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Effects of Combustion and Shock Impingement
on Supersonic Film Cooling by Hydrogen

Kenichi Takita* and Goro Masuya’
Tohoku University, Sendai 980-8579, Japan

Supersonic film cooling with H, coolant was numerically investigated by considering the combustion of the
coolantand theimpingementofthe shock wave. Theinfluence of temperature fluctuation wasincluded in calculating
chemical rate constants. The combustion region was formed apart from the wall, and there was little heat release
from the flame. Therefore, the combustion of H, had only a weak influence on the characteristics of the film cooling.
The location of ignition moved upstream considerably due to the temperature fluctuations. However, the movement
decreased the cooling efficiency very slightly. In addition, the effect of shock impingement on the film cooling by
reactive H, was almost the same as that of nonreactive N, with the same coolant injection Mach number.

Nomenclature

= Jacobian matrix

sonic velocity, m/s

mole fraction

constants

height of coolant injector, m

vectors of convective fluxes in the & direction

vectors of viscous fluxes in the & direction

vectors of convective fluxes in the 1 direction

vectors of viscous fluxes in the 7 direction

damping functions or mass fraction

film cooling efficiency

Jacobian

turbulent kinetic energy, m?/s?

temperature fluctuation, K>

reaction rate not including temperature fluctuation

reaction rate including temperature fluctuation

reference length, =0.05 m

Mach number

probability density

= production term of turbulent kinetic energy
defined in Eq. (2)

= production term of temperature variance

pressure, MPa

reference Reynolds number

turbulent Reynolds number defined by Eq. (6)

turbulent Reynolds number defined by Eq. (6)

vectors of source terms

temperature, K

time, s

contravariant velocity, m/s

vectors of conserved variables

velocity in x direction, m/s

velocity in y direction, m/s

space coordinates, m

stoichiometric coefficient

boundary layer thickness, m

dissipationrate of K, m?/s®

dissipationrate of temperature variance, K*/s

thermal conductivity, J/(m s K)

viscosity, kg/(m s)
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= kinematic viscosity, m?/s

= generalized curvilinear coordinates
density, kg/m?

ratios of turbulent transport coefficient
mass production rate of i species, kg/(m* s)

n
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Subscripts

adiabatic wall

backward reaction

coolant

efficient region of film cooling
forward reaction

main flow

turbulent

wall

stagnation
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Superscripts

L = left-hand side of cell interface

R = right-hand side of cell interface

() = fluctuation or left-hand side of stoichiometric equation
()" = right-hand side of stoichiometric equation

() = mean value

Introduction

HERMAL protection of an engine wall exposed to high tem-
perature burnt gas is indispensable for the development of

the scramjet engine for an aerospace plane. Film cooling, es-
pecially in combination with regenerative cooling, is a promis-
ing way to achieve such protection.! Thus, recently, supersonic
film cooling has been intensively investigated numerically>> and
experimentally*~® from various viewpoints, following the funda-
mental experiments'®!! a few decades ago. When a combination of
film cooling and regenerative cooling is employed, the total tem-
perature of the film coolant flow becomes much higher than its
storage temperature. H, fuel is widely considered to be an appro-
priate coolant for use in the system of a space plane. In the case of
H, coolant, however, the possibility of combustion of high temper-
ature H, must be taken into consideration. In their experiments on
supersonic film cooling, Bass et al.” observed that the combustionof
H, occurred at an average temperature lower than the autoignition
temperature. They hypothesizedthat large temperature fluctuations
caused such combustion. However, there have been few studies on
the effects of combustion of coolant on the film cooling efficiency
under the conditionof large temperature fluctuations. Even the mod-
eling of numerical schemes for such flow is still under development.
Obviously, there is a possibility that the formation of the com-
bustion region changes the flowfield and the mixing rate between
the coolant flow and the main flow. Different characteristics of
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H; coolant from nonreactive coolant such as N, may thus appear
in the performance of film cooling. In particular, the effects of
impingements of a shock wave and an expansion wave on the com-
bustion region of H, film becomes important because such wave
impingements cause changes in the static temperature, the static
pressure, and the intensity of turbulence around the site of impinge-
ment. In our previous study,’ the effect of shock wave impingement
was numerically investigated and the results were compared with
experimental data.®7 However, the reaction of a coolant was not
considered.

Therefore, the purpose of this study was to numerically analyze
the combustion phenomena of H, coolant in the flowfield of su-
personic film cooling and to investigateits influence on the cooling
characteristics,considering both the temperature fluctuationand the
shock wave impingement. Of course, the analysis of combustion
with large temperature fluctuationis indispensable for the develop-
ment of the combustor of the scramjet engine !>~ !¢

Governing Equations and Numerical Method
The two-dimensional compressible Navier-Stokes equations in
the generalized curvilinear coordinate for multispecies were con-
sidered to be the governing equations
oU OE
+

oF _OE, , oF,
FTEE

o e T v

Detailed descriptions of vectors of convective, viscous, and source
terms are described in Refs. 17 and 18. The K-¢ low-Reynolds-
number turbulent model by Lam and Bremhorst,'® in which eddy
viscosity does not become zero when flow separation occurs, was
used. The field equations for K and are written as
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The eddy viscosity is calculated from
te = cu fu(pK?/e) 3)
The closure coefficients, such as damping functions, are as follows:
fu =[1 —exp(—0.0165R)1*(1 + 20.5/R,) 4)

fi =1+ (0.05/1., H=1-exp(-R) 5

R, = K?/ ve, R, = (VK -y)/v ©6)

c; =1.44, ¢ =1.92, c, =0.09

ox = 1.0, o, =13 7
Sarkar’s correction®® for the compressibility effect was applied to
the source term in the governing equation of K.

To calculate the temperature fluctuation, conservation equations
of temperaturevariance (K ) and its dissipationrate (&7 ) were added
to the governing equations. The field equations?"?* for K; and &7
are written as
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Fig. 1 Comparison of temperature fluctuations between experiment
and calculation for case of H; jet in vitiated airflow.
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In Egs. (8) and (9), the temperature variance is coupled with the
turbulent kinetic energy. To validate these models, a comparison
with the experiment of a supersonic H, jet by Cheng et al.,>* was
conducted. The flowfield of the experiment was constituted from
pure H; jet with 2.36 mm diam (D) in vitiated coairflow (O, 20%,
N, 54.4%, and H,0 25.5%). Static temperatures and Mach num-
bers were 545 K and 1.0 for the H, jet, and 1250 K and 2.0 for the
vitiated airflow, respectively. Figure 1 shows distributions of tem-
perature fluctuation in vertical direction to the flow at X/ D =10.8
from the exit of the nozzle. The comparisonbetween a one-equation
model'? and a two-equation model for temperature fluctuation are
also shown in Fig. 1. The advantage of the two-equation model is
obviously demonstrated in Fig. 1. The qualitative behavior of the
temperature fluctuationcalculatedfrom the two-equationmodel was
in agreement with the experimental result, for example, a little de-
crease in the temperature fluctuation around the centerline of the
jet, though the maximum value was overestimated about 50%. This
overestimation would result in reduction of the ignition distance in
a mixing layer. However, the location of ignition points had very
small effect on the characteristics of the film cooling as shown in
the following results.

The 3rd-order MUSCL TVD scheme was used for the finite dif-
ference of convective terms:
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Fig.2 Reactionrates with temperature fluctuations for different initial
temperatures (7" =0.27).

The H,/O, combustion model by Stahl and Warnatz?* constituted
from nine species (H,, O,, H,O, O, H, OH, HO,, H,0,, and N,)
and 37 elementary reactions was used in the present calculation. N,
was assumed to be an inert gas, and its reactions were omitted.

The mean productionrates of species and the mean reactionrates
were calculated by considering the temperature fluctuations. The
following relations obtained by Tsugé et al.’ were used in order to
save computational time.

(@) =Mi(?/,{i' - 7,/',')' k_fjl_[CJ;/k _EIHCILN( (1

k=1 k=1
— 1 _ _
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B =gl (T VT 4y (T -VED)) a2

These equations were compared with the reaction rates ob-
tained by using PDF of temperature assumed to have a Gaussian
distribution'>!3-13.16 ag follows:
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Figure 2 shows a comparison of the amplitude of reaction rates
with temperature fluctuation for different mean temperature calcu-
lated by Eqgs. (12) and (13). Calculations were conducted for three
representative reactions. The results show good agreement for the
chain branching reaction (H + O, — OH + H) and the chain termi-
nation reaction (H + OH + M — H,0 + M), though the rate of the
chain initiation reaction (H, + O, — H + HO,) is underestimated.
This underestimationsometimes lengthens the ignition distances of
reactive mixing layers.

Results and Discussion
Comparisons with experimental results®’ were made in a previ-
ous paper® for the case of N, coolant. In the present paper, our main
concerns were the three effects of combustion of a coolant, tempera-
ture fluctuation, and shock wave impingement on the characteristics
of H;, film cooling.

Effect of Combustion

The flowfield of supersonic film cooling with the combustion of
the coolant was investigated in the simple configuration shown in
Fig. 3 to clarify its effect. The main flow consisted of burnt gas (N,

Wall
gD OO IIOIOIIL
Main flow
2 > (Mm)
X
Flame
E Mixing layer
=
2 o ™) Hydrogen flow (Mc)
0O
Wall
75.0 J
1
Fig.3 Schematic of flow configuration.
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Fig.4 Contour of H, O mass fraction (mass fraction of O, in main flow
is 5%).

0,, and H,0), and the coolant flow was pure H,. The height and the
length of the computational domain were 18 and 75 mm, respec-
tively, and the height of the coolant injector was 4 mm. The film
cooling efficiency in the case of no reaction is maintained at almost
unity in this region. For the sake of simplicity, the thickness of the
splitter plate of the injector was not considered. The computational
grid had 151 X181 grid points. Nonslip and adiabatic conditions
were given for the lower wall boundary, and boundary layer profiles
deduced from the %th power law were assumed for both flows at the
entrance. The thickness of the boundary layers were given as | mm
for the coolant flow and 5 mm for the main flow. A reflected wave
from the upper wall was weak and not important in the flowfield;
therefore, the slip condition was applied to the upper wall.

Dependence on Mass Fraction of Oxygen in Main Flow

The O, mass fraction in the main flow basically depends on the
fuel equivalenceratio and the combustion efficiency of the engine.
If the combustion efficiency is 100% and the equivalence ratio is
unity or larger, there is no possibility of combustion reaction for
the coolant. Therefore, the mass fraction of O, in the main flow be-
comes an important factor, and thus its effect on the combustion of
H, coolant was calculated first. The mass fractionsof H,O and N, in
the entrance flow with no O, were 0.25 and 0.75, respectively. The
three cases in which O, (5, 10, and 20%) was added to the main flow
were investigated. The conditions of the coolant flow were same for
all cases, and then O, was simply replaced by N, in order to negate
the change of the mixing rate by the change of the sonic velocity of
the main flow.

Figure 4 shows a contour of the H,O mass fraction for a typical
case in which the flow conditions are 7,, =1250 K (total tempera-
ture is about 2100 K), p,, =0.1 MPa, M,, =2.0 for the main flow,
and 7, =400 K (total temperature is about 500 K), p. =0.1 MPa,
M. =1.1 for the coolant flow. The mass fraction of O, in the main
flow is 5%. Combustion did not occur for these conditions,as shown
in Fig. 4, which is a contour of mass fraction of H,O. The H, O that
was a constituent of the main flow diffused monotonically toward
the wall. The mixing of the main flow and the coolant flow grad-
ually proceeded downstream, the same as in the flowfield of the
nonreactivecoolant, and the wall temperature was maintainedat the
adiabatic recovery temperature of the coolant flow. The maximum
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Fig.5 Contours of variables in flowfield (mass fraction of O, in main
flow is 10%).
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Fig. 6 Contours of variables in flowfield (mass fraction of O, in main
flow is 20%).

mass fraction of the OH radical was O(107%) at the right boundary
of Fig. 3. It was reported in Refs. 5 and 9 that the nondimensional
effective length (x,/d) of the film cooling by H,, which had large
heat capacity was much larger than that of air or N, for the same
mass flow ratio of a main flow and a coolant flow.

Figure 5 shows contours of the H,O mass fraction and the tem-
perature for the case in which the mass fraction of O, is 10%. The
maximum mass fraction of the OH is about 7.0 X 1073 at the right
boundary. Combustion obviously occurred in Fig. 5, but strong heat
release in the combustion region did not appear. If the O, in the
main flow perfectly reacted with H,, the mass fraction of the H,O
exceeded 0.4. It is obvious from the contour of the temperature that
the combustion region gradually moved away from the wall as it
traveled downstream. Pressure waves generated by the combustion
were not observed on either side of the coolant flow or the main
flow, indicating that heat release was slight and that the Mach num-
ber of the coolant flow injected with supersonic velocity (M, =1.1)
became subsonic downstream. Deceleration of the coolant flow was
observed regardless of the occurrence of combustion.

Figure 6 shows contours of the H,O mass fraction and the tem-
perature for the case in which the mass fraction of O, is 20%. This

L0951 J
02 %
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09 —--10 ]
----- 20
085 1 1 ] 1
4 8 12 16 20
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Fig. 7 Film cooling efficiencies for different mass fraction of O, in
main flow.

f{HZC) 00000 00857 01714 G271

x/Lo

Fig. 8 Contour of H,O mass fraction (mass fraction of O, is 5% in
main flow and T, =500 K).

mass fraction of O, is almost the same as that of the flow that has not
reacted (23%). The ignition point went considerably upstream and
the ignition distance was in inverse proportion to the mass fraction
of O, in the main flow. However, the combustionregion downstream
did not spread in the transverse direction toward the wall, because
the mixing did not proceed. No strong pressure wave was formed by
the combustion, the same as in the case of 10% O,. The maximum
temperature was obtained at x/d =15.0, and it was about 100 K
higher than the stagnation temperature of the main flow. After all,
large changes in the flowfield did not appear as the result of the
combustion of the coolant, which, if observed, was always weak
and occurred apart from the wall.

The film cooling efficiencies ( f.) for the three O, mole fractions
are shown in Fig. 7. The definition of the cooling efficiency is as
follows:

fc — Taw T()m (1 5)

TOc - T()m

It is obvious from Fig. 7 that the effect of the combustion of the
coolant on the cooling efficiency was very small, though the cool-
ing efficiency slightly decreasedin proportionto the degree of com-
bustion. In the region where the cooling efficiency was maintained
at almost unity, the coolant film near the wall was not hurt by its
combustion.

Effect of Total Temperature of Coolant Flow

The combination of film cooling and regenerative cooling results
in high total temperature of the coolant flow.! Therefore, the effect
of the total temperature of the coolant flow must be investigated. In
the case of a nonreactivecoolant such as N, the increasein the total
temperature results in improvement of the cooling characteristics
because of the increase in the injection velocity for the same total
pressure.

Figure 8 shows a contour of the H,O mass fraction for the case in
which 7, =500 K (total temperature is about 600 K) and the other
conditions are the same as in the case of Fig. 4. No strong reaction
occurred and the maximum OH mass fraction was O(107°). These
results indicate that the combustion characteristics depend mainly
on the flow conditions of the main flow where the flame is always
formed, and the effect of the change in the total temperature of
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the coolant flow becomes weak. The same tendency was previously
obtained in the analysis of the characteristics of a counterflow dif-
fusion flame in a supersonic airflow.?6-?’

Effects of Temperature Fluctuations
Change in Temperature Fluctuation in Flowfield of Film Cooling

Bass et al.’ reported that the ignition of H, coolant occurred at
a temperature lower than the autoignition temperature due to large
temperature fluctuationsin the flowfield. Therefore, considerations
of temperature fluctuations are required for the analysis. However,
studies on film cooling in the past have not mentioned such effects.

To grasp the fundamentalbehaviorof the temperaturefluctuations
in the flowfield of the film cooling, calculations were conducted
for the same flow conditions as those of Kanda’s experiments®® in
which both the main flow and the coolant flow were N,, and the
total temperature ratio was 1.2. The configuration of the flowfield
is shown in Fig. 9. The height of the computational domain is 5 cm
and that of the coolantinjector is 4 mm. The shock generator, with
a deflection angle of 3, 6, or 8 deg, is attached to the upper wall.
The splitter plate between the main flow and the coolant flow was
assumedto be 1.5 mm in height. At the left boundary, the inflow con-
ditions are given as follows: the total pressure and the Mach number
of the main flow are 1.35 MPa (p,,,) and 2.35 (M,,), respectively,
and those of the coolant flow are 200 kPa (p,.) and 1.0 (M.). Non-
slip and adiabatic conditions are given for the wall boundary, and
boundary layer profiles deduced from the %th power law for both
flows are assumed. Also, total temperature of the coolant flow was
setat 230 K (7p,.) as a constant. The film cooling efficiencies and the
wall pressure for both the case of shock impingement and that of no
shock impingementhave already been compared with experimental
results, and good agreement was obtained in Ref. 3. Figure 10, for
example, shows a comparison of the cooling efficiencies for dif-
ferent angles of the shock generator, which was not investigated in

Shock generator

Main flow i
2 (Mm) Expansion wave
wy
Shock wave
) £
; Mixing layer
g Coolant (Mc)
< ©
Wall
Fig.9 Flowfield of experiment by Kanda et al.%’
Angle of 8.G.
— 6deg. —8— Exp (6deg., Kanda et al.)
......... 8 deg. —¢— Exp (8deg., kanda et al.)
O'Connor et al.
‘| -
F
[

TOm/T0c=1.2

Mm=235

Mc=1.0

0.1
1
x. {(pU)c]"m
h |{pu)m

Fig.10 Film cooling efficiencies for different strengths of shock wave.
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Fig. 11 Change in nondimensional temperature fluctuations for dif-
ferent total temperature ratios.

the previous work.? In Fig. 10, the horizontal axis was rearranged
by using the mass flux ratio in order to consider differences of the
coolant species; the approximate relation obtained in the numerical
study by O’Connor et al.? is also shown. The dependence of the
coolingefficiency on the strength of the impinging shock wave also
agreed well with the experimental result.

Figure 11 shows distributions of nondimensional temperature
fluctuation for three total temperature ratios. The square root of
the temperature variance was nondimensionalizedby the difference
in total temperatures between the main flow and the coolant flow as
one of the parameters for the arrangement. Results for the low total
temperature ratio (7p,,/ To. = 1.2), which agreed with conditions of
most of the past experiments,'~’ showed a different tendency with
regard to the high total temperature ratio. The temperature fluctua-
tion gradually increased with distance downstream, and was higher
than that in the case of the high total temperatureratio for the whole
range, thoughthe differencebetween the total temperatureswas very
small (about 50 K). On the other hand, in the case of the high total
temperature ratio, temperature fluctuations decreased gradually in
the downstream direction. The maximum values of the temperature
fluctuation were almost the same for two high temperature ratios.
These results showed that estimations of the temperature fluctua-
tion and its effect on the cooling efficiency could not be attained by
experiments of low total temperature ratio, in particular, the case in
which the static temperature of the coolant was higher than that of
the main flow (so-called film heating). Establishmentand validation
of a method for analysis of such fluctuations in a compressible flow
are needed.

In addition, the dependence of fluctuations on the strength of the
shock wave was investigated. Temperature fluctuations slightly in-
creased with the strength of the shock wave around the position
of shock impingement and were gradually amplified downstream.
However, the degree of the increase was not so large. The reason
for this weak dependence on the shock strength was considered to
be that the change in the static temperature by shock impingement
was small. After all, the temperature fluctuations depended mainly
on the difference in the static temperatures of the main flow and the
coolant flow.

Case of Reactive Coolant

The effect of temperature fluctuations for the H, coolant was in-
vestigatedin this section. The same flow conditions as those shown
in Fig. 4 (O, mass fraction was 10%) were chosen for the test case.
Figure 12 shows contours of the H,O mass fraction, the OH mass
fraction, and the temperature fluctuation. The temperature fluctua-
tion was nondimensionalizedby the differenceof total temperatures
between the main flow and the coolant flow. Compared with the case
in which temperature fluctuations were not included, the location
of ignition moved considerably upstream. However, the combus-
tion region did not spread downstream toward the wall, and the
heat release from the region and the maximum temperature did not
change much. The tendency in Fig. 12 was almost the same as that
of the flowfield in the case that the mass fraction of O, in the main
flow increased as seen in Fig. 5. The large value of temperature
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Fig. 12 Contours of variables in flowfield with considering tempera-
ture fluctuation (mass fraction of O in main flow is 10%).
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Fig.13 Comparison of film cooling efficiencies with and without tem-
perature fluctuation.

fluctuation was found not along the flame surface but in the mixing
layer. If there had been a large heat release from the flame, a large
temperature fluctuation would have been produced there due to the
large temperature difference. Figure 13 shows the change of the
cooling efficiency when temperature fluctuations are considered. It
is obvious from the figure that the difference was slight.

Effect of Shock Wave Impingement on hydrogen Coolant Flow

The present authors investigated the effects of shock wave im-
pingementon a coolant flow of N, in a previousstudy.? In that study,
the results showed that the decrease in the cooling efficiency due to
shock impingement was mainly the result of the decrease in local
Mach number as reported by Kanda et al.,* and the mixing rate be-
tween the main flow and the coolant flow was not so changed by the
shock impingement. These results obtained for nonreactive coolant

a) Density

fH2C): 00000 00857 0.1714  0.2571

b) H,O mass fraction

tf: D.O0O0 01714 034 0.5143

0 0.5 1 ’ 15
x/Lo
¢) Temperature fluctuation
Fig. 14 Contours of variables in flowfield for case of shock impinge-
ment of 6 deg.

are fundamentally applicable to a reactive coolant. If a reaction
does not occurin the flowfield, no difference between a nonreactive
coolantand a reactive coolant exists. However, there is a possibility
of the enhancement of the reaction and mixing of the coolant due
to increases in the local static temperature, the static pressure, and
the intensity of turbulence at the site of the shock impingement.

Therefore, the effect of shock impingement was investigated for
the same flow conditions as in Fig. 3 with the shock impingement
from the shock generator of 6 deg. When the Mach number of the
main flow was 2.0, the shock wave moved and a steady state was not
obtained due to the strong interaction with subsonic region of the
coolant flow, which was formed downstream of the impingement
site. Calculations were then conducted for the case of M, =2.5 and
T, = 1250K (total temperature was about 2600 K). Figure 14 shows
contours of the density, the H,O mass fraction, and the temperature
fluctuation. As seen in these figures, no strong reaction occurred as
the result of the shock impingement for this Mach number, though
the maximum value of the OH mass fraction became slightly larger
than in the case without shock impingement. The increases in the
local static pressure and the static temperature were not large, and
the degree of mixing was also not changed at the site where the
shock impinged. The behavior of the mixing layer was almost the
same as that of the N, coolant in Ref. 3.

Next, calculation using reaction rates with temperature fluctua-
tion was conducted for the same flow conditions as those in Fig. 14.
Figure 15 shows contours of the density, the H,O mass fraction, the
OH mass fraction, and the temperature fluctuation. The area where
H,O was formed became larger than that of Fig. 14, and local en-
hancement of the reaction appeared behind the site of the shock
impingement. However, the basic structure of the flowfield did not
change. Figure 16 shows a comparison of the cooling efficiencies
for the above two cases and for the case of no shock impinge-
ment. The effect of shock impingement on cooling efficiency was
greater than those of the occurrence of combustion and the loca-
tion of the flame. As a result, the effect of the shock impingement
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Fig. 15 Contours of variables in flowfield for case that shock impinge-
ment and temperature fluctuation are considered.
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Fig.16 Comparison of film cooling efficiencies with and without shock
impingement.

did not make any difference in the flowfields between the reactive
and nonreactive coolants.

Conclusions

The effects of combustion and shock impingement on supersonic
film cooling by H, coolant were numerically investigated. The fol-
lowing results were obtained:

1) The effect of the combustion of the coolant on the flowfield was
weak, and the flame was always formed apart from the wall. Strong
heat release and a pressure wave generated by the combustion were
not observed.

2) The increase in total temperature of the coolant did not result
in any considerablechange in the behavior of the coolant flow. The
combustion characteristics depend mainly on the conditions of the
main flow side.

3) The ignition location moved upstream considerably for H,
coolant when the temperature fluctuation was included in the cal-
culation, but the transverse spread of combustionregion toward the
wall did not increase downstream, and the heat release from the
combustion was slight. As a result, the film cooling efficiency did
not change much.

4) No large difference of the effect of the shock impingementon
the film cooling between H, and nonreactive coolant appeared.

5) The change of temperature fluctuation for low total temperature
ratio of the main flow and the coolantflow showed differentbehavior
from one for high total temperature ratio. Therefore, the formation
of temperature fluctuation for high temperature ratio could not be
estimated from experiments of low total temperature ratio.
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