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Experimental Investigation of Loading Effects
on Compressor Trailing-Edge Flowfields

Duane C. McCormick* and Robert W. Patersont
United Technologies Research Center, East Hartford, Connecticut 06108
and
Harris D. Weingold}
Pratt & Whitney, Commercial Engine Business, East Hartford, Connecticut 06108

This article describes an experimental investigation of the flowfield development in the trailing-edge region of
a simulated compressor airfoil having pressure-to-suction surface loading. The study represents a continuation
of an effort to study turbulent, separated airfoil trailing-edge flows. Previous experimentation had addressed
airfoil trailing-edge separation phenomena in the absence of pressure loading. The objective of the current study
was to explore the effects of loading and thereby to provide a more realistic simulation of the compressor airfoil

“flow environment. The present approach was to conduct a large-scale cascade simulation of the airfoil trailing-

edge flowfield for both a nominal design condition and a higher loading off-design condition. For the design
condition, the airfoil boundary layers separated on the blunt trailing edge. For the off-design condition,
separation occurred on the suction surface upstream of the trailing edge. A principal result of the study was that
pressure loading was found to alter the trailing-edge time mean velocity field from that observed in the previous
unloaded airfoil experiment. The relative base pressure for the nominal design condition was unaltered from the
unloaded experiment but significantly lower for the off-design condition. Increased loading was found to induce
greater cascade exit flow deviation from the exit metal angle, thus, reducing the relative cascade flow turning.
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Nomenclature

C, = pressure coefficient, (P — Prer)/ Qrer

C,. = pressure coefficient for trailing-edge region,
(P —P ex)/ Qex

H = shape factor

P = static pressure

P, =reference, cascade-inlet total pressure

Q = dynamic head, (P, —P)

s = surface coordinate measured from trailing edge

t = trailing-edge thickness

x = coordinate parallel to exit camber line

y = coordinate normal to exit camber line

¥u = boundary-layer coordinate normal to surface

6* = displacement thickness

# = momentum thickness
¥ = stream function
Subscripts

ref = reference, cascade-inlet condition
ex = cascade-exit condition

Introduction

HE overall research problem addressed in this study was
turbulent boundary layer separation in the trailing-edge
region of compressor airfoils. Because of the thick, blunt trail-
ing-edge geometries for structural and durability reasons, sur-
face curvature-induced separation invariably occurs in this re-
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gion at design conditions. Under higher loading conditions
associated with off-design operation, the suction surface sepa-
ration location moves forward, resulting in a larger spatial
extent of the separated flow region.

One undesirable consequence of trailing-edge separation is
failure to recover total pressure at a rearward stagnation point.
Hence, separation results in a depressed base pressure and a
drag contribution, which can be an appreciable portion of the
overall drag for an otherwise well-designed airfoil. A second
undesirable consequence is that separation decreases flow
turning, thereby, reducing airfoil lift. In more extreme loading
situations, the suction surface separation can move forward
from the trailing edge, resulting in stall and catastrophic loss
of lift.

The cascade study of Hobbs et al.! and the unloaded blunt-
based airfoil study of Paterson and Weingold? are examples of
previous experimental programs directed toward improving
understanding of the compressor airfoil trailing-edge separa-
tion phenomenon. The compressor cascade study of Hobbs et
al.! provided information on overall trailing-edge flow charac-
teristics. Because of the small scale of the experiment, the
detailed definition of the separated flow region required for
code assessment and development efforts was not provided.
This lack of resolution led to a previously reported experiment?
in which a large-scale airfoil model was used to provide de-
tailed information regarding trailing-edge pressure distribu-
tions, velocity fields, and unsteady flow (vortex shedding)
characteristics. The focus of that study was a test condition
where the effect of turbulent boundary layer to trailing-edge
thickness ratio could be explored without the presence of pres-
sure loading effects. The test conditions were near equilibrium
boundary layers in the one to two trailing-edge thickness
range, typical of supercritical compressor airfoils, with a zero
pressure gradient freestream boundary condition. The study
produced the desired detailed flowfield information and iden-
tified vortex shedding as an important flow feature. It was
further found that unsymmetric boundary layers with a rela-
tive thickness ratio of 1.8 (in displacement, momentum, and
boundary-layer thickness), but similar shape factors, had a
negligible influence on the flowfield.
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Fig. 1 Schematic of curved-plate cascade simulation.

The overall goal of the present effort was to extend the
previous research to include realistic trailing-edge loading con-
ditions, thereby including the remaining major effect expected
to influence separation characteristics. The approach was to
conduct a large-scale cascade simulation using contoured wind
tunnel walls to simulate midgap streamlines. The pressure dis-
tribution was designed to simulate that which would be ob-
tained in a controlled diffusion airfoil (CDA) cascade. CDA
refers to a supercritical compressor airfoil design described by
Hobbs and Weingold.? Two compressor operating conditions
were investigated. The first, termed the low loading case, ad-
dressed on-design operation where separation occurs on the
trailing-edge circle. The second, high loading case was con-
cerned with off-design operation, where the separation region
expands to include a portion of the suction surface just up-
stream of the trailing edge.

Experimental Description
Approach
As in the previous study,? a large-scale plate of constant
thickness was used to simulate the compressor airfoil. The
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scale of the experiment (trailing-edge diameter of 2.54 cm) was
set by the need to acquire a detailed definition of the velocity
and pressure fields in the vicinity of the trailing edge. The
length of the plate was selected to provide ratios of turbulent
boundary-layer thickness to trailing-edge thickness representa-
tive of actual scale applications. Typical boundary-layer char-
acteristics for supercritical airfoils are given by the Build I
cascade data reported by Hobbs et al.! At a position 0.03
chord upstream of the trailing edge, ratios of pressure surface
and suction surface momentum thickness to trailing-edge di-
ameter were 0.09 and 0.26, respectively. To achieve relative
thickness in this range, a plate length on the order of 2 m was
required. A curved plate contained within a contoured wind
tunnel duct was used to generate pressure gradient histories
typical of a CDA cascade. The contoured wind tunnel walls
represent the midgap streamlines corrected for boundary-layer
growth. Relative to flow conditions, the approach was to con-
duct the experiment at a low subsonic Mach number in a
two-dimensional flow environment. Modeling of compress-
ibility effects was not considered to be of first order impor-
tance.

The pressure distribution of the CDA cascade B, one of
eight CDA cascades described by Hobbs and Weingold,? was
selected for use in the present study. This design is typical of
that employed in the rotor tip region of a compressor middle
stage. Translation of this design into a wind tunnel configura-
tion is given by McCormick et al.*> Figure 1 shows the rela-
tionship of the original airfoil and cascade arrangement
(dashed lines) to the curved-plate simulation.

Wind Tunnel Arrangement

The experiment was conducted in the United Technologies
Research Center (UTRC) Boundary-Layer Wind Tunnel with
a cascade simulation test section. The wind tunnel is a low-
speed, closed-looped, low turbulence (0.25%) design. A side-
view schematic diagram of the facility with the cascade simula-
tion test section is shown in Fig. 2.

The wind tunnel blower is located upstream of the settling
chamber. Perforated plates, honeycomb, and screens are used
in the chamber to provide uniform, low turbulence flow.
Downstream of the flow conditioning, the flow is accelerated
through a 2:1 contraction. The initial portion of the test sec-
tion is a straight duct with cross-sectional dimensions of 79-cm
span and 42-cm height. The upstream, flat plate portion of the
model is mounted in this duct (see Fig. 3). The straight duct is
followed by flexible polypropylene walls, which represent the
displaced (boundary layer corrected) midgap streamlines. The
midgap streamlines terminate at the downstream dump region.
The flow is then ducted into the submicron filter system and
heat exchanger section of the return loop.
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Fig.2 Wind-tunnel arrangement.
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Fig. 4 Detail of trailing-edge geometry.

For the high loading case, the large transverse pressure gra-
dient (caused by turning) interacted strongly with the corner
boundary layers, giving rise to corner vortex structures that
deteriorated the two dimensionality of the wind tunnel. This
problem is typical of cascade facilities and is usually solved by
corner bleed on the suction surface.® The same method was
used here to correct the problem.

Airfoil Description

The model consists of two basic sections, the upstream flat
plate section and the downstream turning section as shown in
Fig. 3. Both sections are of aluminum rib construction with
aluminum skin. The thickness is ¢bnstant at 2.54 cm. The
leading edge shape of the flat plate section is a 4 to 1 ellipse.
The distance from the leading edge to the end of the flat plate
section is 119 cm for both loading cases. The turning or load-
ing section of the model is a circular arc of 173 cm mean
radius. The low loading case has a 20-deg arc and the high
loading case has a 30-deg arc. The shape of the trailing edge is
a half circle of radius 1.27 cm and is tangent to the end of the
turning section as shown in Fig. 4. To avoid three-dimensional
transition, the model boundary layers were tripped on the flat
plate section, 15.2 cm downstream of the leading edge. The
trip was 0.38 mm thick and of the Hama type.” This thickness
was designed to be 80% of the estimated displacement thick-
ness to provide an efficient trip. The model coordinate system
(x,y) has its origin located at the trailing edge with the x axis
parallel to the exit mean camber line as shown in Fig. 4. The
surface coordinate s is measured from the trailing-edge center-
line and is used to report the surface pressure data.

Reference Conditions

The experiment was performed at constant Reynolds num-
bers of 2.6 105 and 3.0x 10° for the low and high loading
cases, respectively. This Reynolds number is based on the inlet
velocity and the airfoil chord. The inlet or reference conditions
of the wind tunnel were monitored upstream (9 model thick-
nesses) of the leading edge in the straight duct as shown in Fig.
3. The inlet velocity was nominally 24.0 m/s.

For the most part, the conditions measured at this location
are used as the reference quantities for normalizing data ac-
quired in the trailing-edge vicinity. The inlet velocity is desig-
nated U, and is used to normalize the velocities for the hot
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film and laser Doppler velocimetry (LDV) surveys. The inlet
pressures are designated Py (reference static) and Qs (refer-
ence dynamic head) and are used (except where noted) to com-
pute the surface pressure coefficients.

Instrumentation

The LDV equipment was a Thermal Systems Inc. (TSI)
9100-7, four beam, two color system (two velocity compo-
nents). A counter-type processor was used to analyze the
Doppler signal. The seed material was 1.07 um polymer micro-
spheres with a specific gravity of 1.05. The seed was mixed
with alcohol and injected upstream of the wind tunnel contrac-
tion with a Wright jet baffle atomizer. The alcohol, after
injection into the stream, would quickly evaporate leaving
only the seed material. The worst case uncertainty (random
and bias) in the mean velocity value was calculated to be +2%
of the reference (cascade inlet) velocity.*

The hot film anemometry equipment was a TSI model 1050
general purpose unit operated in the constant temperature
mode. The probe diameter and length was 0.05 and 1 mm,
respectively, which was run at an overheat ratio of 1.5. The
uncertainty in the hot film was estimated to be +3.5% of the
reference velocity.*

Surface static pressures were measured with a Pressure Sys-
tems Inc. (PSI) model 780B/T pressure scanner. The uncer-
tainty in the pressure coefficients was calculated to be
8C, = £0.008 and 6C,,, = £0.020.*

Results
Static Pressure Distributions

Surface pressure distributions for the low and high loading
cases are shown in Fig. 5 in terms of the pressure coefficient.
The pressure coefficient C, is based on the reference (inlet)
conditions and is plotted vs the surface coordinate s/¢ mea-
sured from the trailing edge. The open symbols are for the low
loading case, and the closed are for the high loading case. For
reference purposes, sketches of the low and high loading
model geometries are given below the figure. Note the overall
length of the high loading case is longer due to the larger
turning arc.

As is evident by the area between the suction and pressure
surface distributions, the lift is larger for the high loading case.
The main difference between the low and high loading cases
(besides the overall loading) is the way in which the suction
surface distribution approaches the trailing edge. For the high
loading, the pressure distribution becomes flat over the last
4-5 trailing-edge thicknesses. This constant pressure is indica-
tive of boundary-layer separation. Flow visualization also con-

OPEN SYMBOLS — LOW LOADING
5 CLOSED SYMBOLS — HIGH LOADING

LOW LOADING

HIGH LOADING

Fig. 5 Overall surface pressure distributions.
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firmed this observation (and the location is shown in the fig-
ure). Thus the adverse pressure gradient on the suction surface
is sufficient to separate the boundary layer.

In order to compare the trailing-edge pressure distributions
among the two loading cases and the unloaded case of Pater-
son and Weingold,?2 it is necessary to scale the surface pressures
in a different manner. Cascade-exit static pressure is a suitable
pressure reference for the current study and can be considered
to correspond to the constant freestream static pressure refer-
ence used in the previous unloaded study. Using cascade-exit
static pressure as a reference, the trailing-edge pressure coeffi-
cient C,, is defined as and related to C, by

P_Pex re:
——-—-—-—( O )=1+%(Cp—l)

The dynamic head ratio Qe;/Qex is 1.333 and 1.754 for the low
and high loading cases, respectively.

Surface pressure data over the last eight thicknesses are
shown in Fig. 6a and the last two thicknesses in Fig. 6b in terms

Cpte =
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of the above described trailing-edge scaling. In addition to the
two loading cases of the current experiment, the unloaded case
of Paterson and Weingold? is also shown. As indicated, the
trailing-edge surface extends over the region s/t <w/4. Also,
pressure and suction surface separation locations are indicated
by arrows labeled ‘‘Press. Sep.”’ and ‘‘Suct. Sep.,”” respec-
tively, as determined by surface flow visualization.

Low Loading

For the low loading case, the pressure surface distribution
(open squares) over the last 87 is characterized by decreasing
pressure from a value above the cascade-exit pressure to a local
minimum on the trailing-edge circle. On the trailing-edge cir-
cle, the pressure quickly rises (with a slight overshoot) to the
base pressure value (—0.2). The angular location on the trail-
ing-edge circle of the local minimum pressure is approximately
8.5 deg measured from the pressure surface/trailing-edge cir-
cle interface. Flow visualization indicated boundary-layer sep-
aration occurred at a 17-deg location (as shown in the figures).
Based on these observations, the local minimum is due to the
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Fig. 6 Trailing-edge surface static pressure distributions.
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Fig.7 Surface flow visualization, low loading.
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local turning (expansion) on the trailing-edge circle. When the
pressure begins to rise (to match the trailing-edge pressure), the
adverse gradient quickly separates the boundary layer.

The suction surface pressure distribution is characterized by
a relatively slow, monotonic pressure rise to the trailing-edge
value. Flow visualization indicated the suction surface
boundary layer separated at an angular location of 18 deg on
the trailing-edge circle. Since the distribution displays no ap-
preciable changes in the vicinity of 18 deg, it appears that no
significant local turning has occurred.

High Loading

The high loading case is characterized by several notable
differences relative to the low loading case. Most obvious is the
lower base pressure value (— 0.32). The suction surface distri-
bution (solid circles) is nearly flat over the last 5 trailing-edge
thicknesses due to the separation upstream of the trailing edge
having a value equal to the base pressure value. The pressure
surface distribution (solid squares), upstream of 6¢, is the
same as the low loading case. Near the trailing edge, the pres-
sure begins to drop more rapidly to the lower base pressure
value.

If this trailing-edge scaling is relevant, then presumably dif-
ferent loading cases for which the suction boundary layer re-
mains attached up the trailing edge would collapse to the cur-
rent low loading case distribution. Thus, it is speculated that
the lower base pressure value for the high loading case is due
to loss in pressure recovery on the suction surface from the
premature boundary layer separation. A simplified view of
this complex interaction process is that the amount of suction
surface pressure recovery determines the base pressure value
and the pressure surface flow accelerates to this value.

Unloaded Case

The unloaded case studied by Paterson and Weingold? is
compared with the current data in Figs. 6. Their experimental
model was a flat plate terminated with the same trailing-edge
geometry. Wind tunnel speeds and scales (trailing-edge size
and boundary-layer thicknesses) were similar to the current
experiment. The boundary conditions on the model were con-
stant freestream velocity upstream and downstream of the
trailing edge. Thus this experiment isolated the effects of the
trailing edge from overall turning effects.

The unloaded case is shown as the dashed line in the figures.
Since this case was symmetrical, the dashed line represents
both the upper and lower surfaces. As shown in Fig. 6a, the
pressure at s/¢ =8 is the (constant) freestream value. Down-
stream of this point the effects of the trailing edge begin to
lower the pressure below this value. That is, the local inviscid
flow begins to accelerate. Over the last trailing-edge thickness
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Fig. 8 Boundary layers upstream of the trailing edge, low loading.
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Table 1 Upstream boundary-layer characteristics

Low loading

Pressure surface Suction surface
x/t &%/t 0/t H x/t 8*/t 0/t

~8.75 0.676 0.394 1.67 -9.10 0.108 0.068 1.58
-090 0.216 0.166 1.31 —-1.00 0.344 0.199 1.77

High loading

Pressure surface Suction surface
x/t 8%/t 8/t H x/t 8%/t 0/t H

-8.15 0493 0.330 1.50 -940 '0.443 0.225 1.97

.~ L00 0.253 0.204 1.24 -4.85 0813 0.296 2.75

— R _— — =075 1.200 0.327 3.24

(s/t <1.25), the distribution is remarkably similar to the low
loading pressure surface distribution (see Fig. 6b). The base
pressure values for the unloaded and low loading cases are
identical.

In the unloaded flat plate study and cylinder studies (for
example, see Roshko®), it has been shown that suppression of
vortex shedding by insertion of a wake splitter plate raises base
pressure significantly. Thus, trailing-edge separation con-
tributes to low base pressure first by preventing recovery of
pressure at a rear stagnation point and second by producing
free shear layers, which roll-up into a vortex street. The good
agreement between low loading and unloaded case base pres-
sures suggests (and is indeed the case) separation locations and
vortex shedding characteristics are similar. The further depres-
sion in base pressure for the high loading configuration ap-
pears to be due to failure of the suction surface flow to turn
toward the trailing-edge centerline and to recover pressure due
to upstream separation.

Flow Visualization

Flow visualization was used to define the two dimensional-
ity of the flow and the location of separation lines. The main
technique used in this experiment was an ammonia/reactor
method for surface flow visualization. An example result is
shown in Fig. 7, which is an ‘““unwrapped’’ view of the pres-
sure, trail-edge, and suction surfaces. Dark streaks represent
attached flow. The flow on the pressure surface is observed to
be two dimensional over nearly the entire span of the model.
On the suction surface, there is a noticeable migration of the
flow towards the center of the span due to corner boundary-
layer interaction with the cascade pressure gradients. Such
migration is typical of experimental cascades where corner
suction is usually applied to reduce the interaction.® For this
case, no corner suction was applied since the flow was two
dimensional over 65% of the span. For both surfaces, the flow
was found to separate on the trailing-edge circle at approx-
imately an 18-deg angular location (measured from the pres-
sure or suction surface/trailing-edge interface). It is presumed
that separation points are unsteady due to the vortex shedding
and lack of a salient edge. The pressure surface separation line
was noticeably more defined than the suction surface (i.e., the
pressure surface trace ended more abruptly). Therefore, the
suction surface separation line appears to be more unsteady
relative to the pressure surface separation.

The flow on the pressure surface for the high loading case
was observed to be two dimensional over nearly the entire
span. The separation was very similar to the low loading case.
The flow appeared to negotiate the trailing-edge circle slightly
further to a 19-20-deg angular location. For the suction sur-
face, it was necessary to apply corner suction to achieve two-
dimensional flow. The flow was observed to separate 5-6 trail-
ing-edge thicknesses upstream of the trailing edge. The
separation line, however, was not clearly defined and thus
intermittent in nature. Smoke flow visualization with strobo-
scopic photograph confirmed this intermittent behavior. The
strobe frequency was varied close to the fundamental shedding
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frequency in an attempt to beat with any periodic motions.
Since no periodic structure was observed, it is concluded that
the intermittent separation is random in nature and not driven
by the vortex shedding.

Intermittent suction surface separation has been observed in
a double circular arc airfoil cascade.® Intermittent separation
of the turbulent boundary layers on flat plate test surfaces
caused by imposed adverse pressure gradients has also been
studied by Patrick,!® among others. Such intermittency ap-
pears to be a characteristic of separation from surfaces having
low surface curvature. On the trailing-edge circle, the high
curvature fosters separation at an approximately fixed loca-
tion.

Boundary Layers Upstream of Trailing Edge

The boundary layers approaching the trailing edge on the
suction and pressure surface were defined in detail with hot
film anemometry. Boundary-layer characteristics were mea-
sured 8-9 trailing-edge thicknesses upstream of the trailing
edge where surface static pressures indicated trailing-edge ef-
fects were small. Also, profiles were defined just upstream of
the trailing edge to provide information on boundary-layer
development under the influence of the freestream pressure
gradients and to define the boundary-layer characteristics just
upstream of the trailing edge. The characteristics of boundary
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layers just upstream of the trailing edge were found to have a
strong effect on the flow downstream of the trailing edge.

Table 1 gives a listing of the boundary-layer characteristics
in terms of displacement and momentum thickness and shape
factor (note the approximate surface coordinate s/¢ can be
found by adding 0.29 to the absolute value of x/7).

Figure 8 shows the boundary layers upstream of the trailing
edge for the low loading case. The pressure surface boundary
layer is nominally 1.8¢ thick over the last 10 trailing-edge thick-
nesses. The upstream profile has a relatively large shape factor
(1.7) due to the adverse pressure gradient history (see Fig. 5,
s/t >10). From the upstream survey location to the trailing
edge, the flow accelerates to meet the trailing-edge condition.
In response to the favorable pressure gradient, the shape factor
decreases to 1.3, indicating a healthier boundary layer. The
boundary layer on the suction surface over the last 10 trailing-
edge thicknesses was somewhat thinner in boundary-layer
thickness at 1.37-1.5¢. Note that both surveys are in the decel-
erating (adverse pressure gradient) portion of the suction sur-
face (Fig. S, s/t <10). Over this region the shape factor in-
creases from a relatively high value of 1.6 to a higher value of
1.8, indicative of a boundary layer approaching separation. In
terms of the ratio of momentum thickness to trailing-edge
thickness, the pressure and suction surface values at x/¢t = — 1
were 0.166 and 0.194, respectively. These values are close to
the unloaded case? values (0.1-0.17) and within the Build I
(CDA) cascade range! (0.09-0.26).

The high loading profiles on the pressure surface were qual-
itatively very similar to the low loading profiles, but somewhat
thicker at 2.3¢. As seen in the table, the pressure surface data
are consistent with the low loading results. For the suction
surface boundary layers, an intermediate profile was taken at
x/t=—4.9 to detail the rapid growth of the boundary layer.
The corresponding pressure gradient, shown in Fig. 5 (s/¢
< 10), displays decelerating flow followed by a constant pres-
sure region indicative of boundary-layer separation. The
growth of the boundary-layer thickness over the last nine trail-
ing-edge thicknesses is from approximately 1.5¢ to 2.7¢. This
growth rate is five times the rate for the low loading case. The
shape factor starts at a very high value of 2.0 and increases to
3.2, indicative of boundary-layer separation. This behavior is
consistent with flow visualization, which showed that an un-
steady (intermittent) flow separation existed over the last 5-6
trailing-edge thicknesses.

In summary, hot film measurements taken upstream of the
trailing edge showed boundary-layer characteristics consistent
with the imposed pressure gradient histories. Momentum
thickness to trailing-edge thickness ratios were in the range
typical of CDA cascades used in full scale applications.

Vortex Shedding

Vortex shedding from the model trailing edge was present
for both the low and high loading cases as indicated by hot film
autospectral density functions taken in the wake. Results are
generally similar to the previous unloaded experiment (flat
plate with the same trailing-edge geometry) of Paterson and
Weingold.? Unlike their results, however, histograms of the
transverse velocity component in the current experiment did
not show double peaked characteristics.*

For both loading cases, the spectral distributions indicated a
discrete frequency in the wake corresponding to the funda-
mental shedding frequency. The low loading frequency was
130 Hz, whereas the high loading frequency was 60 Hz. At the
wake edge, where the broadband random signal is small, it is
evident that the ‘‘discrete’’ frequency is quite wide and is thus
actually a narrow-band random signal. This suggests the shed-
ding frequency modulates, presumably due to random varia-
tions of the inlet boundary layers.

To correlate the shedding frequencies of the different cases,
the Strouhal number St =f{/U was calculated. Here, fis the
vortex shedding frequency, £is the characteristic length, and U
is the average freestream velocity in the trailing-edge region.
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Using the trailing-edge thickness as the characteristic length
gives values of 0.16 and 0.08 for the low and high loading
cases, respectively. However, using a characteristic length
based on the trailing-edge thickness plus the boundary-layer
displacement thicknesses (pressure and suction), calculated
just upstream of the trailing edge, yields Strouhal numbers of
0.23 and 0.19. These values are more typical of bluff body
shedding. For the unloaded case, the Strouhal number (with

displacement thicknesses added) was 0.22, which is in good °

agreement with the current results.

Flowfield Downstream of Trailing Edge

Vector representation of the LDV velocity data is shown in
Fig. 9 for the low loading case. A detail of the near trailing-
edge region is shown in Fig. 10. Separation locations on the
model, derived from surface flow visualization, are indicated
in the figures. Each vector represents the estimated time mean
magnitude and flow direction of the velocity. The unit length
of the vector relative to the reference velocity (U, inlet veloc-
ity) is shown in the figures. The numbers in the figures indicate
the freestream pressure coefficients C,, estimated by the ve-
locity data at the edges of the surveys. For this scaling a value
of zero corresponds to a value equal to the cascade-exit veloc-
ity.

Asillustrated in the overall view, Fig. 9, the boundary layers
and freestream flow approaching the trailing edge are clearly
attached and in the general direction of the surface. The pres-
sure surface boundary layer is observed to be more full and
healthier than that of the suction surface due to the opposite
pressure gradient histories upstream of the trailing edge. The
differences in the velocity profiles are quantified by the shape
factors described earlier. The hot films surveys just upstream
of the trailing edge give shape factor values of 1.77 for the
suction surface and 1.31 for the pressure surface. This differ-
ence in velocity profiles (shape factor) causes a corresponding
larger velocity gradient through the shear layer on the pressure
side of the wake.

As observed in Fig. 9, the entire flowfield (excluding the
immediate wake region) shows a general downward velocity
component. Outside the wake, the flow angle on the pressure
side is nearly constant at 6 deg from the trailing-edge metal
angle. For the suction side, the flow angle is nearly constant at
4 deg from the metal angle. It is not evident what amount of
the flow deviation is due to viscous effects since the kutta
condition for a blunt-based airfoil is not well defined.

Downstream of the trailing edge, the flow from both sides
generally turns inwards, filling in the wake behind the trailing
edge. From Fig. 10 it is clear that the flow from the pressure
surface turns more into the wake than the suction surface flow.
This greater turning is most likely due to the larger velocity
gradient on the pressure side shear layer. The probable mech-
anism is increased fluid entrainment by the pressure side shear
layer, which locally reduces the static pressure on the low
velocity side of the shear layer and induces it to turn more into
the wake. This increased pressure side turning induces the
outer flow on the pressure side to deviate further from the
metal angle (6 deg compared to 4 deg for the suction side).

Note that a significant normal pressure gradient does not
exist in the immediate inviscid region downstream of the trail-
ing edge, as shown in Fig. 10 by the freestream pressure coef-
ficient values. Based on these observations, it is concluded that
the inviscid normal pressure gradient does not play arole in the
increased pressure side turning into the wake.

In the wake downstream of the trailing edge, a separation
bubble with two recirculation regions is present (at least in the
time mean sense) as shown in the detailed vector plot of
Fig. 10. The axial extent of the separation bubble is about
1.5¢. The two recirculations appear to be asymmetric. This
asymmetry is brought out in the streamline analysis discussed
subsequently. The unloaded case? indicated a time mean sepa-
ration bubble with two symmetric recirculations; however, the
bubble was shorter in the axial extent, closure occurring at
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0.8¢. Also note in the figure, the first surveys downstream of
the separation points do not show reversed flow since the
separation is very thin relative to the LDV spatial resolution.

Corresponding presentation of the LDV data for the high
loading case is given in McCormick et al.*’ and is summarized
here. The downstream extent of the reversed flow was ob-
served to increase to 3.37. Substantially more turning by the
pressure side flow into the wake (compared to the low loading
case) occurred. This increase in flow turning is attributed to
the relatively weaker suction surface boundary layer, which
induces greater pressure side flow turning by entrainment.

The separated flow region on the suction surface (high load-
ing), as discussed previously, was intermittent in nature. This
unsteadiness lead to a significant individual realization bias in
the LDV data in this region. The bias occurred since a dispro-
portionate number of realizations were from the high seed
density ‘‘bursts’® of downstream flow compared to the low
seed density of the reversed flow.

The streamline pattern calculated from the LDV data is
shown in Fig. 11 for the low loading case. It is the simplest
method of categorizing the wake structure; however, as
pointed out by Paterson,? the transverse flow in the wake
centerline resides at the local mean value only a small fraction
of the time due to the presence of vortex shedding. Thus cau-
tion should be exercised when interpreting the mean patterns.
The ¢ =0 streamline (body value), which originates from the
pressure side of the trailing edge, represents the ‘‘dividing
streamline,’’ which separates the time mean flow of the pres-
sure surface from the flow of the suction surface. A second
¥ =0 streamline originates on the suction side and terminates
on the trailing edge circle and thus forms a closed recirculation
bubble attached to the trailing edge. Disagreement between the
origins of the y =0 streamlines and the separation locations
shown in Fig. 11 is due to lack of high resolution LDV data
near the trailing-edge surface. A more negative stream func-
tion value, say —0.02, defines a closed recirculation region
located downstream of the trailing edge and a suction surface
streamline that extends from negative to plus infinity. A
streamline having an intermediate value of —0.013 extends
from negative infinity on the suction side, turns upstream
between the ¥ =0 and ¥ = — 0.02 recirculations and then turns
downstream. Thus, in the mean, the flow from the suction side
flows upstream to the pressure side of the trailing edge.

To explore this unusual streamline pattern, first consider
the steady, symmetric case. Here, two ¢ = 0 streamlines lift off
the surface at the boundary-layer separation locations, enclose
two symmetrical recirculation regions, and join downstream
at a closure point. From the closure point, two ¢ =0 stream-
lines emerge, one that extends to downstream infinity and
another that extends upstream and stagnates at the trailing
edge. For this situation the two recirculations are closed and
attached to the trailing edge, with no flow from the pressure
and suction sides entering the region.

One interpretation of the flow pattern in Fig. 11 is that the
strong pressure surface shear layer sets up a correspondingly
strong clockwise recirculation region (¥ = —0.02), which en-
trains near stagnant suction side fluid. This could cause the
Y= —0.013 streamline to reverse and then proceed down-
stream between the dividing streamline and the Y= —0.02
bubble.

It is noted that this streamline pattern bears a remarkable
resemblance to the trailing-edge flow field predicted by
Smith!! for laminar, steady separations from sharp trailing
edge air foil geometries. Smith’s ‘‘moderate asymmetry’’ case
showed one attached (suction side) and one off-body recircula-
tion (pressure side) with suction surface flow moving upstream
before turning downstream and passing over the top of the
off-body recirculation. A recent Navier-Stokes analysis by
Davis et al.!? of the CDA cascade geometry has also displayed
this flow pattern for a negative incidence angle with suction
surface separation. Close inspection of the trailing edge region
reveals that the suction .surface recirculation is attached,
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Fig. 12 Displacement thickness relative to trailing edge and dividing
streamline.

bounded by the body stream function value and the pressure
side recirculation is off-body, entraining suction side fluid.
The displacement and momentum thickness (6* and 0, re-
spectively) were calculated from the LDV and hot film data
upstream and downstream of the trailing edge using standard
incompressible flow definitions. Upstream of the trailing edge,
the integration was from the surface to the freestream. Down-
stream of the trailing edge, integration was from the dividing
streamline to the local freestream. The normalizing velocity
for the integration was the local freestream value and the
integration line was normal to the trailing-edge metal angle.
At the top of Fig. 12 the displacement thickness distribution
around the model and downstream of the trailing edge is
shown for the low loading case. Upstream of the trailing edge,
the displacement thickness decreases along the pressure sur-
face and increases along the suction surface. This difference is
due to the opposite pressure gradients acting on the respective
boundary layers. Downstream of the trailing edge, the dis-
placement surfaces converge for 3 trailing-edge thicknesses
before becoming nearly parallel with a 0.7¢-0.8¢ separation.
Convergence is due to flow filling the wake. The dividing
streamline is observed to undergo a rapid change between the
two displacement surfaces over the first two trailing-edge
thicknesses. Initially, the streamline is close to the pressure side
displacement surface, then it deviates toward the suction side
displacement surface before becoming essentially parallel with
the pressure side. The rapid change in this streamline is be-
lieved to be due to pressure side flow, at the expense of its own
momentum, energizing the suction side. That is, by turbulent
and vortex mixing, slower fluid elements on the suction side
are exchanged with faster elements on the pressure side. Thus
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in order to maintain the same mass flow between the displace-
ment surfaces and the dividing streamline, the dividing stream-
line must migrate towards the suction side.

The high loading case, shown at the bottom of Fig. 12,
illustrates the dramatic growth of the suction surface separated
boundary layer. The suction surface displacement thickness at
the trailing edge is more than 120% of the trailing-edge thick-
ness (compared to 34% for the low loading case). The pressure
surface displacement thickness is very similar to the low load-
ing case. Downstream of the trailing edge, the displacement
surfaces began to converge at a rate much slower than for low
loading. The displacement surfaces are still converging at the
end of the measurement domain and approaching an asymp-
totic value around 1.3 (nearly double that of the low loading
case). The dividing streamline, similar to the low loading case,
migrates significantly from the pressure side to the suction side
but over a longer axial distance (roughly 3¢ for low loading and
6¢ for high loading).

For low loading, the effective airfoil shape is a mildly ta-
pered extension of the airfoil similar to CDA wake of Hobbs.!
The displacement surfaces deviate from the metal angle as the
flow migrates to the cascade-exit angle. The dividing stream-
line deviates from the metal angle by 6 deg. For high loading,
the effective airfoil shape is dramatically different. The dis-
placement region is much larger and in this case, the asymp-
totic direction of the dividing streamline deviates from the
metal angle by 15 deg. The effect of the upstream suction
surface separation on the relative flow turning is evident in the
figure. The suction surface separation causes an additional 9
deg of flow deviation (using the dividing streamlines as an
estimate of the cascade-exit angle).

The momentum thickness distribution for the low loading
case is shown at the top of Fig. 13 in terms of normalized
momentum thickness potted vs normalized axial distance. Hot
film data are displayed as squares. The pressure surface mo-
mentum thickness is seen to decrease toward the trailing edge
as the suction surface momentum thickness increases. This
behavior is related to the pressure gradient history (in the same
manner as displacement thickness). Downstream of the trail-
ing edge, the total momentum thickness (suction plus pressure
side) shows a rapid increase for 2-3 trailing-edge thicknesses to
a value 6/¢ =0.52. This region also corresponds to the area of
rapid downward displacement of the dividing streamline. This
displacement reflects energization of the suction side flow by
the pressure side, and, from the momentum thickness data, it
can be inferred that significant total pressure loss (mixing loss)
occurs during this process. )

The high loading momentum thickness data, given at the
bottom of Fig. 13, shows similar trends as the low loading
case. The pressure surface distribution is observed to be nearly
the same as the low loading case (as was the displacement
thickness). The suction side momentum thickness grows to
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Fig. 13 Momentum thickness distribution.
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twice the value of the low loading. Downstream of the trailing
edge, the momentum thickness increases rapidly for 6-7 trail-
ing-edge thicknesses to a value 8/¢ =0.9 (75% greater than for
low loading). This region of increasing momentum thickness,
as in the low loading case, is coincident with the region of
dividing streamline migration.

Conclusions

The overall problem addressed in the current study was flow
separation in the trailing-edge region of compressor airfoils.
The specific focus of the study was to delineate the effects of
pressure loading, thereby providing physical insight as well as
experimental data of use to code development efforts. The
study showed that loading effects were significant and need to
be considered in the numerical modeling of the trailing-edge
separated flowfield.

The primary effect of loading is concluded to be its influ-
ence, through different pressure and suction surface pressure
gradient histories, on the strengths of the boundary layers
approaching the trailing edge and the strengths of the resultant
shear layers emanating from the separation locations. For the
low loading case, the shape factors upstream of the trailing
edge were 1.31 and 1.77 for the pressure and suction surfaces,
respectively. This shape factor difference was not sufficient to
alter separation locations on the trailing edge and base pres-
sure from the unloaded case. However, this difference was
sufficient to cause increased pressure side shear layer turning
into the wake (by entrainment). This results in increased flow
deviation from the trailing-edge metal angle and thus reduces
airfoil circulation.

For the high loading case, the suction surface separation
location was altered by the weak boundary layer strength,
resulting in intermittent suction surface separation and base
pressure depression. The large difference in the shape factors
(1.24 on the pressure surface and 3.24 on the suction surface)
caused much greater pressure side flow turning into the wake.
Together with the streamline displacement created by the suc-
tion surface separation, this dramatically increased the flow
deviation from the metal angle. )

Based on these findings, incremental increases in airfoil
turning from the low loading case to the high loading case will
probably result in a gradual increase in flow deviation from the
trailing-edge metal angle. This increasing deviation is primar-
ily due to an increasingly larger shape factor difference be-
tween the suction and pressure surface boundary layers.
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