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Abstract

A solver, namely rhoGasSolidFoam, has been developed on the OpenFOAM platform to
solve a supersonic gas-solid two-phase flow. The Reynolds-averaged Navier-Stokes
equations have been employed and solved using a density-based compressible code based
on OpenFOAM with the Euler scheme. The Reynolds stress has been solved using a
standard k-¢ model. An optimized chemical mechanism has been employed for
CHa4/CO/H2 syngas reaction. The PaSR model has been adopted to solve RANS governing
equations for reactive flows. The solid particles have been solved by the Lagrangian
method. Radiation, as well as mass and heat transfer between solid particles and gas, and
the surface combustion of solid particles have been taken into consideration. A 3-step
global chemical mechanism has been adopted for carbon surface combustion. Validations
using experimental data of DLR and ramjet combustors show that numerical results agree
well with experimental results, indicating that the rhoGasSolidFoam can be used to
calculate both supersonic gas reactive flows and gas-solid two-phase reactive flow. Thus,
it can be inferred that the rhoGasSolidFoam is applicable to solving supersonic gas-solid
two-phase reactive flows as well as solid-fuel scramjets. The numerical results of the solid-
fuel scramjet show that it can operate well. However, the combustion efficiency of solid

particles is pretty low, which certainly affects the performance.
1. Introduction

Recently, an increased interest on Solid-Fuel Scramjets has been observed. The solid-fuel scramjet is an
interesting option for a supersonic combustion ramjet because of significant advantages such as simple
fuel supply systems and compactness, however, adjustable thrust and re-ignition are difficult to achieve
[1,2].

Solid-Fuel Scramjets can be classified into two types. One is the supersonic combustor with solid-fuel
grains connected to the wall, as shown in Fig. 1. Solid-fuel grains react with oxygen after decomposition
and gasification. The cavity is employed to obtain self-ignition and flame stabilization. The interior
configuration changes a lot during combustion, resulting in the deterioration of capability to stabilize the
flame. The other type is the scramjet with solid propellant based gas generator, shown in Fig. 2. The
solid propellant itself has a limited amount of oxidizer, which contributes to the combustion of solid
propellant inside the gas generator. Fuel-rich hot gas containing solid particles is injected into the
supersonic combustor for further reaction. The high temperature of the gas benefits ignition and flame
stabilization. The air to fuel ratio is adjustable and the combustor can operate stably as long as the solid

propellant is not consumed up.
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Fig. 1 Schematic of one type of solid-fuel scramjet

Institutes like the US Naval Postgraduate School [3, 4], Technion - Israel Institute of Technology [5-10],
University of Rome [11], Beijing Institute of Technology [12-17], Northwest Polytechnical University
[18] and National University of Defense Technology [1, 2, 19] have carried out investigations on solid-
fuel scramjets. Most numerical simulations were conducted with FLUENT where the kinetic model
employed one or several steps global reactions and the combustion model was based on eddy-dissipation.
Ben-Arosh [6, 7] employed simplified 2-equation ethylene combustion model for theoretical study of a
solid fuel scramjet combustor. The chemical reactions as well as the species production rates were
calculated by the CHEMKIN chemical kinetics package combined with the PHOENICS code. Simone
[11] adopted a six-species three-step simplified mechanism to simulate gas-phase combustion of solid-
fuel scramjet engines fueled with Lithium Hydride (LiH). The coupling between chemical kinetics and
turbulence was modeled using the eddy dissipation concept model. Xinyan Pei [12, 13] used a global
one-step reaction for the combustion process of CsHe and the non-premixed equilibrium PDF (probability
density function) approach for the turbulent combustion model to simulate a solid-fuel scramjet
combustor fueled with hydroxyl-terminated-polybutadiene (HTPB). Wang, Chi and Hu [15-17]
employed a global one-step irreversible reaction mechanism for the combustion model of CsHsOz, as
well as the finite rate/eddy dissipation model for the chemistry-turbulent interaction to study a solid-fuel
scramjet combustor fueled with PMMA. Liu [18] adopted a four, single-step overall reaction mechanisms
that includes surface reaction of carbon and boron particles. The eddy-dissipation model was used as the
gas phase combustion model, and the diffusion-limited model was used as the heterogeneous phase
surface reaction model. Zhao [2] employed two one-step global reaction mechanisms for the combustion

as well as the eddy-dissipation model for the chemistry-turbulent interaction.
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Fig. 2 Schematic of the other type of solid-fuel scramjet

Simplified global reaction mechanisms where intermediate products are not taken into consideration
could lead to overestimated temperature. Moreover, solid particles have not been considered in most
calculations. Although Liu [18] considered both carbon and boron particles, the surface reaction was
merely single step for each kind of particle. The gas-solid interaction employed diffusion-limited model,
which neglected the kinetics. These models are so simplified that may result in large deviations from the
reality and in differences between various studies [20-23]. Accurate models and precise calculations are
fundamental to study movements and combustion of solid particles as well as solid-fuel scramjets. In
addition, as we all know, the commercial software is a black box, which means that details of each sub-
model are hidden for us. Thus, the expansibility is limited. Moreover, using ANSYS FLUENT costs a
lot due to the high price. Therefore, it is necessary to develop a set of numerical codes with high fidelity
and flexibility based on the open-source software packages [24].

The present paper exhibits the results of the solver, namely rhoGasSolidFoam, which is developed on
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the OpenFOAM platform. Since there are no experimental results concerning supersonic gas-solid two
phase reactive flows in open literature, validations of the solver and related models employ the data of
DLR experiments and ramjet experiments. A case of solid-fuel scramjet with a solid propellant based gas

generator has been analyzed and presented.

2. Models and Methods
2.1 Gas phase modeling

In rhoGasSolidFoam the influence of the solid volume fraction is not included. The gas phase is
compressible fluid.

The continuity conservation equation:

a(pg)
atg +V- (pgug) =5Sn

Here, ug and pgdenote the velocity and density of gas phase, respectively. Su is the source term.

The momentum conservation equation:

0
a(pgug) +V: (pgugug) -V (Tg) -V (pgRg) ==Vp+pgg+5,

Where p and 7 are pressure and shear stress. g and R, are the gravitational acceleration and Reynold
stress tensor, respectively. Su is the source term.

The energy conservation equation:

d(p,h d(p,K
(gi ) + (ggt ) +V: (pgugh) +V: (pgugK) -V (“effv(h)) =Vp +pgugg + Sp

Here, /1, K, aepare the enthalpy, kinetic energy and effective turbulent thermal diffusivity. Sk is the source
term.
Species transport equation:
ap,Y;
ot tVv (pgugyi) -V (Deffv(pgyi)) =S5

Where Y; is the mass fraction of the species, while Dey is the mass diffusivity. S; is the source term.
2.2 Particle phase modeling
Solid particles are assumed spherical. According to Faeth’s work [25], Basset and virtual mass forces are

neglected due to the high density ratios studied here. Particle motion is governed by Newton Second Law.

The resulting relation for particle drag force and drag coefficient are given as follows:

1, T 3 T 3
E,=Cp §”dp p|up - ug|(up - ug) - gdep + gdpppg
0.424, if Re, > 1000
={ 24 1 2
Cb R—ep(l + gRep/3, otherwise
Re, = pg|up - ug|dp

U
where F) is the drag force, while Re, is the particle Reynolds number.
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2.3 Source terms

The source terms are calculated by summing the force, energy and mass transfer contributions from each
individual particle in the computational cell. Dividing this summation by the cell volume gives the

following relations for particle momentum, enthalpy and specie mass transfer source terms[26]:

k=1
1
Su = - VZ Npr

1
Sp = [_VZNP(HP +Qsp + Qr,p)
7

1
= QMo
14

here, N, is the number of physical particles represented by a single Lagrange group. m,,; is the summation

Ng
£ g0,
r=1
Ng
+ Z W,

r=1

Si:

of specie mass transfer from the particle due to surface reactions. H, is the rate of heat transfer between
the particle and gas. Qs is the rate of energy release from the surface reactions. Qs is the radiation

between gas and solid phases. g- is the heat release from the gas reaction. w- is the generation rate of gas.

2.4 Chemical reaction models

For the gas-solid two-phase supersonic flow, the chemical reaction processes include heterogeneous and

homogeneous reactions.

2.4.1 Particle surface reactions

Table 1 Products of fuel-rich solid propellant

Phase Specie Mass fraction
CHa4 7.2%
Gas (51.2%)  H2 19.6%
CO 59.3%
N2 13.9%
Solid (48.8%) C 100.0%

In the current work, a HTPB/AP solid propellant is assumed as fuel for a solid-fuel scramjet. According
to the calculation results by CEA, products are listed in Table 1 under the condition of ignoring species
that account few mass fractions. The heterogeneous combustion is specified based on a three-step carbon
surface reaction mechanism [27].

C(s) +0.50, » CO

C(s) + €0, - 2CO

C(s) + H,0 - CO + H,

The mass of carbon particles reduces due to the surface reactions. Oxygen, carbon dioxide and water
vaper in the vicinity are consumed, and carbon monoxide as well as hydrogen is produced. The products

are added into the flow for further combustion. The rate of surface reaction is specified assuming a
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kinetic-diffusion limited process [20].

amg
ot

=A [1 + 1]_1 RTYS
, Cd Cch P Ms

N (R 372 i
d

E,
Cen = Aexp(— R—Tk)

Caq and Cen denote the surface kinetic rate and diffusion mass transfer rate, respectively. The kinetic
parameters of the three-step surface reaction are listed in Table 2 [21, 27]. The diffusion rate is assumed
5%1071? kg/m-s-Pa-K%73[21, 28]. A shrinking core model has been employed to denote particle diameter
variation for heterogeneous reactions.

Table 2 Kinetic parameters for heterogeneous reactions

Reactions A (kg/m*>s-Pa) Ea (kg/mol'K)
R1 C+0.50. - CO 0.016 65.9
R2 C+C0O2—2CO 6.35x103 162
R3 C+H.0—H:+CO 1.92x10-3 147

2.4.2 Gas reactions

From Table 1, combustible gases are CH4/H2/CO, which will react with inlet air in the supersonic
combustor. As a matter of fact, there are hundreds of gas reactions occurring during syngas combustion.
For saving computational resources and speeding up calculations, a simplified syngas skeletal
mechanism has been employed based on Ref. [29]. Moreover, a comprehensive Ha/O: kinetic model [30]
has been employed to wvalidate the calculations with DLR experiments. Turbulence-

combustion/gasification interaction has been modeled by partially stirred reactor (PaSR) model.

3. Computational details
3.1 Numerical scheme

There are some standard solvers for simulating gas-solid flow in the open-source software package,
OpenFOAM v1806 [31]. Specifically, rhoReactingFoam is a solver that can model supersonic gas
reactive flow, while coalChemistryFoam is suitable for dilute reactive gas-solid two-phase flow. In order
to simulate supersonic gas-solid two-phase flow, we have developed a new solver based on the
advantages of these two standard solvers. The solver completes its functions (e.g., particle motion, heat
and mass transfer, and chemical reactions) via calling various libraries. A three-step kinetic-diffusion
limited char surface reaction library is implemented for heterogeneous reactions. Both the combustible
gases and combustion enthalpy produced by char surface reaction are added into the reactive gas flow.
The governing equations of gas phase are discretized by finite volume method. The variables are stored
on collocated grids. Central Differencing Scheme is used for the convective terms and diffusion terms.
Euler scheme is employed for time integration. The cell-vertex method is chosen for interpolation
between Eulerian and Lagrangian spaces. The PIMPLE algorithm is adopted for handling pressure and
velocity.

Due to the limitations in computing resources, the Reynolds-averaged Navier-Stokes equations have
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been employed in the simulations. The Reynolds stress has been solved using a standard k-¢ model. A
17-species 49-step skeleton mechanism for syngas combustion and a 13-species 27-step mechanism for

hydrogen combustion have been employed [29, 30].
3.2 Computational conditions

3.2.1 The case of supersonic gas reactive flow
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Fig. 3 Combustor model configuration and inflow conditions [34]

Fig. 4 Schematic of the computational mesh for gas reactive flow

Table 3 Inflow conditions for gas reactive flow [34]

Property Freestream Injector holes

Us, m/s 730.0 1200.0
T, K 340.0 250.0
P, bar 1.0 1.0
Yz 0.736 0.0
Yo 0.232 0.0
Y2 0.0 1.0
Yo 0.032 0.0

In order to validate the solver for supersonic gas reactive flow, a model scramjet studied at the Institute
of Chemical Propulsion of the DLR, German Aerospace Center [32, 33] has been simulated using a
RANS method. The combustor configuration is shown in Fig. 3 and inflow conditions are listed in Table
3 [34]. For simplification, a cyclic narrow domain with only one injector has been employed in the
simulation. The case consists of 2.1M cells. Schematic of computational mesh is shown in Fig. 4. The
grids are both refined at the boundary layer of wedge-wall and the inlet of fuel. Slip boundary conditions
on the upper and lower walls of the combustor are assumed according to the article [35].

3.2.2 The case of gas-solid two-phase reactive flow

Ducted rocket experiments conducted by Kim [21] have been simulated to validate the solver for solid-
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gas two-phase reactive flow. There are 46 groups of experiments in total. We adopted one of the two two-
inlet configurations (AI2-180) which accounts 11 of the 46 experiments. The combustor configuration is
shown in Fig. 5 and the geometric specifications are listed in Table 4. According to the experimental
data, boundary conditions are summarized in Table 5. Components of fuel-rich gas are listed in Table 6.
Hexahedral structured grids of a half-domain with 0.6M cells have been adopted during calculations.
Non-slip wall is assumed. The volume fraction of gas is more than 99% by calculation. Thus the solver

can be used to simulate the case.
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Fig. 5 Schematic of the ducted rocket combustor [21]

Table 4 Geometries of the combustor

Parameters AI2-180

w, deg 180
0, deg 60
D;, mm 16.5
Dy, mm 4.8
D, mm 103
Le, mm 490
L4, mm 70
Li, mm 30

Table 5 Boundary conditions for solid-gas two-phase flow

Property Air Fuel-rich gas
U», m/s The experimental data 556
To, K 535 1164
P, bar 53 The experimental data*

The experimental data: specific parameters should accord to the experimental data.
The experimental data™: total pressure should be set according to the experimental data.

Table 6 Components of fuel-rich gas

Phase Component Mass fraction Total
Solid phase C 0.266 0.266
H0 0.0255
H> 0.0708
Gas phase co 0.2587 0.734
CO2 0.0131
CH4 0.0460

N> 0.5859
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Fig. 6 Schematic of the computational domain for gas-solid two-phase reactive flow

3.2.3 The case of solid-fuel scramjet
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Fig. 7 Schematic of the solid-fuel scramjet

Based on researcher’s achievements, we have proposed a certain configuration of solid-fuel scramjet. As
shown in Fig. 7, a solid propellant based gas generator is used to provide fuel-rich hot gas and solid
particles. A 30° ramp wall is employed to obtain flame ignition and stabilization. D is the width of the
combustor. Components of fuel-rich gas are listed in Table 1. Details of boundary conditions are shown
in Table 7, which simulates the solid-fuel scramjet operating at the equivalence ratio of 0.5. The volume
fraction of gas is more than 99% by calculation, denoting that the solver can be used to simulate the case.

Table 7 Boundary conditions of solid-fuel scramjet

Property Air  Fuel-rich gas

Us, m/s 1350 1044
T., K 739 1288
Ps,bar  0.87 2.0

Fig. 8 Schematic of the computational mesh for supersonic gas-solid two-phase reactive flow
4. Results and discussion
4.1 Validations
4.1.1 The case of supersonic gas reactive flow

From Fig. 9, we have compared predicted and experimentally measured axial velocity for the non-
reacting case. The overall agreement is good but the velocity in the low-pressure recirculation region is

overpredicted. This is related to k-¢ turbulent model, which is not very suitable to capture the details of
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flow parameters where the velocity gradient is extremely high. From Fig. 10 and Fig. 11, reacting cases

also show good agreement between calculations and experiments. However, there are some discrepancies,

especially in the recirculation region just after the jet exits the wedge. Generally, the deviations are

acceptable and the results of the calculation denote that the solver and related models can be used to

simulate the supersonic gas reactive flow.
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Fig. 11 Static temperature profiles for the reacting case
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4.1.2 The case of gas-solid two-phase reactive flow
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Fig. 12 Static temperature of the combustor at different equivalence ratio

The static temperature versus the equivalence ratio is shown in Fig. 12. The numerical results agree well
with the experimental data though there are some deviations. The numerical temperature is slightly higher.
This can be attributed to the adiabatic wall in the simulation, where the heat flux between the flow and
wall are ignored. The higher the temperature is, the higher is the heat flux from the flow to the wall,
resulting in the more difference between the numerical and experimental temperature. In addition, the
static temperature is evaluated from the characteristic velocity C* instead of measured directly, leading
to deviations to some extent. As we know, there are a few parameters that can be measured in solid fuel
ramjet experiments mainly because of limited measure technique. Therefore, there are no more
experimental data for comparison. The good agreement indicates that the solver combined with related

models is applicable for calculating the gas-solid two-phase reactive flow.
4.2 Analysis of solid-fuel scramjet

In section 4.1, the validations demonstrate that the solver, rhoGasSolidFoam, with related models can be
used to solve both supersonic gas reactive flow and gas-solid two-phase reactive flow. Thus, we can
conclude that the solver is applicable for supersonic gas-solid two-phase reactive flow. Based on the
inference, we have employed the rhoGasSolidFoam to calculate the solid-fuel scramjet described in

section 3.2.3.
4.2.1 Flow field characteristics

From Fig. 13, one can see that there are three vortexes in the flow field. One is formed by the interaction
of the backward-step and expansion waves and locates behind the ramp wall. The other two which merge
into a larger vortex are formed in the cavity which is composed by the backward step and ramp wall. The
pressure contours show that the static pressure in the cavity is nearly constant but decreases intensively
then fluctuates after the ramp wall. From the temperature contours, the combustion mainly occurs at the
high-speed shears and the rear side of the cavity where intensive mass and momentum exchange occur.
Velocity and Mach number contours are shown in Fig. 14. The velocity and Mach number of the inlet
air decrease in the cavity, where a significant amount of heat is released, but increase after the ramp wall
because of the expansion. These contours demonstrate the feasibility of the solid-fuel scramjet as well as
the capability of the ramp wall to obtain the ignition and flame stabilization in the supersonic combustor.

Fig. 15 shows parameters of carbon particles, including the diameter, temperature and residence time.
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Carbon particles produced by the gas generator are injected into the supersonic combustor together with
fuel-rich hot gas. The combustion of fuel-rich gas releases heat which contributes to raising the
temperature. The heat transfer between the solid and gas phases leads to the rise of particles temperature,
benefiting the surface reaction of carbon particles. Due to the high speed of inlet flow, the residence time
of particles in the supersonic combustor is merely 1.2 ms, which is so short that carbon particles do not
have enough time to complete their burning. Thus, the diameter of particles at the outlet is 29
micrometers. In other words, the diameter of carbon particles reduces by only 1 micrometer compared

with the initial diameter of 30 micrometers.
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Fig. 15 Parameters of carbon particles
4.2.2 Combustor performance

In order to further demonstrate the feasibility of the solid-fuel scramjet, it is necessary to study the
combustor performance, including the combustion efficiency and total pressure recovery.
Due to the differences in the characteristics of combustible gas and carbon particles, the combustion
efficiencies are measured separately. The surface combustion of particles produces combustible gases,
including CO, CH4 and Hz. These gases cannot be consumed up in the supersonic combustor, especially
for those produced near the outlet. If we take the combustion of these gases into consideration, it is quite
complex to assess the combustion efficiency of solid particles. Thus, for simplification, the combustion
efficiency of particles is derived based on the mass reduction, which is much easy and convenient for the
assessment. It is defined as follow.
mresidual,solid
Nsotia =1 ——""—"—
minitiul,solid
where Myesidual,sotia aNd Minirial solia are residual and initial mass of solid particles.
The 17-species 49-step skeleton mechanism for syngas combustion results in various intermediate
products. Therefore, it is not suitable to assess the combustion efficiency of the gas phase by mass
fraction as other researchers did who employed one or several global reactions. The total combustion
efficiency of the combustor together with the combustion efficiency of solid phase is employed to
evaluate the combustion efficiency of gas phase. The total combustion efficiency is defined as the ratio
of the actual rise to the theoretical rise in the total temperature.
_ (mair + mfuel)Toout,actual - mairTOin

NMtotal =
(mair + mfuel)Toout,theoretical - Toin
here, mair and myper represent mass flow rate of inlet air and fuel, respectively. T0ousacuail 18 the actual total

temperature obtained by simulation, while TOousmeoreiicar Tepresents the theoretical total temperature
calculated by CEA. T0u is the total temperature of inlet flow.
Then, the combustion efficiency of gas phase can be derived as follow.

_ mfuelntotal - minitial,solidnsolid
ngas -

minitial,gas
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where Minitialgas 18 the initial mass flow rate of gas phase.

The total pressure recovery is defined as the ratio of the total pressure at the outlet to that at the inlet.
f P04y, dA

~ [P0,,dA

here, POou: and PO represent the total pressure at the outlet and inlet, respectively.

o

Table 8 Combustor performance of the solid-fuel scramjet

Parameter Value

Total pressure recovery 33.4%
Combustion efficiency of solid phase  9.6%
Combustion efficiency of gas phase  95.3%
Total combustion efficiency 66.6%

From Table 8, the total combustion efficiency is 66.6% mainly because of the low combustion efficiency
of solid phase. The combustion efficiency of gas phase is pretty high, indicating the cavity composed of
the ramp wall and the backward step benefits the combustion of gas phase. The total pressure recovery
is a little bit low but still demonstrates that it is possible for the solid-fuel scramjet to operate at a high

altitude of low ambient pressure.
5. Conclusion

The solver, namely rhoGasSolidFoam, has been developed on the OpenFOAM platform. Validations
show that it is applicable to solving supersonic gas-solid two-phase flows as well as solid-fuel scramjets.
A certain configuration of solid-fuel scramjet is presented. Numerical results show that it operates well.
The combustion efficiencies of gas and solid phase are 95.3% and 9.6%, respectively, while the total
combustion efficiency is 66.6%. The total pressure recovery is 33.4%. The low combustion efficiency of

carbon particles results in the not very high total combustion efficiency.
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