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Detonation is a shock wave obtained from the energy that releases after the 
combustion. Chapman-Jouguet(CJ) theory can be used to identify the behaviour of the 
detonation in gasses. Pulse Detonation Engines (PDEs) is one of the engines that 
implement the detonation in its combustion system. The Humphrey cycle is the 
thermodynamic cycle which is similar to the Pulse Detonation Engines (PDEs).  It is the 
modification of the Brayton cycle where the constant-pressure heat addition process 
of the Brayton cycle is replaced by a constant-volume heat addition process. The 
Humphrey cycle can provide the pressure rise combustion by utilizing the shock inside 
the combustion chamber. Compared to the Brayton cycle, the Humphrey cycle has 
higher thermodynamic efficiency. However, the detonation process has unsteady 
combustion which makes it more difficult to handle. The purpose of the study is to 
calculate the performance of the aircraft by using alternative fuel in the ZND model. An 
analytical model is started by having the molecular structure of each biofuel and it has 
been used to determine detonation velocity, Mach number at C-J point, temperature 
ratio, pressure ratio, density ratio, Brayton and Humphrey efficiency, specific impulse, 
and specific thrust. In addition, the physical properties of the flow are investigated by 
changing the initial temperature, initial pressure, and mass flux. The pressure ratio, 
temperature ratio, and density ratio will all decrease as the initial pressure varies. The 
variation of mass flux and initial temperature, on the other hand, generates the 
opposite outcome as the change of pressure. The feasibility of the fuels in the 
detonation combustion can be known as they show high propulsive performance after 
the initial condition is changing. 
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1. Introduction 
  

Pulse Detonation Engines (PDEs) becoming popular among researchers. The number of 
researchers keeps on increasing as it gives the advantage in terms of thermodynamic cycle efficiency, 
hardware simplicity, and operation scalability and reliability [1-4]. However, there is some challenge 
that is faced during applying the Pulse Detonation Engines (PDEs) in the aircraft. 

One of the challenges is to integrate the inlet with the unsteady-operated detonation chamber 
and to choose an optimized nozzle to achieve high performance [5]. The performance of the Pulse 
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Detonation Engines (PDEs) can be estimated by using theoretical and numerical attempts. Pulse 
detonation engines (PDEs) are different from conventional as this engine is producing thrust by using 
repetitive propagating detonation [6]. Humphrey cycle analysis has been implemented in the Pulse 
detonation engines (PDEs) as it increased the thermodynamic efficiency of the aircraft [7]. By 
calculating the area under the graph, it shows that the Humphrey cycle is producing better 
performance than the Brayton cycle. 

In this paper, the feasibility of biofuels is going to be investigated. These biofuels are going to be 
implemented in Pulse detonation engines (PDEs). To predict the propulsive performance of the 
aircraft, the theoretical and numerical method is being used to calculate specific impulses, specific 
thrust, and also the efficiency of aircraft. The calculation will give the comparison for all biofuels that 
have been investigated. Although biofuels are reducing thermodynamic potency and performance, 
it provides other advantages by reducing global emissions of carbon dioxide [8], [9]. Implementing 
biofuels in the PDEs is one of the efforts that can be done to provide an aircraft with a better 
performance. 

The pulse detonation engine is one of the engines that use the detonation wave to combust the 
oxidizer mixture with the fuel. The thrust is generated by using high pressure that is generated by 
repetitive detonation waves [10–12].  Between each detonation wave, the mixture is renewed and 
causes the engine to pulse. The detonation wave is initiated by an ignition source. The researchers 
have found that a Pulse detonation engine (PDE) can fly from subsonic to hypersonic speed. The 
detonation wave rapidly compresses the mixture and adds heat at constant volume to provide higher 
thermodynamic efficiency. Having a Pulse detonation engine (PDE) in the aircraft can increase fuel 
efficiency [13]. In addition, the thrust to weight ratio also is higher compared to a conventional 
engine. Pulse detonation engine (PDE) does not require a compressor and turbine in the engine 
operation [14]. Therefore, it will cut the cost of the aircraft and at the same time make the engine 
mechanical simpler and have a lightweight. The advantage and disadvantages of pulse detonation 
are shown in Table 1. 

 
Table 1 
Advantages and Disadvantages 
Advantages Reference 

High frequency  [15] 
High specific impulse  [16] 
High thermodynamic cycle efficiency  [2] 
Low compression ratio  [17] 
Improve fuel efficiency and longer range  [17] 
Can be used in other developing technology  [17] 
Less moving parts and low cost  [18] 
Lower specific fuel consumption (SFC)  [19] 

Disadvantages Reference 

Smaller takeoff thrust-to-weight [19, 20]  
Vibration and Noise [20] 

 
2. Methodology  
 

In this condition, the reacting gasses reach the sonic speed as the reaction end. According to [21] 
chemical reactions are modeled as a heat release in a thin shock front that brings the material from 
the initial state to the subsequent state [21]. It is known as CJ point [14]. In the real detonation is 
highly three-dimensional, considerable insight is provided by one-dimensional analysis. Figure 1 is 
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the first attempt to explain detonation accordingly by Chapman in 1899 which relied on a one-
dimensional approach.   
  

 
Fig. 1. One-dimensional detonation wave in a constant-area duct [22] 

 
2.1 Assumption and Biofuel Properties 
 

The assumption that has been made in this paper are (i) After including upstream and 
downstream boundaries, there are no temperature or species concentration gradients. (ii) It is in a 
uniform one-dimensional flow. (iii) Under adiabatic conditions where there is no heat loss to the 
surrounding. (iv) Negligible body force. (v) The process considers the normal shock relation. Many 
types of biofuels are used in aircraft. Table 2 shows the molecular weight for each alternative fuel 
used. 

 
Table 2 
Alternative fuels characteristic 
Properties Molecular Formula 

Jojoba 𝐶38𝐻76𝑂2 
Jatropha 𝐶12𝐻26 
Linseed oil 𝐶57𝐻98𝑂6 
Palm oil 𝐶16𝐻32𝑂2 

 
2.2 Formation of Rayleigh line 
 

Rayleigh relation is formed by combining the mass and momentum conservation as in Eq. (1). 
Then, Manipulations of all the conservation equations yield the following Hugoniot relation shown in 
Eq. (2). 
 
𝑝2 − 𝑝1
1
𝜌2

−
1
𝜌1

=
𝑝2 − 𝑝1
𝑣2 − 𝑣1

= −ṁ′′2                                                                                                                              (1) 

                      
𝛾

𝛾 − 1
(
𝑝2
𝜌2

−
𝑝1
𝜌1
) −

1

2
(𝑝2 − 𝑝1) (

1

𝜌2
+
1

𝜌1
) − 𝑞 = 0                                                                                     (2) 

                 

𝑣 =
1

𝜌
                                                                                                                                                                      (3) 
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Substitute Eq. (3) into Eq. (2), then all value of P2 is substituted by using Eq. (1). Expanding and 
converting to the quadratic equation in terms of the 𝑣2: 
 
𝑎𝑣2

2 + 𝑏𝑣2 + 𝑐 = 0                                                                                                                                              (4) 
                   

𝑎 =
1 + 𝛾

2(1 − 𝛾)
ṁ′′2                                                                                                                                               (5) 

                     

𝑏 =  
𝛾

𝛾 − 1
(𝑝1𝑣1 +ṁ′′2𝑣1)                                                                                                                               (6) 

                    

𝑐 =
𝛾

1 − 𝛾
𝑝1𝑣1 −

1

2
ṁ′′2𝑣1

2 − 𝑞                                                                                                                        (7) 

 
Find the value for a, b and c by using the ideal gas equations. From the value of a, b and c solve 

for 𝑣2: 
 

𝑣2 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
                                                                                                                                       (8) 

                     
As the value of P2 is solved, determine which solution lies on the Hugoniot and which region it 

refers to. Based on both velocity and local sound speed the Mach number is calculated. The value of 
𝑣𝑥,2 is calculated from the mass flux equation. 
 
𝑣𝑥,2 = ṁ

′′2𝑣2                                                                                                                                                      (9)  
 
To calculate the sound speed, determine the state-2 temperature. It can determine from the ideal 
gas equation of state. Therefore, used the value of T2 determine the speed of sound. Then, from the 
value of C2, calculate the value of M2. 
 

𝑐2 = (𝛾2𝑅2𝑇2)
1
2                                                                                                                                                  (10) 

 
𝑣𝑥,2 = ṁ

′′2𝑣2                                                                                                                                                    (11) 
                      
2.3 Detonation Velocity 
 

By using Appendix A in [23], the unreacted mixture specific heat can be obtained. Before start 
finding these properties, determine the composite of the unreacted and reacted mixtures. 

 

𝐶𝑥𝐻𝑦 + 𝑎(𝑂2 + 3.76𝑁2) → 𝑥𝐶𝑂2 + (
𝑦

2
)𝐻2𝑂 + 3.176𝑎𝑁2 

 
Balance the equation on the left side and the right side. As the equation has been balanced, find 

the thermochemical properties by using the formula below. Then, calculate the specific heat for 
states 1 and 2: 
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𝐶𝑝,𝑛 =
∑ 𝑋𝑖ĉ𝑝,𝑛𝑠𝑡𝑎𝑡𝑒,𝑛

𝑀𝑊𝑛
                                                                                                                                       (12) 

 
By using the gas constant formula get the value of R2 and calculate the Specific heat ratio. 

 

𝛾2 = 
𝐶𝑝,2

𝐶𝑣,2
= 

𝐶𝑝,2

𝐶𝑝,2 − 𝑅2
                                                                                                                                    (13) 

                                  
By referring to appendix A, enthalpies-of-formation can be obtained to calculate Heat formation, 

q. Enthalpies-of-formation is converted to a mass basis. Then Detonation velocity and temperature 
at state 2 can be calculated by using the formula Eq. (15) and Eq. (16): 
 

𝑞 ≡ ∑ 𝑌𝑖ℎ𝑓,𝑖
0

𝑠𝑡𝑎𝑡𝑒1

− ∑ 𝑌𝑖ℎ𝑓,𝑖
0   

𝑠𝑡𝑎𝑡𝑒2

                                                                                                                     (14) 

 

𝑣𝐷 = [2𝛾2𝑅2(𝛾2 + 1)(
ĉ𝑝,1

ĉ𝑝,2
𝑇1 +

𝑞

ĉ𝑝,2
)]

1
2

                                                                                                    (15) 

                                 

𝑇2 =
2𝛾2

2

𝛾2 + 1
(
ĉ𝑝,1

ĉ𝑝,2
𝑇1 +

𝑞

ĉ𝑝,2
)                                                                                                                          (16) 

                             
By following the ideal-gas normal-shock equation, properties at state 2′ can be determined. These 

properties are used to compare with properties at state 1 and state 2. The value of mixture specific 
heat ratio and the Mach number at state 1 is required to calculate all the properties at state 2’. It can 
be calculated by using the equation below. Assume γ=1.3 and calculate Mach number at state 1. 
 

𝑀𝑎1 =
𝑉𝑥1
𝐶1

= 
𝑉𝑥1

√𝛾𝑅1𝑇1
                                                                                                                                     (17) 

 
After obtaining the value for Mach number at state 1 and mixture specific heat ratio, all properties 

at state 2’ can be calculated using the formula below: 
 
𝑃2′
𝑃1

=
1

𝛾 + 1
(2𝛾𝑀𝑎1

2 − (𝛾 − 1))                                                                                                                   (18) 

                                  
𝑇2′
𝑇1

= (2 + (𝛾 − 1)𝑀𝑎1
2)
2𝛾𝑀𝑎1

2 − (𝛾 − 1)

(𝛾 + 1)2𝑀𝑎1
2                                                                                                (19) 

                                 
𝜌2′
𝜌1

=
(𝛾 + 1)𝑀𝑎1

2

(𝛾 + 1)𝑀𝑎1
2 + 2

                                                                                                                                    (20) 

                                        
The Mach number at state 2’ and state 2 also be calculated to investigate the motion of aircraft 

whether it is in subsonic or supersonic. 
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𝑉𝑥,𝑛 =
𝜌1
𝜌𝑛

𝑉𝑥,1                                                                                                                                                      (21) 

                                

𝑀𝑎,𝑛 =
𝑉𝑥,𝑛

√𝛾𝑛𝑅𝑛𝑇𝑛
                                                                                                                                               (22) 

                                  
2.4 Humphrey and Brayton Efficiency 
 

According to [22], thermodynamic cycle efficiency is the percentage of the heat release from a 
chemical reaction that is converted to kinetic energy. 
 

𝑛𝐻 = 1 − 𝛾
𝑇2
𝑇3

((
𝑇4
𝑇3
)

1
𝛾
− 1)

(
𝑇4
𝑇3
− 1)

                                                                                                                           (23) 

                       

𝑛𝐵 = 1 − (
1

𝜋𝑐
)

𝛾−1
𝛾
(

1

1 +𝑀∞
2 (

𝛾 − 1
2 )

)                                                                                                       (24) 

 
2.5 Specific Thrust, fsp and Specific Impulse, Isp 
 

Determine the total temperature Tt1 and pressure Pt1 at the combustor entrance from the inlet 
flow analysis, which this value is obtained from [22]. Static temperature T1 and pressure P1 of 
reactants for a given filling Mach number M1 can be obtained by using the formula below Eq. (25) 
and Eq. (26). Then Find temperature T2 and pressure P2 at CJ point. 
 

𝑇1 =
𝑇𝑡1

1 +
(𝛾1 − 1)𝑀1

2

2

                                                                                                                                      (25) 

                      

𝑃1 =
𝑃𝑡1

(1 +
(𝛾1 − 1)𝑀1

2

2
)

𝛾1
𝛾1−1

                                                                                                                          (26) 

                                               

𝑇2 = 𝑇1
𝑅1
𝑅2

𝛾2
𝛾1
(
1 + 𝛾1𝑀𝐷

2

(1 + 𝛾2)𝑀𝐷
)

2

                                                                                                                       (27) 

                     

𝑃2 = 𝑃1
(1 + 𝛾1𝑀𝐷

2)

1 + 𝛾2
                                                                                                                                         (28) 

                                                
Calculate the exit temperature by assuming isentropic flow expansion from the CJ state to the 

exit plane. 
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𝑇𝑒 = 𝑇2 (
𝑃∞
𝑃2
)

𝛾2−1
𝛾2

                                                                                                                                              (29) 

                                            
The energy balance is applied to deduce the exit velocity between the combustor entrance and 

the nozzle exit. Then, calculate the specific thrust and impulse: 
 

𝑢𝑒 = √2(𝑞 − (𝑐𝑝2𝑇𝑒 − 𝑐𝑝1𝑇𝑡1))                                                                                                                    (30) 

                    
𝐹𝑠𝑝 = (1 + 𝑓)𝑢𝑒 − 𝑢∞                                                                                                                                     (31) 

                                      

𝐼𝑠𝑝 = 
𝐹𝑠𝑝

𝑓𝑔
                                                                                                                                                            (32) 

     
If the purging process includes the exit temperature will be different. In the new exit temperature, 

we need to include cycle time, fill time, and open time. 
 

𝑇𝑒 =
𝑇𝑒1𝜏𝑝𝑢𝑟𝑔𝑒 + 𝑇𝑒2𝜏𝑓𝑖𝑙𝑙

𝜏𝑜𝑝𝑒𝑛
                                                                                                                               (33) 

                                      
Find the value for temperature exit at unburnt gas and CJ point which is Te1 and Te2 

 

𝑇𝑒1 = 𝑇1
𝑃∞
𝑃1

𝛾∞−1
𝛾∞

                                                                                                                                                (34) 

                                            

𝑇𝑒2 = 𝑇2
𝑃∞
𝑃2

𝛾2−1
𝛾2

                                                                                                                                                 (35) 

                                       
Find heat addition and fuel-to-air mass ratio. 

 

�̅� = 𝑞
𝜏𝑓𝑖𝑙𝑙

𝜏𝑜𝑝𝑒𝑛
                                                                                                                                                        (36) 

                                                 

𝑓𝑛𝑒𝑤 = 𝑓
𝜏𝑓𝑖𝑙𝑙

𝜏𝑜𝑝𝑒𝑛
                                                                                                                                                   (37) 

                                       
Find exit velocity by substituting new heat addition and new exit temperature 

 

𝑢𝑒 = √2(𝑞 − (𝑐𝑝2𝑇𝑒 − 𝑐𝑝1𝑇𝑡1))                                                                                                                    (38) 

                                 
Obtain the specific thrust and specific impulse by using the new value of the fuel-to-air mass ratio. 
 
𝐹𝑠𝑝 𝑛𝑒𝑤 = (1 + 𝑓𝑛𝑒𝑤)𝑢𝑒 − 𝑢∞                                                                                                                        (39) 
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𝐼𝑠𝑝 =
𝐹𝑠𝑝 𝑛𝑒𝑤

𝑓𝑔
                                                                                                                                                      (40) 

                           
3. Result and Discussion 
3.1 Thermodynamics Parameters 
 

To predict the detonation velocity, specific thrust, specific impulse, and other properties the 
thermodynamic parameter should be collected and interpreted. The biofuel that going to be used, 
makes the simple chemical relation in combustion. In this relation, the product of the combustion 
will be carbon dioxide, water, and nitrogen gas. To estimate the detonation velocity of our aircraft, 
the value of heat addition burned properties, and unreacted mixture specific heat should be 
estimated. First of all, we need to determine the composition of the reacted and unreacted mixture. 
From this composition, balance the product and reactant. After balancing the stoichiometric 
combustion, the species mole and mass fraction can be calculated. The thermochemical properties 
are tabulated in Table 3. 
 

Table 3 
Thermochemical properties for all biofuels 
Reactant 

Properties Jojoba Jatropha Linseed oil Palm oil 

CP1 1.15 1.07 1.07 1.13 

γ1 1.31 1.34 1.33 1.31 

Product 

Properties Jojoba Jatropha Linseed oil Palm oil 

CP2 1.50 1.51 1.49 1.51 

γ2 1.24 1.24 1.24 1.24 

R2 0.29 0.29 0.29 0.29 

T2 2921.82 2623.62 2868.02 2928.18 

 
Based on Table 3 shows that the alternative fuel needs very high heat addition to complete the 

combustion. This high heat addition is required to break the complex molecular structure of biofuels. 
 
3.1.1 Detonation velocity 
 

After calculating the thermochemical properties, the value of detonation velocity for each biofuel 
can be calculated. In theory, detonation velocity is the velocity at which the shock wavefront travels 
through a detonated explosive. Table 4 shows which biofuel that have the highest detonation 
velocity. In this calculation, Jojoba shows the highest value of detonation velocity which explained 
that this biofuel is the most difficult to detonate compared with other biofuels. 
 

Table 4 
Detonation Velocity 
Properties Detonation Velocity,  Vd 

Jojoba  1848.13 

Jatropha 1755.25 

Linseed oil 1758.53 

Palm oil 1777.16 
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3.1.2 Validation of burned gas states in a detonation 
 

In the burn gas state, it will show two values of Mach number. One of the Mach numbers will lie 
in the weak detonation region in which the velocity is moving in a supersonic. Whereas the second 
Mach number will represent the strong Mach number in which the velocity will be subsonic. By 
referring to the book introduction to combustion [23], the fuel that has been used is acetylene and 
the Mach number that has been calculated is showed that 2.09 and 0.55. Table 5 illustrate the 
characteristic of each region in the Hugoniot curve. Based on Table 6, it is proved that the value of 
Mach number calculated is in subsonic and supersonic flow. 
 

Table 5 
Physical phenomena of the Huguenot curve in a different segment adapted 
from the book      introduction to combustion [23] 
The region of the 
Hugoniot Curve 

Characteristic Burn gas velocity, vx,2 

Above D Strong detonation Subsonic 
D-B Weak detonation Supersonic 
B-C Inaccessible - 
C-E Weak deflagration Subsonic 
Below E Strong deflagration Supersonic 

 
Based on Table 6, it is proved that the value of Mach number calculated is in subsonic and 

supersonic flow biofuels.  
 

Table 6 
Validation of the model in two segments 
Mach Number, M2 Properties 

Jojoba Jatropha Linseed oil Palm oil 

Subsonic 0.59 0.58 0.60 0.59 
Supersonic 1.97 2.01 1.94 1.96 

 
3.1.3 Different phase in detonation tube 
 

By using the selected biofuel, there are three parameters have been analyzed and compared due 
to pressure ratio, density ratio, and temperature ratio. Table 7 and Figure 2 below are one of the 
results that have been collected from Jojoba oil biodiesel. 
 

Table 7 
Change of jojoba oil biodiesel at different state   
Property State 1 State2’ State2 

ρ/ρ1 1.00 6.36 1.81 
P/P1 1.00 36.57 18.85 
T/T1 1.00 5.75 9.75 
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Fig. 2. Parameters changes at a different state 

 
From the result that has been collected, the pressure ratio and density ratio across the initial 

shock front is very high, which are 6.36 and 36.57. The Mach number also shows that the flow is 
subsonic after the shock front (state2’) and then accelerates to the sonic point at the trailing edge of 
the detonation wave (state2). 
 
3.1.4 Detonation analysis pattern using ZND model 
 

By comparing the various type of alternative fuels, it will prove which biofuels are going to show 
the best result. In the figure and table below, all biofuels that have been used are showing the same 
trend of increasing and decreasing across the state that we investigate. The result shows the highest 
pressure ratio in the shocking segment. The value of the high-pressure ratio for all biofuels shows 
that these biofuels are hardly distinguished and show almost the same reading. 
 

 
Fig. 3. Pressure ratio at different states 
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Table 8 
Pressure ratio 
Condition Jojoba Jatropha Linseed oil Palm oil 

state 1 1 1 1 1 
state 2' 36.5651411 32.56034708 33.41736425 33.90069236 
state 2 18.8540686 16.797901 17.24260579 17.49504515 

 
Next, the performance of the aircraft is determined by looking at the trend of the temperature 

ratio. The collected data shows that the temperature ratio is increasing along the detonation tube. 
Figure 4 shows that the temperature ratio is increasing significantly before the shock, then it 
continues to rise until the detonation wave. Similar to the pressure ratio, the temperature ratio for 
all fuels does not show a big difference between each other. It is clear that Jojoba fuels remain on 
the top after the shock takes place. 
 

 
Fig. 4. Temperature ratio at different conditions 

 
Table 9 
Temperature ratio 
Condition Jojoba Jatropha Linseed oil Palm oil 

state 1 1 1 1 1 

state 2' 5.748858962 5.226066487 5.337951529 5.401048605 

state 2 9.746388006 8.751871104 8.906468958 9.021007053 

 
As presented in Figure 5, the density ratio demonstrates a similar trend to the pressure ratio. 

However, the highest value of fuels cannot be seen clearly. This is because the density ratio of all 
fuels only shows a small difference. Compared to the temperature ratio and pressure ratio, the 
reading of the density ratio at the detonation wave is not very significant. The reading of Jojoba oil 
fuel shows the highest reading in all three graphs. This result is due to the molecular structure of the 
Jojoba and the enthalpy formation of the reaction. 
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Fig. 5. Density ratio at different conditions 

 
Table 10 
Density ratio 
Condition Jojoba Jatropha Linseed oil Palm oil 

state 1 1 1 1 1 
state 2' 6.360417144 6.230373679 6.2603349 6.276687146 
state 2 1.807598512 1.807727382 1.808094501 1.80843059 

 
3.2 Changing of Initial Condition 
 

In this part, this paper will discuss the impact of the various initial condition on the pressure ratio, 
temperature ratio, and density ratio. There are three variants of the initial condition that is going to 
be implemented to see the change of the parameter. 
 
3.2.1 Various mass flux 
 

By varying the value of mass flux, the value of pressure, density, temperature, and Mach number 
at the detonation wave will be affected. This parameter is calculated by using the mathematical 
approach and the result shows that the pattern of increasing and decreasing for all these parameters 
is the same. Figure 9 indicates that only the Mach number ratio is decreasing as the mass flux is 
increased. In addition, the temperature, density, and pressure ratio are showing the increasing result. 
Furthermore, the density, temperature, and pressure ratio of Jatropha are the highest followed by 
Jojoba and Linseed oil. However, the result shows that Jatropha has the lowest Mach number ratio. 
All biofuels only show small differences between each other. 
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Fig. 6. Density ratio with different mass flux 

 

 
Fig. 7. Pressure ratio with different mass flux 

 

 
Fig. 8. Temperature ratio with different mass flux 

2

2.2

2.4

2.6

2.8

3

3.2

2950 3050 3150 3250 3350

D
en

n
si

ty
 R

at
io

,ρ
/ρ

1

Mass Flux

jojoba

jatropha

linseed oil

palm oil

35

40

45

50

55

60

65

2900 3000 3100 3200 3300 3400

P
re

ss
u

re
 R

at
io

, P
/P

1

Mass flux

jojoba

jatropha

linseed oil

palm oil

15.5

16

16.5

17

17.5

18

18.5

19

2900 3000 3100 3200 3300 3400

Te
m

p
er

at
u

re
 R

at
io

, T
/T

1

Mass Flux

jojoba

jatropha

linseed oil

palm oil



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 92, Issue 2 (2022) 71-93 

 

84 
 

 
Fig. 9. Mach number ratio with different mass flux 

 
3.2.2 Various initial temperature 
 

The initial temperature of the fuel is varied to see the change of the temperature, density, 
pressure, and Mach number ratio. In this part, the mass flux and the initial pressure is going to be 
fixed.  In this research, the initial temperature varies from 300 K to 2140K. Figure 10 shows that the 
density ratio of palm oil and jojoba increases significantly after the initial temperature is increasing. 
However, in the pressure and temperature ratio, all fuel decreases similarly without much difference 
between each other. Figure 13 illustrates that the Mach number ratio of linseed oil is on the top at 
an initial temperature of 300K. However, as the initial temperature in increasing the linseed oil is 
decreasing until its Mach number ratio becomes approximately the same as other fuels. Varies the 
initial temperature give more impact to Mach number ratio compared to increasing the mass flux. 
 

 
Fig. 10. Density ratio with various initial temperature 
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Fig. 11. Pressure ratio with various initial temperature 

 

 
Fig. 12. Temperature ratio with various initial temperature 

 

 
Fig. 13. Mach number ratio with various initial temperature 
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3.2.3 Various initial pressure 
 

The initial pressure is varied by 300 Pa by starting at 101.3 kPa and ending at 128.9 kPa. However, 
the result that has been obtained is infinity at 107.3 kPa. At 107.3 kPa, as we apply the Eq. (8) it will 
give the value of the complex number. It shows that, the limitation of the initial pressure for 
detonation to occur.  Therefore, the result is collected before it gives the complex number. Figure 14 
shows the clear difference between each fuel used. Compared with the variation of mass flux and 
initial temperature, by varying the initial pressure we can see differences between each fuel. Jatropha 
fuel shows the highest temperature ratio, density ratio, and pressure ratio. This result shows that 
Jatropha is more sensitive to the change of the initial pressure compared to other fuels.  In contrast, 
in the Mach number ratio linseed oil is at the top.  
 

 
Fig. 14. Density ratio with various initial pressure 

 
The trend of the pressure ratio and temperature ratio for all fuels is decreasing as the pressure 

increases, as shown in Figure 15 and 16. The Mach number ratio, on the other hand, exhibits a 
decreasing pattern as pressure rises in Figure 17. Figure 18 illustrates the Mach number of the 
burning gas under strong and weak shock conditions. The mass flux used to get the result are 5000, 
6000, and 7000 kg/m2s. The initial temperature is set to 500 K, and the initial pressure is increased 
by 3 kPa. The trend for all values of mass flux shows the same trend which is the burn gas Mach 
number increase for the strong shock wave, while a weak shock tends to decrease the burned gas 
flow.  As shown in Figure 18, although the mass flux is different, the burnt gas flow converges at the 
chocking condition (Ma= 1). 
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Fig. 15. Pressure ratio with various initial pressure 

 

 
Fig. 16. Temperature ratio with various initial pressure 
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Fig. 17. Mach number ratio with various initial pressure 

 
 

 
Fig. 18. The strong and weak shock of Jojoba 

 
3.3 Humphrey and Brayton Efficiency 
 

The Humphrey and Brayton efficiency for each fuel is calculated by using the equation from Eq. 
(23) and Eq. (24). To calculate this efficiency, the data from Table 11 is used. The two values of T4/T3 
will produce two different values of the Humphrey and Brayton cycle. 
 

Table 11 
Properties required to calculate efficiency 
Properties Jojoba Jatropha Linseed oil Palm oil 

𝜋𝑐  30.587 30.878 30.359 30.375 
T2/T3 0.364 0.363 0.364 0.363 
γ 1.238239 1.238 1.237 1.237 
T4/T3 (i) 16.05717 16.207 15.976 15.983 
T4/T3 (j) 13.52844 13.538 13.815 13.669 
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Figure 19, Figure 20, and Figure 21 show that the change of the Brayton and Humphrey efficiency 
as we vary the mass flux, initial temperature, and initial pressure. This figure only shows the efficiency 
of the Jojoba oil. However, the other three oil also show the same pattern of increasing and 
decreasing as the variation is made. 
 

 
Fig. 19. Humphrey and Brayton Efficiency changing with various mass flux 

 

 
Fig. 20. Humphrey and Brayton Efficiency changing with various initial temperature 
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Fig. 21. Humphrey and Brayton Efficiency changing with various initial pressure 

 
3.4 Specific Thrust and Specific Impulse 
 

To investigate the propulsive performance of aircraft, specific thrust and specific impulse are 
important to show the capability of fuel as it implements in the aircraft. The input parameter ratio of 
the purge to the valve-open time period, β, and Mach number at unburn gas, M1 is increasing to see 
the result of the specific thrust and impulse. 
 
3.4.1 Effect of ratio of the purge to the valve-open time period, β 
 

The purge to the valve-open time period, β is decreasing as we increase the time of the purge.  
By increasing the time of the cycle by 0.05 ms, it will decrease the β by 0.00182 ms. Based on Figure 
22 the specific thrust is decreasing significantly after the purge to the valve-open time period, β is 
decreased. An aircraft that moves at subsonic speeds will be more efficient by having low specific 
thrust. However, it also gives a negative impact on exhaust velocity and maximum airspeed. 
Furthermore, the specific impulse does not show the same trend with a specific thrust. Figure 23, 
illustrates those specific impulses increase slightly. Generally, the higher the specific impulse, the 
more push that the aircraft get for the fuel used. 
 

 
Fig. 22. Specific thrust against beta 
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Fig. 23. Specific impulse against beta 

 
4. Conclusions 
 

In these studies, the propulsive performance of the biofuel is investigated to determine which 
biofuel has a better propulsive performance in the pulse detonation engine. By using the one-
dimensional model of alternative fuel in a detonation mode, the propulsive performance and 
thermodynamic efficiency are being investigated. This research presents the feasibility and 
effectiveness of using different alternative fuels under a pulse detonation engine.  

Firstly, the detonation analysis has been made by using 4 different fuels. This fuel is using the ZND 
model. In this section, the initial temperature is varied to determine the temperature ratio, density 
ratio, pressure ratio, and Mach number in three different states, which are state 1, state 2’ and state 
2. The result that has been obtained show that all parameter is decreased after the initial 
temperature is increased. Secondly, under detonation conditions, the parameter of the initial 
pressure, initial temperature, and mass flux is increasing to identify the impact toward the pressure, 
temperature, velocity, and Mach number at the C-J point. From the models that have been made, 
the result showed two different values for the parameter at the C-J point. One of the values is for 
strong shock condition and the other is weak shock condition. Figures 1,2 and 3 prove that a variety 
of initial pressure will decrease the pressure ratio, temperature ratio, and density ratio. However, 
the variation of mass flux and initial temperature give the reverse result to the variation of the 
pressure. 

Next, from the biofuel used, the Brayton and Humphrey efficiency of each fuel has been 
calculated to investigate the result of using pulse detonation engine by using alternative fuel. The 
calculation proves that the Humphrey efficiency is higher than Brayton efficiency. Lastly, the specific 
impulse and specific thrust of the alternative fuel are calculated to determine the propulsive 
performance that can be shown from different alternative fuels. As expected, that different 
molecular structures will have behaviours that show their sensitivities. Furthermore, by changing the 
Mach number, M1 of unburned gas, and the purge to the valve-open time period, β will affect the 
specific impulse and also the specific thrust. This change shows how the propulsive performance of 
aircraft react as there are variation in M1 and β. 
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