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Introduction

In a supersonic combustion ramjet, also known as a scramjet, shock waves occur in the isolator and com-
bustion chamber, To protect the engine’s interior surfaces from intense aerodynamic heating, film-cooling
can be used. The cooling effectiveness, however, is decreased by the oblique shocks interacting with the
film-cooling boundary layer. Figure 1(left) sketches the basic structures of the flow field of a tangential film-
cooling configuration with a shock wave [1] and Fig. 1(right) shows the @ criterion with shock interaction of
a simulation result. The flow field can be divided into three regions. The first region is the potential-core
region just downstream of the slot, in which the maximum velocity in the cooling film is unaffected by the
outer boundary layer. Further downstream, the slot boundary layer merges with the mixing layer, which
forms between the film cooling flow and the outer boundary layer. In the third region, the boundary-layer
region, the flow relaxes to an undisturbed turbulent boundary layer. The potential-core region is encom-
passed by the slot boundary layer and the mixing layer, i.e., the shear layer emanating from the lip and fed
by the turbulent boundary layer. When shock waves interact with the cooling-film within the potential-core
region, the shock wave changes the fundamental structure of the flow field in the vicinity of the surfaces
that requires cooling, which in turn can reduce the cooling effectiveness. Therefore, this study investigates
film cooling flows interacting with shock waves at different shock angles by numerical simulation and also
by experiments [2].
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Figure 1: Flow schematic with velocity profiles indicating the shock interaction (left) and @ criterion color
coded with the Mach number (right}.



Geometry and Setup

Three cooling configurations with the same injection conditions are investigated by a highly resolved large-
eddy simulation (LES). The cooling film is injected tangentially to the wall at an injection Mach number of
M;=1.8 below a supersonic turbulent boundary layer with a freestream Mach number of M,=2.44 and a
Reynolds number based on the slot height S of Res = (200S) /10 = 4.2-10%, The total temperature ratio be-
tween the cooling flow and the mean flow is T, ; /T4, =0.76 leading to a blowing rate of {p;2;)/{Pooteo)=0.636.
An oblique shock generated by a flow deflection of either § = 5° or 8° resulting in a shock angle of o = 28.07°
or 30.68° impinges upon the cooling film at a streamwise location z/5=17, i.e., 17 slot heights downstream
of the injection. Three cases are considered in this study. A reference case without shock interaction {case
I) and two cases with 3 = 5° and 8° flow deflection angles {cases I and III). The simulations are performed
by using an LES solver based on a finite-velume method. A mesh with approx. 300-10% mesh points is used
to dicretize the domain with an equidistant spacing in the spanwise direction. A minimum wall resolution
in inner coordinates of the incoming turbulent boundary layer are Azt = 747, Ayt = 0.99, Azt = 7.56
in the streamwise, wall-normal, and spanwise directions. The incoming turbulent boundary layer is created
using the reformulated synthetic turbulent generation method [3] which generates boundary layer profiles of
the mean streamwise velocity and the Reynolds shear stress in good agreement with the DNS data of [4].
The film cooling flow is ejected through a Laval nozzle such that supersonic flow conditions are obtained.

Results

To determine the difference of the cooling effectiveness between the simulation with two shock angles, the
time-resolved simulation data is analyzed and compared to preliminary experiments data. The time averaged
solutions of cases I-IIf are compared to determine the influence of shock wave strength. The time averaged
cooling effectiveness (a) and Reynolds shear stress at =/8 = 22 (b) evaluated to measure the impact of the
different shock angles on the cooling film and are shown in figure 2. More detailed results of the performed
simulations of the cooling film flow will be presented at the conference.
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Figure 2: Cooling effectiveness 7 in the streamwise diection z (left) and Reynolds shear stress component
u'v’ fuZ, at /S = 22 in wall normal direction /S (right).
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