘than conventional
NA CA-series—airfoils 'and Multiple Circular Arc
(MCA) airfoils. They'\compared blade surface
Mach number/results between the design and
testsand-found“that the tested blade surface
Mach-number was higher than the design val
ues. Then they adjusted the design A VDR to
match the test and hence obtained better agree-
ment. It is seen that A VDR played an important
role in validating new blade designs.

Hoheisel and Seybm presented a theoretical
and experimental investigation of the boundary
layer and loss behavior on a high turning Double
Circular Airfoil (DCA) compressor cascade. The
cascade was designed to achieve flow turning of
50” at an inlet Mach number of 0. 85. The blade
had a high camber of 56. 8" and the cascade had a
high solidity of 2. 2. The experiments were car
ried out in the high speed cascade wind tunnel of
DLR. In cascade tests, Hoheisel and Seyb ob-
tained different variation trends of losses with
AVDR for awide AVDR range of 0. 9~ 1. 3 and
inlet M ach number range of 0. 3~ 0.9, similar to
what was found by Starken et al.'" .

Schreiber and Starken'"

tensive experimental analysis on a transonic

performed an in-

compressor rotor cascade, in order to elucidate
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the flow behavior and determine the performance
in the whole operating range. The design relative
inlet Mach number was 1. 09 and the flow turmr
ing was 12. 5°. Experiments were conducted for
an inlet M ach number range from 0.8 to 1. 1 and
inlet flow angles from choking to stalling flow
condition. A VDR was controlled by endwall suc
tion during the tests. The total pressure loss data
obtained from the cascade tests agreed well with
those obtained behind the corresponding blade
element of the transonic compressor rotor. Steirr
ert et al.'"! designed a CDA cascade (Mai =

0 62, 02— ai= 26 4°, 0= 1. 47) . The cascade wind
tunnel test confirmed very low losses of the
blade due to optimum suction surface velocity
distribution (leading to separatiorrfree opera
tion). Both of these two works show that ak
though the blade surface pressure distribution
was considerably influenced by A VDR, the total
pressure losses changed little. T hus, the loss de
velopment characteristics with inlet Maech num-
ber and incidence angle were tested with solid
sidew alls, without the control of A VDR, These
two examples shedTlight on how to flexibly harr
dle the A VDR isste, with both test quality and
convenience in consideration.

Katoh et al.'"” conducted cascade testing on
profiles of NACA-65 and CDA designed for the
near hub sectioncof two eompressor stators. The
design condition was: Mai= 0 8, ®a— a= 11°, Re
=579 x 10°, 0= 0.93, AVDR= 1 07. Experr
ments in the cascade wind tunnel provided de
tailed blade performance information, such as
blade surface velocity distribution, total pressure
losses, and the boundary layer, which revealed
the loss reduction from NACA-65 to CDA was
due to the elimination of the shock waves on the
blade suction surface. Katoh et al. did not em ploy
sidewall air removal to control A VDR in their
tests of the cascades as A VDR hardly changed in
the tested inlet Mach number range (0. 60~ O.
87) . Although A VDR varied between 1. 05 and
1. 15 for different inlet flow angles, the two cas
cades had similar A VDR values at each inlet flow
angle. T herefore, they argued that the experr

mental evaluation of the performances of the two
cascades was free of the AVDR influence, and
the performance change observed was due to the
blade profile instead of being biased by A VDR.
Katoh’ s work showcased another example of the
application of solid sidewall testing in perform-
ance evaluation.

Schreiber et al.'" employed slotted side-
wall suction to control A VDR in an experimental
investigation of the effects of Reynolds number
and freestream turbulence on boundary layer
transition in a compressor cascade. In this award
winning paper, it is seen that A VDR was careful
ly controlled to be very close to unity and the
tested blade surface Mach number almost per
fectly agreed with the-calculated “values. T his
work exemplified:the importance of A VDR con-
trol in_a-sophisticated study on flow physics, in
which the agreement between~experiment and
calculation was—emphasized.\Note that the same
author did not use A VDR control in another re-
search[ 10] . The quéstion then comes up, in deal
ing with-the A VDR issue in cascade testing, con-
trolit—oernot? High quality control needed or
not? A proper answer should be “it depends.”
2.2 Supersonic compressor cascade

Tweedt et al.'"" tested a supersonic com-
pressor cascade. T he cascade was designed with
inlet M ach number of 1. 61. The blade had a neg-
ative camber angle of — 2. 89°. Cascade tests
were performed for an inlet Mach number range
from 1. 30 to 1. 71, with blade chord Reynolds
number in the range 1. 1 X 10° to 1.4 x 10°. End-
wall boundary layer suction was used to reduce
secondary flow effects and to control A VDR.
The shock wave pattern in the entrance region
was measured using a laser anemometer. The in-
fluence of AVDR on the blade performance was
experimentally investigated. As shown in Fig. 6,
with increasing A VDR, losses and blade surface
Mach number decrease, and shock waves move
forward in the blade passage. It can be under-
stood that blade surface Mach number takes the
opposite variation trend in comparison with the

subsonic case. Higher A VDR means more con-
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vergence of the mid-span flow tube, the flow
speed would decrease in the supersonic regime.
Similar A VDR effects on supersonic cascade per
formance were seen from other two studies

shown below.
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Kusters and Schreiber'™ successfully apr
plied a two dimensional multiblock Navier
Stokes solver to a supersonic compressor cascade
flow with strong shock wave/boundary layer ir
teraction. T he cascade was typical of a fan blade
section with precompression design, low flow
turning, and static pressure ratio around 2 0. Iir
vestigations were conducted at inlet Mach num-
ber between 1. 28 and 1. 53. The results were
compared with previous cascade wind tunnel tes

" investigated

ting data. Schreiber and Starken''
the flow phenomena and loss mechanism of a
strong shock wave turbulent boundary layer irr

teraction in a supersonic compressor cascade.

The cascade geometry was typical for a transonic
fan tip section operating at a relative inlet M ach
number of 1.5, a flow turning of about 3°, and a
static pressure ratio of 2. 15. Cascade experimen-
tal results showed a strong boundary layer sepa-
ration on the blade suction surface occurred due
to a complicated shock pattern and its interaction
with the boundary layer. They claimed that in
this research manipulating the cascade flow by
different sidew all openings was no problem if the
endwall effects were of minor influence on the
midspan flow region.

2.3 Turbine cascade

The A VDR issue is also encountered in tur-
bine cascades as in compressor cascades. Howev-
er, it is not as critical in"turbine cascades as in
compressor cascades. Unlike a compressor cas-
cade that-diffuses the flow and raisés pressure, a
turbine eascade accelerates\theflow thus favora-
ble pressure-gradient across the cascade helps
keep the sidewall boundary ‘thin. Overall, the
effect of sidewall houndary layer and secondary
flow on-the midspan flow in a turbine cascade is
relatively small compared to the compressor cas-
cade. Probably due to this, there is less informa-
tion available about the A VDR effects on turbine
cascade performance in the open literature.

In turbine cascade testing, previous experr
ence suggested that solid sidewalls could be ade-
quate if the 3D effect was kept small. T o achieve
this, inlet boundary layer shall be kept thin and
high aspect ratio is encouraged. Sieverding[lg]
recommended minimum aspect ratios to obtain
reliable 2D mid-span performance data in turbine
cascade tests from 1.6 to 2. 2 based on different
velocity ratios across the cascade, see Fig. 7.

In a recent testing of three subsonic turbine
cascades, high aspect ratios of 3.8,4.0, and 4.2
were used with solid sidewalls'” . Good two di
mensional flow was obtained. Fig. 8 shows a pic-
ture of blade surface flow visualization on one
cascade, which confirmed good spanwise flow u-
niformity.

In testing two transonic turbine cascades,

1, 120211

Jouini et a used a low aspect ratio of 1. 525
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in order to maximize blade chord: They used sot
id sidewall without controlling A VDR. Realizing
the possible A VDR issue in their study, they re
corded a lot of AVDR data and defended their results
with respect to the AVDR influence. Figure 9 and 10
show their tested AVDR data at various incidence
angles and exit Mach numbers. It is seen that A VDR
is rather constant over the tested Ma2 range for all
cases except for the second cascade at the highest ir
cidence (14 5°), where AVDR decreased with ir
creasing Ma>. The dependence of AVDR on incr
dence is seen as a simple increase of AVDR with ir
creasing incidence. T he lowest AVDR is very close
to or even slightly below unity for the first cascade.

In Fig. 9, they also included a computational
study by Saroch'™ to show the effect of A VDR
on losses of a transonic turbine cascade for the
design incidence. For the subsonic and sonic

case, losses barely changed with variation of
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A VDR, similar to what was found on another su-
personic turbine cascade ™. For supersonic, los-
ses decreased with increasing A VDR, which was

in agreement with the trend seen from Ref] 14].
3 A recentinvestiga tion

In a recent experimental and numerical in-
vestigation of modern supercritical compressor
blades, efforts were extended to study the A VDR
influence. Cascade testing was conducted in con-
junction of 2D and 3D CFD analysis. The ex-
periments were conducted in the Virginia Tech
High Speed Cascade Wind Tunnel. The wind
tunnel was a blowdown type. High speed steady
flow was maintained for a short time span by a
feedback control scheme. T he control of A VDR
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was achieved by using slotted sidewalls. The
slots were made in the rear part of the cascade
passages, and were open to the ambient for air
bleed. Choke plates of varying size were inserted
in the exhaust to change the static pressure in
the cascade, thus varying the rate of air bleed,
which in turn controlled the A VD R. T esting was
also conducted with solid sidew alls, which corre
sponded to the highest A VDR case at the same
inlet flow condition.

Figure 11 illustrates the cascade nomencla
ture used in this study. Cascade geometry is lis
ted in Table 1. The cascades were designed for
application to the hub-section of a stator in a
transonic fan stage with the pressure ratio being
about 1 8. As such, the cascades have a high so-
lidity and the blades are highly cambered. The
aggressive design condition is: Ma1= Q 87, a=
48 4° (corresponding to I= 0), DF= 0. 55, Re=
1. 5x 10°. Two blade profiles were used. The
baseline is a CDA while the other is an optimized
profile. 2D and 3D CFD solved steady Reynolds
Averaged Navier- Stokes ( RANS)

with matching theflow ‘conditions\in-the experr

equations;
ments. 2D CFD -offered' flow. calculations for

AVDR= 1 while 3D ‘simulated the flow through

the test section with solid sidewalls.

Ma,
A,

Fig. 11
Table 1 Cascade geometry

Cascade nomenclature

Paramet ers Value
Blade Chord (C) 86 mm
Aspect ratio (AR= L/ C) 1.77
Solidity (0= C/S) 2
Stagger Angle (V) 15
Camber Angle (9) 55
L. E. Circle Radius 1 mm

3.1 Effects of A VDR on performance

The effects of A VDR on losses are shown in
Fig. 12 at the design inlet Mach number and two
inlet flow angles. Both solid and slotted sidewall
test results are included in the plot. The lowest
AVDR data point of each blade was obtained
with the maximum sidewall air removal that
could be achieved, while the highest A VDR data
point corresponded to solid sidewall condition.
Although the same slot configuration and similar
air bleed rate were used in the experiments, the
values and effects of AVDR differed between
two cascades and flow angles. The baseline ex-
hibits the Normal A VDR Influence. The opti
mized blade has almost constant losses at one
flow angle and the Normal A VDR \Influence at
the other. The flat loss-trend \with variation of
A VDR was found on another optimized blade de-
sighed for the same condition®”. These results
indicate that-the-A VDR influence is coupled with
different blade-to-blade\ flow characteristics due
to different blade profile and inlet flow angle,
similar-to-the firidings of Ref[ 5]. It was found
that-thebaseline has severe boundary layer sepa-
ration while the optimized blade does not' . De-
spite the diversification of the A VDR influence,
relative evaluation of the two blades can be made
either by using solid sidewall test data or at the
same A VD R.
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P Ma,=087,0484° Ma,=0.87,a,=50.4°
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Fig. 12 Measured losses with variation of A VDRL%!

The dependency of A VDR on inlet flow an-
gle (incidence) became clearer when testing neg-
ative off design incidences. It was found that de-
creasing incidence from the design value, both
experiment and 3D CFD showed the decrease of
AVDR. At the incidence of — 4 (@ = 44 &),
AVDR was very close to unity with solid walls.



6 Bo Song, et al: T he role of AVDR in linear cascade testing 941

Apparently, slotted sidewall testing is unneces
sary in such a case. Recall this trend of A VDR
variation with incidence was also found on tramr
sonic turbine cascades as discussed earlier' ™
Since the obtained A VDR ranges were dif
ferent and did not reach unity, more efforts were
tried to lower AVDR. The sidewall slots were
lengthened to about 60% chord, i e., extended
more upstream compared to the original opening
of 37% chord. T his change failed to further de
crease A VDR. Flow visualization by attaching
tufts near the slots showed that air was drawn in
the blade passage at upstream locations and bled
out at downstream locations through the slots.
Recall that Starken'® had similar experience
with different slot configurations. Figure 13
shows solid sidewall test results of losses and
AVDR at different inlet Mach numbers at the
design incidence. 2D CFD predicted losses are at
so shown for comparison. EXP A VDR variation
is 1.03~ 1. 14 for the baseline blade and-1. 05~
1. 13 for the optimized blade. A VDR of-2D CFD
is unity. Although the tested and CFD-loss re
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Fig.13 Development of losses and A VDR with inlet

M ach number for solid sidewall test! !

sults are not in perfect agreement, both of them
exhibit basically the same loss vs. M a1 variation
trend. When M a1 reaches the critical value (Q 83
for the baseline and Q 93 for the optimized), los
ses rise up drastically, where A VDR drops
sharply. It was confirmed that boundary layer

separated when Mai was over the critical value.
These results indicate that flow characteristics
(separation) due to the blade profile and flow
condition mostly drive the losses and A VDR, in-
stead of vice versa. At the same inlet M ach num-
ber, AVDR of the two blades is close, allowing
relative evaluation of the two blades. Recall this
approach was used in Ref[ 12].
3.2 Blade surface Mach number
Figure 14 shows the experimental (with sol-

id sidewalls) and 2D CFD blade surface M ach
numbers at the design incidence for two inlet
Mach numbers. In general, both EXP and CFD
reflected the same variation of flow pattern/
blade loading with increasing inlet Mach num-
ber. The upshifting of EXP blade surface Mach
number agrees with the Normal A VDR Influ-
ence. At-Mai = 0. 75, the'optintized /blade has an
EXP A VDR (1. 07), closer to-unity, such that
EXP and 2-D-€FD_ are in good agreement, except
for a slight up shifting of EXP results aft of the
blade: T he same efféct of A VD R on blade surface
Mach-number was seen on another optimized
blade

It is seen that blade surface Mach number is
sensitive to the variation of A VDR. Even for a
case in which losses barely respond to the change
of A VDR, such as the optimized blade ( See Fig.
13, left graph), blade surface M ach number still
reflects the change of the flow. It is seen that
blade surface M ach number can serve as an ex-
cellent criterion to account for the A VDR effect
on the cascade flow. T he important role of blade
surface M ach number as a flow diagnostic tool in
cascade testing and turbomachinery development
was showcased by Weingold and Behlke'””

28]

and
Steinert et al.'
3.3 Mid span flow behavior

Strong three dimensionality of the cascade
flow for the two blades under solid sidew all con-
dition is exhibited by blade surface flow visual-
ization and 3D CFD simulation, as shown in Fig.
15. 2D and 3D CFD Mach number contours of
the two blades at the design condition are given

in Fig 16. The contours of 3D CFD are made for
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Fig. 14 Blade surface Mach number distribution! 29

the mid-span plane. Although significant flow
contraction was predicted by 3D CFD as-seen in
Fig. 15 while 2D CFD gave completely_twodr
mensional results, both 2D and 3D CED Mach
number contours—exhibit similar \flow_patterns
for each blade respectively. The essential flow
difference between the two blades was success
fully predicted by both 2D\and\3D €FD. The
baseline blade has a stronger passage shock and
suction surface boundary-layer separation while
the optimized blade has a stronger leading edge
shock and attached flow on the suction surface.
The quantitative discrepancy between 2D and 3D
CFD results is due to the AVDR Influence: for
3D case in which AVDR is greater than unity,
the passage shock shifts to a little more dowr
stream, the boundary layer is thinner, and the o
verall losses are lower.

Although the cascade flow with solid side
wall condition has significant flow contraction
cross the passage, the essential flow nature due
to 2D blade profiles, such as boundary layer be
havior and shock pattern are conserved in the
mid-span, where the measurements are taken.
This flow nature conservation in the midspan

makes relative evaluation of the two blades pos

[i{e’(‘l‘l'\l‘ flow separation

blm'hm\ flow,no \41»;”';1!10@

(a) EXP

Baseline Optimized

(b) 3- ln FD
Fig. 15 Blade suction surface flow visualizations!®
sible by solid sidew all testing. Similarly, prior re-
search has shown that even with sidewall effects

and the consequent overall flow contraction

(A VDR> 1 0),uniform flow could be still pres-



6 Bo Song, et al: T he role of AVDR in linear cascade testing 943

Baseline Optimized

2-D CFD

3-D CFD 3-D CFD

Fig. 16 CFD Mach number contours!?®!

ent in the mid-span flow tube. Two examples are
from Weber et al.'”" in a low turning transonic

30 . .
1% in a subsonic

compressor cascade and Cyrus
compressor cascade. It should be pointed out that
the A VDR influence does exist and cause the
quantitative discrepancy, as shown in Fig. 16. A-
gain, the necessity to control A VDR is dependent
on the test purpose. In this case, for relative e
valuation of the twoblades, solid wall testing is
acceptable. For a more accurate performance e
valuation or validation of 2D design, A VDR corr

trol is certainly desired.

4 Conclusions and recommendations

AVDR serves as ‘a helpful flow -parameter
that can be readily determined from measure
ments in linear cascade testing to account for the
deviation of the tested cascade flow from the ide
al 2D cascade model. Theoretically, A VDR is a
necessary but not sufficient condition for 2D cas
cade flow. The influence of A VDR on cascade
performance is complicated with many affecting
factors, such as those related to cascade/blade
geometry and flow conditions. The control of
AVDR by sidewall air removal improves twodr
mensionality but by no means it is an absolute
solution. T he outcome is coupled with the intrir
sic flow characteristics of the cascade and de
pendent on tunnel facility capability, test section
configuration, sidewall air removal procedure,
etc. The role of A VDR in cascade testing is case
dependent and should be properly appraised rela

tive to the test objective. There is no simple all-

purpose method or procedure to follow when
dealing with the A VDR issue in linear cascade
testing.

Despite the diversification of the issue in
question, as seen from previous studies and pub-
lished results, understanding is consolidated and
recommendations are provided as the following:

The normal A VDR influence is mostly en-
countered, i. e., with increasing A VDR, losses
decrease, blade surface Mach number increases
for subsonic/ transonic cascades but decreases for
supersonic cascades.

Blade surface Mach number is an excellent
flow diagnostic criterion to help evaluate the 2D
flow nature in addition to A VDR.

The A VDR issue is-not as critical in turbine
cascades as in compressor cascades.

It is~necessary to control’A VDR to obtain
good 2DAflow condition when eom paring test da-
ta to 2D design-Test\data with A VDR equal to
unity is required for|validating a 2D flow solver.
When comparing cascade test data obtained from
one tunnelfacility to another, more rigorous test
conditions with A VDR control need to be satis-
fied.

In addition to manipulating air removal,
high aspect ratio is encouraged to use for im-
proved 2D flow conditions if possible.

In the case that the tunnel facility does not have
enough AVDR control capability, solid sidew all tes-
ting could be acceptable based on the prerequisite
that the cascade flow nature due to blade profile was
conserved in the midspan. Additional flow diagnos-
tic measurements and/ or and CFD analysis can help
verify the prerequisite.

In some scenarios solid sidewall testing is
adequate without bothering about the A VDR
control, such as (I ) AVDR is close to unity al-
ready, e. g., possibly in the case of high aspect
ratio or negative incidence, ( II) relative per
formance evaluation of cascades if A VDR dif-
fered little from cascade to cascade, ( II) cascade
experiments for flow mechanism study, as solid
wall condition with A VDR greater than unity re-

flects realturbomachinery conditions.
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AVDR is an important piece of information in
linear cascade testing. It is encouraged to include
AVDR information in the test report or publication,

no matter what kind of sidewall is used.
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