JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 46, No. 1, January—February 2009

Influence of Shock Waves on Supersonic Film Cooling
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Supersonic film cooling with and without induced shock waves was investigated numerically. The computations
used a freestream Mach number of 3.13 and tangential-slot injection-cooling-stream Mach numbers of 1.3 and 1.8.
Parameters investigated included shock wave intensity and coolant properties (nitrogen, methane, and helium). The
results indicate that the adiabatic effectiveness is reduced by the impinging oblique shock wave because the shock
wave reduces the local Mach number in the coolant layer, which increases the adiabatic-wall temperature. In
addition, the oblique shock wave enhances the mixing of the cooling stream with the freestream, especially for
stronger shock waves or lighter-gas coolants, which also increases the adiabatic-wall temperature. For the same
injection-cooling-stream Mach number, the effects of the oblique shock wave are stronger in helium; however,
helium had a higher adiabatic effectiveness than methane and nitrogen, even though the helium mass flow rate was
lower than that of either methane or nitrogen. The adiabatic effectiveness is reduced much more by the 10 deg shock

waves than by either the 7 or 4 deg shock waves.

Nomenclature

mass concentration, kg/m?
specific heat capacity, J/kg - K
diffusion coefficient, m?/s
turbulent kinetic energy, m?/s
Mach number

pressure, Pa

Prandtl number

recovery factor

temperature, K

local adiabatic-wall temperature, K
cooling-stream-flow static temperature, K

total temperature at the edge of the boundary layer, K
cooling-stream-flow recovery temperature, K
freestream flow recovery temperature, K

freestream flow static temperature, K

distance from the slot along the surface, m

gas specific heat ratio

adiabatic effectiveness

dynamic viscosity, Pa - s

= density, kg/m?
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Subscripts

adiabatic

cooling stream
recovery condition
= freestream

gk
1l

1. Introduction

ILM cooling is the introduction of a secondary fluid (coolant or

injected fluid) at one or more discrete locations along a surface
exposed to a high-temperature environment to protect that surface
not only in the immediate region of injection, but also in the
downstream region [1]. Film cooling is widely used in gas turbines,
blades, combustion-chamber walls, and nozzles. Moreover, film
cooling has also been considered as a means to protect both the
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external wall and the internal combustor duct of supersonic or
hypersonic vehicles.

The literature on film cooling is very extensive. The majority of
these studies have focused on subsonic film cooling. In supersonic
flows, shock waves can cause phenomena that do not occur in
subsonic flows, such as breaking of the coolant boundary and altering
of the pressure distribution. Therefore, supersonic film cooling must
account for the effect of oblique shock waves.

Experimental studies [2-7] reported on supersonic film cooling
with shock waves. In an early study of supersonic film cooling,
Alzner and Zakkay [2] investigated the effect of an impinging shock
wave on the local flowfield structure and the film-cooling
effectiveness. Their experimental results showed a significant effect
of the shock wave on film cooling. However, Ledford and Stollery
[3] found that the shock wave had little effect on film cooling. The
different results may be due to the different shock strengths in their
studies. Juhany and Hunt [4] also considered the effect of the shock
wave in supersonic film cooling and showed that the impingement of
an incident shock decreases the film-cooling effectiveness, due to a
decrease in the local Mach number. However, in their experiments,
the shock impingement was located well downstream of the injection
nozzle, and so their conclusion cannot be directly applied to
situations in which the shock impingement occurs much closer to the
nozzle. Experimental research by Kanda et al. [5,6] showed that a
weak shock wave did not reduce the film-cooling effectiveness,
whereas a strong shock wave reduced the film-cooling effectiveness
in a restricted region. They also found that the reduced effectiveness
was mainly due to the increased adiabatic temperature caused by the
reduced local Mach number. The shock impingement in their
experiments was much closer to the nozzle, but they used argon as the
coolant and did not consider lighter gases such as helium or
hydrogen. Moreover, the shock wave generators in their experiments
had angles of 6, 7, and 8 deg, and so they did not consider much
stronger shock waves; thus, their conclusions for the shock wave
effect on the film-cooling effectiveness might be unsuitable for cases
with stronger shock waves and lighter-gas coolants.

This paper considers supersonic film cooling of a flat surface with
an impinging oblique shock wave. The freestream was assumed to be
air; the coolants were nitrogen, methane, and helium; and the three
shock wave generators had angles of 10, 7, and 4 deg.

II. Problem Description and Computational Model
A. Problem Description

The present study focuses on the injection of a cooling stream
through a rearward-facing slot parallel to the stream flow on a flat
surface. A wedge shock generator was used to produce the shock
wave. The supersonic flow impinges upon the shock generator to
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Fig. 1 Sketches of the physical models.

produce an oblique shock wave. Figure 1 shows the geometry with
the shock wave generator. The flows were analyzed with wedge
angles 6 of 10, 7, and 4 deg. The shock wave generator base was
0.227 m long. The whole channel was 2.6 m long with 0.6 m before
the cooling-stream slot. The stream flow inlet was 0.2 m high and the
cooling-stream slot was 8 mm high, with the whole step height being
8.4 mm high, so thatin Fig. 1, s = 8 mm and # = 0.4 mm. The same
geometry without the shock wave generator was also used to study
the flow without the shock wave.

B. Numerical Method

The simulations were performed using the CFD software package
FLUENT (version 6.3.26), which uses the Favre-averaged equations
to analyze the fluid flow for the continuity, momentum, energy, and
mass transport equations. Turbulence closure was achieved using the
shear-stress transport (SST) k-w model. The SST k-w model, so
named because the definition of the turbulent viscosity is modified to
account for the transport of the principal turbulent shear stress,
gradually changes from the standard k- model in the inner region of
the boundary layer to the transformed k-¢ model (in a k-
formulation) in the outer part of the boundary layer.

The general forms of the governing equations for this problem are

V- (pU$) =V (T,V9) + ()

The variables are defined in Table 1 for each equation. Sg
represents the viscous dissipation terms, which describe the thermal
energy created by the viscous shear; G, represents the generation of
turbulence kinetic energy due to the mean velocity gradients; G,
represents the generation of w; Y, and Y, represent the dissipation of
k and o due to turbulence; D, represents the cross-diffusion term;
D;,, represents the diffusion coefficient for species i; and Sc,
represents the turbulent Schmidt number.

The advection terms in the momentum, energy, mass transport,
turbulent kinetic energy, and specific dissipation equations were

a) Before adaption

b) After adaption
Fig. 2 Mesh along the surface with the oblique shock model.

discretized using the second-order upwind algorithm. The iterations
were continued until all the relative residuals were less than 1073,

C. Boundary Conditions

The freestream and cooling-stream boundary conditions are listed
in Table 2. The freestream inlet conditions were kept constant for all
cases. The other walls were assumed to be insulated with the no-slip
boundary condition. The outlet was specified as a pressure outlet.

D. Mesh

Grid independence studies resulted in meshes having about
170,000 elements for each case. To catch the shock wave more
exactly, the mesh adaption function in FLUENT was used to refine
the mesh around the shock wave, with about 180,000 elements after
adaption. Figure 2 shows the meshes with the shock wave generator
before and after mesh adaption.

III. Results and Discussion

A. Validation of the Computational Procedure

The numerical approach was validated, including whether the
turbulence model is suitable for supersonic flows, by comparing the
results for supersonic film cooling along a flat plate with the
experimental results of Juhany et al. [7] The results in Fig. 3 show
good agreement between the simulations and the experimental data,
which used air and helium as coolants.

Table 1 Definitions used in the governing equations

¢ r, S
Continuity equation 1 0 0
Momentum equation u By —(0pes/0x) + (3/0x)[(pr + p,) (9 /0x)] + (3/8Y)[ (e + f1,)(dv/x)]
v B+ —(@pes/3y) + (3/0x)[(1 + 1) (e /dy)] 4 (3/3Y)[(1e + 1,)(Bv/y)]
Energy equation T w/Pr+pu/o, So
Mass transport equations ¢ D/ 14/ Sc, 0
Turbulence transport k A+ 1,/ oy G-Yy
Equations 3] n+ /o, G,Y,+D,
Table 2 Inlet boundary conditions
Nomenclature Ma Inlet static pressure, kPa Inlet total temperature, K
Freestream 3.13 61 1400
Cooling stream 1.3 61 300
1.8 61 300
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Fig. 3 Comparison of the numerical results with the experimental data of Juhany et al. [7].
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Fig. 4 Adiabatic effectiveness for three coolants with and without shock waves.
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Fig. 5

Static pressure on the wall with and without the shock wave.
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Fig. 6 Mach number distributions in the shock wave interaction region (1 mm above the wall).
In supersonic film cooling, the adiabatic effectiveness is defined as and T, is the adiabatic-wall temperature expressed as
Troo - Taw 1
—r
n=——0 @) Ty =Toe|r + ———— Q)
— aw oe —
Troo Trc 1+ VTI Ma?

where T, is the freestream recovery temperature, 7', is the cooling-
stream recovery temperature defined as

B. Effects of the Oblique Shock Wave

Mago) 3) The flowfields were analyzed with air as the freestream and with

nitrogen, methane, and helium as coolants, with and without the

oblique shock wave. Figure 4 shows the adiabatic effectiveness for

1 these three coolants. The results show that the adiabatic effectiveness

T.= Tc(l +r Y Maﬁ) 4) is reduced by the impinging oblique shock wave, with the 10 deg
2 shock wave generator having the largest effect.
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Fig. 7 Nitrogen mass-fraction contours and velocity distributions in the shock wave interaction zone.




PENG AND JIANG 71
1.04 wese Mac=1 .8,Ma =3.13 1.04 Ma =1.8 Ma =3.13 1.0 Ma =1.8,Ma =3.13
o 0 degree o 0 degree o 0 degree
0.8 e 4 degrees 0.84 ¢ 4 degrees 0.8- * 4 degrees
H o 7 degrees 2 ° 170 :egrees £ °© 170 gegrees
& L] legrees = L egrees
_é 064 = 10 degrees £ 06 9 QE 0.6
S S
0.4 : 0.4 ~ 0.4 .
0.2 E 0.24 4 0.2 R
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
s x/s x/s
1.0 Ma =1.3,Ma =3.13 1.0+ Ma =1.3Ma =3.13 1.0+ Ma =13 Ma =3.13
.=1.3,Ma =3. o .
o 0 degree o 0 degree f 3 gegree
0.84 o 4 degrees 0.8- e 4 degrees 0.84 \ egrees
< ° o 7 degrees \ © 7 degrees
:,"’ o 7 degrees £ = 10 degrees K % = 10 degrees
£06- = 10 degrees £064 3 0.6
85 QE S
0.4+ 1 0.4 J 0.4+ 1
L
0.2+ . 021 ] 02 885z ]
0 50 100 150 200 250 0 50 100 . 150 200 250 0 5 100 150 200 250
x/s x/s x/s
nitrogen methane helium
Fig. 8 Coolant mass-fraction distributions near the wall.
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Fig. 9 Adiabatic-effectiveness distributions for the three coolants.

The effectiveness is reduced by increases of the adiabatic-wall
temperature due to decreases of the local Mach number in the
shock wave interaction region. Figure 5 shows the static pressure
on the wall protected by the cooling stream with and without the
oblique shock wave. When the oblique shock wave interferes with
the cooling-stream boundary, the coolant static pressure increases
and the Mach number of the coolant layer decreases, as shown in
Fig. 6.

‘When the Mach number of the coolant layer decreases for the same
.w increases, which reduces the adiabatic effectiveness. As the

T

oer

shock wave becomes stronger, the Mach number of the coolant layer
further decreases, 7T,, then increases more, and the adiabatic
effectiveness becomes lower. In Fig. 6, the local Mach number in the
shock wave interaction region is lowest for the 10 deg shock wave
generator; thus, the adiabatic effectiveness in Fig. 4 is reduced the
most by the 10 deg shock wave generator.

The other reason the adiabatic effectiveness is reduced is the

increased mixing of the freestream and the cooling stream by the
impinging oblique shock wave. With film cooling, the mixing of
the freestream and the cooling stream reduces the adiabatic

Table 3 Coolant mass flow rates

Mass flow rate, kg/s

Coolant Ma,.=1.3 Ma,.=1.8
Nitrogen 2.9075 4.4568
Methane 2.1165 3.2205
Helium 1.2972 2.0704

Table 4 Heat capacities of the three coolant streams

Heat capacities, J - s™! - K™!

Coolant Ma.=1.3 Ma,=1.8
Nitrogen 3022.70 4648.44
Methane 5291.25 8051.25
Helium 6736.36 10751.59
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Table 5 Coolant transport properties

Coolant P,aam  Ma, T, T.K M, My d,, A dg A e ]k, K eg/ki, K Qs D, cm?s™!
Nitrogen 0.602 1.3 300 224 28.02 28.97 3.681 3.617 91.5 97.0 1.019 0.2020
Methane 0.602 1.3 300 235 16.04 28.97 3.758 3.617 148.6 97.0 1.087 0.2342
Helium 0.602 1.3 300 192 4.00 28.97 2.556 3.617 10.2 97.0 0.8091 0.5681
Nitrogen 0.602 1.8 300 182 28.02 28.97 3.681 3.617 91.5 97.0 1.092 0.1381
Methane 0.602 1.8 300 196 16.04 28.97 3.758 3.617 148.6 97.0 1.160 0.1672
Helium 0.602 1.8 300 144 4.00 28.97 2.556 3.617 10.2 97.0 0.8536 0.3498

effectiveness. Figure 7 shows coolant mass-fraction contours and the
velocity distributions in the shock wave interaction zone for the
nitrogen coolant.

With the 10 deg shock wave generator, the shock wave is stronger
and the coolant layer becomes thicker in the shock wave interaction
region, which indicates that the flow is restricted in the boundary
layer, resulting in increased mixing of the freestream and the cooling
stream. Moreover, there is a distinct vortex in the coolant layer,
which will also increase the mixing of the main flow and the cooling
stream. With the 7 and 4 deg shock wave generators, the shock waves
are not as strong as with the 10 deg shock wave generator, and so the
flow in the coolant layer does not change as much as with the 10 deg
shock wave generator. Similar phenomena occurred with the
methane and helium coolants.

The methane and helium mass-fraction distributions near the wall
are shown in Fig. 8, which shows that the impinging oblique shock
wave reduces the coolant mass fractions. With the 4 and 7 deg shock
wave generators, the nitrogen and methane mass-fraction reductions
occur mainly in the shock wave interaction region, which
corresponds with the reduced adiabatic effectiveness shown in Fig. 4.
With the 10 deg shock wave generator, the nitrogen and methane
mass fractions are reduced not only in the shock wave interaction
region, but also downstream, with the adiabatic effectiveness in
Fig. 4 showing similar trends. These results indicate that the stronger
shock wave creates more mixing. With helium, the helium mass
fraction is reduced both in the shock wave interaction region and
downstream, even with the 4 and 7 deg shock wave generators, with
the effects more pronounced with the 10 deg shock wave generator.
Thus, the mixing enhancement by the shock wave is stronger with
helium than with methane or nitrogen.

C. Effects of Coolant Properties

Figure 9 shows the influences of the coolant on the adiabatic
effectiveness. For the same injection-cooling-stream Mach number,
helium has the highest adiabatic effectiveness with or without the
oblique shock wave, with methane having the next-highest
effectiveness and nitrogen having the lowest effectiveness. For the
same injection-cooling-stream Mach number, the mass flow rate of
nitrogen is larger than that of methane and helium, as shown in
Table 3.

Helium has the best cooling capability because the specific heat of
helium is higher than that of the other coolants. Even though the
nitrogen mass flow rate is the highest, the nitrogen specific heat is the
lowest, with ¢, yirogen < €p methane < Cp helium» @S Shown in Table 4, in
which the specific heat of the coolant is based on the injection-
cooling-stream temperature. Thus, helium has the best cooling
performance for the same injection-cooling-stream Mach number.

Figures 4 and 8 show that the shock wave has the largest effect on
the helium coolant because the helium diffuses more rapidly than the
methane or the nitrogen, as can be shown by the binary diffusion
coefficients D 5. If a species of molecular weight M, is mixed with
another species of molecular weight My at pressure P and
temperature 7', then D, can be defined as [8,9]

VT[(1/M,) + (1/Mp)]

PdE\BQAB (6)

D, = 0.00188

where D, has units of cm? s~!, T is in Kelvin, P is in atmospheres,
d,p 1s in angstroms and can be reasonably approximated by

dap =13(dy + dp) @)
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Fig. 10 Turbulent kinetic energies in the boundary layer (4 mm above the wall).
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and Q,p is the collision integral parameter that is a function of
k,T/&,p, with k; being the Boltzmann constant and &, = (g,65) "/,
where ¢, and ¢5 are the characteristic energy interaction parameters
for the two species. Table 5 lists the transport properties of the
coolant gases.

The binary diffusion coefficient of helium is the largest, which
indicates that helium diffuses faster than methane or nitrogen.
Nitrogen and methane have similar diffusion coefficients and so the
coolant mass-fraction trends for nitrogen and methane are similar.
For the same pressure and temperature, with the same species B
being air, the binary diffusion coefficient D, is mainly a function of
the molecular weights of species A, which indicates that lighter gases
such as helium have higher D, than heavier gases.

The turbulent kinetic energies in the boundary layer with and
without the impinging shock wave are shown in Fig. 10. The
turbulent kinetic energy, which represents the interaction intensity
between the freestream flow and the cooling stream, is higher in the
shock wave interaction region. Thus, stronger shock waves result in
higher turbulent kinetic energies, which also means that the mixing
of the freestream and the cooling stream is stronger with the stronger
shock wave. With these three coolants, the turbulent kinetic energy in
the helium boundary layer increases more sharply than for the other
two coolants, with methane more influenced by the shock wave than
nitrogen. Thus, the turbulent intensity distributions show that the
shock wave has a stronger effect on the lighter gas than on the heavier
gas.

IV. Conclusions

The analysis of the effect of the impinging oblique shock wave on
the supersonic film cooling has shown the following:

1) The oblique shock wave reduces the adiabatic effectiveness
because the shock wave increases the static pressure on the wall,
which reduces the local Mach number in the coolant layer and the
adiabatic effectiveness. The impinging shock wave also enhances the
mixing of the freestream and the cooling stream, especially with
stronger shock waves or lighter-gas coolants.

2) The 10 deg shock wave generator has a stronger effect on the
coolants than the 4 and 7 deg shock wave generators.

3) Helium is more easily affected by the shock wave than methane
or nitrogen, because helium diffuses faster than methane or nitrogen.
In addition, the shock wave has a stronger effect on lighter gases than
on heavier gases.
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