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In order to investigate the effects of different water inlet droplet diameters on the
performance of aluminum-based water ramjet engines, the internal flow field of
the enginewas analyzed through numerical simulation. The results showed that by
selecting a suitable water droplet diameter at the water inlet and controlling the
time required for water droplet evaporation and heat absorption, the working
range of aluminum-water combustion reaction can be expanded and the specific
impulse of the engine can be increased. In engine design and practical application,
the design of the water injection nozzle upstream of the engine is critical, and the
droplet diameter at the water inlet should be controlled within a suitable range. A
diameter that is too large will reduce the evaporation efficiency and hinder the
further diffusion of combustion reaction. Droplet sizes that are too small will
rapidly evaporate, causing the temperature in the flow field to decrease rapidly,
leading to a large range of low-temperature regions in the main reaction zone of
the combustion chamber, thereby reducing the overall aluminum-water reaction
rate of the engine. In addition, the variation of droplet diameter in the downstream
water atomization nozzle has little effect on the aluminum-water reaction in the
main combustion zone. However, reducing the droplet diameter can facilitate the
downstream diffusion of the combustion reaction, further expanding the
combustion range and increasing the specific impulse. Furthermore, it can also
reduce the temperature near the wall, which is beneficial for reducing the overall
thermal protection requirements of the engine.
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1 Introduction

With the development of ship technology and the continuous improvement of various
detection and interception measures, old torpedoes with slow speed and short range are
difficult to play a major role. Therefore, military powers around the world are striving to
develop advanced torpedoes with high speed and long range. Russian experts pointed out
that only the high-efficiency jet propulsion system using combustion metal fuel and seawater
as the oxidant is the best way for underwater vessels to achieve high-speed propulsion. In
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addition to Russia, military powers such as the United States and
Germany are also researching various ultra-high-speed underwater
weapons, including water ramjet engines and metal-water reaction
fuels and related technologies.

The metal/water reaction ramjet engine is a new type of
underwater propulsion device that uses high-energy reactive
metal (aluminum, magnesium) as fuel and external seawater as
oxidant andmain workingmedium. The water ramjet engine utilizes
the internal filled metal fuel and external seawater oxidant to
generate the required thrust when the engine operates
underwater, with advantages such as high specific impulse,
simple structure, and high energy density. The water ramjet
engine mainly consists of inlet duct, atomization nozzle,
combustion chamber and nozzle, as shown in Figure 1. In the
working process of the engine, external seawater is introduced
into the combustion chamber through the inlet duct and inlet
pipeline by means of the atomization nozzle, and water reacts
vigorously with the metal-based fuel in the combustion chamber
to produce high-temperature and high-pressure combustion gas,
which is then expelled from the nozzle to generate thrust.

Due to the high volumetric heat value of metal fuels and the
absence of oxidizer requirements, the water jet propulsion system
utilizing metal fuels possesses a higher energy density and specific
impulse compared to conventional solid rocket engines (Risha, 2006;
He et al., 2022). In addition, the water jet propulsion system has the
advantages of simple structure and high reliability, making it an
ideal power source for high-speed and long-range underwater
vehicles (Kiely, 1994). Among the high-energy metals, aluminum
is often selected as the fuel for water jet propulsion systems due to its
high volumetric energy density, good economic efficiency, and
convenient storage (Kiely, 1994; Liu et al., 2018). This choice
fully exploits the performance advantages of the water jet
propulsion system.

As early as the last century, Branstetter et al. (1951) conducted
the first research on aluminummetal as a propellant for water ramjet
engines, and the results showed that metal aluminum could burn
stably in a particulate state in the combustion chamber. In the early
21st century, relevant research institutions in the United States
(Undersea Weapons Technologies, 2003) achieved underwater
high-speed propulsion by using the reaction between water and
aluminum metal fuel.

Compared to foreign research, the study of water-jet
propulsion engines in China started relatively late. In the late
20th century, Fang et al. (2005) conducted tracking research on

the relevant technology of water-jet propulsion engines. Through
three-dimensional numerical simulation, they found that the
performance of a water-jet propulsion engine using secondary
water injection is superior to that of single water injection, and
the water-to-fuel ratio needs to be reasonably allocated. Miao
et al. (2005); Miao et al. (2007) improved the metal particle
combustion model and concluded that the diameter of water
droplet atomization has a significant impact on water
evaporation, but has little effect on the chemical reaction
between aluminum and water. Chang et al. (2021) conducted
a two-dimensional numerical simulation of the flow field inside
an aluminum-based metal water-jet propulsion engine and
obtained the distribution of relevant parameters. (Li et al.
(2022) set up a bluff body flame stabilizer in the combustion
chamber of the water-jet propulsion engine to investigate the
effect of changes in the configuration parameters of the flame
stabilizer on the flow field characteristics in the combustion
chamber. The results showed that when the height of the
flame stabilizer relative to the gas inlet remained unchanged,
the optimal performance of the water-jet propulsion engine was
obtained when the distance from the flame stabilizer to the first
water inlet was half the distance from the head of the flame
stabilizer to the gas inlet. The internal combustion of a metal-
based water-jet propulsion engine involves a series of complex
physical and chemical processes such as two-phase turbulence,
droplet evaporation, powder particle melting and sublimation,
gas component diffusion, combustion chemical reactions, and
solid surface chemical reactions. The mechanism is complex,
which poses great difficulties for its related development and
manufacture. Although scholars at home and abroad have
conducted research on metal-based water-jet propulsion
engines, the current research is still relatively preliminary,
mainly focusing on the design of engine schemes. In a water-
jet propulsion engine based on metal powder fuel, the water as an
oxidant has an important impact on the mixing and stable
combustion of the engine fuel through the atomization
performance of the injector. Previous studies have paid less
attention to the impact of atomization characteristics on the
water-jet propulsion engine, and usually ignore the droplet
diameter distribution in numerical simulation research, only
considering single droplet diameter calculation, which cannot
effectively reflect the engine performance. Therefore, this paper
conducts numerical simulation research on the influence of
liquid water injection characteristics on metal-based water-jet
propulsion engines, and explores the impact of the droplet size of
the first and second water injection ports on the flow field
structure inside the aluminum-based metal fuel water-jet
propulsion engine and its corresponding engine performance.

2 Material and methods

Due to the complexity of the multiphase turbulent combustion,
aluminum particle oxidation reaction, and water droplet
evaporation process inside the aluminum-based water-cooled
engine, it is currently impossible to accurately simulate all the
physical processes involved. Therefore, in numerical simulation,
the flow field calculation must be carried out, and the combustion

FIGURE 1
3D schematic diagram of the structure of the water stamping
engine.
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products generated by the combustion reaction in the combustion
chamber are assumed to be a thermally perfect gas, satisfying the
equation of state for a perfect gas.

2.1 Governing equations

In this paper, the finite volume method is used to solve the Navier-
Stokes equations. The continuous phase (gas phase) governing
equations and the discrete phase (liquid phase, metal particle phase)
governing equations are established, and the coupling between the
discrete phase and the gas phase is represented by the source term of
gas/discrete phase interaction in the continuous phase governing
equations. The gas phase governing equations are described in the
Eulerian coordinate system, while the discrete phase governing
equations are described in the Lagrangian coordinate system. The
governing equations for the combustion flow field with multiple
components and chemical reactions are as follows:
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They are the equations for mass transport, momentum transport,
energy transport, and component transport, respectively.

Viscous shear stress is

τ ij � μ
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( ) − 2
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[ ] (5)

In the equation, μ is the molecular dynamic viscosity coefficient,
which can be expressed as μ = μl + μt. Here, μl is the laminar
viscosity coefficient, which is given by the Sutherland formula as a
polynomial function of temperature, and μt is the turbulent viscosity
coefficient, which is provided by the turbulent flow model. The δij is
the Kronecker delta.

In this study, the κ-ωMenter SSTmodel was used as the turbulence
model. The Reynolds-averaged form of the κ-ωMenter SST turbulence
model was employed. This model uses the Wilcox κ-ω model near the
wall, and the κ-εmodel in the boundary layer edge and free shear layer.
A blending function is introduced to transition between the twomodels,
which is designed specifically for near-wall flows, taking advantage of
the κ-ε model’s ability to handle free flows and the κ-ω model’s
capability to address wall-bounded flow issues. Therefore, it has
certain advantages for computing combustion flows. For a detailed
description of this turbulence model, please refer to reference
(Magnussen, 1981), and it will not be repeated here.

2.2 Discreate phase model

The discrete phase is distributed in the continuous phase composed
of gas, and the Lagrangian method is used to track the motion of the
discrete phase in the flow field, and to calculate the trajectory and heat

and mass transfer process of the discrete phase. The movement law of
the discrete phase and the characteristics of the gas phase flow field are
obtained by iterative calculation through the coupling between the two
phases after the entire flow field is stabilized. The velocity of the discrete
phase is obtained by solving the differential equation of the force acting
on the discrete phase droplets or particles in the Lagrangian coordinate
system through integration, and the force acting on the droplets or
particles equals their inertia, as shown below (in the x-direction of the
Cartesian coordinate system):

dup

dt
� FD u − up( ) + gx ρp − ρ( )

ρp
+ Fx (6)

In the equation, gx represents the gravitational acceleration, Fx
represents the additional force per unit mass acting on the droplet
(particle), and FD represents the unit mass drag force acting on the
droplet (particle). For a detailed description of the discrete phase
model and its parameters, refer to reference (Liu et al., 2019). The
evaporation of water droplets and particles is modeled using a
droplet evaporation model described in reference (Ranz and
Marshall, 1952). Due to space limitations, this paper does not
provide a detailed description of these models.

2.3 Combustion and particle reaction
kinetics model

In this study, the eddy dissipation concept (EDC)model was chosen
to simulate the combustion process of aluminum-based metal fuel
(Magnussen, 1981; Parente et al., 2016). The EDC model is based on
the eddy dissipation model, assuming that chemical reactions occur in
fine eddies, and the reaction time is jointly controlled by the time
required for chemical reactions themselves and the existence time of
small eddies. The EDC model includes a detailed chemical reaction
mechanism in turbulent reactions, so it can simultaneously consider the
effects of chemical reaction kinetics and turbulence on chemical reaction
rates. The surface reaction model for particles (Liu et al., 2019) was used
to simulate the combustion of aluminum-based metal fuel in a water
ramjet engine in this study. This model takes into account both
heterogeneous surface combustion and gas-phase combustion. The
reaction process of aluminum-water mainly consists of two steps:

1. Reaction between aluminum vapor and water vapor produced
when aluminum particles are heated to the evaporation
temperature (937 K):

2Al g( ) + 3H2O g( ) → Al2O3 g( ) + 3H2 ↑

2. Reaction between aluminum particles and water vapor:

2Al s( ) + 3H2O g( ) → Al2O3 s( ) + 3H2 ↑

2.4 Physical model

The aluminum-based fuel water-ramjet engine designed in this
study is shown in Figure 2. The engine adopts a two-stage liquid water
injection method and head injection of metal powder propellant for
mixing and reacting in the combustion chamber to produce thrust.
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The first stage liquid water injector (referred to as the primary inlet)
located near the head of the engine is at a distance of L1 = 95 mm from
the head of the water-ramjet engine, and the second stage liquid water
injector (referred to as the secondary inlet) located near the
downstream end is at a distance of L2 = 305 mm from the head of
the engine.

2.5 Operating conditions and boundary
conditions

To investigate the effects of different droplet diameters at the
1st and 2nd water injection ports on the flow field of the
aluminum-based metal fuel water-ramjet engine, we designed
five different operating conditions as shown in Table 1. In cases
1–3, the droplet diameter at the 2nd water injection port was fixed
at 30 μm, while the droplet diameters at the 1st water injection
port were 50 μm, 30 μm, and 10 μm, respectively, to analyze the
influence of the 1st water injection port droplet diameter on the
flow field. In cases 3–5, the droplet diameter at the 1st water
injection port was fixed at 30 μm, while the droplet diameters at
the 2nd water injection port were 50 μm, 30 μm, and 10 μm,
respectively, to analyze the influence of the 2nd water injection
port droplet diameter on the flow field. Based on the
aforementioned physical configuration of the engine and its
underwater working conditions, the boundary conditions were
set as follows:

1. The 1st water injection port used a mass flow inlet, with a water-
to-fuel ratio of 0.85 and a temperature of 300 K.

2. The 2nd water injection port used a mass flow inlet, with a water-
to-fuel ratio of 1.7 and a temperature of 300 K.

3. The mass fraction of solid aluminum powder in the aluminum-
based metal fuel was 80%, and the total mass flow rate was
0.12 kg/s, of which 40% of the total mass was volatile.

FIGURE 2
Structural drawing of water ramjet.

TABLE 1 Parameter distribution of atomized water droplet diameter.

Case Diameter of atomized water droplets at the primary water
inlet/μm

Diameter of atomized water droplets at the secondary water
inlet/μm

1 10 30

2 30 30

3 50 30

4 30 10

5 30 50

FIGURE 3
Temperature distribution of flow field in water ramjet [(A) case 1,
(B) case 2, (C) case 3].
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4. The wall was set to be adiabatic.
5. The outlet was a pressure outlet.

3 Results

3.1 Effect of 1st inlet droplet size

Firstly, the effect of 1st inlet droplet size was investigated under
the conditions where the droplet size of the 2nd inlet was fixed at
30 μm and the droplet size of the 1st inlet was set to 10 μm, 30 μm,
and 50 μm for cases 1–3, respectively. Figure 3 shows the
temperature distribution inside the water-jet propulsion engine
for different droplet sizes of the 1st inlet. It can be observed that
when the droplet size of the 1st inlet is 10 μm, a clear low-
temperature area appears due to the evaporation and
endothermic effect of water droplets at the 1st inlet. The high-
temperature region generated by combustion is concentrated
between the 1st and 2nd inlets, where the reaction between
aluminum fuel and water mainly takes place. Since there is still a
small amount of unreacted aluminum fuel, the engine uses the 2nd
inlet to supplement the working fluid. Under the premise of
ensuring efficient combustion reaction in the combustion
chamber, the evaporation and endothermic effect of a large
amount of low-temperature droplets are utilized to cool down
the internal flow field and provide high-temperature protection.

When the diameter of water droplets at the first water injection
port increased to 30 μm (case 2), the low-temperature region at the
first injection port disappeared. This is mainly because with the
increase of water droplet diameter, the contact area between water
droplets and aluminum fuel per unit mass decreases, leading to
longer evaporation time and reduced heat absorption of water
droplets in the reaction zone. As a result, the main combustion

region moves closer to the center of the combustion chamber.
However, due to the slow evaporation process of water droplets,
there was no rapid temperature drop phenomenon as in case 1,
which better promotes the progress of the aluminum-water reaction
and enlarges the main reaction zone between the first and second
water injection ports. For case 3 with a liquid water droplet diameter
of 50 μm, the further increase of droplet diameter results in
decreased evaporation efficiency, increased two-phase flow losses,
and reduced range of high-temperature region, which is not
conducive to the further propagation of the reaction.

Figure 4 shows the distribution of Al2O3 mass fraction in the
flow field of the water-injected engine under operating conditions
1–3. In case 1, due to the rapid evaporation and heat absorption of
water droplets, the Al2O3 concentration near the first injection port
is relatively low, and mainly concentrates in the center of the
combustion chamber and spreads to both sides. In case 3, the
larger droplet diameter (50 μm) requires a longer evaporation
time, resulting in lower product concentration in the central
region. When a droplet diameter of 30 μm is used for injection
(condition 2), the amount and distribution of product Al2O3 are the
largest, indicating a more intense aluminum-water reaction at this
droplet size.

Figure 5 shows the variation of water droplet mass along the
trajectory under cases 1–3. It can be seen that the evaporation
efficiency of water droplets has a significant impact with the change
of droplet diameter. Water droplets under cases 1-2 can evaporate in
a short time, allowing for effective mixing combustion with
aluminum fuel in the main reaction zone between the first and
second water inlets. However, under the condition of large droplet
diameter in case 3, the slow evaporation process leads to insufficient
time for effective mixing combustion between water droplets and

FIGURE 4
Mass fraction distribution of Al2O3 [(A) case 1, (B) case 2, (C)
case 3].

FIGURE 5
Variation chart of water droplet mass with trajectory [(A) case 1,
(B) case 2, (C) case 3].
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FIGURE 6
Pressure curve of flow field in water ramjet.

FIGURE 7
Temperature distribution of flow field in water ramjet [(A) case 4,
(B) case 2, (C) case 5].

FIGURE 8
Mass fraction distribution of Al2O3 [(A) case 4, (B) case 2, (C)
case 5].
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aluminum fuel, resulting in the water droplets mainly existing near
the combustion chamber wall and more concentrated between the
second water inlet and the nozzle outlet, thereby affecting the
combustion reaction.

Figure 6 shows the axial pressure variation curve under cases
1–3. It can be seen that the overall pressure along the axial direction
of the combustion chamber of the water-assisted stamping engine is
relatively stable. The water, as an oxidizer, is injected twice along the
axial direction, which has a certain influence on the pressure
variation of the combustion chamber, but the overall change is
not significant. As the diameter of the water droplets at the first
water inlet increases, the pressure value of the combustion chamber
of the water-assisted stamping engine gradually decreases, resulting
in a decrease in thrust.

3.2 Effect of secondary inlet atomization
diameter

In this section, cases 4-5 are used to investigate the effects of
atomization diameter of the second water injection port on the flow
field structure and working characteristics of the water-jet-assisted
engine when the atomization diameter of the first water injection
port remains unchanged.

Figures 7, 8 show the temperature distribution and the
distribution of Al2O3 mass fraction in the flow field of the
water-jet-assisted engine under different atomization
diameters of the second water injection port (with the
atomization diameter of the first water injection port kept at
30 μm for conditions 2, 4, and 5). It can be seen that the change in
the atomization diameter of the second water injection port has a
relatively small impact on the main combustion zone of the
water-jet-assisted engine compared with the change in the
atomization diameter of the first water injection port. This is
mainly because before reaching the vicinity of the second water
injection port, aluminum and water vapor have already
undergone relatively sufficient mixing and reaction, leading to
a large consumption of aluminum particles. Therefore, the water-
to-fuel ratio is relatively high near the second water injection
port, and the injection of water causes the high-temperature
mixed gas to rapidly cool down, resulting in a decrease in its
contribution to the main combustion zone near the second water
injection port.

When the diameter of the water droplets injected into the second
water inlet is 10 μm, a large low-temperature area appears near the
second water inlet due to the rapid evaporation and heat absorption.
At this time, the temperature near the wall is 400 K. Water vapor
diffuses into the central area of the combustion chamber and mixes
with unreacted aluminum metal, expanding the area of the core
reaction zone. As the diameter of the water droplets increases, the
temperature in the near-wall area between the second water inlet
and the downstream nozzle gradually increases. When the diameter
of the water droplets is 50 μm, the temperature near the wall reaches
1500 K. This indicates that the water injected from the second water
inlet is unable to cool the high-temperature zone of the main
combustion generated by the water injected from the first water
inlet in a timely manner, and puts higher demands on the thermal
protection of the water injection engine. At the same time, a large

droplet diameter makes it impossible to evaporate the droplets into
water vapor quickly, causing the low-temperature area to shift
downward and reducing the Al2O3 content in the center of the
combustion chamber, which in turn reduces the combustion
efficiency of aluminum metal.

Figure 9 shows the variation of the mass fraction of water
droplets along their trajectories under different diameters of
water droplets injected from the second water inlet (cases 2, 4,
and 5). As the diameter of the atomized water droplets decreases,
the residence time of water droplets in the central area increases,
so the consumption rate of water in the main reaction zone of the

FIGURE 9
Variation chart of water droplet mass with trajectory [(A) case 4,
(B) case 2, (C) case 5].

FIGURE 10
Pressure curve of flow field in water ramjet.
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combustion chamber increases with the decrease in the diameter
of the water droplets. For condition 5, where the diameter of the
water droplets injected from the second water inlet is 50 μm, the
water vapor content in the central area of the downstream
combustion chamber drops significantly. This indicates that a
large atomized droplet diameter slows down the heat absorption
and evaporation process of the water droplets, making water
vapor more concentrated near the injection nozzle, and thus
preventing the water vapor from reacting with aluminum in a
timely manner, resulting in a large low-temperature zone in the
central area of the combustion chamber and reducing the overall
combustion efficiency and engine performance. On the other
hand, when the diameter of the droplets injected is smaller (case
4), the water vapor can linger in the central area of the
combustion chamber for a long time, supplementing oxidants
for the aluminum-water reaction, promoting the reaction
between the aluminum-based fuel and water, expanding the
combustion range, and thereby improving the overall
performance of the engine.

Figure 10 shows the variation of axial pressure in the engine for
different 2nd injection water droplet diameters, and it can be seen
from the five operating conditions that decreasing the diameter of
atomized water droplets can increase the pressure in the combustion
chamber. Furthermore, the diameter of the atomized water droplets at
the 2ndwater inlet has a greater impact on chamber pressure than that
at the 1st water inlet, because the water-to-fuel ratio at the 2nd water
inlet is much higher than that at the 1st water inlet, and the amount of
heat absorbed by water droplet evaporation is greater, which has a
greater effect on the flow field inside the combustion chamber. Under
operating condition 4, the highest pressure can reach 2.7 MPa,
indicating that the combination of a 30 μm water droplet diameter
at the 1st injection port and a 10 μmwater droplet diameter at the 2nd
injection port results in the highest combustion intensity for the water
jet engine. However, for operating condition 5, the large diameter of
atomized water droplets downstream of the combustion chamber
results in slow heat absorption and evaporation of water droplets,
which cannot supplement the gas volume in a timely manner, leading
to a decrease in the combustion efficiency of the aluminum-water
reaction.

Table 2 presents the dimensionless specific impulse of the
steady-state internal flow field of the water-impulse engine under
five different operating conditions. It can be observed that the
dimensionless specific impulse is highest under condition 4.
Comparing case 1 and case 2, although the specific impulse
slightly increases, the temperature distribution and the mass

fraction distribution of Al2O3 product shown in Figures 3, 4
indicate that the rapid evaporation of small droplets from the 1st
injection port leads to a rapid decrease in the flow field
temperature, causing a large area of low-temperature region in
the main reaction zone of the combustion chamber, reducing the
reaction rate of aluminum-water mixture and decreasing the
high-temperature reaction zone. Therefore, the selection of a
moderate droplet size of 30 μm at the 1st injection port is more
appropriate. Conversely, cases 3 and 5 exhibit the lowest specific
impulse, indicating that excessively large droplet sizes at the 2nd
injection port significantly reduce combustion efficiency and
subsequently engine performance.

In summary, there exists an optimal selection of droplet sizes
for the 1st and 2nd injection ports in the water-impulse engine,
which can achieve the best combustion performance and
operational efficiency.

4 Discussion

In this study, numerical simulations were performed to
investigate the flow field structure and engine performance of
an aluminum-based water-jet engine model’s combustion
chamber, and the effect of different droplet diameters of the
first and second water injection ports on the flow field was
analyzed. The results indicate that: 1) For water-jet engines,
the droplet diameter of liquid water injected into the
combustion chamber has a significant impact on the structure
of the main heat release zone and engine performance. As the
droplet diameter increases, the overall evaporation time of water
droplets in the combustion chamber will increase, which will have
an adverse effect on their mixing with metal particles and
combustion. 2) The droplet diameter of the first water
injection port needs to be maintained within an appropriate
range. If the diameter is too large, the evaporation efficiency
will be further reduced, the two-phase flow loss will increase, and
the range of the high-temperature region will decrease, which is
not conducive to the diffusion of the high-temperature reaction
zone. If the droplet diameter is too small, the liquid water will
quickly evaporate, leading to a rapid decrease in the temperature
of the main heat release zone in the combustion chamber, which
will reduce the rate of aluminum-water reaction, decrease the
high-temperature reaction zone, and thus affect the engine’s
combustion chamber pressure and performance improvement.
3) The droplet diameter of the second water injection port has a
smaller impact on the aluminum-water reaction in the main
combustion zone. However, reducing the injection diameter of
this water injection port is not only conducive to the downstream
diffusion of the high-temperature reaction zone, further
expanding the combustion range and increasing specific
impulse but also reduces the temperature near the wall, which
is beneficial to thermal protection. Therefore, for the metal-based
fuel water-jet engine studied in this paper, due to the different
effects of the first and second water injection ports on the
combustion reaction flow field structure and performance, the
optimal injection droplet diameter of liquid water also varies. The
selection should be matched according to the engine’s combustion
and thermal protection performance requirements.

TABLE 2 Dimensionless specific impulse of water ramjet under different
working conditions.

Case Dimensionless specific impulse

1 0.83

2 0.79

3 0.75

4 0.9

5 0.6
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