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Abstract: Oxygen-consuming inerting technology is expected to be the primary method for sup-
pressing aircraft fuel tank fires and explosions in the next generation, with the catalytic reactor
serving as its core component. However, the catalytic properties of the developed catalyst have
yet to be thoroughly studied, and a primary reaction kinetic equation is needed to support further
investigation of the reactor. Thus, this study focuses on the performance of the developed catalyst
for RP-3 fuel vapor, with a test bench built to analyze its reaction kinetic characteristics. Initially, we
tested the steady-state variation in the fuel vapor concentration (FVC) with fuel temperature and
fitted an empirical equation, providing fundamental data for subsequent experiments. Subsequently,
we studied the impact of critical parameters, such as the FVC, oxygen concentration (OC), CO; con-
centration, and reaction temperature, on the reaction performance. The results demonstrate that the
reaction rate is positively correlated with the FVC, OC, and reaction temperature, while CO, has no
impact on the catalytic reaction characteristics. Finally, a kinetic equation for the developed catalyst
is summarized based on the experimental data, providing a fundamental equation for simulating
research on the catalytic reactor and the oxygen-consuming inerting system.

Keywords: catalytic oxidation; RP-3 aviation fuel; fuel vapor; inert; reaction kinetics

1. Introduction

Fuel tank explosions and disintegration remain among the primary causes of aircraft
accidents [1,2]. To address this issue, both the Federal Aviation Administration of the
USA (FAA) and the Civil Aviation Administration of China (CAAC) have established
airworthiness regulations mandating necessary measures to minimize fuel tank flamma-
bility [3]. Years of research have demonstrated that fuel tank inerting technology, which
reduces the OC in the fuel tank ullage, is the most effective method for mitigating fuel tank
flammability [4-6].

After several years of development, the Hollow Fiber Membrane On-Board Inert
Gas Generation System (HFM-OBIGGS) has become the most commonly used inerting
technology. For instance, the F-22, F-35, Boeing 737, Boeing 747, and Airbus A320 all
employ this technology [7,8]. However, practical application has revealed several issues
with this technology. Firstly, it requires a significant amount of high-pressure engine bleed
air, resulting in increased aircraft compensation loss. Secondly, the membrane separation
performance declines significantly, leading to low nitrogen production efficiency and a
short service life. Thirdly, the release of fuel vapor causes environmental pollution and
violates the global carbon neutrality strategy [9,10].

In light of these issues, researchers have proposed several new inerting methods, such
as adsorption inerting technology [11], cooling inerting technology [12], oxygen-consuming
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inerting technology [13], and others. Among them, the oxygen-consuming inerting technol-
ogy is the most likely to be applied in the next generation of on-board fuel tank inerting
technology, owing to its high inerting efficiency and enhanced security [14]. Unlike the
“first-generation” oxygen-consuming inerting system in the 1960s, fuel catalytic inerting
technology catalyzes the combustion of liquid fuel, resulting in more intense reactions with
reaction temperatures reaching 700 °C, which is far more dangerous [15]. The “second-
generation” oxygen-consuming inerting technology involves catalyzing the combustion of
fuel vapor, with relatively lower reaction temperatures. For instance, the catalytic reaction
temperature of the Green On-Board Inert Gas Generation System (GOBIGGS), proposed
by the Phyre Company, is approximately 230 °C, lower than the spontaneous combustion
temperature of RP-3 fuel vapor. This translates to enhanced safety and reliability. As
illustrated in Figure 1, the basic principle of GOBIGGS involves extracting mixed gas from
the fuel tank ullage into a catalytic reactor for low-temperature combustion. The reaction
consumes fuel vapor and O,, producing CO, and water. After the reaction, the inert gas
containing large amounts of N, and CO; flows back to the fuel tank for inerting, after
cooling and drying [16].

Vent hole |

Fuel tank

Low temperature and
dry mixed inert gas

Fuel vapor and air
mixture

C.H, +(x +%)02 - xCOZ+%H20
CO2,HZO, CxHy,
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Cooling dryer Fan

Catalytic reactor

Figure 1. Schematic diagram of GOBIGGS.

Parker Aerospace has developed a Jet-A fuel GOBIGGS prototype. In 2011, this
prototype was installed in an A-3 attack aircraft empty fuel tank with a volume of 4.54 m>.
Results from the research showed that the OC in the fuel tank ullage decreased from 21%
to 9% in only 9.6 min [13]. This new inerting technology presents several advantages [17].
Firstly, there is no need to bleed air from the engine, and the energy consumption is much
lower than that of the HFM-OBIGGS system. Secondly, the catalytic reaction temperature
is low and can be kept in a controllable range even if the cooling system fails. Thirdly, since
oxygen is consumed in the reactor, the inerting efficiency is high. Fourthly, the system is
compact, lightweight, and highly integrated. Finally, minimal fuel vapor is discharged
outside, making it environmentally friendly.

However, the compositions of various aviation fuels can differ significantly, and the
characteristics of different batches may also vary [18]. RP-3 aviation kerosene is a mixed fuel
composed of various hydrocarbon molecules, mainly alkanes with carbon atoms ranging
from 10 to 16, including paraffins, cycloalkanes, aromatic hydrocarbons, and olefins, and
the components of the fuel vapor are similar. The main components of RP-3 and Jet-A fuel
are presented in Table 1 [19,20].
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Table 1. Composition of RP-3 and Jet-A.
Fuel Type Alkane Cycloalkane Aromatic Hydrocarbon Olefin Others
RP-3 53% 37.7% 4.6% 2% 2.7%
Jet-A 39.1% 23.2% 37.4% 0 0.3%

Research in the field of low-temperature catalysis shows that it is difficult to develop a
universal catalyst due to the differences in material composition. Therefore, when applying
the low-temperature catalytic inerting system to China’s RP-3 aviation fuel, it is necessary
to develop other catalysts [21,22]. Studies have shown that some noble metals, particularly
platinum, exhibit the best catalytic activity due to their significant ability to activate C-H
and O-H bonds [23]. ZSM-5 zeolite-supported platinum was found to have superior
performance in the catalytic combustion of toluene by Chen et al. [24], while Liu et al. [25]
investigated the activity of various zeolite-supported Pt catalysts for soot oxidation, and
reported that Pt catalysts can effectively promote the decomposition of hydrocarbons.

Based on these considerations, our research group prepared three types of all-silica-
supported Pt nanoparticles, namely Pt/Si-Beta, Pt/Si-ZSM-5, and Pt/SBA-15, and evalu-
ated their catalytic activity for the flameless combustion of fuel samples. The preliminary
research results indicate that Pt/Si-Beta exhibits the most superior catalytic activity among
these catalysts, enabling the complete combustion of methylcyclohexane and RP-3 aviation
fuel at 166 °C and 241 °C, respectively. This remarkable performance of Pt/Si-Beta can be
attributed to its exceptional hydrocarbon adsorption capacity. Additionally, taking into
account the catalytic performance and cost-effectiveness of the catalyst, we found that a
1.0 wt% loading amount of Pt is suitable to meet the actual requirements of the inerting sys-
tem. Moreover, Pt/Si-Beta showed excellent activity and stability over a prolonged period
in varying humidity and air velocity environments, with a conversion rate of approximately
98% being maintained even after 30 h of continuous use [26].

The catalytic reactor is a crucial component of the low-temperature catalytic inerting
system. However, research on the performance of developed catalysts is still limited. For
instance, in the previous simulation study, the reactor performance was represented by
a single catalytic efficiency since there is no primary reaction kinetic equation to support
it [27]. Additionally, the actual vapor concentration of RP-3 fuel was often not considered,
and the saturated vapor pressure was used instead [28]. The study of reactor performance
and catalytic inerting system performance has been further affected by the lack of investi-
gation on the reaction kinetic performance of the developed catalysts. Perego [29] provided
a practical guide for kinetic studies of specific reaction systems, compared various labora-
tory reactors, and discussed the limitations and pitfalls in analyzing the effects of transport
phenomena due to the flow, catalyst, and reactor geometry. Bakhtiari [30] studied the kinet-
ics of equimolar oxygenated hydrocarbon vapor conversion over a catalyst in a packed-bed
tubular reactor, where intrinsic kinetic data were collected in the absence of heat and mass
transfer limitations. A kinetic model in power function form was developed with reaction
orders of 0.6 and 0.8 for methanol and vapor, respectively, and an activation energy of
99 kJ/mol. Hao [31] investigated the kinetics of the hydrogenation of methylcyclopen-
tadiene dimer (MCPD) to endotetrahydrodimethylcyclopentadiene over a Pd/C catalyst
and analyzed the reactivity of the C=C bond in the MCPD molecule by density functional
theory calculations using the Gaussian 03 series program. The kinetic model proposed is
based on the Langmuir-Hinshelwood mechanism, taking into account the non-competitive
adsorption between organic and atomic hydrogens. Todorova [32] prepared a Pd/Mn,O3
catalyst with high activity in the complete oxidation reaction of methane. Mn;Oj3 acts as
high-capacity storage for oxygen species, keeping palladium in the oxidized state. The
catalyst bed temperature for reaching 50% conversion at a water vapor concentration of
20,000 ppm and a gas time velocity of 25,000 h~! was 430 °C, demonstrating high activity.

Hence, this study established an experimental platform utilizing the developed low-
temperature catalyst [26] to investigate the kinetic properties of the catalyst using RP-3 fuel,
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and to establish a kinetic reaction equation that can serve as a reference for simulating the
catalytic reactor and inerting system.

2. Experimental Principle and System
2.1. Experimental Principle

The suitable experimental methods for gas—solid phase catalytic reaction kinetics tests
include integral and differential forms [33]. Considering the characteristics of the fuel vapor
catalytic reaction and the available experimental conditions, the differential method was
adopted for the experimental determination of the catalyst reaction kinetic equation. The
basic principle is to determine the parameter value according to the reaction rate measured
under various experimental conditions. Due to the low catalyst loading, the reaction rate
and bed temperature gradient changes are minimal, resulting in nearly equal reaction rates
in the catalytic reactor. Therefore, the data obtained can be considered under the conditions
of isothermal and isoconcentration.

Chemical reaction kinetic equations commonly used include power function and
hyperbolic function types. The power function form is widely used due to its simple
mathematical processing, and the reaction rate constant is a function of temperature and
conforms to the Arrhenius relationship [34]. Therefore, it can be assumed that the reaction
kinetic equation form of RP-3 aviation fuel is represented by Equation (1). As RP-3 aviation
fuel contains dozens of hydrocarbon components, to facilitate calculation and application
and ensure that the total number of carbon atoms remains unchanged, the fuel vapor is
converted into the total hydrocarbon concentration measured by C3Hg.

_ — £ m n
r=ko-e RT -ne 1o, @D

On the other hand, according to the definition of the reaction rate R, we have

1 R-T
V= —--n - - . 2
Vo et Qo @

The hydrocarbon conversion rate # can be calculated using the following equation:

_ nC3H8 - anHgOllt
nC3Hg

Ui 3)

where r denotes the catalytic reaction rate, mol/(m?>-s). ko denotes the pre-exponential
factor, independent of the reaction temperature, and the unit is related to m and n. E denotes
the activation energy, ]/mol. R denotes the gas constant, 8.314 J/(mol-K). T denotes the
reaction temperature, K. ncsys, nespsout denote the molar concentration of fuel vapor
expressed by C3Hg at the inlet and outlet of the reactor, mol/ m3. 1oy denotes the molar
concentration of Op, mol/m3. m, n are the power exponents. Ve denotes the catalyst
volume, m3. p denotes the reaction pressure, Pa. Q denotes the reaction gas flow rate,
mol/s. 17 denotes the hydrocarbon conversion rate, no unit.

To obtain the kinetic equation of the reaction, the pre-exponential factor kg, the
activation energy E, and the power exponents m and n must be determined. Using
Equations (1) and (2), the catalyst volume and reaction gas flow can be fixed, and the
fuel vapor conversion can be measured at the inlet and outlet of the reactor under different
FVC, OC, and reaction temperatures. Subsequently, the four necessary parameters in
Equation (1) can be fitted.

2.2. Experimental System

The system flow chart and experimental setup are depicted in Figures 2 and 3, respec-
tively. The experimental approach involves placing the fuel tank in a water bath (FDL Inc.,
Shanghai, China) maintained at a constant temperature for a prolonged period to ensure
the continuous generation of fuel vapor at a steady rate. A mixed gas flow of adjustable
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composition comprising Oy, N, and CO is introduced over the fuel tank to prepare the
reaction gas. The mixed gas stream passes through a gas-liquid separator (JGPC Inc.,
Xinxiang, China) to remove any liquid fuel that may be entrained in the fuel vapor before
preheating to the designated temperature and subsequent introduction into the reactor
for low-temperature catalytic reaction. The FVC at the inlet and outlet of the reactor is
determined using a gas chromatograph (FULI Inc., Taizhou, China) equipped with a Flame
Ion Detector (FID) with a maximum error of +£1% and a minimum detectable value of
1 ppm. Using these measurements, the conversion rate and reaction rate of the fuel vapor
can be calculated.
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Figure 2. Schematic diagram of experimental apparatus.
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Figure 3. Experimental system.
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As the gas flow rate is low, the fuel tank ullage replacement frequency is small, and the
experimental fuel tank is placed in a constant-temperature water bath. The heat exchange
of the fuel tank is sufficient, thereby ensuring a constant FVC before the reaction. Based
on the set reaction gas flow, the FVC before the reactor, and the designed O, and CO,
concentrations at the inlet of the reactor, the required Oz, Ny, and CO, flows can be
calculated, respectively. The mass flowmeter (SEVENSTAR Inc., Beijing, China) controls
the output flow of each cylinder. Since the filled catalyst volume is only 0.1 mL, the
dosage is minimal, and the reactor diameter is small, there is no longitudinal or transverse
temperature gradient or concentration gradient of reactants. As a result, the gas in the
reactor has a uniform FVC. To maintain a constant temperature in the reactor, a quartz tube
(size DN8 mm x 100 mm) is placed in a muffle furnace, and the temperature controller
(SHENPENG Inc., Shenzhen, China) regulates the temperature of the muffle furnace.

The gas and liquid temperatures of the fuel tank and the gas temperature before the
reaction were recorded by a data logger (HIOKI Inc., Kagoshima, Japan) and processed
by an industrial computer. The gases required for gas chromatography, namely N, Hy,
and air, were provided by a 40 L Nj steel cylinder with a concentration of 99.999%, an H,
generator(HONGYI Inc., Beijing, China), and an air generator(HONGY]I Inc., Beijing, China).
The cylindrical fuel tank used in the experiment had a size of DN200 mm x 200 mm. The
preheater was heated by an electric heating belt and controlled by a temperature controller.
For the chromatography test, a static sampling method was employed, and each sampling
gas’ volume was 100 mL to ensure that the flow and pressure of the standard gas and
the sample gas were the same when entering the chromatography instrument. The test
conditions for chromatography were 100 °C for the injection port, 80 °C for the column
oven, 200 °C for the detector, and 80 °C for the auxiliary furnace.

The experiments may have uncertainties or errors arising from various sources, such
as (1) possible deviations in controlling the flow rate of the reaction gas by the mass flow
meter; (2) possible deviations in controlling the temperature of the water bath; (3) possible
errors in measuring the concentrations of oxygen and hydrocarbon with the temperature
sensor(SHENPENG Inc., Shanghai, China) and gas chromatography; and (4) possible errors
in measuring the amount of catalyst used. These factors may lead to some differences
between the actual experimental conditions and the designed conditions. To minimize the
impact of uncertainty on the experimental outcomes, the fuel vapor concentration was
measured three times under the same operating conditions, and the average value was
taken as the final experimental result.

The main equipment parameters of the experiment are shown in Table 2.

Table 2. Experimental equipment and parameters.

Equipment Manufacturer Location Model Range Precision

Mass flowmeter SEVENSTAR Inc. Beijing, China CS200 0-2 L/min +1.0%

Water bath FDL Inc. Shanghai, China DC-8030 —40-100 °C +0.1 °C

Temperature sensor SHENPENG Inc. Shanghai, China WRNK-191 0-800 °C +0.1°C
Gas-liquid separator JGPC Inc. Xinxiang, China AFR2000 —_— —_—
Temperature controller WK Inc. Shenzhen, China KHDN11CO0 Full range —_—
Hydrogen generator HONGYTI Inc. Beijing, China HYH-300B —_—— —_—
Air generator HONGYI Inc. Beijing, China HY-3A 3L —_ —
Gas chromatograph FULI Inc. Taizhou, China GC9790plus —_— —_—
Data logger HIOKI Inc. Kagoshima, Japan LR8432 —_—— —_—

The experimental procedure is described as follows:

1.  Chromatography setup: Turn on the N, cylinder, H, generator, and air generator in se-
quence. Set the chromatographic conditions and ignite after reaching the set requirements.
2. Gas distribution: Turn on the Ny, O,, and CO, cylinders in sequence and adjust the
mass flowmeter or needle valve to achieve the required experimental conditions,
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which is a total flow rate of 200 mL/min. Adjust the needle valve before the reactor to
ensure consistent flow rates at the reactor inlet and outlet.

3. Setting experimental conditions: Turn on the constant temperature water bath and
set the temperature value according to the experimental conditions. Turn on the
muffle furnace and preheater heating and set the temperature value according to the
experimental conditions.

4. Experiment and measurement: Start the experiment after completely replacing the
gas in the fuel tank ullage and the pipeline. Turn on V1 and turn off V2, measure the
FVC before the reaction, and repeat the measurement three times. Then, turn on V2
and turn off V1, measure the FVC at the outlet of the catalytic reactor, and repeat the
measurement three times.

5. Changing experimental conditions: Change the fuel temperature, reaction tempera-
ture, preheating temperature, and gas distribution concentration of each gas according
to the experimental working conditions to be carried out, and repeat step 4.

6.  Experiment conclusion: Close the valves of the chromatography instrument, muffle
furnace, preheater, constant-temperature water bath, and gas distribution cylinder
when the experiment is completed.

2.3. Chromatographic Calibration

Measuring the content of each element in aviation fuel is challenging due to its complex
composition. Therefore, measuring the content of total hydrocarbons is more accessible
and suitable for engineering applications. To measure the total hydrocarbons, the area
normalization method was utilized. The basic principle of this method is that the total
chromatographic peak area has a linear relationship with the FVC [35]. To calibrate the gas
chromatograph, C3Hg standard gas of 0.1% and 1.5% concentrations was used. To ensure
the accuracy of the calibration and eliminate accidental errors, the gas chromatograph was
calibrated three times every 24 h for a total of 48 h. Figure 4 displays the chromatogram of
the chromatographic workbench, where the prominent peak appearing 0.72 min after the
start of injection detection is generated by the combustion of C3Hg.

800 10,000
) Peak height: 9495.677 pA
700 | Peak height: 647.826 pA 9000 r Poak aregl‘ 9579 632 E-s
Peak area: 655.693 pA-s 8000 | : 032 P
600 -
< ié_ 7000
T 500t o 6000 r
> —
S 400t S 5000}
g S 4000
2 300} o
B 5; 3000
200 2000 -
100 (+ 1000 -
0 0
1 1 1 1 1 1 1 1 1 _1000 1 1 1 1 1 1 1 1 1
0.0 02 04 06 08 1.0 1.2 14 16 1.8 20 00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0
Time/min T|me/m|n
(a) 0.1% CsHs (b) 1.5% CsHs

Figure 4. Gas chromatography calibration chromatogram.

Figure 5 illustrates the reliable calibration results as the peak area of C3Hg standard
gas with the same concentration remaining stable. Based on the calibration results of the
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chromatography, an uncertainty analysis of the fuel vapor concentration test is conducted.
The A-type uncertainty S can be expressed using Equation (4):

@)
18
—e— 0.1% C,H, Day1
— 15 --¢- 0.1% C,H, Day2
2}
< —o— 1.5% C,H, Day1
(o8
= 12 --9o-- 1.5% C,H, Day2
‘gﬁ 9 | o C 9 Q-=====- Q- ==-==-- L
e
®©
T 6
()
o
3F
ol t———t———¢ | ¢t
1 2 3 4 5 6
Calibration times
Figure 5. Gas chromatography calibration results.
The B-type uncertainty u can be expressed as in Equation (5):
A
U= \ﬁ ()

Equation (6) expresses the combined uncertainty ¢, which accounts for both the A-type
uncertainty S and the B-type uncertainty u.

c=VS2+u? (6)

where C; denotes the measured value and C denotes the average value of the fuel vapor
concentration, %. The parameter w denotes the number of experiments, and A denotes the
minimum detectable limit of the apparatus, %. The uncertainty of the calibration results for
both standard gases was calculated to be 0.58%.

Based on the results shown in Figure 5, the linear relationship between the FVC and
the peak area can be expressed as in Equation (7) by taking the average value.

Ceigg —0.1% A —662.310 ”
15% —0.1%  9444.669 — 662.310

where Cc3pg denotes the fuel vapor volume fraction that converts into C3Hg, %. A denotes
the peak area of gas chromatography, pA-s.
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3. Results and Discussion
3.1. Relationship between RP-3 FVC and Temperature

The present study investigated the relationship between the FVC in the ullage of
an RP-3 fuel tank and the fuel temperature under steady-state conditions. The results
provide a reference for preparing reaction gas in experiments. To achieve this, the fuel
tank temperature was controlled by adjusting the water bath temperature, and the FVC
in the ullage was measured using a gas chromatograph when the fuel temperature was
stable. The measurement was repeated five times, and the average value was taken. The
results are presented in Figure 6. These experimental results were compared with the
concentration values of RP-3 fuel calculated via the saturated fuel vapor pressure [36]. It is
observed from Figure 6 that the FVC of RP-3 fuel increases with the rise in temperature,
and the approximate exponential relationship is consistent with the changing trend of
the calculated value. However, the actual FVC of RP-3 fuel is far less than the estimated
value based on the saturated vapor pressure. For instance, when the fuel temperature
is 40 °C, the two concentrations converted into C3Hg are 2.24% and 19.30%, respectively,
with a difference of 8.6 times. Therefore, the saturated vapor pressure cannot be used to
calculate the FVC. Additionally, this paper uses the expression equation of saturated vapor
pressure for reference to fit the equation of the experimental FVC value of RP-3 with the
fuel temperature, as shown in Equation (8).

471788.063

lg(ccng) = —109.922 — 7= 4319.001

®)
where t denotes the liquid fuel temperature, °C.

30

I Experimental value
25| Calculated value by

' saturated vapor pressure
20 +
15+

RN
o
T

(&)
T

FVC (Converted into C_H,) /%

/

(@)
T

-20 10 0 10 20 30 40 50
Fuel temperature/°C

Figure 6. Variation in RP-3 FVC with temperature.

3.2. The Effects of Key Parameters on Kinetic Characteristics

Understanding the law of influence of the OC, FVC, and reaction temperature on the
catalyst reaction kinetics is crucial for obtaining the reaction kinetic equation. Therefore,
this paper conducted a cross-experimental study with the experimental parameters shown
in Table 3. The fuel vapor concentration was measured using the gas chromatograph at the
inlet and outlet of the reactor, and the conversion rate and reaction rate were calculated.
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Table 3. Experimental conditions.

Sequence Number

OC/% FVC/% Reaction Temperature/°C CO;, Concentration/%

1

U= WD

2 0.32138 150 0
5 0.67884 175 2
10 1.28735 200 5
20 2.23992 225 10
50 3.89684 250 20
80 — — —

0.20

o ©°
O
N o

o
o
3

F/
Reaction rate (mol/m’/s)

Conversion rate

o
o
=

0.00

=
=
o
s
7
@)
o

3.2.1. Effect of Reaction Temperature

Figure 7 depicts the reaction schematic diagram, which provides a better understand-
ing of the mechanism of catalytic reactions. Initially, the mixture of hydrocarbons and
oxygen diffuses through the gas film outside the catalyst particles and reaches the catalyst
surface or enters the internal pores. Under the influence of the catalyst, the catalytic reaction
takes place and breaks down into CO, and H,O. The reaction products then diffuse out of
the pores and exit the reactor with the airflow. The experimental data were plotted with the
FVC as the abscissa under different OCs and reaction temperatures, as shown in Figure 8.
As shown in Figure 8, the conversion and reaction rates increase with the increase in reac-
tion temperature. This outcome can be attributed to the intensified molecular movement
and the enhanced catalyst performance at higher temperatures, resulting in an increase
in the conversion and reaction rates. Under the experimental conditions, the maximum
conversion rate of fuel vapor ranges from 0.056 to 0.192 as the reaction temperature rises
from 150 °C to 250 °C.

¢ces
O R Reactant species e N

\ /7 AN
Os ,v/ ;\/ Gas film

O ; \
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Figure 7. Reaction schematic diagram.

-
N

150°C 175°C 200°C 225°C 250°C

—_— e —

150°C 175°C 200°C 225°C 250°C

—_— . — —

=
o
T

00 05 10 15 20 25 3.0 35 4.0

c© N A O ®
T

1 1 1 1 1 1
.0 05 10 15 20 25 3.0 35 4.0

FVC /% FVC/%

(a) Conversion rate (OC =2%) (b) Reaction rate (OC =2%)

Figure 8. Cont.
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Figure 8. Experimental results of the effects of key parameters on catalytic performance.
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3.2.2. Effect of OC

Furthermore, the conversion rate and reaction rate exhibit an increasing trend with
the increase in OC, and the numerical relationship resembles an exponential function with
a power index of less than 1, under the condition that the reaction temperature and FVC
remain constant. This can be attributed to the fact that when the FVC remains constant, the
increase in OC leads to more oxygen being adsorbed on the catalyst surface, resulting in
more fuel vapor being consumed in the reactor. Moreover, three repetitions of each working
condition were carried out, and the relative errors of the experimental values within the
same group were all within 10%.

3.2.3. Effect of FVC

It is evident that the reaction rate increases gradually with the increase in FVC, and the
relationship between them is approximately linear. This is attributed to the fact that a higher
fuel vapor concentration corresponds to a greater concentration of vapor participating in
the reaction, resulting in a higher amount consumed per unit time. However, as shown
in Figure 8, the relationship between conversion and FVC is dependent on the reaction
temperature and OC. When the reaction temperature is below 175 °C, a lower FVC leads to
a higher conversion rate. However, when the reaction temperature exceeds 200 °C and the
OC surpasses a critical value, the conversion rate increases with the increase in FVC, and
the critical OC decreases as the reaction temperature rises. For instance, when the reaction
temperature is 200 °C and the OC is 2% and 5%, the conversion rate decreases as the fuel
temperature increases. Nevertheless, when the reaction temperature is 250 °C, only when
the OC is 2% does the conversion decrease with the fuel temperature increase. This result is
due to the weak reaction intensity when the reaction temperature is relatively low. Despite
the increase in fuel vapor concentration, the amount of fuel vapor that can participate
in the reaction is limited, causing a decline in the conversion rate. At this point, even a
low concentration of O; is sufficient to fulfill the amount of O, required for the reaction.
Furthermore, as the reaction temperature exceeds 200 °C, the catalyst’s activity is enhanced,
and more fuel vapor can react, indicating an increasing trend in the conversion rate with
the FVC increase. However, this trend is subject to the availability of O, to participate in
the reaction.

3.2.4. Effect of CO, Concentration

The catalytic inerting system consumes fuel vapor and O,, generating CO, and water
vapor. Therefore, it is crucial to investigate the effect of CO, on the catalyst. Figure 9 depicts
the conversion rate and reaction rate of fuel vapor at a constant fuel temperature of 20 °C,
O, concentration of 20%, and residual N at different reaction temperatures. It is observed
that the maximum error relative to the average value of each group is 5.78%, indicating
that CO, does not significantly impact the catalytic performance of the catalyst. The slight
deviation in the outcome may have resulted from gas distribution and chromatography
measurement errors.
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Figure 9. Effect of CO, concentration on catalytic performance.
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3.3. Reaction Kinetic Equation

The kinetic reaction equation was fitted using experimental data with an OC of no
more than 20%, as the OC in the fuel tank ullage is not expected to be higher than this
in the air. Equation (6) shows the resulting equation, which was determined using the
1stOpt software. The pre-exponential factor kg of the equation is 6902.863 mol/(m?>-s), the
activation energy E is 28,749.160 ] /mol, and the power exponents m and n are 0.996 and
0.238, respectively.

r=6902.863-¢ KT -3 . 02 )

The experimental data and the calculated theoretical values were plotted in the same
image, as shown in Figure 10. The error was found to be within 20%. Since the catalytic
reactor typically operates in the low OC range, neglecting the working condition at high O,
concentrations will lead to even smaller errors, making it suitable for subsequent reaction
simulation calculations.

Reaction rate 0
"""""""""""" 20% error line

—
o
T

oo
T

»

I

N

Reaction rate fitting value/(mol-m™-s™")

O N I
0 2 4 6 8 10

Reaction rate experimental value/(mol-m™2s™")

Figure 10. Comparison between fitting value and experimental value.

4. Conclusions

e  The results of this study indicate that the FVC of RP-3 increases with temperature,
although its value is much lower than the value calculated based on the saturated
vapor pressure. At 40 °C, the difference is as much as 8.6 times. Thus, using the satu-
rated vapor pressure for FVC calculation is not feasible. Moreover, the experimental
data reveal that the relationship between the RP-3 FVC and fuel temperature can be
expressed by the equation 1g(Cc,p,) = —109.922 — AZ188083  These findings have
practical implications for the accurate calculation of the FVC and the optimization of

the design and operation of fuel systems.

e  The critical parameters that affect the catalytic reaction characteristics have been
investigated. It was found that increasing the FVC, OC, and reaction temperature is
beneficial to the catalytic reaction. Furthermore, it was determined that CO, does not
have a significant impact on the catalyst performance.

e  The derived kinetic reaction equation for the catalyst developed for the RP-3 aviation

S . _ 28749160
fuel oxygen-consuming inerting system can be summarized as v = 6902.863 -~ RT -
CEP, - Cgf?’g. This equation provides a fundamental basis for simulating the catalytic

reactor and the inerting system.
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FVC Fuel Vapor Concentration

oC Oxygen Concentration

FAA Federal Aviation Administration

CAAC Civil Aviation Administration of China

HFM-OBIGGS Hollow Fiber Membrane On-Board Inert Gas Generation System
GOBIGGS Green On-Board Inert Gas Generation System

MCPD Methylcyclopentadiene Dimer

FID Flame Ion Detector
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