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Abstract: Altitude ignition is essential for the design of aero-engines, which is critical to the aircraft 

flight safety. Various factors have been studied to stimulate the success of ignition. However, the 

study on the ignition at low pressure (less than 1 atm) is rare. At the altitude of 10,000m, the typical 

pressure of combustor inlet lowers to 0.26 atm. Such low pressure leads to significant increase of 

the ignition delay time (IDT) and may result in flameout and unsuccessful relight. Not only the range 

of flight envelope is limited, but also it is a hidden danger during flight. This paper is dedicated to 

investigate an additive to enhance the low-pressure ignition by reducing the IDT of the fuel. 

Particularly, methoxydiethylborane (MDEB) was chosen as the additive with n-decane as the 

surrogate fuel.  The modified fuel with different concentrations all performed well in a hot surface 

experiment. The results show that the IDT is decreased from 1235ms to 70ms at 0.9 atm with 20% 

MDEB even with a lower ignition temperature of 623K with respect to 923K. The results on other 

pressures also validate the efficacy of the MDEB additive for reducing the IDT or even enhance the 

ignition success. Two kinetic parameters A and B were introduced to explain the reaction 

mechanism among different conditions. This work shows a novel paradigm to reduce the IDT at low 

pressure by adjusting the fuel combustion characteristic. Moreover, the IDT with different initial 

pressures can also be derived by the proposed predictor with boundary condition.  
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1 Introduction 

Aero-engine plays a vital role in the 

performance of flight, as it is the power plant 

for almost all aircrafts. Thus, several basic 

requirements of combustor are listed although 

the relative importance varies between 

different engine types, e.g., reliable ignition 

and short ignition delay, not only on the ground 

but also at high altitude [1]. At high altitude, 

fuel may be unignited due to the narrowed 

ignition range [2] and the flight safety of 

aircraft will not be guaranteed [3]. The 

characteristic “time” is generally used to 

describe the limit of ignition, which associates 

with multiple physical and chemical processes 

such as evaporation, mixing and chemical 

reaction [4]. A countermeasure against high 

altitude ignition is to reduce the characteristic 

“time”. 

There are a lot of published researches on 

fuel preparation and operating conditions. 

Tomoaki et al. [5] found that the evaporation 

rate of droplet is decreased with the increasing 

of pressure, and nature convection will 

accelerate droplet evaporation more effective. 

Experiments were also conducted on different 

samples at atmospheric pressure to investigate 

the evaporation characteristics, which were 

used to verify the practicable of PME as an 

alternative fuel [6]. A new trapped vortex 

annular combustor was developed, in which 

the concept of the trapped vortex combustion 

is used in aero-engines design to improve the 

high altitude ignition [7]. Fuel will be 

introduced into the cavities, which will 

enhance mixing of fuel and air to reduce the 

mixing time. These studies set out with the 

same aim of discovering the influencing 

factors of physical processes and minimizing 

the required characteristic times. 

Among the combustion properties of fuel, 

ignition delay time makes a contribute to total 

ignition delay and is examined carefully to 

evaluating the combustor design [8]. Zhukov et 

al. [9] measured the IDT for mixture of Jet-A 

with air at pressures of 10 and 20atm. The 

experimental data is fitted to an expression 

where the IDT has the quasi-Arrhenius 

dependence on pressure, temperature and 

equivalence ratio. Zhang et al. [10] studied the 

IDT of gas-phase RP-3/air mixture in a heated 

shock tube at a wide pressure range of 1-20 

atm. And these data are in good agreement 

with those obtained from Jet-A. Mao et al. [11] 

carried out similar studies in a heated rapid 

compression machine and a heated shock tube, 

which provides a further insight into the effect 

of pressure on IDT of RP-3. The IDT of n-

decane which is used as jet fuel surrogates 

[12], was investigated both at a low pressure 

range of 1.82- 20 atm [13] and at a high 

pressure range from 10 atm to 80 atm [14]. In 

these detailed studies, it conclusively shows 

that IDT is strongly associated with pressure. 

The value of IDT increased with the decline of 

pressure within the test situation. 
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Fuel additives offer an effective way of 

enhancing the ignition characteristic. It has 

been extensively reported that metal 

nanoparticles can be implemented to reduce 

the IDT due to the availability of high reactive 

surface area [15]. But the stability aspect of 

nanofluids and the limited experimental 

findings hindered the usage in commercial 

applications. In order to increase the sensitivity 

of JP-10 in air with high temperature and high 

pressure, some additives have been studied, 

which are methylated PCU alkene dimer, 

nitronorbornane, dinitronorbornane, and 

ethyl–hexylnitrate. But the results showed that 

the IDT of JP-10 did not lower obviously [16]. 

While some aluminum alkyls show a 

significant capability in reducing the IDT of 

JP-10 at an initial pressure approximate to 30 

atm in a constant volume combustion bomb 

[17]. This rather surprising finding might 

provide a feasible method in reducing IDT of 

fuel by using metal alkyls as fuel additives 

under an extreme condition. However, rare 

studies have attempt to investigate the effect of 

additive acting in a low pressure.  

This study set out to explore the effect of 

fuel additive on IDT and proposed a predictor 

of IDT with different initial pressure. N-decane 

and MDEB were chosen as the surrogate fuel 

and fuel additive respectively. The data 

obtained from these experiments show a well 

performance of this method at a low pressure. 

A further exploration of the effect of low 

pressure on IDT is provided. 

2 Experimental methods 

2.1. Modification of fuel 

First, in this study, n-decane (CAS No: 

124-18-5) with a purity of 99% was procured 

from Aladdin Industrial Corporation and 

MDEB (CAS No: 7397-46-8) with a purity of 

97% was procured from Infinity Scientific 

(Beijing) Co. Ltd. The basic physical and 

chemical properties of these two reagents are 

listed in table 1. 

The formula of modified fuel was as 

follows: the volume ratios of n-decane to 

MDEB were 9:1, 8:2 and7:3. The pure n-

decane and modified fuel with different 

MDEB concentrations will be tested both in 

the atmosphere and in a low pressure. 

Table 1 Properties of two reagents 

 

Physical 

State 

Density

, g/cm3 

@20℃ 

Molecular 

Weight, 

g/mol 

Flash 

Point, 

℃ 

n-Decane Liquid 0.735 142.28 46 

MDEB Liquid 0.868 99.97 -6 

2.2. Experimental setup 

Fig. 1 shows an overview of the 

experiment device. It is observed that a hot 

surface is placed on the stainless chamber. The 

hot surface is made of copper and a rectangular 

dimension of 150 mm×150 mm×20 mm. The 

temperature of the hot surface is measured by 

a K-type thermocouple which is located below 

the hot surface and has an accuracy of ±2 K. 
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The instantaneous temperature data is 

transmitted to the temperature controller. A 

PID pattern is used to keep the constancy of 

temperature. The temperature of hot surface 

may range from ambient temperature to 950K. 

A vacuum pump is used to regulate the 

pressure inside the stainless chamber. The 

pressure varies from 1 atm to 0.1atm which is 

measured by a pressure gauge with an accuracy 

of 0.02 atm. In the center of the surface, a 

hemispherical groove, with a radius of 5 mm, 

was built for inhibiting the falling droplets 

from sliding off. The needle tube enters the 

chamber through an opening. The droplet is 

allowed to fall at a height of 15 mm. The 

ignition process is recorded by a high speed 

camera with a sample rate of 500 pps. A typical 

process is followed during these experiments. 

The droplet is generated by a medical syringe, 

and falls onto the groove. After a short delay, 

the droplet may be ignited and the whole 

process is recorded. 

 

Fig. 1. Scheme of the experimental device. (1) 

Temperature controller,   (2) Hot surface, (3) Fuel 

drop, (4) LED light,  (5) Injector, (6) Computer, 

sealed chamber, (7) High speed camera, (8) Vacuum 

pump, (9) gas inlet/outlet pipes, (10) pressure gauge. 

3 Results and discussion 

3.1. Derivation of the Arrhenius 

expressions for IDT 

Ignition will occur when the rate of 

chemical reaction suddenly increases sharply. 

While ignition phenomenon is of great relevant 

to the chemical process which contains many 

interwoven reactions among varies reactant. It 

is meaningful to build a simple model to 

describe the ignition behavior. By assuming 

that an equivalent aggregate reaction will 

substituting for complex combustion process, 

the gross parameters have a general form [18]: 

                   

(1) 

where (x) in mol/L, t in millisecond, P in atm, 

and T in K, are concentration of pertinent 

reaction products, reaction time, pressure and 

temperature, respectively. F is a proportional 

coefficient that represents the fuel-air ratio. 

And 1 2,   are empirical functions. 

For the ignition occurs in the gas phase, it 

is practicable to have the following expression 

[19]: 

1 2

( )
( ,  composition, .)nd x

K P F chemical etc
dt

       

      (2) 

1

2

( )
( , , ),

           ( ,  composition, .)

d x
P T t

dt

F chemical etc
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where K1 is a rate constant related to 

temperature, pressure etc., which can be 

determined either in a computational method 

or in an experimental method. The power n 

varies from 0.5 to 2.5 in the literature, which 

represents the reaction order. Particularly, n is 

a constant without unit. The unit of K1 depends 

on the value of n and has a general formula 

[20], 1 n 1( / )mol L s   .  

Then the temperature is considered. 

Temperature influences the rates of chemical 

reactions almost always in terms of what is 

known as the Arrhenius equation [21]. In this 

equation, the rate constant K1 can be calculated 

by multiplying the front factor A and the 

exponential term. So, Eq. (2) can be written as 

 

( )

2

( )
( ,  composition, .)

E
nRT

d x
Ae P F chemical etc

dt



      

(3) 

where the ideal gas law constant R is 8.314 

1 1molJ K    and E is the activation energy in 

1molJ  . Often A and E can be treated as 

temperature independent. Thus, 
E

R
 can 

usually be rewritten as B. 

When pressure and temperature are 

constant, kinds of species and equivalent ratio 

are also determined before the reaction. Time t 

at which ignition occurs is obtained by a 

straightforward integration of Eq. (3) from the 

start of the reaction to ignition. It becomes [22] 

  expn B
t AP

T
            (4) 

This is the most common method of 

correlating ignition delay to temperature and 

pressure. Once the empirical constant A, n and 

B are determined, the IDT at a specific 

temperature and pressure can be predicted by 

this expression. 

3.2. Effect of additive on ignition delay 

time 

Here, IDT is defined as the time interval 

from the droplet contacts with the surface of 

the hot plate to the occurrence of fire. To assess 

whether the selected additive works well in this 

system, the IDT of pure n-decane and modified 

fuel with different MDEB concentrations were 

measured. The ignition data measured at 1 atm 

are presented in Fig. 2. Particularly for pure n-

decane, its IDT are 1094ms and 1235ms 

corresponding to the pressure of 1 atm and 0.9 

atm at 873K, respectively. And the pure n-

decane was not ignited when the pressure 

reduced to 0.8 atm.  

Since P is a constant equal to 1 atm in this 

case, Eq (4) can be rewritten as 

exp
B

t A
T

             (5)  

The correlation between IDT and 

temperature was established in Fig. 2. Table 2 

presents the value of parameters and 

correlation coefficients R2 of these 

expressions. Although it shows a good fit to the 

Arrhenius expression in MDEB concentrates 

of 20% and 30%, the relevance coefficient is 
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only 0.731 when the concentrate of MDEB is 

10%. 

It is noticed that the IDT increased when 

the temperature changed from 573 K to 623K. 

It might attribute to the NTC (negative 

temperature coefficient) phenomenon [23] 

which is related to the formation of 

alkylperoxy: R + O2 = ROO. In this condition, 

a two-stage ignition must be employed, instead 

of the single-stage ignition as we assumed 

before. Considering this situation and the 

convenience of operation, the modified fuel 

with a MDEB concentration of 20% was chose 

for further study. 

 

Fig. 2. Ignition delay time vs. temperature with 

different concerntration of MDEB 

Table 2 Correlation parameters for mixtures using 

exp( )
B

t A
T

  at 1 atm 

 A B R2 

10%a. 3.001 2471 0.731 

20% 0.2212 3730 0.9943 

30% 0.0559 4160 0.9971 

a. concentration of MDEB 

According to the experimental data, the 

expression of ignition delay time over a certain 

range operating conditions is fitted by Eq. (4). 

With a correlation coefficient (R2) of 0.99, the 

IDT can be calculated with the formula: 

1.522 4408
0.05832* expt P

T


     (6) 

where the power n of P equals to 1.522, which 

is consistent with the empirical range of 0.5 to 

2.5 mentioned in literature [20]. And this 

predictor may play an important role in 

verifying combustion reaction mechanism and 

chemical kinetics modeling. Furthermore, 

Fig.3 depicts IDT as a function of temperature 

and pressure in a three-dimensional view. It 

may be helpful when the data matches the 

engine conditions. 

 

Fig. 3. Three-dimensional view of the ignition delay 

time surface for 20% MDEB. 

In order to get a better understanding on 

how the pressure affects the IDT, a series of 

experiment data of the IDT versus temperature 

at several different pressures were employed. 

Although a modified fuel with a MDEB 
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concentration of 20% can be ignited at a lower 

pressure, only the case of 0.6 atm or more was 

studied due to the difficulty in realization of 

experimental operation. According to different 

pressure classifications, these data were also 

fitted to the form of Eq. (4). respectively. It 

should be emphasized that the value of n here 

is 1.5, which is calculated before. The 

parameter results from the fitted data are 

shown in Table 3. In these class, all values 

show a good fit with correlation coefficients 

(R2) higher than 0.99. 

The correlation between IDT and pressure 

is interesting because the curves representing 1 

atm and 0.9 atm are so close that the effect of 

pressure on the IDT in this range can not be 

easily distinguished from Fig. 4. Turning now 

to table 3, a tendency of kinetic parameters A 

and B to be associated with pressure was 

found. In fact, the physical meaning 

represented by A is the collision frequency and 

B is a parameter positively related to activation 

energy. The parameter A decreases as the 

pressure reduces, which may be due to the 

lower concentration of species at low pressures 

resulting in low collision frequencies. The 

parameter B increases with decreasing 

pressure, which indicates that the global 

activation energy increases when the pressure 

decreases. 

Moreover, there is a significant difference 

in the case of 0.8 atm. It does not meet the trend 

mentioned above. Since this difference has not 

been reported in previous experimental 

studies, it is probably due to a coupling of gas 

phase species accumulation and collision 

frequency. Although the low pressure causes a 

decrease in the frequency of collision of fuel 

with oxygen, it contributes to a thicker fuel 

profile in the gas phase due to worse heat loss. 

The detailed reaction mechanism will be 

studied in future research. 

 

Fig. 4. Ignition delay time vs. temperature with 

different pressure.  

Table 3 Correlation parameters for mixtures using 

1.522 exp( )
B

t AP
T

  with 20% MDEB. 

 A B R2 

1 atm 0.2212 3730 0.9943 

0.9 atm 0.1828 3769 0.9958 

0.8 atm 0.05585 4419 0.9974 

0.7 atm 0.08175 4213 0.9960 

0.6 atm 0.05534 4447 0.9841 

4 Conclusions 

This study has examined the impact of 

pressure on low pressure ignition. According 
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to the results of the hot plate test, the pure n-

decane will have a long IDT which may be as 

high as 1235ms at 0.9atm when the setting 

temperature is 923K. While fuel modified by 

MDEB shows a good ability in reducing 

ignition delay. Experiments have been carried 

out to prove that the ignition delay time will be 

more effectively reduced as the concentration 

of the additive increases. With 20%MDEB, all 

recorded IDTs are less than 700ms with a wide 

pressure ranged from 0.6 atm to 1 atm and a 

lower temperature ranged from 473K to 773K. 

These results suggest that MDEB is an 

effective additive in n-decane. 

In order to find out the variation law of 

IDT and mechanism of effects of on ignition. 

A correlation expression was derived. As 

expected, IDT is positively correlated with 

temperature and pressure. Then the change of 

IDT is attributed to the kinetic constants A and 

B. Since there are still some unverified 

assumptions and the expression of the ignition 

delay time is successfully constructed, a 

further study examining the detailed reaction 

kinetics would be practicable. 

Overall this study confirmed that it is a 

feasible method for reducing IDT at low 

pressure with MDEB as the fuel additive. It 

provides a viable idea for improving the 

ignition performance at high altitude. It is 

believed that this method will contribute to 

widening the flight envelope through careful 

design. 
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