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The interaction of shock waves with supersonic cooling films is analyzed using large-eddy simulations. The
laminar cooling flow is injected at Mach 1.2 through a slot into a fully turbulent boundary layer at Mach 2.44. For this
injection condition, three configurations are investigated. A zero-pressure-gradient flow is compared with two
configurations where shock waves are generated by a flow deflection of 5 deg. The shock waves impinge onto the
cooling flow at two positions downstream of the slot. When the impingement is located within the potential-core
region of the cooling flow, the adiabatic cooling effectiveness is reduced by as much as 36 % compared to the zero-
pressure-gradient configuration because the shock/cooling-film interaction excites a transition of the laminar slot
boundary layer. Additionally, turbulence levels are significantly increased by the shock wave, and high temperature
fluctuations occur. When the shock-wave impingement is located further downstream of the slot, there is an even
steeper slope in cooling effectiveness in the streamwise direction. That is, the slope is 37 and 21 % steeper compared to
the zero-pressure gradient and the potential-core cases. The turbulent Prandtl number varied over the flow region of

the shock/cooling-film interaction from 0.5 to 2.
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ptoo = freestream pitot pressure

roo = freestream recovery temperature
ri = cooling flow recovery temperature
sep = separation

t = total, turbulent

too = freestream total temperature

ti = cooling flow total temperature
VD = van Driest transformation

v = wall-normal heat transport

w = wall

T = friction velocity

3 = condition downstream of the reflected shock
00 = freestream conditions

Superscripts

+ = inner wall units

- = Reynolds average

/ = Reynolds fluctuation

~ = Favre average

" = Favre fluctuation

* = coordinate originating at the wall

1. Introduction

UPERSONIC combustion ramjet (scramjet) powered vehicles
flying at supersonic or hypersonic Mach numbers undergo an
intense aerodynamic heating on the vehicle’s outer surfaces and in
the engine’s interior such as the isolator, combustion chamber, and
nozzle walls [1]. Because no radiation cooling for the internal flow of
the scramjet is possible, active thermal protection is required.
Supersonic film cooling is a promising concept to achieve engine
surface temperature reduction, which was demonstrated first by
experiments in turbulent and laminar flow [2—4]. In these studies, the
cooling flow was injected through a slot. In a scramjet, the supersonic
film cooling flow is affected by shock waves in the isolator and in the
combustion chamber. In the literature, two classes of shock/cooling-
interaction studies exist. In the first class, the impact of shock waves
on the heat transfer rate is investigated. In the second class, the impact
of shock waves on the adiabatic cooling effectiveness is studied. It is
important to distinguish between these two classes because shock
interaction could change the heat transfer into the wall by affecting
the heat transfer coefficient without changing adiabatic effectiveness.
Therefore, studies considering the heat transfer are discussed first,
followed by studies considering adiabatic cooling effectiveness.
The interaction of shock waves with a supersonic film injected into
a turbulent boundary layer was first studied experimentally in great


http://dx.doi.org/10.2514/1.J051405

Downloaded by PURDUE UNIVERSITY on March 18, 2013 | http://arc.aiaa.org | DOI: 10.2514/1.J051405

KONOPKA, MEINKE, AND SCHRODER 2103

detail by Alzner and Zakkay [5]. An axisymmetric wedge around an
axisymmetric centerbody was used to investigate the effects of
injection on heat transfer and separation characteristics of incipient
shock waves. They found injection to reduce the peak heat transfer at
the shock-impingement location. However, the shock-impingement
location was not specified at all considered cases, i.e., the state of the
wall-bounded flow upstream of the shock/cooling-film interaction
was not given. In Fig. 1, the three flow regions of turbulent film
cooling with laminar slot injection are depicted [6,7] for the injection
of a fluid with an injection velocity lower than the freestream
velocity. Velocity profiles can be used to identify, e.g., the length of
the potential-core region, for a coolant with a high molecular weight
like air because the injection velocity is much lower than the
freestream velocity. In the potential-core region right downstream of
the slot, the flow is laminar and is encompassed by the upper shear
layer and the laminar slot boundary layer at the wall. Further
downstream, the mixing layer, which emanates from the lip, merges
with the laminar slot boundary layer. This region is the wall-jet
region, where intense mixing takes place. It then forms the boundary-
layer region, where the cooling stream and the freestream still mix,
but the time-averaged velocity profiles already possess the shape like
an undisturbed fully turbulent boundary layer. Considering the
streamwise variation of the wall-bounded flow and the significance
of the state of the upstream near-wall flow for the fundamental shock/
boundary-layer interaction problem, it is necessary to analyze the
film cooling efficiency in supersonic choked flow depending on the
structure of the near-wall flow or, in other words, on the location of
the shock impingement upon the cooling film. The following survey
on the literature will show that some contradictory results exist that
are related to the aforementioned issue of the state of the boundary
layer upstream of the shock impingement.

Kamath et al. [8] compared experimental heat flux data with
computational results based on the Reynolds-averaged Navier—
Stokes (RANS) approach using the high Reynolds number version of
the two-equation model of Coakley [9]. They found film cooling to
reduce the peak heat flux due to the shock impingement. However,
they did not specify the flow region at the shock-impingement
location, and the parabolic code was not able to capture separation.
Olsen et al. [10] found in their measurements no eftect of the shock-
impingement location on peak heat flux over the investigated cooling
length, but they did not define any velocity profiles upstream of the
shock impingement indicating the flow region. Holden et al. [11]
compared their experimentally obtained heat transfer results with and
without cooling with the findings from [5]. Unlike Alzner and
Zakkay [5], they found that film cooling has little or no effect on the
peak heat transfer. This discrepancy was explained by Juhany and
Hunt [12], who concluded that Holden et al. [11] considered shock
waves impinging onto the wall-bounded flow 60 to 90 slot heights
downstream of the slot, whereas the results of Alzner and Zakkay [5]
were obtained for film cooling injection directly into the separation
bubble.

Next, studies investigating shock/cooling interactions at adiabatic
walls are discussed. Juhany and Hunt [12] investigated shock/
cooling-film interaction in the wall-jet or boundary-layer region
(Fig. 1) but did not investigate a position within the potential-core
region. They found the shock waves to have no large effect on the
recovery temperature at the adiabatic wall as long as no separation
occurs. A further experimental study was conducted by Kanda et al.
[13,14], in which shock-impingement locations right behind and 90
slot heights downstream of the point of injection were investigated.

Turbulent Boundary
Layer

2/ Mixing Layer
Film Cooling Flow

Potential-Core Region Wall-Jet Region ~ Boundary-Layer Region
Fig. 1 Flow schematic with velocity profiles indicating the three

distinct flow regions [6,40].

They found only aminimum effect on adiabatic cooling effectiveness
and concluded that mixing between the cooling flow and the
freestream was not significantly enhanced. This contradicts
the previously mentioned results of Kamath et al. [8], who found
the peak heat transfer at the wall to be increased by shock wave
interaction. The difference could be caused by the different ramp
lengths of the shock generators used. In the work of Kandaetal. [13],
the shock wave of the leading edge of the shock generator interacted
only 10 slot heights downstream of the shock-impingement point
with an expansion wave created by the trailing edge of the shock
generator. An expansion is known to damp turbulence and thus
lowers the mixing of the cooling stream and freestream. Kamath et al.
[8] used a much longer shock generator and the expansion wave
impinged upon the cooling flow at 50 to 70 slot heights downstream
of the shock wave. That is, downstream of the shock-interaction
region different flowfields exist. Moreover, it has to be emphasized
that the study of Kamath et al. [8] belongs to the heat transfer studies
and the work of Kanda et al. [13,14] belongs to adiabatic
effectiveness studies, which may not be directly compared. Takita
and Masuya [15] performed RANS computations using the k—e
turbulence model and compared the adiabatic cooling effectiveness
at the shock-impingement location with that of Kanda et al. [13],
confirming the decrease of cooling effectiveness values to be only
caused by the reduction of the local Mach number. On the other hand,
Peng and Jiang [16] found in their RANS study based on the two-
equation Menter shear stress transport [17] turbulence model
considering the adiabatic cooling effectiveness that shock waves not
only reduce the local Mach number but also enhance the mixing
between the coolant and the freestream. Hyde et al. [18]
experimentally studied a shock wave impinging onto the potential-
core region. They measured significant total temperature fluctuations
determining the mixing of the cooling flow with the freestream
boundary layer.

As stated previously, the brief literature overview shows that in
many of the previous studies, film-cooling effectiveness based on the
heat transfer or adiabatic wall temperature was investigated without
varying or without specifying the location of the shock-impingement
point. In other studies, the shock/boundary-layer interaction was
perturbed by additional outer effects like expansion waves such that
no uniquely defined shock/cooling-film problem was analyzed.
Therefore, in this numerical study, the adiabatic cooling effec-
tiveness will be investigated at clearly defined flow conditions
upstream of the impingement of the shock upon the cooling film. No
downstream generated perturbations will impact the shock/cooling-
film interaction. Two shock/cooling-film configurations will be
discussed, which differ by the impingement location. In the first
configuration the shock impinges upon the cooling film in the
potential-core region, and in the second configuration the shock-
impingement point is located further downstream in the boundary-
layer region (Fig. 1). The results of these two cases where an
adverse-pressure gradient due to an impinging shock occurs are also
related to a zero-pressure-gradient case, i.e., a configuration without
a shock wave impinging upon a cooling film.

The paper is organized as follows. First, the various film-cooling
configurations are schematically described. Next, the numerical
method is presented, followed by a description of the boundary
conditions and the computational mesh. Subsequently, the geometry
and the flow parameters defining the three flow problems are given.
In the discussion of the results, first the generation of the turbulent
inflow data is validated, and the numerical adiabatic cooling
effectiveness and flow profiles are compared with experiments
conducted by Juhany et al. [7] as well as Juhany and Hunt [12]. Then,
the impact of shock waves on supersonic film cooling is discussed in
terms of cooling effectiveness and turbulent transport of heat and
momentum. Finally, some conclusions are drawn.

II. Schematic Description of the Film-Cooling
Configurations

The principle flow features of the current supersonic film-cooling
configurations are shown in Fig. 2. The origin of the coordinate
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system is at the upper tip of the lip. In Fig. 2a, the lip-expansion fan
and lip-shock wave occurring at the point of injection due to the finite
thickness of the lip are illustrated. The lip-expansion fan and the
shock wave emanating from the lower tip of the lip impinge upon
the laminar slot boundary layer and cause a separation bubble. These
waves are reflected and penetrate through the mixing layer and the
free-shear layer. This is the configuration without any additional
outer shock wave interacting with the cooling film, i.e., without any
additional pressure gradient.

Figure 2b shows the configuration of the outer shock interacting
with the cooling film. The shock/cooling-film interaction is located
in the potential-core region. The incident shock wave is curved in the
shear layer and mixing layer. It causes a laminar separation bubble
undergoing transition. Because the injected film is a low supersonic
flow at Mach 1.2, a subsonic region extends into the mixing layer far
above the wall where the foot of the shock is perpendicular to the
local flow direction.

Figure 2¢ shows the interaction of the outer shock and the cooling
film to be located further downstream, i.e., in the boundary-layer
region (Fig. 1). In this region, the mixing layer has reached the
surface, and the shock foot occurs deeper in the mixing layer. The
principal flow features (i.e., the compression and expansion waves
and the reflected shock wave) resemble those of the shock/cooling-
film interaction in the potential-core region in Fig. 2b. However, the
mixing is already much further developed than in the configuration
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Fig. 2 Sketch of the flow features near the slot and at shock/cooling-film
interaction in the potential-core region (case II) and in the boundary-
layer region (case III).

sketched in Fig. 2b such that the flow structure interacting with the
incident shock is clearly different resulting in an altered cooling
effectiveness.

III. Numerical Method

The flow structure of a shock interacting with free-shear layers,
mixing layers, and laminar cooling flows is highly intricate because
separation, transition, and reattachment occur. Previous numerical
studies on film injection are primarily based on solutions of the
RANS equations using, e.g., variations of the two-equation k—¢
turbulence models [19,20]. In some of these RANS-based analyses, a
satisfactory agreement with flowfield measurements such as the
Mach number and temperature off the wall is achieved when using
the turbulence model of So et al. [21]. Moreover, quite a discrepancy
between different turbulence models is observed when, e.g., the
predicted wall temperature distribution is compared. This variation
can be expected because the mixing layer formation at the lip is
characterized by strong nonequilibrium flow structures, which are
poorly captured by RANS models [22].

For the accurate computation of the mixing layer development,
which determines the cooling effectiveness, off-the-shelf zero-, one-,
or two-equation turbulence models have to be extended to include the
impact of the density ratio, the convective Mach number, changes in
the turbulent Prandtl number, and laminar-turbulent transition.
Regarding the simultaneous occurrence of these phenomena, no
convincing RANS model is available [23], which is why a higher-
fidelity turbulence modeling is used in the current study. That is, the
turbulence modeling is based on the large-eddy simulation (LES)
approach to solve the three-dimensional unsteady compressible
Navier—Stokes equations.

The method possesses the following main features. The
nonresolved subgrid scales are implicitly modeled by the monotone
integrated LES approach introduced by Boris et al. [24]. The
temporal approximation is based on an explicit five-step Runge—
Kutta method at second-order accuracy. The inviscid terms are
discretized by a modified version of the second-order mixed
centered-upwind advective upstream splitting method [25]. The
discretization of the viscous terms is done by a second-order centered
approximation. The viscosity is evaluated using the power law
/. = (T/T,)*". The details of the flow solver are discussed in
Meinke et al. [26], and the quality of its solutions is extensively
validated for generic flow problems in [27] and turbulent film-
cooling flows in [28,29]. Shock/boundary-layer interactions
investigated in [30] show the convincing accuracy and convergence
behavior of the current LES method in supersonic turbulent flows.

IV. Boundary Conditions and Computational Mesh

At the inflow of the film cooling domain shown in Fig. 3, the
supersonic compressible turbulent boundary layer has to be
accurately prescribed. This is a challenging problem in large-eddy
simulations because instantaneous data for the flow variables are
required. To avoid the costly computation of the complete spatially
developing boundary layer, an independent rescaling simulation is
used. In this simulation, which is performed simultaneously with
the film-cooling simulation, an instantaneous boundary-layer
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distribution is generated by the rescaling method proposed by El-
Askary et al. [30]. It generates an inflow distribution by rescaling the
velocity and temperature field such that a prescribed boundary-layer
thickness results. This rescaling method, the procedure of which is
illustrated in Fig. 3, is a compressible extension of Lund et al.’s [31]
approach, taking Mach number and temperature effects across the
boundary layer into account. In each time step, the data of this
additional flat plate simulation are inserted by a slicing technique into
the computation of the film-cooling problem.

At the wall, no-slip and adiabatic conditions are used, and in the
spanwise direction fully periodic boundary conditions are imposed.
At the upper boundary, the inviscid freestream flow is prescribed. At
the outflow, all variables are extrapolated. A sponge layer is used at
the top of the rescaling domain and at the outflow of the film-cooling
domain to damp any spurious oscillations. At the film-cooling slot, a
laminar supersonic uniform-like velocity distribution is defined with
thin compressible laminar boundary layers at the walls. The shock
waves in the film-cooling domain are defined by the Rankine—
Hugoniot relations such that, on the upper boundary, the flow
variables satisfy the required shock angle and shock strength.
Downstream of the shock wave, the computational domain is
extended in the normal direction to ensure the reflected shock wave to
exit the computational domain via the outflow boundary.

The computational grid consists of 33.8 x 10° points at a
minimum wall resolution in inner coordinates of Ax™ =20, Ay*=
0.5, Azt =10 in the streamwise, wall-normal, and spanwise
directions. In the streamwise and spanwise directions, an equidistant
mesh is used. The computational domains sketched in Fig. 3 have a
spanwise extension of L_/S = 4.4, where the reference length S is
the slot height. The lip thickness 7, is 0.16S.

The statistics is determined after a computational time of at least
t/Su,, = 370 is reached. The computations are temporally averaged
over a period of At/Su,, = 250 using 500 samples of the flowfield.
Additionally, the results are spanwise-averaged.

V. Details of the Test Case

The injection condition and the freestream flow configuration are
the same as in the experiments by Juhany et al. [7], who used a
blowdown wind tunnel to accelerate air from ambient conditions to a
freestream Mach number of Ma,, = 2.44. The boundary-layer
thickness at the tip of the lip is given by §/S = 2.27. The section
downstream of the injectant slot was made of the low-heat-
conductivity alloy Hastelloy-X. The plate was instrumented with
thermocouples and pressure tabs. The total test-section length,
spanwise distance, and height are 266.65,43.35, and 17.3S. Because
of the small wind-tunnel height, an adverse-pressure gradient existed
in the test section. The cooling flow was injected through a nozzle
where the upper wall has an angle of 10 deg. In another study, Juhany
and Hunt [12] obtained pitot probe profiles for isoenergetic and
heated injection cases and investigated the effect of shock-waves
impinging upon the boundary-layer region for heated and
isoenergetic injection conditions. However, no flowfield measure-
ments at the shock interaction region are provided, the geometry of
the wedge deflecting the flow is not given, and an expansion fan
impinges upon the cooling flow immediately downstream of the
shock wave. Therefore, the Juhany and Hunt data only without shock
interaction are used for comparison.

VI. Flow Configuration

The parameters of the five supersonic cooling configurations are
summarized in Table 1. Cases I, Ia, and Ib are the reference cases
without an outer shock wave impinging upon the cooling film. The
solutions are compared with experimental data from [7,12] in
Sec. VILLA.2. At cases I and Ia, the influence of the incoming
boundary-layer thickness on the cooling effectiveness is studied.
Juhany et al. [7] state the boundary-layer thickness tobe /S = 2.27.
However, matching the inflow profile of the current LES with the
profile obtained from Juhany and Hunt [12] indicates the boundary-
layer thickness at the lip to be §/S = 1.4. At case Ib, the correct

Table 1 Flow parameters

Case 8/S Mai Tli/Troo M= /Oiui/pocuoo ﬂ’ deg Ma} ximp/S

I 227 12 0.8 04 0 2.44
Ia 14 12 0.8 0.4 0 2.44
Ib 14 128 1 0.39 0 2.44
I 227 1.2 0.8 0.4 5 2.04 17
11 227 12 0.8 04 5 2.04 40

prediction of the flowfield is validated by comparing numerical pitot
pressure profiles with the experiments of Juhany and Hunt. In case I1,
the outer shock wave interacts with the potential-core region of the
injected coolant, and case III is defined by the outer shock wave
impinging upon an almost fully developed boundary layer, i.e., the
interaction is far downstream of the potential-core of the cooling jet.
The Reynolds number Re, = u,,S/ v, based on the slot height,
the freestream velocity u.,, and the kinematic viscosity of the
freestream, is Re,, = 13, 500. The Reynolds number of the slot flow
Re; = u;S/v;, based on the centerline velocity and kinematic
viscosity of the slot, is Re; = 4600 (cases I, Ia, II, and III) and
Re; = 3845 (case Ib). In the four cooling configurations at cases I, Ia,
II, and III, the injection conditions are kept constant at the same
blowing rate M, total temperature ratio 7;;/7T,.,, and injection Mach
number M a;. The blowing rate M is computed by the integrated mass
flow through the slot divided by the slot height S. At the cooling slot,
two thin compressible boundary layers for both walls are assumed
with a boundary-layer thickness of § = 0.067S, and the injection
pressure matches the freestream pressure p,,. Note that the slight
inclination of the upper wall of the slot in the experiment of Juhany
etal. [7] results in a radial flow, which is not considered in the current
study. The shock waves are generated by a flow deflection of § =
5 deg and impinge 17 (case II) or 40 (case III) slot heights
downstream of the slot in an inviscid unperturbed flowfield. The
Mach number downstream of the reflected shock is Ma; = 2.04.

VII. Results

In the following, first a validation of the turbulent inflow
distributions is presented. Next, the supersonic film-cooling config-
urations cases I, Ia, and Ib are considered by comparing numerically
obtained cooling effectiveness values and pitot pressure profiles with
experimental data of Juhany et al. [7] as well as Juhany and Hunt
[12]. Then, the flow characteristics of supersonic cooling films
interacting with shock waves, i.e., cases Il and III, are presented
followed by the analysis of the instantaneous flowfields. Subse-
quently, the impact of shocks and their impingement location on the
cooling effectiveness, the mean flowfield including turbulence
statistics, and the turbulent transport of heat and momentum are
discussed.

A. Supersonic Film Cooling (Cases I, Ia, and Ib)

This section is divided into two parts. First, the validation of the
rescaling method for the turbulent inflow distribution is presented,
and then the results of the no-shock configurations (cases I, Ia, and Ib)
are validated together with an in-detail discussion of the flowfield.

1. Validation of the Rescaling Method

The freestream Mach number is Ma,, = 2.44 and the freestream
Reynolds number based on the momentum thickness of the boundary
layer at x/S = —4, i.e., four injection gaps upstream of the lip tip, is
Rey = 2236 at cases I, II, and III. The profile of the streamwise
velocity component nondimensionalized by the friction velocity u,
and scaled by the van Driest transformation is compared in Fig. 4
with theoretical data and a numerical solution from Urbin and Knight
[32] at Ma = 3. The logarithmic region compares well with the law
of the wall u™ = 1/0.41 - [ y* + 5.2 and the profile obtained from
the LES of Urbin and Knight [32]. The difference in the wake is due
to the difference in the freestream Mach number. The distributions of
the Reynolds stress components scaled by the ratio of the local
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density p to the wall density p,, and the friction velocity versus the
wall-normal distance are shown in Fig. 5. A qualitatively and
quantitatively satisfactory agreement can be observed with the direct
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— — = = Guarini et al. [33]
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Fig. 7 Turbulent Prandtl number vs y/4.

et al. [33] also indicates the convincing quality of the current inflow
data. Note that Eq. (1) results in an infinite or zero turbulent Prandtl
number at the wall and at the boundary-layer edge, where the
Reynolds stress, turbulent heat flux, and gradients are close to zero.

The influence of the incoming boundary-layer thickness on
the adiabatic cooling effectiveness is studied in cases I and Ia
because Juhany et al. [7] report a larger boundary-layer thickness
(6/S =2.27) than that (/S = 1.4) obtained from pitot pressure
measurements of the same experiment [12]. Figure 8 shows the good
match of the inflow profile at cases la and Ib with the measurements
of Juhany and Hunt at x/S =0 at a boundary-layer thickness of
8/S =14.

2. No-Shock Reference Configurations
The adiabatic cooling effectiveness,
ﬁ — Taw - Tr:xn (2)
T, —T,

i~ 4roo

is determined for the no-shock reference configurations (cases I and
Ia) to validate the current film-cooling computations. In Fig. 9, the

numerical simulation of Guarini et al. [33] at Ma = 2.5 and Rey = 3 s Juhany and Humt [12]
1577 and the LES of Urbin and Knight [32]. This convincing match 95 — casela -
of the data is also confirmed by the distribution of u'v'/u? as a ’ -
function of the wall-normal distance in Fig. 6. 2 .
In film-cooling flows, the ratio of the turbulent eddy viscosity and .
diffusivity plays an essential role as far as the mixing and as such the g 1.5 4
cooling effectiveness is concerned. This ratio is expressed by the \
turbulent Prandtl number, which is defined for compressible flows 14
[33] by
~ 0.5 4
pu"v" (9T /dy) 5
I8 = 7% (1) 0 T ¥ = T T
pv"T"(dit/dy) 0 01 02 03 04 5 06
Ppt/Pptoc

Note that, in most turbulence models, Pr; is assumed constant. The
distributions in Fig. 7 show that this assumption is quite crude
because pronounced variations occur in the boundary layer. The
good comparison of the present results and the findings from Guarini
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Fig. 8 Comparison of the numerical pitot pressure profile to the
experiment of Juhany and Hunt [12] at the slot atx/S = 0.
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Fig. 9 Comparison of numerical cooling effectiveness values with the
experiment of Juhany et al. [7].
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numerically obtained cooling effectiveness values are compared with
the experimental data of Juhany et al. [7]. The result of the sensitivity
study of the spanwise domain extension shows that the cooling
effectiveness distribution converges at a spanwise domain size of
z/S = 4.4. Therefore, all simulations in the current study are
performed at this spanwise domain size. The length of the potential-
core region, where the cooling effectiveness is close to unity, is
correctly captured at this spanwise domain. The gradient of the
cooling effectiveness in the wall-jet and boundary-layer region is
overpredicted compared to the experiment of Juhany et al. [7]. This
overprediction is due to several factors. In the experiment, the
recovery temperatures were measured and were higher than those
obtained from empirical relations [7]. This indicates that some
thermal conduction most likely occurred in the experiment.
However, in the current simulations, the reference recovery
temperatures in Eq. (2) are obtained by

Tr:TC(l—i-ry;lMag) 3)

using the appropriate temperature at the boundary-layer edge. They
do match the wall temperatures in the current simulations. The
recovery factor is evaluated using r = +/Pr for the laminar slot
boundary layer and r = </Pr for the turbulent freestream boundary
layer. Furthermore, the low height of the wind tunnel of y/S = 17.3
caused an adverse-pressure gradient and led to the reflection of the lip
shock and expansion waves at the upper wall, which is not considered
in the current simulations. Because Juhany et al. [7] give a boundary-
layer thickness at the lip of §/S = 2.27 but pitot probe measurements
of Juhany and Hunt [12] indicate the boundary-layer thickness to be
8/S = 1.4, the influence of the thickness of the incoming boundary
layer is studied at cases I and Ia. Figure 9 shows no significant
differences, and hence the shock/cooling-film interaction cases Il and
III are performed at §/S = 2.27. Cary and Hefner [3] found that the
ratio of the incoming boundary-layer thickness to the slot height has
no significant effects on the adiabatic cooling effectiveness. The new
results extend the findings of Cary and Hefner from ratios of §/S =
31,10.7, 4.6 to the current §/S ratios of cases I and Ia.

To validate the predictions of the current computational method,
off-the-wall pitot pressure profiles of the no-shock case Ib are
compared to the data by Juhany and Hunt [12]. The numerical profile,
shown in Fig. 10, matches the experimental profile at x/S =3,
—1.16 < y/S < 0, which shows the correct prescription of the slot
flow in the simulation. The shear-layer prediction at x/S =3, 0 <
v/S < 1.4 agrees with the measurements, and some deviations occur
at y/S = 1.4 due to the lip expansion fan and shock wave. The
profiles further downstream show a good agreement of the current
LES solution and the experiments. The slight deviation at x/S = 58,
1 < y/S <2 is probably caused by the reflection of the expansion
fan and the shock system originating at the slot at the upper wall of
the wind tunnel.

4 T T
s Juhany and Hunt [12]
j— case Ib
3 ]
-
Ll
9
n (]
S .
14
04
-1

Pt/ Proo

Fig. 10 Comparison of numerical pitot pressure profiles to the
experiment of Juhany and Hunt [12] at the streamwise positions
x/S = 3,41, 58, 96; grid spacing is AP, /Ppieo = 0.6.

14 |
U/ Uoo

Fig. 11 Velocity profilesatx/S = 0, 10, 15, 30 for case I; grid spacing is
Atifu,, =1.

The streamwise velocity profiles at case I are used to identify
the various flow regions defined in Fig. 1, i.e., the potential-core, the
wall-jet, and the boundary-layer region. Figure 11 shows the
development of the velocity profile of the injected fluid. The inflow
distribution shows a constant velocity at x/S=0, —1.16 <
y/S < —0.16. Further downstream, this constant streamwise
velocity area shrinks and vanishes near x/S = 15, marking the
location of the end of the potential core. Subsequently, in the wall-jet
region at 15 < x/S < 30, the mixing of the cooling jet and the
freestream flow forms a turbulent boundary-layer profile, which
defines the beginning of the boundary-layer region.

The temperature profiles in Fig. 12 confirm the identification of the
flow regions defined by velocity profiles. At the tip of the lip x/S = 0,
v/S =0, the high temperature of the fluid at the wall is evident.
Further downstream at x/S =10, y/S =0, the temperature is
decreased by the cooling flow and by the strong acceleration of the
viscous sublayer emanating from the freestream boundary layer. At
the end of the wall-jet region x/S =30, a boundary-layer-like
temperature profile has formed.

B. Shock/Cooling-Film Interaction (Cases II and III)

In the following, cases II and III (i.e., with shock/cooling-film
interaction) are discussed to evidence the impact of the shock waves
on the cooling effectiveness and turbulent thermal transport.

1. Flow Characteristics of Supersonic Film Cooling with Shock Waves

The flow structure in supersonic film cooling is illustrated by
numerical schlieren images in Figs. 13 and 14. Figure 13 evidences
the flowfield for case 1II, i.e., the interaction of the incident shock
occurs at the end of the potential core, and Fig. 14 shows the flow
structure for case III, where the interaction of the shock wave with the
wall-bounded shear layer occurs further downstream. In either case, a
highly intricate wave pattern is observed, the details of which are
sketched in Fig. 2. In Fig. 13, the incoming turbulent boundary layer
indicated by light gray contours (point a) is deflected toward the wall

T/Ts
Fig. 12 Static temperature profiles at x/S =0, 10, 15, 30 for case I;
grid spacing is AT/T,, = 1.
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x/S
Fig. 13 Numerical schlieren image of the temporal and spanwise-
averaged density gradient modulus in wall-normal and streamwise
directions for case II; for explanation of points a-h, see text.

30 35 40 45
x/S

Fig. 14 Numerical schlieren image of the temporal and spanwise-
averaged density gradient modulus in wall-normal and streamwise
directions for case III; incident shock wave (e), separation bubble (f),
shock wave (g), expansion fan (h).

by an expansion fan emanating from the upper tip of the lip (point b),
which is followed by a shock wave to readjust the flow direction to be
parallel to the surface. At the lower tip of the lip at y/S < —0.16,
another expansion fan (point ¢) occurs, which is reflected at the
laminar slot boundary layer on the surface and interacts with the
mixing layer, which is generated in the wake of the lip. The lower part
of the mixing layer (point d) separates the film-cooling flow from the
freestream. Further downstream, the incident oblique shock wave
(point e) enters the free-shear layer and the laminar boundary layer to
form a strongly curved wave region and to cause a separation bubble
(point f). The incident shock wave is reflected (point g), and the
convex shape of the separation generates an additional expansion fan
(point h).

The numerical schlieren image in Fig. 14 shows the foot of the
incident shock wave (point ¢) to penetrate deeper into the boundary
layer. This causes a smaller separation bubble, i.e., the detached flow
region is shorter and thinner. Therefore, the displacement of the flow
by the separation bubble is smaller.

To clearly locate the separation bubble and to define its extent, the
skin-friction coefficient distribution is shown in Fig. 15 for cases II
and IIL. It is evident that the case II bubble is larger (L, /S = 7.6)
than the case Il bubble (L., /S = 1.5) due to the laminar character of
the wall-bounded shear layer at case II. The wall-pressure
distributions in Figs. 16 and 17 indicate a slight plateau region at

0.0025
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00024 S
ot F
o -~
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SO )]
0.001 4 S
“ ol 1,
0.0005 4 T i
B H
09" “l ......... case IT
-0.0005 sp o —m—=cselll
-0.001 Lt i , T T
510 2 40 60 80
z/S

Fig. 15 Skin-friction coefficient distribution for the cases II and III;
separation (S) and reattachment (R) are indicated by arrows.
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Fig. 16 Mean wall pressure and rms of wall-pressure fluctuations for
case II; separation (S) and reattachment (R) are indicated by arrows.
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Fig. 17 Mean wall pressure and rms of wall-pressure fluctuations for
case III; separation (S) and reattachment (R) are indicated by arrows.

case II, whereas at case Il only a strong pressure rise is observed. The
occurrence of the interaction of the shock wave with the cooling film
in the potential-core region generates not only a larger separation
bubble but also a detachment that is much more unsteady than the
interaction with a fully turbulent boundary layer observed at case I1I.
The rms distribution of the pressure fluctuations at case II in Fig. 16
possesses a much more pronounced peak than the distribution at
case [Ilin Fig. 17. To be more precise, the case III peak is 14.5% less
than that at case I1.

2. Instantaneous Flowfield

In Fig. 18, the shock wave impinging upon the potential-core
region is visualized by A, contours [34] with mapped-on Mach
number distribution. The shock waves are evidenced by gray
contours of the velocity divergence du;/dx; - S/u.,. The potential-
core region (i.e., the region without any vortices) is located
underneath the free-shear layer. The interaction of the oblique shock
wave with the shear layer causes an immediate transition of the

Injection

Fig. 18 Flow structures of case II visualized by the A, criterion with
mapped-on Mach number; contours of shocks and expansion fans at
ou;[dx; - S/u,, = —0.4.
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laminar slot boundary layer in the separation bubble. Figure 19
illustrates the flowfield for case III. The laminar slot boundary layer
has already undergone transition, and the shock impinges upon the
turbulent boundary-layer region. Even this qualitative image of the
flow structure shows the pronounced thickening of the wall-bounded
shear layer occurring at case Il compared to the weaker impact of the
shock impingement at case III.

3. Cooling Effectiveness

The adiabatic cooling effectiveness 1 [Eq. (2)] is determined for
the three cooling configurations to investigate the impact of the shock
waves and the impingement location on the cooling effectiveness.
Figure 20 shows the numerically obtained cooling effectiveness
values for the three cooling configurations. At case II, the potential-
core region is reduced to x/S = 13 because the incident shock wave
destabilizes the laminar slot boundary layer and excites laminar-
turbulent transition, resulting in a more-pronounced mixing with the
shear layer, which emanates from the lip. That is, the drop in cooling
effectiveness has three reasons. The first is the transition of the
laminar slot boundary layer. This leads to an increase of the adiabatic
wall recovery temperature. The second reason is due to the reduced
local Mach number downstream of the shock impingement that also
results in an increased wall recovery temperature. This issue also was
pointed out by Kanda et al. [35]. The third reason is the enhanced
momentum transfer and the resulting pronounced mixing between
the cooling flow and the freestream, which is analyzed in detail next.
At case III, the shock interaction is located further downstream in the
fully turbulent boundary-layer region, and the cooling effectiveness
is immediately reduced downstream of the shock-impingement
location. Unlike cases I and II, the cooling effectiveness possesses a
steeper streamwise slope, i.e., a more drastic variation of the cooling
effectiveness is observed. To evidence the various gradients at
cases I, II, and III, the cooling effectiveness in the boundary-layer
region and/or just downstream of the shock-impingement location is
approximated by

Fig. 19 Flow structures of case III visualized by the A, criterion with
mapped-on Mach number; contours of shocks and expansion fans at
du;/ox; - Sfu,, = —0.4.

case |

o Juhany et al. [7
034 case 11 7
- === case III
Correlation
0.2 T T —
10 20 40 60 70 90
z/S

Fig. 20 Numerical and experimental adiabatic cooling effectiveness 7.

Table 2 Adiabatic cooling effectiveness
exponent m in n = (x/r)".

Case m
I —0.62
I -0.7
I —0.85
n=(x/r)" 4)

Table 2 lists the exponents m of the current cooling configurations,
showing that it is highest at case III. That is, it is the interaction of the
turbulent boundary layer and the shock wave that leads to stronger
mixing of the two flows in the boundary-layer region. Further
downstream of the interaction region, the excitation of the mixing
through the shock impingement decreases. It is shown in Fig. 21 that
this results in an asymptotic approximation of the freestream
recovery wall temperature in all cases at increasing downstream
distance from the slot.

Figure 21 also evidences a temperature drop close to the lip. This is
caused by the expansion fan at the lower tip of the lip, and it is also the
reason for the initial cooling effectiveness values in Fig. 20 to be
slightly above unity.

Another important observation is the fluctuation of the wall
temperature in the turbulent boundary layer. Frequently changing
temperatures have to be taken into account in the design process of,
say, the combustion chamber, to avoid thermal fatigue of the wall
material or local hot spots that exceed the upper limit of the wall
material. To discuss the impact of wall temperature oscillations, the
distribution of the fluctuating cooling effectiveness,

Vit =2 ‘/; )

at case II is shown in Fig. 22 together with the temporal and
spanwise-averaged adiabatic cooling effectiveness. It is evident that,
near the reattachment point, the fluctuating cooling effectiveness

‘/W possesses a pronounced peak. Further downstream, the

fluctuating cooling effectiveness still has such a high level, i.e., on the
order of 107, that these oscillations cannot be neglected. In Fig. 23 at

case I1I, the peak of \/ﬁ is 13% lower than at case II; however, the
same fluctuation level is reached downstream of the shock
impingement.

The reason for these high fluctuations near the reattachment point
at case Il is revealed by analyzing at this point, i.e., at x/S = 12.01,
the temporal development of the adiabatic cooling effectiveness,
which is shown in Fig. 24 for the centerline plane. At #,/(S/u,,) =
593.5 and t5/(S/u,,) = 679.5, the cooling effectiveness is as low as
0.6, although the averaged cooling effectiveness is n = 1. The
flowfield at the marked maxima and minima, i.e., at different time
steps, is shown using streamlines and contours of the instantaneous

Taw/Tti
=
)

case |
— === case II
......... case [11I

0 10 20 30 40 50 60 70 80 90
xz/S
Fig. 21 Adiabatic wall temperature vs distance.
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Fig. 22 Mean and rms adiabatic cooling effectiveness values at case II;

separation (S) and reattachment (R) are indicated by arrows.

Fig. 23 Mean and rms adiabatic cooling effectiveness values at case III;
separation (S) and reattachment (R) are indicated by arrows.

0.4 4 ' t
5(')0 55')0 6(')0 650 700
t/(9/uoo)
Fig. 24 Cooling effectiveness vs time at the point of maximum
fluctuations x/S = 12.01 for case II.

total temperature in Fig. 25. In Fig. 25a, a vortex close to the mean
reattachment point occurs. The near-wall flow is reversed, and the
instantaneous total temperature is reduced to 0.7 in the recirculation
region, yielding a maximum cooling effectiveness. In Fig. 25b, the
flowfield is shown for the minimum cooling effectiveness at
t,/(S/us) = 593.5, revealing an attached flow with high levels of
total temperature of approximately 0.8. Attached flow and a high
instantaneous total temperature value close to the wall are also
evident in Fig. 25¢, resulting in a reduced cooling effectiveness. In
Fig. 25d, the flow is again separated, which is why a high temporal
cooling effectiveness is observed. These instantaneous illustrations
of the flowfield reveal minimum cooling effectiveness to occur when
the flow reattaches and maximum cooling effectiveness to be
associated with a locally reversed flow and low total temperature
values.

7 TN [

0.70 0.73 0.77 0.80 0.83 0.87 0.90 0.93 0.97 1.00

a) t,/(S/u,) = 481.5

7 IR [

0.70 0.73 0.77 0.80 0.83 0.87 0.90 0.93 0.97 1.00

b) t,/(S/u..) = 593.5

7 TR T

0.70 0.73 0.77 0.80 0.83 0.87 0.90 0.93 0.97 1.00

—
n —=5

c) t,/(S/ag,) = 679.

7 TN

0.70 0.73 0.77 0.80 0.83 0.87 0.90 0.93 0.97 1.00

d) t,/(S/u,) = 685

Fig. 25 Instantaneous total temperature contours and streamlines in
the x, y plane at z/S = 2.2 for case II; the arrow indicates the point of
maximum cooling effectiveness fluctuations.

4. Mean Flowfield
The dimensionless fluid temperature,

Tt B Ttoo (6)
Tli - Troo

® =
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Fig. 26 Dimensionless fluid temperature; grid spacing is A® = 1.

is evaluated downstream of the cooling flow injection to assess the
momentum transfer and mixing of the coolant and the freestream.
The definition of the dimensionless fluid temperature ® is similar
to the definition of the cooling effectiveness 7, but the total
temperatures of the coolant 7; and the freestream 7., are used as
reference temperatures instead of the recovery temperatures. That is,
the dimensionless cooling temperature is 1 in the cooling flow and 0
in the freestream. In Fig. 26, the streamwise development of the
dimensionless fluid temperature is shown. At case I, the mixing layer
downstream of the lip exists at x/S = 8,—0.5 < y/S < 0.5, where ®
varies between 1 and 0. This mixing layer grows in the streamwise
direction and merges with the laminar slot boundary layer at
x/S = 30. At case II, the shock wave, which interacts with the wall-
bounded flow at the end of the potential core, leads to a separation
bubble being illustrated by the stronger displacement of the ®
profiles at x/S = 10 and 15. Downstream of the reattachment at
x/S =30, the dimensionless fluid temperature near the wall is
decreased compared to case I, indicating stronger mixing of the two
flows. This reduced ® distribution extends through x/S = 60, where
the profile resembles that of case I. The case III distribution shows a
similar, somewhat weaker increase of © at x/S = 40 than the case II
distribution at x/S = 15, which is due to the smaller separation.
Downstream of the shock-impingement location at x/S = 60, the
dimensionless fluid temperature is reduced by intense mixing. The
temperature distribution is slightly higher than that of case II and
somewhat smaller than that of case I.

5. Turbulence Statistics

The impact of the shock waves on the turbulence in the near-wall
region is analyzed by the turbulent kinetic energy (TKE):

1 — —
k= 3 W"? +v"? +w"?) 7

High TKE values also mean intense mixing. In Fig. 27a, a slow rise
of TKE due to the growing wall-bounded and free-shear layer is
evident at case I. The shock wave impingement at case II causes a

T
— case [
+ case I

y/S

\/E/Uoo
a)x/S =0,8, 10, 15, cases I and II

— case |
----- case 11
- = case III

Vh/use

b) x/S = 30, 36, 40, 60, cases I, I, and I1I

Fig. 27 Turbulent Kinetic energy profiles; grid spacing is
AVkjuy, =0.1.

drastic increase of TKE to 0.1 in the near-wall layer atx/S = 10. The
location of the peak is shifted off the wall at larger downstream
distances, which is consistent with the stronger reduction of ® in this
region compared to the case I solution. At case I, the TKE peaks close
to the wall in the boundary-layer region. Note that Fig. 27b evidences
at case I the turbulent kinetic energy at this wall-normal distance to
be reduced downstream of the shock. Case III shows the same
behavior, i.e., the maximum TKE level moves off the wall at a larger
streamwise location.

6. Turbulent Transport of Heat and Momentum

The cooling effectiveness gradient listed in Table 2 for case III is
higher than for cases I and II. This means there is an increased
transport of heat and momentum toward the wall. To further analyze
this observation, the transport equation of the mean total temperature
T, =T + w;u;/(c,2) in a zero-pressure-gradient boundary layer at
small turbulent Mach number Ma, < 1 is considered:

_ 9T,  _ 0T, 3 (jidT, ——.
oot Rl L el S T 8
P 8x+pv ady By(Pr dy pU ®)

These conditions are approximately valid downstream of the shock
impingement, where the turbulent Mach number is approximately
Ma, = 0.2. The wall-normal convective heat transport term,

Ay*/S .
fo= / T (pattocToe) d(5*/S) ©

is integrated over the complete thickness of the freestream boundary
layer to a wall-normal distance of Ay*/S = 3.83. The quantity
Ay* /S originates at the wall, i.e., Ay* /S = y/S — 1.16. The value of
this integral and the streamwise development are shown in Fig. 28. At
case II, a large positive convective heat transport off the wall exists at
position x/S = 9 due to the displacement of the separation bubble.
Further downstream, a negative convective heat transport toward the
wall occurs, which is reduced at increasing downstream distance. At
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Fig. 28 Wall-normal convective heat transfer.

case II1, there is a much weaker convective heat transport off the wall
at x/S = 32 due to the smaller separation bubble. Downstream of
the shock-wave impingement, the transport toward the wall is
qualitatively like that at case II. The impact of the shock waves on the
turbulent heat transport is illustrated in Fig. 29a. The maximum
turbulent heat transport values toward the wall occur due to the shock
impingement in the area 10 < x/S < 30 at case II and within 40 <
x/S < 60 at case III. The latter result causes the stronger decrease of
the cooling effectiveness at the wall and the dimensionless fluid
temperature compared to cases I and II. Further downstream, the
case II and III distributions approximate the case I profile.

It can be concluded that the turbulent thermal transport is
significantly enhanced in the shock-impingement area. The larger
cooling effectiveness gradient at case III is caused by the higher
turbulent state of the boundary layer, which results in a greater
temperature level in the near-wall flow upstream of the geometric
shock-impingement point. The shock/boundary-layer interaction
leads to a more pronounced mixing such that the already hotter fluid
is transported toward the wall.
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Fig. 29 Nondimensionalized turbulent heat transfer for cases I, II,
and IIL
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Fig. 30 Contours of the turbulent Prandtl number Pr; for case II.

x/S
Fig. 31 Contours of the turbulent Prandtl number Pr, for case III.

The turbulent Prandtl number is evaluated for cases Il and III using
the definition given in Eq. (1), which holds for turbulent boundary
layers. Note that for, wall-jet and shock-interaction flows, other
components of the Reynolds stress tensor and heat flux vector might
play arole for the turbulent Prandtl number. However, other methods,
e.g., computing the eddy viscosity by using the turbulent kinetic
energy and Bradshaw’s hypothesis, which uses the norm of the
strain-rate tensor [36,37], did not provide significantly different
results off the wall. Therefore, the current definition of the turbulent
Prandtl number is used, which also yielded useful results in wall-jet
and shock-interaction studies [38,39]. Itis evidenced in Fig. 7 that, in
turbulent boundary layers, Pr, is close to 1 in the near wall region.
The drastic deviations from this value in cases Il and Il are illustrated
by contours in Figs. 30 and 31. The expansion fan originating at the
upper part of the lip shown in Fig. 30 reduces the turbulent Prandtl
number. In the potential-core region, the turbulent Prandtl number is
zero and, in the mixing layer just above the potential core, values
close to 2 occur. At increasing wall distance, Pr, reaches values
smaller than 1. At the foot of the shock wave, the Prandtl number is
greater than 2, and further downstream values of approximately 0.5
occur. It is shown in Fig. 31 for case III that the effect of the incident
shock wave is not as pronounced as at case II. The area of Pr, < 11is
much smaller than at case II. Close to the wall at x/S > 40, Pr, ~ 1is
observed. Hence, it can be concluded that the ratio of eddy viscosity
and diffusivity is hardly affected at case III in the region where the
cooling effectiveness gradient differs from that of cases I and II.

VIII. Conclusions

Large-eddy simulations of shock/cooling-film interaction were
performed. The no-shock reference configuration (case I) resembled
the Juhany et al. [7] problem, i.e., the laminar cooling flow at
Mach 1.2 was injected into a supersonic turbulent boundary layer at
Mach 2.44. The comparison of the numerical adiabatic cooling
effectiveness with the experimental data from [7] correctly predicted
the length of the potential-core region but overpredicted the cooling
effectiveness decrease. Comparisons of pitot profiles at an additional
isoenergetic injection condition (case Ib) showed a good match
with the experiments of Juhany and Hunt [12]. The reference
configuration (case I) was modified by considering oblique shock
waves impinging upon the potential-core region (case II) and the
boundary-layer region (case III). At the shock impact onto the
potential core, the laminar slot boundary layer showed a significant
separation region and an immediate transition to turbulence. The
transition led to a pronounced mixing of the freestream and the
cooling flow as well as a drastic decrease of cooling effectiveness. To
be more precise, a decrease of cooling effectiveness by 36% was
observed downstream of the shock-impingement point. In the
separation bubble, strong cooling effectiveness fluctuations were
found due to the highly unsteady reattachment. The shock wave
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impinging upon the boundary-layer region (case III) resulted in a
smaller separation region and 13% less peak cooling effectiveness
fluctuations at a steeper slope in cooling effectiveness in the
streamwise direction. The shock waves at both impingement
positions led to higher turbulence and turbulent thermal transport
toward the wall. The steeper slope of the cooling effectiveness in the
streamwise direction occurred due to the more turbulent state of the
boundary layer at the more downstream shock/boundary-layer
interaction. The investigation shows that the closer the shock-
impingement point is to the end of the potential core, the stronger the
cooling effectiveness decreases. The turbulent Prandtl number
showed significant variations from its standard value in turbulent
boundary layers of 0.9. In the shear layer, values in the range of 0.7
were determined; in the shock-wave interaction region, the turbulent
Prandtl number was above 2, and downstream of the shock the value
decreased to 0.5.
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