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Abstract

The metal-water system is attractive for propulsion and energy-conversion 
applications. Of all metals, aluminum is attractive due to its high energy density, 
relative safety, and low cost. Experimental studies provide new insight on the 
combustion and propulsive behaviors. The burning rate is found to be a strong 
function of both pressure and particle size. Furthermore, there is a wide scatter 
in the measured pressure exponents due to differences in particle size, pressure, 
pH, and equivalence ratio. A major problem with Al/H2O mixtures is incomplete 
combustion and poor impulses, thereby rendering Al/H2O mixtures unsuitable for 
practical applications. Efforts to improve the performance of Al/H2O mixtures have 
only met with moderate success. Although experiments have revealed these new 
trends, not much is offered in terms of the underlying physics and mechanisms. To 
explore the combustion mechanisms, theoretical models based on energy balance 
analysis have been developed. These models involve numerous assumptions and 
many complexities were either ignored or treated simplistically. The model also 
relies on empirical inputs, which makes it more a useful guide than a predictive 
tool. Future works must endeavor to conduct a more rigorous analysis of metal-
water combustion. Empirical inputs should be avoided and complexities must be 
properly treated to capture the essential physics of the problem. The model should 
help us properly understand the experimental trends, offer realistic predictions for 
unexplored conditions, and suggest guidelines and solutions in order to realize the 
full potential of metal-water mixtures.

1. Introduction

Metal particles are of concern to propulsion and 
energy-conversion applications [1]. Of all metals, 
aluminum (Al) in the form of micron-sized particu-
lates is commonly used due to its high energy den-
sity, low cost, and relative safety [2]. Ignition of 
micron-sized and larger Al particles occurs at tem-
peratures as high as 2350 K upon melting of the 
oxide layer [3]. The high ignition temperatures and 
particle agglomeration lowers the energy-release 
rates in many practical applications [1]. Nanoparti-
cles possess unique and favorable properties due to 
the greater percentage of atoms of the surface and 
excess energy of the surface atoms. For example, 
the ignition temperature of aluminum particles de-
creases with decreasing particle size, from about 
2350 K at 100 μm to 933 K at 100 nm [2]. Sub-

stantial enhancements in burning rates have thus 
been achieved when metal nanoparticles are used 
instead of micron-sized counterparts in energetic 
materials [4]. 

Recently, there has been an enormous interest 
in metal-water for a number of reasons. Firstly, the 
mixture is quite simple in composition and is rel-
atively safe to handle [5]. Aluminum, a candidate 
metal, is the most abundant metal in Earth’s crust 
and water covers nearly 70% of the Earth’s sur-
face. Secondly, the metal-water reaction is quite 
exothermic and the mixture is thus associated with 
large energy content. The aluminum-water reac-
tion is given by

 2Al + 3H2O → Al2O3 + 3H2    (1)

The enthalpy of reaction is about 813 kJ. For 
comparison, the enthalpy of H2/O2 reaction is about 
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242 kJ. On a gravimetric basis, enthalpies of com-
bustion of Al/H2O and H2/O2 systems are about 7 
and 13 kJ/g of mixture, respectively. However, on 
a volumetric basis, the enthalpies of combustion 
of Al/H2O and H2/O2 systems are about 11 and 5.6 
kJ/cm3, respectively. It is apparent that metal-water 
mixtures are quite useful for volume-limited appli-
cations. Another advantage is that the combustion 
products are environmentally benign, unlike con-
ventional composite solid rocket propellants (such 
as AP/HTPB) [1].  

The Al/H2O reaction is of relevance for a number 
of applications. In a typical aluminized composite 
solid propellant, aluminum particles react with the 
combustion products of the base propellant, which 
mainly consists of carbon dioxide and water vapor 
[6]. As a result, understanding of Al/H2O reaction 
is expected to help understand the overall propel-
lant combustion [7]. Since one of the major prod-
ucts of Al/H2O reaction is hydrogen, the mixture 
is also viewed as a chemical source of hydrogen 
and is thus considered for hydrogen generation ap-
plications [8]. It is also of interest to underwater 
propulsion, since the oxidizer (water) need not be 
carried on-board [9]. Furthermore, the propellant 
can be manufactured in other water-bearing plan-
ets instead of being transported at a huge cost [7]. 
These factors have generated tremendous interest 
in the Al/H2O system.

In this paper, the thermochemical behavior of 
Al/H2O system is first characterized. Recent prog-
ress in experimental and theoretical studies is then 
reviewed. Deficiencies in the knowledge base are 
identified and directions for future work are sug-
gested.

2. Thermochemical characterization

The thermodynamic performance of Al/H2O 
mixtures is characterized by NASA chemical equi-
librium with applications (CEA) program [10]. 
One of the most important thermochemical param-
eters is the adiabatic flame temperature. Figure 1 
shows the effect of oxidizer-fuel weight (O/F) ra-
tio on the adiabatic flame temperature of Al/H2O 
mixtures. For pure Al/H2O mixtures, the adiabatic 
flame temperature increases with increasing O/F 
ratio and attains a maximum value of about 2850 K 
at O/F ratio of unity. This is not surprising since the 
stoichiometric Al/H2O mixture consists of equal 
mass of aluminum and water. Calculations are also 
performed for mixtures containing nanoparticles 
to quantify the effect of oxide layer on the flame 

temperature. The particle size is chosen to be 40 
nm and the resulting oxide layer content is about 
50% by mass of the particle. As the oxide layer is 
an inert material, the adiabatic flame temperature 
drops from about 2850 to 2450 K for O/F ratio of 
unity. Figure 2 shows the effect of pressure on the 
adiabatic flame temperature of stoichiometric mix-
tures. The variation of boiling point of aluminum 
with pressure is obtained using the Clausius-Cla-
peyron equation. For pressures representative of 
those in practical propulsion applications, the adi-
abatic flame temperature is lower than the boiling 
point of aluminum. As a result, vaporization of alu-
minum is unlikely to occur and combustion must 
take place via heterogeneous surface reactions. 
This is more so for n-Al/H2O mixtures due to their 
lower adiabatic flame temperatures. 
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Fig. 1. Effect of oxidizer-fuel weight (O/F) ratio on the 
adiabatic flame temperature of Al/H2O mixtures; oxide 
content in nanoparticles is 50% by mass.
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where k is the adiabatic constant, Ru the universal 
gas constant, MW the molecular weight of prod-
uct gases, Tc the combustion temperature, and p 
the pressure. The subscripts e and c refers to noz-
zle exit and combustion chamber, respectively. 
The specific impulse can be increased by increas-
ing the combustion temperature and decreasing 
the molecular weight of exhaust gases. Figures 
3 and 4 shows the sea-level specific impulse of 
Al/H2O propellants for different O/F ratios (or 
equivalence ratios). Calculations were performed 
using the NASA CEA code [10]. The chamber 
pressure is 50 atm and the gas is expanded to at-
mospheric pressure. To understand the specific 
impulse trends, it is important to understand the 
effect of O/F ratio on adiabatic flame temperature 
and product molecular weight. For pure Al/H2O 
propellant, the adiabatic flame temperature takes a 
maximum value of ~3100 K for O/F ratio of uni-
ty due to the right balance between aluminum and 
water. Beyond O/F = 1, molecular weight decreas-
es, since there is more unreacted water in the prod-
ucts and water has lower molecular weight than the 
mean molecular weight of alumina and hydrogen. 
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Fig. 3. Sea-level specific impulse, adiabatic flame 
temperature, and product molecular weight of Al-
H2O propellant as a function of O/F ratio; theoretical 
calculations for a chamber pressure of 50 atm and 
product expanded to atmospheric pressure.
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Fig. 4. Sea-level specific impulse, adiabatic flame 
temperature, and product molecular weight of n-Al-
H2O propellant as a function of O/F ratio; theoretical 
calculations for a chamber pressure of 50 atm, particle 
oxide content of 50 wt.%, product expanded to 
atmospheric pressure.

On the other hand, no such reduction is observed 
for O/F ratios lower than unity, as the molecu-
lar weight of unreacted aluminum is equal to the 
mean molecular weight of alumina and hydrogen. 
For these reasons, a maximum specific impulse 
of about 225 sec is predicted for stoichiometric/
slightly fuel-lean mixtures. 

The situation becomes different for Al/H2O 
mixture containing nanoparticles. The oxide layer 
content in the particle is taken as 50%. Note that 
the maximum flame temperature is around 2500 K, 
lower than that of pure Al/H2O propellant due to 
the high oxide content in the particles. The product 
molecular weight is also higher, since alumina has 
the highest molecular weight of 102 g/mol among 
all major species of concern. Furthermore, for fu-
el-rich mixtures, the molecular increases with de-
creasing O/F ratio, since the unburned aluminum 
particles are associated with high oxide content. 
The peak specific impulse is attained for slightly fu-
el-lean conditions, as the molecular weight exerts a 
slightly stronger effect than the flame temperature 
near stoichiometric condition. Note however that 
the peak specific impulse is 178 sec, lower than 
that of pure Al/H2O system (225 sec).

Table 1 compares the sea-level specific impulse 
of Al/H2O propellants with those of conventional 
solid and liquid propellants. Note that the actual 
impulse is typically lower due to inefficiencies as-
sociated with combustion and expansion process-
es. Although the specific impulse is greatest for 
LOX/LH2 propellants, it is comparable for pure 
Al/H2O propellants and conventional aluminized 

An important metric of efficiency of rocket pro-
pellants is the specific impulse. It represents the 
thrust force per unit mass burning rate of the propel-
lant. The specific impulse of a propellant is directly 
related to the nozzle exit velocity [11]:
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where p0 is the baseline pressure of 0.1 MPa. How-
ever, mechanisms of combustion were not explored 
and no attempt was made to explain the observed 
burning-rate trend.

In a subsequent study [13], detailed character-
ization of Al/H2O combustion was attempted us-
ing the same experimental setup. The temperature 
profile was obtained using thermocouples. The 
particle size was reported to be 120 nm, which is 
consistent with the high specific surface area of the 

Al powder (18 m2/g). The active aluminum con-
tent was 96.5%. The combustion efficiencies were 
about 50‒60% over a pressure range of 0.1‒7 MPa. 
Incomplete combustion was attributed to boiling 
out phenomenon of water. After vaporization, 
water vapor accelerates and exits the tube and is 
thus not easily available to oxidize Al particles. 
To validate this claim, the authors considered a fu-
el-lean mixture (40% Al and 60% water) with the 
hope that the excess water would result in a more 
complete combustion of Al particles. For fuel-lean 
mixtures, the combustion efficiency reached 99% 
at a pressure of 5 MPa and the combustion tem-
peratures were as high as 2400 K. For comparison, 
the maximum combustion temperature was about 
2100 K for the stoichiometric mixture. Similarly, 
the burning rate was about 1.7 cm/s at 7 MPa, sig-
nificantly greater than the counterpart of the stoi-
chiometric mixture. These observations support 
the “boiling-out” theory. 

While studies of Ivanov et al. used a gelling 
agent to achieve self-sustained combustion, Ri-
sha et al. [7] was able to achieve self-sustained 
combustion without any gelling agent. Steady 
burning rates were measured using a windowed 
pressure vessel, as shown in Fig. 5 [5]. The 61 cm 
long stainless steel chamber has an inner diameter 
of 22 cm and a total free volume of 23 l to mini-
mize the pressure variation caused by the genera-
tion of gaseous combustion products. Aluminum 
nanoparticles were mixed with distilled water in a 
sealed plastic bag. The mixture was then packed 
into a quartz glass tube (1 cm OD, 0.8 cm ID, 7.5 
cm long) and ignited. The temporal evolution of 
the flame front, tracked and recorded using video 
equipment, was used to obtain the burning rate. 

 

Fig. 5. Schematic of the constant-pressure strand burner 
with optical access (reprinted from [5] with permission 
of Elsevier).

solid propellants. Note that the oxide content in the 
particles is detrimental to the specific impulse. The 
density impulses of Al/H2O propellants are howev-
er greater than those of the two liquid propellants 
considered here due to greater propellant densities. 
This is likely to result in significant savings in the 
tank mass and increase in the payload capacity. 

Table 1 
Comparison of sea-level specific impulses of 
different propellants; theoretical calculations 
for a chamber pressure of 50 atm and product 

expanded to atmospheric pressure

Propellant Density (g/cm3) Isp, sec Isp, g-s/cm3

LOX/LH2 0.361 370 133
(O/F = 6.0)
LOX/RP-1 1.02 290 296
(O/F = 2.38)
AP/Al/HTPB 1.82 256 466
(68/20/12)
Al/H2O 1.459 225 329
n-Al/H2O 1.758 180 316

3. Experimental studies  

One of the first experimental studies on na-
noaluminum-water combustion was conducted 
by Ivanov et al. in 1994 [12]. Ultra-disperse Al 
particles produced by electric explosion of wires 
were mixed with distilled water under stoichio-
metric conditions. Although the particle size was 
reported to be 1 µm, the specific surface area was 
18 m2/g. The mixture was gelled by adding poly-
acrylamide (~3%). The study was conducted in a 
constant-pressure vessel using 10 mm diameter 
quartz beakers in an argon environment. Burning 
rates were measured over a pressure range of 0.1‒7 
MPa. The measured burning rates were described 
by the following correlation [12]:

 [ ] [ ]( )0.4b 0r cm / s 0.183 p MPa / p ,= (3)



D. Sundaram

Eurasian Chemico-Technological Journal 20 (2018) 53-62

57

 Pressure, MPa

Bu
rn

in
g

Ra
te

,c
m

/s

5 10 15

1.0

2.0

3.0

4.0

1

rb [cm/s] = 0.992(P[MPa])0.405

rb [cm/s] = 1.2(P[MPa])0.27

Al/ice ( = 0.943)

Al/water ( = 1.0) [6]

Fig. 6. Effect of pressure on the burning rate of 80 nm 
Al/H2O mixture (reprinted from [14] with permission of 
American Institute of Aeronautics and Astronautics).

Figure 6 shows the effect of pressure on the burn-
ing rate of 80 nm Al/H2O mixtures [14]. Pressure 
exponents are in the range of 0.27‒0.40, depending 
on the thermodynamic state of water. The burning 
rate was found to be inversely proportionally to 
particle size over a size range of 50‒130 nm [7]. 
Both diffusion and chemical kinetics were specu-
lated to affect the burning rate [7], but key mecha-
nisms and processes were not understood. 

A similar study was also conducted by Sha-
firovich et al. [8] and they obtained a value of about 
2 mm/s for a particle size of 80 nm and pressure 
of 1 atm. The combustion efficiency was reported 
to be 50%, suggesting that incomplete combustion 
resulted in a low burning rate. In a follow-up work 
[15], Risha et al. measured chemical conversion 
efficiencies of Al/H2O mixtures using a constant 
volume closed chamber. Based on the hydrogen 
concentration after the test, conversion efficiencies 
were determined. Measured conversion efficiencies 
were in the range of 27‒99%. Increasing the pres-
sure, mixture confinement, and decreasing the par-
ticle size resulted in higher conversion efficiencies. 

In subsequent studies, Al/H2O combustion was 
further studied in an attempt to capture the details 
of the combustion process and effect of process 
parameters. Firstly, the effect of pH was explored 
[16]. The value of the pH, moderated using HCl, 
had a profound effect on the mixture consistency. 
pH close to 7.0 resulted in aggregation or clus-
tering of particles due to strong inter-particle at-
tractive forces. On the other hand, lower or higher 
pH values resulted in fluid-like consistency (with 
dispersed particles) due to repulsion forces caused 
by the formation of ionic charge clouds at the sol-
id-liquid interface. The pressure exponent in the 
burning rate took values of 0.68, 0.58, and 0.34 

for pH values of about 9, 3, and 5, respectively. 
A connection between propellant consistency and 
pressure exponent was thus established.  

The effect of equivalence ratio was also stud-
ied [17]. The combustion efficiency increased with 
decreasing equivalence ratio, from about 70% at 
ϕ = 1 to 95% at ϕ = 0.67. This is in agreement with 
the findings of Ivanov et al. [13]. However, the 
burning rate and pressure exponent were not signifi-
cantly affected by the equivalence ratio. Unburned 
aluminum agglomerates were observed for stoi-
chiometric mixtures. It was proposed that the com-
bustion of Al/H2O mixtures is controlled by mass 
diffusion due to the presence of large agglomerates. 

The Al/H2O mixture has been refrigerated (by 
freezing the water in the mixture) and the propul-
sive performance of the resulting solid propellant 
(ALICE) has been characterized [14]. Laborato-
ry-scale static fire motor experiments were con-
ducted for motors with three different combustion 
chamber diameters of 1.91, 3.81, and 7.62 cm. A 
post combustion chamber with a length of 7.62 cm 
was used. Both center-perforated and end-burn-
ing motors were employed. Three different grain 
lengths of 3.81, 7.62, and 15.2 cm were considered 
for end-burning motors. For center-perforated mo-
tors, the grain length was chosen as 7.62 cm. A 
graphite nozzle with a contraction ratio of 10 and 
divergence half-angle of 15 degrees was used. The 
instantaneous thrust was measured using an OME-
GA load cell. Table 2 shows the propulsive perfor-
mance of the ALICE propellant [14]. The specific 
impulse varies in the range of 56-133s, much low-
er than the theoretical estimates. The disparity was 
attributed to low combustion efficiencies caused 
by low combustion temperatures, insufficient resi-
dence time, and particle agglomeration. 

Table 2 
Performance parameters for ALICE propellants at 
an equivalence ratio of 0.71 (reprinted from [14] 

with permission of American Institute 
of Aeronautics and Astronautics)

Parameter Motor Size [cm]
1.91 3.81 7.62

Peak Thrust (N) 166 318 908
       (m/s) 528 784 848
       (%) 43 64 96
       (s) 56 83 133
       (%) 27 40 64
Isp @ Peak Pressure (s) 97 124 203
      with Al2O3 retained (s) 63 117 233

 *C
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spI

 
SPIη

 
spI
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Considering the deficiencies of Al/H2O mix-
tures, efforts have been made to improve the per-
formance of aluminum-water mixtures. One of 
the major issues with nanoparticles is the high 
oxide content, which results in a low energy con-
tent. The energy content can be enhanced by us-
ing micron-sized particles, since the active alumi-
num content is nearly 100% [18, 19]. The burning 
rate, however, decreases by a factor of four when 
the loading density of micron-sized particles in-
creases from 0 to 80% due to poor reactivity of 
micron-sized particles [19]. Another approach to 
enhance the energy content is using hydrogen per-
oxide instead of water [20, 21]. It is well known 
that the heat of Al–H2O2 reaction is 1388 kJ/mol, 
which is nearly twice that of Al–H2O counterpart 
(813 kJ/mol). As a result, a substantial enhance-
ment of the burning rate is observed [20, 21]. Alu-
minum hydride (alane) has also been considered to 
enhance the hydrogen content of the mixture [18].

4. Theoretical studies

Theoretical studies on Al/H2O combustion have 
been conducted to explore the underlying physics 
and explain the experimental observations. A 1-D 
flame propagation model was developed to predict 
the burning rates and flame structure by solving the 
conservation equations in each zone and matching 
temperature and heat flux at the interfacial bound-
aries [5]. The model assumed steady-state propa-
gation, constancy of pressure, and ignored many 
complexities such as motion and agglomeration 
of particles. Figure 7 shows the physical model of 
concern and multi-zone flame structure [5]. The 
coordinate system was attached to the propagating 
flame. The entire region of concern was divided 
into three zones: (1) liquid water preheat zone; (2) 
water vapor preheat zone; and (3) reaction zone. 

Water vaporizes at the boiling front, x = δv, where 
the temperature is equal to the boiling point, Tv. 
The mixture begins to react once the ignition tem-
perature, Tign, is attained. Chemical reactions were 
neglected in the preheat zones. The governing 
equations and boundary conditions for each zone 
are presented below.

4.1. Liquid water preheat zone

The energy equation in this zone takes the form 
[5]

 

 

Al-Al2O3-H2O(g)-H2

ignition  

Al-H2O(g)Al-H2O(l)

           boiling  

Tu

Tign

x =  v   x = 0 

Tv

Tf

    x =  ∞ x = f

Liquid Water Water Vapor 

Gaseous 
Reaction

 Zone 

(W) (V)

(G) 

Fig. 7. Physical model and multi-zone flame structure (● Al, ○ Al2O3) (reprinted from [5] with permission of Elsevier).
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subject to the boundary conditions [5]:

 ; ;→−∞ =−= =
vx u x vT T T Tδ

(5)

where ρ is the density, Cp the specific heat, rb the 
burning rate, T the temperature, x the space coor-
dinate, and δv the thickness of the water vapor pre-
heat zone. The subscripts W, u, v, ox, and lw refer 
to the liquid water zone, unburned state, vaporiza-
tion, oxide, and liquid water, respectively. Analyti-
cal solution of Eq. (4), subject to the boundary con-
ditions, gives the temperature distribution in this 
zone, which is a function of the burning rate (the 
primary unknown).

4.2. Water vapor preheat zone

At the boiling front, x = ‒δv, water boils and the 
resulting vapor flows through the interstitial space 
between particles. It was assumed that the parti-
cles are not entrained by the gas and the momen-
tum conservation was thus not considered [5]. The 
conservation of mass of water was enforced to de-
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termine the velocity of water vapor at the boiling 
front [5]

  ρlwrb = ρwvvwv       (6)

Here, v is the gas velocity. The subscript wv denotes 
water vapor. The energy equation is given by [5]

 2

, 2
,= +

 
 
 
∑ m

m G
b

r
i p,i i b

i

Qd T
r

dx
dTC
dx

ρ
λ

τ
ρ Φ (9)

where Qr is the chemical energy release per unit 
mass of the mixture and τb the particle burning time. 
The subscripts G, m and i refer to the reaction zone, 
mixture, and species i, respectively. The heat of re-
action was adjusted to account for heat losses and 
combustion inefficiency so as to obtain the mea-
sured combustion temperature of ~1800 K [5]. The 
ignition temperature of aluminum nanoparticles 
was taken to be 1360 K [5]. For the burning time, 
a reference burning time was employed; this was 
the measured burning time of 24 nm Al particles 
in water vapor [5]. To capture the size effect, a dp

2-
law for the burning time was used [5]. The energy 
equation in the reaction zone was solved numeri-
cally, with the burning rate treated as the eigenval-
ue. Numerical integration was achieved by means 
of the Rosenbrock method. The Newton-Raphson 
iteration method was used for the root finding.  
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Fig. 9. Effect of particle size on burning rate of 
stoichiometric Al-H2O mixture at 3.65 MPa (reprinted 
from [5] with permission of Elsevier).

Figures 8 and 9 show the effects of pressure and 
particle size on the burning rate of Al/H2O mix-
tures [5]. Although the pressure and size depen-
dencies of the burning rate were nicely captured 
by the model, the burning time correlation used in 
the analysis was not fully consistent with the ex-
perimental data. Experimental data suggest that the 
burning time is weakly dependent on particle size 
[3], contradicting the dp

2 law used in the analysis. 
Note that the size effect was deduced only using 
three data points and there is considerable uncer-
tainty in the size effect of the burning rate.

The previous analysis neglected many complex-
ities such as convective motion and agglomeration 
of particles. It is likely that particles are entrained 
and transported out of the tube due to drag effects. 
Furthermore, particle aggregation and agglomera-
tion is likely to occur, since temperatures as high 
as 2000 K were likely present. These effects were 
considered in the subsequent analysis [22]. The 
particle entrainment effect was studied by tuning 
the particle velocity, up, expressed as [22]

subject to the interfacial conditions [5]:

 
: ,

,


= − = +


 = =

v m m fg lw lw b
V W

ign

dT dTx h r
dx dx

x 0 :T T

δ λ λ Φ ρ (8)

 ( )
2

, , , , 2 ,+ + =Al p Al Al ox p ox ox lw p wv lw b m V
dT d TC C C r
dx dx

ρ Φ ρ Φ ρ Φ λ (7)

where hfg is the enthalpy of water vaporization 
and Tign the ignition temperature of aluminum 
nanoparticles. The subscript V refers to the water 
vapor preheat zone. The thickness of this zone was 
obtained by performing the heat flux balance at 
x = ‒δv. Analytical solution of Eq. (7), subject to 
the boundary conditions, gives the temperature 
distribution. Note that the both water vapor zone 
thickness and temperature distribution in the wa-
ter vapor preheat zone are functions of the burning 
rate (the primary unknown).

4.3. Reaction zone

The energy equation can be expressed as [5]
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Fig. 8. Effect of pressure on burning rate of stoichiometric 
Al-H2O mixtures containing 80 nm particles (reprinted 
from [5] with permission of Elsevier).
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The high temperatures and attractive forces 
can cause nanoparticles to aggregate, especially 
at high particle loading densities. Figure 11 shows 
the effect of pressure on the burning rate of stoi-
chiometric aluminum-water mixture containing 80 
nm particles [22]. Both diffusion and kinetically 
controlled conditions were considered. For the ki-
netics model, better agreement with experimental 
data was obtained, when entrainment was consid-
ered. The diffusion model offered predictions that 
are in reasonably good agreement with experimen-
tal data when both entrainment and agglomeration 
of particles were considered. It was speculated that 
the inverse dependence of the burning rate on par-
ticle size is caused by the combustion of particle 
agglomerates as opposed to original particles un-
der diffusion-controlled conditions. 

5. Conclusions

The metal-water system is attractive for pro-
pulsion and energy-conversion applications. Of all 
metals, aluminum has received the most attention 
due to its high energy density, relative safety, and 
low cost. Experimental studies offered new insights 
on the burning behaviors. Some peculiar trends 
were observed. The burning rate was a strong func-
tion of both pressure and particle size. The pressure 
exponent varied between 0 and 1, depending on the 
particle size, pressure, pH, and equivalence ratio. 
Based on the limited set of experimental data, an 
inverse dependence of the burning rate on parti-
cle size was proposed, although the validity of the 
trend is unclear. Incomplete combustion seems to 
be a major problem, more so for stoichiometric and 
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where n is the entrainment index, which varies be-
tween zero (no entrainment) and unity (complete 
entrainment). By matching the energy fluxes in the 
preheat and reaction zones at x = 0, the following 
expression for the burning rate was obtained [22]
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The expression bears close resemblance to that 
obtained in our previous work, except for the fac-
tor (ρwv/ρlw)n.  

Figure 10 shows the burning-rate pressure ex-
ponent, m, for different entrainment indices, n 
[22]. Particle entrainment causes the pressure 
exponent to increase by 0.5. This is because en-
trainment causes the particle velocity and reaction 
zone thickness to increase. Increasing the reaction 
zone thickness decreases the temperature gradient 
at the ignition point and heat flux to the preheat 
zone, thereby diminishing the burning rate. As the 
fluid velocity is pressure dependent (due to mass 
conservation), entrainment brings in an additional 
pressure dependence of the burning rate. Note that 
the entrainment index is expected to be dependent 
on mixture consistency, which can be altered by 
changing the particle size [7] or pH of water [16]. 
This is because loosely packed (or dispersed) par-
ticles are more easily entrained by the gas flow. It 
is thus not surprising that the mixture consistency 
affects the pressure exponent, as the experimental 
data suggest [7, 16].



D. Sundaram

Eurasian Chemico-Technological Journal 20 (2018) 53-62

61

fuel-rich mixtures. Incomplete combustion also 
resulted in low specific impulses, thereby render-
ing Al/H2O mixtures unsuitable for practical ap-
plications. Efforts to improve the performance of 
Al/H2O mixtures have met with moderate success. 
This includes freezing the water in the mixture, us-
ing micron-sized particles, and substituting water 
for hydrogen peroxide.  

Theoretical studies have attempted to explore 
the underlying physics and mechanisms. 

Energy balance analysis was performed and 
burning rates and temperature distributions were 
predicted by numerical analysis. Closed-form ex-
pressions for the burning rate were also obtained. 
Existing models make numerous assumptions and 
approximations such as one-dimensional, steady 
state, planar, and isobaric flame propagation. Fur-
thermore, many complexities such as entrainment 
and agglomeration of particles were either ig-
nored or treated simplistically. The model is also 
semi-empirical and needs input of experimental 
data such as burning time and ignition temperature 
of particles. Modeling is thus in its infancy stage 
and existing models act only as a useful guide and 
not as a predictive tool. 

Future works must endeavor to conduct a more 
rigorous analysis of metal-water combustion. To 
facilitate the development of a more predictive 
model, empiricism should be minimized. In order 
to capture the essential physics of the problem, a 
multi-phase combustion model must be developed. 
The model must treat complexities such as particle 
motion and agglomeration, radiative heat transfer 
and employ a more accurate reaction rate model. 
It should help us properly understand the existing 
experimental trends, offer realistic predictions for 
unexplored conditions, and suggest guidelines and 
solutions in order to realize the full potential of 
metal-water mixtures.
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