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Abstract

The experimental study was carried out to investigate the gasification of urotropine 
(hexamethylenetetramine) in a low-temperature solid fuel gas generator under 
varying inlet gas flows. Nitrogen was applied as the filter gas. The filter gas flow was 
varied from 0.6 to 1.4 L/s with a step of 0.2 L/s. The inlet gas's initial temperature 
was equal to 910 K. It was shown that with an increase in the nitrogen flow, 
the fuel gasification time decreased. Increasing the flux of inlet nitrogen from 
0.6 to 1.4 L/s results in an increase in the average urotropine gasification mass 
rate from 0.63 to 1.61 g/s. When the initial nitrogen flow is raised, the rate of 
fuel gasification increases almost linearly. Studies have demonstrated that the 
proportion of mass flows between urotropine gasification products and nitrogen 
remains constant regardless of the incoming gas flow. The mass flow ratio 
remains steady at approximately 0.9 g/g when the incoming gas flow is altered. 
It has been shown that the gaseous products of urotropine gasification consist 
of nitrogen with a small amount of hydrogen and hydrocarbons. The content of 
simple gaseous products does not exceed 4% vol.
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1. Introduction

The reliability of propulsion devices is crucial for 
the success of Space missions. New propulsion prin-
ciples are under investigation at present utilizing 
the storage of solid fuels and their gasification be-
fore injecting into combustion chamber [1‒3]. The 
gas generators for producing low-temperature gas 
are also used in various extinguishing systems [4‒6], 
for spinning gas turbines [7], in car airbags [8], etc. 
The high flux gas production, the noncombustible 
gas products, or the maximum calorific value of gas 
are imposed depending on the employment of such 
gas generators.

The solid fuel gas generator for producing 
low-temperature gas with high caloric value may be 
implemented in the high-speed flying vehicle engine 

[9]. To realize high-speed flying vehicle the ramjet 
engine is being investigated [10, 11]. Also, liquid fu-
els [12, 13] gaseous fuels [14] or propellants may be 
implemented for engine supply [15‒17]. The stud-
ies of various combustion regimes are carried out 
using computational programs [18] and experimen-
tal setups [19, 20].

The outward air is impossible to use as a cool-
er in the combustion chamber of high-speed flying 
vehicle because of the large stagnation of air tem-
perature in the inlet. In this case, the cooler must be 
placed inside the vehicle [21]. The solid fuel gasifica-
tion products or liquid fuel may be used as a coolant. 
The liquid fuel is easy to feed into the combustion 
chamber cooling system [22]. Unlike solid fuel, liquid 
fuel has a small volume calorific value due to low-
er density. In work [23] the possibility of including a 
solid-fuel low-temperature gas generator in an en-
gine to produce high-calorie gases was demonstrat-
ed. An experimental investigation of polypropylene 
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gasification during filtration of an inert gas with high 
temperature was carried out [24]. An increase in 
the inlet gas temperature leads to increases in the 
gasification rate of polypropylene. It was concluded 
that by varying the gas flow temperature it is possi-
ble to control the rate of gasification of the fuel. The 
thermal mode and rate of substance decomposition 
are controlled by the temperature [25, 26].

The low temperature gas generator is divided into 
two parts. In one part, a self-burning solid propellant 
may be located, during the combustion of which a 
gas flow with high temperature is formed. As a rule, 
this gas has a low calorific value. In the second part, 
there is a solid porous cooler. The initial section of 
the gas generator emits hot gas which subsequently 
passes through a second section and undergoes fil-
tration through a porous cooler. Polymeric material 
can be used as a coolant. Let's call the polymer ma-
terial a fuel, and the part of the gas generator with it 
a gasifier [27‒29]. Due to interfacial heat exchange, 
the inlet gas is cooled, and the fuel is heated. When 
the fuel is heated, gasification can occur. In this case, 
the heat of the inlet high-temperature gas is spent 
on the physical heating of the fuel and its chemi-
cal thermal decomposition. Because of the thermal 
decomposition of the fuel, the gas is enriched with 
gasification products, while the gas calorific value 
increases [30]. When heating the fuel, it should not 
melt, otherwise this will lead to overlapping of the 
pores. Therefore, fuel gasification should occur in 
the sublimation mode when the fuel passes from a 
solid state to a gaseous one. As a result, a gas stream 

with a low temperature is obtained at the outlet of 
the gas generator.

In addition to the inlet gas temperature, the gas 
flow can also be varied. An experimental study of 
the effect of gas flow on the gasification character-
istics of urotropine has not been carried out. The 
aim of the current work is the experimental inves-
tigation of the gasification regimes of solid fuel un-
der conditions of a low-temperature gas generator 
varying the inlet gas flow rate.

2. Experimental

Figure 1 shows a diagram of the experimental set-
up. The cylindrical quartz reactor (2) is the main ele-
ment of the setup. The wall thickness of the reactor 
is 2 mm, the inner diameter is 66 mm. To minimize 
the loss of heat in the lateral direction, thermal insu-
lation (5) is employed to cover the exterior of the re-
actor. An electric heater (6) is located at the bottom 
part of the reactor. This part of the reactor is filled 
with particles of inert firebricks to increase heat ex-
change with the gas. The length of this part of the 
reactor is 35 cm. A laboratory autotransformer (4) 
was used to supply electric current to the heating 
element. Gas was supplied from a cylinder (7) to the 
bottom of the reactor. A Bronkhorst "Mass-view" 
flow meter (8) was used to set the required gas flow. 
Temperature measurements were made using chro-
mel-alumel thermocouples. Thermocouple TC1 was 
positioned at the exit of the firebricks layer, while 
TC2 was located at the exit of the reactor. The sig-

 

Fig. 1. Diagram of the experimental setup: 1 – PC; 2 – reactor; 3 – ADC; 4 – laboratory autotransformer; 5 – thermal 
protection shield; 6 – heating elements; 7 – cylinder with nitrogen; 8 – flow meter. TC1, TC2 – thermocouples.
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nals from both thermocouples were transmitted to a 
personal computer (PC) (1) equipped with a ZetLab 
analog-to-digital converter (ADC) (3) for further pro-
cessing. The particles of solid fuel were loaded into 
the gasifier between TC1 and TC2 thermocouples. 
Gaseous products were analyzed under normal con-
ditions with the "Chromatek Kristal 5000" chromato-
graph. The error in determining the concentration of 
gaseous substances is less than 0.01 vol.%.

The experimental procedure included the follow-
ing stages: supplying gas to the reactor, heating the 
gas with an electric heater to a given temperature, 
filling a fuel sample, measuring the temperature of 
gas at the reactor outlet, and taking and analyzing 
samples of gas products. The time of loading the fuel 
into the reactor was taken as the beginning of the 
experiment. The time of complete fuel gasification 
was set as the end of the experiment. The margin 
of error in determining the overall fuel gasification 
time was within 5%.

The overlapping of the fuel pores and stoppage of 
the gas filtration may be caused by the melting of the 
fuel. The urotropine (C6H12N4), under heating, subli-
mates and turns into the gas phase without melting. 
Therefore, the urotropine was used as a model fuel. 
The length of the sample fuel filling was 20 cm. The 
mass of urotropine in one experiment was 250 g. The 
density of urotropine (as material) is 1144 kg/m3. 
The urotropine was crushed and dispersed on sieves 
with an average particle size of 5‒10 mm. Nitrogen 
(N2) was taken as an inert filter gas. The nitrogen pu-
rity in the cylinder is 99.5%. The filter gas flow was 
varied from 0.6 to 1.4 L/s with a step of 0.2 L/s. The 
inlet gas's initial temperature was equal to 910 K.

The temperature at the outlet of the gasifier was 
measured, and a sample of gas was taken during the 
experiment. The time of fuel gasification was mea-
sured.

3. Results and discussion

The dependence of the temperature of the gas 
at the outlet of the reactor on time for several gas 
flow rates is shown in Fig. 2. The inlet gas flow was 
varied from 0.6 to 1.4 L/s with a step of 0.2 L/s. On 
the graph, the numbers indicate the values of the 
nitrogen flow (1 – 0.6, 2 – 0.8, 3 – 1.0, 4 – 1.2, 5 – 
1.4 L/s). The experiment began after the inlet tem-
perature of gas was equal to 910 K. At the beginning 
of the experiment, fuel with a temperature of 298 
K was loaded into the reactor. The gas temperature 
at the outlet of the gasifier begins to rise from the 
initial temperature of urotropine. As a result of heat 

exchange with gas, the temperature of urotropine 
rises, which in turn causes the temperature of the 
outgoing gas to increase due to a reduction in the 
interfacial heat exchange intensity. In the interval 
of 500‒550 K the temperature of the outgoing gas 
changed slightly due to an intensive gasification of 
urotropine. This is due to the fact that the melting 
point of urotropine is 553 K. As the urotropine was 
consumed, the gas temperature at the outlet of the 
gasifier increased. As a result, the temperature of 
the gas phase at the outlet of the reactor becomes 
equal to 910 K. Determining the fuel gasification 
time, its average gasification rate was calculated.

The data presented in Fig. 2 indicates that as the 
nitrogen flow increases, the fuel gasification time 
decreases. In work [31], similar numerical predic-
tions were obtained. The reason for this is that as 
the nitrogen flow increases, there is a corresponding 
increase in the intensity of interfacial heat exchange. 
As a result, the gas generator's operating time de-
creases with an increase in the incoming gas flux.

The dependence of the gasification of urotropine 
mass rate on the gas flow rates is shown in Fig. 3. The 
error in measuring the gasification rate did not ex-
ceed 10%. Increasing the flux of inlet nitrogen from 
0.6 to 1.4 L/s results in an increase in the average 
urotropine gasification mass rate from 0.63 to 1.61 
g/s. Figure 3 illustrates that the fuel gasification rate 
almost linearly increases as the initial nitrogen flow 
increases. This can be attributed to the heightened 
intensity of interfacial heat exchange that occurs 
with an increase in nitrogen flow. Additionally, the 
rate of temperature increase in urotropine also rises, 
increasing its gasification rate. In work [32], the gas-
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Fig. 2. The dependence of the temperature of gas at 
the outlet of the reactor on time for several gas flow 
rates (1 – 0.6, 2 – 0.8, 3 – 1.0, 4 – 1.2, 5 – 1.4 L/s).
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ification of urotropine in a CO2 flow was experimen-
tally studied. The gasification rate of urotropine was 
1.2 g/s at a flow and gas temperature of 0.8 L/s and 
920 K, respectively. In the case of a CO2 flow, the rate 
of urotropine gasification is higher than in a nitrogen 
flow under the same conditions. This is because CO2 
has a higher density and specific heat capacity than 
nitrogen. In this case, the CO2 flow carries more heat 
at the same temperature than the nitrogen flow. 
The greater heat content of the CO2 flow leads to a 
greater degree of gasification of urotropine.

Varying the flow rate of the incoming gas leads 
to a change in the flow of fuel gasification products. 
This can allow controlling the parameters of the en-
gine operating regime.

The gas coming out of the gasifier enters the en-
gine combustion chamber cooling system. There-
fore, it must have a low temperature to function as 
a cooler. Additionally, this gas needs to have a signif-
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Fig. 3. The dependence of the gasification of urotropine 
mass rate on the gas flow rates.

icant caloric content to generate thrust for the en-
gine when it burns out in the combustion chamber. 
Figure 4 demonstrates how the ratio of the mass 
flows of the gasification products of urotropine (mf) 
and inlet nitrogen (mg) relate to the inlet gas flow. 
This mass flow ratio demonstrates how many uro-
tropine gasification products there are for each unit 
of inlet gas mass. It can be seen from Fig. 4 that the 
mass flow ratio is independent of the inlet gas flow. 
When varying the inlet gas flow from 0.6 to 1.4 L/s, 
the value of the ratio of mf/mg is constant and equals 
approximately 0.9 g/g. Thus, we can conclude how 
many times the flux of inlet gas has increased, so 
many times the gasification products of urotropine 
flow increased at a given inlet gas temperature. In 
work [32], the gasification of urotropine in a CO2 
flow was experimentally studied. The ratio of mass 
flows was 0.8 g/g at a flow and gas temperature of 
0.8 L/s and 920 K, respectively. In the case of a CO2 
flow, the mass flow ratio is smaller than in a nitrogen 
flow under the same conditions.

Salganskaya et al. [3] demonstrated that there 
is a correlation between an increase in the inlet gas 
temperature and an increase in the mass flow ra-
tio. From the ratio of mass flows of fuel gasification 
products and inlet gas, it is possible to calculate the 
calorific value of the gas leaving the reactor. In these 
experiments, it was found that the outlet gas calo-
rific value can be two times lower than the calorific 
value of the original fuel.

The result of the analysis of gaseous products 
leaving the gasifier is shown in Table 1. The table 
shows that the gaseous products of urotropine gas-
ification consist of nitrogen with a small amount of 
hydrogen and hydrocarbons. The nitrogen in the 
gaseous products of urotropine gasification comes 
from the nitrogen cylinder. That is at this tempera-
ture (910 K) urotropine is not only sublimated, but 
also decomposed to simpler gaseous products. 
When urotropine is heated, it evaporates into the 
gas phase in the form of initial molecules. When 
cooled to room temperature, urotropine molecules 
condensed from the gas phase. The decomposition 
of urotropine molecules into simple substances at 
this temperature is very slow. The content of simple 
gaseous products does not exceed 4% vol.

Table 1. Composition of gaseous products of urotropine 
gasification (under normal conditions)

N2, 
% vol.

H2, 
% vol.

CH4, 
% vol.

C2H4, 
% vol.

Other, 
% vol.

96.7 1.5 0.6 0.5 0.7
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Fig. 4. The dependence of the mass flows ratio of 
gasification products of fuel (mf) and inlet nitrogen (mg) 
on the inlet gas flow rates.
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In works [33, 34], similar results were obtained 
on the formation of urotropine decomposition 
products. The authors have shown that pyrolysis of 
hexamethylenetetramine occurs at a low tempera-
ture, while hydrogen and a small amount of gaseous 
hydrocarbons are formed.

4. Conclusion

1. It was shown that with an increase in the ni-
trogen flow, the time of urotropine gasification de-
creases. When the flux of incoming nitrogen was in-
creased from 0.6 to 1.4 L/s, the average mass rate 
of urotropine gasification rose from 0.63 to 1.61 g/s. 
The fuel gasification rate showed an almost linear in-
crease with a rise in the inlet nitrogen flow. 

2. It has been shown that the ratio of mass flows 
of fuel gasification products and inlet gas does not 
depend on the value of inlet nitrogen flow. When 
varying the inlet gas flow from 0.6 to 1.4 L/s, the 
value of the mass flow ratio is constant and equals 
approximately 0.9 g/g. 

3. It has been shown that the gaseous products 
of urotropine gasification consist of nitrogen with a 
small amount of hydrogen and hydrocarbons. That 
is at this temperature (910 K) urotropine is not only 
sublimated but also decomposed to simpler gaseous 
products. The decomposition of urotropine mole-
cules into simple substances at this temperature is 
very slow. The content of simple gaseous products 
does not exceed 4% vol.
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