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Abstract. At the National Technical University “Kharkiv Polytechnical Insti-
tute”, an experimental pulse compression detonation (PCD) system was devel-
oped to operate on propane-air mixtures while addressing potential issues with
regards to efficiency, ignitability of the gas, and the critical tube diameter for
detonation. In this PCD system, the reactive gas was pre-compressed within the
detonation tube, before ignition. The resulting mixture was found easier to
ignite, and the transition to detonation within the tube was much more reliable
and consistent. To gain further insight, and to investigate the effect of pressure
gradient on the strength/velocity of outflow products and the overall thermo-
dynamic cycle, a two-stage modelling procedure was adopted. First, a 3D inert
simulation of the compression process of the PCD system was conducted using
ANSYS. The resulting pressure and density profiles within the detonation tube
were then prescribed as initial conditions for a 2D detonation stroke and outflow
simulation. For this stage, the Compressible Linear Eddy Model for Large Eddy
Simulation (CLEM-LES) framework adopted. For the PCD system, it was found
that higher peak pressures were obtained at the outflow location of the tube
when compared to a detonation tube filled initially at constant pressure equal to
the ambient condition. As a result, the higher thermal efficiency of the deto-
nation cycle may be achieved. However, it was found that the outflow products
were under expanded, which may adversely affect the generated impulse.
Therefore, the use of nozzles should be investigated in future work as part of the
PCD system proposed here.
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1 Introduction

At the National Technical University “Kharkiv Polytechnical Institute”, Ukraine, an
experimental pulse compression detonation (PCD) system was developed to operate on
propane-air mixtures while addressing potential issues with regards to efficiency,
ignitability of the gas, and the critical tube diameter for detonation. In this PCD system,
the reactive gas was pre-compressed within the detonation tube, before ignition, using
the piston-cylinder arrangement shown in Fig. 1. Similar to the design of the US-Air
Force [1], the current design offers an advantage by allowing pre-compression of the
gas within the tube while remaining open to the external environment.

Spark plug

Prechamber

Fig. 1. Diagram of the PCD-system [3].

By pre-compressing the reactive mixture to a state of higher pressure, smaller
characteristic cell size may have been achieved [2]. As a result, the mixture was easier
to ignite, and the transition to detonation within the tube has been demonstrated to be
much more reliable and consistent [3]. Although this experimental system has proved
useful to demonstrate these advantages, in concept, the flow diagnostics are limited to
pressure sensors mounted at fixed locations and flow visualization was lacking.
Therefore, numerical simulations are useful to provide insight into the combustion
process within the tube, the external flow field, and also the cycle efficiency.

2 Literature Review

Extensive work has already been performed on modelling detonation tube performance
[4-9], such models have been limited to either application of Euler methods or gas-
dynamic analysis. Moreover, the effect of viscous friction and heat loss has generally
been neglected, except for Radulescu and Hanson [10], who determined that heat loss
through tube walls can adversely influence performance. In addition to this past work,
Perkins [11] also investigated the influence of the initial concentration gradient in the
tube. However, the impact of viscous friction within the tube, and the influence of
pressure/density gradients remains to be investigated, both of which are considered in
the current study.
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To investigate the effect of pressure gradient on the strength/velocity of outflow
products and the overall thermodynamic cycle while considering tube friction, on the
detonation outflow process and cycle efficiency, a two-stage modelling procedure was
adopted. First, a 3D inert simulation of the compression process of the experimental
PCD system [3] was modelled using a commercial CFD software (ANSYS). The
resulting pressure and density profiles within the detonation tube were then prescribed
as initial conditions for a 2D detonation stroke and outflow simulation. For this stage, a
grid-within-a-grid approach was adopted using the Compressible Linear Eddy Model
for Large Eddy Simulation (CLEM-LES) framework [12].

3 Research Methodology

Two-Stage Numerical Approach was applied as a research methodology. The com-
pression stroke was modelled first, using ANSYS, to determine the initial pressure and
density distribution within the tube before detonation initiation. The detonation and
outflow process was then modelled separately using the CLEM-LES strategy, a rela-
tively new approach to modelling highly compressible and reactive flows [12]. Justi-
fication for this approach was based on the principal assumption that time scales
associated with the detonation process (~5.6 x 10™*s) were much shorter compared
to the compression process (~ 1x1072 s) by at least an order of magnitude.

The compression stroke simulation was a three-dimension solution of the Navier-
Stokes equations, supplemented by the SST turbulence model, using a resolution of
15 pum. The numerical domain was constructed to scale with the experimental setup
and is sketched in Fig. 2a.
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Fig. 2. Numerical domains for a) the compression stroke (in mm) and b) the detonation and
outflow process.

The working fluid considered was stoichiometric propane-air, and the piston was
treated as a moving wall boundary with a prescribed sinusoidal motion,
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vp = 18.85sin(nz/0.01), [m/s] (1)

The sinusoidal dependence approximately corresponds to a transformation of a
rotate motion of the crank-shaft into the linear motion of the piston. A rotation fre-
quency of the crank-shaft and a maximum of the piston velocity were chosen in such a
manner that there is a gas compression into the detonation tube. The action of the
piston, once the tube was filled with the propane-air mixture, was found to generate a
linear pressure distribution within the tube, with a maximum pressure of approximately
~4 atm at the closed end.

The linear pressure distribution obtained from the compression simulation was the
initial condition for the detonation stroke and outflow process simulation. A two-
dimensional simulation using the CLEM-LES approach was adopted, using physical
scales comparable to the compression simulation and experiment. The corresponding
numerical domain is sketched in Fig. 2b, which contains no-slip boundary conditions
within the tube. The pressure and density distributions in the tube:

1
y

p(x) = 4po — 3po(x/L) and p(x) = (p(x)/po) (2)

where isentropic compression was assumed. Here, pg = 1 atm and L/x represented the
normalized length along the tube from the closed end, where /=1 m. We note,
however, that experimental evidence suggests the tube is never able to fill, resulting in
concentration gradients near the open end of the tube [13]. This is currently not
addressed. To initiate the detonation, sufficient energy in the form of pressure,
p = 400po, was deposited within the first half-reaction length (A, ;) from the closed
end of the tube. We note, however, that the actual initial flame acceleration and
transition to detonation process, not modelled here, is a much more complex phe-
nomenon originating from within the cylinder, and would likely have some impact on
the cycle and performance.

Although specific details of the CLEM-LES procedure are published elsewhere
[12], the chemical parameters in this study (Q =15, E, = 60, A =33.000, and
v = 1.37) were calibrated to reproduce the correct detonation velocity of Mc; = 5.3
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Fig. 3. To scale comparisons of sootfoils obtained using the CLEM-LES and from experiments
of Bull et al. [14], for detonation propagation in stoichiometric propane-air at 1 atm.
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(1807.1 m/s), half-reaction length (A, = 2.1 mm), post-shock laminar flame speed
Sz =6.64 m/s at Mp =0.7Mc;), and cell size (A~ 50 mm) for stoichiometric
propane-air at atmospheric conditions. A resolution of A" = A, /2/8 with 64 subgrid
elements within each LES cell, providing an effective resolution of A’eﬁ = A /512,
was found sufficient to resolve both the post-shock laminar flame speed and experi-
mentally observed cellular patterns [14] (see Fig. 3).

4 Results

A typical flow field for the outflow process of the PCD system, with initially linear
pressure distribution profile, is shown in Fig. 4. Here, the outflowing hot product gases
have been found to expand rapidly while driving a strong incident shockwave. Within
the expanding jet, internal shock structures followed by rapid expansions were found to
form, with a diamond-like pattern. This is a characteristic of typical underexpanded jet
bevaviour when there exists a high pressure at the jet exit, followed by the same
diamond pattern of rapid expansions and shocks [15] as the outflowing gas attempts to
equilibrate with the surroundings.
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Fig. 4. Flow fields of density, density gradient, and temperature for two instances in time.
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This outflow behaviour was also observed in previous investigations of pulse
detonation tubes [5, 7], and is generally undesirable and leads to loss of performance.
This cyclic expansion (cooling) of product gases, followed by shock-induced re-
heating of the jet gas resulted in zones of varying temperature gas within the jet, with
hotter regions near the jet head and outer edges of the jet outside the core regions. This
behaviour is further analyzed by examining pressure and density evolutions along the
centreline, y = 0, at several instances in time, as shown in Fig. 5. Here we first note the
continual decay of the incident shockwave as the flow jets out of the tube. We expect
the rapid expansion of the wave since there is no confinement outside the tube. We also
note the development of inward-facing shocks, as labelled in the figure, which acts to
continually shock the outflowing gas.
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Fig. 5. Evolution of a) pressure and b) density, along the tube centreline (y = 0).

Behind each inward-facing shock, the gas always expands to lower than ambient
pressures and therefore requires the formation of further shocking downstream as the jet
further develops. It has previously been shown that such behaviour can adversely affect
the specific impulse and thrust of the pulse detonation tube, owing to outflow pressures
below ambient and entropy generation through the shocking process. As such, the use
of nozzles has been suggested for promoting the expansion of the gases sufficiently
before outflow into ambient to further boost efficiency [5, 7, 16, 17]. We obtained the
velocity history of the wave front measured along the centreline (y = 0) to assess the
performance of the PCD system. It is shown in Fig. 6.

For comparison, the PCD wave velocity was compared against a case where the
tube pressure was not pre-compressed, also using the CLEM-LES. In this comparative
case, the tube pressure was initialized with p(x) = po. Also, for both cases (linear and
constant p), results are compared against Euler simulations. Here, wave velocities
obtained for the initially linear pressure distribution profile were always found to
accelerate toward the tube end, at velocities above the CJ-speed. This observation was
found, in part, to be influenced by the forward motion of the unreacted gas resulting
from the pressure gradient, ahead of the wave, as the pressure attempts to equilibrate
with its surroundings. The detonation wave was therefore advected forward, to some
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Fig. 6. Wave velocity histories for the cases: a) linear pressure distribution, b) constant pressure.

extent inside the tube, leading to faster-observed wave propagation. However, the flow
velocity ahead of the wave was found to be on the order of u ~ 0.3, at most, inside the
tube. Therefore, we attribute the overdriven wave velocity to the increased pressure
behind the wave as the detonation evolved in the tube.

Next, the average wave velocities obtained from the CLEM-LES, inside the tube,
were found to be lower than their counterpart Euler simulations by roughly 5%. We
attribute this discrepancy to boundary layer development at the tube walls. Flow
divergence due to boundary layer formation behind detonations has previously been
shown to produce significant velocity deficits for flows within comparatively thin
channels and tubes [18-22]. We acknowledge, however, that the recorded experimental
velocity was 10% lower compared to the Euler simulation, which does not account for
such losses. We also note that while a 5% deficit was observed in the CLEM-LES
compared to the Euler case, there are several factors not accounted for. First, the
simulations were two-dimensional and did not capture the actual boundary layer
development of a three-dimensional pipe. Moreover, heat loss through the pipe walls,
which has not been accounted for here, may also contribute to a slower wave, and
consequently a loss of specific impulse [10]. Finally, we note difficulties in ensuring
perfectly stoichiometric mixtures in the experimental PCD system, which also con-
tribute to velocity deficits.

To further investigate the performance of the PCD system, p—v diagrams were
constructed in Fig. 7 for the detonation cycles of both the initially linear and constant
pressure distributions, using the CLEM-LES. To construct the p—v diagrams, the
pressure and specific volumes were obtained at (x, y) = (500.0) for several time steps
over the outflow process, which corresponds to the centre of the open end of the pipe.
Also shown in the figure is the theoretical detonation-cycle for a wave corresponding to
the perfect gas ZND-structure associated with the CJ-detonation for the parameters for
QO and y used in the numerical model. We first note that the peak pressure is never
attained in the simulations. Since the cellular structure is larger than the tube, peak
pressures always occur at the tube walls and not along the centre. As a result, the peak
pressure along the tube centreline is always lower than the von-Neumann pressure
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associated with the detonation. Despite this, we note that the simulation starting with
the linear pressure distribution can achieve a higher peak pressure compared to the case
where the tube is initially at ambient pressure by roughly ~ 10%.
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Fig. 7. p-v diagram for the detonation cycle.

As a result, the higher thermal efficiency of the cycle is realized by pre-compressing
the gas in the tube using the PCD system. This is consistent with theoretical predictions
of Wintenberger et al. [8], who found that the impulse per unit volume of the tube was
directly proportional to the initial pressure, or mass of reactant in the detonation tube,
i.e. I o< m. In this case, the linear distribution of pressure in the tube resulted from an
increase of reactant mass in the tube by a factor of 1.93 from the case where the
pressure in the tube was kept constant at atmospheric conditions. In theory, the PCD
system under investigation should result in nearly twice as much impulse as the con-
stant pressure case. However, regarding thermal efficiency, a full analysis of the PCD
system power input and output would be required to determine the actual useful
efficiency gain of the system for practical applications.

5 Conclusion

In this work, a two-stage digital strategy was applied to model a pulsed compression
detonation system. In general, the compression-detonation device allowed to permit
better control the distribution of pressure, temperature and concentration of reactive gas
before detonation initiation. The linear pressure profile case had M_D = 5.5 (1875 m/s),
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the constant pressure case had M_D = 5.1 (1739 m/s), lower than CJ (M_CJ = 5.3,
1807 m/s) due to no-slip condition in the tube walls. From this, we can conclude that the
pressure gradient results in an 8% increase in wave velocity over the constant pressure
case. As a result, controlled gradients of pressure in the detonation tube were realized.
This was found to give rise to higher peak pressures, obtained at the outflow location of
the tube when compared to a detonation tube filled initially at constant pressure equal to
the ambient condition. As a result, we may conclude that a higher thermal efficiency of
the detonation cycle may be achieved. However, further detailed analysis is required.
Finally, it was found that the outflow products were under expanded, which contained
complex gas dynamic features such as repeating inward-facing shocks and rapid
expansions of the outflowing gas. It is believed that such features may adversely affect
the generated impulse owing to the presence of below ambient pressures and entropy
generation in the jet gas. To remedy this issue, the use of nozzles have proved useful [5,
7,17, 23] and should be investigated in future work as part of the PCD system proposed
here.

References

1. Schauer, F., Stutrud, J., Bradley, R.: Detonation initiation studies and performance results for
pulsed detonation engine applications. In: 39th Aerospace Sciences Meeting and Exhibit,
Paper ATAA 2001-1129. AIAA, Reno (2001). https://doi.org/10.2514/6.2001-1129

2. Stevens, C.A., Hoke, J.L., Schauer, F.R.: Propane/air cell size correlation to temperature and
pressure. In: 54th AIAA Aerospace Sciences Meeting, Paper AIAA 2016-1400. AIAA, San
Diego (2016). https://doi.org/10.2514/6.2016-1400

3. Korytchenko, K., Kysternyy, Y., Sakun, O.: Propane and air mixture-based short-barrel
detonation gun. In: Proceedings of the 26th International Colloquium on the Dynamics of
Explosions and Reactive Systems, Paper 4332. ICDERS, Boston (2017)

4. Kailasanath, K., Patnaik, G.: Performance estimates of pulsed detonation engines. Proc.
Combust. Inst. 28(1), 595-601 (2000). https://doi.org/10.1016/S0082-0784(00)80259-3

5. Ma, F., Choi, J.-Y., Yang, V.: Thrust chamber dynamics and propulsive performance of
single-tube pulse detonation engines. J. Propuls. Power 21(3), 512-526 (2005). https://doi.
org/10.2514/1.7393

6. Ma, F., Choi, J.-Y., Yang, V.: Internal flow dynamics in a valveless airbreathing pulse
detonation engine. J. Propuls. Power 24(3), 479-490 (2008). https://doi.org/10.2514/1.
29957

7. Cooper, M., Shepherd, J.E.: The effect of transient nozzle flow on detonation tube impulse.
In: 40th ATAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Paper AIAA
2004-3914. AIAA, Fort Lauderdale (2004). https://doi.org/10.2514/6.2004-3914

8. Wintenberger, E., Austin, J.M., Cooper, M., et al.: Analytical model for the impulse of
single-cycle pulse detonation tube. J. Propuls. Power 19(1), 22—-38 (2003). https://doi.org/10.
2514/2.6099

9. Zheng, F., Kuznetsov, A.V., Roberts, W.L.: Numerical study of a pulsejet-driven ejector. In:
45th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Paper AIAA 2009-
5185. AIAA, Denver (2009). https://doi.org/10.2514/6.2009-5185

10. Radulescu, M.I., Hanson, R.K.: Effect of heat loss on pulse-detonation-engine flow fields
and performance. J. Propuls. Power 21(2), 274-285 (2005). https://doi.org/10.2514/1.10286


https://doi.org/10.2514/6.2001-1129
https://doi.org/10.2514/6.2016-1400
https://doi.org/10.1016/S0082-0784(00)80259-3
https://doi.org/10.2514/1.7393
https://doi.org/10.2514/1.7393
https://doi.org/10.2514/1.29957
https://doi.org/10.2514/1.29957
https://doi.org/10.2514/6.2004-3914
https://doi.org/10.2514/2.6099
https://doi.org/10.2514/2.6099
https://doi.org/10.2514/6.2009-5185
https://doi.org/10.2514/1.10286

178

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

B. Maxwell et al.

Perkins, H.D.: Effects of fuel distribution on detonation tube performance. NASA Technical
Memorandum NASA/TM-2002-211712 (2002)

Maxwell, B.M., Bhattacharjee, R.R., Lau-Chapdelaine, S.S., et al.: Influence of turbulent
fluctuations on detonation propagation. J. Fluid Mech. 818, 646-696 (2017). https://doi.org/
10.1017/jfm.2017.145

Tangirala, V.E., Dean, A.J., Tsuboi, N., Hayashi, A.K.: Performance on a pulse detonation
engine under subsonic and supersonic flight conditions. In: 45th AIAA Aerospace Sciences
Meeting and Exhibit, Paper AIAA 2007-1245. AIAA, Reno (2007). https://doi.org/10.2514/
6.2007-1245

Bull, D.C., Elsworth, J.E., Shuff, P.J., Metcalfe, E.: Detonation cell structures in fuel/air
mixtures. Combust. Flame 45, 7-22 (1982). https://doi.org/10.1016/0010-2180(82)90028-1
Franquet, E., Perrier, V., Gibout, S., Bruel, P.: Free underexpanded jets in a quiescent
medium: a review. Prog. Aerosp. Sci. 77, 25-53 (2015). https://doi.org/10.1016/j.paerosci.
2015.06.006

Cambier, J.-L., Tegnér, J.K.: Strategies for pulsed detonation engine performance
optimization. J. Propuls. Power 14(4), 489-498 (1998). https://doi.org/10.2514/2.5305
Daniau, E., Zitoun, R., Couquet, C., Desbordes, D.: Effects of nozzles of different length and
shape on the propulsion performance of pulsed detonation engines. In: Roy, G.D., Frolov, S.
M., Netzer, D.W., Borisov, A.A. (eds.) High-Speed Deflagration and Detonation:
Fundamentals and Control, pp. 251-262. ELEX-KM Publishers, Moscow (2001)

Fay, J.A.: Two-dimensional gaseous detonations: velocity deficit. Phys. Fluids 2(3), 283—
289 (1959). https://doi.org/10.1063/1.1705924

Chao, J., Ng, H.D., Lee, J.H.S.: Detonability limits in thin annular channels. Proc. Combust.
Inst. 32(2), 2349-2354 (2009). https://doi.org/10.1016/j.proci.2008.05.090

Camargo, A., Ng, H.D., Chao, J., Lee, J.H.S.: Propagation of near-limit gaseous detonations
in small diameter tubes. Shock Waves 20(6), 499-508 (2010). https://doi.org/10.1007/
s00193-010-0253-3

Ishii, K., Monwar, M.: Detonation propagation with velocity deficits in narrow channels.
Proc. Combust. Inst. 33(2), 2359-2366 (2011). https://doi.org/10.1016/j.proci.2010.07.051
Wu, M.H.,, Wang, C.Y.: Reaction propagation modes in millimeter-scale tubes for
ethylene/oxygen mixtures. Proc. Combust. Inst. 33(2), 2287-2293 (2011). https://doi.org/
10.1016/j.proci.2010.07.081

Eidelman, S., Yang, X.: Analysis of the pulse detonation engine efficiency. In: 34th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Paper 3877. AIAA,
Cleveland (1998). https://doi.org/10.2514/6.1998-3877


https://doi.org/10.1017/jfm.2017.145
https://doi.org/10.1017/jfm.2017.145
https://doi.org/10.2514/6.2007-1245
https://doi.org/10.2514/6.2007-1245
https://doi.org/10.1016/0010-2180(82)90028-1
https://doi.org/10.1016/j.paerosci.2015.06.006
https://doi.org/10.1016/j.paerosci.2015.06.006
https://doi.org/10.2514/2.5305
https://doi.org/10.1063/1.1705924
https://doi.org/10.1016/j.proci.2008.05.090
https://doi.org/10.1007/s00193-010-0253-3
https://doi.org/10.1007/s00193-010-0253-3
https://doi.org/10.1016/j.proci.2010.07.051
https://doi.org/10.1016/j.proci.2010.07.081
https://doi.org/10.1016/j.proci.2010.07.081
https://doi.org/10.2514/6.1998-3877

	Numerical Simulation of Compression and Detonation Strokes in a Pulse Compression Detonation System
	Abstract
	1 Introduction
	2 Literature Review
	3 Research Methodology
	4 Results
	5 Conclusion
	References




