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Pulse detonation engines (PDEs) are currently attracting considerable research and development attention
because they promise performance improvements over existing airbreathing propulsion devices. Because of their
inherently unsteady behavior, it has been difficult to conveniently classify and evaluate them relative to their steady-
state counterparts. Consequently, most PDE studies employ unsteady gasdynamic calculations to determine the
instantaneous pressures and forces acting on the surfaces of the device and integrate them over a cycle to determine
thrust performance. A classical, closed thermodynamic cycle analysis of the PDE that is independent of time is
presented. The most important result is the thermal efficiency of the PDE cycle, or the fraction of the heating
value of the fuel that is converted to work that can be used to produce thrust. The cycle thermal efficiency is then
used to find all of the traditional propulsion performance measures. The benefits of this approach are 1) that the
fundamentalprocesses incorporated in PDEs are clarified; 2) that direct, quantitative comparisons with other cycles
(e.g., Brayton or Humphrey) are easily made; 3) that the influence of the entire ranges of the main parameters that
influence PDE performance are easily explored; 4) that the ideal or upper limit of PDE performance capability is
quantitatively established; and 5) that this analysis provides a basic building block for more complex PDE cycles. A
comparison of cycle performance is made for ideal and real PDE, Brayton, and Humphrey cycles, utilizing realistic
component loss models. The results show that the real PDE cycle has better performance than the real Brayton
cycle only for flight Mach numbers less than about 3, or cycle static temperature ratios less than about 3. For flight
Mach numbers greater than 3, the real Brayton cycle has better performance, and the real Humphrey cycle is an

overoptimistic (and unnecessary) surrogate for the real PDE cycle.

Nomenclature

constant-pressure specific heat capacity, Btu/lbm - °R
(kJ/kg-K)

thrust, Ibf (N)

mass fuel-air ratio

gravitational constant, 32.174 Ibm - ft/Ibf - s2

(1 kg-m/N-s?)

standard acceleration of gravity, 32.174 ft/s
(9.8067 m/s?)

lower heating value of fuel, Btu/Ibm (kJ/kg)
specific impulse, s

Mach number

mass-flow rate, Ibm/s (kg/s)

static pressure, Ibf/ft> (N/m?)

heat added or rejected, Btu/Ibm (kJ/kg)
nondimensional heat added, ¢ /C,T

specific fuel consumption, Ibm/s - Ibf (mg/N - s)
specific entropy, Btu/lbm - °R (kJ/kg-K)

static temperature, °R (K)

velocity, ft/s (m/s)

ratio of specific heats

efficiency

compression static pressure-riseratio, p3/pg
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Subscripts

b = burner (combustion) process

CJ = Chapman-Jouguet state

c = compression process

e = expansion process

tc = thermodynamiccycle

th = thermal

X = isentropicend state in Fig. 11
Y = isentropicend state in Fig. 11
0 = freestream

I. Introduction

ULSE detonation propulsion (PDP) and pulse detonation en-

gines (PDEs) are currently attracting considerable attention
because they promise performance improvements over existing
airbreathing propulsion devices, especially at low flight Mach
numbers.!> Because of their inherently unsteady behavior, it is
difficult to classify and evaluate them relative to their steady-state
counterparts.

Most PDE/PDP studies employ unsteady gasdynamic calcula-
tions to determine the instantaneous pressures and forces acting on
the surfaces of the device and integrate them over a cycle to de-
termine thrust performance 3~ These studies require considerable
finite element or finite volume modeling and computational effort
and are not well suited to discovering basic conceptual truths. This
study was, therefore, motivated by the desire to find a simpler ap-
proach that would expose the underlying physics and providedirect,
transparent results.

The approachchosen was classical, thermodynamicclosed-cycle
analysis because it is treated comprehensively in the literature®—8
and is familiar to most aerospace engineers and scientists. It is also
clear that, because the function of all chemical propulsion engines
is to convert the heating value (heat of reaction) of combustion of
fuel with air into exhaust flow kinetic energy, they can be treated
as thermodynamic devices. The consequencesof this choice can be
fairly judged by what follows.
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II. Ideal Thermodynamic Cycle Analysis

This study begins with classical, ideal, closed-cycle thermody-
namic analysis because it contains all of the necessary elements
and will easily be extended to include real effects (losses). The
study follows the PDE and Brayton (turbojet, ramjet) cycles in
parallel to capitalize on the communal understanding of the lat-
ter and to provide a reasonable basis of comparison for the PDE
as an alternative propulsion cycle to a turbojet. The Humphrey
cycle is included because it is often cited as having similar per-
formance to the PDE. As ever, the approximations resulting from
assuming thermodynamic equilibrium, employing calorically per-
fect gases of constant properties, replacing chemical reactions with
heat addition but no mass addition, and employing perfect pro-
cesses are more than compensated for by the instructive value of the
results. Fixed reference values are assumed, specifically the ratio
of specific heats y = 1.4, freestream static temperature 7, =400°R
(222 K), and the mass-specific constant-pressurespecific heat capac-
ity C, =0.24 Btu/lbm- °R (1.00 kJ/kg - K). Although these values
are used throughout,the equationsare constructedto allow any fixed
values to be assumed.

A. Ideal Brayton Cycle

The ideal Brayton cycle is shown in the 7-s (temperature-
entropy) diagram of Fig. 1, where conventional nomenclature and
station numbering have been used. The sequential processes are
described as follows®:

From point 0 to point 3 indicates the adiabatic, isentropic com-
pression from the freestream static temperature 7y to the combustor
entry static temperature 73. This compressioncan be accomplished
by various combinations of freestreamdeceleration (from point 0 to
point 2) and mechanical compression (from point 2 to point 3), as
in any turbojet engine. The cycle static temperature ratio 73 /7T is
a primary thermodynamic quantity that appears frequently in cycle
analyses. We will follow Builder® and denote this important ratio
Y =T;/T,. As a practical matter, the velocity of the flow entering
the combustoris reduced as much as possible to improve the condi-
tions for burning and to reduce friction and Rayleigh losses. 75 is,
therefore, nearly the stagnation temperature of the flow.

From point 3 to point4 indicates the constantstatic pressure, fric-
tionless heat addition from the combustor entry static temperature
T to the combustor exit static temperature 7,. The Gibbs equation
for a calorically perfect gas can be directly integrated to determine
the entropy increaseresultingfrom ¢,qq4, the heatadded per unit mass
of air entering the combustor.

T,

4 T T T T
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Fig. 1 Temperature-entropy diagram for the ideal Brayton cycle for
’l/) = T3/T() =2 and q = ﬂpR/CpTu =S5.

From point 4 to point 10 indicates the adiabatic, isentropic ex-
pansion from the combustor exit static pressure p4 to the freestream
static pressure pjy = po. This expansionincludesthe mechanicalex-
traction of the energy required for the earlier mechanical compres-
sion (from point4 to point5), as well as the acceleration of the flow
to high velocity (from point 5 to point 10), as in any turbojetengine.

From point 10 to point 0, the thermodynamic cycle is closed via
an imagined constant static pressure, frictionless process in which
sufficient heat is rejected to the surroundings from the exhaust flow
to return it to its original thermodynamic state. Specifically, the
amount of heat rejected per unit mass of air processed ¢,,; must
reduce the entropy from point 10 to point 0 an equal amount to
the entropy increase from point 3 to point 4. Interestingly, control
volume analysis of this process reveals that the velocity (and kinetic
energy) of the flow remains constant,? and, hence, the magnitude of
the velocity that produces thrust is unambiguous. Most important,
the heat rejected is equivalent to that portion of the heat added that
is not converted to exhaustkinetic energy.

The cycle thermal efficiency ny, is defined as the ratio of external
work done by the cycle to the heating value supplied by the fuel
qsupp> Whereas the thermodynamic cycle efficiency 7, is defined as
the ratio of external work done by the cycle to the thermal energy
actually absorbed by (added to) the working substance in the cycle
¢.aa (Ref. 8). Because all component processesin the ideal cycle are
assumed to be without10ss, g.4a = gsupp, and, consequently, nn = 1
for all ideal cycles.

For the ideal thermodynamiccycle, the thermal efficiency is given
by

qrej
My =——=1-—— (1
Gadd Gadd

where ¢,aq = qsupp is the product of the mass fuel-air ratio f* and the
fuel lower heating value hpg, and the rejected heat is obtained from

Grej = hy—hy = Cp(TIO - T)
= C,To(Tio/To — 1) = C, To(Ty /T3 — 1)

= (C, T/ BT — T3) = (hs — h3) /¥ = quaa /¥ 2)

There follows immediately the familiar classical result for an ideal
Brayton cycle,

ne=1—(1/¥) (3

Note that, for the ideal Brayton cycle, the thermodynamiccycle effi-
ciency is nota function of the heatadded, but only of the cycle static
temperatureratio v, and it increases monotonically with increasing
¥ to an asymptotic limit, ng, — 1 as ¥ — oo.

B. Ideal PDE Cycle

Exceptfor the heat addition (combustion) process, which requires
further elaboration, the thermodynamic cycle for an ideal PDE cy-
cle is identical to that of the ideal Brayton cycle. The reader’s at-
tention is, therefore, directed to the pulse detonation wave process.
The reader is advised that the ensuing mathematical analyses will
be straightforward and is, therefore, is encouraged to focus on the
physical phenomena involved.

From point 3 to point 4, the generally accepted model of a nor-
mal detonation wave in PDP devices is seen, namely, that of a
Zeldovich~von Neumann/Doering (ZND) wave.>? This is a com-
pound wave consisting of a normal shock wave progressing into the
undisturbed fuel-air mixture, which is nearly at rest at the combus-
tor entry condition (point 3), followed by release of sensible heatin
a constant-area region (Rayleigh flow) terminating at point 4. The
strength (Mach number, pressure ratio, or temperature ratio) of the
leading shock wave, from point 3 to point 3a, is uniquely determined
by the initial conditions and the amount of heat added. The entire
process is constrained by the Chapman-Jouguet condition, which
requires that the local Mach number at the termination of the heat
additionregion (point4) be one (sonic or choked flow). The heat ad-
dition region is followed by a very complex constant-arearegion of
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nonsteady expansion waves, the most important property of which
is that they are assumed to be isentropic. This ZND wave structure is
stationaryin detonation wave coordinatesfrom the undisturbed flow
to the end of the heat addition process. To ensure the greatest cycle
performance, it is further assumed that 1) the nonsteady expansion
(from point 4 to point 10) of the detonated mixture is isentropic,
2) every fluid particle experiences the same normal detonation pro-
cess, and 3) there is no energy penalty to the cycle for whatever
spark or ignition torch may be required to initiate the detonation
process.

The T-s diagram for the PDE cycle may now be constructed. In
doing so, note that the 7'-s diagram portrays the sequence of states
through which the working fluid passes, rather than, for example,
a history of what happens at some location or across some compo-
nent. This may be counter-intuitiveto those whose experience with
steady-flow devices has conditioned them to associate state proper-
ties with engine positions, but it will be familiar to those who have
performed air-standard cycle analysis of intermittent combustion
engines based on, for example, the Otto and Diesel cycles.

Consider carefully the presumed point 4-point 10 isentropic ex-
pansion process of the PDE cycle. To the best of our knowledge, no
simple devices have been proposed that can take all fluid elements
generated by the PDE heating/combustion process isentropically to
local atmospheric pressure and, hence, to their ideal exhaustkinetic
energy and velocity. The special challenge presented by unsteady
devices is that the fluid elements have their static properties dis-
tributed in space and time, and each must, therefore, be given indi-
vidual treatment. Contrast this with the steady-state Brayton cycle,
where the uniformity of the heating/combustion products allows a
simple nozzle to expand them to local atmospheric pressure. This
highlights the important fact that invention is required to allow the
PDE to achieve its potential and that this is a worthy, if not es-
sential, area of study. Nevertheless, the upper limit of performance
will be established by presuming that ideal expansion is possible.
Any likelihood that this approach should be regarded as excessively
optimistic is countered by thermodynamic cycle analysis making
the ideal performance unambiguous and, thus, that it establishes
an upper bound of performance against which proposed ingenious
solutions to the expansion problem may be judged.

The PDE cycle T-s diagram that conforms to the description
given is shown in Fig. 2. The slight downturn in the process isoline
just before point 4 correspondsto the familiar situation near Mach 1
where heatadditioncauses the static temperatureto drop.'® Note that
the entropy generated in the detonation wave heat addition process
is the sum of that generated in the point 3-point 3a adiabatic normal
shock wave and that generatedin the point 3a-point4 constant-area
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Fig. 2 Temperature-entropy diagram for theideal PDE cycle for 1) =2
and § =5.

heat addition process that follows. This is the entropy increase that
must be removed in the point 10-point 0 heat rejection process to
close the cycle.

This approachtakes advantage of entropy being a thermodynamic
state property, independentof velocity reference frame, as opposed
to, for example, the total pressure and total temperature.

Closed-form algebraic solutions for the leading normal shock
wave (Chapman-Jouguet) Mach number and the entropy rise in the
detonation wave have been derived by Shapiro'® and others™!! and
are given, respectively, by

Mg = (v + D@/ +1+VIy + D@/ +1P -1 @)

where § = qqupp/C,To = fhpr /C, Ty, and

y+D/y
Sq4— 8 +1
ELEN N V—z 5)
C, 1+ y Mg

Consequently, the constant-pressureheatrejected and the cycle ther-
mal efficiency become

S0 — S
P
S4 — 83
P 0|:eXp( Cp ) i|
1 14y M2 r+Db/y
C,Th| — | — YV 1 6
VEANE

1 1+ M2 y+D/y _
ne=1- [W (#) -1 /q (6b)
(o)

C. Ideal Humphrey Cycle

Finally, the analysis of an ideal Humphrey cycle is included be-
cause it has been frequently employed as a surrogate for the PDE
cycle for the purpose of estimating the cycle thermal efficiency.!* It
is not required for one to understand PDE cycle performance, but it
is included here for historical completeness so that the reader may
judge the accuracy or utility of employing this approximation.

The Humphrey cycle may be considered a modification to the
Braytoncyclein which the constant-pressureheat additionprocessis
replacedby a constant-volumeheatadditionprocess. Using the same
analysis procedures and assumptions as the preceding derivations,
the reader may readily verify that the thermal efficiency of the ideal
Humphrey cycle is given by

no=1—1/DIA +yg /)" —1] )

The T-s diagramfor the ideal Humphrey cycleis presentedin Fig. 3,
together with the PDE and Brayton cycles drawn from Figs. 1 and 2,
respectively. It is apparent from a comparative inspection of the
three ideal cycles displayed in Fig. 3 that the thermal efficiency of
the ideal Humphrey cycle is close to, but always somewhat less
than, that of the ideal PDE cycle. Note also that, as was the case for
the ideal Brayton cycle, the thermodynamic cycle efficiency for the
ideal Humphrey cycle, given by Eq. (7), increases monotonically
with increasing ¥ to an asymptotic limit, n, — 1 as ¢ — oo for
any finite value of g.

D. Ideal Propulsion Engine Performance

Once the cycle thermal efficiency is known, standard, one-
dimensional models of engine thrust’® may be employed to deter-
mine the more traditional uninstalled performance measures, such
as the specific thrust F/m, (thrust per unit mass flow rate of air),
specific fuel consumption S (mass flow rate of fuel per unit thrust),
and specific impulse I, (thrust per unit weight flow rate of fuel). In
these models, it is assumed that the mass flow of fuel is negligible
compared to that of the air, that every element of the exhaust flow is
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Fig. 3 Temperature-entropy diagrams for the ideal PDE, Brayton,
and Humphrey cycles for ) =2 and § =5.

perfectly expanded to match the local ambient static pressure, and
that there is no installation drag.
These performance measures are

F/mU = l/gal:\/ V()z + 2nthqsupp - VO:I (8)

S=ms/F = fimg/F = f/(F/mg) ©)
Ip = F/wf = 8./80S (10)

InEgs. (8-10), V, is the velocity of the vehicle; f is the mass fuel-air
ratio; gsupp = fhpr is the heat supplied by the fuel per unit mass-flow
rate of air, where hpy is the (lower) heating value of the fuel; and g,
and g, are the gravitational constant and the standard acceleration
of gravity, respectively.

Note that all propulsion engine performance measures depend
directly on the cycle thermal efficiency, so that all comparisons
could be made solely on the basis of that quantity. Propulsionengine
performance measures are, therefore, included here only as a sanity
check for comparison with normal experience.

E. Ideal Thermodynamic Cycle Analysis Results

Because ideal Brayton cycle behavior depends only on ¥, and
ideal PDE and Humphrey cycle behavior depend only on ¢ and g,
it follows that the behavior of every imaginable ideal PDE, ideal
Brayton, and ideal Humphrey device is as represented in Fig. 4.

Figure 4 demonstratesthat both the ideal PDE and Humphrey cy-
cles enjoy a significant cycle thermal efficiency advantage over the
ideal Brayton cycle when 1 < ¢ < 3, but this advantage diminishes
rapidly when v > 3, as ¢ increases,and/or as ¢ decreases. As might
be intuitively anticipated,the performanceof both the ideal PDE and
ideal Humphrey cycles approachthat of the ideal Brayton cycle as ¢
approaches zero and all heat addition processes approach constant
pressure. Of special interest is that the ideal PDE and Humphrey
cycles generate useful thermal efficiency in the absence of any me-
chanical or ram compression whatsoever. Indeed, it is this feature
of PDE and/or Humphrey cycles that make them attractive for flight
Mach numbers 0 < M, < 3.

Values of ¢ up to about 10 are representative of all hydrocar-
bon fuels, including hydrogen. Values of i correspond either to
mechanical compression pressure ratios given by m, =7/ =1,
or to ram compression from a freestream Mach number given by
My=,/2(¢y — 1)/(y — 1), or some combination thereof, provided
that the compression processes are isentropic. For example, for
y = 1.4, to generate a compression temperature ratio ¥ =2, either

nth

Humphrey

T
1 2 3 4 5

V= L/I

Fig. 4 Thermal efficiency ny, of ideal PDE, Brayton, and Humphrey
cycles as functions of v for § =5 and 10.
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Fig. 5 Specific thrust F/in, of ideal PDE and Brayton cycles as func-
tions of ¢ for § =5 and 10 and vehicle speed V, =0.

a flight Mach number M, =2.24 or a compressor pressure ratio
.= 11.3 would be required. Also, when Vj is greater than zero,
then v must be greater than 1. For example, when V;, = 1000 ft/s
(305 m/s) (corresponding roughly to M, = 1) the value of ¥ is ap-
proximately 1.2.

Figures 5-7 illustrate the ideal propulsion performance for the
PDE and Braytoncycles under static (V, = 0) conditions. The results
are similar to those for cycle thermal efficiency, except that the
square root in Eq. (8) brings the curves close together sooner. The
differencesbetween thermal efficiencies for the ideal PDE and ideal
Brayton cycles are significant only for 1 <y <2.

Figures 8-10 illustrate the propulsion performance for ideal PDE
and Brayton cycles in forward flight, for a relatively modest flight
velocity V, = 1000 ft/s (305 m/s), corresponding approximately to
M, = 1. The results are similar to those for V, =0, except that for-
ward velocity significantly penalizes all performance measures and
furtherreducesthe differencesbetweenideal PDE and ideal Brayton
performance.

III. Real Thermodynamic Cycle Analysis

The real thermodynamic cycle analysis builds on the platform
of ideal cycle analysis by incorporating the effects of any chosen
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Fig. 6 Specific fuel consumption S of ideal PDE and Brayton cycles as
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functions of v for § =5 and 10, zpgr =19,000 Btu/lbm, and V,, =0.
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Fig. 7 Specificimpulsel,, ofideal PDE and Brayton cycles as functions
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of ¢ for § =5 and 10, hpg =19,000 Btu/lbm, and V, = 0.
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Fig. 8 Specific thrust F/ing for ideal PDE and Brayton cycles as func-

tions of ¢ for § =5 and 10 and vehicle speed V, =1000 ft/s.
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Fig. 9 Specific fuel consumption S forideal PDE and Brayton cycles as
functions of ¢ for § = 5 and 10, zpg = 19,000 Btu/lbm, and V;, = 1000 ft/s.
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Fig. 10 Specific impulse I, for ideal PDE and Brayton cycles as func-
tions of ¢ for § =5 and 10, pg = 19,000 Btu/lbm, and V, = 1000 ft/s.
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Fig. 11 Temperature-entropy diagram for the real Brayton cycle for
Y=3,§=5,1n.=0.8,1,=0.8,and n, =0.8.
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irreversibilities. We follow the imaginative and productive path of
Builder!? as detailed in Ref. 8, although many other avenues are
available. Figure 11 contains the additional nomenclaturenecessary
to follow this analysis. Only the alterations to the ideal component
processes, which are identical for the PDE, Brayton, and Humphrey
cycles, are described below.

From point 0 to point 3, the real compression process is mod-
eled by means of a compression efficiency, which references the
actual or real change in static enthalpy to the ideal or isentropic
change in static enthalpy that would accompany the same change in
static pressure. With reference to Fig. 11, the definition of adiabatic
compression process efficiency becomes

_GIGL T v -T/T
hy—hy  Cp(T3 — To) v -1

_ hs—hy

Ne = (11

Frompoint3 to point4, the actualheatadditionis reducedbecause
of incomplete combustion to Gaaq = 1MpGsupp = N5 J hpr, Where 1, is
the combustion efficiency, f is the mass fuel-air ratio, and hpy is
the lower heating value of the fuel.

From point 4 to point 10, the real expansion process is modeled
by means of an expansion efficiency, which references the actual
or real change in static enthalpy to the ideal or isentropic change in
staticenthalpythat would accompany the same change in static pres-
sure. Withreferenceto Fig. 11, the definition of adiabatic expansion
process efficiency becomes

_ hy — hyo _ C,(T, — Ty) _ 1—Ty/T,

Ne = = = (12)
he—hy  C,(T,—Ty) 1-Ty/T,

Note that the complexity of expanding the fluid elements generated
by the PDE heating/combustion process to local atmospheric pres-
sure will also require special care to establish properly meaningful
values of expansion process efficiency for this cycle.

A. Real Brayton Cycle

With standard methods, using the conservation of energy and
Gibbs equation for a calorically perfect gas, the thermal efficiency
for the real Brayton cycle is®*

mo = [ — D/q1nen.(1 +mq /) — 11 (13)

This is a notable closed-formresult because it can be differentiated
to reveal that, all other quantities than ¥ being fixed, the highest
value of cycle thermal efficiency occurs at

NelpNe  ~
e

(14)
1 - Nele

wmaxmh =

which means that real Brayton cycles have an optimum amount of
thermal compression for maximizing the cycle thermal efficiency.

B. Real PDE Cycle

With the standard methods and the definitions of process efficien-
cies just given, the important state properties around the PDE cycle
can be found from the following relationships.

From point 0 to point 3 is the same for all cycles:

TX/T(l:w(l_nc)'i_ncZ 1 (15)
(53— 50)/Cp = bTx /To) > 0 (16)
pa/po = [v(T/T] " 7" =1 17)

From point 3 to point 4, the normal shock wave Mach number
and total entropy increase are again computed by Egs. (4) and (5),
except that the heat added g,q4 is replaced by 1, Geupp = 15 fpr:

ﬁ——1+yMéJﬁ>

= > 1 (18)
Do y+1 po

From point 4 to point 10 is the same for all cycles:

Ty /Ty = (po/pa)? V" <1 (19)
Ty/Ty=1—n(0—-Ty/T}) <1 (20)
(510 = 54)/Cp = [ (Tho/ Ts)(T4/Ty)]1 = 0 21

From point 10 to point O is the same for all cycles:
(s10 = 50)/Cp = (53 —50)/C, + (54 — 53)/C,
+ (510 —54)/C, (22)

Grej = hy—hy = CpTo{eXP[(Sm - 50)/Cp] -1} (23)
C. Real Humphrey Cycle

Only the heat addition process differs from the three component
processescommon to all cycles. The constant-volumeheat addition
process from point 3 to point 4 results in property changes given by

T, 1 105 f her mqy

- Tyen 'ty 2

where C, is the constant-volume specific heat capacity
Pa/ps =Ta/ Ty (25)
(54 —53)/C, = (1/y) b(Ty/ T3) (26)

Finally, the real cycle thermal efficiency for all cycles is given by

Nth = NpMe = nh(l - qrcj/qadd) = nh(l - qrcj/nhqsupp)

= 1Mbp — qrej /qsuPp 27

Although not as readily expressible in closed form as Eq. (14) for
the real Brayton cycle, the real PDE and real Humphrey cycles also
exhibit an optimal amount of thermal compression for maximizing
the cycle thermal efficiency, as will be illustrated subsequently.
The propulsion performance measures are still computed as for
the ideal cycle using Egs. (8-10). The relative ranking of PDE,
Brayton, and Humphrey performance again depends only on 7y,.

D. Real Thermodynamic Cycle Analysis Results

The specific purposeofthis expositionis to evaluatequantitatively
the influence of losses on PDE, Brayton, and Humphrey cycles.
Therefore, in each case that follows, component process efficien-
cies will be assumed to be equal for all cycles. Note that all of the ny,
figures include the ideal PDE, Brayton, and Humphrey cycle results
as background for comparison purposes, and that every real PDE,
Brayton, and Humphrey cycle performance curve exhibits a maxi-
mum, as mentioned earlier for the real PDE and Humphrey cycles
and as shown analytically for the real Brayton cycle by Eq. (14).

Figures 12-17 contain the real cycle thermal efficiency results
obtained for a number of interesting variations. Figures 12-17 are
general in the sense that, provided that the process efficiencies are
constant,the resultsdependonly on ¥ and g, justas in the ideal case.
These results emphasize that values of ¥ and g must be reported in
the literature for analytical or experimental studies to be properly
interpreted.

Figure 12 represents the departure point for this exposition. The
processefficiencies were chosento be reasonably attainablein prac-
tice while having a sensible impact on performance, and the heat
added is about one-half that due to stoichiometric hydrocarbon-air
combustion. These results have three special features. First, real
performance is considerably less than ideal for all cycles, for all
values of ¥. Second, real PDE cycle performance suffers more than
the Brayton cycle, so much so that it crosses over and falls below
the real Brayton cycle when v > 3. Third, the real Humphrey cycle
performance crosses over and falls below the real Brayton cycle
performance when ¥ > 4. The obvious conclusion s that all three
cycles are quite sensitive to losses, especially the PDE cycle, with
increasing values of .
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Figures 13 and 14 demonstrate the influences of some individ-
ual process efficiencies. Comparison of Figs. 12 and 13 reveals,
somewhat surprisingly, that significantly increasing the combustion
efficiency 7, improves the performance of all cycles, but does not
change their relative positions. In particular, the crossover point
remains at ¥ ~3 and 4 for the real PDE and real Humphrey
cycles, respectively. Comparison of Figs. 12 and 14 reveals that
the crossover points appear to be pushed beyond ¢ ~ 5 when the
expansionefficiency 7, is also substantiallyincreased. This is due to
the much larger 7, / T\, for the PDE cycle vs the Brayton cycle (see
Fig. 3) causing the entropy generation for the former from point 4
to point 10 to be more sensitive to 1,. This further emphasizes the
earlier noted importance of finding devices that can accomplish this
expansion efficiently.

Figures 15-17 repeat the conditions of Figs. 12-14 for increased
heat added, approximately equivalent to that due to stoichiomet-
ric hydrocarbon-air combustion. Figures 15-17 reveal, in general,
that the performance of all three cycles is improved by higher heat
release, but that the PDE cycle receives greater benefit than the
Brayton cycle and that the Humphrey cycle receiveseven more. The
primary indicator of this effectis that the crossoversare delayed un-
til ¥ > 4 and 5, respectively. Note that, at near-stoichiometricheat
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Fig. 18 Specific thrust F/m for real PDE and Brayton cycles, as func-
tions of v, for V =0 and 1000 ft/s, §=5,7n. =0.9, 1, =0.9 and 1, = 0.9.
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Fig. 19 Specific fuel consumptionS forreal PDE and Brayton cycles, as
functions of ¢, for Vy =0 and 1000 ft/s,g=5,n,=0.9,7, =0.9, ., =0.9,
and hpgr = 19,000 Btu/Ibm.
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tions of v, for V, =0 and 1000 ft/s, =5, n. = 0.9, 1, =0.9, . = 0.9, and
hpgr =19,000 Btu/Ibm.

addition, the PDE and Humphrey cycle performance become es-
sentially identical. This analysis can also be applied repetitively to
show that compression efficiency is not a prime determinant of dif-
ferential performance between real PDE and real Brayton cycles.
Varying compression efficiency by £5% changes the difference be-
tween their thermal efficienciesby an average of less than 1% over
a wide range of conditions. This is undoubtedly due to the entropy
generated in the compression process being identical for the PDE
and Brayton cycles in this model. Taken together, the foregoing
results underscore the challenge facing PDE designers because the
combustionand expansionefficiencies of turbojetengines have been
highly refined and are extremely close to one, and v is four or more.

Finally, Figs. 18-20 document the effects of losses on propulsion
performance measures for the case corresponding to Fig. 12. For
reasons already given, the trends parallel those found for cycle ther-
mal efficiency, but the absolute changes are more dramatic, and the
effect of forward speed remains substantial.

IV. Conclusions

The ideal thermodynamic cycle efficiency of the PDE is in the
range of 0.4 to 0.8 for typical hydrocarbon fuels (see Fig. 4), cor-
responding to an I, in the range of 3000 to 5000 s (see Fig. 7).
This exceeds the ideal thermodynamic efficiency of the Brayton cy-
cle under all conditions, especially near static conditions where the
Brayton cycle has little cycle static temperature ratio.

For realistic but equal component process efficiencies, real PDE
thermodynamiccycleefficiency continues, for the same reason,tobe
superiorto thatof the real Braytoncyclenear static conditions. How-
ever, real PDE cycle performancefalls off more rapidly than the real
Brayton cycle, and can be inferior beyond ¢ ~ 3 (see Figs. 12-17),
correspondingeither to isentropicram compression from M, ~ 3 or
isentropicmechanical compression with pressureratio s, ~ 46. The
expected /g, of real PDE cycles using typical hydrocarbon fuels is
in the range of from 2000 to 4000 s (see Fig. 20).

Utilizing the Humphrey cycle as a surrogate for the PDE cycle has
some surprising consequences. Because the ideal Humphrey cycle
has a thermal efficiency just slightly less than the ideal PDE cycle,
(see Fig. 4) this substitutionwould appear to be conservative. How-
ever, when realistic component process efficiencies are considered,
the real Humphrey cycle thermal efficiency remains comparatively
high with increasing compression, while the real PDE thermal effi-
ciency falls off significantly.

With the methodology presented in this paper, it is possible to
carry out furthersensitivity studies of one’s own choice, or to modify
thisanalysistoimproveor addloss models, as generationsof propul-
sion engineers have long done. Moreover, the building block model
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for PDE combustion presented here can be inserted into propulsion
cycles of increasing complexity to obtain qualitative insight and
quantitative estimates. Finally, the computed results provide indi-
cators of the expected performance of PDE devices and how that
performance may be improved.
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