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Abstract_ I glévyéﬁ’fusion (LD) particle method, proposed by Burt and Boyd, is modified for the
near-¢ontin n {wo-phase flow simulations. The LD method has the advantages of easily coupling
Hybrid simulation; with the diyect simulation Monte Carlo (DSMC) method for multjsscale flow simulations and dra-
Low diffusion particle matitally, reducing the numerical diffusion error and statisticaf@caﬂcﬁr of the equilibrium particle
method; N \(Q ds. Liquid- or solid-phase particles are introduced, in,the I.J))method. Their velocity and tem-
Motion relaxation; ) Y \\pe‘frafure updating are respectively, calculated from the%&\m’equation and the temperature equa-
Temperature relaxation; ,* tion according to the local gas properties. Coupling é#fect€ from condensed phase to gas phase are
TPe@-§p.0e 507 modeled as momentum and energy sources, whic{[}\are respectively, equal to the negative values of
the total momentum and energy increase in "qﬁ;ﬂpf*solid phase. The modified method is compared
with theoretical results for unsteady flows.a d'f;ood agreements are obtained to indicate the reli-
ability of the one-way gas-to-pagticle c{ ling models. Hybrid LD-DSMC algorithm is imple-
mented and performed for nozg‘lgﬁi Rarging gas—liquid flow to show the prospect of the LD-

DSMC scheme for multi-scaleftwgphase flow simulations.
© 2013 G A@‘&BUAAA Production and hosting by Elsevier Ltd. All rights reserved.
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1. Introduction \ X ‘\ ' _ 4
N \\), Kn=Z (1)

In a number of aerospace engineering applica¢ions, gas flows
involving a wide range of flow regimes are required to be sim-
ulated with accurate and efficient computational aerothermo-
dynamics models. They can be characterized by the overall
Knudsen number (Kn) and assorted with three different re-
gimes.! The overall Knudsen number is calculated as
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where A is the mean free path and L a characteristic length
scale. The flow is treated to be continuum if the Knudsen
number is smaller than 0.01. In this regime, intermolecular col-
lisions dominate over other processes and equilibrate the inner
structure of the gas. When the Knudsen number is much high-
er than 10, the flow regime is free-molecular and particle colli-
sions with the surface play a critical role. Between the
continuum regime and the free-molecular regime, there is the
transitional regime, in which both the intermolecular collisions
and the molecular—surface interactions are important.
Physical and computational aerothermodynamics models
have been proposed for different flow regimes. In continuum
regions, the gas velocity distributions are within small depar-
ture from equilibrium and the Navier—Stokes (N-S) or Euler
equations are appropriate. Traditional computational fluid
dynamics (CFD) schemes, which involve direct numerical
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solutions for the governing equations, have been applied for
the simulations of these flows. As the Knudsen number in-
creases, the gas velocity distributions deviate a lot from equi-
librium. The continuum assumption breaks down and
models tied to kinetic theory are required to describe the gas
flows. The Boltzmann equation, which is derived following
the assumptions of molecular chaos and binary intermolecular
collisions, is the governing equation for gas flows at arbitrary
Knudsen numbers. However, the Boltzmann equation is a
nonlinear integro-differential equation amenable to analytical
solutions only for a small number of special problems, and
numerical algorithms are required to solve this equation. The
most widely used approach to solve the Boltzmann equation
is the direct simulation Monte Carlo (DSMC) method, which
has been developed since the early 1960s and has been success-
fully applied to a wide range of rarefied gas dynamics prob-
lems. The DSMC method abandons the form of the
Boltzmann equation and computes gas flows through simulat-
ing the random evolution of a representative particle system.”
Within a simulation time step, a collection of representative
particles are tracked through a computation grid, which move
and collide following the phenomenological models. The gas

velocity distributions are represented by the velocities of those g

flows, which represents the macroscopic flux by representative
particles sampled from a certain shape of velocity distribu-
tion.® All these schemes are on the basis of local thermal
equilibrium assumption (hence named equilibrium particle
simulation method, EPSM) and provide results equivalent to
a numerical solution of the compressible Euler equations.
The utilization of same particles allows two-way strong infor-
mation transfer in the hybrid scheme.” However, one of the
main problems of these equilibrium particle methods is the
large numerical diffusion errors. The probable reason is that
the random molecular motions, which should be suppressed
on the macroscopic level in near-continuum flows, are repro-
duced on the scales of computational cell sizes. '

An alternative approach to the equilibrium particle method
for simulating near-continuum flows in the hybrid scheme has
been proposed recently and named the low diffusion (LD) par-
ticle method.” !> In this DSMC similar method, a collection of
representativ @Q&cles are tracked through the grid in such a
way that ever .bartlcle maintains a constant relative position
withi \L granglan cell. The Lagrangian cell is a virtual cell
thatjs\coincident with the fixed computation grid at the begin-

ing of each time step. During the time interval, the Lagrangian
égls move and deform according to local flow properties.

particles and the macroscopic properties of the flow a [e ok{\ {/Particles follow the macroscopic motions of Lagrangian cells

tained by sampling the properties of the representative 11‘4
cles. Although the DSMC method is a mature apf)‘r or
dilute gas simulations, the physical nature of t eth-
od, which requires high resolution of the n\e e,e pdth and
the collision rate by appropriate cell size ulatlon time
step, leads to higher computat10nal ex ns at low Knudsen
numbers when compared to trddltl schemes for the
N-S equations, which often ps 1ts application in near-
continuum regimes.’

Efficient multi-scale comp atlonal models are needed to
simulate multi-scale flows. Both traditional CFD and DSMC
methods are usually applied. The CFD techniques are utilized
in continuum regimes and the DSMC method is used where
the continuum breaks down. Many researchers have focused
on this type of computational model and proposed several sim-

and random motions are suppressed. As a result, numerical dif-
fusion error and statistical scatter associated with the existing
continuum particle methods are greatly reduced. The LD meth-
od is firstly presented for the simulation of compressible inviscid
gas flows and one-dimensional and two-dimensional test cases
show it gives an equivalent.golution to the Euler equations.’

Then the LD method couples ith the DSMC method to simu-
late multi-scale flows. g\ yﬁnd scheme is easily integrated in
one numerical fra otk and easily implements two-way
strong informdtiéd’}l‘cl?lsfer ' Many other modifications have
been introduc ;d t0 1mprove the LD method, including addi-
tions of s‘:b&tff effect,!! rotational and vibrational nonequilib-
riw gy models,'? determination of transport coefficients of
ga:ﬁures 3 and diffusive transport of nonequilibrium inter-
ha chergy modes.'* Subcell procedures, numerical weight and

ulation strategies. The simplest hybrid approach decouples theq ) yme step adaptations have also been applied to reduce cell size

CFD and DSMC methods, which firstly performs the &
simulation on a domain including a wide range of floty regimes’
and then defines inflow bounddry for the mdependen‘k
simulation from the CFD results.*> This uncau%( me is
only used to simulate the steady state Wlth t ﬁiAC down-
stream of the CFD regions and the in é\\ﬁacé between the
two regions is uniformly supersonic.® For nfore complex flow
simulations, a coupled CFD-DSMC method is necessary.
However, the large statistical scatter associated with the Monte
Carlo method brings difficulties to information transfer across
the interface, and scatter reductions also bring complexity and
challenges to the numerical frameworks.

One of the efficient ways to overcome the difficulties of the
hybrid CFD-DSMC scheme is to extend the DSMC method
to near-continuum flow regimes. Among “‘all-particle” hybrid
schemes, there are two main types of approaches. One is to
modify the DSMC method to reduce its high computational
expense in near-continuum regions, by either restricting the
collisions of particles® or replacing them with resampling par-
ticle velocities from Maxwell distribution (equilibrium distri-
bution).” The other is intermediated between the particle
method and a conventional finite-volume solver for continuum

%7 sensitivity and computational expense in the hybrid scheme.

The LD-DSMC hybrid method has shown a promising pros-
pect for simulations of high altitude rocket exhaust flows, flows
around hypersonic reentry vehicles, and many other gas flows
involving a wide range of characteristic length scales.'?

In particular, two-phase flows consisting of liquid or solid
particles in a carrier gas are commonly found in rocket exhaust
plumes. These flows involve a wide range of flow regimes. Due
to the combustion processes in the propulsion systems, the
condensed phase particles are formed with very different sizes
and properties. Unburnt drops of liquid propellants are one of
the important classes of particles. Because of their small mass
fractions, they might not affect the gas flow. However, they
may cause significant contamination problems. There are sev-
eral recorded accidents which were caused by plume contami-
nant. Additionally, in all types of aluminized propellants,
aluminum oxide particles compose a large mass fraction of
the exhaust and may significantly impact the gas flow proper-
ties. Soot must also be considered for liquid propellant thrust-
ers, which are very important to the plume radiation
characteristics.'® Hence, numerical analysis should be carefully
conducted for these flow simulations.
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In this paper, an extension to the LD method is proposed to
model the near-continuum two-phase flows. The momentum
and energy exchanges between gas phase and dilute
condensed-phase (liquid droplets or solid particles) are evalu-
ated in each cell during each time step, which are used to mod-
ify the velocity and temperature values of both gas-phase and
liquid- or solid-phase representative particles. The following
sections are arranged as: in Section 2, the numerical methods,
which include the basic LD method, extended LD algorithm,
and the hybrid scheme, are described in details; in Section 3,
a series of unsteady test cases are used to verify the modified
LD method by comparisons with theoretical solutions; in Sec-
tion 4, hybrid simulations are performed for a gas-liquid
plume flow; finally, the paper concludes in Section 5.

2. Simulation methods

2.1. The basic LD method

The basic procedures of the LD method are described in details
in the work of Burt and Boyd.” In the LD method, a large
number of particles are tracked through the grid cells and rep-

resent the macroscopic motion of small fluid elements. As in -
the DSMC method, each particle carries the informatiom \ s
§2 = —ﬁz("ceuz n— Mr)

position, velocity used to update the position, and speeies idens
tification. Each LD simulation particle is also assigqe;gl% th-
perature and a second velocity (as the bulk tempgratyre and
bulk velocity), which are used to represes t\{\ énérgy and
momentum allocations of the fluid eleme s‘.\\};e»{fulk temper-
ature and velocity are updated duringféil imulated time
interval according to the local ﬂow»&ﬂ{ rtics. The representa-
tive particles move along v‘ith‘\h ¢Egrangian cells. The
Lagrangian cells are virtual cﬁ\hs, 4nd exactly represent the
small fluid elements. The cell-av€rage values are obtained by
sampling the representative particles, and stored in the cell
data structure.

The LD simulation procedures are modified from a DSMC
calculation, and the following basic LD algorithm is per-
formed during each time interval in place of DSMC collision
calculations.’ N

a

(1) The cell-average values are calculated in each céN
article’ e .

on the particle’s properties: \\q\) A
83

Ueen = (Up ), \{\\§‘1k R4 (2)
_ (m) N ’
Ton = (Toa) + 3 +nZCi>)k‘ N, =1
(- ), — () (15 )y) (3)
_ (m;)
ﬁ n 2chel] (4)
p=pt ®

where the values u., Teen, ff, and p are the cell properties of
mass-averaged bulk velocity, temperature, thermal speed scale,
and mass density, respectively; the values wuy;, Ty, m;, and (;
are assigned to each particle, and are respectively, the particle
bulk velocity, temperature, molecular mass, and the number of

L c k-1
1 upr= ”éeu =Uy T

1
N\
N
v
\d Ty, = T]c(eu =T

[Tt

internal degree of freedom (the subscript 7 is the index for
particle identification); k is the Boltzmann constant; N, the to-
tal number of particles within a cell; W the number weight, i.e.,
the number of molecules represented by each simulated parti-
cle; and Ve the cell volume. The operators < > and < >,
denote respectively, an unweighted average and a mass-aver-
age of all particles in a cell.

(2) The outward normal velocity us is evaluated for each
Lagrangian face. At the start of each time step, the
Lagrangian cell is coincident with the fixed grid cell,
and the face is modeled as a massless and non-porous
wall from which any colliding gas molecule will be spec-
ularly reflected. According to the kinetic theory, the
Lagrangian face velocity is obtained from the following
equations:

;—% {sl exp(‘sf){\}}%(l + erf(sl))(% + s%)}

\
2 BNS-2) + VR e+ )] =0 (©)
ﬂé Vg 2
(}\:“{\;"ﬂ\l (Ueeny - 1 — uy) (7)

where s and s, are speed ratios, Cell 1 and Cell 2 two cells sep-
arated by a face, and n is the outward normal unit vector re-
spect to Cell 1. The face velocity uy, which is solved using a
certain iterative algorithm, gua(a(ltees the local thermal equi-
librium and conservations of{fnomfentum and energy within a

Lagrangian cell. And{@ is the error function.
v
O\

(3) The bulk Vel’&yy’ﬁnd temperature of each particle are
updated.‘}'\h‘e\bulk velocity and temperature of particles
are | é:&mﬂe as those of the cell, which are updated by

\GoNSi ering the momentum and energy transfer across
. (‘igLagrangian faces during a time step.
.

Al Ne

M; )

cell =1

cell

n 2(m,~ 1 iAEf_l(”k uF _uk’l~ukfl)
(3 n Cl)k 0 Vcell - 2 cell cell cell cell
(10)
AM; = =2 A,Atpm, (11)
AEf = —2A/Atuf(p/ (12)
L p 2 1 oo
Qr= NG : E spexp(—s;) + V(1 + erf(sf))(z +57)
(13)

where AM,and AE,represent the total momentum and energy
transfer into the corresponding cell across the Lagrangian face
fduring a time interval Az. While A, ¢, Nyand nyare the face
area, momentum flux, number of the Lagrangian faces and
outward normal unit vector of the face. The superscript & is
the index of time step.
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To take viscosity into account, the diffusive momentum
and energy transport should be added. The diffusive transport
contributions are determined through an explicit finite-volume
solution to the viscous portion of the compressible N-S equa-
tions.!" In a two-dimensional planar simulation:

Ne 4 ou oV
AM; = A1y "4 SHm TS (14)
=1 f
6T 4 ou' ov
AE = AtZA,»( Rt L AR i/ _,-) (15)

=1

where p, K, u; and T are the dynamic viscosity, thermal con-
ductivity, bulk velocity, and temperature calculated at the face,
respectively. Values n; and ¢; designate face outward normal
and face tangent unit vectors, while ' and V' are the bulk
velocity components normal and tangent to the face. The oper-
ator 9/0x' gives a derivative in the face outward normal direc-
tion. For a viscous flow simulation Egs. (14) and (15) should
be added to the right sides of Egs. (11) and (12) to update
the bulk properties.

(4) New position of Lagrangian cells after a time 1nte{val~1\\

evaluated according to the cell face velocity. <
(5) Velocities used in the DSMC movement proé ras to
update the particle’s position are calc i way

that all particles maintain a constan{ 1y€ position

in a Lagrangian cell over the time ;\Xj
More details about the algorl ‘XH ¢ found in the
Refs. °1°. The LD method is pro n the deep comprehen-
sion about the physical ph t'fa’ It can be figured out

that the particles in the LD od represent the allocations
of mass, momentum, and energy within fluid bulk. The

and position X}, ;. During each time step, liquid- or solid-phase
particle moves dt its own velocity, while the velocity and tem-
perature are updated according to the gas aerodynamic drag
and heat transfer between two phases, respectively.

To evaluate the relaxation processes of the two phases, sev-
eral assumptions are introduced:

(1) The condense-phase particles are modeled as inflexible
spheres with uniform temperature, which are not rotary.

(2) The inner relaxation time of gas phase is much shorter
than that between two phases. Therefore, the local equi-
librium holds in gas phase.

(3) The size of the condense-phase particle is small com-
pared to characteristic gradient length scales in the
gas. The flow around a particle is assumed as a uniform
free stream.

(4) The block g effect and the interactions among the con-
densed;p particles are negligible. This assumption is
enf %i.}when the condensed phase is dilute enough,

\& i$ common in aerospace engineering applications.

(5 re are no mass transfers between two phases, if no

N\ 8 ~bhase transition is considered.

‘J‘

2.2.1. Aerodynamic drag and particle motion

»

The aerodynamic drag acting on a single particle is given as'’
1
Fi= nCddfpce“ lotcen — uy,

g (Ueent — up) (16)

where pee and wueey are the mass density and bulk velocity of
the cell in which the conde s\d -phase particles are located,
and C, is the coefficient ofdr

The coefficient of dsag ‘uéd in the expression of the drag
force may be deﬁ%}s"d constant or as a function of the
fluid’s Reynolds fyhber Re. The coefficient of drag and Rey-
nolds numbepare, Aiculated as following'”:

macroscopic motions of the fluid bulk are described through ¢ 2‘?' Re < 1
the motion and deformation of the Lagrangian cells. The mass, e “Re
momentum, and energy evolve according to both the kinetic Cd ﬁe) 24 (1 4o 1 Re 2/?> Re < 600 (17)
theory and fluid equations, and transfer among grid cells by @\) Re 6
the motion of particles. Le 0.424 Re = 600
’( l
\K y ﬂgeud 1|”cell — U] (18)
% (140.15Re"*7) [1 +exp 45 R30088>:| {1 AI;M {3 82 + 1.28 exp (70.125%)} } Re < 1000

Ca(Re) = (19)

0.424{1 +exp (f

2.2. Modifications for near-continuum two-phase flows

In the proposed extension of the LD method to near-contin-
uum two-phase flows, representative particles denoting the
condensed phase (real solid particles in gas—solid flows, and li-
quid droplets in gas-liquid flows) are introduced and stored in
a structure independent of the gas particles. The condensed-
phase particle is modeled as an inflexible sphere and has self
inner structure. Therefore, the particle can be treated as mass
point and has its own diameter d;, phase density p, , velocity

u, j, temperature Tp o specific heat at constant pressure Cpp o

0.427 3.0 Ma e
wa)} {1 +R—e [3.82+ 1.28 exp <70.125m>} }

Re > 1000

where p is the dynamic viscosity of the local gas flow. If the
particles are not sufficiently large in comparison to the local
gas mean free path, the Carlson—-Hogland formula should be
used to consider the rarefaction effects'’

To consider the drag and gravity of a single particle, the
motion equation of the particle is given as

dup,/' o Fd
dr my ;i

(20)

where g is the gravitational acceleration, and m,, ; the mass of a
single particle.
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2.2.2. Heat transfer and temperature relaxation

Heat transfer occurs when temperature difference exists be-
tween two phases. The quantity of heat is in proportion to
both the temperature difference Tiey — 7y, and the surface area
of heat transfer, which is calculated as'’

0, = (Nu)rdy ;K(Teen — Tp,) (21)

where Nu is the Nusselt number, which is used to describe the
contribution of gas motion to the heat transfer. The Nusselt
number is given as

Nu =2+ 0.6Pr'/Re'/? (22)
where Pr is the Prandtl number, and is defined as
Pr= ,uCpce“/K (23)

Prandtl number describes the physical property of the gas
phase. The value C,c.y is the local special heat of the gas at
constant pressure. When the Knudsen number based on the ra-
tio of the mean free path to the condensed particle size is larger
than 0.1, the flow is considered dilute for particles. The rare-
faction effect will weaken the heat transfer and a correction

2.2.4. Numerical procedures

In the numerical procedures, an additional loop for all the
condensed-phase particles is performed to update the velocity
and temperature during a time interval based on the local
properties of gas flow. The motion of these particles should
also be added into the particle movement routine. During a
time interval Az, the velocity u,, ;, temperature T‘g,,., and posi-
tion ka/ of the particle are evaluated as '

F
Ilg:/. = ué;l + At <g + mid) (28)
pJ
=T A0 mdy) (29)
pJ P mp-jcppj p.J pJ/Ip
< c—1 k
X, =X, Ay (30)

where ¢, is ext ﬁc&}heat source.

For.the gm*ulation of gas, all simulations are performed
as liste l%xe, but cell-based bulk velocity and temperature
value§Ahotild be updated to consider momentum and energy
tiagsfer” from condensed phase. In other words, to update

ulk velocity and temperature in Step (3) in Section 2.1,

should be added to the calculation of the Nusselt numben, In\ ,tﬁ“e values of Egs. (26) and (27) should be added to Egs. (9)

a common situation, the Nusselt number is corrected \aslg <

! Ay
Knqg \{ 34 24)

7 Pr Nuy w« '\ K\:/

Nu = Nuo

1+2.72

g
where Kny is the Knudsen number calculated by using the con-
. . LN .
densed particle size as the characterisgig lgngth, 7, the specific
heat ratio of gas flow, and Nu thﬁﬁﬁlt number calculated
from Eq. (22). s’
The temperature change ma§¢b'é expressed as'”

dT,;
My, Cppj Tp'/ =0, +my,q, (25)

where ¢, is external heat ratio, and C,,, is the condensed-
phase special heat at constant pressure. In most of cases, C,,
is treated as a constant. For liquid phase, it may be exprgsse
as a function of temperature.'’ A \
.
o Y
The back influence transferred into the gas RhaEﬁ\ 10 accel-
eration and heat of condensed phases, is moﬁ d’ as momen-
tum and energy sources, which are respectively, equal to the
negative values of the total momentum and energy increase
in condensed phase. It satisfies a conservation of the system
momentum and energy. The momentum and energy that the
gas fluid bulk obtains during a time interval can be easily cal-
culated as

2.2.3. Particle-to-gas effect model

NP,P

AM = —Zmp:,Aum (26)
J
Nop 1 5
AE = *Z (Qw- + immA\”pﬂ > (27)

J

where N, is the total number of condensed-phase particles
within fluid bulk.

“ and (10), respectively.

2.3. Hybrid LD-DSMC algorithm

The LD method has been inte a\ted in a DSMC code for the
simulation of flows involving\bo hreontinuum and nonequilib-
rium regions.'” In the hy. rid"a'fgorithm, the LD simulation is
performed in contin rggimes, while DSMC calculation is
used in nonequilibpium® regions. A continuum breakdown
parameter is p@l@odié“ally evaluated and is compared with a
threshold vxlpe‘ﬁ determine whether each grid cell should

be assi n‘é\a\;d’“either DSMC or LD domains.!' Two layers
of buffely cells are employed along the boundary between

A . . . .
(and LD domains. During each computation time step

f"apd efore the motion routine, new representative particles of
X ’cffher DSMC or LD types are created in the two layers based
»” on the local flow properties. In the motion routine, these cre-

ated particles carry local flow information and move across
the interface of continuum and nonequilibrium regions. This
scheme easily couples two-way strong information. After the
movement, some of the information-transfer particles are
discarded.

The implementation of the LD method for two-phase flows
in a hybrid LD-DSMC code is the same as the proposed hy-
brid scheme. The basic DSMC code for two-phase flow simu-
lations is developed by authors’ group.? It is a parallel 2D-
axial/3D simulation code, including Gallis’ one-way gas—parti-
cle interaction model,>' Burt’s two-way coupled model,?? and
Gimelshein’s gas—particle collision model.'® A potential short-
coming may happen, when the condensed-particle-based
Knudsen number is sufficiently high and Eqgs. (19) and (24)
are used to include the rarefaction effects in interphase mo-
ment and energy exchange. In this situation, as the particles
cross the LD/DSMC boundaries, sudden changes in particle
force or heat transfer rate may appear. One proper solution
is to use the Green’s function approach of Gallis, et al.*' in
LD domain to evaluate the condensed-phase relaxation, which
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is of consistency with the approach currently used within the
DSMC domain.

In hybrid algorithm, a continuum breakdown parameter is
periodically calculated to determine the interface of continuum
and nonequilibrium regions. Several continuum breakdown
parameters have been proposed.’> ?° In the two-phase hybrid
LD-DSMC simulation, the continuum breakdown parameter
is given as’®

Knpax = max(Knp, Knt, Kny) (31)
and the Knudsen number is expressed as
A

where Q is any flow property, and the flow density, tempera-
ture, and magnitude of velocity are considered here to account
for the transport phenomena of viscosity and heat transfer.
The threshold value of 0.05 is set, which can best predict the
regions where continuum breaks down.*’

3. Verification of two-phase flow modification

In this section, two simple cases are performed to indepen: (;\ 4
dently test the motion and temperature relaxations for the coh: o¢

densed phases in LD simulations.
4{ {‘)
Nt v

\ Y o’
A test is performed in order to check h%npdementation of
the particle’s basic equations of motio ith both aerody-
namic drag and gravitational fe {cé\s;);‘l is assumed that a
particle experiences forces due‘({ ence of the fluid, but
the fluid is not affected by tﬁg\pd‘ftlcle The one-way interac-
tion is used, and the behavior f the particles could be exam-
ined more closely without the intricacies involved in mutual
fluid—particle interaction. A single particle is introduced in
a two-dimensional domain and moves perpendicular to the
direction, as illustrated in Fig. 1. The computation domain
is set to be 0.02m x0.02m, and the cells are divided on
scale of 0.005m. The boundary condition is pressurg oyt
condition. The liquid phase is chosen as C;4H;
gas phase is air. The initial conditions of the tw
are listed in Table 1. As the same as the refer

a constant coefficient of drag (C, = 1.2) is us
ity is given a value of g = 0.098 m/s>. H €ﬁbf-!‘nﬁtlcll drag-
to-gravitational force ratio is about 0.0148,“Comparisons of
liquid particle position, x-direction velocity, and y-direction

3.1. Particle motion with drag and gravity

the grav-

Fig. 1  Illustration of test for drag and gravity.

)«

f
tg\i‘ses

W. Su et al.
Table 1 Initial conditions of test for drag and gravity.
Phase Species  Density  Temperature Speed Diameter
(kg-m™) (K) (m-s') (m)
Gas Air 1.16 300 0 -
Liquid CHy 720 300 0.01 1.0x 10

velocity between simulation results and theoretical solutions
are shown in Figs. 2-4. The results indicate that the equa-
tions of particle motion due to drag and gravity work very
well.

3.2. Particle heating

This case is usegyto test the temperature relaxation of the con-
densed phasv%\,’single liquid particle with relative higher
velocity a\x{d ‘té%perature decelerates and cools down in still
air. T, ne-way coupling is enforced, and the particle only
R}
4

0

0.015

0.010
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0 4. Hybrid simulation for two-phase flows

L Theory Two-phase flows are commonly found in aerospace engineer-

3 ing applications. An application of interest for the present
-10 |- work is a thruster for satellite attitude control, which works
in impulsive mode discharging gas-liquid flow and may result
in contamination on the surface of sensitive components. The
L plume flow field should be calculated carefully to analyze the
0 plume effects. The plume flow is complicated and contains
- both continuum and nonequilibrium regimes. The 2D-axial
r hybrid LD-DSMC code is performed for such a gas-liquid
plume flow discharged from a nozzle into vacuum
T I P S S environment.
0 0.1 02 0.3 The thruster uses monomethylhydrazine (MMH, CH¢gN,)
Time/s and nitrogen tetroxide (NTO, N,O4) as propellants. In order
to obtain the inlet conditions of the gas flow and liquid drop-
lets, an antecedengealculation is conducted at first. A quasi-1D

v/(mm-s™')

Fig. 4 Liquid particle y-direction velocity of test for drag and

gravity. model is used " siwlilate the gas parameters and droplet dis-
tributio, iK\Sée‘t‘ﬁrust chamber,?® while the gas flow and the
dropletg}qo i0ns in the nozzle are simulated by coupling the
suffers an aerodynamic drag with a constant coefficient of drag soluti’?}g ol the N-S equations and the droplets motion equa-
set to be C; = 1.2. The computation domain is used the same _ tiOns.sThe simulation results indicate that the gas flow contains

as the former test. The initial conditions of the two phases are « ‘3’»11;1'3 marn Species. The mﬂow 1."ad1us is about 0.04 m. Non-unf—
listed in Table 2. Fig. 5 shows the temperature solutions ‘}Kb\ a,f'c')rm inflow boundary conditions are used at the nozzle exit

LD simulation and the theoretical solution. It is notedsthat t based on the gas flow simulation inside the nozzle, and the
obtained LD solution is in good agreement with the tb;(ﬁe)ic‘al mean values of the inflow gas parameters are listed in Table 3.
solution. \1 ye The mass fractions of the gas species are shown in Table 4. The
\ \{\ S’ liquid phase mainly contains liquid droplets of MMH and
| \ e NTO. At the exit of the nozzle the total mass fraction of the
‘\ liquid droplet is about 2.66“/Q\Bf;cause of the relatively low
. é\b . mass fractions of unburnt liq\iiﬂ'droplets, only gas-to-particle
e\ | one-way coupling is ¢ &u\}teﬁ in the present study. Other inlet

Table 2 Initial conditions of test for temperature relaxation. conditions of the li Hase are listed in Table 5.
Phase  Species Density Temperature Speed  Diameter ' In the calculation,& two-dimensional computatiqn domaip
(m) (kg-m?) (K) (m-s~!) (m) is set with a ealeplf0.4 m x 0.3 m, and the nozzle exit center is
X coincide t\ylfb‘the origin of coordinate, while, the x-axis is the
Qas . Air 1.16 300 0.0 - s 9% ¢ . h I si dti ten inter-
Liquid CuHy 720 400 0.01 1.0 x 10-* axis ofgymmietry. To estlma.te t e cell size and time step inter
Valna pute DSMC calculation is run firstly for the gas flow

4
iN 4
w’\ \\\ E’r'

Pressure (Pa) Temperature (K) Density (kg-m~3) Mach number

\ \ »”  Table3 Mean values of inlet gas parameters.
.
R AN

400 1100 1000 2.79 x 107 3.35
380
i Theory
L [ LD
360 -
v r Table 4 Mass fractions of gas species.
= 340 K Index Species Mass fraction
i 1 N, 0.2724
320+ 2 CO, 0.0618
L 3 H,O 0.1426
sk 4 co 0.0759
L 5 H, 0.0214
T T N N T T N T YT AT T T M I T S B
0 005 010 015 020 025 © NG By
Time/s 7 NO 0.1788
8 O, 0.0953
Fig. 5 Liquid particle temperature of test for temperature 9 CH,4 0.0721

relaxation.
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Table 5 Average parameters of inlet liquid particles.

Species Velocity magnitude (m -s™') Temperature (K) Mass flow (kg-s') Diameter (m)
MMH 900 227 4.0 x 1072 3.0 x 1077
NTO 800 190 3.6 x 1070 2.83 %1073

without liquid droplets. Results show that the mean free path
of the gas flow varies from 107> m to 0.2 m, and the mean col-
lision time is within 10~% s to 10~* s. Although the DSMC sim-
ulation requires a cell size and time step compared to the mean
free path and mean collision time, respectively, the regions
with high gas densities are expected to be simulated by the
LD method in the hybrid calculation, and relatively large cell
size and time step can be used. By taking into consideration
of both the flow properties and the computation efficiency, a
uniform cell size of 0.002 m and a time step of 1077 s are used
in this case. Fig. 6 illustrates the computation domain and
grid. Thirty thousand time steps of computation are run. After
about 20000 steps, it is observed that the total number of par-
ticles in the domain has changed very little and the flow is re-
garded to reach a steady state. The last 10000 time steps are

0.3
F DSM!
0.2F
g C
BN C
0.1F
o D Ty b by Lo a g gy
0 0.1 0.2 0.3 0.4
X/m

¢Fig. 7 Streamlines of gas flow and boundaries between LD and

sampled to obtain the results. Before sampling procedure\‘}},DSMC regions.

the continuum breakdown parameter is calculated every, s

steps to assigned computation type for each cell. As the céll
volumes change a lot in an axial simulation, a ggs(‘ licle
weight is also assigned to ensure smooth partii¢fdisgributions
in each cell. Gas particles which crossyc with different
weights should be determined to clori (h\{’em’z)ve.z Finally,
at the steady state, about 0.6 million ga&ii} icles and 5000 li-
quid particles are present in the fl W'\iEld.

40 h CPU time on eight pr ces %s,t ',

Based on the primary D fesults, even in the near-con-
tinuum regions, the condensell particle Knudsen number is
higher than 0.1 due to the small sizes of the liquid droplets.
Hence, Eqgs. (19) and (24) are used to estimate the drag coeffi-
cient and Nusselt number, respectively, in the condensed par-
ticle motion and temperature relaxation treatments.

The streamlines of the hybrid solution is shown in Fig..J,
along with boundaries of the LD and DSMC regions a{ %’
end of the sampling period. The LD region is in the core e
of the plume field and the DSMC domain locates ar u&tffe
LD one, which indicates that the flow in the core of thdplime

A

\:<S"

his simulation cost

Y/m

0 0.1 02 03 0.4
X/m

Fig. 6 Computational domain and grid of hybrid simulation.

|
%
’

f’
A S
L 4

field belongs to continuum flow with high density. The light so-
lid lines in the figure denote the cells within the boundary buf-
fer between LD and DSMC regions. In contamination
analysis, the amount of the contaminants might be the most
interesting parameter. The mpagss fractions and volume frac-
tions of the two liquid-phast spécies are illustrated in Figs. 8—

11. The mass fracti;n Q\qnd éolume fraction o are defined as'®
d'
f 4

o Sy, o ke

TR T 3%
where my, qkdjk'f( are the mass and volume of the liquid phase,
while m\(\ap’d 7 denote the mass and volume of mixtures,
resp&t ve‘[y.

‘\' The distributions of the volume fractions illustrate that the

iquid droplets are firstly concentrated in the vicinity of the

» nozzle exit, then, they mainly scatter in the core region of

the plume due to the effect of motion. In the region near the
nozzle exit, the large gradients of the macro-parameters result
in a limited LD domain; therefore, the liquid particles appear
both in the DSMC and LD domains. As the plume expands,
the gas density reduces significantly, and the mass fractions
of the liquid-phase increase correspondingly. However, Eqs.
), (16), (20) and (26) show that the momentum increase in
gas phase is proportional to the quantity Zdé,,-/ Veen» if only
the drag force is included. Hence, due to the low volume frac-
tions, the one-way particle-to-gas evaluation is still reasonable.
From the distributions of the mass fractions, it is observed that
the maximum value for a given X value tends to be slightly
off-axis. The main reason is that at the nozzle exit, peak values
of the liquid mass flow appear off the X-axis. Because of the
very low amount of the liquid droplets, the statistical scatter
effects are easily observed in the figures. However, these scat-
ters are not the same as the ones related to the random motion
of the microscopic particles. This statistical scatter might
reflect the non-uniform distributions of the macroscopic drop-
lets in space. It might be mentioned that the accuracy of this
case is highly dependent on the accuracy of the inlet condition
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Fig. 8 Contour of liquid MMH mass fraction.
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Fig. 9 Contour of liqui(‘i\ MMH volume fraction.
’
’

Y/m

Fig. 10  Contour of liquid NTO mass fraction.

of the liquid droplets. In the future, we will conduct experi-
mental tests to investigate the flow structure and droplet distri-
butions when the experimental devices and other conditions
are available.

This simple case demonstrates that the hybrid LD-DSMC
algorithm is promising for two-phase flow simulations. In
future works, tests on the accuracy and efficiency of this hybrid
simulation should be considered.

0.3

0.2

Y/m

0.1

Fig. 11  Contour of liquid NTO volume fraction.
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1) Qbrlef introduction to the LD method and the hybrid
‘\ L LD DSMC algorithm is stated. The LD method is pro-
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posed by Burt and Boyd, and used for simulations of
near-continuum gas flows. The LD method is attractive
because it can reduce the numerical diffusion error and
statistic scatter of the published equilibrium particle
method, and can be easily coupled with the DSMC
method in a hybrid algorithm.
Based on the original the LD method has been
extended for near- cor&fl}?iﬁ two-phase flows in this
paper. The m o{\@nd emperature relaxations of the
condensed phagé\, are” directly obtained from the drag
effect and head }I{nsfer and the changes of condensed-
phase vet?clty and temperature are calculated, respec-
tivel: \Thxf)‘ugh motion equations and temperature
‘n equations. The effects of the condensed phase
%;She gas phase are modeled as momentum and energy
source, which should be considered during velocity and
temperature updating of the LD gas particles.
Results from a series of unsteady two-phase flow simu-
lations using the modified LD method are compared
with their corresponding theoretical solutions. Overall
excellent agreement is achieved, which indicates the
validity of the one-way implementation of particle
motion and temperature relaxations. However, further
tests on mutual particle—gas interactions should be con-
sidered in the future.
The modified LD method is embedded into a DSMC
code for two-phase flow simulations. A gas-liquid flow
discharged from a nozzle into vacuum environment
can be simulated, which indicates the prospects of the
hybrid LD-DSMC algorithm. Due to the relatively
low mass and volume fractions of the liquid phase, only
gas-to-particle one-way coupling is presented. More test
works for the hybrid algorithm will be carried out in the
future, including numerical verifications and experimen-
tal tests.
Although the particle-to-gas coupling procedures are
proposed in this paper, no reliable works have been
conducted to validate the scheme. The main reason is
that, in a flow with dilute condensed-phase, the
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particle-to-gas effect is too weak to be captured among
the statistical noise of the particle-based method. How-
ever, it should be mentioned that a lack of these proce-
dures may contribute significantly to errors, when the
mass fraction of the condensed phase becomes large
enough. Again, further works will focus on the evalua-
tion of the particle-to-gas effect.
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