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ABSTRACT
Translational and rotational dynamics of a transporting particle in the free molecular gas flow regime are investigated using an in-house,
multi-species, three dimensional Direct Simulation Monte Carlo (DSMC) solver. The DSMC algorithm is modified to study free molecular
gas flows and validated against the analytical results for the dynamics of a spherical particle. A particular focus of this work is on estimating
the effects of particle size, shape, and orientation on the dynamics of an ellipsoidal particle in free molecular gas and comparing them with
that of a spherical particle. Properties such as particle speed, temperature, drag, and heat transfer coefficients are considered for comparison.
The effect of particle shape on the aforesaid properties is qualitatively discussed and quantified through a comprehensive analysis taking
care of lift, pitching moment, particle rotation, and the associated resistive torque. The relaxation of an ellipsoidal particle to surrounding
gas conditions is simulated at zero and non-zero angles of attack to demonstrate the effect of particle orientation. Furthermore, the particle
size effect on its translational and rotational dynamics is discussed. Finally, the trajectory of a spherical particle is compared with that of an
ellipsoidal particle at different eccentricities.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5081074

I. INTRODUCTION

Multiphase flows including gas and granular particle phases
have many applications in industries such as cyclone separators,
sand blasting, sand storm, and pollution control systems and in
specific operations such as planetary landing, high speed flight of
a fighter aircraft through a sand storm, and rain clouds. Numer-
ous studies have been done in several years to study gas-granular
flow behavior. However, most of its applications are limited to the
low-speed and continuum regime. Interestingly, not many studies
are found in the high speed and free molecular flow regime con-
sidering gas-granular flows although it is important to study the
gas-granular flow characteristics in order to address several practical
situations such as unburned fuel in solid propellant rocket nozzles
and dust dispersion in lunar/planetary landings. Experimental stud-
ies are quite expensive in order to mimic low density environments

as well as high speed flows. Moreover, the conventional Navier-
Stokes solver is not suitable because of continuum failure at the free
molecular/transitional regime, such as those found in lunar land-
ing, where the characteristic length is comparable to the mean free
path of a gas molecule. Many researchers have proposed theoret-
ical approaches to study gas-granular flows at the free molecular
regime, notably: Epstein1 derived a kinetic theory based drag rela-
tion for a low speed spherical particle translating in a Maxwellian
gas environment. This work was extended by Baines2 for any par-
ticle velocity in the case of specular reflections. Sauer3 derived an
analytical relation to determine total heat transfer experienced by a
particle in the free molecular regime. Gallis et al.4 proposed a the-
oretical relation using Green’s function approach to calculate drag
and heat flux experienced by a particle moving in the free molecu-
lar regime for monatomic gas. This theoretical relation was extended
to di-atomic gas by incorporating rotational and vibrational effects
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by Burt5 and used to study the effects of unburned solid propellants
in rocket nozzles. In the work reported by Morris et al.,6 the afore-
mentioned relation was used to predict the flow and dust emission
mechanism of lunar sand particles due to plume impingement from
the nozzle. There are other notable studies in order to predict drag
in rarefied/free molecular regimes.7–9

All the aforementioned studies have considered particles as per-
fect spheres so as to make the problem tractable in the theoretical
framework albeit the simplification was brought about at the cost
of accuracy. Numerous studies were performed in order to derive
aerodynamic coefficients for non-spherical particles in the contin-
uum regime,10,11 and several complexities were reported. A single
characteristic parameter (diameter) is enough to describe the behav-
ior of a sphere, whereas at least two parameters are required to study
even for regular non-spherical particles, such as ellipsoids. More-
over, the pitching torque and lift force need to be considered if
the angle of attack is non-zero. The tracing/tracking of ellipsoidal
particles is quite complicated because of the addition of dynamic
equations, which need to be solved along with fluid flow equations.
Jeffery12 analytically derived torque components acting along the
principal axes of ellipsoidal particles in creeping viscous fluid. This
theory was proved through an experimental study by considering
an aluminum ellipsoidal particle immersed in water-glass fluid.13

Brenner14–18 extended this analytical work to study arbitrary parti-
cle motion under Stokes flow conditions. Mortensen et al.19 studied
the dynamics of ellipsoidal particles in turbulent flow using direct
numerical simulations (DNSs) without considering the effects of
particles on gas. Similar kinds of experimental and numerical studies
were performed to study non-spherical particle dynamics/behavior
in turbulent flows.20–22

Noteworthy is the fact that all of these studies are restricted
to the continuum regime and carried out considering only the

aerodynamics perspective. To this end, the current work aims
to study the importance of particle shape consideration in the
free molecular regime, with its effect on both aerodynamics and
heat transfer aspects. In this work, we have modified and used
an in-house kinetic-particle based Direct Simulation Monte Carlo
(DSMC) solver to study particle behavior in the free molecular
regime. The effect of particle shape is studied from the standpoint
of particle’s relaxation with the freestream gas flow. The results are
compared with the theory in terms of particle properties such as
velocity and temperature and surface properties such as drag and
heat transfer coefficients. However, a detailed discussion about the
dynamics of an ellipsoidal particle has not been attempted at this
stage.

This paper is arranged as follows: a brief description of the
DSMC method and modifications to reduce computational cost is
given in Sec. II, and the validation cases for this proposed method are
presented in Sec. III. Section IV explains the numerical procedures
to study the ellipsoidal particle and its effect on the free molecular
regime, and this is followed by conclusions in Sec. VI.

II. COMPUTATIONAL MODEL: THE DSMC METHOD
The Direct Simulation Monte Carlo method (DSMC) is a

particle-based method proposed by Bird for the simulation of
non-equilibrium gas flows.23 The method deals with simulated
molecules, each of which represents a large number of real
molecules. The method governs the physics through molecular
movements and collisions. For a given time step, molecules are
moved with their velocities. Molecular collisions are modeled proba-
bilistically. The macroscopic parameters are calculated by time aver-
aging the sampled data. The DSMC method does not produce a
direct solution to the Boltzmann equation, but it evaluates the same

FIG. 1. Modified DSMC algorithm.
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physics as the Boltzmann equation, and it has been demonstrated
that the DSMC solution approaches the solution of the Boltzmann
equation in the limit of vanishing cell size and time step.23 The
detailed explanation of the method can be found in Refs. 23 and
24. The parallel, in-house, multi-species, DSMC solver named Non-
equilibrium Flow Solver (NFS) used in this work was developed
recently based on Bird’s methodology and validated against several
experimental and other numerical studies.25,26 In our solver, the
Variable Hard Sphere (VHS) model is used for elastic collisions.
The quantum and continuous versions of the Larsen-Borgnakke
model are employed to model inelastic collisions. Both Maxwell27

and Cercignani-Lampis-Lord (CLL)28 models were implemented to
study gas-surface interactions.

To study the problem at hand, which involves flow of argon
over a non-spherical particle in the free molecular regime, we have
modified the DSMC algorithm to reduce computational cost. In
the first place, gas-gas collisions are not modeled in the modi-
fied DSMC algorithm consistent with the assumptions involved in
the free molecular regime. Furthermore, in the free molecular flow
regime, it is reasonable to neglect the effect of reflected particles on
the incident gas stream, as far as effects on body are concerned.
Therefore, to ensure this, we have made appropriate modifications
to the gas-surface interactions in the DSMC algorithm. Once a
molecule hits the particle surface, the molecular velocity is made to
remain unchanged, and it is relocated randomly inside the domain.
In other words, the incident gas flow is assumed to be unaffected
by the presence of body, which is a valid assumption in the free
molecular regime.29 However, the incident and reflected momen-
tum/energy of gas molecules during gas-surface collision is sampled
to calculate forces, moments, and heat flux experienced by the par-
ticle. Thus, the actual gas-surface interaction is modeled, but post-
reflection velocities are not assigned to the gas molecules to ensure
that gas properties are constant throughout the simulation, implying
that the proposed model is one-way coupled. Moreover, the compu-
tational grid is not used in this work since the only purpose of a
grid in the DSMC method is to perform gas-gas collisions and sam-
pling gas properties, which are neglected in the present work. The
flowchart of this algorithm is shown in Fig. 1.

III. SOLVER VALIDATION
The modified DSMC solver for modeling free molecular gas

flows is validated for flow over a sphere and that over a flat plate. The
surface properties such as drag, lift, and heat transfer are compared
with available analytical results. Three case studies are carried out in
this section, viz., the first case study involves flow over a spherical
particle at different speed ratios, while flow over a flat plate is simu-
lated in the second study. In the third case study, spherical particle
relaxation is simulated at a very low speed ratio.

A. Flow over a spherical particle in free
molecular regime

A cubical computational domain of size 10 µm is considered
with a spherical particle at the center. Argon is used as the gas
species. The gas density and temperature are taken as 1.989 × 10−5

kg/m3 and 500 K, respectively. The bulk velocity of gas is varied
based on the speed ratio, which is the ratio of the particle speed to

the mean molecular speed of gas (S = U
√

2RT
). The particle volume is

taken as 5.236 × 10−19 m3, which represents the volume of a sphere
of diameter 1 µm. The mass of the particle is 9.94 × 10−16 kg. The
particle temperature is the same as that of gas. The time step is taken
as 1 × 10−9 s for all simulations, which is much smaller than the
mean collision time of the gas. Each simulation is performed with
20 000 simulated molecules with 50 000 samples. The periodic
boundary condition is employed at all six sides of the domain. The
CLL model28 is used for gas-surface interaction with an accommo-
dation coefficient of unity, corresponding to diffuse reflection with
full thermal accommodation.

It was found by several researchers that particle drag and heat
flux coefficients depend only on the molecular speed ratio, S, in
the free molecular regime.29,30 The analytical relationship for the
heat transfer rate experienced by a spherical particle3 is expressed
in terms of the thermal recovery factor r′ and modified Stanton
number St′ as

r′ =
(2S2 + 1)[1 +

ierfc(S)
S

] +
2S2
− 1

2S2 erf(S)

S2[1 +
ierfc(S)

S
] +

erf(S)
2S2

, (1)

St′ =
S2 + S ierfc(S) +

erf(S)
2

8S2 , (2)

where ierfc(S) is the integrated complementary error function.
The analytical relationship for the drag coefficient of a spherical

particle in the free molecular limit29 is given by

CD =
e−S2

√πS3 (1 + 2S2
) +

4S4 + 4S2
− 1

2S4 erf(S) +
2√π
3Sp

, (3)

where Sp is the speed ratio corresponding to the particle tempera-
ture, Sp = U

√

2RTp
. In the present case, Sp = S since the particle and

gas temperature are the same. In DSMC simulations, the modified
Stanton number is derived from heat flux Q and is given by

St′ =
Q

AρUcp(Tr − Tw)

γ
γ + 1

, (4)

where A is the surface area of a spherical particle, ρ is the free stream
gas density, cp is the specific heat capacity of gas at constant pressure,
Tr is recovery temperature, and Tp is the particle temperature, which
is the same as the gas temperature in the current case. The analytical
equation (1) is used in DSMC simulations to find the recovery factor,
while the recovery temperature can be obtained from Eq. (5), given
by Oppenheim,30

Tr = T∞ +
r′(T0 − T∞)γ

γ + 1
. (5)

The variation of the drag coefficient and modified Stanton
number with respect to the speed ratio for a spherical particle is
plotted and compared with analytical results given by (2) and (3)
in Fig. 2. The results obtained from our in-house 3D DSMC solver
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FIG. 2. Comparison of DSMC results with analytical results for a spherical particle. (a) Drag coefficient and (b) modified Stanton number.

are found to be in good agreement with the analytical results for all
speed ratios analyzed in this work.

B. Flow over a flat plate in free molecular regime
Now we consider flow over a flat plate at a finite angle of attack

in the free molecular regime with an aim to validate the computa-
tional framework for the calculation of lift and drag forces over an
object. The flat plate is chosen as the representative object so as to
compare the data with theory. The problem involves free molecu-
lar flow of argon over a flat plate at different angles of attack. The
length of the flat plate is considered to be 2 µm with an aspect ratio
of 40. By considering the very small thickness of the flat plate and to
model accurate gas-surface interactions, the time step for this sim-
ulation is considered to be 4 × 10−12 s. Each case is simulated with
10 000 simulated molecules with 200 000 samples. This simulation is
performed at a speed ratio of 2, and the angle of attack is varied from
0 to π. All other flow parameters are the same as that of the previous
case. The analytical relation29 for lift and drag coefficients with the
assumption of uniform surface temperature is given by

CL =
cos θ

S2 [erf(S sin θ) + √π
S2 sin θ

Sp
], (6)

CD =
2

√πS
[e−(S sin θ)2

+ √πS sin θ(1 +
1

2S2 )erf(S sin θ)

+
πS
2

Sp sin2 θ]. (7)

In DSMC simulations, the drag and lift coefficients are obtained
from drag and lift force as

CL =
L

1
2 ρU2A

, (8)

CD =
D

1
2 ρU2A

, (9)

where L and D are lift and drag forces, respectively. The variation
of the lift to drag ratio for different angles of attack obtained from
DSMC simulations is compared with the analytical results in Fig. 3.

FIG. 3. Comparison of DSMC results with analytical results for a flat plate.
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It is found that DSMC simulation results are in good agreement with
the analytical result and the maximum error is less than 5%.

C. Spherical particle relaxation to gas at low
speed ratio

In this section, a temporal homogeneous test case is simu-
lated and the results are examined for gas flow over a spherical
particle. The flow chart for this algorithm is presented in Fig. 4.
The procedure involves the initialization of particle velocity and
temperature, followed by the simulation of the modified DSMC
algorithm in a particle frame, which implies relative gas flow over
a particle at constant gas temperature. The relative gas velocity
and particle temperature are updated by considering gas-surface
interactions. This procedure is repeated until the relative velocity
and difference in gas and particle temperature approximately reach
zero.

The initial particle velocity and temperature are taken as
500 m/s and 100 K, respectively. Argon is used as gas species with
a velocity of 600 m/s and at a temperature of 1514 K. The gas num-
ber density is considered as 3 × 1020 (1/m3), which corresponds to
the Knudsen number (Kn) of 4314 using particle diameter as the ref-
erence length. The number of simulated molecules and time step are
taken as 20 000 and 1 × 10−10 s, respectively. The particle temper-
ature and velocity are updated for every 1 × 10−4 s. The unsteady
simulation is performed until the physical time reaches 2 s. The
temporal variation of particle velocity, temperature, and heat flux
is compared with the analytical relationships. The analytical relation
for drag in the low speed ratio limit1 and the corresponding heat flux
expression derived by Gallis et al.4 are given below:

F⃗Epstein = −(ρc2
0πR2

p)

⎡
⎢
⎢
⎢
⎢
⎣

8
√π

+ (1 − σ)

√
πTp

T

⎤
⎥
⎥
⎥
⎥
⎦

V⃗p

3c0
, (10)

QEpstein = ρc3
0πR2

p(1 − σ)[
2

√π
−

Tp

T
2

√π
], (11)

where σ is the fraction of molecules undergoing specular reflection
(σ = 0 in this case), ρ is the density of gas, c0 is the most probable
speed of gas, Rp is the radius of the particle, V⃗p is the particle velocity,
and Tp and Tg are particle and gas temperatures, respectively.

The velocity and temperature of the particle are updated
(to the first order approximation) using drag and heat flux as
follows:

V⃗ t+1
p = V⃗ t

p +
F⃗∆t
mp

, (12)

Tt+1
p = Tt

p +
Q∆t

mpcpp

, (13)

where cpp is the specific heat capacity of the particle.
Figure 5 shows the comparison of particle temperature, veloc-

ity, and normalized heat flux with the corresponding analytical solu-
tions. The particle velocity and temperature are found to be in good
agreement with the theoretical data. At the same time, the normal-
ized heat flux is found to be in good agreement with the analytical
data obtained from Eq. (11). The maximum error is found to be
less than 1%, thus showing fairly good agreement with the theo-
retical predictions. Furthermore, it is interesting to note that in the
free molecular regime, the freestream gas molecules impinge on the
wall without colliding with other gas molecules by virtue of free
molecular assumption. Due to this effect, the efficiency of heat trans-
fer increases with the Knudsen number. Thus, the upper limit of
normalized heat transfer coefficient is always in the free molecular
regime.

FIG. 4. Particle relaxation.
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FIG. 5. Comparison of DSMC results with analytical solutions for a spherical particle. (a) Particle velocity, (b) particle temperature, and (c) particle heat flux.

IV. DYNAMICS OF ELLIPSOIDAL PARTICLES IN FREE
MOLECULAR REGIME

To study shape effects, we have considered prolate ellipsoidal
particles having the same volume as that of the sphere of 1 µm
diameter. In this study, there are four different ellipsoidal shapes
considered with eccentricities of 0.3, 0.5, 0.7, and 0.9.

A. Coordinate system
To model the dynamics of a non-spherical particle, it is conve-

nient to have two Cartesian coordinate systems. The inertial frame
x = [x, y, z], which is the fixed frame of reference. The particle frame
x′ = [x′, y′, z′] has an origin at the center of mass of the particle
and axes aligned with the principal axes of the particle. The different
reference frames are shown in Fig. 6.

In the first stage of the model development discussed in this
work, we consider angular motion only about the lateral axis, z′,
while angular motions about the other two axes are assumed to
be negligible. This assumption is also valid since there is no lat-
eral/transverse bulk motion of fluid considered in this work. The
transformation from the particle reference frame to the inertial
frame can be obtained by using the Euler transformation as x⃗ = R ⋅ x⃗′,
where R is the rotational matrix and θ is the pitching angle, as shown
in Fig. 6,

FIG. 6. Coordinate system: inertial frame x and particle frame x′.

R =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

cos θ sin θ 0
sin θ cos θ 0

0 0 1

⎤
⎥
⎥
⎥
⎥
⎥
⎦

. (14)

B. Equations of motion
The equations of motion of a non-spherical body can be decou-

pled into translational and rotational modes, which are written in
inertial and particle axis frames, respectively, below.31

Translational motion:

mp
dV⃗p

dt
= F⃗, (15)

where mp is the mass of a particle, V⃗p = [vx, vy, vz] is the translational
velocity vector, and F⃗ = [Fx, Fy, Fz] is the force vector acting on a
particle in the inertial reference frame.

Rotational motion (without considering ω′x and ω′y):

I′z
dω′z
dt

= T′z , (16)

where ω⃗′ = [0, 0,ω′z] is the angular velocity vector of a particle about
its principal axes. I′z is the moment of inertia with respect to the par-
ticle’s z′ axis, which can be expressed as, I′z =

mp(a2+b2
)

5 , where a is
the semi-major axis and b is the semi-minor axis of the ellipsoidal
particle. T′z is the torque acting on a particle about its z′ axis.

The procedure involves solving the flow over an ellipsoidal par-
ticle in the particle reference frame using the in-house modified
DSMC solver to obtain force vector, torque, and heat flux. The force
vector is then transformed to the inertial reference frame using the
Euler transformation. The force vector (in the inertial frame) and
torque (in the particle frame) can then be used to solve for V⃗p and ω⃗′
using Eqs. (15) and (16), respectively. Finally, the particle velocity,
orientation, and temperature are updated.

There are two contributions to torque in Eq. (16). The first
one, T⃗′off, is caused by the finite lift and offset of the center of
pressure from the center of mass. Hence, it can be expressed as
T⃗′off = ⃗δx′cp × F⃗′, where ⃗δx′cp is the position vector from the center
of mass to the center of pressure, and F⃗′ is the resultant force vector
in the body axis system, as shown in Fig. 7. Noteworthy is the fact
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FIG. 7. Schematic figure for the evaluation of offset torque.

that the particle does not experience a torque at zero angle of attack
because of the zero lift even though the center of pressure is ahead
of the center of mass. In this case, we have considered only pitching
torque T′off-z (rotation with respect to z′ axis) and other two com-
ponents are negligible, as discussed in Sec. IV A. The force vector is
obtained by sampling the incident/reflected momentum of the gas
molecules interacting with the surface.

The variation of the location of center of pressure, calculated
using the DSMC analysis, with respect to angle of attack for an
ellipsoidal particle of eccentricity 0.9 (which is close to a cylindrical
shape) is compared with the approximated expressions for cylin-
drical particles from the literature32–34 in Fig. 8. The expressions
from Rosendahl32,33 and Yin et al.34 are given in the following
equations:

xcp

L
= 0.25(1 − sin3 θ), (17)

xcp

L
= 0.25 cos3 θ. (18)

FIG. 8. Comparison of the location of the center of pressure with respect to the
angle of attack.

The shown location of the center of pressure xcp is measured
from the leading edge of the particle and normalized with the length
of the ellipsoidal particle. It is evident from Fig. 8 that the variation of
the centre of pressure as obtained from our DSMC results is qualita-
tively in fair agreement with the expressions given by Rosendahl32,33

and Yin et al.34

The second contribution to torque is the resistance caused by
the fluid on a rotating particle. If a particle rotates at an angular
velocity of ω′z , it creates a torque in the opposite direction due to
friction. In other words, every cross section of an ellipsoid experi-
ences a drag and its cumulative effect is the torque, which opposes
the particle motion, as depicted schematically in Fig. 9.

If F′res is the force acting on an ellipsoidal cross section, which
varies along the longitudinal axis and is at a distance of r from the
center of rotation, then the resistive torque can be written as

T′res = 2∫
a

0
F′resrdr. (19)

The resistive force is given as F′res = 1
2 ρ(rω′z)2cdAc, where ρ

is the local air density, which is the same as the free stream den-
sity, and cd is the drag coefficient for cross-sectional area Ac and
varies along the longitudinal axis due to change in the local lin-
ear velocity. The cross-sectional area of the ellipsoidal element is a
circular cylinder, whose magnitude can be written using the equa-
tion of an ellipse as Ac = 2b

a

√
a2 − r2, as shown in Fig. 9. A sim-

ilar kind of approach was followed to derive resistive torque for
cylinder particle movement in continuum flows.32,34 Noteworthy
is the fact that the resistive torque is always opposite to offset
torque T′off-z.

The speed ratio, S, across the longitudinal cross section is very
small since the semi-major axis a is in the order of 10−7 m and the
local linear velocity varies along the longitudinal axis as U local = rω′.
Now, for S → 0, the drag coefficient for free molecular flow over a

cylindrical body29 gets reduced to cd =
π

3
2 c0p

4(rω′z)
, where c0p =

√
2RTp

is the most probable speed corresponding to the particle tempera-
ture Tp, r is the longitudinal distance from the center of an ellipsoid,
and ω′z is the angular velocity of the particle about the lateral axis.
Therefore, the resistive torque can be written as

T′res =
b

2a
ρω′zπ

3
2 c0p ∫

a

0
r2√a2 − r2dr =

ba3

32
ρω′zπ

5
2 c0p. (20)

C. Particle relaxation at zero angle of attack
Now we consider the relaxation of a non-spherical particle at

zero angle of attack to freestream gas. For this study, we have consid-
ered four ellipsoidal particles with eccentricities of 0.3, 0.5, 0.7, and
0.9, while the particles have the same volume as that of a sphere of
1 µm diameter. We have compared the results with those obtained
for flow over a spherical particle. Every particle movement is con-
sidered to be a separate simulation, and the procedure is shown in
Fig. 4. In this case, we have considered an initial particle velocity of
500 m/s with an initial temperature value of 100 K. The background
gas is kept stagnant at a temperature of 100 K. All other numerical
parameters are the same as mentioned in Sec. III C.

The temporal variation of particle speed (Up) and temperature
(Tp) is shown in Fig. 10. The time on the x-axis is normalized with
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FIG. 9. Schematic figure for the evalua-
tion of resistive torque (the arrows in the
figure represent the relative flow velocity
due to particle rotation).

the relaxation time for a sphere based on the slip-corrected Stokes
equation, i.e., τ =

mpC
3πµDp

, where µ is the dynamic viscosity, Dp is
the diameter of a spherical particle, and C is the slip correction fac-
tor. Millikan’s slip correction factor35 is used in this work, which is
C = 1 + (0.864 + 0.29e

−1.25
Kn )Kn. The particle speed and temper-

ature on the y-axes are normalized with the initial particle veloc-
ity, U initial, and initial particle temperature, Tinitial, respectively. It is

observed that the relaxation time increases with eccentricity for both
velocity and temperature. As eccentricity increases, the particle
becomes slender. In other words, since the angle of attack is zero, the
contact surface area decreases as eccentricity increases. Therefore,
less number of gas-surface collisions occurs as eccentricity increases,
which makes less momentum and energy imparted to the surface for
ellipsoidal particles as compared to sphere. Due to this effect, the

FIG. 10. Comparison of relaxation of spherical particle vis-a-vis ellipsoidal particle of different eccentricities at zero angle of attack (mp = 9.958 × 10−16 kg). (a) Particle speed
and (b) particle temperature.

Phys. Fluids 31, 037104 (2019); doi: 10.1063/1.5081074 31, 037104-8

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 11. Comparison of the normalized variation of particle temperature, Tp, adiabatic wall temperature, Taw, and normalized heat flux, Q, of a spherical particle with an
ellipsoidal particle of eccentricity 0.9 at zero angle of attack (mp = 9.958 × 10−16 kg). (a) Taw and Tp (both normalized). (b) Taw − Tp and Q (both normalized).

velocity and temperature relaxation time increase with increasing
eccentricity at zero angle of attack.

The variation of normalized particle temperature, adiabatic
wall temperature, and particle heat transfer rate with respect to nor-
malized time for a sphere and an ellipsoidal particle of eccentric-
ity 0.9 is plotted in Fig. 11. This explains the variation of particle
temperature with respect to time, as shown in Fig. 10. The tempera-
tures are normalized with initial particle temperature, while the heat
transfer rate of the particle is normalized as CH =

Q
1
2 ρU

3
initial

, wherein
the convective heat transfer rate, Q, of the particle is given as

Q = AρUpcp(Taw − Tp)St, (21)

where St is the Stanton number and Taw is the adiabatic wall temper-
ature, Taw = T∞(1 + γ

γ−1 S2
). Initially, the heat transfer rate is large

due to the high particle velocity and significant difference in Taw and
Tp, as shown in Fig. 11. However, the particle velocity starts decreas-
ing with time due to the drag experienced by the particle, which in
turns decreases the adiabatic wall temperature. Due to the cumula-
tive effect of decreasing particle speed and the difference in adiabatic
and particle temperatures, the particle heat flux starts decreasing
with time. Therefore, the slope of particle temperature with time
starts decreasing with time and reaches a minimum value, when Q
reaches zero, i.e., Taw −Tp = 0. This is when a particle attains its max-
imum temperature. Since speed of a spherical particle decays faster
as compared to an ellipsoidal particle, as shown in Fig. 10, the time
at which a particle attains the maximum temperature increases with
the increase in eccentricity.

D. Particle relaxation at non-zero angle of attack
Now we study the previous case with an initial angle of attack

of 10○. Due to high initial particle velocity of 500 m/s relative to the
gas, the resulting pitching torque is high, which makes the particle

rotate at very high angular speed. The large angular velocity limits
the time step to update the pitching angle θ and requires 1× 10−7 s to
update particle orientation, which requires 107 simulation time steps
to achieve 1 physical second. Due to the computational difficulty
associated with very small time step, we have introduced another
approach merely to reduce computational cost. In the new approach,
flow over an ellipsoidal particle is simulated at different speed ratios
and angles of attack to calculate lift, drag, torque coefficients, and
Stanton number. Thus a database is developed for free molecular
flow over an ellipsoidal particle at different speed ratios and angles
of attack. This database is then used to compute the forces, heat flux,
and torque to calculate the relaxation of a non-spherical particle at
a finite angle of attack with comparatively very little computational
effort. The procedure is given below:

1. Initialize gas and particle properties.
2. Calculate particle speed ratio and angle of attack.
3. Find CD, CL, CT , and St for the particular speed ratio and angle

of attack from the database using the bi-linear interpolation.
4. Calculate lift, drag, torque, and heat flux.
5. Solve translation and rotational equation of motions using

Eqs. (15) and (16), respectively.
6. Update velocity, temperature, and orientation of the particle.
7. Return to step 2 if relative velocity is not zero.

Noteworthy is the fact that accuracy of this approach depends
strongly on the database. Thus, in order to make the new approach
accurate, we have performed a large number of DSMC simulations
at different speed ratios and angles of attack. For example, we car-
ried out DSMC simulations for speed ratios ranging from 0.5 to 10
with a difference of 0.1 and for different angles of attack from 0○
to 90○ with a difference of 2○. Furthermore, since the gradient in
coefficients is found to be very high at low speed ratios, as can be
seen in Fig. 2, speed ratio difference is considered to be very small
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FIG. 12. Comparison of particle relaxation of the sphere with ellipsoidal of different eccentricities (mp = 9.958 × 10−16 kg, and initial angle of attack is 10○). (a) Particle speed
and (b) particle temperature.

(∆S = 0.025) at low speed ratios ranging from 0 to 0.5. Therefore,
the total number of simulations for the given free stream conditions
turned out to be 5290. This consumed a lot of time, but once the
database is generated, the followed approach offers significant sav-
ings in effective computational time; the same can be used for further
flow calculations associated with the gas-particle combination.

With the aforesaid approach, we have carried out simulations
for different ellipsoidal particle shapes (corresponding to different
eccentricities) and the results for the variation of speed and temper-
ature of particle with time are shown in Fig. 12. From both vari-
ations, the particle relaxation time is found to decrease as particle
eccentricity increases, which is opposite to the trends obtained at

FIG. 13. Comparison of particle relaxation for different sized particles (mp = 9.958 × 10−16 kg and mp = 9.958 × 10−13 kg). (a) Particle speed and (b) particle temperature.
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zero angle of attack. This indeed is very interesting. The reason for
these trends is explained in Sec. IV D 1 with the help of the angular
velocity.

1. Effect of particle size
To study the particle size effect on the relaxation time, we have

performed simulations with increased particle size at the same flow
conditions mentioned in the previous case. In this case, we have
considered a sphere of diameter 10 µm and an ellipsoid with an
eccentricity of 0.9 having the same volume as that of a sphere; thus,
effectively we have chosen a particle size ten times than that used in
the previous case. The density of the particle in all cases is the same
as that of previous cases so that the mass is increased by three orders
of magnitude mp = 9.958 × 10−13 kg. The comparison of relaxation
for a spherical particle and an ellipsoidal particle is shown along
with those corresponding to d = 1 µm particle in Fig. 13. It is clear
from the figure that the trends for the particle relaxation (in terms
of speed and temperature) are the same for two different sized parti-
cles. However, interestingly, the relaxation time is found to scale very
well with the particle diameter. This can be explained with the help
of the Stokes law, according to which the relaxation time is given as
τ = mpC

3πµDp
, where µ is the dynamic viscosity, Dp is the diameter of the

particle, and C is the Millikan slip correction factor, which in turn is
given as C = 1 + (0.864 + 0.29e

−1.25
Kn )Kn.35 At a very high Knudsen

number (in the free molecular regime, which is considered in this
work), the slip correction factor is of the order of Kn (C ∼ Kn).
Therefore, the relaxation time is theoretically found to scale with
the particle diameter by keeping the particle density the same. Thus,
our observation regarding the variation of relaxation time with the
particle size, as shown in Fig. 13, is consistent with the theory in
the free molecular regime. Noteworthy is the fact that the relaxation

time varies proportionally to the square of particle diameter in the
continuum regime (Kn→ 0).

In both the abovementioned cases, the relaxation time is found
to decrease as eccentricity increases. To explain this phenomenon,
the variations of the torque and drag coefficient with respect to the
angle of attack at a speed ratio of 3 are presented in Fig. 14. The
drag coefficient expression is the same as given in Eq. (9) with the
area of cross section the same as that of a sphere of 10 µm, while the
expression for the pitching torque coefficient is given as

CT =
Tz

1
2 ρU2(

πD3
p

8 )

, (22)

where Tz is the pitching torque and Dp is the particle diameter. The
fluctuations in the results correspond to the statistical nature associ-
ated with the DSMC method. As eccentricity increases, the particle
torque increases, as shown in Fig. 14, which makes high eccentricity
particles rotate at a very high speed, as shown in Fig. 15. More-
over, the drag coefficient increases as the angle of attack increases,
as shown in Fig. 14. Due to this, a high eccentricity particle that is
at non-zero angle of attack experiences more torque and rotates at a
very high velocity. The cumulative effect of this high angular velocity
and a large drag value at a high angle of attack brings the particle to
rest in a shorter period of time. The ellipsoidal particles of eccentric-
ity 0.3 to 0.7 are not found to show much deviation from spherical
particles because of the small value of torque, while drag is almost
constant for all eccentricities and equivalent to that of a sphere. This
is the reason why velocity relaxation of ellipsoidal particles of eccen-
tricity 0.3 to 0.7 closely matches with that of a sphere although there
is a minor difference observed in temperature relaxation.

From Fig. 15, it is found that large eccentricity particles rotate at
higher angular velocities than low eccentricity particles. Moreover,

FIG. 14. Variation of torque and drag coefficients at a speed ratio of 3 for different ellipsoidal shapes (mp = 9.958 × 10−13 kg). (a) Torque coefficient and (b) drag coefficient.
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FIG. 15. Comparison of rotational relaxation of the ellipsoidal particle for different
eccentricities (mp = 9.958 × 10−13 kg, and initial angle of attack is 10○).

low eccentricity particles reach steady state rotation much more
promptly than high eccentricity particles.

2. Comparison with continuum results
It has been found in some studies36,37 that the drag and torque

coefficients increase with the Knudsen number, whereas the lift coef-
ficient decreases. The reason for this contrasting behavior is that the
shear stress contribution increases with the Knudsen number, while

the contribution due to pressure remains relatively the same.36 The
shear stress contribution favors drag and opposes lift, implying an
increase in the drag coefficient and a decrease in the lift coefficient
with the increasing Knudsen number.

To verify this effect, we plot in Fig. 16 the variation of drag
and lift coefficients with respect to the angle of attack at a speed
ratio of 3 for two different eccentricities of 0.7 and 0.9 and at a
Knudsen number of 431.4. In this work, we have considered a fully
diffuse reflection with complete thermal accommodation at a very
high Knudsen number, which makes the lift as well as lift to drag
ratio negligible, which is in qualitative agreement with the results
available in literature.23

In order to make sense of the effect of rarefaction, we have
compared the drag and lift coefficients calculated in this work with
those obtained in continuum conditions in Fig. 16. The expressions
used for calculating the drag and lift coefficients in the Stokes regime
(Reynolds number, Re ≪ 1) for an ellipsoidal particle (with eccen-
tricity values of 0.7 and 0.9) have been taken from Refs. 38 and 39
and are written as follows:

CD,θ = CD,θ=0○ + (CD,θ=90○ − CD,θ=0○) sin2 θ, (23)

CL,θ = (CD,θ=90○ − CD,θ=0○) sin θ cos θ. (24)

Due to the unavailability of CD for an ellipsoidal particle at
Re = 0.01, we have used the DSMC data for CD,θ=0○ and CD,θ=90○ to
obtain the theoretical predictions, as shown in Fig. 16. It is evident
from Fig. 16 that the theoretical equations in the Stokes regime given
by Eqs. (23) and (24) underpredict the drag coefficient and over-
predict the lift coefficient. The difference in the results is due to the
increase in shear stress contribution to drag and lift with an increas-
ing Knudsen number and the diffuse wall condition imposed on the
surface. For this reason, the effect of lift on the particle dynamics is

FIG. 16. Variation of lift and drag coefficients at a speed ratio of 3 for different ellipsoidal shapes. (a) Drag coefficient and (b) lift coefficient.
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FIG. 17. Comparison of relaxation of a spherical particle with an ellipsoidal for different initial angles of attack (mp = 9.958 × 10−13 kg). (a) Particle speed and (b) particle
temperature.

not found to be significant in this work. Furthermore, the difference
in the lift coefficient between DSMC and continuum theory is visi-
bly sufficiently high. However, the theoretical lift coefficient relation
given in Eq. (24) gives an error of 15% for prolate and 60% for oblate
spheroids in the continuum regime itself in the work of Sanjeevi and
Padding.39 Moreover, it was observed in the work of Sanjeevi and
Padding39 that the variation of CL is much more sensitive to the
angle of attack than that of CD.

3. At different initial angles of attack
To study the effect of initial angle of attack, we have simulated

ellipsoidal particle relaxation for different initial angles of attack.
The flow conditions are the same as that of the previous case. In
order to show the effect of initial angle of attack, ellipsoidal eccen-
tricity is chosen as 0.9, while the initial angle of attack is varied from
10 to 80. Figure 17 shows the velocity and thermal relaxation of an
ellipsoidal particle at different angles of attack. It is observed that
the relaxation time decreases slightly as the initial angle of attack
increases although the difference remains less than 10%. The trend
observed in speed is found to be the same in temperature as well.

4. Comparison of particle trajectories
The trajectories of ellipsoidal particles of different eccentricity

values are compared with spherical particles for an equivalent par-
ticle size of 1 µm in Fig. 18. The horizontal distance (x-distance)
traveled by individual particles is found to decrease with the increase
in particle eccentricity. This is because a particle of larger eccen-
tricity encounters more drag as explained in detail in Sec. IV D 1.
It is evident from the figure that the x-distance traveled by parti-
cles of different eccentricities is very different, and this is a very
important result. On the other hand, the vertical distance traveled by

different eccentricity particles is found to be negligibly small, which
is the same as that of a sphere. Since this study is performed in the
very low-density environment with the diffuse wall condition and
very small particle size, the lift force generated by individual parti-
cles is very small (as discussed in Sec. IV D 2) and therefore does not
play a significant role in altering the trajectory.

FIG. 18. Comparison of trajectories (x coordinate) of spherical and ellipsoidal
particles of different eccentricities.
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TABLE I. Important findings.

Parameter Observations from the present study

Relaxation time The relaxation time for the ellipsoidal particle was found to increase with eccentricity for
zero angle of attack, whereas it behaved the opposite at non-zero angles of attack

Scaling of relaxation time with particle size

The relaxation time for spherical and ellipsoidal particles was found to scale with the equiv-
alent particle diameter in the free molecular regime. This observation was found to be in line
with the theory applicable in the free molecular regime for a spherical particle. Noteworthy
is the fact that the relaxation time varies proportional to the square of particle diameter in
the continuum regime (Kn→ 0)

Sensitivity to initial angle of attack
The relaxation time was found to decrease with an increase in the initial angle of attack. It
was found that initial orientation of particle is important in calculating particle dynamics
accurately

Rotational relaxation The rotational relaxation time was found to decrease with an increase in eccentricity. It was
found that the consideration of rotational particle dynamics is important

Lift coefficient It was found that the effect of lift on particle dynamics is not important because of the
presence of large degree of rarefaction in the present work

Trajectory of particles

The horizontal distance traveled by particles was observed to decrease with an increase in
eccentricity. Also noteworthy is the fact that an ellipsoidal particle was found to undergo
a very different trajectory as compared to that of a spherical particle, which makes the
consideration of particle shape important

Thus it is clear that an ellipsoidal particle undergoes a very
different trajectory as compared to a spherical particle in the free
molecular regime. This in turn renders the consideration of particle
shape effects very important in planetary landing applications and
beyond.

V. IMPORTANT FINDINGS OF THE WORK
In the present work, we have developed a computer model to

clearly bring out the effects of particle size, shape, and orientation on
the transport of a single particle in the free molecular flow regime. In
doing so, we have also incorporated the effects of rotational dynam-
ics of non-spherical particles. A few salient findings of this work are
presented in Table I.

VI. CONCLUSIONS
The size, shape, and orientation effects of a transporting gran-

ular particle in the free molecular gas flow regime were studied
using the in-house direct simulation Monte Carlo framework. The
same was modified to reduce computational time in the free molec-
ular regime and validated with available analytical results for relax-
ation of a spherical particle to surrounding gas conditions. More-
over, relaxation of an ellipsoidal particle was studied for different
eccentricities and compared with that of a spherical particle. It was
found that relaxation time increases with increasing eccentricities at
zero angle of attack. On the other hand, interestingly, the same was
noticed to decrease for non-zero angles of attack. On the other hand,
the effect of lift on particle dynamics was found to be insignificant.
The effect of particle size was also studied, and the relaxation time
was found to scale with the particle diameter, a result consistent with

the theory. Particles of different eccentricities were also compared
in terms of their trajectories, and it was found that an ellipsoidal
particle can undergo a very different trajectory as compared to that
of a sphere, thus making the consideration of particle shape very
important. Finally, we studied relaxation of an ellipsoidal particle at
different initial angles of attack for a particular eccentricity of 0.9.
The relaxation time was found to decrease as the initial angle of
attack increased. Therefore, size, shape, and orientation were found
to play an important role in governing particle dynamics in the free
molecular regime.
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