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ROTORDYNAMIC FORCES DUE TO ANNULAR LEAKAGE FLOWS
IN SHROUDED CENTRIFUGAL PUMPS

Joseph M. Sive

Division of Engineering and Applied Science
California Institute of Technology
Pasadena, California

ABSTRACT

Previous experimental and analytical results have shown that discharge-to-
suction leakage flows in the’ annulus of a shrouded centrifugal pump contribute
substantially to the fluid induced rotordynamic forces (Adkins, 1988). Experiments
conducted in the Rotor Force Test Facility (RFTF) at Caltech on an impeller
undergoing a prescribed circular whirl have indicated that the leakage flow
contribution to the normal and tangential forces can be as much as 70% and 30% of
the total, respectively (Jery, 1986). Recent experiments at Caltech have examined the
rotordynamic consequences of leakage flows and have shown that the rotordynamic
forces are functions not only of the whirl ratio but also of the leakage flow rate and the
impeller shroud to pump housing clearance. The forces were found to be inversely
proportional to the clearance and a region of forward subsynchronous whirl was found
for which the average tangential force was destabilizing. This region decreased with
flow coefficient (Guinzburg, 1992).

The present research is a continuation of the previous experimental work and
has been motivated by the rotordynamic stability problems with the recently

developed Alternate Turbopump Design (ATD) of the Space Shuttle High Pressure
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Oxygen Turbopump. The present study investigates the influence of swirl brakes,
installed in the annular leakage path, as a means of reducing the undesirable
rotordynamic forces over a range of flow rates. Also, the present study evaluate§ the
effect on the rotordynamic forces of tip leakage restrictions at discharge used by the
ATD for establishing axial thrust balance. As a first step to understanding the flow
field in the leakage annulus, the region is probed with a laser velocimeter to provide
basic information on these unsteady turbulent three-dimensional leakage flows and to
serve as a standard of comparison for approximate theoretical models as well as

applications of computational fluid dynamics.
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Chapter 1

The Influence of Swirl Brakes on the Rotordynamic Forces
Generated by Discharge-to-Suction Leakage Flows
in Centrifugal Pumps
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THE INFLUENCE OF SWIRL BRAKES ON THE ROTORDYNAMIC
FORCES GENERATED BY DISCHARGE-TO-SUCTION LEAKAGE
FLOWS IN CENTRIFUGAL PUMPS

Joseph M. Sivo, Allan J. Acosta,
Christopher E. Brennen, and Thomas K. Caughey
Department of Mechanical Engineering
California Institute of Technology

Pasadena, California

ABSTRACT

Increasing interest has been given to swirl brakes as
a means of reducing destabilizing rotordynamic forces
due to leakage flows in new high speed rocket tur-
bopumps. Although swirl brakes have been used suc-
cessfully in practice (such as with the Space Shuttle
HPOTP), no experimental tests until now have been
performed to demonstrate their beneficial effect over a
range of leakage flow rates. The present study investi-
gates the effect of swirl brakes on rotordynamic forces
generated by discharge-to-suction leakage flows in the
annulus of shrouded centrifugal pumps over a range of
subsynchronous whirl ratios and various leakage flow
rates. In addition, the effectiveness of swirl brakes in
the presence of leakage inlet (pump discharge) swirl
is also demonstrated. The experimental data demon-
strates that with the addition of swirl brakes a signifi-
cant reduction in the destabilizing tangential force for
lower flow rates is achieved. At higher flow rates, the
brakes are detrimental. In the presence of leakage inlet
swirl, brakes were effective over all leakage flow rates
tested in reducing the range of whirl frequency ratio for
which the tangential force is destabilizing.

NOMENCLATURE

[4°) Rotordynamic force matrix

B Depth of logarithmic spiral channel on swirl
vane

¢ Cross-coupled damping coefficient,

normalized by prw?Ry%Le

C Direct damping coefficient, normalized by

F*z(t)

F7y()
F‘o:
F*oy
F,
F,

F*,
Fy

F,Fy

Ry
Uy

Uy

prwiRo%Le

Lateral horizontal force in the laboratory
frame

Lateral vertical force in the laboratory frame
Steady horizontal force

Steady vertical force

Force normal to whirl orbit

Force normal to whirl orbit normalized by
prw?Ry%Le

Force tangent to whirl orbit

Force tangent to whirl orbit normalized by
prwiRy%Le

Lateral forces in rotating frame

Clearance between impeller shroud and
housing

Cross-coupled stiffiness coeflicient normalized
by prw?Ry%Le

Direct stiffness coefficient normalized by
prw?Ry%Le

Axial length of impeller

Direct added mass coefficient normalized by
prw?R,2Le

Volumetric leakage flow rate
Radius of impeller at leakage inlet
Mean leakage inlet path velocity of fluid

Mean leakage inlet swirl velocity of fluid



z*(t) Horizontal displacement of impeller on its
orbit

y*(t)  Vertical displacement of impeller on its orbit

o Turning angle of logarithmic spiral channel
on swirl vane

r Leakage inlet swirl ratio, us/wR>

3 Eccentricity of impeller’s circular whirl orbit

p Density of leakage fluid

@ Leakage flow coefficient, u,/wRs

w Main shaft radian frequency

Q Whirl radian frequency

INTRODUCTION

Previous experimental and analytical results have
shown that discharge-to-suction leakage flows in the an-
nulus of a shrouded centrifugal pump contribute sub-
stantially to the fluid induced rotordynamic forces (Ad-
kins, 1988). Experiments conducted in the Rotor Force
Test Facility (RFTF) at Caltech on an impeller un-
dergoing a prescribed whirl have indicated that the
leakage flow contribution to the normal and tangential
forces can be as much as 70% and 30% of the total, re-
spectively (Jery, 1986). Recent experiments at Caltech
have examined the rotordynamic consequences of leak-
age flows and have shown that the rotordynamic forces
are functions not only of the whirl ratio but also of
the leakage flow rate and the impeller shroud to pump
housing clearance. The forces were found to be in-
versely proportional to the clearance and a region of
forward subsynchronous whirl was found for which the
average tangential force was destabilizing. This region
decreased with flow coefficient (Guinzburg, 1992a).

The motivation for the present research is that
the previous experiments have shown that leakage inlet
(pump discharge) swirl can increase the cross-coupled
stiffness coefficient (in some tests by over 100%) and
hence increase the range of positive whirl for which the
tangential force is destabilizing. One might therefore
surmise that if the swirl velocity within the leakage
path were reduced, then the destabilizing tangential
force might be reduced. One way of reducing the leak-
age flow swirl is with the use of ribs or swirl brakes on
the housing. In fact, swirl brakes installed upstream of
the interstage seal on the Space Shuttle Main Engine
High Pressure Oxygen Turbopump completely elimi-
nated the subsynchronous whirl motion over the steady
state operating range of the unit (Childs, 1990). The
present study investigates the influence of swirl brakes
on the rotordynamic forces generated by discharge-to-
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suction leakage flows in shrouded centrifugal pumps
over a range of subsynchronous whirl ratios and various
leakage flow rates typical of present rocket turbopump
designs. In addition, the effectiveness of swirl brakes in
the presence of leakage inlet (pump discharge) swirl is
also demonstrated.

ROTORDYNAMIC FORCES

Figure (1) shows a schematic of the hydrodynarmic
forces that act on a rotating impeller whirling in a cir-
cular orbit. F*, and F*, are the instantaneous lateral
forces in the laboratory frame. {} is the whirl radian fre-
quency and w is the main shaft radian frequency. The
eccentricity of the orbit is given by £. The lateral forces
are given in linear form as:

F2(0) _ [ For o =)

(Hw)f(m>+“]ﬁwﬂ
F,. and F,, are the steady forces which resuit from
flow asymmetries in the volute. [A®] is the rotordy-
namic force matrix. It is a function of the mean flow
conditions, pump geometry, whirl frequency ratic Q/w
and if outside the linear range it may also be a fune-
tion of the eccentricity €. In the case of a circular whirl

orbit:
z*(t) = ecos(§t) 2
y* () = esin(Qt) 3)

The normal and tangential forces for a circular whirl
orbit are given by (Jery, 1986 and Franz 1989):

1)

Fr(t) = 5(Az: + 43,)e )

1 L] L4 AY
Ft.(t) = -2'(—A:ry + Ay:)s (5)

ROTORDYNAMIC COEFFICIENTS
AND STABILITY

To study the stability of an impeller, it is conve-
nient for rotordynamicists to fit the dimensionless nor-
mal force F, to a quadratic function of the whirl ratio
and to fit the dimensionless tangential force Fy to a
linear function of the whirl ratio. The expressions are

given by:
2
SURGE
w w

F =-C(9-) +k
W

(6)

(7)
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FIGURE 1. SCHEMATIC OF THE FLUID-INDUCED

FORCES ACTING ON AN IMPELLER WHIRLING IN A GIR-
CULAR ORBIT.

where the dimensionless coeflicients are the direct
added mass (M), direct damping (C), cross-coupled
damping (c), direct stiffness (K), and cross-coupled
stiffness (k). As can be seen from equation (7), a pos-
itive cross-coupled stiffness is destabilizing because it
starts the forward whirl of the impeller since it is equal
to the tangential force at zero whirl ratio. Also, from
equation (6), a large negative direct stiffness is destabi-
lizing because it promotes a positive normal force which
increases the eccentricity of the whirl orbit.

A convenient measure of the rotordynamic stability
is the ratio of the cross-coupled stiffness to the direct
damping (i.e. k/C) termed the whirl ratio. This is just
a measure of the range of positive whirl frequency ratios
for which the tangential force is destabilizing.

TEST APPARATUS

The present experiments were conducted in the Ro-
tor Force Test Facility (RFTF) at Caltech. The leakage
flow test section of the facility is shown in Figure (2).

The working fluid is water. The main components
of the test section apparatus consist of a solid or dummy
impeller (or rotating shroud), a housing {or stationary
shroud) instrumented for pressure measurements, a ro-
tating dynamometer (or internal force balance), an ec-
centric whirl mechanism (not shown), a leakage exit seal
ring and a leakage inlet swirl vane (shown installed in
Figure (3)). The solid impeller is used so that leakage
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FIGURE 2. LEAKAGE FLOW TEST SECTION (ZHUANG,
1989).

flow contributions to the forces are measured but the
main through flow contributions are not experienced.
The inner surface of the housing has been modified to
accommodate meridional ribs or swirl brakes along the
entire length of the leakage annulus. The ribs are each
3/16 of an inch wide and 2 mm high. Up to 8 equally
spaced ribs can be installed. The leakage flow annulus
between the impeller and housing is inclined at 45° to
the axis of ratation. The nominal clearance between the
solid impeller and the housing can be varied by axaal ad-
justment of the housing. The flow through the leakage
path is generated by an auxiliary pump. The solid im-
peller is mounted on a spindel attached to the rotating
dynamometer connected to a data acquisition system
which permits measurements of the rotordynamic force
matrix. Jery, 1986 and Franz, 1989 describe the oper-
ation of the dynamometer. The eccentric drive mecha-
nism imposes a circular whirl orbit on the basic main
shaft rotation. The radius of the circular whirl orbit (or
eccentricity) can be varied. The seal ring at the leak-
age exit models a wear ring. The clearance between the
seal ring and impeller face is adjustable. The effect of
swirl was investigated by installing a swirl vane at the
leakage inlet to introduce pre-rotated fluid in the direc-
tion of shaft rotation. Figure (3) shows that the vane
consists of a logarithmic spiral channel with a turning
angle of 2°. The swirl ratio I (the ratio of the leakage
flow circumferential velocity to the impeller tip veloc-
ity) is varied by changing the leakage flow rate. The



FRONT View

FIGURE 3. INSTALLATION OF LEAKAGE INLET SWIRL
VANE. DIMENSIONS IN MM (GUINZBURG, 1992b).

swirl ratio depends on the flow coefficient according to:

r H
é =B Tan(a) ®)

B is the depth of the logarithmic spiral channel equal
to 0.125 in. A derivation of equation (8) can be found
in Guinzburg, 1992a.

TEST MATRIX

This experiment is designed to measure the rotor-
dynamic forces due to simulated leakage flows for dif-
ferent parameters such as whirl frequency ratio, shaft
speed, leakage flow coefficient, number of swirl brake
ribs and leakage inlet swirl ratio. For all tests a nomi-
nal annulus clearance H of 0.167 in, a whirl eccentricity
e of 0.0465 in and a leakage exit face seal clearance
of 0.04 in were maintained. Tests without leakage inlet

swirl were conducted at shaft speeds w of 1000 and 2000 -

RPM, leakage flow rates Q of 0, 10, 20 and 30 GPM
and 0, 4 and 8 brake ribs. For the 1000 RPM runs,
the above flow rates correspond to flow coeflicients ¢ of
0.0, 0.026, 0.052 and 0.077, respectively. For the 2000
RPM runs, the above flow rates correspond to flow co-
efficients ¢ of 0.0, 0.013, 0.026 and 0.039, repectively.
The above flow coefficients cover the range of typical
leakage rates for the new Space Shuttle Alternate Tur-
bopump (ATP) presently being developed. For the 1000
RPM runs, tests are performed for whirl frequency ra-
tios in the range —0.9 < % < 40.9 at 0.1 increments.
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For the 2000 RPM runs, tests are performed for whirl
frequency ratios in the range —0.6 < -g- < +0.7 at 0.1
increments. Tests with the swirl vane installed are con-
ducted at a shaft speed of 2000 RPM and the same flow
rates as above. With the swirl vane, the above leakage
flow rates yield swirl ratios I" of 0.0, 0.5, 1.0 and 1.5,
respectively. The above test matrix is summarized in
Tables 1 and 2.

TABLE 1. TESTS WITHOUT SWIRL

RPM Qfw Brakes Q (GPM) ¢
1600 —0.9 to +0.9 0 0 0.0
10 0.026
20 0.052
30 0.077
4 0 0.0
10 0.026
20 0.052
30 0.077
8 0 0.0
10 0.026
20 0.052
30 0.077
2000 -0.6to +0.7 0 0 0.0
10 0.013
20 0.026
30 0.039
4 0 0.0
10 0.013
20 0.026
30 0.039
8 0 0.0
10 0.013
20 0.026
30 0.039
TABLE 2. TESTS WITH SWIRL
RPM Qfw Brakes Q(GPM) ¢ r
2000 —0.6 to +0.7 O 0 0.0 0.0
10 0.013 0.5
20 0.026 1.0
30 0.039 15
4 0 0.0 0.0
10 0.013 0.5
20 0.026 1.0
30 0.03% 1.5
8 0 0.0 0.0
10 0.013 0.5
20 0.026 1.0



RESULTS FOR TESTS WITHOUT LEAKAGE INLET
SWIRL

Figures (4) and (5) show plots of the dimensionless
rotordynamic coefficients for 2000 and 1000 RPM, re-
spectively for the three different number of brake ribs.
Figures (6) and (7) show the whirl ratio. Tests are done
at two different rotor speeds to access the Reynolds
Number effects. The 2000 RPM runs are shown first
since they give the results at a lower flow coefficient
range. A comparison of Figures (4) and (5) show dif-
ferences between corresponding coefficient plots at the
lower flow coefficients indicating that Reynolds Num-
ber effects are important at low flow rates. At flow
coefficients above about 0.03 there seems to be little dif-
ference between corresponding coefficient plots at 1000
and 2000 RPM. Reynolds Number effects are stronger
with no brake ribs installed. C and k seem to have the
greatest discrepencies between the 1000 and 2000 RPM
runs.

Focusing on the coefficients corresponding to the
tangential force, we can see that with no brakes the
tangential force decreases with increasing leakage flow
rate, as was found previously by Guinzburg, (1992a).
The cross-coupled stiffness coefficient, k, is decreased
by increasing the flow from 0 to 30 GPM, and for the
1000 RPM case, C remains essentially constant. Hence
the range for which the tangential force is destabilizing,
k/C, decreases with increasing flow rate. This can be
seen in Figure (7). However, looking at k for the case
with 4 or 8 brake ribs, the opposite trend with flow
rate is observed. The cross-coupled stiffness increases
as the flow rate increases from 0 to 30 GPM in both
the 1000 and 2000 RPM runs. The above may appear
to indicate that brakes are not beneficial. On the con-
trary, although the destabilizing tangential force with
brakes increases with flow rate, there is a flow rate be-
low which the tangential force with brakes is less than
the tangential force without brakes. From the k plots
in Figures (4) and (5) we can see that below ¢ = 0.025
the cross-coupled stiffness coefficient is reduced by the
addition of 4 or 8 brakes. 8 brakes are only marginally
more effective than 4. The beneficial effect of brakes is
better exemplified by looking at the whirl ratio plots in
Figures (6) and (7). Below about ¢ = 0.03, the range
of destabilizing tangential force is much less with the
addition of brakes.

Focusing on the coefficients corresponding to the
normal force, we can see that with no brakes, the nor-
mal force increases with increasing leakage flow rate. K
becomes more negative with increasing flow, hence in-
creasing the normal force at zero whirl frequency and
therfore is destabilizing. The same is true with 4 or 8
brakes, but we can also see from K that the destabiliz-
ing normal force is significantly reduced by the addition
of brakes throughout the range of flow rates tested.
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RESULTS FOR TESTS WITH LEAKAGE INLET
SWIRL

Figure (8) shows plots of the dimensionless rotor-
dynamic coeflicients for the 2000 RPM runs with leak-
age inlet swirl for the three different number of ribs.
Figure (9) shows the whirl ratio. As was previously
found by Guinzburg, (1992b), swirl dramatically in-
creases the tangential force. This is evident by com-
paring the plot of k without swirl from Figure (4) with
the plot of k with swirl from Figure (8). Once again,
with no brakes, it can be seen that as the leakage rate
increases, the tangential forces decrease, even though in
the process the swirl ratio is increased. The stabilizing
effect of an increase in flow rate dominates the destabi-
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lizing effect of an increase in swirl ratio. When 4 or §
brake ribs are used, the opposite trend with flow rate is
observed, as shown with the results without swirl. With
brakes, the tangential force increases with flow rate and
swirl ratio. But, for the entire flow range tested, the
cross-coupled stiffness is decreased by the addition of
brakes.

Focusing on the coefficient K corresponding to the
normal force, K is much large in the presence of swirl.
We can see that with no brakes the normal force in-
creases with increasing leakage flow rate. The same is
true with 4 or 8 brakes, although from K, the destakiliz-
ing normal force is significantly reduced by the addition
of brakes throughout the range of flow rates tested.

The most dramatic beneficial effect of brakes is
found by comparing the whirl ratio plots for 4 or 8
brakes without and with swirl, figures (6) and (9), re-
spectively. The 4 or 8 brake runs with and without swirl
are almost identical. This indicates that the brakes al-
most completely eliminated the effect of swirl. With
brakes present, swirl produces only a slight increase in
the range for which the tangential force is destabilizing.
Also, looking at Figure (9), for all flow rates tested, the
addition of brakes reduces the range for which the tan-
gential force is destabilizing.
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CONCLUSIONS

The influence of swirl brakes on the rotordynamic
forces generated by discharge-to-suction leakage flows
in centrifugal pumps with and without leakage inlet
swirl has been investigated. The destabilizing normal
force at zero whirl is reduced by the addition of brakes.
The tangential force and the range of whirl frequency
ratios for which the tangential force is destabilizing is
reduced by the addition of brakes for low leakage flow
rates. Brakes are beneficial in reducing the tangential
force up to a higher leakage flow rate in the presence of
leakage inlet swirl. Finally, the increase in the range of
whirl frequency ratios for which the tangential force is
destabilizing due to an increase in the leakage inlet swirl
is nearly eliminated by the addition of swirl brakes.
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ABSTRACT

Previous experiments conducted in the Rotor Force
Test Facility at the California Institute of Technology
have thoroughly examined the effect of leakage flows on
the rotordynamic forces on a centrifugal pump impeller
undergoing a prescribed circular whirl. These leakage
flows have been shown to contribute substantially to the
total fluid induced forces acting on a pump. However,
to date nothing is known of the flow field in the leakage
annuius of shrouded centrifugal pumps. No attempt
has been made to qualitatively or quantitatively exam-
ine the velocity field in the leakage annulus. Hence the
test objective of this experiment is to aquire fluid ve-
locity data for a geornetry representative of the leakage
annulus of a shrouded centrifugal pump while the rotor
is whirling using laser velocimetry. Tests are performed
over a range of whirl ratios and a flowrate typical of
Space Shuttle Turbopump designs. In addition to a
qualitative study of the flow field, the velocity data can
be used to anchor flow models.

NOMENCLATURE
d Location across leakage gap measured
normal from impeller shroud

H ‘Clearance between impeller shroud and
housing

Q Volumetric leakage flow rate

€ Eccentricity of impeller’s circular whir] orbit

w Main shaft radian frequency

Y] Whirl radian frequency
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INTRODUCTION

Previous experimental and analytical resulis have
shown that discharge-to-suction leakage flows in the an-
nulus of a shrouded cenirifugal pump contribute sub-
stantially to the fluid induced rotordynamic forces (Ad-
kins, 1988). Experiments conducted in the Rotor Force
Test Facility (RFTF) at Caltech on an impeller un-
dergoing a prescribed whirl have indicated that the
leakage flow contribution to the normal and tangential
forces can be as much as 70% and 30% of the total, re-
spectively (Jery, 1986). Recent experiments at Caltech
have examined the rotordynamic consequences of leak-
age flows and have shown that the rotordynamic forces
are functions not only of the whirl ratio but also of
the leakage flow rate and the impeller shroud to pump
housing clearance. The forces were found to be in-
versely proportional to the clearance and a region of
forward subsynchronous whirl was found for which the
average tangential force was destabilizing. This region
decreased with flow coeflicient (Guinzburg, 1992a). In
recent experimental work, the present Caltech authors
demonstrated that when the swirl velocity within the
leakage path is reduced by the introduction of ribs or
swirl brakes on the housing, then a substantial decrease
in both the destabilizing normal and tangential forces
could be achieved (Sivo, 1993).The motivation for the
present research is that no previous experiments have
examined the flow field within the leakage annulus. No
measurements have been made of the destabilizing swirl
or tangential velocity or demonstrated the complex na-
ture of the flow. Analytical models of such flows use
bulk average velocities to examine the rotordynamic
forces. Such bulk flow models may be seriously flawed



when it comes to estimating the meridional and tangen-
tial velocities. It is hoped that this present research will
serve as preliminary insight into the complex nature of
leakage flows.

TEST APPARATUS

The present experiments were conducted in the Ro-
tor Force Test Facility (RFTF) at Caltech and were
sponsored by Rocketdyne. The leakage flow test sec-
tion of the facility is shown in Figure (1).

The working fluid is water. The main components
of the test section apparatus consist of a solid or dummy
impeller (or rotating shroud) made of acrylic, a housing
(or stationary shroud) instrumented for pressure mea-
surements, a rotating dynamometer (or internal force
balance), an eccentric whirl mechanism (not shown)
and a leakage exit seal ring. The solid acrylic impeller
is used so that backscatter to the velocimeter is mini-
mized. The surface of the stationary housing has been
modified to accommodate an optical flat glass window
to view the fluid in the annulus. The leakage flow an-
nulus between the impeller and housing is inclined at
45° to the axis of rotation. The nominal clearance be-
tween the solid impeller and the housing can be varied
by axial adjustment of the housing. The flow through
the leakage path is generated by an auxiliary pump.
The solid impeller is mounted on a spindel attached to
the rotating dynamometer connected to a data acqui-
sition system which permits measurements of the ro-
tordynamic force matrix. Jery, 1986 and Franz, 1989
describe the operation of the dynamometer. The eccen-
tric drive mechanism imposes a circular whirl orbit on
the basic main shaft rotation. The radius of the circular
whirl orbit (or eccentricity) can be varied. The seal ring
at the leakage exit models a wear ring. The clearance
between the seal ring and impeller face is adjustable.
The test approach makes use of the Rocketdyne Laser
2-focus Velocimeter to aquire fluid velocities across the
shroud cavity. A pseudo-time history is obtained by
using the velocimeter’s multi-windowing synchronizer
capability. This time history allows correlation of the
velocity data to the rotor whirl.

A Polytec model 4000 laser-2-focus (L2F) ve-
locimeter was used to conduct the testing. This two-
spot or tramsit type velocimeter employed a 1 watt ar-
gon ion laser in an optical head with a 450 mm focal
length lens. " During testing the laser was operated at
a lower power level resulting in about 125 mW in each
spot. The L2F acquired data in a coaxial backscatter
mode which was a requirement given the physical con-
straints of the tester hardware. The electronic signal
processing sub-section of the velocimeter included an
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FIGURE 1. LEAKAGE FLOW TEST SECTION

analog time-to-pulse-height converter with a multichan-
nel analyzer for display and accumulation of the data.
Final reduction of the data was performed on a PC uti-
lizing data reduction software from Polytec. Velocity
and flow angles calculated from the time-of-flight and
angular distributions, respectively, were output.

The L2F velocimeter in conjunction with an elec-
tronic synchronizer tagged the velocity and flow angle
data relative to the whirl frequency of the impeller.
Phase lock signals from the motor drive electronics were
input to a strobe light. The rotating tester was viewed
under the strobe light to determine the orbital position
of the rotor when the whirl signal was generated. Six-
teen circumferential zones or windows were generated
by the synchronizer. Each window represents 22.5 de-
grees of rotation of the rotor during its whirl period.
Therefore each window represents a pseudo-time his-
tory of the annulus flow as the orbital eccentricity of
the impeller alternately squeezes and restores the nom-
inal dimensions of the flow passage. The velocity and
flow angle in each of these 16 windows was determined
by the L2F.

The velocimeter was setup so the beams from the
optical head were normal to the optical access window
and concurrently to the surface of the impeller. Mea-
surements were made in the plane normal to the prop-
agation of the beam. The stop spot rotated about the
start spot in this plane in order to explore for the di-
rection of the flow vector.

The axial length of the measurement volumes was
determined by the steep intensity gradient along the



beam axis. The measurement volume length can be de-
fined as the space bounded by the points where the in-
tensity in the beam was one-fourth of the maximum in-
tensity at the waist, or in other words, where the beam
radius has doubled. Using this definition, the length of
the measurement volume was calculated to be 0.76 mm
(0.030 inch).

The data were acquired through a rectangular-
shaped window approximately 2.5 inches in length, 0.5
inches in height and 0.5 inches thick. The optical head
(and hence the measurement volumes) was aligned with
the test hardware by monitoring the speckle pattern
reflected from the metal boundaries in the test hard-
ware and the window frame. The accuracy of the
speckle alignment data was validated by measurements
made with depth micrometers. In addition, measure-
ments were performed {o assure the optical head was
oriented normal to the optical access window so that
the data collected across the annulus was in the same
plane. Other measurements assured the head tracked
level along the length of the window and that the rela-
tive angle between the zero angle position of the spots
and the test hardware was quantified.

To improve the signal-to-noise ratio of the ve-
locimeter measurements, the fluid was supplementally
seeded with silver coated holiow giass micro-spheres.
The mean particle size was 14 microns and the parti-
cle density was 1.4 gm/cm®. A small quantity of the
dry powdered spheres were mixed with distilled water.
About 40-100 cc of this slurry was injected with a sy-
ringe into a pressure port located downstream of the
test article. The particles, typically injected just before
data collection at each measurement station, would ciz-
culate for about one hour in the closed loop test rxg
before settling out.

The L2F excels at measuring ﬁows characterized by
high velocity and low turbulence particularly in turbo-
machinery. Its performance efficiency in low velocity,
high turbulence flows exemplified by this testing was
not as good. A sufficient quantity of data was required
for good statistical analysis of the time- of-flight and
angular distributions in each of the 16 windows. Con-
sequently, long run times were necessary. The infor-
mation in Table 1 illustrates some of the parameters of
the test. Overall, the number of data samples in each
of the 16 windows was sufficient to yield an accuracy
of at least +/ — 2% in velocity and generally closer to

+/ — 1%. The flow angle data is accurate to about
+/ — 1 degree.
TEST MATRIX

This experiment is designed to measure the veloc-
ity of simulated leakage flows for different parameters
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such as whirl frequency ratio, axial location, and leak-
age annulus depth. For all tests a nominal annulus
clearance H of 0.1072 in, a whirl eccentricity € of 0.01in
and a leakage exit face seal clearance of 0.02 in were
maintained. Tests were conducted at a shaft speed w of
2000 RPM and a leakage flow rate Q of 10 GPM. The -
above flow approximates the range of typical leakage
rates for the new Space Shuttle Alternate Turbopump
(ATP) presently being developed. Whirl ratios Q/w of
0.2, 0.3, 0.4 were tested. Velocity measurements were
made at three meridional locations along the leakage
path: Near Inlet (.6054 in), Near Midpoint (1.4054 in),
Near Discharge (2.4054 in). The leakage path length
along the impeller is 2.74 in. At each of these three
stations, measurements were made at 5 depth locations
across the leakage gap. Measuring from the solid im-
peller these positions were 0.0178 in (16.7%), 0.0357 in
(33.4%), 0.0536 in (50%), 0.0715 in (66.7%), and 0.0893
in (83.3%).
The above test matrix is summarized in Table 2.

Table 1. Parameters of the Tests

pproRimate numeber of

2VOTH! = average 6atd | whirns over

whirh 7350 | psbor of “"'m“" ot | collection | wich data

angiesina | “See o | imetsss) iy

sCan { - averaged
0.2 35 | 51.667 3581 23.885
0.3 42 1~ 50.000 3880 38.800 |
0.4 36 i 51,545 3851 51 366

Table 2. Velocimeter Measurements
Q (GPM) Qfw d (in)

10 0.2 0.0178 (16.7%)
0.0357 (33.4%)
0.0536 (50.0%)
0.0715 (66.7%)
0.0893 (83.3%)

0.0178 (16.7%)
0.0357 (33.4%)
0.0536 (50.0%)
0.0715 (66.7%)
0.0893 (83.3%)

0.0178 (16.7%)
0.0357 (33.4%)
0.0536 (50.0%)
0.0715 (66.7%)
0.0893 (83.3%)

RPM
2000

0.3

0.4



RESULTS FOR MEASUREMENTS OF MERIDIONAL
VELOCITY

In the following results not all gap locations are
reported. This is due to the low signal to noise ratio
for gap locations near the impeller shroud surface.

Figure (2) shows plots of the absolute meridional
velocity at a whirl ratio of 0.2 for the three meridional
locations respectively. Looking at the Near Inlet figure
it can be seen that reverse flow occurs for the 33.4% gap
point between the whirl orbit angles of 110° and 260°.
Further away from the impeller across the gap there is
no reverse flow. Looking at the Near Mid-point figure
reverse flow occurs again for the 33.4% gap point, but
only for a smaller range of whirl orbit angles of 120°
to 220°. Once again further away from the impeller
across the gap there is no reverse flow. Looking at the
Near Discharge figure, there is no evidence of reverse
flow. Hence from the above it appears that there is
recirculation near the surface of the impeller between
the inlet to the leakage path and the midpoint.

Figure (3) shows similar plots except for a whirl
ratio of 0.3. The Near Inlet figure shows that the 16.7%
and 33.4% gap points are in reverse flow at all whirl
orbit locations. For the Near Mid-point figure there is
reverse flow between 120° and 200°. From the Near
Discharge figure there is no evidence of reverse flow.
Hence, once again it appears that there is a recirculation
zone near the surface of the impeller between the inlet
to the leakage path and the midpoint.

Figure (4) shows similiar plots except for a whirl ra-
tio of 0.4. There is no evidence of recirculation, except
in the Near Mid-point figure where there is recirculation
for the 33.4% gap point at 150°.

As a general observation of all the above plots it
can be seen that the meridional velocity is largest fur-
thest from the rotating impeller and is quite large at
the 83.3% gap point, which is closest to the stationary
casing.

RESULTS FOR MEASUREMENTS OF TANGENTIAL
VELOCITY

Figures (5) through (7) show the absolute tangen-
tial velocity for the three whirl ratios tested and five
gap locations. A few general observations can be made.
Near Inlet plots show the velocity profiles spread out
with the largest tangential velocity nearest the impeller,
as expected. Also except for the 0.4 whirl case, near dis-
charge velocity profiles bunch up close to the impeller.
It is as if a bulk tangential velocity is set up.
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CONCLUSIONS

Laser velocimeter measurements have been made
in the leakage annulus of a whirling shrouded impeller.
Results clearly show regions of recirculation which di-
minish at higher whirl ratios. These recirculation re-
gions are dominant near the entrance to the leakage
path. In some cases these recirculation regions exist
entirely around the impeller.
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The Influence of Swirl Brakes
on the Rotordynamic Forces
Generated by Discharge-to-
Suction Leakage Flows in
Centrifugal Pumps

Increasing interest has been given to swirl brakes as a means of reducing desta-
bilizing rotordynamic forces due to leakage flows in new high speed rocket turbo-
pumps. Although swirl brakes have been used successfully in practice (such as with
the Space Shuttle HPOTP), no experimental tests until now have been performed to
demonstrate their beneficial effect over a range of leakage flow rates. The present
study investigates the effect of swirl brakes on rotordynamic forces generated by
discharge-to-suction leakage flows in the annulus of shrouded centrifugai pumps
over a range of subsynchronous whirl ratios and various leakage flow rates. In
addition, the effectiveness of swirl brakes in the presence of leakage inlet (pump
discharge) swirl is also demonstrated. The experimental data demonstrates that with
the addition of swirl brakes a significant reduction in the destabilizing tangential
force for lower flow rates is achieved. At higher flow rates, the brakes are detri-
mental. In the presence of leakage inlet swirl, brakes were effective over all leakage
flow rates tested in reducing the range of whirl frequency ratio for which the tan-

gential force is destabilizing.

Introduction

Previous experimental and analytical results have shown that
discharge-to-suction leakage flows in the annulus of a shrouded
centrifugal pump contribute substantially to the fluid induced
rotordynamic forces (Adkins, 1988). Experiments conducted
in the Rotor Force Test Facility (RFTF) at Caltech on an im-
peller undergoing a prescribed whirl have indicated that the
leakage flow contribution to the normal and tangential forces
can be as much as 70 and 30 percent of the total, respectively
(Jery, 1986). Recent experiments at Caltech have examined
the rotordynamic consequences of leakage flows and have shown
that the rotordynamic forces are functions not only of the whirl
ratio but also of the leakage flow rate and the impeller shroud
to pump housing clearance. The forces were found to be in-
versely proportional to the clearance and a region of forward
subsynchronous whirl was found for which the average tan-
gential force was destabilizing. This region decreased with flow
coefficient (Guinzburg, 1992a).

The motivation for the present research is that the previous
experiments have shown that leakage inlet (pump discharge)
swirl can increase the cross-coupled stiffness coefficient (in

Contributed by the Fluids Engineering Division for publication in the Jour-
NaL oF FLums ENGINEERING. Manuscript received by the Fluids Engineering
Division December 16, 1993; revised manuscript received May 11, 1994, As-
sociate Technical Editor: L. Nelik.
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some tests by over 100 percent) and hence increase the range
of positive whirl for which the tangential force is destabilizing.
One might therefore surmise that if the swirl velocity within
the leakage path were reduced, then the destabilizing tangen-
tial force might be reduced. One way of reducing the leakage
flow swirl is with the use of ribs or swirl brakes on the hous-
ing. In fact, swirl brakes installed upstream of the interstage
seal on the Space Shuttle Main Engine High Pressure Oxygen
Turbopump completely eliminated the subsynchronous whirl
motion over the steady state operating range of the unit (Childs,
1990). The present study investigates the influence of swirl
brakes on the rotordynamic forces generated by discharge-to-
suction leakage flows in shrouded centrifugal pumps over a
range of subsynchronous whirl ratios and various leakage flow
rates typical of present rocket turbopump designs. In addition,
the effectiveness of swirl brakes in the presence of leakage
inlet (pump discharge) swirl is also demonstrated.

Rotordynamic Forces

Figure 1 shows a schematic of the hydrodynamic forces that
act on a rotating impeller whirling in a circular orbit. F¥ and
F¥ are the instantaneous lateral forces in the laboratory frame.
£2 is the whirl radian frequency and w is the main shaft radian
frequency. The eccentricity of the orbit is given by e. The

Transactions of the ASME
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Fig. 1 Schematic of the fluid-induced forces acting on an impeller
whirling in a circular orbit

lateral forces are given in linear form as:

Frn Fx w1 X0

(F*(r)) (F) W
F% and F%, are the steady forces which result from flow asym-
metries in the volute. [A*] is the rotordynamic force matrix.
It is a function of the mean flow conditions, pump geometry,
whirl frequency ratio 2/w and if outside the linear range it

may also be a function of the eccentricity €. In the case of a
circular whirl orbit:

1)

x*(@) = € cos({d) )

y¥(r) = € sin({%) 3)
The normal and tangential forces for a circular whirl orbit are
given by (Jery, 1986 and Franz 1989):

FX@) == (A* + A})e )

Frn =~ (-A* +Afde &)
Rotordynamic Coefficients and Stability

To study the stability of an impeller, it is convenient for
rotordynamicists to fit the dimensionless normal force F, to a

21

quadratic function of the whirl ratio and to fit the dimension-
less tangenual force F, to a linear function of the whirl ratio.
The expressions are given by:

SCRER
e ()

where the dimensionless coefficients are the direct added mass
(M), direct damping (C), cross-coupled damping (c), direct
stiffness (K), and cross-coupled stiffness (k). As can be seen
from (7), a positive cross-coupled stiffness is destabilizing be-
cause it starts the forward whirl of the impeller since it is equal
to the tangential force at zero whirl ratio. Also, from (6), a
large negative direct stiffness is destabilizing because it pro-
motes a positive normal force which increases the eccenmcuy
of the whirl orbit.

A convenient measure of the rotordynamic stability is the
ratio of the cross-coupled stiffness to the direct damping (i.e.,
k/C) termed the whirl ratio. This is just a measure of the range
of positive whirl frequency ratios for which the tangennal force
is destabilizing.

©6)

@)

Test Apparatus

The present experiments were conducted in the Rotor Force
Test Facility (RFTF) at Caltech. The leakage flow test section
of the facility is shown in Fig. 2.

The working fluid is water. The main components of the
test section apparatus consist of a solid or dumnmy impeller (or
rotating shroud), a housing (or stationary shroud) instrumented
for pressure measurements, a rotating dynamometer (or inter-
nal force balance), an eccentric whirl mechanism (not shown),
a leakage exit seal ring and a leakage inlet swirl vane (shown
installed in Fig. 3). The solid impeller is used so that leakage
flow contributions to the forces are measured but the main
through flow contributions are not experienced. The inner sur-
face of the housing has been modified to accommodate me-
ridional ribs or swirl brakes along the entire length of the leak-
age annulus. The ribs are each 3/16 of an inch wide and 2
mm high. Up to 8 equally spaced ribs can be installed. The
leakage flow annulus between the impeller and housing is in-
clined at 45 deg to the axis of rotation. The nominal clearance
between the solid impeller and the housing can be varied by
axial adjustment of the housing. The flow through the leakage
path is generated by an auxiliary pump. The solid impeller is

Nomenclature

[A*] = rotordynamic force matrix

F, = force tangent to whirl orbit

= mean leakage inlet swirl ve-

depth of logarithmic spiral

normalized by prw’R3Le

channel on swirl vane Fy, F, = lateral forces in rotating frame
¢ = cross-coupled damping coef- H = clearance between impeller
ficient, normalized by shroud and housing
prw’R3Le k = cross-coupled stiffness coeffi-
C = direct damping coefficient, cient normalized by
normalized by prw’R3Le pre*RiLe
F*(t) = lateral horizontal force in the K = direct stiffness coefficient nor-
laboratory frame malized by pme’R3Le
F}¥(r) = lateral vertical force in the lab- L = axial length of impeller
oratory frame M = direct added mass coefficient
F% = steady horizontal force normalized by pnw’RiLe
F% = steady vertical force O = volumetric leakage flow rate
F¥ = force normal to whirl orbit R, = radius of impeller at leakage
F, = force normal to whirl orbit inlet
normalized by pww’R3Le u, = mean leakage inlet path veloc-

F¥

force tangent to whirl orbit

Journal of Fluids Engineering

ity of fluid

locity of fluid
Xx*(z) = horizontal displacement of im-
peller on its orbit
y*(r) = vertical displacement of im-
peller on its orbit
a = turning angle of logarithmic
spiral channel on swirl vane
I' = leakage inlet swirl ratio, uy/wR-
€ = eccentricity of impeller’s cir-
cular whir] orbit
p = density of leakage fluid
¢ = leakage flow coefficient, u,/
C')Rz
@ = main shaft radian frequency
{2 = whirl radian frequency

MARCH 1985, Vol. 1177105
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FRONT VIEW

Fig. 3 Installation of leakage inlet swirl vane. Dimensions in mm
{Guinzburg, 1992b)

mounted on a spindel attached to the rotating dynamometer
connected to a data acquisition system which permits mea-
surements of the rotordynamic force matrix. Jery (1986) and
Franz (1989) describe the operation of the dynamometer. The
eccentric drive mechanism imposes a circular whirl orbit on
the basic main shaft rotation. The radius of the circular whirl
orbit (or eccentricity) can be varied. The seal ring at the leak-
age exit models a wear ring. The clearance between the seal
ring and impeller face is adjustable. The effect of swirl was
investigated by installing a swirl vane at the leakage inlet to
introduce prerotated fluid in the direction of shaft rotation. Figure
3 shows that the vane consists of a logarithmic spiral channel
with a turning angle of 2 deg. The swirl ratio I' (the ratio of
the leakage flow circumferential velocity to the impeiler tip
velocity) is varied by changing the leakage flow rate. The swirl
ratio depends on the flow coefficient according to:

r__u .
¢ B Tan(a) ®)

B is the depth of the logarithmic spiral channel equal to 0.125
in. A derivation of Eq. (8) can be found in Guinzburg (1992a).

Test Matrix

This experiment is designed to measure the rotordynamic
forces due to simulated leakage flows for different parameters

106/ Vol. 117, MARCH 1995

22

Table 1 Tests without swirl

pm N/w Brakes 0 (GPM) ¢
1000 -0.9 to +0.9 o] 0 0.0
10 0.026
20 0.052
30 0.077
4 0 0.0
10 0.026
20 0.052
30 0.077
8 4] 0.0
10 0.026
20 0.052
30 0.077
2000 ~0.6 to +0.7 0 0 0.0
10 0.013
20 0.026
30 0.039
4 0 0.0
10 0.013
20 0.026
30 0.039
8 4] 0.0
10 0.013
20 0.026
30 0.039
Table 2 Tests with swirl
pm /e Brakes O (GPM) ] r
2000 —-0.6 to +0.7 -0 0 0.0 0.0
10 0.013 0.5
20 0.026 1.0
30 0.039 1.5
4 0 0.0 0.0
10 0.013 a.5
20 0.026 1.0
30 0.039 1.5
8 0 0.0 0.0
10 0.013 0.5
20 0.026 1.0
30 0.039 1.5

such as whirl frequency ratio, shaft speed, leakage flow coef-
ficient, number of swirl brake ribs and leakage inlet swirl ra-
tio. For all tests a nominal annulus clearance H of 0.167 in,
a whirl eccentricity € of 0.0465 in and a leakage exit face seal
clearance of 0.04 in were maintained. Tests without leakage
inlet swirl were conducted at shaft speeds « of 1000 and 2000
rpm, leakage flow rates Q of 0, 10, 20, and 30 GPM and O,
4, and 8 brake ribs. For the 1000 rpm runs, the above flow
rates correspond to flow coefficients ¢ of 0.0, 0.026, 0.052
and 0.077, respectively. For the 2000 rpm runs, the above
flow rates correspond to flow coefficients ¢ of 0.0, 0.013,
0.026, and 0.039, respectively. The above flow coefficients
cover the range of typical leakage rates for the new Space Shuttle
Alternate Turbopump (ATP) presently being developed. For
the 1000 rpm runs, tests are performed for whirl frequency
ratios in the range —0.9 = 3/w = +0.9 at 0.1 increments.
For the 2000 rpm runs, tests are performed for whirl frequency
ratios in the range —0.6 < 2/w =< +0.7 at 0.1 increments.
Tests with the swirl vane installed are conducted at a shaft
speed of 2000 rpm and the same flow rates as above. With the
swirl vane, the above leakage flow rates yield swirl ratios I
of 0.0, 0.5, 1.0, and 1.5, respectively. The above test matrix
is summarized in Tables 1 and 2.

Results for Tests Without Leakage Inlet Swirl

Figures 4 and 5 show plots of the dimensionless rotordy-
namic coefficients for 2000 and 1000 rpm, respectively for the
three different number of brake ribs. Figures 6 and 7 show the
whirl ratio. Tests are done at two different rotor speeds to ac-
cess the Reynolds number effects. The 2000 rpm runs are shown
first since they give the results at a lower flow coefficient range.

Transactions of the ASME
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A comparison of Figs. 4 and 5 show differences between cor-
responding coefficient plots at the lower flow coefficients in-
dicating that Reynolds number effects are important at low flow
rates. At flow coefficients above about 0.03 there seems to be
lile difference between corresponding coefficient plots at 1000
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and 2000 rpm. Reynolds number effects are stronger with no
brake ribs installed. C and k seem to have the greatest dis-
crepancies between the 1000 and 2000 rpm runs.

Focusing on the coefficients corresponding to the tangential
force, we can see that with no brakes the tangential force de-
creases with increasing leakage flow rate, as was found pre-
viously by Guinzburg (1992a). The cross-coupled stiffness
coefficient, k, is decreased by increasing the flow from O to
30 GPM, and for the 1000 rpm case, C remains essentially
constant. Hence the range for which the tangential force is
destabilizing, k/C, decreases with increasing flow rate. This
can be seen in Fig. 7. However, looking at £ for the case with
4 or 8 brake ribs, the opposite trend with flow rate is observed.
The cross-coupled stiffness increases as the flow rate increases
from O to 30 GPM in both the 1000 and 2000 rpm runs. The
above may appear to indicate that brakes are not beneficial.
On the contrary, although the destabilizing tangential force with
brakes increases with flow rate, there is a flow rate below which
the tangential force with brakes is less than the tangential force
without brakes. From the k& plots in Fig. 4 and 5 we can see
that below ¢ = 0.025 the cross-coupled stiffness coefficient
is reduced by the addition of 4 or 8 brakes. 8 brakes are only
marginally more effective than 4. The beneficial effect of brakes
is better exemplified by looking at the whirl ratio plots in Figs.
6 and 7. Below about ¢ = 0.03, the range of destabilizing
tangential force is much less with the addition of brakes.

Focusing on the coefficients corresponding to the normal
force, we can see that with no brakes, the normal force in-
creases with increasing leakage flow rate. X becomes more
negative with increasing flow, hence increasing the normal force

at zero whirl frequency and therefore is destabilizing. The same

is true with 4 or 8 brakes, but we can also see from X that the
destabilizing normal force is significantly reduced by the ad-
dition of brakes throughout the range of flow rates tested.

MARCH 1995, Vol. 117/107
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Results for Tests With Leakage Inlet Swirl

Figure 8 shows plots of the dimensionless rotordynamic
coefficients for the 2000 rpm runs with leakage inlet swirl for
the three different number of ribs. Figure 9 shows the whirl
ratio. As was previously found by Guinzburg (1992b), swirl
dramatically increases the tangential force. This is evident by
comparing the plot of k without swirl from Fig. 4 with the plot
of k with swirl from Fig. 8. Once again, with no brakes, it
can be seen that as the leakage rate increases, the tangential
forces decrease, even though in the process the swirl ratio is
increased. The stabilizing effect of an increase in flow rate
dominates the destabilizing effect of an increase in swirl ratio.
When 4 or 8 brake ribs are used, the opposite trend with flow
rate is observed, as shown with the results without swirl. With
brakes, the tangential force increases with flow rate and swirl

108 / Vol. 117, MARCH 1995

ratio. But, for the entire flow range tested, the cross-coupled
stiffness is decreased by the addition of brakes.

Focusing on the coefficient X corresponding to the normal
force, K is much large in the presence of swirl. We can see
that with no brakes the normal force increases with increasing
leakage flow rate. The same is true with 4 or 8 brakes, al-
though from K, the destabilizing normal force is significantly
reduced by the addition of brakes throughout the range of flow
rates tested.

The most dramatic beneficial effect of brakes is found by
comparing the whirl ratio plots for 4 or 8 brakes without and
with swirl, Figs. 6 and 9, respectively. The 4 or 8 brake runs
with and without swirl are almost identical. This indicates that
the brakes almost completely eliminated the effect of swirl.
With brakes present, swirl produces only a slight increase in
the range for which the tangential force is destabilizing. Also,
looking at Fig. 9, for all flow rates tested, the addition of brakes
reduces the range for which the tangential force is destabiliz-
ing.

Conclusions

The influence of swirl brakes on the rotordynamic forces
generated by discharge-to-suction leakage flows in centrifugal
pumps with and without leakage inlet swirl has been investi-
gated. The destabilizing normal force at zero whirl is reduced
by the addition of brakes. The tangential force and the range
of whirl frequency ratios for which the tangential force is de-
stabilizing is reduced by the addition of brakes for low leakage
flow rates. Brakes are beneficial in reducing the tangential force
up to a higher leakage flow rate in the presence of leakage
inlet swirl. Finally, the increase in the range of whirl fre-
quency ratios for which the tangential force is destabilizing
due to an increase in the leakage inlet swirl is nearly elimi-
nated by the addition of swirl brakes.

Acknowledgments

The assistance provided by Asif Khalak and Kyle Roof with
the experimental program is greatly appreciated. We would
also like to thank the NASA George Marshall Space Flight
Center for support under Grant NAG8-118 and technical mon-
itor Henry Stinson.

References

Adkins, D. R. and Brennen, C. E., 1988, “Analysis of Hydrodynamic Ra-
dial Forces on Centrifugal Pump Impellers,” ASME JournaL oF FLums En.
GINEERING, Vol. 110, No. 1, pp. 20-28.

Childs, D. W., Baskharone, E., and Ramsey, C., 1990, “Test Results for
Rotordynamic Coefficients of the SSME HPOTP Turbine Interstage Seal with
Two Swirl Brakes,” ASME, Journal of Tribology, 90-Trib-45.

Franz, R. J., 1989, “Experimental Investigation of the Effect of Cavitation
on the Rotordynamic Forces on a2 Whirling Centrifugal Pump Impelier,” Ph.D.
thesis, California Institute of Technology.

Guinzburg, A., 1992a, “Rotordynamic Forces Generated By Discharge-To-
Suction Leakage Flows in Centrifugal Pumps,” Ph.D. thesis, California Insti-
tute of Technology.

Guinzburg, A., 1992b, “The Effect of Inlet Swirl on the Rotordynamic Shroud
Forces in a Centrifugal Pump,” ASME Paper 92-GT-126.

Jery, B., 1986, “Experimental Study of Unsteady Hydrodynamic Force Ma-
trices on Whirling Centrifugal Pump Impellers,” Ph.D. thesis, California In-
stitute of Technology.

Zhuang, F., 1989, “Experimental Investigation of the Hydrodynamic Forces
on the Shroud of a Centrifugal Pump Impeller,” E249.9, Division of Engi-
neering and Applied Science, California Institute of Technology.

Transactions of the ASME



25

TRANSACTIONS OF THE

7

P T A AT COACITTY AL MECANICOAT ENGINEERS « MARCH 1995



26

Chapter 4

Influence of Injectant Mach Number and Temperature
on Supersonic Film Cooling



OURNAL OF THERMOPHYSICS AND HEAT TRANSFER
/ol. 8, No. 1, Jan.—March 1994

27

Influence of Injectant Mach Number and Temperature on
Supersonic Film Cooling

K. A. Juhany,* M. L. Hunt,t and J. M. Sivot
California Institute of Technology, Pasadena, California 91125

The current work is an experimental investigation of the dependence of film cooling effectiveness on the
injection Mach number, velocity, and mass flux. The freestream Mach number is 2.4, and the injection Mach
numbers range from 1.2 to 2.2 for both air and helium injection. The adiabatic wall temperature is measured
directly. The injection velocity and mass flux are varied by changing the total temperature and Mach number
while maintaining matched pressure conditions between the injected flow and that of the freestream. The total
temperature of the freestream is 295 K, and for the injection it ranges from 215-390 K. The results indicate
an increase in film cooling effectiveness as the injection rate is increased. With the exception of heated helium
runs, larger injection Mach numbers slightly increase the effective cooling length per mass injection rate. The
results for helium injection indicate an increase in effectiveness as compared to that for air injection. Heated
injection, with the injectant to freestream velocity ratios greater than 1, exhibit a rise in wall temperature
downstream of the slot resuiting in effectiveness values greater than 1. The experimental results are also compared

with earlier studies in the literature.

Nomenclature

total enthalpy

Mach number

Reynoids number
velocity ratio, u;/u.,

slot height

injection temperature
recovery temperature
total temperature

wall temperature
injection velocity
freestream velocity
cooling length
streamwise distance
boundary-layer thickness
film cooling effectiveness
mass flux ratio, pu;/p.u..
kinematic viscosity
density
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Introduction

EW designs of supersonic and hypersonic vehicles have

brought renewed interest in the areas of aerodynamic
heating and active cooling techniques. One of the limiting
design parameters for these vehicles is the maximum tem-
perature and heat flux that is sustainable by the vehicle ex-
terior and engine interior. For example, the afterburner tem-
perature in an engine flying at Mach 5 is expected to exceed
2000 K." An estimate of heating in the propulsion system is
10 kW/cm? with peak values upward of 50 kW/cm?*.2 Although
new materials and designs that intcgrate the propulsion system
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with the airframe are being introduced to account for the high
temperatures and heat fluxes, the vehicles must also rely on
active cooling techniques.

One proposed cooling method for supersonic or hypersonic
flight is tangential slot injection or film cooling. Film cooling
is a widely used technique to protect aircraft structures, rocket
nozzles,® plug nozzies,* and turbine blades® from high-tem-
perature environments. A thin layer or film of low-temper-
ature gas is injected along the surface, in the direction parallel
to the freestream. As the film-coolant fluid mixes with the
higher temperature mainstream, the temperature of the gas
film increases, reducing the film-cooling effectiveness. Pre-
vious experimental studies on film cooling have been pre-
dominantly in the area of incompressible flow. In the area of
compressible flow, extensive work on film cooling has been
done in cooling jet engine turbine blades. These studies in-
volve flows with velocities below sonic conditions. Few studies
have examined supersonic film cooling, especially with vari-
able Mach number injection. More data are needed with low
molecular weight gas injection as would be applicable to the
National Aero-Space Plane. Furthermore. the results from
existing supersonic film cooling studies vary considerably and
little work has been done to resolve the discrepancies or to
explain the physical phenomenon that impacts the mixing
between the freestream and the injectant.?

The film-cooling flowfield can be divided into three regions®:
1) an inviscid core region, 2) a wall jet region, and 3) a
boundary-layer region. The inviscid core region, like a free
jet, contains a viscous layer that emanates from the lip and
ends when it meets the growing slot-flow boundary layer. In
this region the wall temperature remains constant at the re-
covery value of the injectant flow. The wall iet region starts
at the location where the viscous layer origiuating from the
lip meets the slot flow boundary layer. In this-region, the wall
begins to be affected by the mixing between the freestream
and injectant. Due to intense mixing in this region, the tem-
perature starts approaching that of the freestream value. Fur-
ther downstream, the wall jet flow relaxes to a boundary-
layer flow. Thus, film cooling flow combines different types
of familiar flows: a free-jet flow, a wake flow, a shear layer
flow, and a boundary-layer flow. Consequently, the behavior
of the wall temperature should exhibit differences in each
region.
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Table 1 Supersonic film cooling studies

Author Fluid M., M, r A PP,
Goldstein et al.!! Air 3 =] =0.5 0.1-0.41 =1 and =1
He 3 <1 0.01-0.02 <1
Cary and Hefner!>*3 Air 6 1 0.29-0.35 0.03~1.6 =1 and =1
Rouser and Ewen'* H, 2.3 1.9 1.95 0.15-0.58 0.5-2.0
N, 2.3 1.9 0.54 0.47-2.2 0.5-2.0
Current Air 2.44 1.2-1.9 0.57-1.1 0.38-~0.77 1
He 2.44 1.3-2.2 1.6-2.6 0.18-0.44 1
In incompressible flow, the film-cooling effectiveness is de- Studies of film cooling in which the adiabatic wall temper-
fined as atures were measured directly, include the works of Goldstein
et al.,'! Cary and Hefner,'*!* Rousar and Ewen," and Bar-
T,-T. yshev et al.'® The work by Goldstein et al.!! considered sonic
n= }',—:_f: (1) and subsonic injection of air and helium into a Mach 3 free-

where T, is the freestream temperature. An effectiveness of
one corresponds with a wall that remains at the injection
temperature, and the axial distance over which this occurs is
referred to as the effective X ,. The fluid is heated as a result
of mixing with the main flow, and the effectiveness decreases
with downstream distance.

Early work on film cooling” has shown that under certain
conditions the value of the heat transfer coefficient with film
cooling quickly approaches that of the undisturbed boundary-
layer flow. The same conclusion can be obtained theoretically
if the incompressible. constant property, energy equation is
applied to the film cooling flow.” As a consequence, the value
of the adiabatic wall temperature in Eq. (1) is often not ob-
tained directly, but instead determined from measurements
of the wall heat flux and from calculations of the boundary-
layer heat transfer coefficient.

Film cooling in low-speed flows has been thoroughly in-
vestigated (as reviewed by Goldstein®). A common purpose
of these investigations was to develop a correlation for effec-
tiveness, as defined in Eq. (1). The effectiveness results are
often plotted as a function of downstream x, divided by s,
and by the ratio of coolant mass flux to that of the freestream
A, x/(sA) where A pulp.u,.. The dependence of n on
x/(sA) is developed from integral models for air injection into
an airstream.? The effect of foreign gas injection is incorpo-
rated in the integral analysis by including the specific heat
ratios. and is usually presented as x/(sA)(c,./c,;).

For supersonic flow, the effectiveness is often defined by
replacing the freestream temperature with the freestream re-
covery temperature T,

e I
T, - T.

r

n =

(€3]

where T, and T, are the recovery temperatures measured
along the surface and the recovery temperature of the injected
fluid under adiabatic conditions. To correlate the data in high-
speed flow, previous studies attempted to use modified in-
compressible flow correlations.® However. these correlations
were not successful in predicting experimental measurements.
The extension of the incompressible results to supersonic flow
is complicated by two issues that are characteristic of high-
speed flows: 1) the strong coupling between the momentum
and energy equicon, and 2) the appearance of shock waves.
As a consequence of the strong coupling between the mo-
mentum and energy equations, the thermal features of the
flow are strongly influenced by the hydrodynamic aspects.
Unlike incompressible flow, the heat transfer coefficient with
injection is expected to be different than the value of the
undisturbed boundary layer. Beckwith and Bushnell® and
Banken et al.'® showed that the heat transfer coefficient with
injection can differ significantly from that without injection.
Therefore, the adiabatic wall temperature in Eq. (2) should
be determined directly and not be inferred from the heat flux.

stream. Both the injectant and the freestream flows were
laminar, and the boundary-layer thickness at the injection slot
was smaller than the slot height of the injectant (8/s from 0.18
to 0.4). Goldstein et al. defined their effectiveness by re-
placing T,.. in Eq. (2) with the recovery temperature measured
with the injection of fluid at the same total temperature as
the freestream. The results demonstrated that sonic injection
of air significantly increased the film cooling effectiveness over
that for subsonic injection.!’ In addition, the helium resuits
indicated that the higher heat capacity of the injected fluid
further increased the effectiveness. However, the helium stud-
ies were only performed for subsonic injection Mach numbers.
Table 1 summarizes the parameters for this study and for other
comparable studies.

The work by Cary and Hefner!>'* involved sonic air injec-
tion into the hypersonic flow at Mach 6. and the results showed
further increases in effectiveness over the supersonic results
by Goldstein et al. In these experiments the freestream flow
was turbulent and the boundary-layer thickness at the injec-
tion nozzle was considerably larger than the slot height (&/s
from 4.6 to 32). Cary and Hefner’s definition of effectiveness
was based on the freestream stagnation temperature T, in-
stead of T, defined in Eq. (2). The resuits indicated that the
effectiveness increased with injection temperature.

Rousar and Ewen!? injected both hydrogen and nitrogen
at Mach 1.9 into an airflow at Mach 2.3. The boundary layer
was turbulent, but its thickness was not given. The effective
cooling lengths for air injection were less than those found in
the studies by Goldstein et al.!! and by Cary and Hefner,'2:!*
which could be due to differences in the experimental con-
ditions. For hydrogen injection, the effective cooling lengths
were larger than for any of the air studies, and the decrease
in effectiveness as a function of downstream distance was
significantly less for hydrogen. The injection Mach number
and temperature remained constant, while the mass flow rates
were varied by changing the injection pressure, so that the
injectant was either underexpanded. overexpanded, or at
matched conditions. The resulting mass flux ratios were 0.15
< A < 0.58 for hydrogen, and 0.47 < A < 2.2 for air.

To compare the air and hydrogen results, Rousar and Ewen
modified the effectiveness definition using the difference in
enthalpies

h.—h

=y

— 3)

1.

where 4, indicates the total enthalpy of the freestream and
h,. is the total enthalpy for the edge of the viscous sublayer
for adiabatic conditions. This definition is useful in presenting
results for dissimilar gas injections: however, the definition
relies on models for the entrainment rate to determine h,,.
In addition to these studies, several film-cooling studies
have measured the wall heat flux by using the transient tech-
niques.'¢~2' The studies by Alzner and Zakkay,'¢ Zakkay et
al..'” and Parathasarathy et al.'® used a transient thin wall
technique, where the heat transfer is determined from the
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rate of change of the surface temperatures. The heat transfer
coefficient value was calculated using flat plate turbulent
boundary-layer correlations for flow without injection. As
indicated earlier, this indirect method of determining the adi-
abatic wall temperature and the film cooling effectiveness can
lead to significant errors because the heat transfer coefficient
with injection can differ significantly from values without fluid
injection.

In recent hypersonic film-cooling effectiveness studies'*-2!
the heat transfer was measured using thin film resistance ther-
mometers in a shock tunnel. The surface heat flux was mea-
sured with and without fluid injection. The no-injection
boundary-layer results were used to determine the heat trans-
fer coefficient. These boundary-layer heat transfer coeffi-
cients were then used with resuits of the injection experiments
to calculate the film cooling effectiveness. Although, the mea-
surement of heat flux was direct, and therefore more accurate
than the studies of Refs. 16—-18, obtaining the adiabatic wall
temperature with injection by using the heat transfer coeffi-
cient without injection results in inaccuracies.

The approach in this experiment is to obtain the adiabatic
wall temperature directly by insulating the wall. The data are
compared to studies of Goldstein et al.,'' Cary and Hef-
ner,'2* and Rousar and Ewen' in which the adiabatic wall
temperatures were measured directly.

Experimental Facility

In the current experiment, air and helium were used as the
injectants, and the injection Mach number varied from M, =
i.2 t0 M, = 2.2. The mass flow rates were varied by con-
trolling the injection temperature, injection Mach number,
and matching the injection exit pressure to that of the free-
stream. The ranges of parameters for the present experiments
are listed in Table 2.

The experiments were conducted in the Graduate Aero-
nautical Laboratory, California Institute of Technology
(GALCIT) continuous supersonic wind tunnel. Figure 1 shows
a schematic of half-nozzle configuration used in the slot in-
jection experiments. Air entered the wind tunnel at ambient

Table 2 Experimental parameters

Injectant TAT,. M; UlU. p:Utp. U,

Air 1.13 1.3 0.72 0.38
1.13 1.5 0.82 0.50
1.13 1.8 0.91 0.61
1.14 2.2 1.0 0.82
1.32 2.2 1.1 0.77
0.80 1.2 0.57 (.40
0.76 1.5 0.66 0.59
0.76 1.8 0.73 0.74

Helium [.i6 1.3 2.0 0.18
1.16 1.6 2.2 0.23
1.16 1.9 2.4 0.30
1.24 2.2 2.6 0.34
0.75 1.3 1.6 0.20
0.71 1.9 1.9 0.44

A
V R

B =t =

A - SUPERSONIC NOZAE BLOCK
B - SLIDING INJECTION BLOCK
C - ADIABATIC WALL

D - INJECTANT SETTLING CHAMBER
€ - INSULATING BLOCKS
F - LOW PRESSURE REQION

Fig. 1 Schematic of wind-tunnel test section. Drawing not to scale.
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pressure (=0.97 atm) and temperature (=28°C). At the be-
ginning of the test rhombus where the injectant slot was lo-
cated. the boundary layer was turbulent with a thickness of
3.4 mm and a Re/m of 9.0 x 10° The nominal freestream
Mach number was 2.44 = 0.02. The total test section length
and height were 400 and 25.4 mm, and the slot height at the
exit of the injection nozzle was 1.5 mm.

The 2-mm-thick instrumented plate was made from Has-
telloy-X®, a low thermal conductivity nickel-cobol alloy used
to reduce conduction from the injection slot to the down-
stream section and from the plate sides. To minimize heat
transfer from the instrumented plate to the exterior, the re-
gion behind the plate was open to the low-pressure down-
stream environment. Fifty-nine thermocouples were mounted
on the back side of the plate. The thermocouples were epoxied
into 1-mm holes, laser-drilied 0.3 mm below the surface. The
plate also contained 48 pressure taps of which only 25 were
connected for this experiment. The pressure taps were con-
nected to piezoelectric transducers. The thermocouples and
pressure taps were arranged in a diagonal fashion in the cen-
tral third of the plate to provide concentrated measurements
of pressure and temperature without interference. The di-
agonal arrangement made it possible to assess any heat ex-
change through the sides of the plate to the environment. All
thermocouples and pressure transducers were connected to a
PC-based data acquisition system. The wind tunnel was also
equipped with a combined continuous and 10-ns spark source
schlieren system for flow visualization.

The injectant gas was supplied from compressed gas bottles
that were connected to a manifold and a pressure regulator.
The regulator was used to adjust the pressure of the iniectant
before entering the turbine flow meter. Using the flow meter,
the uncertainty in the mass flow measurements was approx-
imately 5%, with the largest values occurring at the highest
flow rates. After metering the flow, the injectant entered a
heat exchanger that was used to increase or decrease the
injectant temperature. For heated runs, the total temperature
was increased to approximately 70°C using resistance tape
heaters that were controlled with a variable voltage regulator.
A few tests were made at a higher temperature (<120°C) to
indicate the effect of further heating. Additional heating of
the injectant would have resulted in an unfavorable heat con-
duction to the freestream boundary layer through the injec-
tant-nozzle lip. For cooled runs, a dry-ice/alcohol mixture was
used to decrease the injectant temperature to approximately
—~60°C. After exiting the heat exchanger. the flow was throt-
tled to the injection reservoir where the total and static pres-
sures. and the total temperature were measured. The total
pressure was measured using a tube that faced the direction
of the flow while the static pressure was measured at the wall;
the difference between the two measurements were small,
indicating that the flow was stagnant. To reduce conduction
upstream to the primary flow, the injection reservoir was
made from a wooden block.

Figure 2 shows the sliding block injection nozzle. The end
of the sliding block was tapered to an angle of 10 deg which
was used to form the injection nozzle. The lip thickness in
this study was difficuit to define since the lip had a wedge
shape with a sharp trailing edge (0.25-mm thick). By moving
the sliding block. the Mach number was varied by changing
the height of nozzle throat. The termination of the nozzle at
10 deg resuited in a radial-type flow, similar to that of rocket
nozzles. so that the flow out of the nozzle was not parallel to

10°

_/1.5 mim
ﬁn 10 mm

Fig. 2 Injection nozzle geometry.
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the freestream flow. The effect of the injectant radial flow on
the flow just downstream of the nozzle is discussed in the
next section.

The injection Mach number reported in the study was de-
termined from the height of the nozzie exit (1.5 mm) assuming
zero displacement thickness, and by measuring the total tem-
perature, total pressure, and mass flow rate of the injected
gas. This method of calculating the Mach number agreed with
the Mach number measured with the pitot probe at the center
of the slot exit (M = 0.1) for Mach numbers 1.5 and higher.?*
However, the accuracy for the transonic Mach number in-
jections range (=1.2) was within M = 0.2, with Mach num-
bers always greater than unity. The calculation assumed a
zero displacement thickness through the nozzle. The agree-
ment between the calculation method and the pitot probe
measurement indicated that the displacement thickness was
small. A static pressure tap was also located within the nozzle,
and this tap was used to verify that the flow within the nozzie
was supersonic. The pressure tap located nearest to the slot
was also checked to verify that the pressure was near matched
conditions.

Experimental Results

Preliminary experiments were made to assess the effect of
heat conduction between the environment and the test sec-
tion, and to examine the impact of the backward facing step
formed by the slot and the instrumented plate. As indicated
by the thermocouples located nearer to the side walls of the
test section, some heat conduction occurred along the edge
of the plate. Without fluid injection, the adiabatic wall tem-
peratures were at most 8°C higher than the value predicted
assuming a turbulent recovery factor of 0.89 and using the
total temperature of the freestream. The variation of the wall
temperature from the expected adiabatic wall temperature
without injection resulted from several factors: the upstream
history effect on the boundary layer, the impingement of the
step shock wave on the plate, and conduction. As observed
in the schlieren system and through the static pressure taps,
this shock was reflected several times within the test section.
The temperatures measured near the sidewall of the tunnel
were close to the temperature located at the center of the
plate (less than 1°C), indicating low conduction along the sides
of the plate. The plate responded quickly to temperature
variations, but the wind-tunnel glass windows and the wooden
injectant reservoir slowly reached thermal equilibrium. In all
runs, sufficient time was given for the plate and the injectant
reservoir to reach thermal equilibrium, usually 15 min. Cor-
recting the effectiveness for conduction proved to be difficult
because the heat transfer coefficient with injection is un-
known.

The flow parameters for the 10 different experiments are
listed in Table 2. The air experiments are for Mach numbers
between 1.2-2.2, mass flux ratios between 0.38 < A < 0.82,
and velocity ratios between 0.57 = r = 1.1. The helium ex-
periments are for Mach numbers from 1.2 to 2.2, mass flux
ratios between 0.2 = A = 0.44, and velocity ratios between
1.6 = r = 2.6. The definition of effectiveness for the pres-
entation of the experimental results corresponds to the def-
inition in Eq. (2), where T, is the measured adiabatic wall
temperature without fluid injection. The value of T, is the
wall temperature measured just downstream of the injection
nozzle. Using the mewsured values of T,.. and T, rather than
the calculated values, gives a more accurate value of effec-
tiveness.

Flow visualization studies using the schlieren optics were
undertaken to investigate the flow downstream of the slot.
The nozzle was set to an injectant Mach number, then the
injection mass flow rate was increased until its value reached
the matched pressure condition. As the injectant flow rate
was increased towards the matched pressure value, a similar
shock structure to the studies of Goldstein et al.!' was ob-
served. Figure 3 is a schilieren photograph of a Mach 2.2 slot

Fig. 3 Schlieren photograph of 3, = 2.2 air injection.

flow, which is a typical flow pattern for all the other injectant
Mach numbers. The knife edge for the schlieren photograph
is positioned parallel to the flow direction. The schlieren pho-
tograph shows the freestream boundary layer interacting with
the injectant. The injectant is the bright region next to the
wall, while the freestream boundary layer is the dark region
just above the injectant. The injectant at the point of inter-
action is at an angle of 10 deg, with respect to the parallel
free-stream. Although the injectant and the freestream are
at matched pressure, a shock wave in both the freestream and
injectant sides is produced to adjust the flow to the same
orientation angle. The slot flow radial velocity is reduced as
the wall is approached on the injectant side. The interaction
between the freestream and the injectant flow starts at the
slot tip. The disturbance due to the interaction is propagated
through the Mach lines. The streamlines closer to the wall
feel the disturbance at a larger axial distance from the slot
exit than streamlines farther from the wall. Consequently, the
streamlines closer to the wall expand more than ones farther
away from the wall. increasing in Mach number and decreas-
ing in pressure. Therefore. the shock wave, produced in the
injectant flow, increases in strength as it approaches the wall.
The injectant shock wave interacts with the laminar boundary
layer, resulting in separation, but reattachment soon follows
because the boundary layer is small and the strength of the
shock wave appears to be close to the incipient value. The
above information concerning the shock structure out of the
slot was examined computationally.** using the MUSCL scheme
developed by Lappas.?* It was found that the shock wave
strength in the injectant flow, measured in terms of static
pressure rise, ranged from 1.1 to 1.3 for the lowest and highest
injection Mach number, respectively. The leading separation
shock, the expansion wave, and the recompression shock
(characteristic of shock wave boundary-layer separation) are
indicated by two sharp bright lines surrounding a dark region
(expansion wave). The effect of weak shock waves on the
adiabatic wall temperature is not significant,? especially next
to the slot. Previous results'” indicate that the slot-flow lip
shock wave does not seriously degrade film cooling effective-
ness.

The addition of mass by injection in the fixed test section
area resulted in a pressure increase that was proportional to
the injection rate. Figure 4 shows a selection of wall pressure
distributions for some of the tests. The pressure distribution
along the wall indicates that the pressures for most runs are
nearly constant for the first 60 slot heights, but gradually the
pressure begins to increase. The highest pressure increase is
from 6.2 kPa near the injection slot to 9.6 kPa at X/s = 300
for the A = 0.74 case. The spikes in the pressure profile are
a result of the lip shocks propagating through the test section
and impinging on the wall. Although the shock waves in the
tunnel are weak, their signature on the wall indicates the
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added effect of the reflected shock. In previous low-speed
film cooling experiments, it was found that pressure gradients
of the magnitude experienced under the current experimental
conditions did not influence the film cooling effectiveness,?
while the effect of pressure gradient in supersonic flow (not
associated with shock waves) is not well documented. The
comparisons in this study are based on the assumption that
the pressure gradients of the magnitude experienced in the
current experiments have little effect on the film cooling ef-
fectiveness.

As discussed earlier, a typical plot of temperature with
heated injection vs distance downstream of the siot shows the
temperature near the slot to be constant for a short distance
in the inviscid core region. Then the temperature drops as
the freestream mixes with the injectant. The opposite trend
occurs when a cold injectant is used. In general, for both
heated and cooled injection, the effectiveness value follows
the same temperature trend. However, for heated injection
at high velocities (r = 1), there is a distance downstream of
the slot where the recovery temperature increases at constant
pressure, even beyond the temperature T,,. This increase in
temperature results in an increase in effectiveness with down-
stream distance to values above 1, as defined by Eq. (2). This

phenomenon is demonstrated in Fig. 5, which shows resuits
of temperature normalized by the injectant stagnation tem-
perature, and pressure normalized by the freestream pressure
for Mach 2.2 heated injection of air and helium. The iength
in which this rise occurs is shown to extend to 45 slot heights
in the case of air, and 70 slot heights in the case of helium.
The increase in temperature is a result of the flow near the
wall, composed of mostly injectant fluid, slowing down due
to the mixing process between the freestream and the injec-
tant.?? Additional heating would also occur when the injectant
boundary layer transitions from a laminar to a turbulent
boundary layer. This rise in temperature should also occur
with cold injection, but the effect is not noticeable since the
temperature also rises due to the mixing with the hotter free-
stream.

Figures 6—9 show the film cooling effectiveness as a function
of downstream distance divided by slot height x/s. Data above
7 > 1is not shown, but it occurs for all heated injection whose
ris greater than 1. The highest effectiveness values obtained
in the cases of data sets shown in Fig. 5 are 1.2 and 1.5 for
air and helium injection. respectively. As indicated in the
figures, X, ranges from approximately 30 to 300 slot heights
depending on the fluid, the injection rate, and the Mach num-
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ber. The decrease in effectiveness downstream of X, also
appears to depend on these parameters.

In Fig. 6 the results are presented for heated air injection
(T, = 70°C). For a fixed injectant temperature, increasing the
injectant Mach number raises both the velocity ratio and mass
flux ratio which results in an increased cooling length. By
comparing the results for M; = 1.3 and M, = 1.8, the increase
in cooling length is approximately 30s. but requires a 60%
increase in mass flux. When increasing the injection Mach
number to 2.2, corresponding to a velocity ratio of unity, the
rate of decay of effectiveness is reduced compared to other
Mach number injections. Additional heating of the Mach 2.2
injection to a value of T,,/T,.. = 1.32 results in a 10% increase
in velocity and a 6% reduction in mass flow rate, but only
results in a small change in effectiveness. Figure 7 shows
results for cooled air injection (7, = —40°C). For cooled
injection, the results for M, 1.8 indicates only a slight
increase in cooling length beyond the results for M; = 1.5.
When the Mach number is increased to 1.8 in both cases of
heated and cooled injections, the improvement in effective-
ness is less in the case of cooled injection, whose increase in
A is even higher than that for the heated injection.

Figure 8 shows the results of effectiveness with heated he-
lium injection. The results show a large change in effectiveness
when the injection Mach number is increased from 1.3 to 1.6.
High effectiveness values (greater than 0.8) are achieved for
the entire test length of 300 slot heights, when the injection
Mach number is more than 1.6. Figure 8 also shows that
effectiveness does not improve beyond the Mach 1.9 value,
corresponding to a velocity ratio of r = 2.4. The injectant of
Mach 2.2 is at a higher temperature and produces similar
effectiveness values to the Mach 1.9 case. Figure 9 presents
the measurements for the cooled helium injection studies. The
results show an increase in cooling length of approximatety
20s for a 120% increase in the fluid injection rate. The cooled
helium injection produces cooling lengths much smaller than
that produced by the heated helium injection. In contrast to
air injection, increasing the helium velocity ratio beyond 1,
r > 1, increases the effectiveness until the value of r = 2.4
is reached.

Figure 10 presents the effectiveness results for all of the .
experimental runs as a function of x/(sA)(¢,=/c,;), which is the
parameter suggested by the integral analyses.® As shown in
the figure, the parameter x/(sA)(c,./c,) nearly collapses all
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the data, with the exception of the cooled helium injection.
Figure 10 indicates that the cooling lengths per mass injection
rate X/(sA) are close for all the air runs, although it appears
that the values are slightly larger for the heated air runs. The
heated runs also decay at a higher rate than found in the
cooled runs, especially for helium. It was shown earlier that
there was an initial region where the temperature rose beyond
the value at the exit of the slot (apparent in the case of heated
injection with » > 1). The temperature rise results in higher
effectiveness values for heated injection and lower ones for
cooled injection. This temperature rise with downstream dis-
tance occurs more sigrificantly for helium injection. There-
fore, the difference between effectiveness values of the heated
and cooled injection is expected to be more significant for
helium. In addition to the physical phenomena of increased
effectiveness with injectant temperature, higher values of ef-
fectiveness for a given x/(sA)(c,./c,;) also result from the as-
sumptions made in the integral analysis. The integral analysis
that produces the correlation parameter x/(sA)(C,./c,) as-
sumes that the adiabatic wall, 7,,(x) in Eq. (2), is equal to
the mass averaged temperature downstream of the slot.® The
mass averaged temperature value is between the adiabatic
wall temperature and that of the freestream. Using the adi-

abatic wall temperature instead of the mass averaged value
results in an overestimate of n for heated injection and an
underestimate of 7 for the cooled injection.

In Fig. 10, the experimental results are also compared with
the experimental measurements by Goldstein et al.,!' Cary
and Hefner,'?!> and Rouser and Ewen.* To compare these
studies, the experimental curves of Cary and Hefner, and of
Rouser and Ewen are recalculated from their figures to cor-
respond with the effectiveness definition used in the present
work. Also, the curves corresponding to experimental results
of Cary and Hefner in Fig. 10 represents bounds of their data.
Except for the results of cooled helium injections and that of
Rouser and Ewen, the experiments show similar values of the
cooling length parameter X,/(sA)(c,./c,;). Beyond X /(sA)(c,./
c,), the drop in effectiveness is smallest for the hydrogen
injection studies by Rouser and Ewen,'* followed by the re-
sults for sonic air injection into a hypersonic freestream by
Cary and Hefner.!2-** The drop in effectiveness of the current
experiment is larger than that of Cary and Hefner.'>'* The
difference may be attributed to slower mixing in hypersonic
flow boundary layers as compared to the mixing in the current
supersonic flow results. The Goldstein et al.!' results are for
a similar Mach number as the present experiments. However.
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their results indicate a much steeper decrease in effectiveness
which may be due to the relatively large thickness of the nozzle
lip as compared to the thickness of the boundary layer. Their
geometry may induce a large wake that would enhance mixing
between the injectant and the mainstream. The boundary
layer to lip thickness ratio of 0.4 in Goldsteins study is small
when compared to 6 and 39 of Ref. 25, and 22 and 2.14 of
Ref. 19, whose finding was that lip thickness did not affect
film cooling. The relatively low air resuits by Rouser and
Ewen'* are anomalous since the flow conditions are similar
to that for the present experiments. Their hydrogen results,
as compared with that for air or helium injection, do dem-
onstrate the effect of the increasing the injectant heat capac-
ity.

In several of the references.**¢?! other correlation param-
eters such as x/(sA%*), x/(sA)Re; **v./v,, and x/(sA)Re; **(v./
v)p:/p)°*[1 + 0.5(y — 1)M?] have been used to present the
data. These parameters were tried, but the parameters did
not indicate a better representation of the results than
x/(sA){(c,./c,;). Note that these parameters are based on the
injection conditions as compared to those of the freestream:
as a result these parameters merely shift the curves along the
axes of the graph and do not change the slope of the curves.

As a further comparison of the experimental findings, Fig.
11 shows the cooling lengths for each of the experiments as
a function of the mass flux ratios. The values of X, are de-
termined by performing a least squares fit to the data points
corresponding to n < 0.80, and extrapolating the curve to
find the x/(sA) value in which 5 = 1.0. For the helium injection
cases of M, = 1.9 and T,/T,. = 1.16, only the last point
tested is near the value of 0.8, and therefore. the correspond-
ing value of x/s is used. For the case of M. = 2.2 and T,/T,.
= 1.24, all values are larger than 0.8. so its value of X,/s is
not indicated in the figure. For the same injection rate, the
helium results show a hicher effectiveness than the corre-
sponding air measurements which is due to the relatively high
specific heat of helium as compared to that for air. The figure
indicates that the heated helium runs clearly have the highest
cooling lengths for a given injection rate. The figure shows
that the cooling length increases with Mach number for a
constant injection rate. The figure also suggests that except
for the anomalous cooling run with M, = 1.2, the heating
experiments produced larger values of X . The cooling lengths
for cold helium injection are not significantly larger than the
air results; however, as noted earlier the decrease in effec-
tiveness downstream of X, occurred more slowly. The figure
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again indicates the correspondence between the present cool-
ing lengths and the results from Goldstein et al.'! and Cary
and Hefper.!>-13

Conclusions

The current experiments examine supersonic film cooling
effectiveness for air and helium injection. In the experiments,
the static pressure between the freestream and the injectant
were matched, and the total temperature and Mach number
of the injectant were varied. The wall pressure and the wall
temperature were measured. The adiabatic wall temperatures
were measured directly by insulating the surface.

For heated injection of velocity ratio greater than 1, the
temperature increased downstream of the slot, resulting in
effectiveness greater than one. This rise is attributed to the
deceleration of the injectant as it mixes with the freestream
boundary layer and to the transition of the injectant boundary
layer.

Generally, effectiveness improves with increasing the in-
jectant Mach number. However, for the cold runs of helium
and air, the change in Mach number produces a small change
in effectiveness. For A or r, varying the Mach number of air
injection produces a small change in the cooling length per
unit mass flux X,/(sA). In the case of helium injection, keeping
A constant and increasing the Mach number produces a higher
cooling length. To vary the injectant Mach number while
maintaining the same A or r, involves changing the temper-
ature. To attribute the increase in cooling length to Mach
number alone is not conclusive since the behavior of heated
and cooled injection is different. Comparison between helium
and air experiments indicates that the effectiveness increases
with the heat capacity of the gas.

High effectiveness values far downstream are found with
the heated injections for velocity ratios greater than 1. Heated
helium injections of velocity ratio greater than 2 produce
effectiveness values greater than 0.8 for 300 slot heights down-
stream of injection point. The increase in temperature down-
stream of the slot could partly explain the high effectiveness
values obtained in the cases of heated injections with r > |.

Previous studies that directly obtained the adiabatic wall
temperature are compared with the current experiment. The
simple correlation parameter x/(sA)(c,./c,,) is demonstrated
to be the best choice for correlating the data. However, the
cooled helium injection does not conform to this correlation.
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