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Abstract

Direct numerical simulations (DNS) are carried out
to study the laminar stability properties of an effusion-
cooled adiabatic flat-plate boundary layer at Mach 6.
Through four aligned rows of holes, cold gas is blown
into the boundary layer at the wall and background dis-
turbances are excited at the wall upstream of the holes.
Two cases are compared, with small and large spanwise
spacing of the holes. Despite strong localized vortex-like
flow deformations in both cases no strong “secondary”
instability sets in. From studies of incompressible cases
it is known that wall blowing can strongly destabilize the
boundary layer. Thus an “incompressible” reference case
(Mach 0.6) is simulated and compared with the effusion-
cooled Mach-6 case. Differences are found indicating
that the high Mach number has a stabilizing effect on the
young effusion-cooled boundary layer.

1 Introduction

For aerospace or hypersonic cruise vehicle the state
of the boundary layer is of great importance because for
turbulent boundary layers the thermal loads and skin
friction are higher than in laminar boundary layers.
Therefore, knowledge of cooling features and laminar-
turbulent transition is necessary for the design and the
thermal protection system (TPS). Different strategies are
used to reduce the thermal loads of hypervelocity vehi-
cles, e.g. radiation, ablation, transpiration or effusion
cooling.

The subject of this paper is the effusion or film cool-
ing at wind tunnel conditions, where cold air is blown
into an adiabatic Mach-6 boundary layer through span-
wise rows of holes. This implies a change in the laminar
stability properties of the boundary.

2 Numerical Method

The numerical method is based on the complete 3-d
unsteady compressible Navier-Stokes equations in a con-
servative formulation. The equations are solved in a rec-
tangular integration domain on a flat plate, which does
not contain the shock wave induced by the leading edge.
In streamwise (x-) and wall-normal (y-) direction the
discretization is realized by compact finite differences of
6" order [6]. In the spanwise (z-) direction, the flow is
assumed to be periodic, thus a Fourier spectral represen-
tation is employed. The time integration is done with a

classical 4™-order Runge-Kutta method. A detailed de-
scription of the algorithm and boundary conditions is re-
ported in [1,3].

Effusion cooling is modelled by prescribing a wall-
normal mass flux (pv). and wall temperature T, distribu-
tion over the hole (figure 1) with a polynomial of 5™ or-
der [7]. In the adiabatic case only T, cor at the hole center
is fixed.

(pv),

Figure 1: (pv).-distribution at the wall for on row of
holes.

3 Results

Here we investigate an adiabatic Mach-6 boundary
layer in which cold air is blown through four aligned
rows of holes. The freestream temperature is T,, = 89K
(= 1/7~T*m) and the pressure is pw* = 0.0038bar, matching
the flow parameters of experiments in the hypersonic
wind tunnel H2K of DLR-KéIn [2]. Thus, with Rep =
10°, the reference values for nondimensionalisation are
L"=36.28 mm, u’,, = 1134.8 m/s, and Re,u = 2.8:10°.
Non dimensional values are without asteriks, see also ta-
ble 1. We look at two cases with different spanwise
spacing s, of the holes. The hole region reaches from Re,
=22-10° to 2.7510°. In case A4 the holes have a small
spanwise spacing s, 4 = 3-d, (hole diameter - d, = 0.055 =
0.56:8.), in contrast to case B where the spanwise spac-
ing is enlarged (s, = 12-d;). The cooling gas tempera-
ture 1S T*c,cm:l/z'T*rec, the  blowing  ratio
(pv) /(pv) =0.15, and the hole diameter d. is in both
cases equal. Thus the integral massflow through the
holes per spanwise unit is in case B only one quarter of
case A. Investigations based on the primary Linear Sta-
bility Theory (LST) have shown (see, e.g. [8]) that wall
cooling stabilises 1*-mode (vorticity) disturbances and
destabilises 2™-mode (acoustic) disturbances.

A crosscut of the u-velocity and temperature field
downstream of the rows is shown in figures 2a) and 2b).



In case B (right), the boundary layer is deformed much
stronger than in case A (left; mushroom like structures).
From the holes, counter-rotating longitudinal vortex
pairs (CVPs) emerge which are along the jet trajectory
and have such a rotation sense that fluid is transported
away from the wall in the streamwise hole center line.
However, the CVPs of both cases decay downstream.
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Figure 2: u-velocity iso-contours in a crosscut (half the
respective spanwise domain width is shown) at Re, =
3.12:10° downstream of the holes for case A (left) and
case B (right); 0.05 <u <1, Au = 0.05. a) with u-shading
and b) temperature shading.

Upstream of the holes, unsteady 2-d disturbance
waves are generated at Re, = 1.78-10° for a bunch of fre-
quencies to check for laminar instability. Note that, due
to the large steady vortices, 3-d unsteady disturbances
are nonlinearly generated with the 2-d packet.

Figure 3 shows the downstream development of the
u-disturbance amplitudes (u, — maximum over y and z)
from a timewise Fourier analysis for both cases. The
curve (0,0) represents the timewise and spanwise mean
flow deformation of the 2-d boundary layer. In case A
(0,0) is stronger than in case B due to the higher injected
massflow per spanwise unit and the 3-d deformation is
less, resulting in an approximately equal level of the
curve ® = 0 that includes both effects. All frequencies
are damped or are neutral for Re, > 5-105, except fre-
quencies near ® = 10, being also amplified in the pure 2-
d base flow as a 2" mode. Here, however, it is a
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Figure 3: Downstream disturbance-amplitude develop-
ment for both cases (4 — small spanwise spacing, B —
large spanwise spacing; ©=10 is f=wmu",/(2rL")=49.78
kHz).
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Figure 4: Amplitude distribution (shaded) and mean
flow (isolines) at Re, = 6.5-10° for case B; 0.1 <u <1,
Au=0.1.

disturbance localized in the y-z plane as a localized sec-
ondary mode (figure 4). In case B this frequency is am-
plified much stronger, despite a reduced receptivity. Low
frequencies are neutral or damped like in case 4 (we
checked down to @=1). Thus the steady 3-d flow defor-
mation by blowing does not invoke sudden transition in
the young boundary layer in the front part of the plate. A
small spanwise hole spacing is preferable due to larger



cooling effectiveness and lower amplification of un-
steady disturbances.

Low M-case C Case B
M., 0.6 6.0
T, 290 K 89 K
u, 204.8 m/s 1135.8 m/s
D 1.0 bar 0.0038 bar
L 7.25 mm 36.28 mm
Reyi 13.8:10°1/m | 2.8:10° 1/m
Rep 10° 10°
Wall condition adiabatic adiabatic
T e 307.6 K 629 K
Tecore 290 K 293 K
v /u L, 0.15 0.45
dJ/2, 0.105 0.105

Table 1: Parameters of the Mach-0.6 (C) and Mach-6
case (B).

From investigations of incompressible boundary
layers it is known that blowing often strongly
destabilizes the boundary layer. Thus a Mach-0.6 case
(C) is simulated and compared with case B to clarify the
effects. We chose an equal R,=469.57 = Re,” at the first
row of holes in both cases. Table 1 summarizes the
simulation parameters. The Mach-0.6 case C has a five
times larger unit Reynolds number Rey,;; due to the
smaller (= '/,;) kinematic viscosity. Furthermore we
chose equal length scales ratios in both cases (s,/0. =
const.; s,/0. = const.; d/d. = const.) and equal blowing
ratios (pv) o/(pv) »=0.15.
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Figure 5: Comparison of u-velocity baseflow profiles at
R,=469.57 (= Re,”) without blowing for the two differ-
ent Mach numbers.

In figure 5 the u-velocity profiles of the baseflow at
the position of the first row of hole is shown. The wall
gradient Ou/0y|,,0. in the Mach-0.6 case is larger than in
the Mach-6 case. With increasing Mach number, the skin
friction and thus 0u/Oy at the wall decreases.

A crosscut of the u-velocity field is shown in figure 6
at three boundary-layer thicknesses downstream of the
last row of holes. In case C, we did not obtain a steady
solution, due to self-excited unsteadiness of the bound-
ary layer at the fourth hole row. Therefore in figure 6 the
time mean of the u-velocity field is shown. The deforma-
tion of the boundary layer in case C is stronger than in
the other case and closer to the wall due to the different

blowing velocity. It is in the Mach-6 case B three times
larger than in the Mach-0.6 case C, due to the different
effusion densities (Puach0.6~1; pMaCh_6:'/3).
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Figure 6: Visualisation of the u-velocity field in a cross-
cut at three boundary-layer thicknesses downstream the
last row of holes.

In figure 7 the gradients ou/dy and Ou/0z are shown
in the same crosscut as in the previous figure. The gradi-
ents in the low Mach number case (C) are much larger
than in case B due to the blowing. Furthermore the
maximum of the gradients lay closer to the wall in case
C. We note that, for a free shear layer, the dimensional
disturbance growth rate is proportional to du/dy-(u"../L"),
the expression in brackets being almost equal for the two

cases.
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Figure 7: Contour plot of du/dy (upper figure) and ou/0z
(lower figure) in a crosscut behind the holes for cases C
(left) and B (right).

The vortical structures (A,-criterion, [5]) are shown in
figure 8. In the Mach-0.6 case (snapshot) downstream
travelling A vortices are directly generated by blowing at



the fourth hole row. This is in contrast to the Mach-6
case, where only a pair of steady longitudinal vortices is
generated at each hole that decays downstream.
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Figure 8: Visualisation of the vortical structures via A,-
isosurfaces for the Mach-0.6 (case C, snapshot) and
Mach-6 case (case B). 42 or 85 spanwise harmonics have
been computed.

4 Conclusion

In this paper we investigate the laminar instability of
an adiabatic effusion-cooled Mach-6 boundary layer
with four aligned row of holes and different spanwise
hole spacings. We observe no transition at Mach 6, i.e.
no explosive “secondary” instability of the mushroom-
like structures generated by the vortices. The results
show a destabilisation effect only with large spanwise
spacing. In a low Mach-number reference case (Mach
0.6) self-excited unsteadiness by strong growth of back-
ground disturbances occurs. In this case A-vortices are
generated at the last hole row, travelling downstream.
The low Mach-number case has a stronger wall shear
0u/0y|y and also stronger shear maxima Ou/0y|p,x in the
longitudinal-cut plane and 0u/0z|,.x in the wall-parallel
plane due to the deformation by blowing than the Mach-
6 case. For effusion cooling a small spanwise spacing is
preferable, not only because of the lower destablisation
effect but also of the larger cooling effectiveness.
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