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Abstract

This research is an investigation of the flame spread opposed to a liquid oxidizer flow in a solid fuel duct. Several
firing tests were conducted using liquid oxygen as the oxidizer and solid poly methyl methacrylate (PMMA) as the
fuel. The results indicate that the flame spread rate decreased with increasing oxidizer port velocity and decreasing port
diameter. This study reveals through visual confirmations and empirical correlations of the flame spread rate that the
flame spread opposed to liquid oxygen in a solid fuel duct can be classified as stabilized combustion. Extinction and
abnormal regression were observed when oxidizer port velocity was high and port diameter was small. Furthermore,
the cooling of the solid fuel by the liquid oxygen flow had a strong effect on the transition between normal regression
and extinction, or abnormal regression. A model of the flame spread rate which considers the heat balance at the
fuel surface assuming a fully developed thermal boundary layer is introduced and shown to agree well with the
experimental results. Lastly, it is revealed that the difference in kinematic viscosity between liquid oxygen and gaseous
oxygen is the main reason dependency of port diameter on flame spread rates differs between the liquid oxygen tests
in this study and gaseous oxygen tests in previous studies.
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1. Introduction

The axial-injection end-burning hybrid rocket using
gaseous oxidizer has attracted the attention of promi-
nent hybrid rocket researchers for its desirable com-
bustion characteristics, high fuel regression rates, and
throttling capability [1, 2]. This type of hybrid rocket
uses a cylindrical solid fuel with a dense array of sub-
millimeter diameter ports running in the axial direction.
Gaseous oxidizer is passed through the port array, and
a diffusion flame forms at each port exit, a phenomenon
which is referred to as stabilized combustion.

It is impractical to load and store gaseous oxidizer in
a rocket intended to be used as the propulsion system
for an earth launch vehicle because the tank required
to store the oxidizer would be unreasonably large and
heavy. For these reasons, axial-injection end-burning
hybrid rocket-powered launch vehicles will require the
use of a liquid oxidizer. However, the authors are not
aware of any previous research on the stabilized com-
bustion of a liquid oxidizer in a solid fuel port. It is
necessary to further clarify the characteristics of the
heterogenous combustion of a liquid oxidizer and solid
fuel, as a first step towards a viable technique, specifi-
cally regarding the phenomenon of stabilized combus-
tion.

Previous researchers have investigated the flame
spread opposed to gaseous oxidizer flow over a com-
bustible solid: notably Lastrina et al. [3] and Fernandez-
Pello et al. [4]. Building on those results, Hashimoto
et al. and Matsuoka et al. experimentally investigated
flame spread opposed to gaseous oxidizer flow in a cir-
cular fuel duct [5, 6]. Hashimoto and Matsuoka et al.
reported that stabilized combustion is formed when ox-
idizer port velocity exceeds a certain value and men-
tioned that the following three characteristics are essen-
tial for attaining stabilized combustion: fuel regression
rate in the axial direction coinciding with flame spread
rate, low flame spread rate, and enlarging port diameter.
As far as we know, there has only been one report about
the flame spread opposed to liquid oxidizer. In a recent
study by Takei et al. a few firing tests were conducted
in which liquid oxygen was passed through a multiport
PMMA fuel grain placed within a rocket chamber, how-
ever the discussion of results was limited to the fuel re-
gression shape at the end of firing and the feasibility of
such a configuration as a gas generator [7]. Their re-
search did not sufficiently examine the relation between
oxidizer port velocity, port diameter, ambient pressure
and flame spread rate, which is important for the de-
sign of axial-injection End-Burning hybrid rockets. For
this reason, most of the combustion characteristics of

liquid oxidizer and solid fuel are still unknown. The
purpose of this study is to reveal the characteristics of
flame spread opposed to liquid oxidizer flow in a circu-
lar fuel duct by observing the combustion directly, with
the specific aim of understanding the influence of port
diameter and oxidizer port velocity on flame spread rate,
and constructing a model that includes key mechanisms
of the combustion.

2. Experimental procedure and apparatus

Fuel port sizes vary from 1.0, 2.0, 3.0 and 6.0 mm in
diameter. All fuel grains except for the 6.0 mm port di-
ameter fuel grains were prepared in-house by drilling a
cylindrical port through the center of a rectangular pris-
matic rod with outer dimensions of 20 x 30 X 7 mm.
Rectangular prismatic rods were preferred as a source
material because they provide a clear field of view of
the flame front from the side. The 6.0 mm port diame-
ter fuel grains were made from pre-manufactured tubes
with an outer diameter of 12.0 mm because the port di-
ameter accuracy would not have been acceptable had the
ports been made in the rectangular rods with the drill
available.

Oxidizer port velocity was held constant during each
test but ranged from 1 to 7 m/s between tests. The length
of the port is too short for the complete development
of the turbulent velocity boundary layer, but the length
is enough for preventing the occurrence of two-phase
flow. Figure 1 shows the experimental apparatus. All
tests were conducted under atmospheric pressure. As
shown in the upper left of Fig. 1, fuel was mounted ver-
tically in the downward direction in a rectangular duct
through which gaseous nitrogen flows downward. Ni-
trogen gas is passed through the duct to prevent frost-
ing on the fuel surface and maintain a clear view of the
flame front. Before firing, an insulated reservoir storing
the liquid oxygen was decompressed to approximately
0.03 MPa by vacuum pump to cool it from 90 K to 80
K. This was another measure taken to prevent the lig-
uid oxygen from changing phase on the way to the fuel.
Gaseous helium was used as a pressurant to feed the
liquid oxygen through an orifice and feed line, which
was insulated, and cooled by liquid nitrogen, to the fuel
port. Fuel was ignited from the downstream end of the
port by burning incense while liquid oxygen was be-
ing passed through the fuel. Gaseous nitrogen was used
to extinguish the flame after stopping the liquid oxy-
gen supply. The oxygen mass flowrate was measured
by the pressure drop between the reservoir and the fuel
upstream position. The combustion and fuel regression
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Fig. 1. Schematic of the experimental apparatus.

were observed and recorded by digital video camera us-
ing the back-light method, and the opposed flow flame
spread rate was determined by visually identifying the
flame position between frames. A high-speed camera
(Photron FASTCAM SA3 model 120K-M3) was used
to confirm whether the oxygen flow was in a fully lig-
uid phase or in a state of two-phase flow, as well as to
observe the leading edge of fuel regression.

3. Results and discussion

3.1. Flame spread rate

Figure 2 shows images of the combustion and fuel
regression shapes for port diameters of 1.0, 2.0, 3.0 and
6.0 mm. Most liquid oxygen passes through the diffu-
sion flame without being vaporized, which suggests that
the diffusion flame is formed along the regressing fuel
wall surface and is a frustum in shape, with liquid oxy-
gen passing through the center of it. Although a small
amount of liquid oxygen vaporizes near the vicinity of
the diffusion flame, the high-speed camera shows that
oxygen is entirely in the liquid phase up to the port exit
in all experiments. In addition, fuel regression profile
was bell-shaped. This is because the diffusion flame re-
gressed the fuel in both the axial and radial directions at
the same time. The leading edge of the diffusion flame
moved along with the tip of the enlarging fuel duct, and
for this reason the flame spread rate was defined as the
velocity of this motion.
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Fig. 2. Pictures of the combustion state with liquid oxygen and
PMMA fuel.

The plot in Fig. 3 correlates the flame spread rate with
the oxidizer port velocity and fuel port diameter. These
errors in Figs. 3 and 4, were calculated from the mea-
surement error of pressure and port diameter. As in-
dicated in the figures, flame spread rate decreases with
increasing oxidizer port velocity. Flame spread rate also
increases with increasing port diameter, however the
sensitivity in port diameter decreases. The flame spread
rate of the tests in this study is roughly twenty times
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Fig. 3. Flame spread rate decreases with increasing oxidizer velocity
and decreasing port diameter.

lower than that reported for tests employing gaseous
oxygen as the oxidizer under a similar range of oxidizer
port velocities [5]. To summarize the main features of
the combustion observed between liquid oxidizer and
solid PMMA in this study, we can say that the fuel re-
gresses in the axial and radial directions simultaneously,
the port exit diameter is enlarged and the flame spread
rate is equivalent to fuel regression rate in axial direc-
tion. For these reasons, it seems reasonable to conclude
that the combustion of liquid oxygen with a solid fuel
duct can be classified as stabilized combustion as de-
fined in previous studies using gaseous oxygen. The
empirical formula for flame spread rate V; [m/s] using
gaseous oxygen was identified in a previous study [8] as
the following equation:

Vf =(Cy/Vox + C2)Pn (D

V,x [m/s] and P [Pa] are oxidizer port velocity and am-
bient pressure, respectively. The empirical constants C|,
C, and n were determined to be 1.34x 1077, 1.61x107°,
and 0.951, respectively. We try applying this empirical
formula to the stabilized combustion with liquid oxy-
gen observed in this study. In this analysis, ambient
pressure, P, is atmospheric pressure: 0.1013 MPa; and
pressure exponent, n, is assumed to be unity [8], [9].
In addition, experimental values C| and C,, which are
constant when using gaseous oxygen, are defined with
respect to each port diameter because the flame spread
rate in liquid oxygen is influenced by the port diame-
ter. The lines in Fig. 3 show the curves fitted accord-
ing to Eq. (1). As indicated in the figure, these curves
agree well with the trend in the experimental data. Ta-
ble 1 shows the experimental values, C; and C,, with
liquid oxygen. Figure 4 shows the relations of exper-
imental values C; and C, to port diameter. While C
tend to increase, C; tend to decrease as port diameter

Table 1. Experimental value: Cy, C2

Port diameter Experimental value

d [mm] C; x107° Cyx107°
1.0 2.8 1.4
2.0 2.38 2.10
3.0 1.91 2.79
6.0 0.88 4.00
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Fig. 4. Relation of experimental values, C| and C», to port diameter.

increases. Assuming these values can be described by a
power function of port diameter, d, they are given by as:

Cy = (-104d%™5 +3.55) x 107 2)

C, = (43.4d°%° - 0.905) x 10~° 3)

where port diameter, d, is in units of [m].

There are two clear differences between the results
of tests using liquid oxygen and those using gaseous
oxygen. One is the influence of port diameter on flame
spread rate. In stabilized combustion with gaseous oxy-
gen, there is no influence of port diameter [8]. The other
is the absence of flame spreading combustion; namely,
when fully liquid-phase oxygen is supplied, the diffu-
sion flame does not spread into the fuel port even when
the oxidizer port velocity is relatively low. When the
void ratio of the oxygen is very high, such as in an an-
nular mist flow, the flame spreading combustion mode
can be observed. These two differences are discussed in
more detail in the following sections.

3.2. Extinction and abnormal regression

When oxidizer port velocity was high and fuel port
diameter was small, abnormal fuel regression was ob-
served, and sometimes extinction occurred. Figure 5 (a)
shows an example of abnormal fuel regression. The
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Fig. 5. Pictures of abnormal regression and extinction.

fuel regression shape in this figure is noticeably differ-
ent from the normal regression shape shown in Fig. 2.
When abnormal regression occurred, radial regression
rate increased and the bell-shape opened wider than in
the case of normal regression. Figure 5 (b) shows an ex-
ample of extinction. In this figure, the inner wall of the
fuel port remains unburnt, and the liquid oxygen that
spouts out from the bottom spreads around the outer
surface of the unburnt inner wall promoting a predom-
inately radial regression. Figure 5 (c) shows the pic-
ture of a burnt surface after the firing of (b). As shown
in these pictures, the inner wall surface of fuel port re-
mained intact even though it was directly heated by the
diffusion flame as shown in (b). It can be inferred that
the inner wall surface of the fuel port was not able to
vaporize because of the strong cooling effect of the core
liquid oxygen flow. When the cooling effect exceeds a
certain level, it seems that the inner wall surface of the
fuel port is not vaporized, rather it remains as a solid
even in the flame region. Liquid oxygen flows through
the remaining thin tubular fuel port and flows out from
the crack or outlet downstream of the tube. Because the
oxygen supply position moves farther from the flame
as the fuel burns in the axial direction, either abnormal
regression or extinction may occur. Abnormal regres-
sion occurs when the oxygen supply is unstable, and ex-
tinction occurs when the oxygen supply is insufficient.
In other words, abnormal regression and extinction are
caused by the same mechanism, although the resulting
flame intensity is different.

The following part expresses the relation between ex-
tinction and cooling effect. The cooling effect can be
calculated as heat loss from the fuel surface to the ox-
idizer flow, g0 The heat transfer between the inner

&+ normal
&+ abnormal
%+ extinction

Oxidizer port velocity V,, [m/s]

Port diameter d [mm]

Fig. 6. Abnormal regression and extinction were occur when heat
108, Geool» 18 greater than 0.6 W/m?

wall surface of the fuel port can be analyzed by treating
the oxidizer flow as a turbulent flow without boiling, be-
cause sub-cooled boiling at the region right above the tip
of an enlarged fuel duct was not observed by high-speed
camera and the Reynolds number in these experiments
exceeded Re < 4600. Thus, the heat loss, §coor, 1S €X-
pressed as the following equation:

Gcool = Num/lox(Tw - Tox)/d (4)

In Eq. (4), Nuy, Aoy, Ty, T,y are the spatially averaged
Nusselt number, the heat conductivity of oxidizer, the
average wall temperature of the fuel, and the oxidizer
temperature, respectively. In this analysis, the aver-
age Nusselt number is calculated by the Dittus-Boelter
equation [10]:

Nity, = Nty oo = 0.023Re8 Pr04 ®)

In Eq. (5), Re and Pr are Reynolds number and Prandtl
number, respectively. The calculation of heat loss flux
for liquid oxygen uses the following values: a thermal
conductivity A,y rox, of 166 X 10~ W/m - K; a Prandtl
number, Prpoyx, of 2.42; and a kinematic viscosity, vy ox,
of 0.214x107% m?/s. An estimated value on average
wall temperature of TW,LOX = 120 K was used because
this temperature was found to lead to the best correla-
tion between experimental results and the results calcu-
lated by the models derived in the following sections. A
previous study in which inner temperatures of a burning
fuel were measured was used as a verification of the va-
lidity of the average wall temperature selected here [11].
In Fig. 6, contours of heat loss to the oxidizer flow are
drawn with plots of each experimental condition. These
plots also include the experiments in which the extinc-
tion and abnormal regression were observed. The heat
loss is calculated according to the Dittus-Boelter equa-
tion, Eq. (5). As indicated in the figure, extinction or
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abnormal regression occur when the oxidizer port veloc-
ity is high and the port diameter is small. Equation (5)
shows that as the port diameter decreases, heat trans-
fer along the fuel port inner wall surface becomes more
active, and thus heat is transferred to the liquid oxy-
gen. On the other hand, the heat transfer from the flame
hardly changes regardless of the port diameter. For this
reason, it is considered that extinction occurs if the port
diameter is too small. The boundary between normal
regression and extinction or abnormal regression is lo-
cated along the heat loss contour of 0.6 MW/ m2. Thus,
when heat loss exceeds 0.6 MW /m?, extinction or ab-
normal regression occur. For this reason, it can be said
that the cooling effect of the oxidizer flow determines
the boundary between normal regression and extinction
or abnormal regression.

4. Modeling the flame spread rate

4.1. Equations for calculating flame spread rate

A model of the flame spread rate are developed con-
sidering the heat balance in a unit volume of fuel. Fig-
ure 7 describes a schematic of this model. In this figure,
a unit control volume is shown by the square region,
which is in contact with both the liquid oxygen flow and
the diffusion flame. Only three heat flux terms are con-
sidered: heat input from diffusion flame, g;,, heat loss
to the oxidizer flow, §..,s, and net heat consumption for
heating and vaporizing the fuel, ¢,.,. Here, it is assumed
that the heat conduction in the upstream axial and outer
radial directions are negligible compared with the quan-
tity of heat input from the diffusion flame and heat loss
to the liquid oxidizer in the specified control volume.
This assumption is reasonable for a control volume that
encompasses the region of steepest thermal gradients,
which must be very near the fuel surface when consider-
ing that the fuel material has a very low thermal conduc-
tivity. Balancing these heat fluxes yields the following

equation:
Gnet = Gin — Geool (6)

Net heat consumption, ¢, an important value for de-
termining the flame spread rate, V/, is expressed by the
following equation:

Tdec
Gner = Vy (f prepsdT + Haeepyslr=ry | (7)
T;

where T, Tgec, pf, Cp,f, Haec are the initial fuel tempera-
ture, the fuel decomposition temperature, the density of
the fuel, the specific heat capacity of the fuel, and the
specific decomposition energy, respectively. Assum-
ing a fuel has been precooled, the initial fuel temper-
ature, T;, in Eq. (7) is the same as the oxidizer temper-
ature. The density and specific heat capacity of PMMA
are derived from Ref. [12] as functions of temperature.
Stanislav et al. pointed out that the heat of melting is
negligible in PMMA until its decomposition [13], so
the terms related to melting are eliminated from Eq. (7).
The decomposition temperature and specific decom-
position energy reported by Stanislav are used in this
model. Heat loss, ¢.00, can be calculated by Eq. (4).
The mechanisms of heat input are complicated because
the heat input is the convective heat transfer from the
diffusion flame to the solid fuel. In this case, convective
heat transfer is affected by buoyancy, oxidizer mass flow
rate and the oxidizer vaporization rate, as well as the po-
sition of the flame zone above the fuel surface. There-
fore, to simplify the discussion, we assume that heat in-
put, gin, is a constant value, and discuss later in this sec-
tion the consequences of this simplification. Although
the value, g;;, ~ 1.05 MW/ m?, is chosen to roughly cor-
respond with the result of experiments, a justification
for this value is offered in the section 4.3. Flame spread
rate is derived from Eq. (4), Eq. (6) and Eq. (7) to be:

Qin - Num/loxd_] (TW - Tox)
Vi = T ®)
f]}. pfcp,de + HdecpflT:TdM

Figure 8 shows the results of calculation using Eq. (8).
As can be seen from the figure, the tendency of flame
spread rate with respect to oxidizer port velocity and
port diameter agrees with most of the experimental re-
sults. However, the calculated value of the decrease in
flame spread rate resulting from an increase in oxidizer
port velocity is different than the experiment value. In
the calculation, the rate of decrease is almost constant.
Whereas, in the experiments, the rate decreases with
increasing oxidizer port velocity before gradually ap-
proaching a certain constant value. The reason why
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Fig. 8. The flame spread rate calculated by Dittus-Boelter’s equation
assuming fully developed thermal boundary layer agrees somewhat
with the experimental results.

this difference appears is that the heat input from the
diffusion flame is assumed to be a constant value that
does not depend on the oxidizer port velocity. In reality,
the heat input is not constant because it is affected by
changes in buoyancy and boundary layer thickness due
to changes in the oxidizer port velocity.

4.2. Discussion of model assumptions

Assuming that the flow velocity of vaporized oxy-
gen is equal to the flow velocity of liquid oxygen, the
Richardson number, which is the ratio of buoyancy to
flow shear, can be used to estimate the buoyancy ef-
fect. The Richardson number is defined as the following
equation:

Ri = gB (T = Tox)d/ Vo ©)

Here, g, 8, and T are the gravitational acceleration, co-
efficient of thermal expansion, and flame temperature,
respectively. The coefficient of thermal expansion, S,
for an ideal gas is

B=—p'0p/oT = (Tf + TM) /2T (T, (10)

Here, the following values will be assigned: g =
9.8 m/s?, T, = 3100 K, T,, = 80 K. Based on
these equations, the Richardson number has a maximum
value of Ri ~ 1.1 when the port diameter is d = 6.0 mm
and the oxidizer port velocity is V,, = 1.0 m/s, and
minimum value of Ri ~ 6.2 x 107> when the port di-
ameter is d = 1.0 mm and the oxidizer port velocity is
Vox = 5.0 m/s. From this rough estimation, it can be
said that, in most case, the effect of buoyancy can be
neglected because Ri < 0.1, and the model should take
the buoyancy effect into account only when the oxidizer
port velocity is low and port diameter is large. Increas-
ing the oxidizer port velocity increases the heat input,

because the boundary layer, where the diffusion flame
is formed, becomes thinner and the distance between
the diffusion flame and the fuel surface decreases. In
addition, there is room to improve on the heat loss es-
timation by Eqs. (4) and (5). This model calculates the
Nusselt number assuming the boundary layer of liquid
oxygen is fully developed. Although the trend in results
will not change qualitatively, it may be more appropri-
ate to implement a Nusselt number correlation corre-
sponding to a developing flow rather than that of a fully
developed flow, because the fuel port length is too short
for the flow to be fully developed. If the model imple-
mented a developing flow formula for Nusselt number,
the value of V calculated by the model would decrease
greatly in the low-velocity region where the boundary
layer has not developed, but only slightly decrease in
the high-velocity region where the boundary layer has
developed to some extent, because the steeper temper-
ature gradient in the liquid oxygen in the low-velocity
region enhances the cooling effect. Currently, there is
no Nusselt number correlation from previous research
which clearly applies to the flow conditions of our ex-
periments. The accuracy of the model proposed in this
paper may be improved by taking these mechanisms in
to account. The authors would like to work on these im-
provements in subsequent research, because these mod-
ifications to the model are out of the scope of this paper
and related experiments.

4.3. Influence of port diameter on flame spread rate

In this section, the cause of the difference in the
influence of port diameter on flame spread rate be-
tween gaseous and liquid oxygen is modeled by con-
sidering the influence of port diameter on flame spread
rate. It is possible to estimate the value of heat input
from the heat balance in Eq. (6) by calculating the net
heat consumption using Eq. (7) based on experimen-
tal flame spread rates determined by Eq. (1) and heat
loss flux determined by Eq. (4). Figures 9 and 10 show
each heat flux term and the flame spread in liquid and
gaseous oxygen, respectively, when the port diameter is
1.0 mm. The estimation for gaseous oxygen uses the
following values: an initial temperature, 7;, and oxi-
dizer temperature, T,,, of 280 K; a thermal conductiv-
ity, doxGox, of 24.7 x 107> W/m - K; a Prandtl number,
Prgox, of 0.725; and a kinematic viscosity, vgox, of
14.2 x 107 m?/s. An average fuel wall temperature,
Tw,cox, is assumed approximately 473 K with reference
to the measurement results of the surface temperature of
burning PMMA by Y.kudo et al. in Ref. [11].

The range of oxidizer port velocities considered with
gaseous oxygen is from 20 to 40 m/s to match the range
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of flame spread rates more closely to those with lig-
uid oxygen, and because stabilized combustion with
gaseous oxygen is not possible under lower oxidizer
port velocities. As indicated in these figures, the es-
timated values of heat input with liquid oxygen, 0.9
to 1.3 MW/m?, and that of gaseous oxygen, 0.6 to
0.8 MW/m?, are close to one other and both approxi-
mate the value used in the model; 1.05 MW /m? in sec-
tion 4.1. Therefore, the value of heat input used in the
model is a reasonable order of magnitude. The propor-
tion of heat loss to heat input with gaseous oxygen is
less than 5%, and the effect of it on this estimation can
be neglected; however, that with liquid oxygen is 50%
or more. To quantitatively evaluate the magnitude of
influence of port diameter on flame spread rate, we in-
troduce a partial derivative of flame spread rate with re-
spect to port diameter, 8V /dd. When Eq. (8) is partially
differentiated, the heat input term, ¢;,, is cancelled out
and the partial derivative can be expressed as following

Table 2. Parameter ratio of gaseous oxygen to liquid oxygen and the
exponent values.

. Values Exponent
Parameter ratio .
of ratio  of parameter
/lox,GOX//lox,LOX 0.15 1
Prgox/Prrox 0.30 0.4
vGox/VLox 66 -0.8
(Tw—ToxGox)
(fw _T()x.LOX) . 5 1
Net heat consumption
0.89 1

per unit volume

equation:

oy 0.00461,, Pro4y 08 (T, = T,,) Vo, *3d 12
ad

¥ prepsdT + Haeebylr=r,,

11
Where v is the kinematic viscosity of the oxidizer. Note
that of the exponents of V,,, and d in Eq. (11), that of
V,x is positive and slightly less than one while that of
d is negative and slightly larger than one. This equa-
tion explains the decrease in sensitivity of flame spread
rate to changes in port diameter or oxidizer port velocity
when the values of these parameters are relatively large.
In the case of liquid oxygen, the magnitude of this ten-
dency ranges from 2.26 X 107 t0 9.21 x 1072 s~! when
the oxidizer port velocity ranges from 1.0 to 7.0 m/s and
port diameter ranges 1.0 to 6.0 mm. On the other hand,
the magnitude of this tendency when gaseous oxygen is
used ranges from 3.93x 10~ to 1.59x 1073 s7!, roughly
two orders of magnitude smaller. Table 2 shows the ra-
tios of each parameter of gaseous oxygen to liquid oxy-
gen and the exponents of each parameter in Eq. (11).
Net heat consumption per unit volume is equivalent to
the denominator of Eq. (11). This table shows that the
kinematic viscosity of the oxidizer is the most influen-
tial factor on the influence of port diameter in the com-
parison of liquid versus gaseous oxygen, and that the
cumulative impact of the other parameters combined is
less than ten percent that of the kinematic viscosity pa-
rameter. In fact, since the range of oxidizer port veloc-
ities where stabilized combustion is established should
exceed approximately 20 m/s when gaseous oxygen is
used [14], the velocity is around ten times higher than
that considered in the above calculation. For this rea-
son, the influence observed in actual experiment with
gaseous oxygen should be roughly a tenth of that when
liquid oxygen is used.



5. Conclusion

In this study, combustion state and flame spread rate
opposed to liquid oxygen flow in a fuel duct were exper-
imentally investigated. Several firing tests show that sta-
bilized combustion may be sustained using liquid oxy-
gen as an oxidizer. The flame spread rate decreases as
the oxidizer port velocity increases and port diameter
decreases, and the empirical formula of flame spread
rate was obtained. Extinction and abnormal regression
occur when oxidizer port velocity is high and port di-
ameter is small. It can be concluded that the cooling of
the fuel by the oxidizer flow in this configuration has
a strong effect on the combustion when liquid oxygen
is used. Models of flame spread rate developed consid-
ering the heat balance of three heat fluxes at the fuel
surface are in good agreement with the experimental re-
sults. However, there is room for improvement regard-
ing the effects of buoyancy and the boundary layer of the
combustion gas flow on heat input, and the effect of the
development of the temperature boundary layer in the
liquid oxygen flow on the heat loss due to cooling. Sen-
sitivity analysis revealed that the primary reason why
the influence of port diameter appears when liquid oxy-
gen is used but not when gaseous oxygen is used is that
the cooling rate at the fuel surface is greatly increased
due to the larger kinematic viscosity of liquid oxygen.
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