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Several simulations of evaporation and combustion of a fuel droplet are
performed as preliminary stage for the combustion simulation in the
chamber of bipropellant thrusters. First, the evaporation simulation
without chemical reaction for single droplets of water and n-heptane are
performed. Two evaporation models such as classical equilibrium and
nonequilibrium Langmuir�Knudsen models are used for the simulation,
and their characteristics are studied in order to investigate the di¨erence
between the two models. Then, the accuracy of the numerical code using
this study is con¦rmed by means of comparison with existing experimen-
tal results. Next, the evaporation simulation with chemical reaction for
single droplets of hydrazine is performed and the accuracy of the nu-
merical code is con¦rmed by the same way. From these simulations, it
is considered that the code and the scheme using this simulation have
reasonable accuracy for droplet simulation with evaporation and com-
bustion.

1 INTRODUCTION

Bipropellant thruster is a major propulsion system of spacecraft such as satellites
and space probes. The propellants used for the thruster ignite when they mix
each other. When these propellants are injected individually and are mixed in
the combustion chamber of the thruster appropriately, they will burn without
any arti¦cial ignition. Therefore, the typical bipropellant thruster does not equip
an igniter. A combination of hydrazine and dinitrogen tetraoxide or monomethyl
hydrazine and dinitrogen, the former is fuel and the latter is oxidizer, are usually
used as propellant of the thruster. Since both are in liquid phase, the fuel and
the oxidizer are vaporized by atomization and then mixed. The atomization is
conducted by means of impingement of the fuel and oxidizer §ows. The §ows
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form a liquid ¦lm. Then, the ¦lm becomes fragments from the edge of it by
means of instability. Basically, the fragments are vaporized and ignite after
mixing. Part of the propellant ignites in liquid phase [1].
Because the bipropellant thruster does not equip any igniter, it has merits

as simple structure and lightweight. Not using any active ignition means that
the timing of the ignition mainly depends on the conditions in the chamber,
a mixing state of the propellant, and so on, and it is di©cult to be predicted.
Additionally, in the property of the spacecraft mounting the thruster, there are
problems that are caused by pulse ignition at operations such as a combustion
instability, ignition shock, and thermal load to the wall of the chamber. These
various problems have so far prevented the appropriate design of the bipropellant
thrusters. As a consequence, the designs have been conducted by using several
combustion experiments and empirical rules.
In order to improve such situations, the numerical §uid simulation has been

applied to predict the thermal load to the chamber wall and to investigate the
chamber inner state [2, 3].
As baseline study of an analysis in the chamber of bipropellant thruster, the

object of this study is to determine the combustion properties of the hydrazine
droplet in ambient of oxidizer for various cases by the combustion simulation
with detailed chemical reaction model of Daimon et al. [2]. This study is ex-
pected to give valuable knowledge in order to investigate the whole region of the
bipropellant thrusters.

2 GOVERNING EQUATIONS

2.1 Gaseous Phase

In this study, the gaseous phase is described by the Eulerian method and the
droplets are described by the Lagrangian method. Dominant equations of the
gaseous phase, which are partially discretized at source term, are shown below:
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In Eqs. (1) to (6), t, xi, ρ, ui, p, e, H , T , Yn, τij , qi, µ, κ, Dn, and δij are the time,
Cartesian coordinate, density, velocity, pressure, total energy per unit mass,
total enthalpy, temperature, mass fraction of chemical species, viscous stress
tensor, heat §ux, viscous coe©cient, thermal conductivity, di¨usion coe©cient
of a chemical species, and Kronecker delta, respectively. The ¤i, j, k¥ are the
index of tensor; ¤n¥ is the index of chemical species; and ¤nd¥ is the droplet
number included in a cell. Additionally, ‘mdk

, Fdik
, and qdik

are the in§uence of
mass, momentum, and energy from droplets in a cell, respectively.

2.2 Movement of the Droplet

The movement of the droplets is calculated by means of PSI-Cell (particle-source-
in cell) method [4] and the dominant equations of a single droplet are shown
below:
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Here, Udi
, CD, dD, and Red are the velocity of droplet, drag coe©cient of droplet,

diameter of droplet, and Reynolds number based on relative velocity of gas and
droplet and the diameter, respectively.
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2.3 Evaporation of the Droplet

In this study, the classic model [5] and the nonequilibrium model Langmuir�
Knudsen [6, 7] are performed for the evaporation of a droplet. Formulations of
the classic model are shown below:

dmd
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)
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1/T0 − 1/T1

.

Here, md, Ad, Nsd, kc, Dsd,m, Sc, Csd,s, Csd,∞, Xsd, p∞, T∞, R0, MWsd, Psat,
Td, and L are the mass of droplet, surface area of droplet, vapor mass §ux of
droplet, mass transfer coe©cient, mass di¨usion coe©cient between mixture gas
and vapor of droplet, Schmidt number, vapor concentration at droplet surface,
vapor concentration at mixture gas, mole fraction of species of vapor, pressure
of mixture gas, temperature of mixture gas, universal gas constant, molecular
weight of droplet component, saturated vapor pressure, droplet temperature,
and latent heat, respectively; P0, T0, P1, and T1 are the reference pressure
and temperature; and index ¤sd¥ means the component of chemical species of
droplet.

Formulations of the nonequilibrium model are shown below:
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HM = ln [1 +BM,neq] ;

BM,neq =
Ys,neq − Ysd,∞
1− Ys,neq

;

Ys,neq =
Xs,neq

Xs,neq + (1 − Xs,neq)MWmix/MWsd
;

Xs,neq =
Psat
p∞

−
(

LK

dd/2

)
β ; (7)

LK =
µ
√
2πTdR0MWsd
Sc p∞

;

β = −
(
3Pr τd

2

)
‘md

md
. (8)

Here, τd, HM , ρd, BM,neq, Ys,neq, Ysd,∞, Xs,neq, MWmix, LK , and β are the
droplet time constant, speci¦c driving potential for mass transfer, density of
droplet, nonequilibrium Spalding transfer number for mass, nonequilibrium va-
por surface mass fraction, mass fraction of species of vapor in mixture gas,
nonequilibrium vapor surface mole fraction, molecular weight of mixture gas,
Knudsen layer thickness, and nondimensional evaporation parameter, respec-
tively.

2.4 Heat Transfer of the Droplet

A formulation of heat tranfer between droplet and gas which are performed with
the classical model are shown below:

mdCL
dTd

dt
= hAp (T∞ − Td) + L

dmd

dt
. (9)

In Eq. (9), CL and h are the speci¦c heat of droplet and heat transfer coe©cients
between droplet and mixture gas, respectively.

A formulation of heat tranfer which is performed with the nonequilibrium
model is shown below:
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In Eq. (10), Nu and Cp are the Nusselt number and speci¦c heat of mixture gas,
respectively.
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2.5 Chemical Reactions of Hydrazine

Chemical reaction of hydrazine is calculated by means of the detailed chemi-
cal reaction model of Daimon et al. [2]. This model has 39 chemical species
and 26 reactions.

3 NUMERICAL METHODS

The numerical code employed here is ¤LS-Flow:¥ JAXA£s in-house, unstructured
¦nite-volume method, compressible Navier�Stokes solver for arbitrary polygons/
polyhedral [8]. The numerical §ux is calculated by means of SLAU (simple
low-dissipation AUSM (advection upstream splitting method)) scheme of Shima
and Kitamura [9], and the values of interface are interpolated by the 2nd-
order MUSCL (monotone upstreamn scheme for conservation laws) scheme with
Venkatakrishnan limiter. The time integration of gaseous phase is performed by
means of the 2nd-order LU-SGS (lower-upper symmetric Gauss-Seidel) scheme
with inner iteration. The time integration of chemical reaction is separated from
that of gaseous phase and is performed by means of ERENA method of Morii et
al. [10] which is based on an explicit time integration scheme.

4 ANALYSIS OBJECT

As a preliminary analysis, two examinations of evaporation of single droplet
which one is water and the other is n-heptane are simulated in order to vali-

Figure 1 The examination of water (a) and n-heptane (b) droplets
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date the numerical code. The examination of water droplet was performed by
Kobayashi [11]. A single droplet is suspended by slight ¦ber of quarts in the oven
¦lled by high-temperature static air as shown in Fig. 1a, and the time series of
diameters of the droplet are measured. The examination of n-heptane droplet
was performed by Hiroyasu et al. [12].

Figure 2 The examination of hy-
drazine droplet

The droplet is suspended by slight quarts
¦ber with spherical point in the pressure
vessel which is ¦lled by nitrogen as shown
in Fig. 1b, and the temperature and the
pressure in the chamber can be varied.
Similarly to the examination of water, the
time series of diameters of the droplet are
measured.

Subsequently, the simulation of
hydrazine droplet with chemical reaction
is performed and it is based on an exami-
nation of Allison [13]. As shown in Fig. 2,
in the simulation, a hydrazine droplet is
suspended by quarts ¦ber in burned gas
§ow with high temperature, and the hydrazine will cause autolysis reaction.
Time series of the droplet diameters are measured, and the mass burning rates ‘M
are calculated by means of

‘M =
1

4
πKρddd (11)

using the gradient of the time series K:

K =
d d2d
ds

.

In this study, the simulations are performed for several cases of above exam-
inations as shown in Table 1, and the initial droplet temperatures are arbitrarily
¦xed at 300 K because the references do not mention anything about it.

Table 1 The simulation condition

Droplet
Initial droplet
diameter,
mm

Initial droplet
temperature,

K

Ambient
temperature,

K

Ambient
pressure,
atm

Free stream
velocity,
m/s

Water 1.38 300 572 1 0
n-heptane 1.8 300 773 1 0
Hydrazine 1.3 300 2060 1 0.05576
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5 NUMERICAL SETUP

Figure 3a shows the numerical grid used for the simulations of water and
n-heptane droplet evaporation. As shown in the ¦gure, the grid is a 0.704-meter
cube which is divided in 11 equal intervals on a side; therefore, the number of
cells is 1331 and the grid space is 0.064 m. The droplet is located at the center
of the grid and quarts ¦ber and other equipment are not concerned. The time
step of calculation for water droplet is 2 µs and for n-heptane droplet is 1 µs.
The boundary condition that pressure and temperature are ¦xed at the ambient
values as shown in Table 1 is common in all boundaries. These simulations are
performed by a workstation which has two Intel R© Xeon R© E5-2640 6-core CPU
(central processing unit) divided into 12 areas and parallelized by MPI (message
passing interface).

Figure 3 Numerical grids for water and n-heptane (a) and for hydrazine (b) droplets
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Figure 3b shows the numerical grid used for the simulations of hydrazine
droplet evaporation. As shown in Fig. 3b, the grid is a 0.256-meter cube which
is divided in 64 equal intervals on a side. The number of cells is 262 144 and
the grid space is 0.004 m. The droplet is located at the center of the grid and
quarts ¦ber and other equipment are not modeled similarly above. The time
step of this calculation is 0.2 µs. The free stream §ows to forward x direc-
tion with the speed of 0.0557 m/s, the pressure of 1 atm, and the temperature
of 2060 K. The same as in the former simulations, the boundary condition that
velocity, pressure, and temperature are ¦xed in the free stream condition is
common in all boundary. The simulations are performed on JAXA Supercom-
puter System generation 2 (JSS2) divided into 995 areas and parallelized by
MPI.

6 RESULTS

The results of evaporation simulations of water and n-heptane are shown in
Fig. 4. The calculations are performed by using two evaporation models men-
tioned above. From Fig. 4a, though it can be seen that di¨erences of evapo-
ration time between the two numerical results and the experimental result are
about 10% of the experimental, the slopes are well corresponding to the experi-
mental. It can be thought that the initial droplet temperature has a lag between
the experimental and it causes the di¨erence of the evaporation time. In this
case, the two evaporation models indicate roughly the same results. The result
of nonequilibrium is longer than the equilibrium one. It is because the calcu-
lated mole fraction of evaporated droplet is smaller than the one at equilibrium
condition as shown in Eq. (7).

Figure 4 Distribution of square diameter of water (a) and n-heptane (b): 1 ¡
experiments; 2 ¡ equilibrium model; and 3 ¡ nonequilibrium model
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quarts ¦ber and other equipment are not modeled similarly above. The time
step of this calculation is 0.2 µs. The free stream §ows to forward x direc-
tion with the speed of 0.0557 m/s, the pressure of 1 atm, and the temperature
of 2060 K. The same as in the former simulations, the boundary condition that
velocity, pressure, and temperature are ¦xed in the free stream condition is
common in all boundary. The simulations are performed on JAXA Supercom-
puter System generation 2 (JSS2) divided into 995 areas and parallelized by
MPI.

6 RESULTS

The results of evaporation simulations of water and n-heptane are shown in
Fig. 4. The calculations are performed by using two evaporation models men-
tioned above. From Fig. 4a, though it can be seen that di¨erences of evapo-
ration time between the two numerical results and the experimental result are
about 10% of the experimental, the slopes are well corresponding to the experi-
mental. It can be thought that the initial droplet temperature has a lag between
the experimental and it causes the di¨erence of the evaporation time. In this
case, the two evaporation models indicate roughly the same results. The result
of nonequilibrium is longer than the equilibrium one. It is because the calcu-
lated mole fraction of evaporated droplet is smaller than the one at equilibrium
condition as shown in Eq. (7).

Figure 4 Distribution of square diameter of water (a) and n-heptane (b): 1 ¡
experiments; 2 ¡ equilibrium model; and 3 ¡ nonequilibrium model
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Figure 5 Distribution of square diam-
eter of hydrazine

Figure 6 Comparison of mass burning
rate: 1 ¡ experiments; and 2 ¡ numer-
ical simulation

As shown in Fig. 4b, the numerical result which is calculated by the equi-
librium model and the experimental are well corresponding each other, but the
result of nonequilibrium model does not correspond to the experimental one.
The nonequilibrium model evaluates a 45 percent longer evaporation time based
on the equilibrium model than that of the equilibrium model. It can be consid-
ered that the reason why the nonequilibrium model evaluates such result unlike
the case of water is involved in the di¨erence of evaporation rate ( ‘m) between
water droplet and n-heptane droplet.

Equations (7) and (8) indicate that the bigger the evaporation rate, the
greater is the di¨erence from the equilibrium model. Therefore, the di¨erence
between the two models is signi¦cant in the case of n-heptane which has faster
evaporation rate.

From Fig. 4, it can be con¦rmed that the numerical code used in this study
with the equilibrium evaporation model has satisfactory accuracy for the problem
of a single droplet evaporation.

Figure 5 shows time series of square of diameter of hydrazine droplet. The
mass burning rate is calculated by means of Eq. (11) using the gradient of the
linear part of the ¦gure (dashed curve, K = 0.8724 mm2/s; ‘M = 0.8972 mg/s).
The equilibrium evaporation model is used in this simulation.

Figure 6 shows the mass burning rate of the experiment and of the simulation.
As shown in the ¦gure, both values are well corresponding to each other and the
di¨erence is about 6% based on the experiment. Therefore, it can be thought that
the numerical code employed here has the su©cient precision for the evaporation
problem of hydrazine droplet with chemical reaction.
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7 SUMMARY

First, the evaporation simulation without chemical reactions for single droplets
of water and n-heptane are performed. The two evaporation models, such as
the equilibrium and the nonequilibrium, are compared with existing experi-
mental results, and it is con¦rmed that the equilibrium model shows su©cient
accuracy. Next, the evaporation simulation with chemical reactions for single
droplets of hydrazine are performed and the accuracy of the numerical code is
con¦rmed by the same way. From these simulations, it is considered that the
code has reasonable accuracy for droplet simulation with evaporation and com-
bustion.
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