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Numerical Study of Film Cooling in Supersonic Flow

John P. O’Connor* and A. Haji-Sheikh¥
University of Texas at Arlington, Arlington, Texas 76019

A computational fluid dynamics study of the insulating effects of film cooling is presented. The results for
injecting a heated secondary airstream through a rearward-facing slot into a supersonic primary stream are
compared with experimental data. The secondary stream is injected parallel to a flat plate in a Mach 3.0
divergent nozzle. Three different slot openings are examined. The secondary-air-flow to primary-air-flow ratio

is between 0.5 and 8%.

Nomenclature
C, = specific heat
H = step height
M = secondary-to-primary mass velocity ratio, (pU);/(pU),
Ma = Mach number
Pr = Prandtl number
r = recovery factor
S  =slot height
T,. = local adiabatic wall temperature

T.w» = adiabatic wall temperature at injection point

T. = local primary static temperature

T, = primary total temperature

T, =recovery temperature

TR = secondary-to-primary total temperature ratio

U =local primary flow velocity

W = flow rate

X = axial distance downstream from injection point

X, = axial distance downstream from injection point for
near ideal film cooling (y>0.95)

p = density, kg/m?

7 = film-cooling effectiveness

u = fluid kinematic viscosity

Subscripts

p = primary flow

s = secondary flow

Introduction

N many engineering applications, there is a need to protect

solid surfaces that are exposed to a high-temperature envi-
ronment. The aerospace industry specifically has been ad-
dressing this problem for years. Hypersonic vehicles are ex-
posed to a gaseous high-temperature environment and their
solid surfaces must be cooled or manufactured from special
high-temperature materials. Components of gas turbine en-
gines are exposed to high-temperature gases. The thrust pro-
duced by these engines is limited by turbine blade material
temperature limits; therefore, it is desirable to cool the blades.
Exhaust system surfaces of high-performance jet aircraft are
subject to high-temperature exhaust gases. There is a need to
cool these surfaces for material survivability and infrared
signature reduction. There are many other current and future
applications as well.
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Film cooling is one way of introducing a coolant air flow
into a boundary layer. A secondary fluid is injected through a
slot or series of holes at one or more discrete locations along
a surface with the objective of insulating that surface not only
in the immediate region of the point of injection, but also
downstream of that point. The secondary fluid feeds down-
stream from the injection point, creating an insulating film
that reduces the convective heat transfer rate from the hot gas
stream to the exposed surface. Seban et al.! investigated the
effect of secondary coolant fluid injection angularity on film-
cooling effectiveness and found that, as the secondary injec-
tion angle with respect to the primary flow stream increases,
film-cooling effectiveness decreases. Secondary injection nor-
mal to the primary stream resulted in up to a 50% reduction in
cooling effectiveness. As the injection angle increases, mixing
between the two streams increases. Mixing tends to break
down the insulating film and is not desired. The highest effec-
tiveness values were obtained when the secondary coolant
fluid was injected parallel to the primary stream, a flow condi-
tion where mixing is at a minimum. Hence, this computational
study was based on a geometry where the secondary airflow
injection was parallel to the primary stream.

The coolant airflow can be injected through holes or slots
and at different angles with respect to the primary flow
stream. The primary flow stream to which the coolant fluid is
injected can be subsonic or supersonic. The technique used
depends on the specific application. This study addresses film
cooling in a supersonic environment. Studies of transpiration
cooling and other different film-cooling techniques are widely
reported in the literature. A discussion on transpiration cool-
ing can be found in Ref. 2 and various film-cooling techniques
are discussed in Refs. 3-7. In addition, Ref. 7 includes a
survey of film-cooling studies reported by Goldstein.

Objectives

The objectives of this study are twofold: 1) to verify the
numerical model, and 2) to generate a data base using compu-
tational tools that improve the design and analysis capabilities
of supersonic film-cooling applications. Computational tools
are very useful in examining a flowfield in detail; this capabil-
ity is used to provide a qualitative explanation of the parame-
ters affecting film cooling. These parameters include mass
velocity ratio, flowfield properties, slot and step geometry,
axial location, and fluid injection angle.

The present study focuses on injecting a heated film of air
through a rearward-facing slot parallel to a flat plate in a
Mach 3 divergent nozzle. The specific geometry studied was
taken from the work of Goldstein et al.? Three different slot
heights, S = 1.62, 3.12, and 4.62 mm, are analyzed. Six sec-
ondary airflow values are selected for each slot height, result-
ing in secondary-to-primary airflow ratios between 0.5 and 8%.

Film cooling is dependent on several parameters. The scope
of the current study is limited by analyzing a single tempera-
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ture ratio where the total temperature of the primary flow is
297 K and the total temperature of the secondary flow is 366
K, resulting in a temperature ratio of 1.23. Note that the
secondary gas is at a higher temperature than the primary gas.
This study might be more appropriately labeled as film heat-
ing; however, for this temperature ratio, the flow can be
considered constant property. Under these conditions, the
dimensionless temperature distribution in the boundary layer
is independent of whether the secondary gas is at a higher or
lower temperature than the primary gas.

Geometry Definitions

The geometry on which this study is based is illustrated in
Fig. 1 and was taken from Ref. 3, which contains experimental
results. Goldstein et al.? used a constant width of 63.5 mm so
that three-dimensional effects were minimized. The numerical
data generated from this study are for a two-dimensional
flow. The sonic throat height is 5.94 mm, resulting in a throat
area of 378.1 mm?. At the point of secondary fluid injection,
the primary flow area is 1095 mm? resulting in a local-to-sonic
throat expansion area ratio of 2.89. Between the sonic throat
location and the point of secondary fluid injection (approx-
imately 79.25 mm), primary flow expands along a flat plate on
the bottom surface and along a top surface designed to pro-
vide isentropic expansion. This is to prevent the formation of
shock waves upstream of the secondary fluid injection point.
The test section begins at the secondary fluid injection point or
mixing plane. The mixing plane identifies the cross section of
the test apparatus at which the secondary and primary flows
merge. At this location, the bottom surface encounters an
abrupt step down. A 1.45-mm-thick splitter plate separates the
two flow streams. Secondary flow slot heights of S = 1.62,
3.12, and 4.62 mm are investigated, resulting in three step
heights A = 3.07, 4.57, and 6.07 mm, respectively. The step
height is the sum of the slot height and splitter-plate thickness
t. The surface on which the temperature distribution is desired
is a flat plate that extends 225.42 mm downstream from the
secondary fluid injection point or mixing plane. The maxi-
mum cross-sectional area of the primary flow is 1767.7 mm?
corresponding to an overall expansion area ratio of 4.69.

Figure 1 illustrates the location of the primary and second-
ary flow streams and the surface that is to be film cooled.
Primary flow total temperature and pressure are 297 K and
0.276 MPa, respectively, for all analyses conducted. At the
secondary injection point or mixing plane, the local Mach
number of the primary flow is 2.24. The local Reynolds num-
ber of the primary flow at the edge of the splitter plate based
on local conditions and primary flow passage height is
4.4 x 10°, indicating a laminar boundary layer. As the primary
flow moves aft of the mixing plane, it expands to a Mach
number of 3.1.

Table 1 shows the secondary flow conditions corresponding
to the 3.07-mm step height. Secondary total pressure P, and
flow rate W; are given along with the secondary-to-primary
airflow ratio W,/ W,, mass velocity ratio M, secondary slot
Mach number Ma,, and the mixing plane velocity ratio U,/
U, . Secondary flow conditions for the 4.57- and 6.07-mm step
heights are tabulated in Tables 2 and 3, respectively.

SPLITTER PLATE 27.9 ram
145 mm ]

SUPERSONIC OUT-FLOW
TEST SECTION _—

4 SLOT HEIGHT, mm 4INSULATED WALL

SECONDARY
ja——-101.6 mm’l PLOW

181.0 mm 1 157

304.8 mm 1

406.4 mm

Fig.1 Geometry and flow information.

Table 1 Secondary flow conditions for H = 3.07 mm

CFDa P, Wy,

run kPa kg/min W/ W) M Mas Us/Up
1 15.17 0.130 0.0088  0.094 0.43 0.296
2 20.68 0.241 0.0164 0.174 0.75 0.497
3 27.58 0.340 0.0232  0.245 0.96 0.618
4 34.47 0.427 0.0291 0.309 1.06 0.674
5 44.81 0.558 0.0381 0.403 1.13 0.705
6 55.16 0.688 0.0469  0.497 1.16 0.719

3CFD = computational fluid dynamics.

Table 2 Secondary flow conditions for H = 4.57 mm

CFD2 Py, Ws,
run kPa kg/min Wi/ W, M Mas Us/Up

10.58 0.101 0.0069  0.038 0.23 0.158
13.79 0.199 0.0135  0.075 0.36 0.250
18.34 0.392 0.0267  0.147 0.64 0.432
21.17 0.493 0.0336  0.185 0.79 0.525
27.85 0.676 0.0461  0.254 1.00 0.642
35.85 0.873 0.0595  0.328 1.08 0.683

o R R N N S

ACFD = computational fluid dynamics.

Table 3 Secondary flow conditions for H = 6.07 mm

CFD2 P, Ws,

run kPa kg/min  W/W) M Mas;  Us/Up
1 10.58 0.150 0.0102  0.038 0.23  0.159
2 15.31 0.399 0.0272  0.101 046  0.320
3 17.93 0.561 0.0383  0.142 0.62  0.420
4 21.17 0.737 0.0502  0.187 0.79  0.527
5 25.51 0.922 0.0629 0.234 0.96  0.621
6 30.34 1.110 0.0757  0.282 1.05 0.667

2CFD = computational fluid dynamics.

For all secondary flow conditions, the Reynolds number
based on secondary flow sonic conditions and slot height is on
the order of 104, indicating a laminar boundary layer at the
mixing plane. When the two parallel streams meet down-
stream of the splitter plate, a separated region forms and
turbulent mixing is initiated.® A turbulent boundary layer exists
on the surface of interest downstream from the injection point.

Computational Approach

The conservation equations for mass, momentum, and en-
ergy form the cornerstone of theoretical fluid dynamics. These
equations describe the variations of fluid pressure, tempera-
ture, density, velocity, and other flowfield properties through-
out space and time. Computational fluid dynamics (CFD)
employs these equations and provides a means of obtaining a
detailed qualitative solution at any location in the flowfield,
something that experimental procedures do not offer due to
the limited capability of the instrumentation. The resultant
flowfield analysis can be inspected at any cross section and
along any surface. Local and global properties can be moni-
tored. Parameters that influence flow conditions can be stud-
ied and their effects understood. In the present study, injec-
tion rates, injection velocity, injection angle, and geometry
effects are studied to determine their effects on film cooling.

Grid Generation

The computational grids used in this study are generated
using the GRIDGEN program.® This program runs on a Sili-
con Graphics Iris workstation and is used to generate two-di-
mensional surface grids. Three grids are generated, one for
each of the three different slot heights. An additional grid is
constructed for the zero secondary flow analysis by changing
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the boundary conditions on the grid corresponding to the
3.12-mm slot height. Grid points are clustered near each of the
surfaces to increase the resolution in the boundary layer and
are also clustered in the secondary and primary mixing regions
where density and pressure gradients are high. Each of the
grids uses a grid density of 100 x 100 grid lines, resulting in a
total of 10,000 grid points. The grid corresponding to the
4.57-mm step height is illustrated in Fig. 2a.

A grid resolution study is conducted to verify the numerical
accuracy of the solutions. An alternate grid is generated corre-
sponding to the 6.07-mm step height geometry. This grid has
50 additional grid lines in both the vertical and horizontal
directions, resulting in a grid density of 150 x 150 or 22,500
grid points. These additional grid points are strategically lo-
cated along the surface to be film cooled downstream from the
injection point. The 50 additional vertical grid lines are added
downstream of the mixing plane providing increased cluster-
ing behind the splitter-plate base. The 50 horizontal grid lines
provide increased clustering along the film-cooled surface.
The result is a horizontal grid-spacing reduction of 0.5 and a
vertical grid-spacing reduction of 0.025 near the flat surface.
The modified grid is illustrated in Fig. 2b.

An additional CFD analysis is conducted using the 150 x 150
grid and boundary conditions identical to those for CFD run
3 from Table 3. The static temperature distribution on the
film-cooled surface for the two analyses are compared and
shown in Fig. 3. The comparison indicates that the more dense
grid has a temperature distribution 0.2-1.0% higher than the
original 10,000 grid point solution. The dense grid solution
also had a 0.3% increase in the secondary-to-primary weight
flow ratio, which would contribute to the higher surface tem-
peratures. From this grid sensitivity study, it was concluded
that a grid density of 100 x 100 is sufficient and that an
increased grid density did not significantly alter the results.

Computational Algorithm

The HAWK2D CFD code is a flowfield simulation com-
puter program based on the strong conservation law form of
the Navier-Stokes equations. The basic physics of the code
embodies the divergence form of the time-dependent continu-
ity, momentum, and energy equations. These time-dependent
equations are solved until steady-state conditions are reached.
The perfect gas equation of state and Sutherland’s viscosity
law are used. Thermodynamic and kinematic properties of a
fluid flow are calculated at discrete points within the flow,
based on a specified boundary geometry and appropriate flow
conditions on these boundaries. Inviscid and viscous flows can
be calculated. Viscous flows can be laminar or turbulent and
can be treated as fully viscous or as shear-layer flows.

The HAWK2D code is a derivative of the PARC2D code, !0
which was derived from the ARC code. Several modifications
have been made to the PARC2D code resulting in the
HAWK2D code. One of the modifications involved replace-
ment of the Baldwin and Lomax turbulence model used in
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Fig. 2a Computational grid (100 x 100), 10,000 grid points and grid
line identification for convergence monitoring.

Fig.2b Computational grid (150 x 150), 22,500 grid points.
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Fig. 3 Adiabatic wall temperature comparison between 10,000 point
grid and 22,500 point grid.

PARC2D with a two-equation k-k! turbulence model.!! The
two-equation model is derived from a Reynolds stress closure
model and modified for compressible flows.!2 This model is a
fully turbulent model and requires no laminar transition. It
accounts for viscous dissipation and compressiblity, which is
required for a film-cooling effectiveness study.

The artificial dissipation technique in HAWK2D is also
different than that in its parent code PARC2D. Smoothing in
HAWK2D is implemented separately for each coordinate di-
rection. In the boundary layer, natural viscosity provides suf-

. ficient smoothing for numerical stability; therefore, the need

for artificial smoothing in the boundary layer is reduced.

The Beam and Warming!3 approximate factorization al-
gorithm is the heart of the computational procedure employed
by HAWK2D. The algorithm solves equations produced by
central differencing of the Navier-Stokes equations on a regu-
lar grid. This algorithm employs the alternating direction im-
plicit (AD]) style formulation to reduce computational time.
Variable, spatial, and temporal time steps are used for im-
proved algorithm efficiency and robustness.

Boundary Conditions

The flowfields are represented in a computational domain:
that is, each point in the physical domain is represented by a
point in computational space. Boundary conditions are as-
signed to each of the physical boundaries and are represented
in computational space. The primary and secondary in-flow
planes are specified by a subsonic in-flow boundary condition.
Total pressure and temperature along with flow direction are
specified on these boundaries. Static pressure and other flow-
field quantities are calculated as the solution progresses. The
exit plane of the test article uses a supersonic outflow bound-
ary condition, and the flowfield properties at this station are
determined by extrapolation from upstream values.

All physical surfaces are modeled as no-slip (viscous flow),
adiabatic wall (perfectly insulated) surfaces. The ability to
measure or define an adiabatic temperature distribution is
very important in the calculation of film-cooling effectiveness.
All velocity components and the normal gradients of tempera-
ture and pressure are set to zero on these surfaces. Static
temperature and pressure are extrapolated from the grid point
adjacent to the surface.

The 20 CFD analyses are conducted on a Silicon Graphics
Iris workstation. Each of the solutions required approximately
12,000 iterations for convergence. Several flowfield properties
can be monitored to determine when a solution converges.
Convergence of local flowfield properties such as surface tem-
perature and pressure generally require more computational
time than do convergence of global flowfield properties such
as mass flow. In general, convergence is usually monitored
using a global residual of the conservation variables. Because
the current study focuses on local adiabatic surface tempera-
tures, and this temperature is a more conservative convergence
parameter than the residual, this parameter was monitored to
determine solution convergence.
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The adiabatic wall temperature was monitored at four dif-
ferent axial locations along the surface to be film cooled. Grid
line numbers corresponding to these locations are specified.
Grid line 50 is located at the mixing plane and grid lines 70, 80,
and 90 are located farther downstream from the slot; see Fig.
2a. It was observed that the local adiabatic wall temperature
converges (approaches a steady-state value) at a slower rate as
the distance downstream from the mixing plane is increased.
Convergence takes approximately 3,000, 4,500, 7,000, and
11,000 iterations'* at the location corresponding to grid lines
50, 70, 80, and 90, respectively. As the flow proceeds down-
stream from the injection point, mixing increases between the
primary and secondary streams and more computational time
is required to resolve the flowfield.

Data Reduction and Discussion of Results
Computational Fluid Dynamics Comparison with Test Data

A comparison is made between predicted computational
data and experimental data. Two different flow conditions
corresponding to the 4.57-mm step height geometry are used
for the comparison. These flow conditions most closely mod-
eled test conditions available for comparison. Table 4 identi-
fies parameters for each of the two conditions. The secondary-
to-primary mass velocity ratio M, secondary-to-primary total
temperature ratio 7R, and secondary slot Mach number Ma;
are listed. The secondary slot Mach number is a height-aver-
aged value across the exit plane of the slot. A percentage
difference between the CFD and test value for each parameter
is also included. For each comparison, the local wall adia-
batic-to-primary total temperature ratio is plotted against ax-
ial distance downstream from the slot X.

The temperature ratio for comparison 1 is shown in Fig. 4.
The trends for this case show excellent agreement. At the slot,
a downstream distance of zero, both the CFD and test data
indicate a temperature ratio of 1.23, At 2.5 cm downstream
from the slot, the rate at which the temperature ratio drops
increases rapidly for both the CFD and test data due to turbu-

Table 4 Computational fluid dynamics (CFD) vs test data

Comparison 1 Comparison 2

Parameter CFD Test % Dev. CFD Test % Dev.
M 0.075 0.064 17.0 0.038 0.036 6.2
TR 1.233 1.231 0.1 1.233 1.190 3.4
Ma;s 0.360 0.480 33.0 0.230 0.300 23.4
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Fig. 4 CFD and test data comparison, H = 4.57 mm and M = 0.038.
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Fig. 5 CFD and test data comparison, H = 4.57 mm and M = 0.075,
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Fig. 6 Supersonic flow characteristics near a step: a) theoretical flow
definition; b) CFD Mach contours; ¢) CFD velocity vectors.

lent mixing between the two streams. As the downstream
distance is increased beyond 5 cm, the data asymptotically
approach a temperature ratio representative of the mixed tem-
perature between the two streams. The CFD predicted data
approach a value 2.3% higher than the test data, indicating a
predicted local adiabatic wall temperature higher than the
measured temperature. The mass velocity ratio of the CFD
analysis is 17% higher than the test mass velocity ratio. This
represents an increased amount of heated secondary airflow
and therefore would provide improved insulation. In addition,
the accuracy of the test measurements is =+ 5%. As previously
discussed, the test apparatus used can affect the test measure-
ments if the surface of interest is not perfectly insulated.
Comparison 2 is illustrated in Fig. 5. This comparison more
closely matches the mass velocity ratio and slot Mach number
between CFD and test data; however, the total temperature
ratio percentage difference increases to 3.4%. The corre-
sponding adiabatic-wall-to-primary-flow temperature ratio
data indicate this temperature difference. Immediately down-
stream of the slot there is a larger difference in the CFD and
test data than for the preceding comparison. This indicates the
sensitivity of film cooling to the temperature ratio between the
two streams. Temperature differences result in density differ-
ences. As two streams merge together, mixing increases as the
density ratio between the two streams increases. As the down-
stream distance is increased, both sets of data again asymptot-
ically approach a steady-state value. Given the differences in
the parameter values used to make these comparisons, the
difficulties in measuring adiabatic wall temperature distribu-
tions, and noting the accuracy range of the test instrumenta-
tion used, the CFD data compare well with the test data.

Generalized Flowfield Description

Film cooling is affected by the flow conditions existing near
the surface of interest. The flowfield of interest in this partic-
ular study is supersonic. Knowledge of the flowfield character-
istics is helpful in understanding the data obtained and the
resultant film cooling effectiveness.

First, consider supersonic flow around a solid step where
zero secondary flow is injected. For the geometry under con-
sideration, Fig. 1, primary flow expands downstream from the
throat to a Mach number of 2.24 at the mixing plane. At this
location, an abrupt solid step is encountered and the primary
flow expands around the corner. Figure 6a illustrates the flow
characteristics in the neighborhood of this corner. A portion
of the primary flow turns downward away from the bulk of
the primary flow through an expansion fan. As flow turns
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through this expansion fan, it encounters a flat wall. A recom-

pression shock forms and the flow encounters this shock wave

and is turned back parallel to the wall. Just downstream of the

step and upstream of the recompression shock, a separation
“zone exists and flow recirculation is present.

This portion of the flowfield as predicted by CFD for the
zero secondary flow solution has been magnified in the region
of the step and is illustrated in Figs. 6b and 6c. Flow recircula-
tion and the recompression shock are easily detected in these
figures. Close inspection of Fig. 6¢, which illustrates velocity
vectors, identifies flow expansion around the corner and flow
recompression downstream of the step where the velocity vec-
tors are turned back parallel to the wall. The recompression
shock goes on to impinge on the upper surface of the geometry
and is reflected downward. The reflected shock travels down-
stream and impinges again on the lower surface. This shock
pattern can influence the pressure and adiabatic temperature
distributions on the lower surface. A more in-depth discussion
on the characteristics and flowfield properties of expansion
fans and shock waves can be found in Ref. 15.

Now consider the case where the secondary fluid is injected
through a slot at the location of the step, Fig. 7. The following
discussion draws heavily from that given in Ref. 3. The
boundary layer for the primary flow starts at point O’ and for
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Fig. 7 Flow characteristics of two merging parallel streams.
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Fig. 9 Surface pressure distribution downstream of the injection
point.

the secondary flow at point O. A mixing shear layer between
the primary and secondary flowstreams occurs in the region
A-O’-B. Only secondary flow exists in region O’-B-O, and no
mixing between the two streams occurs. A streamline that
theoretically divides the primary stream from the secondary
stream is indicated by line O’-C. In the actual flow, turbulent
mixing between the two streams causes fluid particles to travel
across this streamline.

As the secondary airflow rate is increased, more energy and
momentum are contained in the secondary flow stream and
point B moves downstream. The secondary flow region O’-B-
O remains isolated from the primary stream farther down-
stream from the injection point, providing improved cooling
effectiveness. To illustrate this, CFD produced Mach number
contours of the flowfield corresponding to the 4.57-mm step
height geometry are shown in Fig. 8. Seven solutions provid-
ing secondary-to-primary mass velocity ratios between zero
and 0.33 are illustrated.

For the zero secondary flow case, M =0, flow expansion
around the corner can be seen and a recompression shock
originating just downstream of the step is evident. As dis-
cussed previously, this shock travels downstream and im-
pinges on the upper surface, then is reflected downstream and
impinges on the lower surface. Although the resolution in this
particular illustration does not provide flow details just down-
stream of the step, it does show that no mixing layer or
secondary flow stream is present.

The next six illustrations in Fig. 8 correspond to increasing
secondary airflow rates. For the mass velocity ratio M =0.038,
the secondary flow region O’-B-O, see Fig. 7, projects just
downstream from the injection point. As secondary airflow
increases further, this region extends farther downstream and
is evident in the figure. The unmixed secondary air flow region
provides an insulating film along the surface reducing the
convective heat transfer rate between the primary flow and the
surface. Film-cooling effectiveness therefore increases. Note
that, as more secondary airflow is delivered through the slot,
the primary flow turns through a smaller angle around the
corner, resulting in reduced expansion around the corner. The
recompression shock completely disappears at a mass velocity
ratio between 0.038 and 0.075 because the primary flow ex-
pansion fan weakens due to increased secondary flow. The
disappearance of this shock structure allows the insulating
film to continue farther downstream along the surface. At
some distance downstream from the injection point, the ef-
fects of friction with the lower surface and shear interaction
between the primary and secondary streams cause a reduction
in momentum of the secondary stream. At this point, the
effects of turbulent mixing between the two streams increase
and the insulating film breaks down. The film-cooling effec-
tiveness decreases rapidly in this region. Figure 8 compares
well with experimental results in Ref. 3.

Pressure Distributions

Local surface pressure distributions downstream of the
mixing plane or slot are plotted for the 4.57-mm step height,
Fig. 9. The pressure distributions correspond to mass velocity
ratio values between 0.038 and 0.328. In this environment, the
primary stream flow is expanding and a favorable pressure
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gradient exists downstream of the mixing plane. At the loca-
tion of the slot, there is a significant difference between the
absolute wall pressures for each of the mass velocity ratios.
These differences are primarily the result of varying secondary
supply total pressure (see Table 2); however, local flowfield
characteristics particular to each flow rate also influence the
surface pressure. The pressure distribution corresponding to
M = 0.038 increases from 10.3 to 12.4 kPa between 12.5 and
25 mm downstream from the slot. This is due to the recom-
pression shock previously discussed. In this region, distribu-
tions for all other values of M decrease because the shock is
weaker or does not exist. For all values of M, the pressure
distributions are about the same and decrease due to the
favorable pressure gradient between a distance of 40 and 110
mm downstream from the slot. Between 110 and 180 mm, the
pressures differ for all values of M due to the reflected shock
from the upper surface and the expansion of the primary flow.
Downstream from this point, the pressure distributions are
similar. These pressure distributions compare well with those
given in Ref. 3.

Film-Cooling Effectiveness

Most film-cooling studies emphasize the measurement of
adiabatic wall temperature distributions. This parameter is
very difficult to measure and is significant in the theoretical
definition of film-cooling effectiveness because it is the critical
value a surface temperature can obtain. To determine how
well a surface is being insulated, accurate temperature mea-
surements on the surface are essential. A possible area of
concern for experimental studies is that, although the heat flux
through a particular surface can approach zero, it is impossi-
ble to perfectly insulate a surface. Results can be misleading
depending on the quality of the test apparatus. Instrumenta-
tion inaccuracy also comes into account. The computational
tools used in this study allow an adiabatic boundary condition
to be set on the surface of interest. Zero heat flux through the
surface is allowed, and a true adiabatic temperature distribu-
tion is obtained. By the definition of the adiabatic wall, con-
duction through the wall is absent. In addition, for the tem-
perature range considered in this study, radiation effects are
insignificant; therefore, radiation and conduction on the sur-
face of interest are not being accounted for.

For the current study, the film-cooling effectiveness is de-
fined as

Taw - Tr

= 1
" Taw2_ Tr ( )

where T,, is the adiabatic wall temperature and T, is its
value at the point of secondary fluid injection. The adiabatic
wall temperatures are obtained by analyzing each of the three
slot-height conditions with varying mass velocity ratio values.
The recovery temperature used for all calculations, T, is
obtained by analyzing the geometry having a step height of
4.57 mm with zero secondary flow. Employing this definition
results in an effectiveness parameter that is dependent only on
the primary and secondary flows, and the local axial position
on the film-cooled surface.

At low primary flow velocities, viscous dissipation and com-
pressibility effects can be neglected. However, the flow envi-
ronment for the current study is supersonic, and the primary
flow velocity is high; these effects cannot be overlooked. A
measure of the viscous dissipation and the effects of fluid
compressibility is given by the recovery factor r. The recovery
temperature 7, is related to the recovery factor’ r, by the
equation:

T, - T,
r o=

0 2
Ty — T 0]

where T, is the total temperature of the primary flow, and T,
is the local static temperature of the primary flow. This rela-

tion applies to viscous, compressible flows. The temperature
difference T, — T, is a measure of the rate of viscous dissipa-
tion in the compressible boundary layer. If the recovery tem-
perature 7, and primary flow static temperature are equal,
then no dissipation exists. The amount at which 7, increases
above T, depends only on the fluid and its velocity. The
recovery factor can be approximated by the following rela-
tions for laminar and turbulent flows”:

laminar=r = Pr* 3)
turbulent=r = Pr* ]
Prandtl number= Pr = uC,/k 5)

The Prandtl number is the ratio of the fluid kinematic viscos-
ity to the fluid thermal diffusivity, a number that characterizes
the fluids ability to transport momentum more readily than
heat (Pr > 1) or heat more readily than momentum (Pr <1).

Figure 10 illustrates the recovery factor [Eq. (2)] on the
surface of interest for the current study. The data are shown
on this expanded scale to illustrate the effect of the expansion
fan and reflected shock on the wall surface temperature. These
data correspond to the zero secondary airflow analysis con-
ducted on the 4.57-mm step height, Fig. 8, M = 0. Just down-
stream of the injection point, where the flow is separated, the
values of the recovery factor are higher than expected. This
can be attributed to flow recirculation in this region. At a
downstream distance of 12.7 mm, the recovery factor de-
creases to a value around (.89, which indicates a decreased
wall temperature as the result of the expansion fan. At down-
stream distances beyond 17.5 cm, the recovery factor increases
to approximately 0.91 as the flow travels through the reflected
shock wave. The value of 0.91 is higher than that expected for
turbulent flow and could possibly be influenced by the exit
plane boundary condition.

Mass Velocity Ratio Effect

Figure 11 shows how a variation of the secondary-to-pri-
mary mass velocity ratio parameter M affects the cooling
effectiveness n. A plot for the 4.57-mm step height is shown.
The film-cooling effectiveness is plotted against the axial dis-
tance downstream from the injection point or slot for values
of M between M = 0.038 and 0.328. Recall that the secondary-
to-primary temperature ratio is 1.23 and the primary stream
Mach number at the mixing plane is 2.24 for each of the
analyses.
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Fig. 10 Recovery factor for H = 4.57-mm step, M = 0.
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Fig. 11 Mass velocity ratio effect on film-cooling effectiveness.
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Fig. 12 Dimensionless distance, X3/H, for near ideal film-cooling
effectiveness when 5>0.95.
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Fig. 13 Film-cooling effectiveness data correlations and comparison
with experimental data.

Several points can be made about the indicated trends. At
the mixing plane, a distance downstream of zero, the effective-
ness value is approximately 1 for each of the mass velocity
ratios [see Eq. (1)]. The cooling effectiveness remains close to
unity farther downstream as the mass velocity ratio increases.
For each of the individual M curves, the effectiveness drops
off from a value close to 1 at the indicated downstream
distance and asymptotically approaches some value of film-
cooling effectiveness depending on the mixed temperature of
the two flow streams. The rate at which the effectiveness value
drops along a constant value of mass velocity ratio depends on
the interaction of heat energy and momentum exchange due to
turbulent mixing between the secondary and primary streams.

The distance downstream from the slot for which the effec-
tiveness is within 5% of unity was calculated and is designated
X;. Figure 12 shows a nondimensional length parameter X,/H
plotted against the mass velocity ratio M, where H represents
the step height. Three sets of data are shown, one for each step
height. It is seen that close to ideal film cooling is maintained
farther downstream as the value of M is increased. A second
point is that, at a fixed value of M, close to ideal cooling exists
farther downstream as step height increases. This can be at-
tributed to the larger separation zone downstream from the
mixing plane. The primary flow must travel a farther distance
to penetrate down to the surface.

Film-Cooling Correlation

For the specified conditions of this study, it was concluded
that Eq. (1) would provide an adequate parameter for data
correlation. The data presented in Ref. 14 and in the preceding
section could be used for specific cases having similar condi-
tions; however, for convenience, the data is presented on a
log-log graph so that a power relationship can be developed.
Because of the dependence on the mass velocity ratio M and
the downstream axial location X, it is convenient to plot the
effectiveness against a parameter containing these variables.
In addition, the step height H influences the flow conditions

"along the surface of interest; it, too, was included in the

correlation.

Figure 13 illustrates the results of this study. The film-cool-
ing effectiveness, Eq. (1), is plotted against the correlating
parameter X/HM. It is seen that plotting the data against
X/HM on a log-log graph collapses the data. A power rela-
tionship is derived representing the declining part of the curve.
The relationship found to provide the best fit of data is

X \ 1186
7 = 180.0 HM ©6)

The bold straight line shown in Fig. 13 is generated using this
relationship. Recall that the definition used for the film-cool-
ing effectiveness » employed the recovery temperature. The
tabulated data plotted are from Ref. 14. To show the compar-
ison with the correlation obtained from experimental work,
Eq. (7) from Ref. 3

X -1.2
7 = 160.0 <—I:]74> )

is represented by a dashed line in in Fig. 13.

The scatter band of data is relatively small but can be
significant from a required secondary airflow standpoint. This
scatter band is attributed to the different mass velocity ratios
analyzed, the secondary flow injection angle at the mixing
plane, and the resultant flowfield due to the varying step
heights.

The data generally fall onto two straight-line segments. The
portion of the film-cooling effectiveness data that are close to
unity form one of these lines. The other straight-line section
represents a reduction in film-cooling effectiveness due to
turbulent mixing. For the two correlations, the declining por-
tion of each curve has the same slope. The difference between
the correlations is the value of X/HM at which they decrease
from unity. This portion of the curves begins at X/HM values
between 70 and 100 and extends out to values of 1000. The
value of X/HM at which the data decline from unity for the
computational correlation Eq. (6) correspond to the data pre-
sented in Fig. 13, which indicate the downstream distance for
which the effectiveness is close to unity. In general, there is
good agreement between the two correlations. The differences
in the point at which the effectiveness drops from unity could
result from instrumentation, the insulating capability of the
test article, and the computational model.

The correlations indicate that the effectiveness is a function
of X/HM ; however, because the dissipation and compress-
ibility terms in the energy equation are influenced by M, the
effectiveness, Eq. (1), also should depend on T, — T,.
Goldstein et al.? used isoenergetic formulation of the effective-
ness to reduce this influence. Isoenergetic film-cooling data
were obtained® when both primary and secondary flows have
the same total temperature. They replace 7, in the numerator
of Eq. (1) by the isoenergetic temperature and 7, in the de-
nominator by isoenergetic temperature at the point of injec-
tion. Except for the effect of temperature-dependent thermo-
physical properties, the correlation that uses isoenergetic
temperature eliminates the influence of dissipation and com-
pressibility terms in the energy equation. Additionally, when
T.wo — T, is large, the contribution of the dissipation and
compressibility terms will be reduced, and the effectiveness
correlation given by Eq. (6) approaches the Goldstein et al.’
data, Eq. (7). For this reason, a relatively large value of
Tawz — T, = 69°C is used in CFD computations.

Conclusions and Recommendations
The computational tools used in this study provide accurate
predictions of film-cooling effectiveness and adiabatic temper-
ature distributions. Comparisons with test data were within
the accuracy range of the data with which the results were
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compared. This indicates that the CFD computations of film
cooling in supersonic flow is possible.

The results obtained from this computational study indicate
that film cooling through a rearward-facing slot into a super-
sonic flow stream can be effective. Cooling effectiveness re-
mains close to unity some distance downstream from the
injection point. It was indicated? that this distance is relatively
large for supersonic primary flows due to creation of a sepa-
rating region in the supersonic environment. At some down-
stream location, the cooling effectiveness drops due to mixing
between the primary and secondary streams. The rate at which
the effectiveness decreases is greater than that for subsonic
primary flow conditions.? Mixing plane geometry affects su-
personic flow conditions, which in turn can affect surface
insulating. For a given value of M, it was found that the
cooling effectiveness was not dependent on the step or slot
height for effectiveness values less than 0.95.

The defined correlation, Eq. (6), will provide an approxi-
mate value of effectiveness for the specified correlating pa-
rameter X/HM . For improved accuracy, the raw data gener-
ated should be used and is given in Ref. 14. It is emphasized
that this data base be applied only to the range of flow
conditions given in Tables 1-3. In addition, because of the
dependence on the secondary injection angle, it is recom-
mended that this data base and correlation be used only for
the geometric conditions corresponding to tangential second-
ary flow injection, where the secondary and primary flow
streams are parallel.
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