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The present research work is to investigate, how the pulse detonation engine's (PDE) 
performance is affected by thermodynamic detonation factors. This analysis deals with 
the evaluation of PDE by using pure fuels like hydrogen, propane, and butane and a blend 
of hydrogen (50%) + propane (50%), butane (50%) + hydrogen (50%) and propane (50%) 
+ butane (50%). The performance prediction model method is based on flow paths. 
Performance loss mechanisms, like the refilling process are recognized and enumerated. 
Inside flow damage, which mostly results from shock waves inside the PDE combustion 
tube, is a major factor in the PDE's performance degradation. The novelty of the present 
analysis is to observe that the Hydrogen fuel displays the maximum specific impulse of 
7280 s with a detonation velocity of 2321 m/s at the value of beta 0.17. whereas, the 
lowest specific impulse is produced by butane with the same beta value. 
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1. Introduction 
 

Detonation waves have a significant effect due to their inherent speculative advantage over 
deflagrative waves for impetus applications. Detonation can be initiated by igniting a combustible 
mixture at the closed end of a long tube open at the opposite end [1]. In this situation, the flame 
initiated at the closed end is accelerated as it propagates through the mixture because of the burning 
gas that is contained between the flame and the closed end expanding. This acceleration leads to the 
formation of a shock wave preceding the combustion zone and propagation at supersonic velocities 
[2]. However, the engine based on detonation can attain greater thermodynamic efficiency for 
aerospace systems. It is well known that the application of analytical techniques to assess the 
performance of PDE using alternative fuels, and high Mach number has been regarded as one of the 
important influencing factors in the detonation [3]. 
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Table 1 shows literature reviews to date on pulse detonation engines focusing on parameters like 
thermodynamics properties investigated, and fuels used for analysis. From this survey, most 
researchers used hydrogen as fuel research. Most of the study is focused on a single cycle only. So, 
the research gap is visible, and it is necessary to investigate PDE for alternative fuels. While hydrogen 
fuel is widely used in aerospace applications for its numerous benefits, still it has drawbacks like high 
flammability limit, storage problems, and high expenses which have to be addressed [4]. Hence it is 
necessary to find alternative fuels for PDE; with pure and blended fuels, the purpose of this study is 
to conduct an analytical analysis of the effect of the filling factor on straight tube PDE [3].  
 

Table 1 
Survey of various propellants used for pulse detonation engines 
Reference  Propellant  Parameters  CFD/EXP/ANA 

Xisto et al., [6] Jet A-Air Pressure& velocity parameter CFD 
Yungster et al., [7] H2- Air Thermodynamic properties & 

performance 
CFD & Experiment  

Hanraths et al., [8] H2- Air Operating frequency, sampling time, 
fill time, PDC outflow, and probe 
geometry were changed to analyse 
Nox 

Experiment 

Djordjevic et al., [9] H2- Air Thermodynamic properties CFD  
Yungster and 
Breisacher [10] 

Jet A-Air Thermodynamic properties & 
performance 

CFD & Experiment 
 

Hishida et al., [11] Ar-diluted oxyhydrogen 
mixture (2H2+O2+7Ar) 

Processes for purging and refilling to 
achieve a dependable and high-
frequency operation 

CFD 

Ma et al., [12] Ethylene fuel Pressure histories and gross specific 
impulse 

CFD 

Kawai and Fujiwara 
[13]  

Ar-diluted stoichiometric 
oxyhydrogen 

The performances of four straight 
model PDEs that have different tube 
lengths a 

CFD 

Fan et al., [14] H2- oxygen The impact of the filling period's duty 
cycle on flow characteristics and 
propulsion efficiency 

CFD 

Mohanraj and Merkle 
[15] 

H2-oxygen Performance  CFD  

Yungster and Perkins 
[16] 

H2-oxygen Thrust, impulse, and mass flow rate 
characteristics 

CFD 

Xisto et al., [17] H2- Air Adjusting the system purge fraction, 
the PDC-turbine performance and 
flow behavior are examined for a 
range of power input situations. 

CFD 

Zhang et al., [18] H2-air Thermodynamic performance  CFD 
Cambier and Tegner 
[19] 

H2-air Design variation and performance  CFD 

Li et al., [20] Ethylene-air Pressure information on the thrust 
wall from two-dimensional 
simulations, 

CFD 

Wintenberger et al., 
[21] 

Various fuels Performance of PDE Analytical 

Azami and Savill [22] Jet-A, Acetylene, Jatropha 
Bio-synthetic Paraffinic 
Kerosene, Camelina Bio-
synthetic Paraffinic 
Kerosene, Algal Biofuel, 
and Microalgae Biofuel 

Thermodynamic performance Analytical  
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Examining how fuel variety affects PDE is crucial in two ways: using blended fuels adds originality 
and provides relevant information to the ongoing PDE study. It assists in assessing PDE performance. 
The effect of hydrogen fuel on the performance of PDE was obtained from the available literature, 
and on this basis, investigations on other pure and blended fuels were carried out. From the results, 
information gleaned from the PDE study may be used by other high-speed engines to employ the 
fuels under investigation. The factors for performance degradation, such as the process of refilling 
are analyzed by varying beta (β ). BETA value is considered lower that is 1/9 (0.11) only for 
stoichiometric hydrogen fuel as fuel and air as oxidizer and fixed values for cycle time and other 
parameters related to time [5]. The main objective of this work is to investigate the effect of BETA 
value variation on PDE performance. 
 
2. Analytical Prediction and Validation 
 

Analytical models can be classified into two categories. The first is based on unsteady gas 
dynamics theories to determine the impulse by time integration of the instantaneous forces acting 
on the thrust wall [23]. These models can only be applied to simple straight detonation tubes with 
single-pulse operations. The second category obtains the engine impulse based on the flow 
properties at the exit plane. The analytical model presented here closely follows the approach of 
Heiser and Pratt [24] but takes into account the effects of the refilling velocity and the purging 
process to provide more accurate results. It is desirable to create a straightforward analytical model 
that can be used to evaluate PDE performance and compare it to the output of a numerical simulation 
[25]. In addition, the analytical prediction model is created to determine the PDE's theoretical 
performance limitation. Many researchers considered filling velocity in analytical prediction up to 
1000 m/s. So, this research analysis is done for selected fuels up to 1000 m/s only [5,14,26]. 
Considering values beyond 1000 m/s is not practically possible. In a practical experiment, only 30 to 
35 m/s of filling velocity is considered in a pulse detonation engine [27,28]. 

The presented analytical model closely follows the approach [24,29,30]. To get more precise 
findings, however, take into account the impacts of the refilling velocity and the purging procedure. 
The ratio of the purge to the valve open period is known as beta (β). The β value varied till 0.5, which 
means varying fill velocity from 200 to 1000 m/s. Thus, three time periods govern the PDE series. 
They are, 

 
i. The valve is closed during the valve close-up time (Tclose), which is also when detonation and 

the blowdown of combustion products occur in the tube.  
ii. The time (Tpurge) when a small volume of cold air is introduced into the tube to stop new 

reactants from pre-igniting and  
iii. The time (Trefill) that the flammable mixture is delivered to the tube during refilling. 

 
These various time durations like Tfill, Tdet, Tblowdown, and Tpurge were obtained by using formulas. 
 

Tfill=
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑢𝑏𝑒

𝑓𝑢𝑒𝑙 𝑖𝑛𝑙𝑒𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
             (1) 

 

Tdet=
Length of the tube

NASA det velocity
             (2) 

 
Tblowdown=12% of Tdet             (3) 
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Tpurge=
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑏𝑒

𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑
            (4) 

 
Ttotal= Tfill + Tdet + Tblowdown + Tpurge           (5) 
 
Topen= Tfill + Tpurge             (6) 
 
Tclose= Tdet + Tblowdown             (7) 
 

Eq. (1) to (7) were used to find various times related to the pulse detonation engine. Based on 
this, the Beta (β) value is calculated. Beta (β) which is given by, 
 

purge

open

T

T
 =               (8) 

 

Air to fuel ratio f  heat release rate q  (MJ/kg), and detonation velocity 
D

V  were obtained by the 

method explained [31]. The fuel-to-air mass ratio f should be replaced by its overall quantity f  and 

heat release rate q should include the effect of purged gas so replaced as q  shown below 

 

( )1f f = −
              

(9) 

 

( )1q q = −
                        

(10) 

 

( )

1

2

,1

2 2 2 1

,2 ,2

2 1
p

e

p p

C q
U R T

C C
 

  
= + +   
   

                     (11) 

 
Where the specific heats at states 1 and 2 are given at constant pressure by Eq. (12). 
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p

X c
C

MW
=


                    
(12) 

 
The specific thrust and impulse are obtained as follows 
 

( )1
sp e

F f u u


= + −
                       

(13) 

 

u


 is the velocity at the free stream and its value is 636 m/s. 

 

sp

sp

g

F
I

f
=

                        

(14) 

 
Each fuel selected PDE is analyzed by varying beta values (β). All conditions are tested at 298 K 

temperature and 1 atm pressure. 
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The equations for mixed fuel are derived from the mathematical model [32]. The chemical Eq. 
(15) represents chemical composition and describes the combustion reaction. 
 

( ) ( )2 2 1 2 2 3 2
1 3.773 Yields

n m
frcC H frc C H O O N X CO X CO X H O

  





 
+ − + + ⎯⎯⎯→ + + 

 
 

4 2 5 2 6 2 7 8 9 10
X H X O X N X H X O X NO X OH+ + + + + + +               (15) 

 

where frc is the selected fuel fraction;
n m

C H & C H O
  

 is the hydrocarbon-based fuel. The symbols 

n, m, α, δ, and φ stand for the proportion of carbon, hydrogen, and oxygen atoms in the fuels, 
respectively. The number of moles for each product is also indicated by the letters X1–X10. In this 
study, the combustion products CO2, CO, H2O, H2, and O2 are taken into account. 
 

( )1
4 4 2

m
frc n frc

 
 

   
= + + − + −   

   
                    (16) 

 
Using Eq. (15) and Eq. (16) fuels are blended such as 50% of each fuel of Hydrogen + Butane, 

Hydrogen + Propane, Butane + Propane, Hydrogen + Kerosene, Hydrogen + Methane, and Kerosene 
+ Methane shown in Table 2. 
 

Table 2 
Illustration of the balanced equation for the selected fuel 
Fuel Balanced equation 

Hydrogen H2+0.5O2+1.88N2→H2O+1.88N2 
Butane C4H10+6.5O2+24.44N2→4CO2+5H20+24.44N2 
Propane C3H8+502+18.8N2→3CO2+4H2O+18.8N2 
Hyd + But (50%) 0.5H2+0.5C4H10+3.5O2+13.20N2→2CO2+3H20+13.20N2 
Hyd + Prop (50%) 0.5H2+0.5C3H8+2.75O2+10.375N2→1.5CO2+2.5H2O+10.375N2 
But + Prop (50%) 0.5C4H10+0.5C3H8+5.75O2+21.694N2→3.5CO2+4.5H2O+21.694N2 

 
Analytical assessment of PDE by varying filling factors and performance loss mechanisms due to 

the purging and refilling process. The analysis is done on pure (hydrogen, propane, and butane) fuels 
and blended fuels composed of hydrogen, propane, and butane with a 50 percent contribution of 
each by varying Beta (β) values. A valve located at the thrust wall controls how the PDE detonation 
tube operates. There are typically two ways that a valve can operate. Upon the end of the blowdown 
process, the valve opens to allow the fresh reactants to be charged into the tube for the second cycle. 
The valve timing is controlled so that no fresh reactants escape from the open end to the ambient. 
This stage requires that the leading fresh reactants be caught by the detonation wave of the next 
cycle somewhere within the detonation tube, or, ideally, at the exit plane of the detonation tube. 
After the refilling process finishes, the valve closes, and the next cycle begins by repeating the same 
process [23]. 

So, the third area of focus for the dissertation research is to predict the loss mechanism on PDE 
performance by varying refill BETA parameters considering various fuels and their blends of 50% 
analytically. This study is beneficial because varying BETA parameters can understand the 
performance of PDE. The literature survey mentions that blowdown and refilling processes are 
considered in the multi-cycle analysis. So, multi-cycle performance is different from single-cycle 
performance. Therefore, it is necessary to study the multicycle performance of PDE using 
computational modeling and detailed flow visualizations. This study is beneficial because multicycle 
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performance can be identified. It was believed that these results would give direction toward 
optimizing a practical PDE system. 
 
3. Results and Discussions 
 

Heavy hydrocarbons require higher values of pressure and temperature to initiate detonation. 
After initiation, a detonation wave propagating in a closed-end tube is followed by an isentropic 
expansion wave (Taylor wave) [33]. Figure 1 shows that the flow is brought to rest at some distance 
behind the detonation wave. The time taken to reach the tube end varies for different fuels. 
Hydrogen fuel takes a shorter time to reach the tube end than other fuels. The pressure decreases 
to a value of ambient pressure at the end of the tube; the detonation propagates for a short time 
afterward. The detonation products flow out of the tube, creating a shockwave in the outer region, 
and a series of expansion waves are reflected into the tube [34]. Eventually, the chamber pressure 
decays to the ambient level, and the blowdown process is finished. At this stage, the first cycle is 
completed. 
 

 
Fig. 1. Taylors Wave Reflection Space-Time Diagram [33] 

 
The filling factor is vital in determining how much of an impact it has on engine dynamics and 

propulsive performance. It can be defined as a variation of the BETA (β) value due to changes in filling 
velocity. The detonation velocity and specific thrust of propane and butane reduce in the same 
pattern as the increase of beta angle shown in Figure 1 and Figure 2 respectively. As given in Table 3, 
Table 4 and Table 5, the highest performance is shown by hydrogen fuel because, as aforementioned 
in my previous research, hydrogen fuel performance is considered excellent because of its lower air-
to-fuel ratio (0.029) and higher heat release (5.7 MJ/Kg) compared to other fuels. Additionally, it has 
a quick ignition time and broad flammability limits which results in high detonation velocity as well 
as high specific thrust compared to propane and butane fuel shown in Figure 2 and Figure 3 [35]. Due 
to its low molecular weight, it also possesses great diffusivity and provides a larger specific impulse 
shown in Figure 4. Therefore, hydrogen has the best performance for aerospace applications. As 
explained by Ma et al., [23], the present research also has the same trend for the performance 
parameters of selected fuel. That is thrust (Fsp) decreases and specific impulse (Isp) increases with 
increasing β in all selected fuels, as shown in Table 3 to Table 5. 
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Fig. 2. Variation detonation velocity w.r.t. beta angle for pure 
hydrocarbon fuel 
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Fig. 3. Variation of Specific thrust w.r.t. beta angle for pure 
hydrocarbon fuel 
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Fig. 4. Variation specific impulse w.r.t. beta angle for pure 
hydrocarbon fuel 

 
Table 3 
Variation of performance for different BETA values considering hydrogen fuel 
Fuel Filling velocity (m/s) BETA (β) Ue (m/s) F sp (N) Isp (Sec) 

Hydrogen 200.00 0.17 2321 1742 7280 
400.00 0.28 2164 1573 7666 
600.00 0.37 2038 1439 8010 
800.00 0.44 1934 1329 8321 
1000.00 0.50 1846 1238 8605 

 
 Table 4 
 Variation of performance for different BETA values considering Propane fuel 
Fuel Filling velocity (m/s) BETA(β) Ue (m/s) F sp (N) Isp (Sec) 

Propane 200.00 0.17 1639 1090 2083 
400.00 0.28 1533 967 2155 
600.00 0.37 1449 871 2216 
800.00 0.44 1380 793 2269 
1000.00 0.50 1322 728 2314 

 
Table 5 
Variation of performance for different BETA values considering butane fuel 
Fuel Filling velocity (m/s) BETA (β) 𝑈𝑒 (m/s) F sp (N) Isp (Sec) 

Butane 200.00 0.17 1645 1098 2070 
400.00 0.28 1539 975 2142 
600.00 0.37 1455 878 2203 
800.00 0.44 1385 799 2256 
1000.00 0.50 1327 734 2301 

 
Figure 5, 6 and 7 show the effect of 50% blended fuels on the formation of detonation velocity, 

specific thrust, and specific impulse. It depicts, that a larger β value translates to a decrease in the 
air-to-fuel mass ratio of the reactants [36]. As heat released from the combustion process decreases 
the kinetic energy of the additional air, leads to an increase in the specific impulse [37]. The butane 
fuel blended with hydrogen and propane has a maximum detonation velocity of about 1643 m/s. 
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However, hydrogen blended with propane produces a maximum detonation velocity of 1739 m/s at 
β= 0.17 shown in Figure 5. 

In pure fuels, the highest specific impulse is achieved by hydrogen fuel with the value of 8605 s 
and at a filling velocity of 1000 m/sat β value of 0.5. The specific impulse of 2314 s, 2301 s, 2172 s, 
2194 s, and 2150 s was achieved by Propane, Butane, the blend of Hydrogen and Propane, Hydrogen 
and Butane, and the blend of Propane and Butane respectively at β value of 0.5. 
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Fig. 5. Variation detonation velocity w.r.t. beta angle for 
blended hydrocarbon fuel 
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Fig. 7. Variation specific impulse w.r.t. beta angle for blended 
hydrocarbon fuel 

 
Analytically calculated the performance of various blended fuels with the variation of β angle 

(purge-to-valve-open time ratio) shown in Table 6, 7 and 8. The result of hydrogen and propane 
blended fuel at different β angles varies from 0.17 to 0.50. In the first case, corresponding to the pure 
hydrogen fuel at the same β angle as well as the same refilling velocity, the blended hydrogen-
propane fuel generates specific thrust and impulse lowering about 30% and 70% respectively. 
Therefore, all the blended fuels generate much lower performance compared to the pure fuels. 
However, in blended fuels, hydrogen-butane has a maximum specific impulse of 2212 s at β =0.5 
compared to the other blended fuels. 
 

Table 6 
Variation of performance for different BETA (β) values considering the blend of Hydrogen and 
propane fuel 
Fuel Filling velocity (m/s) BETA (β) Ue (m/s) F sp (N) Isp (Sec) 

50% Hyd + 50% 
Prop 

200.00 0.17 1739 1205 2101 
400.00 0.28 1711 1171 2120 
600.00 0.37 1683 1139 2138 
800.00 0.44 1664 1116 2151 
1000.00 0.50 1634 1080 2172 

 
Table 7 
Variation of performance for different BETA (β) values considering the blend of Hydrogen and 
Butane fuel 
Fuel Filling velocity (m/s) BETA (β) Ue (m/s) F sp (N) Isp (Sec) 

50% Hyd + 50% 
But 

200.00 0.17 1640 1089 2137 
400.00 0.28 1611 1056 2157 
600.00 0.37 1584 1024 2176 
800.00 0.44 1559 995 2194 
1000.00 0.50 1535 967 2212 
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Table 8 
Variation of performance for different BETA (β) values considering the blend of Propane and 
butane fuel 
Fuel Filling velocity (m/s) BETA (β) Ue (m/s) Fsp (N) Isp (Sec) 

50% Prop + 50% 
But 

200.00 0.17 1643 1096 2078 
400.00 0.28 1614 1062 2097 
600.00 0.37 1587 1030 2115 
800.00 0.44 1562 1000 2133 
1000.00 0.50 1538 972 2150 

 
4. Conclusion 
 

Pure fuel & its blend of 50% study were accomplished on detonation wave propagation using 
hydrogen, propane, and butane fuels in a PDE. Formulas were employed for analytical calculations 
and implemented as a benchmark for computational analysis. The results are validated using 
available experimental work literature, and they match previous work. The analytical results are as 
follows: 

 
i. Hydrogen fuel forecasts the maximum value of 2321 m/s at 0.17 beta value and having a 

specific impulse of 7280 s. The lowest value of 1846 m/s at 0.5 beta value and having a specific 
impulse of 8605 s. The fuel with hydrogen had the highest impulse out of the three fuels. 

ii. Simple light-molecule-containing combustion products tend to produce greater detonation 
velocity values and detonate more easily. Butane achieves the lowest particular impulse with 
a value of 2070 s because heavier hydrocarbons are less susceptible to detonation. 

iii. It is shown that; propane, butane, and a 50 % blend of hydrogen + propane, hydrogen +butane, 
and propane+ butane can also be utilized as fuel for PDE as substitute fuels so that difficulties 
formed in PDE by using hydrogen fuel can be eradicated. 

 
This method works well for forecasting PDE parameters, but the analytical findings can also be 

used to direct future work on creating a workable pulse detonation engine. 
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