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Abstract

In this work effect of wall normal gas injection on the heat transfer and the boundary-layer stability is
investigated for the high-speed flow over two models of space vehicles — the hemispherical model and
the model of Exomars project. The heat flux distributions on the body surface are obtained using
numerical solutions of the Navier-Stokes equations for laminar axisymmetric flow. It was shown that
the transition onset, which was experimentally observed in the boundary layer with injection, is
associated with relatively small integral amplification of instability. This indicates that in the
experiment laminar-turbulent transition is governed by bypass mechanisms.

1. Introduction

Vehicles entering planetary atmospheres can be thermally protected by covering their surfaces with ablative heat
shields. The pyrolysis of such materials converts a thin layer of Thermal Protection System (TPS) into ablative
products, which are carried away by the flow. This process can significantly reduce heat fluxes inside the vehicle
wall. On the other hand, the ablation of TPS influences laminar-turbulent transition processes in the boundary layer
flow [1]: the boundary-layer stability is altered by the effective gas injection from the wall [2, 3]; the body shape is
changed and transition can be dominated by roughness (see review [4]). The influence of ablation on laminar-
turbulent transition has been intensively studied during the 1960s and 1970s. The review of relevant experiments is
presented in [5]. Recently, ablative heat shields have regained attention due to Mars exploration missions [6] and
reentry vehicles [7].

In [8] the hypersonic flow past a cylinder with a hemispherical nose was treated experimentally. The nose wall was
permeable and gas injection normal to the wall surface was used to simulate the ablation effect. The experiment was
conductued in the wind tunnel at Mach number M = 7.32 in the range of unit Reynolds number Re;, =
(0.64+1.33)x10" m™'. The calorimeter probes mounted on the nose were used to measure the heat fluxes. The
boundary layer state was identified as laminar, transitional or turbulent by comparing the experimental heat-flux
distributions with the corresponding analytical and/or computational distributions for laminar and turbulent flows. In
the no injection case, the boundary-layer flow was fully laminar. As the injection rate was increased, the transitional
region was detected on the nose and moved progressively toward the stagnation point.

In the present work the configuration [8] is studied numerically with emphasis on: 1) the effect of distributed gas
injection on the heat-flux distributions in the laminar flow regimes; 2) the effect of gas injection on stability and the
transition onset in the transitional flow regimes. In this work model of descent vehicle of ExoMars project is studied
at flow regimes with Mach number M = 8 and Reynolds number Re = 1.7x10° M . The laminar flow fields are
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obtained by solving the Navier-Stokes equations. The corresponding distributions of heat flux are compared with the
experimental data [8] and computations [9]. Stability computations are performed using the local-parallel linear
stability theory and the ¢" method [10, 11]. These computations are verified by comparisons with the results [12],
where the geometry and free stream conditions correspond the experiment [8] but the injection non-uniformity is
neglected.

2. Numerical simulation
2.1 Laminar flow over hemispherical model

Numerical simulations of axisymmetric laminar flow fields are performed using the in-house code HSFlow [13,14],
where the Navier-Stokes equations are discretized using Total Variation Diminishing (TVD) scheme of finite volume
with the second-order approximation in space. A steady solution is obtained using the time relaxation method for
solving the discretized system on structured multiblock grids. Computations were performed for air which is treated
as perfect gas of specific heat ratio y = 1.4 and Prandtl number Pr = 0.72. Flow parameters: M,,= 7.32, Re, =
(1.191 +1.331)x107, T, = 63.84 + 68 K. The viscosity coefficient is calculated using the Sutherland law.

In the no injection case, the boundary conditions on the body surface are:

Uy=Vyw =W, =0, T,=300, (dp/dn),, =0 )

In the non-zero injection cases, the boundary conditions are modified in accord with the experiment [8], where the

dimensionless mass flow rate of injected gas, m =(pv),,, is given as a function of the longitudinal coordinate

W

s = R*0 (Omuodka! UCTOUHHMK CCHIIKH He HAliIen.).

Figure 1: Geometry of the model and the Mach number field

The function m(s) is taken from [8] where the distributions m(s) are provided in table form. These distributions
are interpolated using third order polynomials. For each distribution m(s) the corresponding nominal value of the
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injection rate is determined as m, =m(s, ), where s, =R'7/2 is the point of juncture between hemispherical
nose and cylindrical afterbody. A typical distribution of m(s) is shown in Figure 2 at the nominal value
m, =0.003. Because the external wall pressure decreases with s, the mass flow rate monotonically increases

versus 6 and attains its maximum at s =, : m, = max(m(s)) . The injected gas temperature is assumed equal to
the wall temperature. The boundary conditions on the body surface are:

P,y = m(s) @)
u,=w,=0; T, =300K A3
The boundary condition for pressure is obtained using the y-momentum conservation near the wall [9]:
2 2
Py +pwvw =P +p1V1 (4)
Here the subscript “1” corresponds to the first cell above the body surface. For small values of p,v,, ~0.01, that is

2

typical for the cases considered, we get p, v, = m*/ Py ~ 1074/ P, - Typical pressure and density on the upper

boundary-layer edge at m(s) =0 are: py_,~0.9,p,__,, ~0.1, py_o ~10.0 and p,__,, ~1.0. Since the ratio
pwvw2 /Py~ 107> —10™* is small, the boundary condition P,, = P, is valid with sufficiently high accuracy. Thus

for relatively small values of the nominal injection rate, m, < 0.1, the approximate boundary condition is used:

o
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Figure 2: Distribution of the mass flow rate at the nominal value. The black squares — experiment [8], red curve —
approximation used in the present work

In Ref. [9] the laminar flow fields are calculated using the code VULCAN and the boundary conditions (2) — (4)
with the injection of constant mass flow rate m(s)=m, . To verify our code we performed similar computations

using the HSFlow code with the boundary conditions (2), (3) and (5). Figure 3 compares the profiles #*(y") in the

stations of 6 =7 /16 and 7/4 at m(s)=m, =0.04. In our computations, the axisymmetric numerical grid is
orthogonal to the body surface in the boundary layer. The grid has 500x500 cells in the longitudinal and normal
directions, respectively. There are approximately 120 nodes across the boundary layer in the mid station of 0 =7/4
and approximately 300 nodes in the longitudinal direction along the spherical part. It is seen that our results agree
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well with the numerical results [12]. It is also no note here that the e-N calculations of [12] were repeated in the
present work and a good agreement was achieved with the discrepancy of N-factors within 5%.
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Figure 3: Comparison of the velocity profiles at the injection of constant mass-flow rate . “PW”- present work,
“LC” —results of Li et al [12]

Figure 4 shows distributions of the heat flux along the body surface, which is normalized by the heat flux at the
stagnation point without injection, for 0., 0.004, 0.01 and 0.013. Here the numerical results are compared with both
the experiment [8] and the computations [9]. The distributions, obtained using HSFlow and LAURA [9], agree well
in the vicinity of stagnation point (the relative discrepancy does not exceed 10%). The discrepancy can be related to
different numerical methods used in HSFlow and LAURA codes. For cases of no injection and small injection rate
(0 and 0.004) the numerical results are close to the experimental data. For relatively strong injection (0.01 and 0.013)
a significant discrepancy is observed in the vicinity of stagnation point. However, this discrepancy decreases with s
and the agreement becomes satisfactory in the region of 8 cm. Note that in the experiment [§] the nominal injection
rates 0.01 and 0.013 correspond the cases where laminar-turbulent transition is observed on the nose (the transition
onset point is 7.5 cm and 6.2 cm, respectively).
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Figure 4: Experimental and numerical distributions of the normalized heat flux at m"= 0, 0.004, 0.01 and 0.013
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2.2 Laminar flow over ExoMars vehicle model

On the second stage of investigations flow over descent space vehicle model of ExoMars project with injection
normal to the wall surface. Front surface of the model is considered (Figure 5) due to the fact that simulated ablation
process takes place mostly on this part of the vehicle. Navier-Stokes equations in axisymmetric statement are chosen
for the problem simulation. Perfect gas model is used with effective adiabatic exponent y =1.3.

For calculations the regime is chosen with maximum Reynolds number on the descent trajectory Re =1.7-10° m™ and
Mach number M = 8. For this regime intensities of normal injection are chosen m = 0.01 and m = 0.013, which are
constant along the model surface. On the outer boundary of computational domain free stream boundary condition is
set with Mach number M., = 8 and temperature T,, = 220 K, on the wall surface injection values m=pV,;= const and
radiation conditions are set. In result of numerical simulation flow fields are obtained in the vicinity of front surface
of the space vehicle. In Figure 6 fields of Mach number and temperature are shown for regime without gas injection.
On the Mach number field sonic line M = 1 is shown.
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Figure 5: Geometry of front surface of ExoMars space vehicle model and computational grid
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Figure 6: Fields of Mach number (left) and temperature (right ) for Exo Mars space vehicle model

In Figure 7 distribution of static pressure along the model surface is given for three regimes: without injection (m=0),
and with injection intensities m = 0.01 and m = 0.013. It is seen that in all cases pressure gradient is favorable.
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Figure 7: Pressure distribution along the model surface for three flow regimes
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Influence of injection intensity on heat flux on the model surface is studied. In Figure 8 distributions of normalized
heat flux for three regimes are shown: without injection (m = 0) and with injection intensities m = 0.01 and
m = 0.013. Heat flux for all regimes is divided by its value at stagnation point for regime without gas injection. It
should be noted that value of normalized heat flux at stagnation point is nearly ten times greater without gas injection
of given intensities. This result also qualitatively agrees with results of [8]. It should be noted that for this model of
space vehicle heat flux is more sensitive to gas injection, than for hemispherical model.
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Figure 8: Distributions of normalized heat flux for three flow regimes

2.3 Stability computations

Linear stability computations were performed using the stability module [15] of the HSFlow code. The spatial local-
parallel stability problem is solved for disturbances of the convective wave form

s
* * * A * . * . * ok . * %k 6
Q"2 =400 exn| i [ @ (Buons)ds +if' —io't ©
5,(B.0)
Here q' = @',V w,p,T") and a* =a + i is a complex eigenvalue depending on angular frequency @” and

transverse wave number 3", s,(°,®") is the upstream neutral point.

On the spherical nose considered, the local Mach numbers at the upper boundary-layer edge correspond to subsonic
or low supersonic flow. The boundary layer thickness y, for stability computations (boundary layer edge) is found
using the tangential velocity derivative: y, = Cy, ;, where C =7.0 is a constant value, and y,, is the first position
moving from outside the boundary layer where the derivative becomes larger than 10% of its maximum value inside

the boundary layer. The sonic line is located at s ~ 6.4 cm ( 95 ~ 40°) and it weakly depends on the injection

rates considered. In the no injection case, all modes of the discrete spectrum decay; i.e. the boundary layer flow is
stable on the nose. This is due to the favorable pressure gradient, which has a well-known stabilizing effect on the
waves of Tollmien-Schlichting (TS) type. These findings agree with the experimental observations [8] and the
stability computations [12].
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At a certain nominal mass flow rate m__ the boundary layer becomes unstable. The point s =S5 ., where

instability is observed for the first time, is called hereafter as a critical stability point (in some papers this point is
called as a neutral stability point). At m, = 0.007 the boundary layer is still stable on the spherical nose, while at

m, = 0.01 the critical stability point is located near the sonic point: 5, R 6.5 cm. Here the most unstable are

plane waves of 3 =0, and their eigenfunctions resemble those of TS-waves on a flat plate under similar flow
conditions at the upper boundary-layer edge. Calculations show that upstream of the sonic point the most amplified
are plane waves. Therefore, further stability computations were performed for plane waves of (3= 0. Their
downstream growth was modelled using the e method. For various frequencies w, the integral amplification is

computed as
S

n(s,w) = — f a; (0,w,s)ds )

sy(w)

As shown in Figure 9, the envelopes of amplification curves N(s) = max n(s, w*) strongly depend on the nominal
o

injection rate . The critical point §_ , where N (SCT) = 0, rapidly moves upstream from 5, ~ 6.5 cm to

S, =1.4 cmas m_ increases from 0.01 to 0.021.

At the experimentally determined transition onset points the N-factors are small: N (Str) < 1.5 for the all injection

rates considered (see the dashed lines in Figure 9). This indicates that the linear amplification stage of laminar-
turbulent transition is bypassed in the wind-tunnel experiment [8]. Nevertheless, Figure 10 shows that the critical
points, predicted by the linear stability theory, correlate well with the empirical points of the transition onset. Thus,
the nonlinear breakdown seems to be correlated with the linear instability mechanism. The assumption of whether
this correlation has a physical basis can be checked by direct numerical simulations and/or detailed measurements of
the controlled disturbances on the model tested in a quiet hypersonic wind tunnel.

— m,=0.010

m,=0.013 -
—m,=0.016
— m,=0.021

Figure 9: The envelopes N(s*) at various nominal injection rates m.. . The dashed lines correspond to N at the
experimentally observed transition onsets points



DOI: 10.13009/EUCASS2019-342

GAS INJECTION EFFECT ON HEAT TRANSFER AND BOUNDARY LAYER INSTABILITY FOR SPACE VEHICLES

| 3 I
194 4 N
12 — v -
11 4 W [

d 1 _ [

10 - 3 ® experiment, s, 5

- A\ 5

i ‘o —— calculations, s,

8 \ -
A

s, cm

74 \ -
6 P B
5] -
4] B
3] B
2] _
1. _
0 T T T T T T T T T T I
0,000 0,005 0,010 0,015 0,020 0,025
m.

Figure 10: The correlation between the computed critical points s, (m.) (black line) and the transition onset points

s,.(m.) (red circles) measured in [8]. The black arrow indicates that the flow is laminar and stable all over the nose
surface.

3. Conclusions

The effect of normal gas injection on heat transfer and stability of the boundary layer flow was investigated with the
help of CFD solutions for the laminar (undisturbed) flow and the local-parallel linear stability theory. Nonuniform
distributions of the injection mass flow rates were specified accurately using the experimental data. It was shown that
the transition onset, which was experimentally observed in the boundary layer with injection, is associated with
relatively small integral amplification of instability, N(s,.) <1.5. This indicates that in the experiment laminar-
turbulent transition is governed by bypass mechanisms. Nevertheless, the empirical transition onset points correlate
well with the critical stability points predicted by the linear stability theory. This correlation might be useful for
engineering estimations of the ablation rate at which laminar-turbulent transition is likely to occur on the nose of
high-speed vehicle.

This work was performed at the Moscow Institute of Physics and Technology and supported by the Russian
Foundation for Basic Research (project no. 17-08-00969) (calculations) and Russian Science Foundation (project
no. 19-19-00470) (numerical technique development).
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