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ABSTRACT

Metal powder fuel has high energy and volume calorific values, and it is an excellent power fuel for hypersonic
aircraft in the future. However, metal powder has poor flow characteristics and is difficult to be effectively
mixed with air when supersonic air is injected. The mixing degree of fuel and air is an important factor to the
efficiency of the engine. One way to solve this problem is to introduce a jet (the primary jet) upstream of the
powder fuel inlet to improve the mixing degree of fuel and increase the residence time. In this study, a double-
hole jet two-dimensional scramjet combustor structure was established, the effects of different initial jet
conditions on the performance of scramjets was studied and analyzed. The results show that the introduction of
the primary jet can effectively improve the mixing degree of the powdered fuel and air in the combustion
chamber, prolong the residence time of the particles in the combustion chamber and improves the combustion
efficiency of the metal powder. However, both the combustion efficiency of the metal powder fuel and engine

thrust increase and then decrease when the mass flow rate of the primary jet increases.
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1. INTRODUCTION

Scramijet is currently one of the best power device to
achieve hypersonic flight in the atmosphere (Wen et
al. 2019). Relevant studies have shown that with the
increase of the flying Mach number, the temperature
of the air entering the combustion chamber continues
to rise after the intake port are compressed. The
hydrocarbon fuel used in the conventional ramjet are
easily dissociated in high temperature environments,
this causes the specific impulse of the engine to drop.
Relevant studies have shown that the metal powder
fuel does not have the above problem at high
temperatures. In addition, the powder fuel also has
higher energy and volumetric calorific value, which
makes the powder fuel scramjet have higher specific
volume and density specific impulse (Goroshin et al.
2001; Hu et al. 2017). Therefore, the research on
metal powder fuel is vital for the scramjet.

The experimental studies have shown that the
powder fuel can be effectively transported to the
combustion chamber for combustion. Under the
action of the ignition torch, the powder fuel can
achieve rapid ignition and start, and the powder fuel
can keep burning by itself after the torch ignited

(Shen et al. 2007 and 2008). In the experiment, the
performance of the cavity and bluff body flame
stabilizer were also compared. The results show that
due to the poor fluidity of the powder particles and
the poor flame stability of the cavity, the flame
stability of a bluff body stabilizer is better, but the
deposition around the stabilizer reduces the engine
efficiency (SHEN et al.2009).

Due to the poor fluidity of the metal powder, it is not
conducive to be mixed with air. Therefore, the
effective mixing of the fuel and air has an important
role in achieving high combustion efficiency of
scramjet. At present, researchers have conducted a
lot of research on the mixing of hydrocarbon in
supersonic flow, including the use of various
geometric structures, such as, oblique jets, central
support plates and cavity combination. (Huang et al.
2011; Fuller et al. 1998; Gruber et al. 2004).
Compared with wall injection, these devices can
effectively improve the fuel mixing efficiency, but
their geometry structure hinders the air flow in the
combustion chamber, resulting in greater total
pressure loss and higher requirements for structural
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thermal protection (Aryadutt et al. 2019). In addition,
related studies have shown that the wall structure of
the isolation section has a great influence on the
degree of the fuel mixing. (Li Y. et al. 2020; Barzegar
et al. 2019; Li Z. et al. 2020). The influence of the
sinusoidal wall on the fuel mixing jet was studied.
When the frequency of the sinusoidal since wave is
sufficient, the appearance of the corrugated wall
increases the mixing degree. At present, the fuel
injection methods of scramjet are mainly side
injection, and a large number of experimental and
numerical studies have been carried out (Chapuis et
al. 2013; Smart et al. 2006; Zhao et al. 2016; You et
al. 2013; Mahesh et al. 2013; Sun et al. 2018;Liang
et al. 2018 and 2020) and found that the complex
unstable shock wave structure, the shear layer and
their interaction in the jet form a major pair of
vortices, which have a significant impact on the fuel
mixing in the downstream area. The results shown
that by installing multiple side injectors on the
combustion chamber, the jet diffusion, penetration,
vortex effect and mixing efficiency of multiple
injectors were improved compared with a single
injector (Vatslya et al. 2020; Pudsey and Boyce
2010; Gerdroodbary et al. 2016; Huang et al.
2018; Barzegar et al. 2016, and Taherinezhad et al.
2019 ). The wall injection has the advantages of
simple  structure, low thermal  protection
requirements and small total pressure loss. It has
become the main injection method of powder fuel
scramjet (Anugrah et al. 2019).

In this study, a gas jet channel is set in front of
powder fuel jet channel of the scramjet. The effects
of primary jets on the flow field change, the degree
of powder mixing in the combustion chamber and the
engine performance were analyzed by comparing the
working conditions of different primary jets to
improve the combustion efficiency of powder fuel
and the overall performance of the engine.

2. CALCULATION MODEL and
METHOD

2.1 Basic Assumptions

To increase the calculation speed, the working
process of the powder fuel scramjet was assumed as
follows:

1. The gas in the combustion chamber was idea,
which conforms to the gas equation of state.

2. The aluminum powder is spherical and has no
oxide film on the surface. The burned oxide is in a
gaseous state, regardless of the heat consumed by the
phase change and the deposition of products in the
engine.

3. The combustion process of aluminum powder is a
one-step complete reaction, regardless of the
reactions of each elements in the product. The
combustion process of particles are as follows:

Al(s)=Al(g) 1)
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4Al(g)+302=2Al203(g) (2)

(4) Without considering the influence of the gravity
and other physical forces, the radiant heat in the
reaction is ignored.

2.2 Physical Model

In order to save time and resources in the calculation
process, Maciel and Marques (2019) conducted a
two-dimensional computational fluid dynamics
(CFD) simulation was performed on the hydrogen-
air mixture of a hydrogen fuel single pulse detonation
engine. The results show that the two-dimensional
model can accurately simulate the engine fuel mixing
process. Therefore, the powder fuel scramjet model
is a two-dimensional plane model. The structure
design is shown in Fig.l. The engine adopts
"isolation + cavity combustion chamber + expansion
section”, in which the cavity adopts the scheme of
first expansion and then convergence. The total
length of the model is 2580 mm, in which the
isolation section is 400 mm, the cavity is 830 mm,
and the expansion angle of the expansion section is
6°. The aluminum powder fuel injection port is
100mm in front of the exit of the isolation section,
and the width is 5 mm. The primary jet inlet is 20 mm
in front of the fuel inlet and has a width of 3 mm.

The ANSYS ICEM is used to construct a complete
structured grid for the internal flow field of the
scramjet. Due to the complicated flow near the jet
ourtlet, it is necessary to refine the area of the jet
outlet. Considering the influence of the boundary
layer and structural changes in the combustion
chamber on the flow field, mesh refinement is carried
out at the wall and structural changes. The result is
shown in Fig. 2.

2.3 Governing Equations
2.3.1 Gas Phase Governing Equation

The computational fluid dynamics software ANSYS
FLUENT 17.0 is used to numerically simulate the
combustion flow process in the combustion chamber
of the engine. The gas phase equations are all
established in the Eulerian coordinate system. In
Cartesian coordinate system (X, y, Z, t), the N-S
equation including various components and chemical
reactions has the following form (Shreekala and
Sridhara 2019):
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2.3.2 Particle Phase Governing Equation

For the discrete phase particles, the discrete phase
model is selected to describe the movement and
energy exchange process in the flow field. This
method is suitable for the case where the particle
phase volume of the powder fuel ramjet does not
exceed 10% of the total volume. In the Lagrangian
coordinate system, the instantaneous dynamic
equation of particles are as follows:
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Fig. 2. Grid distribution in the combustion chamber.
Xsi o) (4 not, fw,0=0; Aois the precipitation rate constant (unit:
dt St s9).
Wsi — g (57— " . .
e = Fo(Vgi = Vsi + V) ®) " In the evaporation process of the aluminium vapor,

Where: Xg; is the position of particles in the
combustion chamber; g,is the average velocity of
the gas phase in direction I; v;is the pulsating
velocity of the gas phase in direction I; vgis the
instantaneous velocity of the particle phase in
direction I; Fp, is the resistance to particles.

2.3.3 Evaporation Model of Aluminum
Particles

In this study, a constant rate model is used to simulate
the process of the aluminium vapor precipitation
from particles. The volatiles are separated at a fixed
rate, and the particle diameter does not change during
the process. The mass transfer equation of particles is
as follows:

1 dm,,
_ =4
" Foo(—fuwo)mpo dt 0
(6)

Where: mp is the mass of particles; mpo is the initial
mass of particles; fvo is the mass fraction of gaseous
aluminum in particles at the initial time; fw,o is the
mass fraction of vaporizable / boiling substances in
particles when choosing wet combustion particles, if
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the heat transfer equation of its phase with
surrounding fluid is as follows:
—hA(T T,) +

am.
mpCp i _tp heg + ¢

U]

In the formula, Cp is the specific heat capacity of
particles; Tp is the particle temperature; Te is the
external environment temperature; hg is the volatile
heat absorption rate; @ is the dissipative phase in the
heat transfer process.

2.4 Combustion Model

It is assumed that the fuel will completely evaporate
after entering the engine and participate in the
reaction, this study only considers gas phase
combustion, so a finite rate model is selected to
describe the aluminium reaction process. In the finite
rate model, the Arrhenius formula is used to calculate
the chemical source term, while the effect of
turbulence fluctuation is ignored. The reaction rate is
controlled by the Arrhenius equation

k =Aexp(—ER/T) ®)
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where, K is the reaction rate constant, A is the pre-
exponential factor; E is the reaction activation
energy; T is the absolute temperature; R is the gas
molar constant.

2.5 Boundary Conditions

(1) The boundary condition of air inlet: the mass flow
rate inlet is adopted. Given that the mass flow rate of
the incoming air at the inlet is 26 kg/s, the static
pressure is 159296pa, the total temperature is 1308k
and the inlet Mach number is 1.7;

(2) The boundary condition of powder fuel inlet: The
mass flow rate inlet is adopted. Because aluminium
powder particles need to be transported by the
fluidizing gas. The mass flow rate is 0.5kg/s, the
static pressure is 120000pa, total temperature was
300K, mass flow rate of the aluminum powder fuel is
3.4 kg/s. The particle diameter is 20 p m;

(3) The boundary conditions of primary jet: The jet
inlet boundary conditions are shown in Table 1. The
total gas temperature is 300K.

Table 1 Jet mass flow rate under the different
conditions

. . Jet mass flow rate
Working condition (kgls)

Casel 0

Case2 0.2

Case3 0.35

Cased 0.5

Caseb 0.65

Case6 0.8

(4) Wall boundary conditions: the velocity on the
wall of isolation section, cavity and expansion
section are no-slip condition, the temperature is
adiabatic wall, and the gradient of pressure and mass
fraction of each component are zero.

3. Validation of numerical methods

In order to verify the reliability of the calculation
method, this section uses the Santigao and Dutton
(1997) experimental model and basic grid to verify
the experiments of Santigao and Dutton (1997) ,
Everett et al. (2015) and Vanlerberghe et al. (2011).
The calculation results are compared with the
experimental results. The experiment was carried out
in a supersonic wind tunnel with a Mach number of
1.6, the total pressure of the incoming flow was
241kPa, and the total temperature was 296K. The
total pressure of the jet was 476 kPa, the total
temperature was 295 K, and the experimental jet flow
pressure ratio was 1.7. Both jet and free-stream were
air, of which the specific heat ¥ was 1.4. The origin
of the coordinate was located at the center of the jet
nozzle and located in the center of the bottom wall
with the diameter D = 4mm. The calculation length
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of x, y and z directions are: - 7.5 <x/D < 10,0<vy/
D <8,-5<2z/D <5. Figure 3 shows the results of
experimental Schlieren and predicted contours of
density gradient of mean flow field for J=1.7. The
location of reflected shock was well reproduced by
prediction. The velocity distribution in the
experiment was extracted and compared with the
numerical calculation results used in this study. The
comparison result is shown in Fig. 4. It can be seen
from the figure that the numerical calculation results
match the experimental results well, thus confirming
the reliability of the calculation results. Obvious
differences were observed in the downstream area of
the jet, which may be due to the uncertainty of the
experimental data.

(a) Experimental Schlieren results

Bow Shock

Barrel Shock

’

(b) Simulation Schlieren results

Fig. 3. Comparison of experimental Schlieren
results and simulation Schlieren results.

4 RESULTS AND ANALYSIS

4.1. Grid distribution and independence
analysis

The grid layout in the calculation area has a
significant impact on the calculation results.
Therefore, it is necessary to evaluate the
independence of the distribution network. Three
different grid distributions were evaluated: coarse
grid is 0.1 million elements, moderate grid is 0.3
million elements, and refined grid is 0.6 million
elements, Figure 5 shows the variation of Mach
number along the axis under three different grid
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Fig. 5. Mach number along the axis under three
different grid distribution.

distributions. It can be seen that when the grid
reaches a certain number, the numerical results tend
to be stable. Finally, in order to save computing
resources, 400,000 grids are used for numerical
calculations.

4.2 The Influence of Primary Jet on the
Flow Field in Cold Flow

Figure 6 shows Mach number, pressure and
temperature distribution under the single-hole jet and
double-hole jet conditions in the two-dimensional
model. The single-hole jet flow field structure in the
isolation section is shown in Fig. 6 (a), (c) and (e).
Due to the interactions between supersonic cross-
flow and the transverse injected powder fuel jet,
complex phenomena can be observed. The
supersonic cross-flow is blocked by the powder fuel
injected from the upper wall, forming an oblique
shock wave upstream of the fuel jet. The oblique
shock wave is compressed to after the shock wave to
form a high temperature, which is conducive to the
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ignition of the downstream fuel; due to the
interaction between the oblique shock wave and the
upstream boundary layer, a back pressure gradient is
formed, which causes the boundary layer to separate,
and a low-velocity zone is formed at downstream of
the fuel injection inlet.

Figure 6 (b), (d), (f) show the flow field structure in
the isolation section when the primary jet flow is
0.5kg/s. It can be seen that the structure of the flow
field near the primary jet under the double-hole jet
condition is similar to the that of single-hole jet.
However, due to the low mass flow rate of the
primary jet and the insufficient penetration
momentum in the supersonic mainstream, the
penetration depth of the jet is shallow, the blocking
effect on the mainstream is not obvious. The intensity
of the oblique shock wave is low, and the area of the
low-velocity area downstream of the primary jet inlet
is small. The area of a low-velocity formed
downstream of the powder fuel injection inlet is
larger than that of the single-hole jet. The blocking
effect of the primary injection reduces the
momentum of the main flow upstream of the powder
fuel injection, so that the powder fuel has a deeper
penetration depth, which is beneficial to the mixing
of the powder fuel and air in the combustion
chamber. To analyze the influence of the primary jet
flow on the flow field structure. Figure 6 shows the
contour of Mach number distribution in the isolation
section under different primary jet flow rates. It can
be seen from the figure that the main flow is blocked
by the primary jet on the wall, forming an oblique
shock wave upstream of the jet inlet. The upward and
downward oblique shock waves intersect at the
center of the isolation section to form an X-shaped
structure, and a Mach disk is formed at the center of
the X-shaped structure. It can be seen from Fig. 7
(b) that a first oblique shock wave is formed at
upstream of the primary jet inlet, and the second
oblique shock wave is formed at the powder fuel
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Fig. 6. Cloud chart of Mach number, pressure, velocity streamline and temperature under different working
conditions.

injection inlet. However, the primary jet has a lower
penetration depth and a thinner shear layer. The
powder fuel penetrates the shear layer formed by the
primary jet and enters the supersonic mainstream.
The supersonic mainstream is blocked again to form
a second oblique shock wave, which is weaker than
the first oblique shock wave. With the increase of the
primary jet flow rate, the thickness of the shear layer
formed by the primary jet becomes larger, while the
second oblique shock intensity caused by the
secondary powder fuel gradually decreases until it
disappears.

Under the influence of the primary jet, the area of the
low-velocity region at downstream of the secondary
fuel inlet is larger than that without the primary jet.
And with the increase of the primary jet flow, the area

increases first and then decreases. The reason is that
as the flow rate of the primary jet increases, the
blocking effect of the primary jet on the supersonic
flow becomes more obvious. The position of the X-
type shock wave moves forward, and the intensity of
the middle positive shock wave increases. The
formation of the high-pressure region reduces the
area of the low-speed region downstream of the
secondary powder fuel inlet.

4.2 Analysis of Mixing Characteristics of
Primary Jet Powder Fuel

The scramjet fueled by powder particles has a large

particles diameter and a short residence time in the
combustion chamber. The agglomeration of powder
fuel in the combustion chamber is difficult to
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effectively mix. The combustion process of
aluminum particles is mainly caused by the reaction
between the gaseous aluminum of the aluminum near
the particle surface and the oxidizing gas in the
mainstream air. The combustion process is generally
controlled by evaporation / diffusion, so the mixing
degree of the gas and aluminum particles is very
important to the combustion process of particles.
According to Hu et al. (2019), the definition of gas-
solid mixing degree is shown in Eq. (7). The gas-
solid mixing degree varies from 0 to 1. The closer to
1, the higher the mixing degree is. The formula for
the degree of mixing is as follows:

1
Bpi=1_

pYYo2npvpmpn;
(pVY o2 —npvpmpn;)?

1+logq[1+

9)

Where:5,;is the mixing degree between the particles
and the oxygen; pis the gas density; is the gas
velocity;vis the particle velocity; wv,is the particle
density; nyis the mass of a single particle;m,, is the
mass flow ratio of oxygen and n; is the particles
entering the system.

To simplify the formula for the degree of mixing, the
particle velocity and gas velocity are set as axial
velocity, which can be simplified in the formula for
the degree of mixing.

Figure 8 shows the change of the mixing degree of
the aluminum particles with the oxygen in the
mainstream under single-hole and double-hole jet. It
can be seen from the figure that due to the inertia
force of aluminum particles, effective mixing cannot
be carried out in the isolation section. In the cavity,
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the aluminum particles are affected by the velocity of
flow field and the internal structure of the cavity, and
the degree of mixing increases. With the introduction
of primary jet, the area of low-velocity area
downstream of powder fuel jet increases, and the
flow field structure of the combustion chamber
changes, which significantly increases the mixing
degree of the aluminum particle and the oxygen.
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X/m

Fig. 8. Mixing degree of the aluminum particles
and the oxygen in single-hole and double-hole jet
conditions.

Figure 9 shows the trajectory of aluminum particles
in the cavity of the single-hole jet and double-hole jet
scramjet. Compared with the single-hole jet working
condition, it can be seen from the above situation that

04
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Fig. 9. Trajectory of aluminum particles in single-hole and double-hole jet conditions.

the action of the main jet changes the flow field in the
combustion chamber prolongs the residence time of
the powder fuel in the cavity, and expands the
distribution range of fuel particles.

4.3 Analysis of the Effect of Primary Jet on
Engine Operation

When the fuel burns in the combustion chamber, the
pressure in the combustion chamber will increase,
and the pressure in the combustion chamber will be
higher than that in the isolation section. The pressure
propagates upstream from the isolation section (the
isolation section is called back pressure), and a series
of shock waves are formed in the isolation section. If
the back pressure of the isolation section propagates
upstream to the engine intake, the intake will not be
able to start and surge will occur, which will
adversely affect the engine performance.

To study the influence of primary jet on the flow field
of the isolation section under different working
conditions, Fig. 8 shows the pressure distribution and
velocity streamline diagram of the isolation section
under different working conditions. From the
velocity streamline in Fig. 10 (a), it can be seen that
in the case of a single-hole jet, a part of the powder
fuel and fluidizing gas flow to the upstream of the
isolation section for a short distance under the action
of the back pressure, and then flow to the isolation
section with the supersonic flow. Downstream of the
section, so a small recirculation zone is formed in
front of the injection port. The supersonic inflow is
affected by the part of powder fuel, fluidizing gas and
back pressure in the recirculation zone, forming a
shock wave. By comparing the different primary jets
in Fig.9, it can be seen that as the flow of the primary
jet increase, the position of shock wave moves
forward in turn. When the primary jet flow rate is
0.8kg/s, the shock wave position is the most forward,
followed by the primary jet flow rate of 0.2kg/s.

Combined with the combustion efficiency curve
given in Fig.10 and comparing operating condition 5
and 6, it can be seen that the primary jet flow is the
main factor affecting the shock wave position when
the powder fuel combustion efficiency is basically
the same. Compared with the case 2 and case 6, the
impact of the injection flow rate on the shock position
is greater than the combustion efficiency of the
powder fuel.

Aluminum particles are used as fuel in the
combustion chamber of powder fuel scramjet. It is a
great significance to study the combustion efficiency
of aluminum particles. In this study, the reaction of
aluminum is a one-step at a time, and the combustion
product is Al20s. The combustion efficiency of
particles is calculated from the Al203 content in the
outlet section of combustion chamber, and the
calculation expression is:

« _ Jpuy;gdA

c
Mp,o

(10)

Where:nzis the combustion efficiency of particles;
pis the density; wis the velocity;Y; s is the mass
fraction of Al20s3; M, ,is the total reaction mass of
inlet Al particles.

Figure 11 shows the combustion efficiency curve of
powder fuel under different conditions. It can be seen
from the curve that the introduction of the primary jet
can significantly improve the combustion efficiency
of powder fuel. As the flow rate of the primary jet
increases, the combustion efficiency of powder fuel
increases first and then decreases. Among them,
the combustion efficiency of the single-hole jet is
only 0.4934. The combustion efficiency is 0.6677
when the primary jet flow rate is 0.2 kg/s, which is
17.43% higher than the single-hole jet. The reason
for improving the combustion efficiency of the
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Fig.10 Pressure distribution contour and velocity streamline in the isolation section under different
working conditions.

powder fuel is that the primary jet improves the
mixing degree of powdered fuel in the combustion
chamber, so the combustion reaction of powdered
fuel in the combustion chamber is more complete.

To analyze the performance of the powder fuel
scramjet more accurately, the thrust of the engine is
calculated as follows:

- 2
E, = [(P + pu?)dA a1

AE, = Foue — F; (12)
Figure 11 shows the thrust curve of powder fuel
scramjet under the different conditions. It can be seen
from the curve that the introduction of the primary jet
can significantly increase the engine thrust. With the
increase of the primary jet flow, the engine thrust
increases and then decreases. The main reason is that
the primary jet can effectively improve the mixing
degree of the powder fuel, so that the powder fuel is
burned more fully in the combustion chamber, and
the pressure in the combustion chamber increases,
resulting in a larger axial thrust. When the flow rate
of the primary jet is 0.35kg/s, the maximum thrust is
about 15% higher than that the single-hole jet.

5. CONCLUSION

In this study, a model of a scramjet fueled by
aluminum powder is established, and the effect of
primary jet on the flow and combustion
characteristics of the scramjet is studied:
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(1) As the flow rate of the primary jet increase, the
intensity of the oblique shock wave generated
upstream of the primary jet increases, the penetration
depth of the secondary jet increases, and the area of
the low-velocity region downstream of the fuel jet
increases first and then decreases.
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Fig. 11. Particle combustion efficiency and
Scramjet thrust under different working
conditions.

(2) The introduction of primary jet can effectively
improve the mixing degree of powder fuel particles
in the combustion chamber, prolong the residence
time of powder fuel particles, and expand the particle
distribution range.

(3) The introduction of primary jet has a great
influence on the performance of the engine. With the
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increase of primary jet flow, the combustion
efficiency of powder fuel and the engine thrust
increase first and then decrease. The combustion
efficiency is the highest when the primary jet flow is
0.2kg/s, which is 17.43% higher than the single-hole
jet. When the primary jet flow is 0.35kg/s, the engine
thrust is the largest, which is about 15% higher than
the single-hole jet.
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