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The aim of this work is to study the combustion of a LiH grain in a supersonic airstream, as a preliminary to

investigate its potential as fuel in a solid-fueled scramjet. This hydride is interesting because it reacts exothermically

with many substances and contains hydrogen, suggesting its use when amuch higher density (compared with that of

LH2) would be beneficial. In fact, LiH releases H2 and Li by thermal decomposition; at the same time, the Li

produced behaves as a highly energetic fuel in the presence of a high-temperature airstream. Because of the scarce

data present in literature, the thermochemical properties of LiH and its decompositionwere calculated, estimated, or

modeled, and issues associatedwith its combustion in a hot supersonic streamwere investigated; a simplified physical

model describing its vaporization and combustion was built that was successively simulated by means of a

computational fluid dynamics code. Results show that LiH is an ideal candidate for solid-fueled-scramjet

applications, behaving not only as a high-energy-density bifuel system, but also as a safe and compact hydrogen

carrier. An intense flame zone is predicted to be present over the decomposing surface and downstream of the grain;

the flame is stable and high temperatures (on the order of 2900 K) are obtainable. Moreover, specific impulse and

thrust density predicted at a flight Mach� 7 are also interesting, being 10,000 and 200–300 m=s, respectively.

I. Introduction

L ITHIUM hydride is one of the most attractive elements for
hydrogen storage. Li is the lightest metal, with atomic mass

6.941, almost twice lighter than carbon, and forms the simple hydride
LiH. Because of its high density (�0:8 g=cm3) and low molecular
weight (7.9), LiH is themost promising compound for applications in
which weight and compactness are at a premium [1–5].

LiH as fuel for space applicationswas investigated for thefirst time
at the beginning of 1958 in theUnited States [6]. Researchers pointed
out that lackofdataconcerningthecombustionproducts (suchasLi2O
or LiO2) at high temperature was a limiting factor in their studies.
LiH was investigated for other applications (e.g., fusion reactors);
however, few citations of LiH fuel applications are available in the
open literature [2,7]. The reason is probably due to its being solid at
ambient temperature; however, this feature, together with its high
melting point (950 K), makes LiH suitable for hybrid propulsion.

In this context, we have carried out work to analyze the LiH
propulsion potential [3,5]. Using NASA’s CEA2 code [8], we have
simulated calculated equilibria intended to assess LiH rocket
performance with polymeric binders such as HTPB, to investigate
LiH as additive to common solid propellants, or as standalone fuel in
SRM; although not immediately connected to the objective of this
work, the results obtained have furnished fundamental information
on LiH behavior in a combustion chamber; in particular, they
have highlighted the significant release at equilibrium of unburned
hydrogen (favoring, as an example, postcombustion in hybrid
rockets), and this suggests that its best performance can be obtained
when LiH decomposes, releasing Li and H2. A second group of
simulations, intended to assess LiH performance in a hot airstream
[over 1000 K from 0.5 up to 5 atm of pressure, which are the
conditions expected in a scramjet (SCRJ) combustion chamber],
focused on the interplay among oxygen, nitrogen, and LiH and on the

equilibrium composition of combustion products. Results spurred
development of a simplified model of an ideal scramjet, flying a
constant-dynamic-pressure trajectory. This model has explored the
effect of LiH decomposition and of liquid-Li vaporization on
performance (and combustion products); results have been used to
determine which reactions should be considered in our solid-fueled
scramjet (SFSCRJ) combustion chamber model.

Using solid fuels in airbreathing applications involves several key

issues. In fact, solid fuels have been extensively investigated in con-

ventional solid-fueled ramjet engines; however, with all supersonic

combustion research being focused on liquid fuels, solid-fuel

scramjet studies are scarce or nonexistent in the open literature. The

first experimental studies of a SFSCRJweremade byWitt andAngus

(1989 and 1991, cited in [9]); results were used later by Angus et al.

(1993, cited in [9]) to perform new experiments on a specific

configuration. Following this work, an experimental investigation

was performed by Ben-Yakar et al. [10]; they demonstrated, for the

first time, the feasibility of self-ignition of a polymethylmethacrylate

(PMMA) solid-fuel grain as well as sustained combustion under

supersonic airflow conditions without external aids. Successively,

Cohen-Zur and Natan [11] performed a experimental parametric

investigation of the same geometrical configuration, obtaining self-

ignition and flameholding characteristics consistent with [10].
Computationally, attempts to investigate the flame evolution

inside the combustion chamber were made by Jarymowycz et al.
[12], who conducted a comparative numerical study of combustion
of hydroxyl-terminated polybutadiene (HTPB) in a supersonic flow;
the flight condition at Mach 7.3 corresponded to a combustor inlet
static temperature of 1400 K, with a Mach number of 2 and static
pressure of 1 atm.

Solid-fuel/air mixing in a supersonic stream was addressed by
Ben-Arosh et al. [13]. They investigated supersonic combustion in
an axisymmetric dump combustor. The parametric investigation
in the nonreacting case showed the effect of gaseous-fuel wall-
injection velocity (from 0.5 up to 4 m=s), revealing that fuel/air
mixing in a SFSCRJ does not limit combustion more than it does
in a conventional solid-fueled ramjet. Finally, Ben-Arosh et al.
developed a two-dimensional, axisymmetric, turbulent (k-"), two-
reaction, six-species reactive flow model to investigate the same
configuration [9]. Results indicated high sensitivity to the design
parameters, showing that an inappropriate configuration might
cause flame extinction or choking.
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Based on past work, LiH seems capable of overcoming at
least some of the problems found with scramjet propulsion systems.
That is the reason for the subsequent preliminary thermochemical
analysis.

II. Thermochemical Analysis of LiH

LiH is a hydrogen-rich compound with potential application as
fuel, due to its high density (�0:8 g=cm3) and lowmolecular weight
(MW� 7:9); some of its properties are in Table 1 [14,15].

Produced by reacting Li andH2 at about 570 K and 1 bar, LiH is a
ionic solid containing Li� and hydrogen H� (14.3% in mass); it
behaves as a strongly reducing agent. LiH reacts very fast with many
oxidizers, halogenated hydrocarbons, and acids; its combustion
products contain light molecules [1–5].

LiH reacts slowly at STP with air oxygen; at 470 K it starts to
burn spontaneously on contact with air; finely dispersed particles
form explosive mixtures, especially in the presence of moisture
[Brinza et al. [16] have measured flame propagation rates of
O�10� m=s]. Conversely, liquid LiH presents a high energy density
(49 MJ=kg), comparable, for instance, with that of aviation kerosene
(43:2 MJ=kg and the same density of LiH) [17]. Themost interesting
feature of LiH, however, is its ability to decompose endothermically,
releasing gaseous hydrogen.

LiH liquefies at 950 K; whereas the other alkaline hydrides
decompose at the melting point, liquid LiH remains stable in a
narrow range of temperatures (950 K < T< 1100 K). When
temperature is increased from the melting up to the boiling point,
the amount of hydrogen released by thermal decomposition
increases, producing a mixture of Li and LiH. The Li/LiH system is
of great interest in controlled thermonuclear research and as a
potential cooling system in nuclear power plants, due to its high
thermal capacity at and near the melting point; however, due to the
risks associated with the release of significant amounts of gaseous
hydrogen, the idea of using it as cooling system was abandoned (Li
remains the material of choice in the “blanket” surrounding the
fusion reactor and produces tritium when crossed by fusion-
produced neutrons). Although papers about the Li/LiH system
thermal properties are available [18–21], data on LiH decomposition
are rare or nonexistent. It is known that hydrogen also diffuses from
LiH at STP conditions [22]; at the ignition point (470K in dry air; that
is, 20Kover themelting point of Li), the amount of hydrogen leaving
a LiH particle is so significant that the liquid Li formed on the
LiH surface can ignite, heating the hydrogen and promoting its
combustion near the surface. Increasing the LiH surface exposed to
air increases the amount of hydrogen (and liquid Li) delivered, and
the reaction may become explosive. LiH decomposition can be
considered complete right below its boiling point (1100 K at 1 atm).

Rate constants for hydrogen/Li kinetics have been computed by
Mayer and Schieler [23] and Mayer et al. [24] in the temperature
range 900–1200 K. Another important contribution to the under-
standing of issues associated with the thermal decomposition is by
Jerry and Modisette [25,26], who investigated LiH as a high-
temperature internal coolant for the nose of hypersonic missiles. As
stated in these works, LiH exposed to a heat flux corresponding to
Mach 2 flow at 2000 K can absorb up to 7 kJ/g of decomposed LiH.

Decomposition of LiH follows the equilibrium:

2LiH! 2Li� H2

Increasing temperature increases the rates of both forward and
backward reactions. However, the increase in the forward reaction is
much greater than in the reverse reaction, so that the overall effect of
increasing temperature is to shift the equilibrium forward. In a closed
vessel, the forward reaction is constrained by the increasing vapor
pressure of the gaseous hydrogen produced, and equilibrium is
quickly reached; if hydrogen is vented or burned, decomposition
will continue indefinitely. Steady decomposition brings about an
increase in the concentration of Li atoms on the surface, with an
accompanying acceleration of the reverse reaction (proportional to
the square of the concentrations of Li atoms on the surface), therefore
lowering the equilibrium hydrogen pressure. The overall effect is an
increase in the equilibrium temperature, enhancing the cooling
ability of LiH.

However, in the case of a scramjet combustor, the situation is
slightly different; in fact, at high ambient temperature and in high-
speed flow, liquid-Li vaporization and/or dragging by the turbulent
flow may increase the forward reaction rate, enabling the decom-
position to proceed as fast as the thermal fluxes allow [5].

Note that recent studies of the use of metal hydrides as hydrogen
storage systems for onboard applications have focused on the pos-
sibility of decreasing their decomposition temperature by reacting
them with light elements or other hydrides. If confirmed, this feature
will extend to low temperatures the operational range of LiH as fuel
(i.e., low with respect to those considered here), enhancing its
performance in the scramjet combustion chamber.

Previous results for LiH/air combustion and these considerations
show that lithium [3,5], together with the hydrogen released by
thermal decomposition, plays a key role in LiH performance. In fact,
increasing the temperature over its autoignition point, LiH burns as
an effect of liquid-Li oxidation. Locally increasing the temperature
promotes LiH decomposition.

Thus, to understand what actually can happen in a combustion
chamber, Li properties were investigated. A good review of lithium’s
properties is by Cowles and Pasternac and Ballif et al. (cited in [27]).

At room temperature, Li reacts with air and water. In particular,
compact metal reacts much more slowly than finely divided Li
particles (hydrogen formed does not ignite). Conversely, by adding
very small amounts of Li powder to water in a test tube, both Li and
hydrogen ignite and burn; increasing the amount of powder added,
the reaction becamemore vigorous and thefinemetal dust is expelled
from the tube and ignites. Finally, adding a large amount of Li to a
pool containing water, the reaction becomes violent and the
hydrogen formed ignites together with lithium, leading to an intense
flame near the surface; the Li expelled reacts with air and strongly
alkaline LiOH is formed in the solution [27].

At high temperatures, molten Li reacts with all known molecular
gases, but it can be safely handled up to 473K in paraffin. Liquid Li is
considered inert in He under most conditions. Small amounts of
moisture catalyze Li/gas reactions. In particular, liquid Li will not
react with oxygen or carbon dioxide at its melting point in the
absence ofmoisture, but 10 to 15 ppmmoisture is enough to allowLi
to react violently with air, nitrogen, oxygen, and carbon dioxide at
room temperature.

In a stream of dry nitrogen, the reaction between liquid Li and
nitrogen is 10 to 15 times more rapid than in air. It was noted that
oxygen and hydrogen inhibit the interaction of Li and nitrogen. In
particular [27], oxygen in nitrogen at a percentage greater than 14%
in volume may completely prevent reaction between Li and N2 at
lower temperatures; with less O2, this reaction proceeds, albeit
slowly.

Fires involving liquid Li aremore intense than those of sodium.At
1 bar and heated to 450K, quiescent liquid Li ignites and burnswith a
maximum flame temperature 1100 K measured near the surface; at
relative humidity of 40 to 55% and air speed of 0 to 10 m=s, the
maximum temperatures measured are greater than 1400 K.

Li was extensively investigated as coolant and tritium-breeding
material for controlled thermonuclear reactors because of its low
melting point, high boiling point, low vapor pressure, low density,
high heat capacity, high thermal conductivity, and low viscosity
(Table 2) [28–30].

Table 1 LiH properties

Property At melting point
(950 K) a

At boiling point a

(1100 K)

Density, kg=m3 800 550
Latent heat of fusion, J=kg 2 � 106 ——

Heat capacity, J=kg �K� 7900 6900
Thermal conductivity, W=�m� �K� 7.1 3.5
Thermal diffusivity, m2=s 1:63 � 10�6 1:01 � 10�6

aAt 1 atm.
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Experimental and theoretical studies were performed to under-
stand liquid-Li behavior in terms of adiabatic flame temperature,
pressure rise in closed vessels, reaction rates in the presence of dry
and moist air, and reactivity with vessel materials’ end-reaction
product toxicity [31,32]. Software was developed to accurately
model liquid-Li combustion; in particular, the LITFIRE and the
MELCOR codes, well documented in the open literature, present an
intriguing approach to Li/air reactions [33–39]. Unfortunately, these
works are limited to temperatures from 500 to 1100 K; as of today,
data on reaction rates of Li with air at high temperature and chemical
properties of its compounds are still scarce or nonexistent. Therefore,
in [5], using the same approach of researchers at Massachusetts
Institute of Technology [27,31,33,34], we have extended the lithium/
air combustion analysis at temperatures higher than 1200 K. Results
have highlighted that in this range of temperature, the energy release
contributed by the Li=N2 reaction is negligible; the only effect that
we obtain injecting Li into a hot stream of nitrogen is to lower the
mixture temperature.We have therefore investigated the combustion
properties of Li released from LiH decomposition assuming only
oxygen as oxidizer.

To highlight the importance of Li combustion, we have compared
(using the NASACEA2 code) the combustion of Li and of hydrogen
in oxygen, assuming that both are injected at an initial temperature
ranging from1800 to 2600K, oxygen at 1400K, and at pressure from
0.5 atm up to 5 atm (that is, the conditions expected in a scramjet
combustor).

As shown in Figs. 1 and 2, the combustion temperature of Li is
slightly higher and with a broader peak than that of hydrogen at the
same initial conditions.

The light and extremely reactive Li atoms freed from the LiH
surface burn with oxygen, producing a mixture of oxide, peroxide,
and super oxide,

Li � O2 ! Li2O� Li2O2 � LiO

that has interesting similarities with the mixture produced (at
chemical equilibrium) by burning hydrogen and oxygen:

H 2 � O2 ! H2O� H2O2 � HO2 � OH

where each of the hydrogen oxides has its counterpart in the Li oxide
mixture.

Note that the CEA2 database does not currently contain the
polynomial coefficients relative to Li superoxide. Although it is a
significant limitation in assessingLi=O2 chemical kinetics (as shown
later), that is not significant at equilibrium: in fact, peroxide and
superoxide concentrations are very small with respect to those of
oxides.

From [5], the main products of LiH=O2 and Li=O2 reactions are,
respectively, LiOH and Li2O. However, LiOH(s) decomposes at its
melting point (1200 K), which is a lower temperature than those
considered, whereas Li2O decomposes at the boiling point, yielding
oxygen, liquid Li, and a little LiO.

Few data are available about Li=O2 reactions at high temperature
and about gaseous Li2O properties; most of them are related to
research on termolecular reactions of alkalimetals atomswithO2 and
OH [40,41]. In particular, Plane and Rajasekhar [41], investigating
the hydrogen concentration in the afterburning region of a flame, has
shown that the termolecular reaction

Li � O2 � N2 ! LiO2 � N2 (1)

plays an important role inLi=O2 combustion. In fact, experimentally
demonstrating reaction (1), they obtained the absolute rate constant
fit over the temperature range 276–1100 K; then they extrapolated
rate coefficients to flame temperatures (1500–2500 K) by means of a
fit to the Troe formalism [42].

The termolecular reaction (1) involves the association of neutral
fragments to form LiO2, known to exist as an ion pair Li�O�2 ;
however, despite the strength of the Li/O bond, this pair is highly
unstable, the reason being precisely its ionic nature. In fact, the
covalent bond between the two O atoms of the peroxide ion is
relatively weak; a positive ion close to the peroxide ion will attract
peroxide electrons. This effect may form a simple oxide ion if the
covalent bond breaks off, and it works best if the positive ion is small
and has a high charge density. Even though it has only one charge, the
Li ion, at the top of group I in the periodic system, is so small and
therefore possesses such a high charge density that any peroxide ion
near it breaks up, yielding an oxide and oxygen. The highly reactive
LiO, in turn, reacts in a Li-rich environment, forming Li2O:

Li � LiO! Li2O

All these association/dissociation reactions involving light alkali
metal atoms have characteristic times of the same order of
magnitude; at high temperature (1500 K < T< 2500 K; that is the
same range expected in scramjet combustors), they can be faster than
hydrogen/oxygen reactions [41]. This circumstance, suggested by
similarity between the equilibrium composition ofLi=O2 andH2=O2

combustion products, is also confirmed thermodynamically; in fact,
the reaction enthalpy and the Gibbs free energy calculated using the
CEA2 polynomial coefficients in the range 800–3600 K show that
the Li/LiO reaction is more exothermic thanH2=O2 reaction. Hence,
one would assume that in establishing equilibrium, the former would
be preferred over the latter. Furthermore, the �G � is of the same
order for both reactions, with the H2=O2 reaction slightly favored
with respect to Li/LiO reaction at higher temperatures (when Li2O

Table 2 Li properties

Property At melting point a

(453.7 K)
At boiling point a

(1608 K)

Density, kg=m3 516 401
Electrical resistivity, (��) (cm) 25 57.6
Enthalpy, J=kg 1:14 � 106 5:95 � 106

Latent heat of fusion, J=kg 4:55 � 105 ——

Heat capacity, J=�kg� �K� 4169 4169
Surface tension, N=m 0.396 0.24
Thermal conductivity, W=�m� �K� 44 64.7
Vapor pressure, N=m2 1:77 � 10�8 1:013 � 105

Viscosity, �N� �s�=m2 0:64 � 10�3 0:14 � 10�3

Prandtl number 6:12 � 10�2 8:65 � 10�3

Thermal diffusivity, m2=s 2:03 � 10�5 3:86 � 10�5

aAt 1 atm.

Fig. 1 Li=O2 equilibrium combustion temperature (1 atm). Fig. 2 H2=O2 equilibrium combustion temperature (1 atm).

SIMONE AND BRUNO 877



decomposes), indicating that both forward reactions are carried to
completion with a comparable rate.

Thus, it appears reasonable and expedient (e.g., lacking other rate
data) to assume reaction (1) as the reaction rate for the lithium/
oxygen combustion [41].

Note that Li also reacts with radicals produced by the H2=O2

combustion (OH, HO2); despite the very high reaction enthalpies,
these reactions can be neglected, either because the radical con-
centration is small or because by increasing the temperature, the
reaction becomes gradually more constrained by thermodynamics
(as in the case of Li/OH reaction: in fact, its �G � becomes greater
than 0, starting from 1500 K) [5].

III. Physical Model

All of the issues concerning LiH thermal decomposition and
reactions with air must be investigated within the scramjet flowfield.
Here, due to the compression operated by the inlet oblique shock
system assumed, the supersonic airflow in the combustor possesses
high temperature and high dynamic pressure. Entering into the
combustion chamber, air flows over the solid grain and forms a
turbulent compressible boundary layer while the grain surface
regresses. Themass evolved from the fuel surface is injected into this
boundary layer and increases its thickness. Thus, for combustion to
occur inside the boundary layer and/or into the core flow, the fuel
must react with the hot airstream in a fewmilliseconds to produce the
heat fluxes necessary to gasify the solid LiH grain. For these reasons,
species diffusion into the hot stream and their reaction rate with air
are critical issues that, in general, make gaseous hydrogen preferable
as fuel for scramjet application. The behavior of LiH (which can
decompose very fast, releasing gaseous hydrogen and light, highly
reactive lithium) offers an ideal solution to both hydrogen storage
and high-energy-density problems. Based on thermochemical-
property information and on the flow conditions into the combustion
chamber summarized in Sec. II, we next list and justify each
model assumption by means of an order-of-magnitude analysis [5].
Accordingly, the grain combustion will be described by the
following steps:

1) The LiH grain surface liquefies due to the thermal fluxes
produced by combustion in the gas phase; in this phase change we
assume the solid/liquid interface (or wall) to be always at the LiH
liquefaction temperature ( Tliq � 950 K at 1 atm).

2) Because of the high thermal diffusivity of liquid LiH, the LiH
droplets formed at the wall and heated by the thermal flux reach the
LiH decomposition temperature (Tdec � 1100 K). LiH decomposes
fast (i.e., compared with the combustor convective time and before
reacting with oxygen), its decomposition time is on the order of
10�6 s [23,24]; in fact, the LiH reaction rate with oxygen is lower
than its decomposition rate (at least by 3 orders of magnitude), and
the oxygen concentration near the surface is too small to allow
significant oxidation [12,42]. As stated previously, LiH does not
react with air nitrogen in this range of temperatures.

3) Following decomposition, gaseous hydrogen leaves the droplet
surface bubbling vigorously and contributing to its fragmentation
into smaller liquid-Li droplets [25,26]. Hydrogen diffuses through
the boundary layer, mixes with air oxygen driven by the highly
turbulent stream, burns, and releases heat. Some Li particles may be

trapped into the hydrogen bubbles leaving the surface, burn with
oxygen, and increase the heat released by hydrogen combustion.

4) Liquid-Li droplets are sheared and dragged away from the
surface and into the turbulent boundary layer.

5) The light Li droplets are thus mixed with air and hydrogen
combustion products present in the boundary layer. In the hot core
flow they vaporize, yielding highly reactive gaseous Li. Carried by
the turbulent stream, Li burns with air oxygen and with radicals
produced by hydrogen combustion. When allowed by the local
oxygen concentration, Li combustion occurs in proximity of the
droplet surface, enhancing liquid-Li vaporization.

6) When combustion is well developed, the water vapor
concentration is so high that it can react with the liquid LiH near the
surface; however, the LiOH so produced at these temperatures
decomposes, yielding liquid Li and OH.

To conservatively assess the effect of heat fluxes on the surface,
LiH liquefaction rate can be roughly estimated by neglecting the
effect of combustion heat transfer and accounting only for the
convective heatfluxes and shear stresses due to the airstream entering
the chamber, also assuming that the heat absorbed locally by the
interface is the sum of the latent heat of liquefaction (see Table 3) and
the heat required to increase the liquid-LiH temperature from 950 to
1100 K (�H� 875 kJ=kg).

Because the thermal diffusivity of liquid Li is Dth 	 10�6 m2=s,
the characteristic heating time of a 1-�m-deep liquid layer is about
10�6 s; thus, we can assume the liquefaction and heating processes to
happen in a single step, with a total local heat required of about
3400 kJ=kg. For instance, for a thermal flux qw 	 1 MW=m2, the
local mass flux is mf 	 3 � 10�4 g=s (the liquid-LiH density
�l � 5 � 10�4 g=mm3), corresponding to a local regression rate of
about 0:6 mm=s. As the convective time is on the order of 10�3 s, the
thickness of the liquid layer formed during 1 ms on the surface is
hl 	 0:6 �m. Note that the surface regression rate is slightly lower
than typical regression rates of solid fuels. However, in this
conservative analysis, the heat flux contribution due to gas-phase
reactions was neglected; in reality, this contribution will strongly
enhance the combustion performance by increasing the regression
rate and thus the amount of gaseous fuel produced.An example of the
thermal power available if all the fuel mass flow rate calculated
(mf � 3 � 10�4 g=s) reacted in the gas phase is given in Table 4, in
which the thermal power from Li inmf (assumed to react completely
following one among the four reactions) is compared with that of the
reaction between the hydrogen contained in mf and air oxygen.

IV. Grain Regression Model

A solid-fueled scramjet has many similarities with hybrid rockets:
the oxidizer diffuses into the boundary layer and reacts with the
gaseous fuel pyrolyzed and released by the solid grain surface.
Accounting for specific differences, it is thus reasonable to assume
one among the well known models present in the open literature to
predict surface regression.

The most plausible (and used) model of hybrid combustion was
developed by Marxman and Gilbert (1963, cited in [43,44]). In this
model, the grain regression rate is governed by the local thermal flux
at the surface:

Table 3 Solid fuels for SCRJ applications: thermal properties comparison

Fuel Average molecular
formula

Mass density,
kg=m3

Molar mass,
kg=kmol

�H
�
f kJ=mol Melting

point, K
Thermal conductivity,

W=�m 
 K�
Heat of

gasification, kJ/
kg

Plexiglass
(PMMA) �C5H8O2�n 1180 100 �430:5 527.6 0.17–0.19 1300–2700

Polyethylene �C2H4�n 910–965 28 �53:8 400 0.40–0.46 3000–5600
Polystyrene �C8H8�n 1050 104 �18:4 510 0.1–0.13 2700
HTPB �C10H15;538O0;073�n 930 138 �51:8 N/A 0.217 1800
LiH LiH 800 7.9 �90:63 950 7.1 2625 a

aLatent heat of liquefaction.
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�g�g � ����w �
_qw
H�

(2)

where �g is the density, �g the velocity of the gaseous fuel leaving the
surface, _qw (J=m2 s) is the heat flux at the wall, and H� (J=kg) is, in
general, the total heat required to gasify the solid fuel. In the case of a
LiH grain, the surface temperature is that of the phase change (LiH
solid to liquid; 950 K), and H� accounts for the heat necessary to
vaporize and decompose LiH (H� � 11 MJ=kg).

The equation describing the regression rate _r is

�s _r� �g�g � ����w �
_qw
H�

(3)

Thus, the key point of the model is to estimate the heat flux at the
surface; neglecting the conduction heat exchange inside the grain,
the total thermal flux is the sum of radiative and convective heat
fluxes. The latter, in turn, may be affected by the injection of gaseous
fuel (at 950 K) from the surface.

To assess the impact of fuel injection from the surface (blowing)
on the convective heat flux, we must account for its influence on the
local boundary-layer velocity profile. The first theoretical analysis of
blowing was made in 1942 by Schlichting [45]; successively,
experimental as well as theoretical investigation have been
performed byRotta (as described by Schlichting [45], page 645), and
the injection of a gas through a porous wall into a compressible flow,
up to Mach 3.6, was investigated by Squire (as described by
Schlichting [45], page 647); calculations showed that Rotta’s
assumptions were still valid, leading to satisfactory results. Using
Rotta’s empirical formulation, it is possible to show that [5] at high
temperature (1450 K) and flow velocity (1400 m=s condition
expected in the case under examination) and for regression rates on
the order of 1 mm=s or less, the impact of blowing on wall velocity
profiles and heat fluxes is negligible. This assumption, however,
does not account for the cooling effect due to the gas injection
temperature; furthermore, Rotta’s model is strictly valid for a flat
plate and may not be appropriate in a flameholder recirculation
zone or in regions with shock/boundary-layer interactions. In these
regions, the blowing effect will be investigated, analyzing simulation
results.

V. Numerical Simulations

In simulating combustion in a LiH-fueled SFSCRJ, we have
investigated geometrical configurations and flight conditions similar
to those in [12]; in particular, we have selected the following
combustor inlet conditions: inlet Mach number is 2, static
temperature is 1500 K, static pressure is 1 atm, total pressure is
7.8 atm, and flow velocity is 1490 m/s.

The geometries considered in this analysis (hereinafter referred to
as cylindrical and dump combustors, respectively) are shown in
Fig. 3.

Similar to [12,13], the LiH grain is located along the upper surface
of the 2-D half-section, with an inlet height of 5 cm; the LiH grain,
60 cm long, starts 5 cm from the inlet entrance and ends 40 cm from
the combustor exit. The last 40 cm are assumed to be adiabatic. The
dump ratio Dr is defined as

Dr �
Rc
Ri

where Rc is the combustor internal radius and Ri is the inlet internal

radius. A control line (half-radius line) located atRc=2will be used to
plot pressure and temperature along the combustor. The dump height
is Rc � Ri.

The dump1 combustor differs from the cylindrical one by the
presence of a sudden expansion with a dump height of 1 cm.

The third dump configuration simulated (dump05) differs from
dump1 only in the dump height (0.5 cm).

Simulations were carried out using Favre-averaged Navier–
Stokes and an axisymmetric domain with FLUENT 6.2.16 [46]. The
numerical technique is a finite volume approach with quadrilateral
control volumes and structured Cartesian mesh. In particular, the
cylinder (Fig. 3a) has a grid composed of 155,000 cells: in the
longitudinal direction, the grid spacing is uniform (0.5 mm) over the
grain. The mesh increases exponentially downstream of the grain,
with the largest spacing being 2 mm in length. In the vertical
direction, the grid spacing changes exponentially, with the smallest
spacing (near the surface) being 50 �m.

The dump1 combustor (Fig. 3b) has 216,900 cells; in the
longitudinal direction and over the grain the grid spacing is a uniform
0.25 mm. The mesh increases exponentially (exponential ratio of
0.1) downstream of the grain; the largest spacing is 2mm long. In the
vertical direction, the spacing increases with an exponential ratio of
0.11. The dump05 grid consists of 169,200 cells. Over the grain, the
constant grid spacing is again 0.25mm.Downstream of the grain, the
mesh increases exponentially (exponential ratio 0.11), with the
largest spacingmeasuring 2mm. In the vertical direction, the grid has
an exponential progression ratio.

Even though blowing may lead to intrinsic instabilities [47], a
steady-state solution was sought using a coupled, implicit, second-
order upwind scheme. Turbulence was modeled using a standard k-"
model [9–13,46,47]. The boundary conditions at the interface
between regressing grain and gas required detailed considerations
and are presented in the following section.

To simulate gas-phase combustion, a six-species simplified
mechanism was adopted involving the following reactions:

LiH decomposition [23,42]:

LiH ! Li� 1
2
H2

One-step reaction for hydrogen combustion [42,46]:

H 2 � 1
2
O2 ! H2O

One-step reaction for Li oxidation [40–42]:

2Li� 1=2O2 ! Li2O

Thismechanism does not account for backward reactions, because
their characteristic times are larger than their convective times. The
coupling between chemical kinetics and turbulence is modeled using
the eddy dissipation concept model [5,46].

Thermodynamic data have been calculated using the CEA2
database; in particular, Cp of individual species was calculated by
fitting CEA2 data with third-order polynomials from 300 to 6000 K,
successively implemented in the code.

The molecular viscosities �� in the same temperature range were
calculated from kinetic theory using the following equation:

Table 4 Thermal powers corresponding to mf

Reactants Products �Hreaction, KJ=mol Thermal power,W=mm2

Li� O2 Li2O 242 10.9
Li� O2H Li2O� H 435 19.6
Li� O2H LiOH� O2 600 27
Li� OH LiOH 633 28.5
H2� O2 H2O 253 5.7

Fig. 3 Combustors: a) cylindrical (Dr � 1) and b) dump1 (Dr � 1:2).
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where k� 1:38 � 10�23 J=K is Boltzmann’s constant, m is the
molecular mass, and � � �d2, where d is the molecular diameter.
Viscosities were interpolated by third-order polynomials.

To model blowing, mass, momentum, and energy sources were
imposed at the first cell above the wall (assumed impermeable and
adiabatic) (Fig. 4).

These source terms S� appear in the generic transport Eq. (4):

div ��V�� ��grad�� � S� (4)

where the first and second left-hand side terms are convection and
diffusion, respectively;� stands for the transported variable;�� is the
appropriate diffusivity, and S� are as follows:

Mass source:

Smass � �g�g
A

V

The y-momentum source:

Smomentum � �g�2g
A

V

Species (LiH) source:

SLiH � �g�g
A

V

Energy source:

Senergy � �g�gh950
A

V
� �g

�2g
2

where A and V are, respectively, the area of the cell surface adjacent
to the solid grain and the cell volume.

These sources are directly linked to Eqs. (2) and (3). Using Eq. (2)
we define the gas mass flow rate as a function of the heat flux to the
surface. Likewise, we calculate the local regression rate using
Eq. (3). The all-important heat flux is calculated as a function of
the solution for the gas-phase field (velocity, density, pressure, and
temperature) above the surface.

To accomplish this task, we have used the standard wall function
model to describe the thermal boundary layer in the user-defined
functions (as for the momentum).

VI. Results

A. Cylindrical Configuration (Dr � 1)

Figure 5 shows the static temperature contours of both reacting
and nonreacting cases. An intenseflame is present over the fuel grain,
growing along the combustor. Because of gas-phase combustion, the
surface heat flux (Fig. 6) is up to 3 times that due only to convection
from the hot airstream entering the combustor (in the nonreacting
case).

The surface regresses at a rate comparable with that calculated by
Jarymowycz et al. [12] (see Fig. 7). The total LiH mass flow rate
injected into the chamber for the cylinder geometry is 0:065 kg=s
and that of inlet air is 2:77 kg=s; thus, this scramjet combustor is
working at an air-to-fuel ratio A=F� 42:2 (stoichiometric
A=F� 8:7). Assuming Mach 7 flight conditions as in [12], the Isp
(defined as thrust-to-fuel mass flow rate ratio) is 11; 170 m=s and the
specific thrust (thrust-to-air mass flow rate ratio) is 264 m=s; these
values are slightly lower than those calculated in [5] at the sameA=F

bymeans of an ideal SCRJmodel. (The conventional Isp and specific
thrust in seconds can be obtained from these in SI units by simply
dividing by g� 09:81 m=s2.)

The temperature reached along the combustor peaks at 2950 K
near the grain end (see Fig. 8). The sharp temperature increase for
x > 65 (the final part of the grain) is connected to the end of the
cooling effect due to the colder (950 K) LiH decomposition gases
injected in the reacting boundary layer. Furthermore, at the end of the
grain, where the mass injection ceases, the thickness of the reacting
zone decreases slowly (Fig. 5), allowing expansion of the core flow.
This effect is also visible in Fig. 9, in which the temperature along the
half-radius line is compared with the nonreacting case (no blowing).

Fig. 4 Interface sources model.

Fig. 5 Contours of static temperature (reacting and nonreacting case).

Fig. 6 Heat fluxes over the grain surface.

Fig. 7 Reacting grain: regression rate.

Fig. 8 Maximum static temperature at each x station.
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Downstream of this first expansion, the reacting zone thickens due
to increasing combustion temperature, driving a certain amount of
flow recompression.

Figure 10 also shows the effect of the complex oblique shock
system on the initial part of the grain (from x� 0 to 30 cm). An
oblique shock is located exactly at the grain inlet; the compression,
due to the shocks reflecting along the chamber, increases temperature
and density and reduces blowing velocity. Note that despite the
complex wave system, the flow at the exit section is still largely
supersonic.

Figure 11 shows the contours of mixing time, calculated as

t� �2

Dth

where Dth is the turbulent diffusivity and � is the Taylor scale,
calculated as

��
�
�k

"

�
1=2

where � is the kinematic viscosity, k is the turbulent kinetic energy,
and " is the turbulent dissipation rate.

Because of the highly turbulent flow in the boundary layer, the
mixing time is very short (on the order of 10�7 s); moreover, due to
the growth of the boundary layer and to the consequent complex
wave system, the mixing time decreases in the reacting core flow.

B. Dump Combustor (Configuration Dump05, Dr � 1:1)

Figure 12 shows the static temperature contours of both non-
reacting and reacting cases. As we can see, an intense flame is also
present over the fuel grain in this case, growing from the recirculation
zone near the sudden area increase up to the exit section. Because of
gas-phase combustion, the heat flux is 2–3 times higher than that due
only to the hot flow entering the combustor in the nonreacting case.

The grain surface decomposes and regresses at roughly the same rate
as that calculated by Ben-Arosh et al. [13] (see Fig. 13).

The LiH and air mass flow rates entering the combustor are 0.075
and 2:77 kg=s, respectively, (A=F� 37:05). Assuming conditions
in [12], the SFSCRJ Isp is 9620 m=s and the specific thrust is
260 m=s; these values are again slightly lower than in [5] with the
ideal SCRJ model. The maximum temperature reached at each x
station is plotted in Fig. 14; the peak is 2906 K.

Here, too, the temperature increases after the x� 65 cm station
due to the end of the cooling effect of the gas injected from the grain
surface. Furthermore, from x� 10 to 20 cm, there is cooling due to
the expansion wave located near the upper corner of the dump.
This effect is clearer when examining Fig. 15, which compares
temperatures along the half-radius line in the reacting and
nonreacting cases.

Fig. 9 Static temperature along the half-radius line.

Fig. 10 Detail of the combustor (half-section) pressure field.

Fig. 11 Contour of mixing time (reacting and nonreacting case).

Fig. 12 Contours of static temperature (reacting and nonreacting
case).

Fig. 13 Local regression rate.

Fig. 14 Maximum static temperature at each x station.

Fig. 15 Static temperature along the half-radius line.
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By comparing Figs. 12 and 15, it is clear that this expansion wave
lowers the core flow temperature to 1300 K; the reflecting waves
create alternatively compression and expansion regions, affecting
greatly the reacting zone. Clearer details (from x� 0 to 30 cm) are in
Fig. 16.

Figure 17 shows the mixing-time contours of nonreacting and
reacting cases. Because of the short mixing times and the presence of
a recirculation zone at the entrance, combustion temperatures are
higher than in the cylindrical configuration andmaintain a supersonic
flow in the combustor exit section.

C. Configuration Dump1 (Dr � 1:2) and comparisons.

As in the case of Dr � 1 and 1.1, a flame develops along the
combustor. The heat transfer is comparable with that for the
cylindrical geometry, but at least 1 MW=m2 lower than in dump05.
As a consequence, regression rate (Fig. 18) and the maximum
temperature at each x station (Fig. 19) are also lower than those of
dump05.

This effect may be explained as follows: the larger step height
(1 cm) allows more intense expansion and a larger chamber volume,
lowering air temperatures more than the dump05 configuration.
Thus, despite the improvement in mixing from Dr � 1:1 to 1.2
(Figs. 20 and 21), temperatures are lower. This behavior is confirmed
by comparing the engine ideal performance, summarized in Table 5.

The effect of the increased dump height on combustion in the
recirculation region near the inlet is shown in Figs. 22 and 23. A
shorter dump height shortens mixing times in the corner, favoring
flame holding and higher LiH decomposition rates injected in the
reacting layer. That enhances combustion downstream of the
boundary-layer—expansion-wave interaction zone.

The combined effect of enhanced mixing and decreased airflow
temperature on H2=O2 and Li=O2 rates is in Figs. 24 and 25. In
dump05 and dump1 combustors, the H2=O2 reaction develops
mainly over the grain, being more intense in the dump05 configu-
ration and, consistently, more extended downstream for that of
dump1. A similar trend holds for the Li=O2 reaction, active mainly
downstream, which penetrates the core flow before the exit section
(see Fig. 25).

Fig. 16 Detail of reacting case: pressure (a) and temperature (b) fields.

Fig. 17 Contour of mixing time (reacting and nonreacting case).

Fig. 18 Comparison among regression rates.

Fig. 19 Comparison among maximum static temperatures at each x
station.

Fig. 20 Mixing times vs radius at x� 85 cm.

Fig. 21 Mixing time contours (dump05 vs dump1).

Table 5 Performance comparison

Dr Specific thrust, m=s, Isp, m=s

1 264 11,170
1.1 260 9630
1.2 245 8160
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VII. Conclusions

Supersonic combustion between solid LiH and air has been
investigated with the goal of predicting the performance of LiH at
conditions similar to those expected in a solid-fueled scramjet. A
preliminary thermochemical analysis has identified the main species
and reactions involved in the process: in particular, the presence
of large amounts of hydrogen and Li produced by the thermal
decomposition of LiH. Result suggest that at sufficiently high
temperature, the species energetically most important, in addition to
hydrogen, is liquid Li when reacting with air.

To overcome the lack of data concerning Li/air combustion, a
parametric analysis has been carried out to predict chemical
equilibria. Results show that at temperatures higher than 1100 K, Li
does not react with air nitrogen; it produces mainly gaseous Li2O,
showing many similarities, in terms of equilibrium composition,
with H2=O2 oxidation. A second thermochemical analysis has
compared the reactions potentially involved in Li combustion,
concluding that as a first approximation, the reaction scheme can be
simplified, assuming one-step global reactions. Furthermore, these
reaction rates may be plausibly described as proposed by Plane and
Rajasekhar [41] for the reaction forming Li superoxide.

The physical model describing fuel blowing and decomposing
from the grain surface has been developed by means of an order-of-
magnitude analysis, showing that almost all liquid-Li droplets
produced by decomposing LiH (and dragged away by the turbulent
stream), vaporize and burn before exiting the combustor,
contributing in a significant manner to heating and performance.
The model for fuel blowing in the airstream from the decomposing
LiH grain was implemented in the computational fluid dynamics
code as a nonlinear boundary condition at the interface between the
liquid surface and the reacting gas. Numerically, that translates to
formulating mass, momentum, energy, and species sources located
near the surface. This model predicts LiH regression rates that are
comparable with those obtained by Jarymowycz et al. [12] and Ben-
Arosh et al. [13].

Despite the limitations due to the standard k � "model and due to
the assumption made about the Li=O2 reaction rate, results are still
intriguing. An intense flame zone is predicted to be present over the
decomposing surface and downstream of the grain in the cylindrical
configuration; the flame does not extinguish and high temperatures
(on the order of 2900 K) are obtainable. Introducing a sudden cross-
sectional enlargement (a dump) downstream of the inlet section,
mixing in the combustor is enhanced, increasing the heat released to
the core flow. Ideal specific impulse and thrust density predicted
at a flight Mach� 7 are also interesting, being 10; 000 m=s and
200–300 m=s, respectively. However, an excessive dump ratio
decreases the core flow temperature (due to expansion waves) and
increases the combustor volume, lowering combustor performance.

To conclude from this preliminary investigation, LiH seems a
good candidate for solid-fueled scramjet applications, behaving as an
high-energy-density bifuel system but also as a safe and compact
hydrogen carrier.
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