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Abstract: The energy release process of the Mg-based hydroreactive fuels directly affects the perfor-
mance of water ramjet engines, and the burning rate is one of the key parameters of the Mg-based
hydroreactive fuels. However, there is not enough in-depth understanding of the combustion process
of Mg-based hydroreactive fuels within the chamber of water ramjet engines, and there is a lack
of effective means of prediction of the burning rate. Therefore, this paper aims to examine the
flame structure of Mg-based hydroreactive fuels with a high metal content and analyze the impact
of the water injection velocity and droplet diameter on the combustion property. A combustion
experiment system was designed to replicate the combustion of Mg-based hydroreactive fuels within
water ramjet engines, and the average linear burning rate was calculated through the target line
method. On the basis of the experiment, a combustion—-flow coupling solution model of Mg-based
hydroreactive fuels was formulated, including the reaction mechanism between Mg/H,O and the
decomposition products from an oxidizer and binder. The model was validated through experimental
results with Mg-based hydroreactive fuels at various pressures and water injection velocities. The
mean absolute percentage error (MAPE) in the experimental results was less than 5%, proving the
accuracy and validity of the model. The resulting model was employed for simulating the com-
bustion of Mg-based hydroreactive fuels under different water injection parameters. The addition
of water injection resulted in the creation of a new high-temperature region, namely the Mg/H,0O
non-premixed combustion region in addition to improving the radial diffusion of the flame. With the
increasing water injection velocity, the characteristic distance of Mg/H,O non-premixed combustion
region is decreased, which enhances the heat transfer to burning surface and accelerates the fuel com-
bustion. The impact of droplet parameters was investigated, revealing that larger droplets enhance
the penetration of the fuel-rich gas, which is similar to the effect of injection velocity. However, when
the droplet size becomes too large, the aqueous droplets do not fully evaporate, resulting in a slight
decrease in the burning rate. These findings enhance the understanding of the mechanisms behind
the burning rate variation in Mg-based hydroreactive fuels and offer theoretical guidance for the
optimal selection of the engine operating parameters.
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1. Introduction

Water ramjet engines utilize the combustion of hydroreactive fuels with seawater to
release energy, significantly reducing the weight of engines since the oxidizer required for
combustion is sourced from the external environment [1,2]. The Russian-developed Shkval-
III torpedo is one of the most successful technical applications of water ramjet engines. This
type of torpedo can reach speeds of up to 200 kn, and its excellent performance indicates
that water ramjet engines have a wide range of application prospects [3,4].
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Mg-based hydroreactive fuels, widely used in water ramjet engines due to their ex-
cellent ignition and combustion performance [5-7], mainly consist of magnesium powder
mixed with minor quantities of an oxidizer and binder. The burning rate is one of the most
important parameters for Mg-based hydroreactive fuels [8], and understanding its variation
is significant for studying the decomposition characteristics and optimizing the perfor-
mance of water ramjet engines. However, due to the coupling effect of multiple mechanisms
on the combustion process, the variation in the burning rate is extremely complex [9,10],
and achieving high-precision prediction of the burning rate is still difficult [11].

The oxidizing atmosphere directly influences the combustion behavior of Mg parti-
cles. As the predominant species in Mg-based hydroreactive fuels, any alterations in the
combustion characteristics of Mg particles inevitably lead to changes in the combustion
characteristics of the fuel. The experimental setups for the combustion studies involving
Mg-based hydroreactive fuels described in the literature can be broadly classified into
two types. The first type involves studying small samples, utilizing specially designed
containers as combustion chambers, enabling functionalities such as capturing the burning
process [12], measuring the burning rate, and collecting the combustion products [13,14].
For example, the experimental setup designed by Huang et al. [15] enables the study of
the primary combustion processes of high-metal hydroreactive fuels and the secondary
combustion of primary products with water vapor. During the operational stage of water
ramjet engines, the water vapor atmosphere within the combustion chamber is generated
by water injection, and the parameters of water injection will significantly influence the
combustion process of the hydroreactive fuels. The second type of experimental setup
involves employing a scaled-down experimental engine for the ground testing system with
various water injection parameters. Based on the relevant experimental data [16,17], it has
been observed that for ammonium perchlorate (AP) /hydroxyl-terminated polybutadiene
propellant (HTPB)/Mg fuels, there exists a positive correlation between the thrust and
specific impulse with the water/fuel ratio when the ratio is below 3.0, and the angle of the
injection also influences the energy release performance of the fuels.

The development of numerical simulation techniques has provided new technical
means for studying the combustion characteristics of metalized solid fuels [18-20]. The
published work on modeling the combustion of metalized solid fuels is divided into two
types. The first type mainly takes the burning surface into consideration. For example, Hu
et al. [21] developed a static combustion model for Mg-based hydroreactive fuels through
the classical Beckstead—Derr-Price (BDP) model proposed by Beckstead et al. [22-24],
quantitatively analyzed the microscale flame structure, and explained the mechanism by
which water vapor concentration affects the burning rate. Choi et al. [25] investigated the
agglomeration behavior of metal particles on the burning surface and found that the size
of agglomerates in the fuel system using Mg as a metal additive was significantly smaller
compared to Zr. The second type focuses on the spatial distribution of temperature and
the combustion products in the gas phase. A notable study by Zhu et al. [26] combined
experimental and numerical simulation to investigate the flame structure and chemical
reaction distribution of fuel-rich propellants containing Mg/ Al additives. Additionally,
Zhang et al. [27,28] established a combustion—flow coupling numerical model focused
on systems mainly consisting of Mg powder and polytetrafluoroethylene (PTFE). They
analyzed the variation in burning rate with a formulation and divided the flame structure
into two parts based on the contour of the combustion products in the gas phase: anaerobic
and aerobic regions.

Previous studies have extensively studied the combustion properties of metalized
composite fuels through numerical simulations and experiments, providing numerous
valuable insights and findings. However, there remains significant potential to expand
and deepen the research in this area. For instance, the ground testing system with scale-
down experimental engines incur considerable sample consumption and elevated testing
expenses, while the current small-scale experimental setup can only conduct experiments
within a static water vapor atmosphere, lacking the capability to investigate the impact of
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the water injection parameters on the combustion process. Currently, publicly available
numerical simulations of metalized composite fuels primarily focus on examining the com-
bustion characteristics of the fuel alone. For investigations concerning hydroreactive fuels
with water interaction, only the steady-state combustion model developed by Hu et al. [21]
has been established, while this study is also confined to a static water vapor atmosphere.
Therefore, the research on the combustion characteristics of Mg-based hydroreactive fuels
under water injection is still scarce and valuable.

The objective of this study was to develop an experimental setup and a combustion-flow
coupling solution model for the combustion process of Mg-based hydroreactive fuels. By
combining the experiments with numerical simulations, this study examined the influence
of the water injection parameters on the combustion process of Mg-based hydroreactive
fuels and elucidated the mechanisms underlying the variations in the burning rate. The
findings in this paper could provide a new method of predicting the burning rate and
theoretical guidance for the rational selection of the engine operating parameters.

2. Experimental Methods
2.1. Experimental Sample

For the samples used in this study, the mass fraction of Mg powder with a particle
size of 45 um was 75%, with the AP at 13% and the HTPB at 10%, respectively. The sample
was prepared using the casting process. First, Mg powder and AP were weighed according
to the established ratio and thoroughly mixed. The mixed powder was then combined
with HTPB and blended mechanically into a homogeneous slurry. Sample billets were
prepared by placing the paste in a vacuum drying oven, vacuuming for 3 h at 50 °C and
then curing at 50 °C for 7 days. The billets were cut into a strand with a square cross-section
measuring 5 mm X 5 mm X 40 mm, and a fuse was threaded near one end for ignition.
Two thermocouples were inserted vertically into the sample, with a distance of 25 mm
between them. Finally, the sample was coated on the sides with epoxy resin AB glue as
a flame-retardant material and air-dried naturally, preventing side burning; the prepared
sample is shown in Figure 1. Since the sample was consumed after each experiment and
therefore needed to be replaced with a new sample each time, in order to exclude any
influence on the results, it should be ensured that the batch of samples prepared was
identical, including the fuel formulation, dimensions, thermocouple spacing, and so on.

\\ ) /

/Ignition wire

Thermocouple-1

Thermocouple-2

Figure 1. Prepared sample with inserted thermocouples and ignition wire.

2.2. Experimental Setup

Figure 2 illustrates the diagram of the Mg-based hydroreactive fuels combustion
experiment system, consisting of a windowed combustion chamber made of stainless steel
(inner radius x height x wall thickness: 40 mm x 100 mm X 10 mm), nitrogen and water
inlet pipelines, control system, and measuring instrumentations. The data acquisition
system uses DEWESoft Sirius Series acquisition modules and associated data acquisition
software to export raw experimental data into various formats for subsequent processing,
and the exported data files also carry time information related to the data. The nitrogen
inlet pipeline was used to pressurize the combustion chamber, creating the high-pressure
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environment required for the sample’s combustion. The combustion chamber was fitted
with nozzles connected to the external water inlet pipelines to create the water injection
required for the combustion of the sample. In order to exclude the interference by other
components on the experimental results, we chose distilled water as the water source to
inject into the combustion chamber. The distance of the atomizing nozzle from the initial
burning surface of the sample could be freely adjusted; in this study it was 90 mm. The
velocity of the injection could be varied by adjusting the total pressure of the water flow
through the hydraulic diaphragm metering pump, as represented by:

Z(Pst - Pin)
PH,0

1)

Q
I

where v is the water injection velocity. pp,0 is the density of water. P represents pressure,
with the subscripts st and in representing the total pressure of the water flow and the
pressure inside the combustion chamber, respectively.

Hydraulic diaphragm
metering pump

Solenoid valve 2
Check Valve

Flowmeter

Solenoid valve 1

Reduction valve Combustion chamber
= ¢

Nitrogen cylinder )
Solenoid valve 3

E

Data acquisition
module

=

Temperature and pressure signal channels

Figure 2. Schematic diagram of experimental facility.

The specific operation of the experiment mainly involved the installation of the system
in the early stage, the pressurization of the combustion chamber, the ignition and water
injection process during the experiment, as well as the data saving and the combustion
chamber cleaning at the end of the experiment. The burning time of the sample did not
exceed 5 s, which took an average of 30 min for a single experiment under the circumstance
of no malfunction. The experiment was carried out at room temperature, i.e., an initial
temperature of 300 K. The sample was initially placed within the combustion chamber,
and the thermocouple data acquisition wire and ignition wire were connected. After the
installation in the combustion chamber was complete, nitrogen was flushed through the
interior to remove excess air, and the chamber was then pressurized to the experimental
pressure. Once the internal pressure of the combustion chamber had stabilized, ignition
was achieved, followed by the injection of the water through the pipelines. At the end
of the experiment, a solenoid valve was controlled to remove the high-pressure gas from
inside the chamber, and then the interior was cleaned of the sample combustion products
so that the next experiment could proceed smoothly. The burning rate of the sample was
calculated based on the difference between the response times of thermocouples under
the same conditions, with three replicates for each condition. The details of the measuring
devices involved in the experimental system are shown in Table 1.
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Table 1. Detailed information on measuring devices.
Name Branding Model Measurement Range Accuracy
Pressure sensors Xing Hang PTA-10G21G102 0-10 MPa 0.25% ES
Flowmeter Xi Chuang LWG-Y-4 0-0.25m3/h Repeatability: <0.2%
Thermocouple Cheng Lin TT-K-30 73-1673 K +25K

Data Acquisition Module DeweSoft SIRIUS® XHS - -
Data Acquisition Software DeweSoft DeweSoftX-64bit - -

3. Numerical Simulation
3.1. Physical Model

As shown in Figure 3, while combusting the Mg-based hydroreactive fuels, the initial
decomposition of the oxidizer and binder occurred, gradually exposing the metal particles
embedded in the fuel to the high-temperature airflow resulting from the pyrolysis of the
condensed phase [21]. The majority of these particles were carried into the gas phase by the
gas flow, forming the fuel-rich gas [9]. On the other hand, the water entered the combustion
chamber in droplet form through atomizing nozzles, and the droplets mixed with the
fuel-rich gas and combusted intensely, releasing a large amount of heat [13]. Some of the
heat released by the non-premixed combustion was transferred back to the condensed
phase, sustaining the decomposition of the condensed phase.

a
amn

ARl Water mjection
Y
— P
L
Mix and combustion
Gas phase region — == ]
b 0 v A .
“: ' ; Heat Gas&Particle
u,-=~1 feedback flow

Condensed T
phase region Decomposition of
condensed phase

Figure 3. The combustion diagram of Mg-based hydroreactive fuels.

To acquire the distribution of the temperature, species, and other parameters within
the combustion field, the following suppositions needed to be made:

(1) The oxidation of the Mg particles occurring at the burning surface was ignored.
(2) The products in the gas phase were considered ideal gases.

(38) The reaction of Mg with the water in the gas phase was homogeneous.

(4) The reaction rate obeyed the Arrhenius Law.

3.2. Mathematical Model
3.2.1. Governing Equations for the Continuous Phase

The N-S equations were used as the governing equations for the continuous phase [29],
which can be written as:

) —

£ +V. (PV) = Simass 2
9 - —— _
—(pV)+ V- (pVV) = =VP+V - T + Swmomentum ©)

ot

9 = — _ =
5 PE) + V- [V(0E+P)] = V- [AVT =} Jhifi + (T- V)] + Senergy )
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d > - .
5 (0Y) + V- (pVY) = =V ] + Ri + 5 i=1,23,...N (5)

where t and V denote the time and velocity, respectively. S is the source term and its

subscripts “mass”, “momentum”, “energy” and “i” represent the mass term, momentum

"2y
1

term, energy term, and species term. A is the thermal conductivity. ?i, Y;, and R; denote the
diffusion flux, mass fraction, and the net chemical production rate for species 7, and N is
the total number of species.

The internal energy E and sensible enthalpy & are specified as:

p-1 % - P+ 12 (6)
p - pl 1 2
N
h=Y Y (7)

i
where /i; denotes the sensible enthalpy of species i, which can be given by the expression
involving the temperature T [9]:

h.
ﬁ = a1+ ay; T+ az;T> + ag; T° + a5, T* + ag ;T 8)

_ —
The stress tensor T and diffusion flux J; are defined as:

_ — —T 2 —

T=p|(VV+VV )-3V-VI 9)
- vT

Ji = ~(PDip+ £V = Dy (10)

where D; ,, and D7 ; denote the mass and thermal diffusion coefficient for species I. Sc; is
the Schmidt number. I denotes the unit tensor. y; and p are the turbulence and molecular
dynamics viscosity.

3.2.2. Governing Equations for Discrete Particles

As described in Section 3.1, the Mg particles escaping from the burning surface in the
combustion field, as well as the incident water droplets, exist as discrete phase particles,
and the trajectory of the particles in the combustion field can be obtained by integrating the
force act on the particles. Supposing that the particles are only subjected to drag force, the
motion equitation of the particles can be expressed as below:

— - =
av,  (V-V,)

mp 7 =my (11)

Tr

o
where m,, represents the particle mass. V, are velocity vectors for particles. 7, represents
the particle relaxation time, which can be defined as:

o ppdy® 24
"7 18y CpRe

(12)

where d, and p, are the diameter and density of the discrete particle, respectively.

— —
Re = pdy |V — V1 /u is the relative Reynolds number. The relationship between the
drag coefficient Cp and the Reynolds number can be found in Ref. [30].
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3.2.3. Combustion Kinetic Model

Referring to the previous work of Ramakrishna et al. [31], the AP decomposition
reaction on a burning surface can be written as below:

AP — f(HCIO4 + NHj3) 4 (1 — £)(1.5H,0 4 HCl 4 1.250; + 0.5N,)

where f is equal to 0.3, and it is supposed that the binder undergoes complete decomposition
into C4Hg.

A global reaction mechanism, encompassing 12 species, was adopted to illustrate
the reaction among the decomposition products originating from the oxidizer and binder
in the gas phase with corresponding kinetic parameters referenced in Ref. [32], and the
combustion of Mg was represented using the reaction mechanism proposed by Yang
etal. [33].

The Finite-Rate /Eddy-Dissipation model was employed to simulate the interaction
between the turbulence and reactions, where both the finite-rate reaction rates, and eddy-
dissipation rates are calculated; the net reaction rate is taken to be the minimum of these
two rates.

3.2.4. Coupling between the Gas and Condensed Phases

Ignoring the exothermic or endothermic reactions that occur in the condensed region,
the equation governing the heat transfer along with its associated definite condition can be
formulated as follows: ,

d°T ; dT _
et ey = (13)
y=0T=Ty y— —0o, T =Ty

where ¢, is the specific heat capacity with the subscript ¢ representing the condensed phase,
the subscripts “w” and “0” represent the burning surface and the initial state, respectively,
and r denotes the burning rate.

Based on Equation (13), the temperature distribution in the condensed phase can be
written as follows:

Pccp,ci’,‘/)
A

c

T(y) = To + (Tw — Tp) exp(— (14)

According to Section 3.1, the decomposition of the condensed phase provides the
reactants for the reactions in the gas phase, and the heat released by the reactions maintains
the continued decomposition of the condensed phase. Thus, the interconnection can be
described via Equations (15) and (16).

oV + pei =0 (15)

T aT ot
Mgy =Ae (ay>w + (g Ve — pethf* ) (16)

The energy conservation equation can be simplified by bringing Equation (14),
Equation (15), and the enthalpy formula into Equation (16), and the simplified energy
conservation equation can be expressed as below:

aT . Ts T
Mgy = pcr(hg - hcﬂ) 17)

3.2.5. Turbulent Governing Equation

The RNG (Re-Normalization Group) k-e model was adopted for the turbulence simu-
lation in the gas phase, and the transport equations for the turbulent kinetic energy k and
turbulent dissipation rate & can be found in Ref. [34].
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3.2.6. Computational Domain and Boundary Conditions

The computational domain and boundary conditions are depicted in Figure 4. To
reduce the computational load, half of the combustion field was chosen as the computa-
tional domain, given the symmetrical property. Local mesh refinement was implemented to
improve the computational precision. The boundary conditions for the other unmentioned
boundaries in Figure 4 are a wall. At the outset, the temperature within the combustion
field was set to 300 K, assuming that only N, occupies the computational domain.

Wall
(Water injection inlet)

Pressure outlet

Velocity inlet
(Burning surface)

Figure 4. Computational domain and boundary conditions.

4. Results and Discussion
4.1. Model Verification and Validation

Based on the experimental setup introduced in Section 2.2, the combustion experiments
of Mg-based hydroreactive fuels were carried out. Firstly, the other experimental conditions
were kept unchanged, and the pressure inside the combustion chamber was adjusted to
explore the effect of pressure on the burning rate. Then, the pressure inside the combustion
chamber was maintained at 2.5 MPa, and the velocity of the water injection was adjusted
to observe the change of the burning rate. Figure 5 shows the variation in the mass flux
of water in the inlet pipeline recorded by the flowmeter with time, and the inlet mass flux
is basically stable around 0.075 m3/h. A high-speed camera was used to photograph the
atomized droplets, and the selected shots are shown in Figure 6a. The Sobel edge and
connected domain detection were performed on the resulting large number of images
to obtain the percentage of droplets in different size ranges. As shown in Figure 6b, the
particle size distribution of the droplets under different injection velocities was mainly
concentrated in the vicinity of 100 um, so it can be approximated that the initial particle size
of the droplets was the same. In order to simplify the study, in the simulation of different
injection velocities, the initial particle size of the droplets was uniformly selected as 100 um.
Each of the conditions was repeated three times, and the burning rate was taken as the
average of three measurements, as shown in Tables 2 and 3.
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Figure 5. Mass fluxes in the inlet pipework as recorded by the flowmeter.
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Figure 6. (a) Selected shots captured by the high-speed camera and (b) distribution of droplet sizes at
different injection velocities.

Table 2. Average burning rate under different pressures.

Pressure (MPa) 1.2 15 2.0 2.5 2.7 29
Burning rate (mm/s) 7.84 8.12 8.62 9.23 9.80 10.33
Table 3. Average burning rate under different water injection velocities.
Water injection velocity (m/s) 22.36 31.62 38.73 44.72
Burning rate (mm/s) 7.84 8.12 8.62 9.23
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The combustion process under different pressures and water injection velocities was
simulated by using the established numerical model. Figure 7 illustrates the difference
between the burning rates obtained from the experiments and numerical calculations, and
the average absolute percentage error (MAPE) for all the cases was less than 5%, indicating
the accuracy of the numerical model.

(a) (b)
11:2
—e— Caculation results 13+ —=— Calculation results :
10.4 = Experimental results ] = Experimental results |
£ 96
2
E
on 8.8
=]
g
2 8.0
7.2
1.2 1.6 2.0 2.4 2.8 32 20 25 30 35 40 45
Pressure (MPa) Water jet velocity (m/s)

Figure 7. Comparison of burning rates of Mg-based hydroreactive fuels for different (a) pressures
and (b) water injection velocities.

4.2. Flame Structure and Temperature

The temperature distribution within the combustion field is depicted in Figure 8a. In
the absence of water injection, the flame structure of the Mg-based hydroreactive fuels
showed a typal jet property, with substance diffusion predominantly occurring along the
axial direction of the sample, while radial diffusion was comparatively subdued, and the
highest temperature region was close to the burning surface. Combining the mass fraction
contours of Mg, H,O, and MgO shown in Figure 8b—d, it is evident that the distribution of
MgO highly coincided with the high-temperature region, while the content of Mg and H,O
was extremely low in this area. One explanation for this phenomenon is that during the
self-sustaining combustion of Mg-based hydroreactive fuels, the temperature close to the
burning surface exceeds the boiling point of magnesium. As the Mg particles separate, they
evaporate, releasing a small amount of magnesium vapor, which then reacts with a limited
amount of HyO from the thermal decomposition of the oxidizer and binder. Consequently,
a localized high-temperature region forms near the burning surface, but it is not significant
due to the low content of Mg and H,O vapor. As the Mg particles gradually move away,
the water vapor concentration around the Mg particles becomes relatively dilute, resulting
in minimal consumption of the Mg vapor from the particle evaporation. Consequently,
the Mg vapor content is quite high in the region away from the burning surface, the MgO
concentration remains relatively low, and water vapor is virtually absent.

The flame structure of the Mg-based hydroreactive fuels after the addition of the
water injection, shown in Figure 9a, exhibited a significant discrepancy compared to
Figure 8a. Firstly, the radial diffusion of the flame increased. More importantly, in addition
to the original high-temperature region, a new high-temperature region appeared, with
temperatures significantly higher than those in the other areas of the combustion field.
Figure 9b—d illustrate the spatial distribution of Mg, H,O, and MgO under the water
injection velocity of 20 m/s. It is evident that the new high-temperature region in the
gas phase significantly overlapped with the distribution of MgO, which indicates that
the Mg particles in the gas phase have undergone secondary combustion, namely the
non-premixed combustion between Mg and H,O.
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Figure 8. The temperature (a) and mass fraction contour of the major species ((b) Mg, (c) HyO,
(d) MgO) of Mg-based hydroreactive fuels self-sustained combustion at 2.5 MPa.
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Figure 9. The temperature (a) and mass fraction contour of the major species ((b) Mg, (c) HyO,
(d) MgO) in the combustion field of Mg-based hydrogen-reactive fuels after water injection at 20 m/s

and 2.5 MPa.
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Figure 10 shows the temperature profiles along the sample centerline before and
after the injection of a 20 m/s water jet. In the vicinity of the burning surface, the axial
temperature profiles were very similar in both conditions, but the temperature maxima
was slightly increased via the addition of water injection. As the axial distance increased,
the temperature decreased due to the diminishing intensity of the magnesium vapor
combustion. With the appearance of a new non-premixed combustion region following
the addition of water injection, the axial temperature profile soon exhibited a second peak,
which was the flame front of the non-premixed combustion. Define the distance between
the second temperature peak and burning surface as the characteristic distance (L) of the
non-premixed combustion region. After the flame front, the temperature declined sharply,
even lower than that before adding water injection, the reason being that here, the water
droplets evaporated in large quantities, absorbing heat, resulting in the emergence of a
local low-temperature zone, which also coincided with the distribution H,O as shown in
Figure 9c.

3000
| | —— Self-sustaining combustion
2500f | 1 —— Combustion under water jet
22000}
2
2
g
21500
5
=  —
1000f
500F
0 20 40 60 80 100

Axial distance (mm)

Figure 10. Temperature profile along the sample centerline.

In summary, the access of water injection to the flame structure of Mg-based hydrogen-
reactive fuels is manifested in two ways: it increases the radial diffusion of the flame and
allows the emergence of another high-temperature region in the gas phase caused by the
non-premixed combustion of the excess Mg powder and the water droplets after atomization.

4.3. Effect of the Water Jet Velocity

The velocity of the water injection influences the mixing of Mg/H;O during the
combustion process. When the inlet water velocity is low, the droplets have a low axial
momentum and are diverted by the airflow before reaching the burning surface. Water
droplets move axially with the gas and evaporate continuously, resulting in a low pen-
etration of the atomized droplets and insufficient mixing with the fuel-rich gas. As the
water injection velocity increases, the penetration of water droplets into the fuel-rich gas is
gradually enhanced, reducing the characteristic distance of the non-premixed combustion
region, and the effect on the burning surface temperature becomes more pronounced.
Therefore, it is necessary to investigate the effect of different water injection velocities on
the burning rate of Mg-based hydroreactive fuels.

According to the experimental results presented in Section 4.1, the burning rate of
samples increased with a rising water injection velocity. The contour of the temperature
in the combustion field under 2.5 MPa and different water injection velocities are shown
in Figure 11a; with the increase in water injection velocity, the non-premixed combustion
was gradually closer to the burning surface, as shown in Figure 11b. When the water
injection velocity was 20 m/s, the characteristic distance of the non-premixed combustion
was 19.58 mm, and this value reduced to 10.3 mm when the jet velocity rose to 45 m/s.
The burning surface heat flux and temperature are depicted in Figure 11c. Combining
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the aforementioned information, it can be concluded that the non-premixed combustion
region gradually approaches the burning surface as the water injection velocity increases.
Therefore, the heat flux on the burning surface rises, leading to an increase in the tem-
perature. This in turn accelerates the decomposition of the oxidizer and binder, which
ultimately increases the burning rate. In addition, as shown in Figure 11a, with the increase
in water injection velocity, the flame diffusion phenomenon in the radial direction was
further strengthened, which can be attributed to the increase in the mixing strength of the
water injection and the fuel-rich gas.
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Figure 11. The (a) temperature contour, (b) characteristic distance of the non-premixed combustion
region, and (c) burning surface temperature and heat flux under different water jet velocities.

4.4. Effect of Water Droplet Particles

As mentioned earlier, the initial momentum of the droplets directly affects the degree
of mixing of the fuel-rich gas with the water injection, and in addition to the velocity,
the momentum of the droplets is also affected by their mass (particle diameter). When
the initial droplet size is small, it quickly vaporizes upon entering the combustion field,
resulting in a lower degree of mixing with the fuel-rich gas. As the initial droplet size
increases, the residence time of the droplets in the combustion field lengthens, gradually
improving the degree of mixing with the Mg particles, and the non-premixed combustion
region also moves towards the burning surface. However, when the droplet size is too
large, it cannot fully evaporate, leading to incomplete reactions of Mg, thereby reducing
the energy release efficiency of the fuel. Therefore, it is necessary to study the impact of
droplet diameter on the combustion process of Mg-based hydroreactive fuels.

With the pressure and water injection velocity maintained at 2.5 MPa and 20 m/s,
respectively, the initial diameter of the water droplet was varied in the DPM model to
simulate Mg-based hydroreactive fuels’ combustion. Figure 12a shows the temperature
distribution in the combustion field under the initial droplet diameter of 50 um, 100 um,
150 pm, and 200 pum, respectively. It can be seen that, with the increasing droplet diameter,
the non-premixed combustion region in the combustion field was gradually closer to the
burning surface. However, when the droplet size was more than 150 um, the moving
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trend was not obvious, and additionally, the radial diffusion of the flame was obviously
weakened with the increasing droplet diameter. The distribution of H,O in the combustion
field for different droplet diameters is shown in Figure 12b; with increasing droplet size, the
maximum value of the mass fraction of the water vapor in the gas phase region showed a
gradually decreasing trend. Due to the increasing droplet size, the evaporation of the water
vapor in the combustion field was reduced, weakening the impact on the fuel-rich gas flow.
This also explains the phenomenon of the weakened radial diffusion of the flame structure.
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Figure 12. The (a) temperature contour, (b) mass fraction contour of H,O, (c¢) burning rate, and
(d) burning surface temperature and heat flux under different water droplet diameters.

Figure 12¢ illustrates how the fuel burning rate varied with the droplet diameter. As
the droplet size increased, the burning rate exhibited a trend of initially increasing and then
decreasing. This can be explained by the burning surface temperature and heat flux shown
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in Figure 12d; similar to the injection velocity, an increase in the initial particle diameter of
the droplet also enhanced the penetration of the fuel-rich gas, so the doping non-premixed
combustion was gradually closer to the burning surface, as shown in Figure 12a. However,
if the droplet diameter is too large it will lead to incomplete evaporation, thus reducing
the reaction intensity of the Mg/H,O non-premixed combustion, leading to the burning
surface of the heat flux having a downward trend, which in turn reduces the burning rate.

5. Conclusions

In this paper, a combination of experimental investigation and numerical simulation
was employed to examine the impact of the water injection parameters on the burning rate
of the study object. A combustion experimental system which enables the performance
of Mg-based hydroreactive fuels combustion experiments under different water injection
parameters was developed. In addition, a combustion—flow coupling solution model was
developed, involving the reaction mechanism within the fuel-rich gas as well as between
excessive Mg and the water vapor from the evaporation of droplets. The MAPE of the
calculation results was less than 5% for all the cases, proving the validity of the present
model. The main findings of this paper are as follows:

(1) Compared to the self-sustained combustion, the addition of water injection formed a
new Mg/H,0 non-premixed combustion region in the gas phase.

(2) Additionally, the initial momentum of the droplet affects the mixing degree of the
water injection and the fuel-rich gas, which is related to the initial velocity and
the initial droplet size (mass). The higher the velocity of the water injection, the
stronger the penetration ability of the water droplets into the fuel-rich gas, bringing
the Mg/H,O non-premixed combustion region towards the burning surface, which
increased the heat flux, resulting in a positive correlation between the fuel burning
rate and injection velocity.

(3) To a certain extent, the correlation between the droplet diameter and burning rate also
followed this pattern; however, an excessive droplet diameter may cause incomplete
evaporation, leading to a minor reduction in the burning rate.

These discoveries deepen the understanding of the combustion behavior of Mg-based
hydroreactive fuels, offering a theoretical instruction for the precise prediction of the
burning rate and optimal selection of the operating parameters for water ramjet engines. In
the next stage of our study, we plan to modify the existing combustion chamber to exclude
the interference from the smoke generated by the combustion of the samples, introduce
optical diagnostics in the experiments to capture the real process of energy release from Mg-
based hydroreactive fuels, and conduct further studies on their combustion characteristics.
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