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Thermodynamics of Airbreathing Pulse-Detonation Engines

J. A. C. Kentfield*
University of Calgary, Calgary, Alberta T2N 1N4, Canada

An analytical investigation was conducted of the idealized performance potential, from a thermodynamic cycle
viewpoint, of airbreathing pulse-detonation engines (PDEs) primarily intended for air-vehicle propulsion. The
investigation was restricted to the static operation of PDEs. The detonation-wave model used was of the classical
Zel’dovich-von Neumann-Doering type, in which an initiating shock wave is followed by a Rayleigh-type combus-
tion process in a duct, the detonation tube, of uniform cross-sectional area. The results of the analysis indicated
that the idealized PDE performance was only slightly better than that of a simple, easily analyzed, constant-volume
combustion, Lenoir-type surrogate cycle. The PDE also had the potential of being slightly more efficient, under
idealized flight conditions, with induction ramming occurring, than the corresponding surrogate cycle. The cor-
responding surrogate cycle will advance thermodynamically, due to intake ramming, from a relatively inefficient
Lenoir cycle to a more efficient Humphrey, or Atkinson, cycle.

Nomenclature
c, = specific heat at constant pressure
C, = specific heat at constant volume
G = Crocco Mach function [see Eq. (6)]
M = Mach number
N = Crocco Mach function [see Eq. (8)]
P = static pressure
Py = stagnation pressure
S = entropy
T = static temperature
Ty = stagnation temperature
Vv = volume
y = adiabatic index, %, also %
Ag = specific increment of energy input
As = entropy increment
AT = temperature increment
n = thermal efficiency
%] equivalence ratio
Subscripts
A,B,C,D,E = statepoints (see Figs. 2 and 3)
cv = constant volume
final exp = final expansion
gain = net temperature gain
KEgain = gain of kinetic energy
shock = due to shock wave
work = work obtained
X, Y, Z state points (see Fig. 1)
Superscript

/ = stationary wave conditions exclusively

Introduction

LTHOUGH there is currently much interest in the potential
of pulse-detonationengines (PDEs) as jet propulsors for flight
applications and, perhaps to a lesser extent, as pressure-gain com-
bustors for use in gas turbines, relatively little work appears to have
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been carried out on the fundamental thermodynamic analysis of
airbreathing, hydrocarbon fueled, PDE cycles. However, interest in
the practical use of detonationwaves in combustionsystems extends
over a period in excess of 40 years.!~* The current paper presents
relatively detailed, fundamental,idealized thermodynamic analyses
of the static operation of hydrocarbon fueled PDE cycles.

The use of the term “cycle” in relation to a PDE has to be in-
terpreted relatively carefully because a PDE is a nonsteady flow
device, and, hence, not all molecules of the working fluid necessar-
ily undergoidentical processes. This characteristicis also common
to othernonsteady flow systems, for example, wave rotors and pulse
combustors. Nevertheless,a PDE operatingcycle can be established
based on fundamental considerations.

The detonation wave in a PDE is modeled as a shock wave, fol-
lowed by combustion in a uniform cross-sectional area detonation
tube, and does not take into account the influence of wall friction in
the detonationtube. The combustionprocessis, thus, of the Rayleigh
type. A detonation wave modeled in this classical manner is some-
times identified as a Zel’dovich—von Neumann-Doering (ZND) det-
onation wave. Analysis of a ZND-type model of a detonation wave
was described by Foa® and was used in the thermodynamictreatment
presented in the paper.

Detonation Wave Analysis

Foa’s® analysis deals with a stationary shock front. The case of a
moving shockis coveredby convertingthe stationary wave to amov-
ing wave by subtracting a velocity equal to the approach velocity
of the freestream, for the stationary wave case, from all of the ve-
locities derived from the stationary wave analysis, thereby yielding
a situation in which the initial shock wave is advancing into reac-
tants at rest in the detonation tube or combustor. This procedure, to
change from a stationary wave to moving wave, does not alter the
shock and combustion static pressure and temperature ratios, or the
pre- and postcombustionevent static pressures and temperatures for
a specified initial static pressure and temperature.

The Foa® model is based on the condition that, for the station-
ary wave situation, the flow Mach number, relative to the stationary
wave, is unity at the point where combustion is complete. This is
known as the Chapman—Jouguet (CJ) condition, an essential condi-
tion for heat addition in a constant area duct, such as a detonation
tube, when frictionis ignored and the postshock flow Mach number
is subsonic relative to the stationary wave. The latter is evaluated,
via normal shock relations, on the basis of the strength of the shock
wave. The connection between the strength of the initial stationary
shock and the CJ conditionapplicableat the completion of combus-
tion is provided, where Fig. 1 illustrates the notation used, by

(M)* Z2[1+ (y + 1)(Aq/C,T))] ey
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Fig. 1 Detonation waves.

where Agq is the known increase of enthalpy due to combustion and
T, is also known.

The appropriate heat addition criterion for a Rayleigh process
is one based on enthalpy. There is, at entry to the uniform cross-
sectional area combustion zone, an input of flow work, kinetic en-
ergy, and an internal energy flow, with a corresponding situation
prevailing at the outlet of the combustion zone. Thus, it is easy to
show that the specific energy additiondue to combustionis correctly
described in terms of the stagnation temperature rise between the
inlet and outlet stations, multiplied by the appropriate specific heat
at constant pressure. Hence, with constant C ),

Aq = Cy(Ty, — Tgy) @)
Hence,
M, =201+ + DTy, — To’y)/TX]}% (3)
and from normal-shock relations,
Py 2y M2 —y +1
P

Py / Px can, alternatively, be evaluated directly from normal-shock
tables.
Also, from the work of Foa,

Pz/Px = 3[(Py/Px) + 1] &)

for a Rayleigh heat addition process following an initiating normal
shock. Furthermore, for a Rayleigh heat addition

“

PoG = const (6)
where
_ 1+yM’?
¢= {1+ [(y — 1)/2]M'2}r/=D Q)
and
N/\/FU’ = const 8)
where
’ _ 2 %
N MUty - D/21M7) o

14+yM’?

Thus, on the basis of a specified enthalpy addition, as in Eq. (2),
M, is evaluated from Eq. (3) for a specified value of Tx. This, in
turn, allows Py / Py to be established either from Eq. (4) or directly
by reference to shock tables for the appropriate values of M} and
y. Also, M; can be obtained from shock tables and, hence, Tjj, can
be evaluated, after establishing 7y / Tx from shock tables, by use of
the relationship

Tyy/ T = (Ty/TO{1 + [(y —2)/21M?} (10)

Similarly, from knowledge of P, / P,

Py /P, = (Py/PO{1+1(y —2/2M2)" 77" ()

The Mach number functions G and N are, for convenience, pre-
sented graphically by Foa.> These relationships were derived by
Crocco® and allow Eq. (6) to be solved very easily with the appro-
priate value of the constant as established from knowledge of T,
from Eq. (10). This then allows T}, to be obtained from a further
application of Eq. (8) for the condition M’, =1.0.

Likewise, the constant of Eq. (6) can be evaluated based on the
known values of M| and P, [see Eq. (11)]. This permits Py, to be
established from Eq. (6) for the known value of the constant when
M7 =1.0. It is then easy to check the result obtained for Pz /Py
from Eq. (12):

Py/Py = Py/Py - {1 +1(v — y2m2} 770 o)

with the value of P, /Py obtained from Eq. (5).

The conversion of the stationary wave results to those applica-
ble to a moving wave was based on reevaluation of the stagnation
conditions at the three stations after subtraction of the velocity ap-
proachingstation X for the stationary wave case from the velocities
at stations X, Y, and Z. This implied, for unchanged static condi-
tions at station X, the results

My =0, Px = Pox, Tx = Tox (13)

with the static pressure and temperature ratios, namely,
Py/P,, P./P,, T,/T., T./T,

remaining unaltered from the stationary wave case.

The increase of entropy due to the shock wave component of
the detonation wave alone is given, based on a commonly used
expression available in thermodynamic texts, for invariant specific
heat cases by

ASxy = C, Ty /Tx) — (C, — C) tal(Poy /Px)  (14)
and, similarly, for the constant area combustion process alone by
ASYZ = Cp E"V(T(JZ/T(JY) - (Cp - CL) E"V(PUZ/PUY) (15)

When Eqgs. (14) and (15) are converted to a dimensionless form
by dividing by a specific heat, for example, at constant pressure,
Eq. (14) becomes

ASxy/Cp = ta(Toy /Tx) — [(y — D/y1a(Poy/Px)  (16)
Correspondingly, Eq. (15) becomes
ASyz/Cp = tToz/ Toy) = [(y — D/y1ta(Poz/Px)  (17)

Also, for a direct overall measure of the dimensionless entropy in-
crement associated with a detonation wave as a whole,

ASxz/Cp = a(Toz/Tx) = [(y — 1)/y1ta(Poz/Px)  (18)

Energy Distribution

The detonation wave is assumed to propagate from the head end
of the detonation tube. It is further assumed that the tube can be
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closed off, for example, by an automatic nonreturn valve, or possi-
bly by arotary valveas proposed by Edwards® and later by Bussing.’
Thus, the detonation advances toward the exit end of the detonation
tube. It is further assumed that the detonation wave is initiated in-
stantaneously. Therefore, without the need for a growth length, the
shock front traverses the entire length of the detonation tube and,
hence, progressivelyinteracts with, compresses, and accelerates all
of the initial contents (reactants) of the detonation tube. Because
the station denoting the completion of combustion lags behind the
initial shock, combustion has not been completed at the instant the
shock wave reaches the exit station of the detonation tube.

Furthermore, the expansion wave propagating from the closed
inlet face of the detonation tube can not, in general, have fully ex-
panded the reaction-tube contents. There exists, therefore, a rela-
tively complex situation in which the pressure and temperature in
the reaction tube are each nonuniform. This results in a meaningful
average pressure being substantially lower than the peak pressure,
adjacent to the tube exit, resulting from the normal shock that pre-
cedes the Rayleigh combustion. Also, a meaningful average tem-
perature is substantiallylower than that resulting from the Rayleigh
combustion process. The problem is, therefore, to find a way to re-
solve this situation. A clue is to consider an energy balance in the
reaction tube based on the energy required to power, or drive, the
detonation wave. This procedure avoids the need to specify a mean
pressure,and also amean temperature,of the reaction-tubecontents.
It does not, however, lead to an explicit evaluationof the kinetic en-
ergy within the detonation tube. Thus, the enthalpy increase due
to constant area combustion, with a constant specific heat for the
moving detonation wave case, is

X (Toz — Toy) = ATy (19)
Note that (Tpz — Tyy) for the moving wave is less than (7, — T,)
for the stationary wave situation. Work obtained and employed to
power the shock wave is established on the basis of the energy
releasedby combustion Ag minus the enthalpyincreaserepresented
by Eq. (19), thatis,
X [AC]/CP - ATgain] = ATwork (20)
AT,k includes a contribution due to the gain of kinetic energy
within the detonation tube.
However, work required to drive the normal shock compression
and gas acceleration process,
X (Toy — Tx) = ATnock 2n
Therefore, the work that must be extracted from the final isentropic
expansion to provide an energy balance is
X (ATshock - ATwork) = ATﬁnal exp (22)
and, thus, the final temperature constituting the starting point for
useful net work extractionis given by (Fig. 2)
(T(JZ - ATﬁnal exp) = TD = T(JD - ATKEgain (23)

Hence, Ty, is greater than T, by the magnitude of ATgqin-
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Fig. 2 Detonation wave and subsequent expansion on a stagnation
temperature-entropy plane.

When an energy input Ag is provided for the constant area,
Rayleigh combustion in the detonation wave, and a simple heat-
ing process at constant pressure with zero kinetic energy at state C,

Tp =T1¢ (24)

The result represented by Eq. (24) is shown notationally in Fig. 2.
Quantitative confirmation of this resultis given later. Equation (24)
follows as a consequence of the nature of the heat addition paths for
the PDE and simple constant pressure processes.

Constant Volume Surrogate Cycle

An approximate surrogate cycle for a PDE operating statically is
a simple, constant-volume heat addition cycle known as a Lenoir
cycle. In this case, heat addition occurs at constant volume from
state X, thatis, Py and Ty, with, for comparative purposes, a heat
addition equal to the heat addition at constant pressure. Hence, the
constant-pressure heat addition temperature rise is replaced by a
greater temperature rise of Ag/Cy from temperature Tx to Ty,
which is both a static and a stagnation temperature because state A
representsa zero velocity condition. Note that the dimensionlessen-
tropy incrementfor the constant-volumeheat additionis represented
by

ASxa/Cp = (1/y) blTo/Tx) (25)
where
Ty=(Aq/C)+T, (26)

The constant-volumecycle is shown, notationally, in Fig. 3.
Because the work obtained results from expansion of the contents
of the combusted reactants, the work obtainable correspondsto the
drop of internal energy only, minus flow work against the surround-
ings, and not to an enthalpy drop. This is illustrated in Fig. 4 in
the form of a pressure-volume (PV) diagram for flow leaving and,
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Fig. 3 Surrogate constant-volume-combustion (Lenoir) cycle on a
stagnation temperature-entropy plane.
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Fig. 4 Idealized net work done during blowdown of a pressurized com-
bustion space (detonation tube), the net work done is shown shaded on
the PV plane.
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therefore, external to, the detonation tube. The work done (WD) by
the expansionis given by

B
WD:/ PdV — P, (Vy — Vy)
A

- [ LN, v

which, in turn, can be reduced to the more useful result
WD = C(Ty — Ty) — C,(Tp — Tx) (27)

Itis shownlaterthatthe entropyincreasefor an equal energy addition
is slightly greater for the idealized constant-volume cycle than for
an idealized detonation-wave driven PDE.

Results

Four specific cases were studied for equivalenceratios @ of 1.0,
0.75, and 0.5 with y = 1.4, that is, %, and one case for @=0.75
with y =1.2857, that is, 2. In every case, y was assumed to be
constantover each idealized cycle investigated. The higher calorific
value of the fuel was taken as 46.5 MJ/kg (20,000 Btu/lbm) giv-
ing a temperature rise of (7;, — T;,) =3112°C with @ =1.0 and
y = 1.4 for heating at constant pressure. The temperature rise was
reduced proportionally as @ was reduced. For the y = 1.2857 case
adjustment, based on the results of Ellenwood et al.,? the specific
heat at constant pressureresulted in an expected temperature rise of
2441°C with @ = 1.0. Again, the expected temperature rise would
be reduced in proportion to the value of @ employed. Figures 5-7
present the results, on a stagnation basis, for @ = 1.0, 0.75,and 0.5,
respectively.

The curvatures of the normal shock and Rayleigh constant-area
heating characteristics were established by interpolative use of the
analytical procedures described earlier. The “humped” nature of
the Rayleigh heating characteristics YZ reflect the well-known phe-
nomenon of the maximum temperature exceeding that prevailing
at the completion of the heat addition process. However, this phe-
nomenon is somewhat augmented in magnitude, and shifted to the
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Fig. 5 Temperature-entropy diagram for idealized PDE and compa-
rable Lenoir cycle: equivalence ratio @ = 1.0 and ~ = 1.4; state points,
except state point D, based on stagnation values (static operation).
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Fig. 6 Temperature-entropy diagram for idealized PDE and compa-
rable Lenoir cycle: equivalence ratio @ = 0.75 and ~ = 1.4; state points,
except state point D, based on stagnation values (static operation).
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Fig. 7 Temperature-entropy diagram for idealized PDE and compa-
rable Lenoir cycle: equivalence ratio @ = 0.5 and ~ = 1.4; state points,
except state point D, based on stagnation values (static operation).

left, for the moving wave relative to that occurring with a sta-
tionary wave. Figure 8 shows the results obtained for y =1.2857
and @ =0.75.

Comparison with Fig. 6 reveals the substantial influence of spe-
cific heat ratio y on the results. The lower the value of y, the lower
the temperature ratios achieved and, to a lesser extent, the lower
the increase in the dimensionless entropy values. The latter phe-
nomenon is due to the increase of specific heat associated with the
lower value of y applicableto the Fig. 8 case. In the absolute sense,
entropy values are greater for Fig. 8 than the correspondingentropy
values applicable to Fig. 6.

For each case, the corresponding surrogate idealized constant-
volume combustion, or Lenoir, cycle has been added to Figs. 5-8,
inclusive for energy inputs equal to those used for the correspond-
ing idealized PDE cycles. In each case, the constant-volume cycle
realizes a slightly greater entropy increase than the corresponding
idealized PDE cycle.

Table 1 presents a tabulation of the PDE cycle Mach numbers for
the @ and y values investigated. Table 1 also presents the thermal
efficiencies of the constant-volume and corresponding PDE cycles
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Table1 Mach numbers and idealized cycle efficiencies

0 4 M My Mz  nmepe  ncv mepe/nNcv

1.0 14 7.197 1.7706 0.692 0.428 0.408 1.046
075 14 6.275 1.737  0.684 0.400 0.374 1.070
0.5 1.4 5.86 1.673  0.672 0.364 0.336 1.083
0.75 1286 5468 2034 0.733 0.312 0.293 1.065

by Z=0.75 ¥= 1.2857
RAYLEIGH HEAT ADDITION

-z
’/

w
|

STAGNATION TEMP. (K/1000)
N

Fig. 8 Temperature-entropy diagram for idealized PDE and com-
parable Lenoir cycle: equivalence ratio @ = 0.75 and v = 1.2857;
state points, except state point D, based on stagnation values (static
operation).

and the ratio nppg/ncv. The cycle efficiency can be expressed, for
a Lenoir, or constant-volume,cycle as

work done

flev = heat supplied

thus, invoking Eq. (27),
C(Ty —Tx) —C,(Tp — Tx)

v = Co(Ty — Ty)
Therefore,
(TB - TX)
=]l -y 28
Ncv 14 T\ — Ty) (28)

or, where the specific energy supplied at constant volume equals
that supplied to a corresponding PDE cycle, that is, the enthalpy
difference between stations Y and Z with a stationary wave:

(Ty —Tx)

1- 29
(To/z - To/y) 29

Nev =

For the PDE cycles, the efficiency nppg can be expressed as the ratio

heat supplied-heatrejected
IPDE = - (30)
heat supplied

which can be reduced to a relationship the same as Eq. (29), with
the exception that T is substituted for 75:

(T — Tx)

- 31
(To/z - To/y) GD

nppe = 1

The work done by the PDE cycles consists of that obtained by
expansion from state D to state E (Figs. 5-8), plus kinetic energy
obtained from the dischargeof the pressure wave from the outletend
of the detonationtube. Hence, an explicitstatementof the work done
by a PDE cycle is much more complex than that for the constant-
volume, or Lenoir, surrogate cycle. Nevertheless, the fundamental
statement represented by Eqs. (30) and (31) is correct. Note that
states B and E do not contain hidden kinetic energy terms because

Table2 PDE pressure ratios

1] 4 Py/Px  Pyy/Px  Pz/Px  Poz/Px
1.0 1.4 60.4 331.7 30.3 41.7
0.75 1.4 45.8 239.3 23.3 31.8
0.5 1.4 31.2 143.2 15.9 21.6
0.75 1.286 33.5 270.8 17.2 24.0
Table3 PDE temperature ratios
1] 14 Ty/Tx  Tov/Tx  Tz/Tx  Toz/Tx
1.0 1.4 11.03 17.95 18.09 19.83
0.75 1.4 8.61 13.80 13.89 15.19
0.5 1.4 6.18 9.64 9.62 10.49
0.75 1.286 5.17 8.22 9.95 10.72

the state points represented on the temperature-entropy planes de-
scribe stagnation conditions, with the exception of state point D.
Table 2 represents, for the PDE cycles, the pressure ratios involved.
Table 3 shows the corresponding temperature ratios.

Discussion

The PDE cycle expansion process (ZD, Figs. 5-8) cannot take
place fully until some fluid has left the detonation tube. This is
because the expansion waves, originating from the closed head end
of the detonationtube, will generatean expansionwave, marking the
completion of combustion and traveling at the local speed of sound
plus the local gas velocity. This wave keeps pace with, but lags
slightly downstream of, the detonation wave shock front. However,
the expansion process is ideally isentropic and, hence, can be drawn
on the 7-S plane.

For a PDE subjected to forward motion, a profitable use of an
intake ramming phenomenon would be to supercharge the deto-
nation tube during the scavenge and postscavenge portion of the
cycle. This would have the effect of converting the Lenoir-type
surrogate cycle to a more efficient Humphrey, or the identical and
better-known Atkinson, cycle. However, to consider this possibility
in depth requires that some provision be made to, in effect, close
off cyclically,eithermechanically or gasdynamically,the detonation
tube exit. Because, as far as the authoris aware, no provisions of this
kind have yet been made on experimental PDE units, this possibility
will not be discussed further. A general problem with the PDE con-
cept appears to be the high, and very variable, exit pressure ratios
that make exhaust-nozzledesign difficult. This problem has, in the
past, caused difficulties with a gas-turbine pressure-gaincombustor
system.

It appears that the constant-volumecycleis a very acceptable,and
easy to analyze, surrogate cycle for the more complex PDE concept.
The efficiency advantage of the idealized PDE cycle appears to
be in the region of 5%, relative to that of the surrogate cycle, for
equivalenceratios approachingunity when using hydrocarbonfuels.
It seems relatively unlikely that, with such fuels equivalenceratios,
very much less than unity can supportdetonation waves in practice.
When it is considered that the shock and combustion mechanisms
of a PDE involve flows at high gas velocities, it seems likely that
a simple constant-volume cycle may well be a very good analogy
of a PDE cycle, as has been suggested previously.!® If account is
taken of the greater likelihood of dissociation in PDEs, due to the
very high cycle maximum temperature, relative to constant-volume
surrogate cycles, it may be that the apparentadvantage of about 5%
in efficiency, noted here, may well be eroded. Povinelli'! shed some
light on the significance of dissociationin PDEs.

The kineticenergy productionefficiency of an idealized constant-
volumecycleor anidealized PDE cycle, is relatively low, about one-
half of that of an idealized high-bypass ratio turbofan cycle. This
implies problems, under takeoff conditions, for a PDE-powered ve-
hicles when intake ramming is nonexistentor negligible. Perhaps a
nonsteady flow thrust augmenter may help to alleviate PDE prob-
lems at low forward speeds.!?

A major asset of a detonation wave is the ability to ignite, very
rapidly, a field of undiluted reactants. In practice, the surrogate
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constant-volume cycle would, no doubt, present considerable dif-
ficulties due to the relatively low flame speeds that can be ex-
pected, even with a high turbulence level, of about 30 m/s
(~100 ft/s) in stoichiometric fuel/air mixtures.”> However, nom-
inally, constant-volume-type combustion systems have been made
to operate satisfactorily,essentially as pressure-gaincombustors for
gas turbines.!® These units mix the reactants with residuals of com-
bustion from previous cycles vigorously, resulting in relatively low
pressure and temperature excursionscompared with those expected
with PDEs. The mixing of the reactants with residual products of
combustionreducesthe time required for the chemical kinetics con-
siderably and also eliminates the need to ignite each cycle by ex-
ternal means once startup has occurred. Furthermore, this type of
device does not need to employ mechanical valves at either the inlet
or exit ports.!** Because of the relatively low maximum tempera-
tures achieved, coupled with short residence time, the NO, produc-
tion also appears to be relatively low.'*

Conclusions

The main conclusions drawn from the study are as follows:

1) The cyclic pressure and temperature ratios achieved are pro-
portional to the equivalence ratio @.

2) The ratio of specific heats y has a strong influence on the pres-
sure and temperatureratios achieved. Comparison of the two results,
both for @ =0.75, (Fig. 6,y =1.4= % and Fig. 8, y =1.2857= %)
confirm this observation.

3) There is very little difference, for static operation, between
the idealized performances of PDE cycles and surrogate Lenoir
(constant-volume combustion) cycles. The difference in efficiency
between the two cycles, for a prescribed y value, diminishes as @
increases. The efficiency of an idealized PDE cycle exceeds that of
the corresponding surrogate Lenoir cycle. The latter situation is not
surprising because the equality of the thermal input of a surrogate
cycle to that of the corresponding PDE is based on the decay of the
PDE wave action, irreversibly, into internal energy.

4) It appears that, provided intake-charge ramming can be
achieved under flight conditions, an appropriate, idealized surro-
gate cycle replacing the relatively inefficient Lenoir cycle would be
the Humphrey, or the identical Atkinson, cycle. It can be shown that
the overall affect is to improve the efficiencies of both the idealized

PDE cycle and the idealized surrogate cycle, with only a small dif-
ference in efficiency between the PDE and surrogate cycles.
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