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Abstract
In the present study, we experimentally and numerically investigated the influence of
heat transfer and friction on the performance of a single-shot detonation tube open at one
end. Two kinds of specific impulse measurement were carried out with various tube lengths
and levels of surface roughness, one by using a ballistic pendulum arrangement and the
other by integrating the pressure history measured at the thrust wall. These measurements
revealed the degree to which potential impulse can be exploited by the detonation tube after
the impulse losses due to various wall loss mechanisms such as heat transfer and friction.
The detonation tube obtained 89%, 70%, and 64% of the theoretical ideal impulse for
electropolished tubes at a ratio of tube length to diameter (L/D) of 49, 103, and 151,
respectively. The impulse losses due to shear stress on the side wall of the detonation tube
were found to have a dominant influence on the performance of the detonation tubes of
L/D=103 and 151, but the loss was remarkably small for L/D=49 relative to that of the longer
tubes. In addition to the experiments, a simplified one-dimensional gas-dynamic model was
developed by considering heat transfer and friction as wall loss mechanisms and validated
by the experimental results. This simplified model was found to predict the experimental
results very well, especially in the range of L/D 103 to 151.
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Nomenclature
A

=

a/aCJ, nondimensional sound velocity

a

=

sound velocity

cp

=

specific heat at constant pressure

Cf

=

friction coefficient

Ch

=

heat transfer coefficient

D

=

tube diameter

DCJ

=

detonation velocity

f

=

shear stress per unit mass

g

=

gravitational acceleration

I

=

impulse

Iend-wall

=

impulse obtained as the integral of the pressure history at the thrust wall

Ipressure-deficit

=

impulse loss emerging as the pressure deficit due to heat transfer and friction

Iisen

=

ideal impulse obtained using isentropic flow assumption

Inet-thrust

=

impulse obtained in the method of a ballistic pendulum

Ishear-stress

=

impulse loss due to shear stress

Isp

=

specific impulse

L

=

tube length

lw

=

effective wire length

M

=

number of discrete segments for the initial Taylor expansion wave

mprop

=

propellant mass

mt

=

tube mass

mw

=

wire mass

N

=

number of discrete segments on the C+ characteristic corresponding to the detonation wave

Pr

=

Prandtl number

p

=

pressure

ppl

=

plateau pressure

q

=

heat loss per unit mass
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R

=

ideal-gas constant

Ra

=

arithmetical mean roughness

r

=

distance from the supporting point of the wire

S

=

s/ГR, nondimensional entropy

s

=

entropy

T

=

temperature

T0

=

stagnation temperature

Tw

=

wall temperature

t

=

time from detonation initiation at the closed end of the tube

tcyc

=

time when the pressure at the closed end of the tube decays to the ambient level

tt

=

time when the rear boundary of the Taylor wave arrives at the open end of the tube

t*

=

time when the exhausting rarefaction wave arrives at the closed end of the tube

tws

=

time when the pressure at the open end of the tube decays to the ambient level

U

=

u/aCJ, nondimensional particle velocity

u

=

particle velocity

v0

=

initial velocity of the detonation tube

x

=

distance from the closed end of the tube

ximp

=

initial displacement of the impactor

xm

=

horizontal maximum displacement of the ballistic pendulum

Γ

=

isentropic index

γ

=

specific heat ratio

ηend-wall

=

Isp,end-wall/Isp,isen, specific impulse efficiency

ηnet-thrust

=

Isp,net thrust/Isp,isen, specific impulse efficiency

ρ

=

gas density

ρw

=

linear density of wires

τ

=

taCJ/L, nondimensional time

τw

=

shear stress per unit surface

ξ

=

x/L, nondimensional distance
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Ψ

=

nondimensional shear stress per unit mass
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A

I.
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Introduction

pulse detonation engine (PDE) obtains thrust by generating detonation waves intermittently [1, 2]. PDEs have

recently been recognized as a potential aerospace propulsion system [3, 4] and were demonstrated as a rocket system
by Kasahara et al. [5]. The basic structure of a PDE is a straight circular tube with one end closed and the other end
open. Figure 1 shows a schematic diagram of the general PDE cycle. The tube is initially filled with a combustible
mixture of reactants [Fig. 1(a)] and ignited at the closed end [Fig. 1(b)]. A detonation wave is initiated there and
propagates through the reactants, leaving a mixture of high-pressure combustion products behind the wave [Fig.
1(c)]. The detonation wave exits as a strong blast wave into the surrounding air, and then the high-pressure products
in the tube expand and are exhausted from the tube, allowing the pressure in the tube to decay to the ambient level
[Fig. 1(d)]. A PDE obtains thrust in the opposite direction from that of the blowdown of the exhaust gas at this stage.
Finally, to return to the initial condition of the cycle, the combustion products are purged from the tube by replacing
them with inert gases [Fig. 1(e)].
The PDE system has potential advantages compared to conventional aero-propulsion systems in reduced
mechanical complexity, high thermodynamic efficiency, and high specific impulse (Isp). Since unburned gas is
compressed by a shock wave before combustion, the PDE is able to produce high-enthalpy gas without a complex
compression mechanism, which is necessary for conventional propulsion systems. In addition, since the
isovolumetric combustion takes place due to the detonation wave propagating at hypersonic speed, the performance
of the PDE should be higher than that of systems using the Humphrey cycle (isovolumetric combustion cycle) and
Brayton cycle (isobaric combustion cycle) in the case of an airbreathing PDE [6] and pulse detonation turbine
engine. Moreover, it is easy to increase the performance by using simple mechanisms, such as an extension tube for
partial filling (Sato et al. [7], Endo et al. [8], Kasahara et al. [9, 10]) and a nozzle (Morris [11]).
For simplicity, in the primary stage of studies on PDEs, a detonation tube (DT) that produces a single detonation
wave is typically used to estimate the performance of PDEs, and its single-shot specific impulse, Isp, is often used as
a performance metric. Endo et al. [12, 13] analytically and Wentenberger et al. [14] quasi-analytically/quasiempirically predicted the flow field inside the tube and calculated the performance of the DT under the assumption
that the flow inside the tube is isentropic. However, a number of different experiments have shown that the
measurement values of Isp of the DT are lower than the analytical values (Takeuchi et al. [15], Laviolette et al. [16],
Kasahara et al. [17]). We believe there are two reasons for this. The first reason is the influence of the initiation
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process of the detonation wave. In the analytical models proposed by Endo et al. and Wintenberger et al., the
detonation wave is assumed to be directly initiated at the closed end of the tube, which is different from the actual
flow in which the detonation wave is initiated through a so-called deflagration-to-detonation transition (DDT). In the
case when the detonation wave occurs just inside the exit of the tube through the DDT, acoustic waves caused by the
expansion of the detonation products reach the exit of the DT prior to the detonation wave, resulting in spillage of
the propellant and hence an impulse deficit (Takeuchi et al. [15], Harris et al. [18], Kiyanda et al. [19]). The second
reason is the influence of wall loss mechanisms such as heat transfer and friction, and this influence is the primary
theme of the present study and has been the theme of several previous studies. Sichel and David [20] applied the
analysis of the shock tube boundary layer proposed by Mirels [21] and Hartunian et al. [22] to the boundary layer
behind a detonation wave moving past a flat plate and predicted the heat flux there with the assumption that the flow
field behind the detonation wave is steady and constant. Using a modified Reynolds analogy in their model, Sichel
and David related the heat flux to the shear stress. Skinner [23] analyzed the flow field in the tube onedimensionally by the method of characteristics and by applying a Reynolds analogy to the non-steady Taylor
expansion to investigate the influence of the heat flux and shear stress. Edwards et al. [24] experimentally observed
the pressure and velocity deficits behind the detonation wave caused by the effect of heat losses. Edwards’ pressure,
velocity, and heat flux measurements confirmed the analysis models of Sichel and David [20] and Skinner [23].
In recent years, in response to the expectations regarding the practical application of PDEs, many experimental
and numerical studies evaluating the thrust of PDEs have been performed. Laviolette et al. [16] experimentally
found that the specific impulse generated in the DT remarkably decreases as the tube aspect ratio of length to
diameter, L/D, increases. They explained these results with the simple analytical model of a flow field and showed
that the heat losses and frictional losses have a dominant influence on the performance of the DT. Kasahara et al.
[17] and Kojima [25] confirmed that the specific losses due to heat transfer increase exponentially with increasing
L/D by conducting experiments in very long tubes. Radulescu and Hanson [26] calculated the flow field of the DT
with the non-steady physical model proposed by Skinner [23] and predicted how the specific impulse changes with
increasing L/D. In their study, they considered only heat transfer as wall losses. Their model is in good agreement
with the pressure and specific impulse measurements conducted in a number of different experiments. Owens and
Hanson [27] developed the one-dimensional model initially proposed by Owens et al. [28] and Mattison et al. [29]
by considering heat conduction in addition to heat convection and friction. They confirmed the validity of their

K. Kawane, S. Shimada, J. Kasahara, A. Matsuo, Combustion and Flame 158 (2011) 2023–2036

8

model by comparing the heat flux and shear stress predicted by their model with those predicted by the NavierStokes model. Moreover, they showed with experiments and a one-dimensional model that in addition to heat
transfer and friction, water condensation at the cold wall whose surface temperature is below the saturation
temperature significantly attenuates the pressure in the tube and, as a result, the specific impulse. Barbour and
Hanson [30] predicted that losses due to chemical non-equilibrium caused at the nozzle attached to the straight tube
decrease the performance of the DT, because when the combustion product expands strongly there, the combustion
products are not allowed to reach chemical equilibrium, thereby inhibiting chemical recombination and its
associated heat release. In the straight tube without a nozzle, on the other hand, the influence of chemical nonequilibrium is within the error of measurement and can be neglected.
Many experimental and numerical studies of the impulse losses emerging as the pressure declines have been
performed by evaluating the pressure profile at the thrust wall. However, there is no experimental data that indicates
how much impulse is lost due to shear stress on the side wall in the direction opposite from that of the thrust at the
end wall and hence how much force remains after that. Figure 2 is a schematic diagram of these forces. Previous
experimental measurements of specific impulse conducted by Harris et al. [18] with a DT of L/D=49.5 showed that
the pressure integral on the thrust wall agrees, within experimental accuracy limits, with measurements utilizing a
ballistic pendulum, which integrates all of the forces acting on the side and end walls, and this result indicated that
skin friction on the side walls of the tube might have only a negligible influence on impulse. On the other hand, a
recent numerical study by Owens and Hanson [27] revealed that shear stress has a dominant influence on the
performance of a DT. In the present study, we conducted single-shot experiments similar to those of Harris et al.
[18] with a wide range of L/D (50-250) to evaluate the momentum losses due to the shear stress as the difference
between the pressure-based specific impulse and the net specific impulse obtained with the ballistic pendulum
arrangement. Furthermore, with the simplified physical model considering only heat transfer and friction, we
calculated the flow field inside the DT using methods similar to those of Skinner [23] and Radulescu and Hanson
[26] and compared the simulation results with the experimental measurements in the wide range of L/D. Although
heat transfer and friction are essential wall loss mechanisms, the model considering them alone has never been
validated by measured experimental data. We validated the model by experimental results for the first time.
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Outline of Experimental Approach and Equipment

A. Experimental Approach
To evaluate the specific impulse losses, we performed single-shot experiments and measured impulse obtained
by the DT in the following two ways.
First, since the DT obtains thrust by the high-pressure detonation product pushing against the end wall, the
impulse can be calculated by integrating the pressure history at the end wall, as follows:

D
I end wall    
2

2 tcyc

p

w

 p0 dt

(1)

0

For the end time of the integral, we use tcyc, that is, the time after ignition when the pressure at the closed end of the
tube first decays to the ambient level.
The second way of measuring the momentum is to use the ballistic pendulum arrangement, which was first
proposed by the Nicholls et al [1]. In this method, the DT is hung from the ceiling with wires, and the horizontal
maximum displacement, xm, of the DT is measured to calculate the initial velocity, v0, of the DT at the lowest point
of the pendulum movement. From elementary mechanics, the initial velocity of the DT is determined as follows [18,
19]:

2 

x  

v 0  2 gl w 1  1   m  

 lw  



(2)

This formula is based on the assumptions that the DT gets the impulsive force and starts the pendulum movement at
the lowest point, since the impulsive force duration is much shorter than the pendulum cycle, and that the kinetic
energy of the DT converts to the potential energy as the pendulum moves up, under the law of conservation of
mechanical energy. The momentum of the DT, Inet-thrust, can be obtained as the product of the velocity, v0, and the
mass of the pendulum and wires, mt and mw, respectively, as follows:
lw

r
1

v0 dr  mt v0   mw  mt v0
l
2

0 w

I net thrusst  

(3)

To evaluate the losses in performance of the DT in addition to these two kinds of momentum, we use the impulse,
Iisen, from the ideal theory that the flow field is assumed to be isentropic. In the actual flow field measured in the
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experiments, the pressure-based impulse, Iend-wall, is less than the ideal impulse, Iisen. This is because of the influence
of heat transfer and friction, which emerges as the pressure deficit at the thrust wall. We relate these impulses with
the following equations:

I end - wall  I isen  I pressure-deficit
I pressure-deficit  I end - wall  I isen

(4)

where the impulse in the thrust direction is a positive quantity and the corresponding impulse related to reduce the
thrust, such as Ipressure-deficit, is a negative value.
Comparing Iend-wall with Inet-thrust, we expect the latter to be less, because the impulses acting on the DT are not
only Iend-wall but also the negative impulse on the side wall, Iside-wall, which is caused by the shear stress generated by
the fast-exhausting detonation product. This relationship is expressed as follows:

I net-thrust  I end-wall  I side-wall
I side-wall  I net-thrust  I end-wall

(5)

Since in the present study we conducted experiments with various tube lengths as a parameter, it is appropriate to
evaluate the impulse losses per unit of propellant weight. Consequently, we converted the previous impulses to the
specific impulse, as follows.

I sp 

I
mprop g

(6)

B. Experimental Equipment
A schematic of the experimental apparatus is shown in Fig. 3, and a photograph of the experimental devices is
presented in Fig. 4. We used the same experimental equipment as was described in our previous study [31]. The
diameter, D, of the DT is fixed at 25.5 mm, and the tube length, L, and the surface roughness. Ra. of the tube wall
were used as the experimental variables. Dividing by the diameter, D, these parameters are evaluated as the ratios
L/D and Ra/D. Table 1 shows the details of the seven experimental conditions used in the present study. At the shot

conditions from P1 to P3, we used tubes whose internal surface was electropolished (polished tubes, Ra/D =
5.00×10-5) with tube lengths of 1237, 2635, and 3841 mm (L/D = 49, 103, and 151, respectively). Note that the tube
used at P3 is composed of the coupled tubes used at P1 and P2. For the shot conditions from N1 to N3, we used
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tubes whose internal surface was not polished (normal tubes, Ra/D = 1.96×10-4) with the same tube lengths as the
polished tubes.
To conduct experiments with an extremely long tube, we arrange shot condition LT (long tube) with the coupled
tubes used at P1, P2, and N2. To configure the ballistic pendulum arrangement, the DT is hung from the ceiling with
stainless wires whose length, lw, is 2704.8±2.6 mm. The wires are put in a V-formation, as shown on the left side of
Fig. 3, to make the tube move in the axial direction. The location and position of the tube is fine-adjusted by
changing the wire length with the turnbuckles attached to all wires. The tubes with an L/D of 49 and 103 are hung at
two points, and that with an L/D of 151 is hung at three points. For shot condition LT, we do not use the ballistic
pendulum method. That is, the DT is not hung from the ceiling but rather is fixed on the ground.
In this experiment, the stoichiometric C2H4-O2 mixture in the standard condition is used as the propellant. This
mixture was allowed to diffusively mix for at least 24 hours in a high-vacuum pre-mixing tank. The stoichiometry of
the mixture was determined by the method of partial pressures. The open end of the tube is sealed with a 1.5-μmthick polyethylene terephthalate diaphragm, which prevents inflow of the ambient gas when the DT is evacuated to
high vacuum as well as diffusion of the propellant after the filling. This diaphragm is ruptured by the arrival of the
detonation wave and has momentum in the axial direction following gas exhaustion. The DT gets additional
momentum as a result of this reaction. In this experiment [31], to reduce the contribution of the diaphragm to the
momentum of the tube, we made a device to enable us to use a diaphragm that is one-tenth the thickness of
previously used diaphragms. A port for inlet and outlet is installed at the side wall near the tube end to evacuate the
DT and supply the propellant. This port is connected to the pre-mixing tank through a valve and quick release joint,
as shown in Fig. 4, which enables the gas supply pipe to be separated from the tube during the ballistic pendulum
experiments. The propellant mixture is ignited with a spark plug at the end wall of the tube. The high voltage
necessary for the electric spark is obtained by raising the 12-V DC power with an ignition coil. First, the
deflagration is generated by an electric spark, producing a detonation wave. To accelerate this transition, we
installed a Shchelkin spiral (50 mm long with a blockage ratio of 0.42) at the closed end of the tube. We installed
three piezoelectric pressure transducers at the right, bottom, and left side surfaces 5 mm from the thrust wall, as
shown in Fig. 3. Since 5 mm is much less than the tube length, we considered the measured profile to be the pressure
history at the thrust wall. These transducers are isolated from the hot detonation products with a thin layer of hightemperature silicon grease. Taking measurements at three points plays an important role in improving the reliability
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of measurements. In addition to the end wall, the DT of shot condition N3 is fitted with three pressure transducers at
the side wall of x/L = 0.374, 0.661, and 0.948 from the end wall. These transducers are also isolated with silicon
grease. The maximum horizontal displacement, xm, of the ballistic pendulum is measured by a laser displacement
sensor and a video camera, with which a ruler attached to the DT is captured. The shooting frequency of the video
camera was 300 Hz.
Accurate calculation of the momentum of the tube by the ballistic pendulum method depends on the accurate
measurement of the tube mass, mt, of the DT and the initial velocity, v0. However, it is difficult to eliminate the
influence of conductor wires for the measurement apparatuses and ignition system. We conducted preliminary
experiments with an impactor to calibrate the impulse acting on the DT. This calibration method with an impactor is
new and has only been used by the authors’ group [15]. The goal of this preliminary experiment was to relate the
maximum horizontal displacement of the DT to the known Isp. Figure 5 shows the schematic of this experiment.
Since the impactor is a pendulum without any resistance such as that caused by conducting wires, it has a known
momentum right before the collision, calculated as follows:

2 

 ximp  


1
 
I imp   m w  mimp  2 gl 1  1  


2

 l  



(7)

where ximp is the displacement from the initial rest point to the collision point.
After the collision, the impactor and the DT couple and continue oscillating, as shown in the lower part of Fig. 5.
The coupled pendulum obtains momentum equal to Iimp under the law of conservation of momentum and comes to
rest at the highest point after a certain horizontal displacement, xm. In this experiment, ximp and xm are measured with
the laser displacement sensor. We conducted the same experiments repeatedly with various momenta and plotted the
results on the Isp,imp versus xm graph to relate the maximum horizontal displacement to the known specific impulse
with the linear relationship, where Isp,imp is obtained by dividing Eq. (7) by the propellant weight used in the
corresponding DT experiments. As an example, Fig. 6 shows the graph in the case of the P3 condition. In the singleshot experiments, the DT starts to oscillate due to the specific impulse, Isp,net-thrust, and moves distance xm. Calculating
the corresponding value of Isp from the linear relationship with xm,, we can easily determine Isp,net-thrust without
considering the tube mass, mt, or the initial velocity, v0.
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The impactor is hung with wires put in a V-formation. We used wires of the same length as those for the DT,
because the period of vibration should be equal. For the joint of the DT and the impactor, we used a magnet. Even
though both the DT and the impactor accelerate before collision due to magnetic attraction, Eq. (7) is valid, since the
internal force does not affect the law of conservation of momentum.
Figure 7 shows the difference in Isp,net-thrust before and after the calibration. The solid line shows Isp,net-thrust without
calibration. In the case with long tubes such as P2, N2, P3, and N3, the plots agree well with the solid line. On the
other hand, in the case with short tubes such as P1 and N1, the plots deviate from the solid line. This suggests the
possibility that tubes with small mass are subject to the resistance of conducting wires, and the traditional ballistic
pendulum approach cannot predict Isp successfully in such a situation.

III.

Model Description

To interpret the experimental data and obtain additional insight into the flow field of the DT, we developed a
simplified computational model. Numerous researchers have developed both simple and complex simulations
designed to predict and evaluate PDE performance, in which many wall loss mechanisms were found to affect the
flow field of the DT, for example, convective heat transfer (Skinner [23], Radulescu and Hanson [26], Owens and
Hanson [27], Barbour and Hanson [30]), conductive heat transfer [27 ,30], wall shear stress [23, 27, 30], water
condensation [27], and chemical recombination [27, 30]. In the present study, similar to the study by Skinner [23],
we adopted convective heat transfer and wall shear stress as wall loss mechanisms. Although these two mechanisms
are essential dominant factors, the model considering them alone has never been validated by measured
experimental data. In the following section we describe the details of this simplified model and evaluate its validity
for the first time.
In this model, the burned gas is assumed to be the thermally perfect polytropic gas. Although in the actual flow
the polytropic exponent is variable, depending on the chemical equilibrium, the variation width is known to be less
than 1% through the strong expansion behind the detonation wave in ethylene-oxygen products [32, 33], and
consequently in this model it is assumed to be fixed to the value for the Chapman-Jouguet (CJ) state. Instead of the
specific ratio γ, we use the isentropic exponent Г, which is the polytropic exponent when the flow is changed along
the chemical equilibrium isentrope. Г is determined as follows:
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  ln p 

  
  ln   s
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(8)

Under the approximation that the transport of energy and momentum due to heat conduction and viscosity between
flow particles is neglected, the flow field is described with a one-dimensional Euler’s equation. The transport of
momentum and energy due to wall losses is treated as a set of volumetric source terms without taking into account
the gradients of momentum and temperature.
The wall shear stress per unit mass, f, is given as follows with the frictional coefficient Cf:

f 

2Cf u u

(9)

D

Similar to several previous studies (Radulescu and Hanson [26], Owens and Hanson [27], Barbour and Hanson [30]),
we used Cf as a constant, 0.0062, behind the detonation wave. This approximation is widely recognized as being not
entirely arbitrary, since in turbulent flows Cf approaches a constant value at high Reynolds numbers. The convective
heat transfer, q, per unit mass is given as follows with the heat transfer coefficient Ch:



(10)

  1 u2 
T
T 0  1 
2 a 2 


(11)

q



4C h 0
T  Tw
D

where T0 is given as follows:

Tw is assumed to be constant and equal to the ambient temperature for the entire process. Similar to several
previous studies, we assume the Reynolds analogy [34] between heat transfer and friction, and relate the heat
transfer coefficient, Ch, and the frictional coefficient, Cf, as follows:

Ch
C
Pr 2 3  f
cp u
2

(12)

The Prandtl number, Pr, is assumed to be constant and is computed using Eucken’s formula [35], as follows:

Pr 

4
9  5

(13)
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Since the isentropic exponent, Г, is 1.14 for the ethylene-oxygen detonation product, the Prandtl number, Pr, is
equal to 0.87.
Incorporating the continuity equation and the energy equation into the one-dimensional Euler’s equation and
writing it in non-dimensional form, we obtain the characteristic equation in which we choose the particle velocity,
sound velocity, and entropy as dependent variables, as follows:

D  2
D S
DS

A  U   A     1A


D    1
D
D


(14)


D

 U  A


D 

(15)

D



U
D 


(16)

where

The capitalized variables represent the non-dimensional quantities, taking the CJ state as a reference.
Equation (15) contains differential operators for calculating the time variation of parameters in the coordinate
system, which moves along with fluid particles at speeds U±A and U, respectively, where U±A is the velocity of
small perturbations generated as the flow particles move at speed U and propagate forward and backward. Here, Ψ is
the non-dimensional form of the wall shear stress, f. A detailed description of the characteristic equation is found in
Ref. 36.
To integrate Eq. (14), it is necessary to examine the details of Ds/Dτ, that is, the entropy variation in the
coordinate system, which moves along with fluid particles and stems from the two kinds of energy loss described
previously. One is the dissipation of kinetic energy due to friction, and the other is the heat transfer, q, to the side
wall of the DT. Ds/Dτ is calculated as follows:

DS  DS 
 DS 




D  D  Friction  D  Heat Transfer
Cf U L  1  2   1 2 

DS
U  1    1U 2 

 23 A 
2
D
2
  1A D  Pr 



(17)
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These three characteristic equations given by Eq. (14) and Eq. (17) become ordinary differential equations along the
three families of characteristics C+, C- and C0 given by

C± :

d
U  A
d

(18)

d
U
d

(19)

C0 :

We use the intersections of these characteristics to configure grid points, and equations (14) and (17) can be
integrated numerically using a finite difference scheme in the domain covered by the net of characteristics C±. This
numerical scheme is called the method of characteristics, and one of its advantages is that there is no need for a
predefined grid. Figure 8 illustrates the resultant net of characteristics on the ξ-τ plane within the inside tube (0≤ξ≤1).
Eqs. (14), (17), (18), and (19) can be written in discretized form in the interior domain, free from detonation wave
and boundary interactions. A sketch of an example of the grid construction in the interior domain on the ξ-τ plane is
shown in Fig. 9a. Points 1 and 2 are two points at which all flow conditions are known. Point 3 lies at the
intersection of the C+ characteristic through point 1 and the C- characteristic through point 2. The characteristic lines
are assumed to be straight-line segments linking two successive grid points. The particle pathline C0 through point 3
intersects line 1-2 at point 4. Knowing the solution at points 1 and 2, that is, (ξ1, τ1, S1, U1, A1, ξ2, τ2, S2, U2, A2), the
solution at points 3 and 4, that is, (ξ3, τ3, S3, U3, A3, ξ4, τ4, S4, U4, A4), satisfies the discretized version of the C±
characteristic equations (14),
2
 A3  A1   U 3  U 1  
 1
C f U 13 L  1  2   1


2
2
U 13  1    1U 13  U 13 A13   3   1 
A13 S 3  S 1  
 2 3  A13 
A13 D  Pr 
2



(20)

2
 A3  A2   U 3  U 2  
 1
C U L  1  2  1


2
2
A23 S 3  S 2   f 23
A 
U 23  1    1U 23  U 23 A23   3   2 

2 3  23
A23 D  Pr 
2



(21)

the entropy equation (17),
S3  S4  

C f U 34

  1A34

2

L
D

 1 
 1

2
2
2
U 34  1    1U 34   3   4 
 2 3  A34 
2


 Pr 

and the C+, C- [Eq. (18)] and C0 [Eq. (19)] characteristics

(22)
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3  1
 U13  A13
 3  1

(23)

3 2
 U 23  A23
 3  2

(24)

3 4
 U 34
 3  4

(25)

where a double subscript, such as A13, means that the flow parameters are averaged between respective points. More
detailed descriptions of the calculation can be found in Ref. 23.
The initial and boundary conditions we used are similar to those presented by Radulascu and Hanson [26]. The
flow field on the first C- characteristics for the Taylor expansion is given in the analytical solution for isentropic
flows by Endo et al. [12]. We assume the detonation wave propagates at a constant velocity in the CJ condition.
Since the CJ detonation wave velocity in the rest coordinate system is the sum of the flow velocity and the sonic
velocity of the CJ state, i.e., DCJ=uCJ+aCJ, the detonation wave becomes the first C+ characteristic, as shown in Fig. 8
with the thick solid line. The quantities of the CJ condition are obtained by AISTJAN [37], which is used for
chemical equilibrium calculations.
At the closed-end wall, we assume the gas is at rest, with the following conditions:
ξ=0 : U=0, S=SCJ

(26)

At the open end of the DT, the flow velocity is assumed to be always at sonic velocity, with the following conditions:
ξ=1 : U=A

(27)

With these initial and boundary conditions, the flow solutions for the detonation wave and boundary lines are also
written in the discretized form. In Fig. 8, the path of the detonation wave is shown with a thick line, and it is
represented by 11 discrete points for clarity. Assuming the number of discrete points on the detonation wave to be
N+1, we can write the flow conditions of the n-th point from the end wall as follows:
An=1, Un=UCJ, Sn=SCJ, ξn=n/N, τn=aCJ/DCJ*n/N

(28)

In addition to the number of discrete points, N, on the detonation wave, we need another index to determine the
degree of spatial and temporal resolution of the calculation domain. We divide the initial Taylor expansion fan
equiangularly into M segments. In Fig. 8, M=10 for clarity.
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Figs. 9(b) and (c) are sketched examples of the grid construction at the closed-end wall and the open end of the
DT. At the closed-end wall shown in Fig. 9(b), particle pathline C0 overlaps with the ξ=0 line, and the flow solution
at point 3 is written only with the solution at point 2, as follows:

A3  A2 

 1
U 2  A23 S 3  S 2 
2

(29-1)

U3  0

(29-2)

S 3  S CJ

(29-3)

3  0

(29-4)

3  2 

2
U 2  A23

(29-5)

At the open end shown in Fig. 9(c), the C- characteristic overlaps with the ξ=1 line, and the flow solution at point 3
can be derived from Eqs. (20)-(25) by substituting U2=A2 and ξ3=1.
In Fig. 8, the interval between the lines of the detonation wave and the next C+ characteristic expands more
remarkably than other intervals in Taylor expansion. This is because strong expansion occurs immediately behind
the detonation wave. Similar to Skinner [23] and Radulascu and Hanson [26], we introduce new C+ characteristics
(not shown in Fig. 8) in this region to predict the rapid flow variation properly. The same process is also used in the
region immediately behind the front of the exhausting rarefaction wave. Note that in Fig. 8, the characteristics are
not shown in this region. To save the computational cost, which increases with the number of characteristics, we
stopped the calculation at the thick dotted C+ characteristic named A-A’ and introduced new C- characteristics from
the dividing points equally spaced on A-A’.
As already mentioned, when using the method of characteristics, the grid is described by the waves, or
characteristics, themselves. Consequently, the grid cannot be predefined, and its resolution largely depends on the
number of discrete segments on the detonation wave, N, and the initial Taylor expansion fan, M. The flow solution
converges as N and M increase. We determine that N=M=300, which is large enough for the Iend-wall calculated from
the solution to be in the range of 0.02% of the convergent value.
To compare the present model with the experimental measurements, we calculate the pressure field with the
following equation:
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2

p  pCJ A  1 exp S  S CJ 

(30)

This equation is derived from the energy equation and the ideal-gas equation, that is, p=ρRT. In addition to the
pressure field, we calculate the net specific impulse that the DT obtains during the single detonation cycle by placing
a control volume whose surface surrounds the fluid inside the DT, as shown in Fig. 10, and considering the
conservation of momentum. Naming the closed-end surface “1,” the open-end surface “2,” and the side-wall surface
“side,” we derive the following momentum equation in the axial direction:

2






uAdx   2 A2u2 2  1 A1u12   p1  p0 A1   p2  p0 A2   w ds
t 1
side





(31)

where τw is the shear stress on the surface “side,” given as follows with the frictional coefficient Cf:
1
2

 w  Cf u u

(32)

The left-hand side of Eq. (31) consists of two terms, the contribution from non-stationary changes inside the DT
and the contribution from the flux of momentum into the DT through the surfaces “1” and “2.” The right-hand side
is the force due to the pressures on the surfaces “1” and “2” and the shear stress on the surface “side.” Solving Eq.
(31) for the pressure at the thrust wall and integrating it with respect to time until t=tcyc, we have the following
equation:

tcyc

t cyc



2

0

0



1




2
  p1  p0 A1dt    t  uAdx   2 A2u 2   p2  p0 A2   w ds dt
side



(33)

From Eq. (5), we have

tcyc

I net -thrust  I end-wall  



  
0

side

w


ds dt



(34)

Substituting Eqs. (1) and (34) into Eq. (33), we can obtain the net specific impulse of the DT, as follows:

tcyc

I net -thrust 


0

 2

uAdx   2 A2 u 2 2   p 2  p 0 A2  dt

 t 1




(35)
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Comparison of Experimental Results and the Model

A total of 60 single-shot experiments were conducted for the 7 experimental conditions described previously.
Figure 11(a) and (b) show the distribution of Isp,end-wall and Isp,net-thrust, respectively, for each shot carried out in this
series of experiments, except for shot condition LT. In each vertical line, the experimental results obtained in each
shot are shown, that is, three Isp,end-wall (CH1-CH3) in Fig. 11(a) and two Isp,net-thrust (Video Camera and Laser) in Fig.
11(b) are plotted. The results are sorted by shot condition and arranged from P1 on the far left to N3 on the far right.
For reference, the ideal specific impulse, Iisen, is shown with a dotted line.
As shown in Fig. 11(a), the experimental value of Isp,end-wall is widely dispersed for every shot. To eliminate
doubtful results from the three Isp,end-wall (CH1-CH3) values, we determine the representative value for each shot as
follows. First, we pick out the two values that are the closest to each other among three values, and then we
determine the representative value of the shot as the average of the two values. Figure 11(c) shows the representative
values determined for each shot. Regarding Isp,net-thrust, since there is little difference between two kinds of Isp,net-thrust,
the value with the laser displacement gauge is adopted as the representative for the present.
Averaging these representatives for each of the experimental conditions, we determine the most probable value
of the condition for Isp,thrust-wall and Isp,net-thrust. Among pressure histories for each condition, we single out the history
whose integration is the closest to the most probable value of Iend-wall as the representative history. The pressure
history is fast-Fourier-transform filtered to eliminate the periodic pressure oscillations, which originate from the
pressure wave propagating in the radial direction [26]. As the cut-off frequency we use the same-order value as the
vibrational frequency of this pressure oscillation that is predicted with the tube diameter and sonic velocity of the
burned gas.
Figures 12 and 13 show the pressure histories of the polished tubes and normal tubes. We take time as the
horizontal axis whose origin is the time of ignition. As the vertical axis, we take the non-dimensional pressure, in
which the so-called plateau pressure [12], ppl, is used as a reference, as follows:
 1

p pl 

    1   1



2  2 

2

M CJ p1

(36)

In this way the pressure immediately after ignition becomes unity for all experiments, and we can compensate for
the differences in experimental conditions such as ambient temperature and initial pressure. As shown in Figs. 12
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and 13, the pressure at the closed end declines gradually from the plateau pressure, and after that, strong expansion
is caused when the exhausting rarefaction wave from the open end reaches the closed end. Due to this strong
expansion, the pressure at the closed end falls below the ambient pressure, but it recovers to values very close to
ambient as a result of the arrival of the weak shock wave (e. g., after 6 ms in the case of P1 in Fig. 12). The origin of
this shock wave is at the exit of the tube. Once the pressure at the exit reaches the ambient level, the expansion
waves are reflected as compression waves, and they quickly coalesce into the weak shock wave [38]. In this
sequence of typical pressure variation, we focus on the pressure gradient in the region before the exhausting
rarefaction wave arrives from the open end. This region is called the “plateau region,” since if the flow is assumed to
be isentropic, the pressure in this region becomes flat as its name suggests. In the actual flow, however, the pressure
at the closed end attenuates, because the expansion wave is generated at the side wall of the tube by the wall losses
due to heat transfer and friction, and it reaches the closed end as the family of C- characteristics from the detonation
wave, as shown in Fig. 8. Thus the pressure gradient at the plateau region is associated with the wall losses. In the
case of the polished tube in Fig. 12, the pressure gradients for three different tube lengths are in good agreement
with each other at the plateau region. On the other hand, in the case of the normal tube in Fig. 13, although the
pressure gradient at the plateau region of N1 is in good agreement with N2 and N3, the waveform of N3 shifts
upward a little after the end of the plateau of N1 and deviates from the waveform of N2. This is because small
pressure perturbations are caused continuously when the flow passes through the irregularity at the connecting point
of the coupled two tubes at N3. They propagate to the closed end and increase the pressure there. In addition, the
little peaks at the plateau region of N2 and N3 are the influence of perturbations caused when the detonation wave
propagates past the pressure taps on the side wall.
Figure 14 shows the pressure histories of a polished tube and a normal tube of L/D=49, and Fig. 15 and 16 are
the pressure histories in the cases of L/D=103 and L/D=151, respecitvely. In these figures, we cannot recognize a
significant difference greater than the margin of error between the pressure histories of the polished and normal
tubes, because the surface roughness of both tubes is categorized as so-called “hydraulically smooth,” where the
amount of roughness is so small that all protrusions are contained within the laminar sub-layer and the friction
coefficient, Cf, is not dependent on the surface roughness but is a function of only the Reynolds number [39]. To
reveal the relationship between the surface roughness of the inner wall and the performance of the DT, we need to
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perform additional experimental investigation using tubes with “completely rough” surfaces in which all protrusions
reach outside the laminar sub-layer.
The experimental and calculated pressure histories with various tube lengths corresponding to P1, P2, P3, and
LT are shown in Figs. 17 to 20, respectively. The experimental pressure at the plateau region starts to decline with a
steeper gradient than the simulation after the ignition, and it decays, showing a convex downward curve with a
larger curvature than the calculation, which is more apparent in cases with longer tubes, such as in Fig. 20. This
disagreement in waveform shape indicates the possibilities of other wall loss mechanisms in the actual flow field
than the heat transfer and friction considered in the present model. Owens and Hanson [27] showed with
experiments and a one-dimensional model that in addition to heat transfer and friction, water condensation at the
cold wall whose surface temperature is below the saturation temperature significantly attenuates the pressure in the
tube. They predicted that as the condensate film growth rate decreases with the passage of time, the rate of pressure
decay in the plateau region gradually diminishes. Since the same trend can be observed in the present experiments,
one of the reasons for the discrepancy between the experimental and calculated pressure in the present study may be
the effect of condensation.
In addition to water condensation, conductive heat transfer at the stagnant gas region behind the detonation wave
may be one of the reasons for the difference between the pressure profiles of the simulations and the experiments. In
this region, the present model predicts heat flux to be zero, because the heat transfer coefficient, Ch, becomes zero
when u=0, as shown in Eq. (12). However, in the actual flow the heat flux is not zero, since heat is conducted from
the high-temperature gas to the cold tube wall. This means that the present model under-predicts the heat flux at the
stagnant gas region. In addition, heat transfer causes a temperature increase at the inner wall, which is assumed to be
constant in the model, and as a result of this, heat transfer is considered to be suppressed relative to the model. This
effect emerges notably at the stagnant gas region because, as shown in Fig. 8, the C- characteristics that arrive at the
end wall later have taken longer to pass through that region, and consequently, the pressure profile in that region
becomes a convex downward curve. Owens and Hanson [27] also confirmed the presence of constant heat flux due
to conduction in the stagnation gas region.
In addition to the plateau region, the experimental and numerical profiles are different in the point that the
experimental pressure profiles show the arrival of a weak shock wave at the thrust wall, while the numerical
calculation does not. This is a consequence of the imperfect boundary condition at the tube exit in the current
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simulation. We assume that the flow at the exit of the tube is sonic outflow for the entire simulation. However, in
fact, the flow there changes from outflow to inflow depending on whether the pressure at the exit is above the
ambient level or not. The weak shock wave is formed exactly at the time when the direction of the flow changes,
which is named τws in non-dimensional form. It is illustrated on the ξ-τ plane of Fig. 8. With the dashed-dotted line,
the C- characteristic from ξ=1, τ=τws is shown, which corresponds to the path of the weak shock. The influence due
to differences in the exit boundary conditions cannot be recognized on the pressure profiles until the arrival of the
weak shock, and we consider the same to be true in other locations all over the tube.
Figure 21 shows a comparison of the pressure profiles measured at the closed end and at three locations on the
side wall of the DT of N3 with the simulation. These profiles are shifted up by 1.5 MPa for clarity, and the locations
of the pressure transducers are shown in x/L. As shown in the figure, good agreement of the simulation with the
experiment is confirmed not only at the closed-end wall but also at the other locations.
Next, we examine the process of generating the specific impulse, applying the conservation of momentum to the
flow inside the control volume described previously. Replacing the upper limit of the integral to an arbitrarily
chosen time and naming every term  to  as follows, the history of every term can be obtained from the
calculation results with the method of characteristics:

t

t



2

0

0



1




2
  p1  p 0 A1dt    t  uAdx   2 A2 u 2   p 2  p 0 A2   ds dt
①

side

②

③

④



(37)

⑤

Figure 22 shows a comparison of the left-hand side of Eq. (37) with the right-hand side, both of which are
calculated using the experimental condition P3. The colored areas are a pile of the terms +++, and with the
dotted line, a profile of Isp,isen is shown for reference, and hence area  represents Isp,pressure-deficit. We take the nondimensional time τ=t/tCJ as the horizontal axis, where tCJ is the time when the detonation wave arrives at the open
end of the tube. As shown in the figure, the good agreement of the right-hand side with the left-hand side is
confirmed.
In term  of Eq. (37), as the integral and differential operators are canceled, this term can be interpreted as the
gross momentum of the gases flowing inside the control volume. Consequently, focusing on the variation of area ,
we can understand the behavior of the flow inside the tube in gross. To promote understanding in the following
discussion, we indicated in Fig. 22 several characteristic times that were shown in Fig. 8 for ease in comparison with
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it. In the range of 0≤τ≤τCJ=1 in Fig. 22, area  increases rapidly, because the combustible mixture at rest ahead of
the detonation wave is accelerated to a sonic flow continuously by the propagating of the detonation wave. At τ=1,
the gross momentum begins to decrease, because when τ=1, the detonation wave reaches the exit and the high-speed
product starts to be exhausted out of the tube. However, the effect of decreasing the momentum gradually weakens
as time elapses, because the exhausting rarefaction wave propagating into the tube accelerates the flow and increases
term . Before time τ=τt when the rear end of the Taylor expansion wave reaches the tube exit, which is illustrated
in the Fig. 8, the effect of increasing surpasses the effect of decreasing and area  shifts to increasing. After a while,
area  shifts to decreasing again, because the exhausting rarefaction wave arrives at the closed end of the tube at
τ≈τ* and the effect of acceleration fails. Figure 22 shows the range of 0≤τ≤τcyc. At τ=τcyc, the gross momentum
becomes very small but not zero, which indicates that the flow is not completely at rest in the DT. Terms  and 
are the integral of the momentum flux and pressure at the open end of the tube, respectively. They appear to start to
increase on behalf of term  at time τ=1 when the detonation wave arrives at the open end.
Figure 23 shows the history of force, which is the integral of shear stress with respect to the side wall surface of
the DT. Since shear stress is proportional to the square of flow velocity, as shown in Eq. (35), the waveform in Fig.
23 shows a similar tendency to that of area  in Fig. 22, which is proportional to the flow velocity. The integral of
the force in Fig. 18 with respect to time becomes term  in Fig. 17. Subtracting term  from term , ++
yields the history of Isp,net-thrust, as given in Eq. (35).
Table 2 summarizes the experimental results for the most probable values of Isp obtained in all shot conditions
except LT. In this table, the Isp efficiencies ηend-wall and ηnet-thrust are calculated by taking the ratio of the measured Isp
to Isp,isen from the ideal theory, and this reveals how much potential impulse can be exploited by the practical PDE.
For example, focusing on the results of shot condition P3, we see that the impulse acting on the DT drops to 78% of
the ideal impulse, because 22% of Isp,isen is lost as the pressure deficit due to heat transfer and friction. In addition,
14% of Isp,isen is lost from Isp,end-wall due to shear stress on the side wall, and then the DT obtains 64% of the ideal
impulse as the momentum. This shows that the shear stress has a dominant influence on the performance of the DT
in shot condition P3. The same results are obtained in shot conditions P2, N2, and N3, in which the ratio of Isp,side-wall
to Isp,pressure-deficit ranges from 0.63 to 0.78, as shown in the far right column of Table 2. At P1 and N1, on the other
hand, the losses due to shear stress becomes almost zero or below zero. The probable reason for the negative losses
due to shear stress is that the additional thrust acts on the lip of the exit of the DT due to overpressure after the
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diffraction of the detonation wave, and it contributes to shifting up Inet-thrust and hence shifting down Iside-wall. Cooper
et al. [40] conducted experiments with a flat plate attached to the open end of a DT, which extended radially in the
direction perpendicular to the tube axis. Although they reached no conclusion about the influence of the flat plate on
the performance, they observed that the flat plate extension increased a specific impulse by 5% in the case of the
stoichiometric ethylene-oxygen detonation wave, compared with no extension at the open end. However, even if the
contribution of the additional thrust is excluded, the influence of the shear stress is remarkably small in shot
conditions P1 and N1 relative to the others. The absence of skin friction on the side wall was also observed by the
experimental measurements of specific impulse by Harris et al. [18] with the DT of L/D=49.5. However, at the
moment, the detailed mechanism of low shear stress in the small L/D remains an open issue.
Figure 24 shows the experimental results in Table 2 with symbols, taking L/D as the horizontal axis, and the
figure also shows the variation of computed Isp with L/D. Similar to Fig. 22, the colored areas are a pile of the terms
+++. Here, Isp,isen and Isp,pressure-deficit are shown with a dotted line and as area , respectively. For the end

time of these integrals, we use tcyc, which is the time when the pressure at the closed end of the tube first decays to
the ambient level. The integral range 0≤t≤ tcyc includes the range after the passage of the weak shock wave, as shown
in Fig. 8, and we need to consider the influence of the choked outflow condition again. However, because this range
is small compared to the integral range, and moreover the flow state of the inflow at the exit is considered to be
small compared to the outflow, the influence of the choked outflow condition can be considered negligible. The
present model predicts the measurement values very well, especially in the range of 103≤L/D≤151. However, closer
comparison clarifies a little discrepancy between the experimental results of Isp,end-wall and the computation. One
cause of the discrepancy is the effect of water condensation, as mentioned previously. Owens and Hanson [27]
quantified the magnitude of the effect of water condensation on the specific impulse indirectly by subtracting the
measurement results of the pressure-based Isp from the simulations that considered the effect of heat transfer and
friction but not water condensation. They showed that more than half of Isp,pressure-deficit is caused by the effect of
water condensation with the DT of an arbitrary diameter and Tw=298 K. However, due to the complexity of the
mechanism of water condensation, it is still difficult to directly simulate the magnitude of its effect on the losses of
the specific impulse. We need to consider how to incorporate the effect of water condensation into our model
through an experimental parametric analysis of its effect.
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In addition to the good agreement of the current results for simulations with the experiments, we confirmed that
the present prediction for Isp,net-thrust agrees with the ballistic pendulum measurements obtained by earlier researchers
within ±9.3% accuracy in hydrogen-oxygen mixtures [16, 19] and ±3.3% accuracy in propane-oxygen mixtures [16,
18, 40] in the range of L/D≤60. We obtained accuracy similar to that reached by Radulescu and Hanson [26] in their
model and the experimental results we referred.
In the final part of the present study, we discuss an optimal design of PDE systems. As shown in Fig. 24,
frictional losses are negligible in the case of L/D=49 but friction significantly reduces the performance of the DT of
L/D=103 and 151. From this result, L/D≈50 would seem to be the best aspect ratio for a PDE. Moreover, the
addition of a diverging nozzle would be effective for further increasing the performance of this engine, because it is
known from Ref. 30 that the extension of the engine with the diverging nozzle has the effect of increasing the net Isp
in spite of wall losses from heat transfer and friction, which is in contrast to the lengthening of the straight tube. In
the present study, we consider only the case of the single-pulse detonation tube. For multi-cycle operation, as would
be encountered in PDE applications, we should consider the influence of the wall temperatures, which will be much
higher than Tw=298 K due to the long duration of the hot detonation products. According to Ref. 27, since the hot
wall suppresses water condensation, the pressure-based Isp increases as the wall temperature approaches the
saturation temperature of water vapor. However, we did not determine how frictional losses change as the effect of
water condensation is reduced, and therefore, further investigation is needed to determine the optimal wall
temperatures to exploit the performance of the PDE.

V.

Conclusion

Single-shot DT experiments were carried out with various L/D in the range of 50 to 250. The measurements of
Isp revealed how much potential impulse can be exploited by the practical PDE. As a result of the Isp losses due to
various wall loss mechanisms, the DT obtained 89%, 70%, and 64% of the ideal impulse as the momentum for a
polished tube of L/D=49, 103, and 151, respectively. The losses due to skin friction on the side wall were also
evaluated. Although the shear stress had a dominant influence on the performance of the DT of L/D=103 and 151, it
was found to become remarkably small for L/D=49 relative to the longer tubes.
These experimental results were compared with the simple one-dimensional gas-dynamic model considering
only heat transfer and friction as wall loss mechanisms, and thus they validate only this most simplified model.
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Although small discrepancies between the model and experiments were observed, which were considered to be due
to the influence of condensation and heat conduction, the present model predicted the experimental results very well,
especially in the range of 103≤L/D≤151.
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Table 1

Experimental conditions
L/D

Ra/D
(Surface Finish)

49

25.5

103

3841

25.5

151

N1

1237

25.5

49

P1

L
[mm]
1237

D
[mm]
25.5

P2

2635

P3 (=P1+P2)

Shot Condition

31

N2

2635

25.5

103

N3 (=N1+N2)

3841

25.5

151

LT (=P1+P2+N2)

6446

25.5

253

5.00×10-5 (Polished)

Ballistic
Pendulum
hanging

Number
of Shots
8

5.00×10-5 (Polished)

hanging

6

-5

hanging

11

-4

hanging

14

-4

hanging

8

-4

hanging

8

fixed

5

5.00×10 (Polished)
1.96×10 (Normal)
1.96×10 (Normal)
1.96×10 (Normal)
(Polished+Normal)
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Table 2

Shot
Condition
P1
P2
P3 (=P1+P2)
N1
N2
N3 (=N1+N2)

32

Experimental Results

Isp,isen
[sec]

Isp,end-wall
[sec]

Isp efficiency
ηend-wall

-Isp,pressure-deficit
[sec]

Isp,net-thrust
[sec]

Isp efficiency
ηnet-thrust

-Isp,side-wall
[sec]

ratio of
Isp losses

(a)

(b)

(b) / (a)

(c) = (a) - (b)

(d)

(d) / (a)

(e) = (b) - (d)

(e) / (c)

167.7
167.7
167.7
167.7
167.7
167.7

149.1 ± 2.9
137.8 ± 2.6
131.4 ± 2.3
149.1 ± 2.9
138.6 ± 2.7
132.3 ± 2.5

0.89
0.82
0.78
0.89
0.83
0.79

18.6
29.9
36.3
18.6
29.1
35.4

148.5 ± 3.0
116.3 ± 3.0
107.1 ± 2.1
154.0 ± 3.5
120.3 ± 3.4
104.8 ± 2.6

0.89
0.69
0.64
0.92
0.72
0.62

0.6
21.5
24.3
-4.9
18.3
27.5

0.03
0.72
0.67
-0.26
0.63
0.78
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fuel

(a)
reactants
oxidant

(b)
ignition

reactants

high pressure products

(c)
reactants
detonation wave

(d)

high pressure products
exhaust

low pressure products

(e)
purge gas

purge

Fig. 1 The general PDE cycle.
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detonation tube
shear force
thrust force
net force

products
flow

Fig. 2 Schematic diagram of the forces on the detonation tube.
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laserreflected
plate

Impacted
plate
laser
displacement
sensor

impactor

magnet

ruler
PT(N3 only)

gas
supply
spark
plug
PT(CH1)

35

diaphragm

Shchelkin spiral

PT(CH3)
PT(CH2)

PT : piezoelectric
pressure transducer

5 mm

video
camera
x/L=0.374
0.661
0.948

Fig. 3 Schematic diagram of the experimental device.
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Quick-release
joint
Ruler

Valve

Magnet
Spark plug

Impactor

Pressure transducers

Fig. 4 Photograph of the experimental device.
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initial position
Ximp

detonation tube

impactor

impact

Xm

Fig. 5 Schematic diagram of the impactor calibration method.
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50
x = 0.450I
m

xm, mm

40

sp,imp

30
20
10
0

0

20

40
60
80
Isp, imp, sec

100

120

Fig. 6 Linear relationship between maximum horizontal displacement and corresponding specific impulse of
the impactor in the case of P3.
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Isp,net-thrust after calibration, sec

180
without calibration

160
140
120

P1
N1
P2
N2
P3
N3

100
80
80

100

120

140

160

180

Isp,net-thrust before calibration, sec
Fig. 7 Comparison of Isp,net-thrust between before and after calibration with the impactor
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14
C+Ccharacteristics
+ characteristic
C-Ccharacteristics
- characteristic
detonation
wave
detonation
wave
weak shock wave
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= t / tCJ
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8
cyc

ws

6
A’
A’

*

4
A

t

2

CJ
0

0

0.2

0.4

0.6

0.8

= x / L
Fig. 8 Schematic ξ-τ diagram of characteristics.
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(a) interior
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Fig. 9 Construction of the characteristics grid

41

K. Kawane, S. Shimada, J. Kasahara, A. Matsuo, Combustion and Flame 158 (2011) 2023–2036

Detonation tube
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 2u 2
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Fig. 10

Schematic diagram of control volume.
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43

N3
= 167.7 [sec]

Isp, sec
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Isp,end-wall (CH3)
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(a)
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Isp,net-thrust (VideoCamera)
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40
(b)
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Isp, sec
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40
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(c)
Fig. 11 Distribution of specific impulse for all shots carried out in the present study. Panel (a): pressurebased specific impulse. Panel (b): net specific impulse. Panel (c): representative specific impulse.
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Fig. 12
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Comparison between the pressure profiles obtained at the closed end of the polished tubes.
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Fig. 13
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Comparison between the pressure profiles obtained at the closed end of the normal tubes.
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Fig. 14

Comparison between the pressure profiles obtained at the closed end of the tubes of L/D = 49.
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Fig. 15

Comparison between the pressure profiles obtained at the closed end of the tubes of L/D = 103.
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Fig. 16

Comparison between the pressure profiles obtained at the closed end of the tubes of L/D = 151.
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Fig. 17

Comparison between the experimental pressure profiles obtained at the closed end of tube P1 and
the present model.
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Fig. 18

Comparison between the experimental pressure profile obtained at the closed end of tube P2 and
the present model.
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Fig. 19

Comparison between the experimental pressure profile obtained at the closed end of tube P3 and
the present model.
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Fig. 20

Comparison between the experimental pressure profile obtained at the closed end of tube LT and
the present model.
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Fig. 21
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20

Comparison between the experimental pressure profiles measured at four different locations inside
tube N3 and the present model; successive traces are shifted up by 1.5 MPa for clarity.
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Fig. 22

Time histories of specific impulses in the case of P3.
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Fig. 23

Time histories of forces acting on the detonation tube in the case of P3.
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Fig. 24

Variation of specific impulse and its losses with L/D computed for C2H4+3O2 and comparison with
experimental values

