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Abstract. This study proposes a fully explicit computational method for gas-solid two-phase
flows with large temperature variations. To efficiently accelerate the fully explicit computa-
tion of non-isothermal low-Mach-number flows, we use a fractional step method with the re-
duced speed of sound technique (FSM-RSST). In addition, mechanical interactions between
gas and solid phases are calculated by the direct-forcing/fictitious domain (DF/FD) method.
The developed method is applied to the sedimentation of single cylinder. For the isother-
mal case, the time history of the sedimentation velocity is good agreement with reference
results. Furthermore, results of the non-isothermal case demonstrate that the temperature
distribution significantly affects on the sedimentation velocity of the cylinder.
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1. Introduction

Non-isothermal gas-solid two-phase flows are widely observed in technological processes
and natural phenomena. Under small temperature variations, the Boussinesq approximation
is usually adopted when computing such flows by assuming that the fluid is incompressible.
However, the method which solves governing equations for compressible fluids is required
to accurately calculate flows with large temperature variations because the fluid density
varies significantly depending on the temperature.

In our previous studies [1, 2], a fractional step method with the reduced speed of sound
technique (FSM-RSST) was proposed for explicitly computing low-Mach-number flows
with a wide range of temperature variations. To overcome the strict limitation on the time in-
crement due to the Courant–Friedrichs–Lewy (CFL) condition based on the speed of sound,
one free parameter is introduced in the computation of the pseudo pressure, which is used
in the momentum and energy equations. This parameter flexibly reduces the speed of sound
depending on flow conditions, and FSM-RSST enables us to easily accelerate the fully ex-
plicit computation of compressible low-Mach-number flows.

The main objective of this study is the application of FSM-RSST to gas-solid two-phase
flows by introducing the direct-forcing/fictitious domain (DF/FD) method [3], which is the
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method to compute fluid-solid interactions on the Cartesian coordinate. The developed
method is applied to the sedimentation of single cylinder in the ideal gas with the large
temperature variation. The calculated sedimentation velocity of the cylinder is compared
with that obtained in the isothermal case.

2. Numerical method

The governing equations for compressible fluids used in this study consist of the mass con-
servation equation, momentum equations, and energy equation. The fluid is assumed to be
an ideal gas, having the physical properties of air and constant specific heats. The solid is
assumed to be a rigid body and its physical properties are constant. The pseudo pressure
p′ [1] used in the momentum and energy equations is defined as p′ = p0 + ζ p̃ + (1 − ζ)P̄f ,
where p̃ is the pressure fluctuation from the initial pressure p0, ζ is a time-varying but spa-
tially constant parameter to reduce the speed of sound that satisfies 0 < ζ ≤ 1, and P̄f is the
spatially averaged value of p̃. The pseudo speed of sound can be controlled according to the
value of ζ, and it in low-Mach-number flows is

√
ζC, where C is the the original speed of

sound. This means that the proposed RSST enables us to use about 1/
√
ζ times larger time

increment compared with that in the non-RSST case (ζ = 1).
The numerical procedure of FSM-RSST is divided into three stages [1]: computational

stages of time evolution due to advection, diffusion, and other (pressure and external force)
terms. The governing equations are discretized basically using the finite volume method on
the staggered grid system. In addition, this study deals with two-dimensional cases. The
free parameter ζ and the time increment ∆t are updated at each time step as follows:

ζ =
[
RU max

(Ur

C

)]2
, ∆t = NCFL min

(
min
i=1,2

∆xi

|ui| +
√
ζC

)
. (1)

where Ur is the reference velocity, and NCFL is the maximum Courant number. The notation
“max” and “min” with no subscript represent the taking of the spatial maximum and mini-
mum values. The parameter RU represents the minimum value of the ratio of the

√
ζC to Ur.

To reduce the speed of sound without significantly affecting the computational accuracy, the
value of RU should be set sufficiently larger than 1.

Thermal interactions between fluid and solid phases are considered by solving the phase
averaged heat conduction equation in the diffusion stage [2], and mechanical interactions
between them are calculated by DF/FD method [3]. In DF/FD method, the fluid compu-
tations are mainly conducted on Eulerian grids. On the other hand, fluid-solid interaction
force terms are estimated on the Lagrangian points arranged in the solid body, and they are
transferred to Eulerian grids.

3. Sedimentation of single cylinder in non-isothermal gas

The proposed method is applied to the sedimentation of the single cylinder in the ideal-
gas. Figure 1 shows the computational domain. Prior to the numerical experiment for the
non-isothermal case, the benchmark test case [4] is calculated, in which all boundaries are
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adiabatic no-slip walls and the fluid is almost isothermal through the computation. The
initial temperature T0 of the fluid is 300 [K], the reference pressure P0 is 8.61 × 107 [Pa],
the reference fluid density ρf is 1000 [kg/m3], the solid density ρs is 1.25ρf , the viscosity µ
is 0.01 [Pa·s], and gravitational acceleration g is 9.81 [m/s2]. The specific heats at constant
pressure and at constant volume of the fluid, cp and cv, are 1004.5 [J/(kg·K)] and 717.5
[J/(kg·K)], respectively. The specific heat cs of the solid is 717.5 [J/(kg·K)]. The thermal
conductivity λf of the fluid is determined so that the Prandtle number is equal to 0.71, and
the thermal conductivity λs of the solid is the same as that of the fluid. The other conditions
are as follows: the diameter dp of the cylinder is 2.5× 10−3 [m], the lengths L1 and L2 of the
computational domain are 8dp and 24dp, the initial coordinates Xp1 and Xp2 of the central
point of the cylinder are L1/2 and 2L2/3, the number of the computational cells is 240×720,
and the number of Lagrangian points is 331. As for Eq. (1), we use Ur =

√
gdp(ρs − ρf)/ρs,

RU = 50, and NCFL = 0.40.
Figure 2 shows calculated vertical velocities of the cylinder and reference results by Wan

and Turek [4]. The results in the RSST case are in good agreement with those in the non-
RSST case (ζ = 1) and the reference results. Here, ζ in the RSST case is about 1.0 × 10−4

through the computation. This indicates that ∆t in the RSST case is about 100 times larger
than that in the non-RSST case.

The computational conditions of the non-isothermal case are considered as follows:
T0 = 400 [K], P0 = 1.01325 × 105 [Pa], ρf = 0.88 [kg/m3], ρs = 1.40ρf . To treat the
gas with large temperature variations, µf and λf are determined with the Sutherland law. In
the non-isothermal case, top and bottom boundaries are the no-slip walls having constant
temperatures Th = 400 [K] and Tc = 300 [K]. The other conditions are the same as those of
the benchmark test case. Here we note that the sedimentation of the cylinder starts after the
temperature distribution becomes steady under the above conditions.

Figure 3. shows the calculated temperature distributions. The sedimentation of the cylin-
der in the gas with the large temperature variation is stably calculated by the proposed
method. The vertical velocity of the cylinder is compared between isothermal and non-
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Figure 1: Computational
domain
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Figure 2: Calculated vertical velocities of the cylinder and refer-
ence results [4] for the benchmark test case
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isothermal cases in Fig. 4. Here we note that “isothermal case” indicates the case in which
we set Th = Tc = 400 and other conditions are the same as those in the non-isothermal case.
The results shown in Fig. 4 demonstrates that the temperature distribution significantly af-
fects on the motion of the cylinder. In the isothermal case, the sedimentation velocity of the
cylinder becomes almost constant at 0.6 ≤ t ≤ 0.8 [s], and then it decreases sharply when the
cylinder approaches the bottom wall. On the other hand, in the non-isothermal case, the sed-
imentation velocity decreases before the cylinder approaches the bottom wall because the
gas density and viscosity become larger toward the bottom depending on the temperature
distribution. These results indicate the importance of using the compressible fluid model for
the computations of gas-solid two-phase flows with large temperature variations.

(a) t = 0.00 [s] (b) t = 0.28 [s] (c) t = 0.55 [s] (d) t = 0.97 [s]
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Figure 3: Temperature distribution
Figure 4: Comparison of vertical velocities be-
tween isothermal and non-isothermal cases
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