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ABSTRACT

To design an efficient ram-air intake for an air-breathing
propulsion system for VLEO (Very-Low) / SLEO (Super-
Low) Earth Orbit satellites requires consideration of the
unsteady effects in the hypersonic low-density or rarefied
environment. This study aims to analyze the unsteady ef-
fects due to shock instabilities on a forward facing spike
geometry attached to a flat blunt nose in low-density
hypersonic flows. The Direct Simulation Monte-Carlo
(DSMC) approach is used to study two flow-conditions:
1) ground test facility (V.. = 2075 m/s, Kn = 1.4 x 1073)
and 2) at an altitude of 100 km (V.. = 8557 m/s, Kn =
0.45) for a spiked blunt nose with flat face. It was found
that gas surface interaction (specular and diffuse reflec-
tion) results in changing dynamics of flow field for both
conditions. The large amplitude shock fluctuations are
not observed in lower density environments as compared
to continuum flow in previous literature. The diffuse re-
flection leads to higher drag and higher unsteadiness at
Vinfry = 2075 m/s, when compare to specular reflection,
while lower drag and unsteadiness at high Knudsen num-
ber case of Vi, sy, = 8557 m/s.

1. INTRODUCTION

With the advancements of space technologies in the past
decades, low earth orbits (LEO, approximately above 400
km to 1000 km) have been reaching saturation point due
to accumulation of man-made space debris [14] However,
the LEOs have advantages of providing low or negligi-
ble drag on spacecraft, leading to their longer orbital life.
But higher distance from Earth, saturation of LEOs and
avoiding accumulation of future space junk, causes new
interest of different space agencies (ESA/NASA/JAXA)

and enterprises to develop technologies and satellites for
very low earth orbits (VLEO, below 400 km) and super
low earth orbits (SLEO, below 200 km). These earth or-
bits have the advantages of low-cost launches and provide
accurate resolution for different Earth observation ap-
plications for example weather forecasting, agricultural
monitoring, ocean monitoring, communication, mapping,
positioning, navigation, disaster monitoring etc. How-
ever, the design of such satellites is challenging due to
increased aerodynamic drag, which leads to shorter lifes-
pans, and requires periodically orbit adjustment via the
on-board propulsion system. This disadvantage can be
mitigated by providing air-breathing in-space propulsion,
which can accumulate the available atmospheric air for
propulsion, additionally can be used to design an end-of-
life re-entry burn. Some recent advancements have been
made by ESA [3, 6] through the RAM-EP concept and
DISCOVERER project , and by JAXA [9] via the Tsub-
ame spacecraft.

The aerodynamic design of air-breathing satellites in
VLEO/SLEO faces two competing challenges: breath-
ing an adequate amount of air from the atmosphere for
propulsion, as well as reducing aerodynamic drag to in-
crease longer lifespans. A large cross-section intake is re-
quired to increase the collection of air for the propulsion
system, which in turn leads to a penalty in drag. Hence,
the design of VLEO/SLEO satellites requires careful
aerodynamic consideration in hypersonic low-density or
rarefied environments. Additionally, the ram-air intake
in a rarefied flow regime may also experience unsteadi-
ness due to positioning of compression front as well as
gas surface interaction. In continuum regime, different
blunt nose shape configurations are subjected to differ-
ent degrees of unsteadiness. The spike blunt nose ex-
hibits small amplitude, high frequency shock oscillations
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[4] and high amplitude, low frequency, non-stationary
pulsation [21, 5, 17] in different supersonic and hyper-
sonic flow fields. In a similar manner, frontal hemispher-
ical cavity in hypersonic flows are observed exhibiting
small amplitude shock oscillation, which can transition
to non-stationary non-linear high amplitude pulsations.
[16, 19, 18, 20]. The forward injection of air - jet (or dif-
ferent gases) [10, 7] can also be subjected to pulsations
and oscillation at different jet injection momentum.

The continuum and local thermodynamics equilib-
rium hypothesis is not valid in low-density flows in
VLEO/SLEO orbits, due to higher free mean path (1)
between the gas molecules than characteristic length (L)
of the geometry. The ratio of both can be defined as
Knudsen number, (Kn = A/L) [2]. For Knudsen num-
ber Kn > 0.01, the continuum hypothesis starts to break-
down, the flow can be defined as slip-stream flow (0.01 <
Kn < 0.1), and further transitional flow can be defined be-
tween (0.1 < Kn < 10) and free-molecular flow zone be-
yond (Kn > 10). The aerodynamics of a non-continuum
flow regime in rarefied flow can be modelled using a
stochastic approach with Direct Simulation Monte Carlo
(DSMC) method [1]. Among various methods for aero-
dynamic assessment in low-density flows (panel method,
ray-tracing method, Test Particle Monte Carlo, DSMC),
DSMC can provide accurate assessment of aerodynamic
forces and heat transfer for different complex geometries,
but requiring high computing power. With different ap-
proaches to averaging, the steady or time-varying macro-
scopic properties can also be computed using DSMC
method. In low density environment, the aerodynamic
forces will be highly dependent on gas particle interac-
tion with the surface geometry. Based on the gas particle
and surface interaction, the resultant momentum and en-
ergy is transferred to the surface, which determines the
drag and heat flux on the surface. The gas surface inter-
action can be modelled as specular reflection and diffuse
reflection as shown in Fig. 1. In specular reflection the
gas particle reflects at the same angle as incident angle
after interaction with surface, yielding only normal mo-
mentum exchange. The reflected velocity will depends
on amount of energy exchange to the surface. In dif-
fuse reflection, the gas particle reflect through the proba-
bilistic velocity and direction distribution. The degree of
specular and diffuse reflection is modelled with accom-
modation coefficient (0 < o < 1), which depends on sur-
face properties, orientation and gas environment. VLEO
has Atomic Oxygen as dominant component, which can
cause degradation of surface, and may be subjected to dif-
fuse reflections. The frontal geometries (normal to flow
direction) are subjected to higher momentum exchange
in specular reflection than diffuse reflection. However,
in geometries oriented non-normal to flow direction, the
opposite may be true [8]. This study is motivated to ex-
plore design approaches for ram-air intake assisted with

compression by spike-geometry without higher pressure
losses. It aims to simulate the unsteady aerodynamic ef-
fects for a well known spike configuration with frontal
base, before designing the compression assisted ram-air
intake for low-density flows. The two velocity configu-
rations are simulated using two-dimensional axisymmet-
ric DSMC modelling: approximately 60 km altitude and
100 km altitude, both with Nitrogen as the test gas. The
effects of accommodation coefficients to model specular
and diffuse reflection are also studied for both cases.
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Figure 1: Gas Surface Interaction: Specular Reflection
(Top), Diffuse Reflection (Bottom).

2. NUMERICAL METHOD

The open-source DSMC Solver SPARTA (Stochastic
PArallel Rarefied-gas Time-accurate Analyser) [15] is
used to simulate hypersonic time-dependent cases of a
spiked-blunt geometry in the low density environments.
SPARTA has been validated for various rarefied flow con-
ditions in similar velocity regime as simulated in current
case [11].

2.1 DSMC Technique

Non-continuum flows are mainly characterised by two
conditions: 1) the mean-free path being larger than the
characteristic size of the gas flow, 2) the mean-free time is
larger than or close to the time interval between a signifi-
cant change in macroscopic variables. Therefore, macro-
scopic variables (pressure, total temperature in flow-field)
cannot be tracked under the above conditions without
considering more terms in the kinetic equation. The
DSMC technique is a stochastic numerical method that
solves the Boltzmann Equation for dilute gas flows. It
aims to solve two terms, the collisionless advection and
the inter-molecular collision term. A general form of the
equation is as follows:

of of
oV, frEV,f= [—} 1

ot v rf+ Vf dt 1 coll ( )
In this study, the molecular collisions are modelled with

Variable Soft Sphere model (VSS) for nitrogen stream.



The surface collision is controlled with accommodation
coefficient: 0 for specular collision and 0.95 for (95 %)
diffuse collision, along with specified wall temperature of
the body.

2.2 Computational Domain

The spike geometry with a base diameter of 250 mm is
simulated by using DSMC with two-dimensional axisym-
metric boundary conditions. The computational domain
as well as boundary conditions are shown in Fig. 2a. The
flat base of diameter (D = 250 mm) with spike of diam-
eter (d = 0.2D) has been generated for different lengths
L/D =0.5,1.0,1.5 and 2.0. The overall computational
domain is 3.5D x 2D, with inlet boundary at left injecting
the particle parcels and right boundary as the outlet. The
spike and base geometry was superimposed on uniform
grid (175 x 100) utilized in the simulation. The computa-
tion grid is selected based on several simulations of dif-
ferent grid sizes, ratio of simulated to real particles and
time-steps with available computational resources. Fig-
ure 2b shows the uniform grid for L/D = 1.
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Figure 2: (a) Computational Domain, (b) Grid: L/D =1

Two different flow conditions with Nitrogen as
medium were simulated: 1)60 km altitude: with free
stream velocity 2075 m/s, according ground testing facil-
ity LENS I [13], and 2) 100 km altitude: with free stream
velocity 8557 m/s [12]. Tables 1 and 2 show the param-
eters used for simulations. The time-dependent unsteady
simulations are completed for 2 ms total time with a con-
stant time-step of 1 x 1073 s. The macroscopic parame-
ters are ensemble averaged after each 100 iterations and
data has been saved for each 1 x 107 s. The drag coeffi-
cient was computed with momentum exchange between
particle parcels and surface in axial direction. The sur-

face pressure and total energy flux for surface elements
were computed every 1 us.

Parameters Values

Mach Number 15.6
Free stream Density (pw) 1.763 x 10~* kg /m?
Free stream number Density (1..) 3.79 x 10%!

Free stream Temperature (7-) 42.6 K
Free stream Velocity (V) 2075 m/s
Wall Temperature (7,,) 297 K
Gas N2

Mean free path (Ac) 0.358 mm

Table 1: Free Stream conditions for LENS facility[13]

Parameters Values

Mach Number 30
Free stream Density (0..) 5.583 x 1077 kg/m?
Free stream number Density (n.,) 1.20 X 1018

Free stream Temperature (7..) 194 K
Free stream Velocity (V..) 8557 m/s
Wall Temperature (7;,) 297 K
Gas N,
Mean free path (A) 113 mm

Table 2: Free Stream conditions according to altitude 100
km [12]

3. RESULTS AND DISCUSSIONS

In continuum hypersonic flow [21, 5, 4, 17], the spiked
blunt nose shows two kinds of bow-shock fluctuations:
large amplitude shock pulsations and small amplitude
shock oscillations. The spiked geometry in hypersonic
flow was analysed as a passive drag reduction device,
however, these shock fluctuations also produce unsteady
drag, lift and side forces on the base body and make the
flow-field unstable. The mechanism of these large pulsa-
tions and traverse oscillations is understood by many re-
searchers consisting of cycles of “inflation”, ”withhold”
and “collapse” in the spike and base body region [5, 4].
The flow accumulates with large vortices between the
spike-surface and base-body during inflation, the pres-
sure build-up in “withhold” for certain time and causes
sudden collapse or mass ejection near the corner of flat
base. These fluctuations are mainly observed in flat base
and spike geometries. The base’s curved corner [17]
bleeds the mass downstream, aiding the flow stabilization
and resulting no fluctuations. The ram compression in the
presence of wedge or spiked body has also been consid-
ered for supersonic air-intakes for propulsion systems by
establishing the oblique shock, which can compress the
incoming air with reduced pressure loss than compared to



a blunt intake geometry without the wedge. With motiva-
tion to use ram-compression for air-breathing propulsion
and understand the flow around a spiked blunt nose in
low-density hypersonic flows, the current study simulates
the spiked blunt nose with a flat base at two low-density
flow conditions by using 2D axisymmetric DSMC mod-
elling. The drag coefficients over time are presented as
simulation results, incorporating effects of specular and
diffuse surface reflections. Effects on wall pressure and
heat flux are also discussed in subsection 3.3 for different
spike lengths.

3.1 Effect on Drag Coefficient

The drag coefficients of spiked blunt nose geometries
have been computed for two free stream velocity condi-
tions (Tables 1, 2) and the time history of the same is
shown in Fig. 3a and 3b, which also compares the specu-
lar and diffuse reflection effects on drag coefficients.
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Figure 3: Time history of Drag Coefficients with (a)
Specular (b) Diffuse Reflections at free stream velocity
Voo =2075 m/s

Figure 3 shows the time history of drag coefficient for
lower altitude velocity, V. = 2075 m/s with specular and
diffuse reflections and spike lengths of L/D = 0.5, 1.0,
1.5 and 2.0. All cases show initial fluctuations in drag
coefficients up to 1 ms, and settling over the next 1 ms.
There are no high-amplitude fluctuations as observed in
continuum cases in various literatures. In the specular re-
flection case, the drag coefficient fluctuations are lower
than diffuse reflection, except L/D = 1.5 case. The time-
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Figure 4: Time history of Drag Coefficients with (a)
Specular (b) Diffuse Reflections at free stream velocity
Voo = 855Tm/s

L/D Voo =2075 m/s V. = 8557 m/s
0.5(S) 1.465+0.090 2.502+0.099
1.0(S) 0.738 £0.098 2.506 £+ 0.103
1.5(S) 0.489£0.045 2.515+0.101
20(S) 0412£0.107 2.526+£0.103
05(@D) 1.865+0.162 2.232 £0.056
1.0(D) 1.003+£0.181 2.190 £ 0.055
1.5(D) 0.543 £0.097 2.161 £ 0.057
20(D) 0.357+£0.068 2.143 £ 0.056

Table 3: Time-averaged (for t = Ims to 2 ms) Drag Co-
efficient & Standard Deviation, S: Specular Reflection &
D: Diffuse Reflection

averaged drag coefficient between 1 ms and 2 ms along
with standard deviation are tabulated for different cases in
Table 3. With increasing spike length, the drag coefficient
decreases up to 72 % in the case of L/D = 2.0 in specular
reflection, while decreases up to 80 % in diffuse reflection
cases. The diffuse reflection shows a higher drag coeffi-
cient for incoming velocity V.. = 2075 m/s, except L/D
= 2.0 case. The standard deviation (measure of disper-
sion around the mean) in the duration of time-averaged
drag coefficient remains smaller in the specular reflection
case, except L/D = 2.0 in comparison to diffuse reflection
case. The time history of drag coefficient at lower den-
sity environment and V., = 8557 m/s is plotted for spec-
ular and diffuse reflection in Figure 4. The drag coeffi-
cient at lower density environment shows lower fluctua-
tions in case of diffuse reflection than the specular reflec-



tion cases. The time-averaged drag coefficient (as tabu-
lated in Table 3) for lower density environments is always
higher when compared to higher density environment for
Ve = 2075 m/s for both specular and diffuse reflection
cases. Between specular and diffuse reflection, the time-
averaged drag coefficient is always lower for diffuse re-
flection. The time-averaged drag coefficient remains con-
stant or increases minutely up to 1% with increase in
spike length for specular reflection cases at lower density.
However, it decreases up to 4 % in diffuse reflection case
with increase in spike length. The standard deviation or
fluctuations in drag coefficient around mean is also lower
in diffuse reflection case, which compared to individual
specular reflection cases for different spike length.

3.2 Flow field Analysis

The flow field around the spiked blunt nose are shown in
Figures 5 and 6 for different spike lengths at free stream
velocities V. = 2075 and 8557 m/s by plotting pressure
countors.

Figure 5: Flow field for specular (top half), and diffuse
(bottom half) reflection (a) L/D = 0.5, (b) L/D = 1.0, (¢)
L/D = 1.5 and (d) L/D = 2.0, at free stream velocity V., =
2075 m/s

At V., = 2075 m/s, the flow field shows a bow shock
near the spike tip, which interacts with the base body bow
shock near the top corner. With increase in spike length
(L/D), the shock interaction pattern near the top corner
changes, which vary pressure distribution on the base
body. The specular and diffuse reflection also changes the
pressure distribution in the region between spike and base
body. At longer spike length three distinct compression
regions are observed at 1) spike tip, 2) frontal base, 3)
compressed region between spike lateral and front base.
While comparing specular (top half image) and diffuse
reflection (bottom half image) for L/D = 0.5 (Fig. 5a),
it can be seen that the bow-shock curvature altered be-
tween specular and diffuse reflection. The front shock
became inward curved in diffuse reflection and interacts

with base bow shock inner of the top base corner in com-
parison to specular reflection, which results in a larger
high pressure region. Similar effects are observed for
L/D = 1.0, 1.5 and 2.0 (Fig. 5 b,c and d), where the
high pressure region attached to front base body become
distributed between base and spike surface region. The
distributed pressure between front base and lateral spike
surface may introduce lower unsteadiness in diffuse re-
flection than in specular reflection at V., = 2075 m/s. At

Figure 6: Flow field for specular (top half), and diffuse
(bottom half) reflection (a) L/D = 0.5, (b) L/D = 1.0, (¢)
L/D = 1.5 and (d) L/D = 2.0, at free stream velocity V., =
8557 m/s

Vo = 8557 m/s, lower density environment, the effect of
specular and diffuse reflection on flow-field is more dis-
tinct as shown in Fig. 6. The overall maximum pres-
sure is lower in this case, when compared to V., = 2075
m/s, but specular reflection at lower density leads to per-
fect reflection of molecules to larger upstream distances
from flat base and flat spike face in comparison to dif-
fuse reflection. In Fig. 6 all specular reflection cases
show larger extent of gas molecule reflections with lit-
tle effect of spike length, while diffuse reflection shows
high pressure regions at spike tip and frontal base accord-
ingly. With an increase in spike length, the high pressure
region in specular reflection increases slightly which ex-
plains the overall hike in drag coefficient values for the
specular reflection case in column 2 of Table 3. In the
case of diffuse reflection, increase in spike length sep-
arates the high pressure regions of spike tip and frontal
base, leading up to 4 % reduction in overall drag coef-
ficient values (Column 2 of 3). The flow-field analysis
also suggests that diffuse reflection surfaces with com-
pact pressure region may introduce lower unsteadiness in
comparison to specular reflection at a lower density envi-
ronment.

3.3 Effect on Wall Pressure and Heat Flux

The time averaged (between 1 - 2 ms) wall pressure along
the surface length for specular and diffuse reflection for



all the spike lengths are plotted in Fig. 7 for both the free
stream velocities. The first peak in all the plots represents
the high pressure at spike tip and the second peak shows
the pressure variation at flat base surface. At free stream
velocity V., = 2075 m/s and L/D = 0.5, 1.0 the spike
lateral surface shows higher pressure with an additional
peak in specular and diffuse reflection (Fig. 7), which
reduces in L/D = 1.5 and 2.0. This additional peak is
due to spike and base surface shock interaction and high
compression region between spike and frontal base. The
specular reflection shows lower total wall pressure (area
under the curve) for all spike lengths in comparison to
diffuse reflection at free stream velocity V., = 2075 m/s,
which leads to lower drag in specular reflection than com-
pared to diffuse reflection. In the specular reflection case
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Figure 7: Time-averaged (t = 1.0 - 2.0 ms) Wall Pressure
for (a) Specular & (b) Diffuse Reflection

at lower density environment and free stream speed V.,
= 8557 m/s, the gas molecules interact separately at the
spike tip and frontal base, shows the sudden peaks in wall
pressure for all the spike lengths with almost same magni-
tude. In diffuse reflection at V.. = 8557 m/s, gradual pres-
sure increase at spike lateral surface along with smooth
lower peak at frontal base as shown in Fig. 7 b(iv). In
lower density environments, specular reflection leads to
relatively higher total wall pressure in comparison to dif-
fuse reflection. The compression regions are well sepa-
rated at V., = 8557 m/s compared to V.. = 2075 m/s. How-
ever, the diffuse reflection contributes to a higher wall
pressure on lateral surfaces of geometry, but lower pres-
sure at frontal surfaces (spike tip and frontal base body).
The time averaged (between 1 - 2 ms) wall heat flux along
surface length is compared between diffuse reflection be-
tween free stream velocities Vo, = 2075 m/s and V., = 8557
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Figure 8: Time-averaged (t = 1.0 - 2.0 ms) Wall Heat Flux
at (i) 2075 m/s (ii) 8557 m/s for Diffuse Reflection

m/s cases in Fig. 8. The wall heat flux distribution is af-
fected by spike length at V., = 2075 m/s and there is no
effect of spike length (Fig. 8 ii) at lower density environ-
ment at free stream velocity V., = 8557 m/s. The second
peak in wall heat flux plots represents the wall heat flux
at frontal base. At L/D = 0.5 and 1.0, the wall heat flux
is higher due to interaction between spike shock and base
compression region, while higher spike length L/D = 1.5
and 2.0 shows reduced wall heat flux by moving the in-
teraction point away from the frontal surface. The wall
heat flux reduces for L/D = 2.0 than compared to L/D =
1.5, due to longer relaxation region between spike tip and
frontal base. At the lower density with free stream veloc-
ity Vo = 8557 m/s, all the spike lengths do not affect the
wall heat flux on the surface due to separated compres-
sion regions.

4. CONCLUSIONS

In non-continuum hypersonic flows, the spike geometry
with frontal base does not show large amplitude flow fluc-
tuations as reported in the literature [5, 4, 17] for con-
tinumm high density flow fields at hypersonic speeds.
However, small amplitude fluctuations are found during
time-history analysis of drag coefficient of spike geom-
etry, which is affected by the gas surface interactions at
the two simulated free stream conditions, corresponding
to the altitudes of 60 km (V.. = 2075 m/s) and 100 km
(Voo = 8557 m/s). The specular reflection contributed to
a lower time averaged drag coefficient than compared to
diffuse reflection at free stream velocity V.. = 2075 m/s.
At higher altitude conditions, diffuse reflection showed
lower drag-coefficient than for that of specular reflec-
tion. The spike length reduces the drag coefficients at
60 km altitude conditions significantly for both specular
and diffuse reflection. At higher altitude (100 km) con-
dition, with increase in spike length, the drag coefficient
remains almost constant with specular reflection, but re-
duces sightly with diffuse reflection. At higher altitude,
the wall heat flux for diffuse reflection does not change
with spike length, but reduces at 60 km altitude with in-
crease in spike length.
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