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ABSTRACT 

 
HEAT TRANSFER ANALYSIS OF 

A PULSE DETONATION 

ENGINE 

 

NEELIMA KALIDINDI, MS 

 

The University of Texas at Arlington, 2009 

 

Supervising Professor:  Dr. Frank Lu 

A thermal analysis of the effect of sensible heat release on the walls of the 

detonation chamber for stoichiometric mixtures of hydrogen/air, octane/air and 

octane/oxygen was presented. The detonation tube was assumed to operate at 20 Hz 

and cooled by a water jacket to dissipate the heat from the walls which ensures the 

effective operation for a longer period. Wall material was assumed to be made of copper 

because of its high thermal conductivity. 

The study showed a slow temperature rise along the walls of the combustion 

chamber for multiple pulses. It can be concluded that due to the space-time averaging 

procedure throughout the length of the tube, the temperature rise along the inner and 

outer walls are small. Even after 3000 pulses, the temperatures along the surfaces were 

almost steady.
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CHAPTER 1 

INTRODUCTION 

1.1 Pulse Detonation Engine 

 The potential advantages of pulse detonation engines (PDEs) over conventional 

deflagration-based engines have been investigated for many years. Copious publications 

have appeared describing the potential for this type of propulsive device. Pulse 

detonation engine offer a low - cost alternative to existing engines due to their high 

thermodynamic cycle efficiency, lack of moving parts, high thrust-to-weight ratio, simple 

structure, operational range, low acquisition and maintenance cost. Hence it is expected 

to be a high performance, future generation aerospace propulsion engine.  

 System studies of PDEs as is common in the study of energy conversion 

processes use a quasi-one-dimensional approach. For simplicity in this study, the PDE is 

assumed to be a straight tube with constant cross section in which one end of the tube is 

closed and other end is open. A detonation wave is ignited at the closed end. It is usual 

to assume that the flow is independent of viscous effects and thermal conduction. 

A detonation wave is simply described as one-dimensional structure consisting of 

a leading shock wave followed by a coupled reaction zone which propagates at a steady 

velocity termed as the Chapman-Jouguet (CJ) detonation velocity, which depends on the 

mixture initial parameters like temperature, pressure and energy content. In PDEs, the 

ignition of the fuel has been given much attention since it involves difficulties in rapidly 

mixing the fuel and oxidizer at high speeds and initiating, maintaining the detonation in a 

controlled manner.  
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Though most researchers have been concentrating on the detonation process, 

not much attention has been given to thermal management. One of the important 

challenges of pulse detonation engines is that the detonation chamber walls get heated 

by the combustion products to a temperature much greater than the temperature of self-

ignition arising from the rapid pulsed energy release from detonation in fractions of a 

millisecond. Hence the engine needs to be cooled to prevent auto-ignition. In addition, 

the high temperature may cause catastrophic failure. 

            In this present study, the interest is on the heat transfer that arises from the 

detonation. For this, we consider the pulse detonation engine to be a tube of 1 m long 

with 100 mm bore, operating at 20 Hz with stoichiometric mixtures of hydrogen/air, 

octane/air and octane/oxygen. 

1.2 Operating Principle of Pulse Detonation Engine 

 In pulse detonation engines, when the reactive mixture is ignited at the closed 

end, the pressure in the chamber increases due to the propagation of a detonation wave 

that consists of a shock wave coupled with a flame front. The shock wave acts as a 

virtual piston between detonation products and fresh mixture.  The velocity of the “virtual 

detonation piston” is higher than the velocity of conventional combustion being in the 

order of 1000-5000 m/s.  

            As highlighted above, the pulse detonation engines uses the energy released 

from repeated detonations in a cyclic mechanism. Each cycle can be divided into six 

processes namely filling, Chapman-Jouguet detonation, Taylor rarefaction, reflected 

rarefaction, exhaust and purging as shown in Figure 1.1
1
 which are clearly explained in 

the following sections. 
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Figure1.1.
 
Schematic of PDE showing various stages during one cycle

1 

 

1.2.1 Filling Process 

This first stage in a PDE operation is to fill the tube with a detonable mixture of 

fuel and oxidizer. The injection of fuel and oxidizer into the combustion chamber can be 

characterized by a frequency of  f = 1 t272A . In general the frequency depends on various 

parameters like length and diameter of the combustion chamber, injection pressure, and 

the types of ratios of fuel and oxidizer. This fill process from the closed end occurs at a 

very low speed of 20-30m/s. The filling time plays an important role in the PDE cycle 

since it affects the timing of all other processes. If there is delay in filling the detonation 

process will be delayed.  

1.2.2 CJ Detonation Process 

            This is the second stage where the mixture is ignited and the detonation wave 

moves from the closed end to the open end with very high velocities termed as the 

Chapman-Jouguet (CJ) velocity of 1000- 5000m/s in fractions of a millisecond leaving 

behind high temperatures and pressures .The high enthalpy from the detonation wave 

produces thrust when the exhaust gases are allowed to exhaust through a nozzle. The 
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time for the propagation of a detonation wave is very short when compared to any other 

process due to the very high wave speeds. 

1.2.3 Taylor Rarefaction Process 

            While the detonation wave propagates towards the open end, the gas between 

the closed end which is at rest and detonation wave is decelerated. This decelerated gas 

requires the generation of an unsteady expansion known as the Taylor rarefaction wave 

which propagates behind the detonation wave. Hence the front boundary condition of 

Taylor rarefaction coincides with detonation wave while rear boundary of the Taylor 

rarefaction matches that of the closed end. The time taken for the Taylor rarefaction 

process is higher than detonation since it travels at velocities lower  than the detonation 

wave.  

1.2.4 Reflected Rarefaction Process 

            This is the fourth stage in which another set of rarefaction waves starts 

propagating from the open end which travels at sonic velocity and reaches the closed 

end. This reflected rarefaction wave drops the pressure to a lower value due to 

expansion of waves. 

1.2.5 Exhaust Process 

            When the unsteady reflected rarefaction starts propagating towards the closed 

end, it scavenges the burned gas, exhausting it from the open end and clearing the tube 

from unwanted reactive impurities. This results in a cool, empty chamber that is ready to 

be filled. 

1.2.6 Purging Process 

            This is the last stage in which the tube is recharged with a fresh air mixture and 

the pressure is assumed to decay linearly until it reaches ambient conditions. This 

process plays a vital role in cleaning the impurities inside the detonation tube with the 

fresh air pumped at high velocities without which may lead to auto-ignition of the mixture 
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and ultimately leads to destruction of the combustion walls. The time taken for filling and 

purging are almost the same. 

The total time for one cycle is thus given by 

t272 = t-).. + t23 + t010 + t456 + t�/0                                   [1] 

1.3 Objective of the Current Research 

             One of the challenges in developing a PDE is the high post-detonation gas 

temperatures produced in the range of 1700- 3000 K. To minimize the heat loads on the 

combustion-chamber walls, a water jacket heat exchanger is proposed which ensures 

effective operation for a longer duration. Hence the objective of the current research is to 

perform a thermal analysis through the walls of the combustion chamber and develop a 

cooling technique.  

1.4 Heating Analysis 

1.4.1 Energy Equation  

            The heat generated during various processes of the intermittent engine can be 

computed in many ways. We consider the energy equation in which each process of the 

pulse detonation engine is separately considered as a control volume and the heat 

developed is calculated using the equation below. 

q = c�T + �D
�                                                           [2] 

            After calculating the heat developed in each processes, the wall temperatures of 

the detonation tube (TW and TW�) are calculated using a Green's function approach. 

This approach assumes a hollow concentric cylinder with the detonation process 

occurring in the inner cylinder and water as a coolant is assumed to flow in the concentric 

cylinder. The detonation tube has an inner and an outer radius of r) (TW) and  rE (TW�) 

respectively. The heat transfer analysis can also be estimated at various locations 

through the diameter of the tube by varying the inner and outer radius for any number of 

cycles. 
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            The present research is to develop an understanding of the heating of the 

combustion chamber affected by the heating and cooling pulses in multiple cycles during 

various processes for the three stoichiometric mixtures of hydrogen/air, octane/air and 

octane/oxygen. This study also recommends materials which can sustain the heat loads. 
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CHAPTER 2 

THERMODYNAMIC CALCULATIONS 

 This chapter discusses the procedure to determine the heat release during one 

PDE cyclic for stoichiometric mixtures of hydrogen/air, octane/air and octane/oxygen. 

 Properties like temperature, pressure and density during detonation, Taylor 

rarefaction, reflected rarefaction and exhaust are considered and discussed. The heating 

rates for these processes are very high when compared with those in the filling and 

purging processes which allow them to be neglected. The front and rear boundary 

conditions of the considered processes are explained and average conditions are 

evaluated.  

2.1 Prior Research 

 Though most researchers are focusing on the performance of the PDEs by 

considering various parameters for producing reliable detonations, the experiments 

conducted by Hoke et al.
2
 gives a practical solution to thermal management. Their 

experiments obtained the overall heat load for stoichiometric mixture of hydrogen/air. 

They measured heating rates for a 0.91 m detonation tube with a 50 mm bore 

surrounded by a water-cooled, annular aluminum jacket with an outer diameter of 63.4 

mm. The overall heat load was measured calorimetrically, while the wall temperatures 

were measured separately using thermocouples spot welded to the detonation tube. 

Hoke at al.
2
 found heating rates of 21 KW for detonations at 20 Hz. Considering this heat 

rate during the cyclic process, an average heat flux of q=1.7 M W m�A  is obtained. In 

addition when the frequency is doubled from 20 to 40 Hz it was found that the heat load 
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increases only by 58%. The equivalence ratio and cycle frequency were found to have 

the largest impact on the detonation tube heat loads. Ajmani and Breisacher
3
 observed 

for the same mixture a different time-averaged heat flux value of 2.5  M W m�A . But the 

latter measurements were time averaged at a single location of the tube, where as the 

results of Hoke at al.
2
 were time and space averaged throughout the length of the tube. 

Experimental observations
4
 were carried for detonation of a stoichiometric mixture of JP-

10 vapor and air to study the detonation properties for a 6.2 m long, 10 cm inner diameter 

heated detonation tube at initial mixture pressure of 2 atm and initial temperatures of 373, 

473 and 528 K. Besides experimental observations, thermodynamic cycle analyses have 

been performed at high detonation temperatures by considering the sensible heat release 

on the pulse detonation engine parameters
5
. Preliminary heat exchanger design

6
 for a 1 

m long and 100 mm bore, operated at 19 Hz was performed for stoichiometric octane/air. 

Results showed the detonation wall temperatures to be between 1000- 1200 K for 

materials like stainless steel, copper and Haynes alloy ( H282 ) for multiple cycles. 

 2.2 Properties of CJ Detonation Wave 

 Based on the simplified analysis of a pulse detonation engine model by Endo and 

Fujiwara
7,8

 the properties of detonation, rarefaction and exhaust are calculated.  

 As discussed, ignition of the mixture leads to the generation of a detonation wave 

which travels at the Chapman-Jouguet velocity towards the open end. For this study, it is 

assumed that detonation occurs instantaneously, that is, the so-called deflagration-to-

detonation transition does not occur. The properties downstream of the detonation wave 

are characterized by ρ�, p� and T� as shown in Figure 2.1. 
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Figure 2.1. Flame propagation from left to right 

 

 The time taken for the detonation wave to propagate through the 1 m tube for the 

three stoichiometric mixtures varies because of the different values of the Chapman-

Jouguet velocities. The equation given below is used to evaluate the propagation time. 

The results for the three cases are given in table 2.1 

t = .4HIJ6 *K J64 J/L4
M4J*H1J)*H �4.*2)J7                                                     [3]                

Table 2.1 Detonation Wave Propagation Time 

 Hydrogen/Air Octane/Air Octane/Oxygen 

Detonation time, s 0.0005 0.00055 0.00043 

 

 When the heat release during chemical reaction is much higher than the internal 

energy of the unburned gases the detonation properties can be calculated by using the 

Rankine-Hugoniot relations
7,8

 which are given by  

ρ� = NDO
ND

ρ                                                         [4]    

P� = NQ
NDO M���P                                                       [5] 

D� = D�� = R2(γ�� − 1)q                                               [6]     

u� =  
ND

 a� =   
NDO D��                                                [7] 
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 Tables 2.2–2.4 show the calculated detonation values (State 2) using the above 

relations
7,8

 where the (State 1) values are the initial conditions. 

Table 2.2 Detonation Properties of Stoichiometric Hydrogen and Air 
 

Parameters 
 

State 1 State 2 

ρ,  kg mWA  1.168 1.529 

p, atm 1                   15.38 

T,K 300 2954 

γ 1.4015 1.636 

C�,  J kg KA   3.3615 

C�,  J kg KA   0.5728 

M��  4.8315 

R,   J kg. KA   345 

 

Table 2.3 Detonation Properties of Stoichiometric Octane and Air  

Parameters State 1 State 2 

ρ, kg mWA  1.168 2.23 

p, atm 1 18.39 

T, K 300 2904 

γ 1.3483 1.1649 

C�,  J kg KA   2.7368 

C�,  J kg KA   0.4851 

M��  5.4019 

R,   J kg. KA   287 
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Table 2.4 Detonation Properties of Stoichiometric Octane and Oxygen  

Parameters State 1 State 2 

ρ,  kg mWA  1.168 2.19 

p, atm 1 38.82 

T,K 300 3831 

γ 1.2365 1.1378 

C�,  J kg KA   8.6742 

C�,  J kg KA   1.7066 

M��  8.0438 

R,   J kg. KA   352 

 

2.3 Average Conditions during Detonation Process 

 The state of the gas downstream of the detonation wave is given by the relations 

of self-similar rarefaction wave
7,8

 since the front boundary conditions of this wave 

coincide with the detonation wave and the state of the gas are given by  p� , T� ,  ρ�. Hence 

the  average detonation conditions are calculated by using these relations as 

ρ = Y 
ND

+ NDZ
ND

5
5D

 [
D

\D]Q  ρ�                                              [8] 

p = Y 
ND

+ NDZ
ND

 5
5D

[
D\D

\D]Q p�                                                 [9] 

u = u� − �
NDO

5DZ5
J =  −a + 5

J Y≤  
ND

a[                                      [10]  

� = �� − _DZ
_DO  `DZ`

a                                                   [11]    
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The length of the tube, x2 =1 m. The average temperature, pressure and density are 

calculated by varying the position of the detonation wave x, throughout the length of the 

tube. 

 Figures 2.2 and 2.3 show  the properties of detonation wave at any location of 

the tube for the three stoichiometric mixtures. It can be noted that octane/oxygen has the 

highest properties because of higher velocity and Mach number.  

 

 

Figure 2.2. Pressure distribution of detonation wave for three stoichiometric mixtures 
along the length of the tube 
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(a)   

 

(b) 

Figure 2.3. Properties of detonation wave for three stoichiometric mixtures along the 
length of the tube (a) density and (b) temperature 
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2.4 Boundary Conditions of Rarefaction Wave 

 Since the leading edge of the Taylor rarefaction wave follows immediately behind 

the detonation wave the properties of detonation becomes the front boundary conditions 

of the Taylor rarefaction. The state of the gas at the rear boundary of the rarefaction 

wave is given as follows 

xW = 
� x�                                                            [12]                                                                           

DW = aW = 
� D��                                                      [13]                                                                                      

ρW = 2 YNDO
�ND

[
\DbQ
\D]Q  ρ                                                 [14] 

 pW = NQ
�ND

YNDO
�ND

[
\DbQ
\D]Q M���p                                             [15] 

  Using the above relations the rear conditions of rarefaction wave (State 3) are 

evaluated and displayed in Tables 2.5 – 2.7 

Table 2.5 Rarefaction Properties of Hydrogen/Air 

Parameters State 1 State 3 
 

ρ,  kg mWA  1.168 0.891 

p, atm 1 5.36 

T, K 300 1290 

γ 1.4015  

 

Table 2.6 Rarefaction Properties of Octane /Air 

Parameters State 1 State 3 
 

ρ,  kg mWA  1.168 0.891 

p, atm 1 4.55 

T, K 300 1335 

γ 1.3483  
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Table 2.7 Rarefaction Properties of Octane/Oxygen 

Parameters State 1 
 

State 3 

ρ,  kg mWA  1.168 0.886 

p, atm 1 13.33 

T, K 300 1451 

γ 1.2365  

 

2.5 Average Conditions during Unsteady Rarefaction Process 

 As the detonation wave leaves the tube, another unsteady rarefaction expansion 

starts propagating in the opposite direction where the products are exhausted from the 

open end through this unsteady rarefaction. Hence the front boundary conditions of this 

reflected wave are the rear conditions of the Taylor rarefaction wave. The state of the 

flow inside the tube is given by the self-similar rarefaction wave
7,8

 as 

ρ = c1 + NDZ
def

 gZ5
JZJQ

h
D

\D]Q ρ45                                              [16]       

p = x c1 + NDZ
def

 gZ5
JZJQ

h
D\D

\D]Q
                                               [17]     

                                                                                                      

a = a45 + NDZ
NDO  gZ5

JZJQ
                                                    [18]   

where      

ρ45 = NDO
ND

\DbQ
\D]Q

ρ                                                      [19]                                                                 

p45 = NQ

ND
D\D

γD]Q(γDO)
M���p                                                [20] 

u45 = a45 = 
γDO D��                                                   [21] 
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 The final conditions are given by the exit conditions of the gas by self-similar 

rarefaction wave
7,8 

which are displayed in Tables 2.8 – 2.10. 

Table 2.8 Exit Conditions for Rarefaction Wave of Hydrogen/Air  

Parameters State 1 
 

Exit State 

ρ,  kg mWA  1.184 0.341 

p, atm 1 1.73 

T,K 300 1088 

γ 1.4015  

 

Table 2.9 Exit Conditions for Rarefaction Wave of Octane /Air 

Parameters State 1 
 

Exit State 

ρ,  kg mWA  1.184 0.341 

p, atm 1 2.08 

T,K 300 1592 

γ 1.3483  

 

Table 2.10 Exit Conditions for Rarefaction Wave of Octane/Oxygen 

Parameters State 1 
 

Exit State 

ρ,  kg mWA  1.31 0.337 

p, atm 1 4.38 

T,K 300 1254 

γ 1.2365  

 

 For calculating the average properties during rarefaction process using the 

equations [16] and [17] the following are the considerations. The rarefaction time, t = 
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0.00345 s, 0.00358 s, 0.00353 s for hydrogen/air, octane/air, octane/oxygen respectively. 

The coordinate l and time t are varied. Time t   is varied between detonation and 

rarefaction phase since the rarefaction starts after detonation till the time t. The average 

pressure, density and temperature are calculated by varying the position of the 

rarefaction wave l, throughout the tube at different times t. 

 The histories of temperature, pressure and density for hydrogen/air are shown at 

times t = 0.001 s, 0.002 s and 0.00353 s. In Figures 2.4 and 2.5 it can be noted that the 

decay of these properties at the start of rarefaction wave is rapid and becomes slow 

towards the exit of the tube. 

 

2.5.1 Comparison of Unsteady Rarefaction Properties of Hydrogen/Air, Octane/Air and 

Octane/Oxygen      

 

Figure 2.4. Temperature distribution at various times of unsteady rarefaction wave for 
hydrogen/air till the exit of the tube  
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(a) 

 

(b) 

Figure 2.5. Properties of unsteady rarefaction wave for hydrogen/air till the exit of the 
tube (a) density at various times (b) pressure at various times  
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 Figures 2.6 and 2.7 compare the temperature in the reflected unsteady 

rarefaction at various times for the three stoichiometric mixtures. It can be noted that the 

temperature does not decay much for the octane/air mixture when compared with other 

mixtures though octane/oxygen mixture has a higher detonation temperature. It can be 

estimated that the temperature of octane/oxygen decayed faster because of its higher 

gas constant. 

 

 

Figure 2.6. Comparison of temperature profiles of unsteady reflected rarefaction wave for 
the three stoichiometric mixtures at, t= 0.001 sec 

 

0

500

1000

1500

2000

2500

0 0.2 0.4 0.6 0.8 1

T
e

m
p

e
ra

tu
re

, 
 K

 

Length of the tube, m

Octane/Air

Octane/Oxygen

Hydrogen/Air



 

20 

 

 

 

(a) 

 

(b) 

Figure 2.7. Comparison of temperature profiles of unsteady reflected rarefaction wave for 
the three stoichiometric mixtures at various times (a) temperature profile at, t= 0.002 sec 

and (b) temperature profile at the exit of the wave 
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            Figures 2.8 and 2.9 show the comparison of pressure and density at various 

times for the three stoichiometric mixtures. It can be noted that octane/oxygen yielded the 

highest pressure and density. Decay of these properties is rapid at the start of the 

rarefaction wave for all the three mixtures. 

 

 

Figure 2.8. Comparison of density’s at various times for three stoichiometric mixtures 
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Figure 2.9. Comparison of pressure’s at various times for three stoichiometric mixtures 

 

2.6 Calculation of Heat Generation for One Cycle of Operation 

 Figure 2.10 shows a control volume open system, which is an application of first 

law of thermodynamics
9
. It is a widely used concept in the thermodynamic analysis of 

many types of equipment. Therefore the heat release can be calculated by steady-flow 

energy equation
9   

 

m( (∆h) = Q(                                                                                       [22]
                                                                                                                         

m( Yc�dT + �D
� [ = Q(                                                    [23] 
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where Q( qWr  is the rate of heat transfer, m( qkg sA r 
 is the mass flow rate, vqm sA r is the 

velocity, c�qJ kg KA r is the constant pressure specific heat. 

 

Figure 2.10. Application of energy conservation principle to a steady flow open system
9 

 

 Considering inlet and exit conditions, the total heat release can be calculated 

from  

Q( = m4 Yc�T4 + �sD
� [ − m) Yc�T) + �tD

� [                                     [24]     

 The inlet conditions are at STP but the exit conditions are the average values of 

detonation and rarefaction process. 

Table 2.11 Inlet and Exit Enthalpy Calculations 

 t, s m ( , 
kg/s 

v,  
m/s 

c�T mh, kJ 
 

Inlet Conditions 0.02 0.48 50 300 14.9 

Exit 
Conditions 

Hydrogen/Air 0.00353 1.45 201 2856 118.5 

Octane/Air 0.00358 1.67 250 3500 207.63 

Octane/Oxygen 0.00345 2.13 296 3820 344.37 
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Table 2.12 Total Heat Generated for the Three Stoichiometric Mixtures 

 Hydrogen/Air Octane/Air Octane/Oxygen 

 

Heat Release Q( , MJ 
 

 
0.1037 

 

 
0.1927 

 

 
0.3295 
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CHAPTER 3 

DETERMINATION OF DETONATION WALL TEMPERATURES 

3.1 Introduction 

 As the PDE uses the energy released from repeated detonations, the tube gets 

heated to very high temperatures. For thermal management, the detonation tube is 

assumed to be surrounded by water which acts as a coolant at STP conditions. The flow 

in the detonation tube of constant cross section is assumed to be one dimensional. 

 For the simplified analysis, the detonation tube is assumed to be a hollow 

concentric cylinder with inner surface of radius [r)] = 0.05 m and outer surface of radius 

[rEr = 0.07 m. The outer surface of the tube is cooled by the coolant as shown in Figure 

3.1. But the inner surface experiences various temperatures due to the different 

thermodynamic processes discussed in chapter 2. The temperatures along the inner and 

outer surfaces of the detonation tube are described as TW and  TW�. The detonation 

tube is assumed to be made of copper since the thermal conductivity or ability to sustain 

high temperatures of this material is very high. 
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Figure 3.1 Cross sectional view of detonation tube 

 

             The effect of the cyclic mechanism of PDE for number of pulses on the walls of 

combustion chamber is discussed for the three stoichiometric mixtures by calculating the 

wall temperatures TW and TW�. Each cycle or pulse can be differentiated as heating and 

cooling pulse. The heating pulse is the period where the detonation wave propagates 

through the tube causing the tube temperature to rise. The cooling pulse is the period of 

the rest of the processes.  

3.2 Fuel Type 

 Various hydrocarbon fuels have been investigated to surmise the sensible heat 

release during a detonation. Recent investigations
10

 suggested that the single–
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component hydrocarbon, tricyclodecane known as jet propellant 10 (JP-10) is currently 

considered the fuel of choice for PDEs. Experimental observation
11

 suggested that JP-10 

acts as an endothermic fuel, which means it acts as a coolant which ultimately helps in 

thermal management. Pre-vaporizing the fuel can enhance the initiation of the detonation 

in a fuel- air mixture for PDE applications. Hence the choice concerning the selection of 

the fuel-air mixture is essential for designing of the heat exchanger.  

3.3 Transient Heat Analysis using Green’s Function 

 Rapid changes in temperature take place across the inner surface due to 

conduction through the walls and convection due to the coolant. The temperature 

distribution along these surfaces can be obtained by a transient analysis solution of heat 

conduction through hollow cylinders. Hence the temperature expression using Green’s 

function
12

 for a finite body with homogeneous boundary condition for transient heat 

analysis is given by the following equation 

  T(r, t) = 2π v G(r, t rA0w
0Qx0t , 0)F(r)rdr + �πα

y v v G(r, t rA0w
0Qx0t

J
zxE , τ)g(r, τ)rdrdτ    [25] 

 
where the boundary conditions are 
 

{|
{0 = 0 at r = r),   k {|

{0 + hG = 0  at r = rE [26] 

 The wall temperatures for both the heating and cooling pulses can be calculated 

using the above equation. Due to the intricacy of the calculations involved, the Green’s 

expression
12

 was coded in Mathematica
TM

 which calculates the wall temperatures. The 

input to the Mathematica code are the heat flux qqW m�A r = Q/A(   where Q(  qWr is taken 

from [Table 2.12] and the circumferential area is taken as Aqm�r = 0.314, inner[}~r and 

outer radius[}Er, thermal conductivity of copper  K qW m KA r = 400, specific heat at 

constant pressure c� qJ kg KA r = 385 and hqW m�KA r = 2190, over all heat transfer 

coefficient of the water which is constant since the velocity with which the water flows is 

kept constant through the annular chamber.  
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3.4 Calculation of Wall Temperatures TW and  TW� 

3.4.1 Hydrogen and Air 

The input data to the Mathematica code in this case is  

a) q = Q/A( = 330255 W m�A   
b) h = 2190 W m�A K 

c) np =  number of cycles  

d) t� = 0.0005 s [detonation time] 

e) t4HM = 0.04403 s [total cyclic time] 

f) }~ = 0.05 � 

g) }E = 0.07�  

 The analysis is carried out for one cycle of PDE and the following graphs show 

how the temperatures vary along the inner and outer walls. The only difference between 

the inner surface TW and outer surface TW� calculations is that }~ is replaced by }E in 

equation (25) when it is given as an input to Mathematica. 

 Figure 3.2(a) shows how the temperature along the inner wall rises for one 

detonation wave propagation. It can be noted that the inner wall gets heated to 300.3 K 

for a stoichiometric mixture of hydrogen/air. The temperature decays to 300K as shown in 

the Figure 3.2(b) along the inner surface during the cooling pulse. According to CJ- 

theory
7,8

, due to expansion of waves during reflected rarefaction process the properties of 

gas decays along the length of the tube after the exit of the detonation wave and 

therefore the temperature comes down by the end of the cycle as shown in Figure 3.2(b).  

Figure 3.3 shows the temperature profile duing one complete cycle along the inner 

surface. It is obvious that the wall gets heated up during the detonation. 
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(a) 

 

(b) 

Figure 3.2. Variations in temperature along  the inner wall (TW) for np=1 (a) heating 
pulse and (b) cooling pulse 



 

30 

 

 

 

Figure 3.3. Variation in temperatures along the inner wall (TW) during one cycle 

 

            Figures 3.4 and 3.5 show the temperature distribution along the outer wall during 

heating and cooling pulse. The figures show that there is no temperature rise along the 

surface. There is no temperature rise for the outer wall (TW�) even during heating pulse 

since it is estimated at one cycle and the residence time of detonation wave is only 

microseconds. In addition the outer wall is in contact with the coolant. The same 

approximation can be made for all the three stoichiometric mixtures.  
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(a) 

 

(b) 

Figure 3.4. Variations in temperature along outer wall (TW�) for np=1 (a) heating pulse 
and (b) cooling pulse 
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Figure 3.5. Variation in temperatures along the outer wall (TW�) during one cycle 

 

3.4.2 Octane and Air 

The input data to the Mathematica code in this case is   

a) q = 613695  W m�A  

b) h = 2190  W m�A K  

c) np = number of cycles  

d) t� = 0.00055 s [detonation time] 

e) t4HM = 0.04358 s [total cyclic time] 

f) }~ = 0.05 � 

g) }E = 0.07 � 
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The differences in the input for the Mathematica in this case when compared with 

that for hydrogen/air are the heat flux, detonation time and total cyclic time.  

 Figure 3.6 shows the comparison of heating pulse along the inner and outer 

surfaces and Figure 3.7 shows the comparison of cooling pulse along the surfaces for 

octane/air. Though the heat release per unit area is more for the stoichiometric mixture of 

octane/air, the temperature does not increase much for one cycle along the inner surface. 

Also the outer surface temperatures are almost the same when compared with hydrogen/ 

air. The inner wall reaches to a temperature of 300.5K for octane/air for one detonation 

wave propagation and comes down to 300 K towards the end of the cycle. Figure 3.8 

clearly shows the temperature distribution along the inner and outer walls for single cycle 

for the stoichiometric mixture of octane/air. 

 

Figure 3.6. Comparison of inner surfaces of one heating pulse for octane/air   



 

34 

 

 

 

Figure 3.7. Comparison of outer surfaces of one cooling pulse for octane/air   

 

Figure 3.8. Variation in temperature for one cycle along inner and outer surfaces for 
octane/air     
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3.4.3 Octane and Oxygen 

The input data to the Mathematica code in this case is  

a) q = 1049364 W m�A  

b)  h = 2190  W m�A K  

c) np = = number of cycles  

d) t� = 0.00043 s [detonation time] 

e) t4HM = 0.04353 s [total cyclic time] 

f) }~ = 0.05 � 

g) }E = 0.07 � 

Figure 3.9 clearly shows the temperature distribution along the inner and outer 

walls for single pulse for the stoichiometric mixture of octane/oxygen 

 

Figure 3.9. Variation in temperatures for one cycle along inner and outer walls for 
octane/oxygen 
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3.4.4 Comparison of Heating and Cooling Pulse Profiles for Three Stoichiometric 

Mixtures      

 Figures 3.10 and 3.11 show the profiles during heating and cooling pulse for 

stoichiometric mixtures of hydrogen/Air, octane/air and octane/oxygen for one cycle. It 

can be approximated that the heating and cooling pulse profiles look the same for 

increasing number of cycles also. It means the heating and cooling pulse profiles at 

np=3000 also looks the same with the only difference being the temperature levels. A 

clear comparison of temperature distribution for one complete pulse along the inner and 

outer surface is shown in Figure 3.11. 

 

 

Figure 3.10. Inner and outer surface profiles for three stoichiometric mixtures for one 
heating pulse 
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Figure 3.11. Inner and outer surface profiles for three stoichiometric mixtures for one 
cooling pulse  
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Figure 3.12. Inner and outer surface profiles for three stoichiometric mixtures for one 
pulse 

 
 

3.5 Calculation of Wall Temperatures for Large Number of Cycles 

3.5.1 Hydrogen and Air 

 The same input is given to the Mathematica code but the number of pulses is 

increased till 7000 cycles to observe how the walls are affected. Figure 3.13 shows how 

the temperature of the inner wall varies with increasing pulses for hydrogen/air. It can be 

observed that the temperature becomes almost steady after 3000 pulses. The inner wall 

temperature TW1 reaches only to 301.6 K after 3000 pulses and then slowly rises. The 

low temperature is because of space-time averaging throughout the length of the tube. 
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Figure 3.13. Inner surface temperature profiles with number of pulses 

 

 The variations in temperature along the outer wall for increasing pulses is shown 

in Figure 3.14. Not much difference can be observed between the heating and cooling 

pulse along the outer wall when compared with inner wall temperature profiles. The outer 

wall still remains at 300K after 3000 cycles. 
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Figure 3.14. Outer surface temperature profiles for increasing pulses 

 

3.5.2 Octane and Air 

 The same input is given to the Mathematica code as discussed for one cycle for 

octane/air but the number of pulses is increased till 7000. Figure 3.15 shows the 

temperature distribution along the inner and outer wall for the detonation tube. Since the 

calculated heat release per unit area is much more compared with hydrogen/air, the wall 

temperatures are expected to be higher. The inner wall temperature TW still reaches 

only to 303.5 K after 3000 cycles and then slowly rises before steadying. And the outer 

wall temperatures are at atmospheric conditions. 
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Figure 3.15. Inner and outer surface temperature profiles for increasing pulses for  
octane/air 

 
 

3.5.2 Octane and Oxygen   

 The temperature distribution for octane/oxygen along the inner and outer wall is 

shown in Figure 3.16. The temperature reaches only to 304 K after 3000 cycles and 

becomes steady. Though the calculated heat release per unit area is much higher than 

other stoichiometric mixtures the temperature does not increase along the surfaces of the 

detonation tube.  
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 Figure 3.16. Inner and outer wall temperature profiles for increasing pulses for 
octane/oxygen 

 
 

 In summary, it can be deduced from the results that the temperature increases 

very slowly initially along the walls and slows down much with increasing time. After 3000 

cycles the temperature along the inner and outer surfaces becomes almost steady for all 

the three stoichiometric mixtures.  
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CHAPTER 4 

CONCLUSION AND DISCUSSION OF RESULTS 

4.1 Conclusion 

 Heat transfer analysis of a 1 m long and 100 mm bore detonation tube with 

detonation pulses of 20 Hz cooled by a water jacket, was performed  for stoichiometric 

mixtures of hydrogen/air, octane/air and octane/oxygen.  

The research and study of pulse detonation engine has been accomplished by the 

following calculations. 

1. The properties of temperature, pressure and density during detonation, 

rarefaction and exhaust processes. 

2. The total heat generated during one cyclic operation.  

3. Determination of wall temperatures TW  and TW�for a detonation tube made of 

copper for multiple cycles.  

 The sensible heat release in a detonation tube was determined using the steady 

state energy equation for the three stoichiometric mixtures. This heat release was then 

used in the thermodynamic cycle analysis using transient heat conduction through hollow 

cylinders to determine the maximum theoretical performance. A brief study on the 

property distribution inside the walls of the detonation tube for multiple cycles was 

presented. The obtained values can be used for the preliminary heat exchanger design 

with the material selection.  
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4.2 Results and Discussion 

            Based on the results, it is concluded that though the temperatures are expected 

to be high along the surfaces of the detonation tube, due to space-time averaging 

procedure the temperature level does not rise much along the inner wall. And also the 

outer wall almost remained at 300 K for the three stoichiometric mixtures. The 

temperature becomes almost steady after 3000 cycles. The results found in this study 

give some indication of heat load on the walls of the detonation tube and indicate that 

PDEs can be operated at higher frequencies.  

4.3 Recommendations 

             Future work can be focused on different models with inlets and nozzles since the 

results of cooled wall heat load measurements are applied for simple straight tubes. 

Since the present analysis is carried as a ground demonstrator, water is used as a 

coolant. The same analysis can be performed for other coolants with different flow rates 

and with different material selection like steel and Haynes alloy which can withstand high 

temperatures. One should also take into account the weight of the engine which is a 

primary factor for any flight demonstration. 
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APPENDIX A 

 
CEA CODE – INPUT AND OUTPUT 
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Chemical equilibrium application (CEA)
13,14

 is a program developed by NASA which 

calculates thermodynamic and transport properties for the product mixture for any given 

set of reactions. 

 Input to CEA code for the three stoichiometric mixtures of hydrogen/air, 

octane/air and octane/oxygen is the temperature =298.15 K and pressure= 1 atm.  

A.1 Output from CEA code for burned gases for different stoichiometric mixtures 
 

 
Thermodynamic Properties 

 
Hydrogen/Air 

 
Octane/Air 

 
Octane/Oxygen 

p, atm 15.38 18.392 38.816 

�, � 2942.69 2833.59 3908.00 

ρ,  kg mWA  1.5290-3 2.2357-3 2.9169-3 

H, cal/g 318.62 241.40 413.05 

U, cal/g 75.029 42.165 90.784 

M, 1/n 24.007 28.264 24.099 

C�,  J kg KA  0.8029 0.6541 2.0718 

� 1.1636 1.1649 1.1378 

v, m sA  1089.0 985.4 1238.6 

visc, millipoise 0.92482 0.88468 1.1931 

M�� 4.8315 5.4019 8.0438 

D�� , m sA  1964.8 1785.9 2299.5 
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