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Thermodynamic Limits of Work and Pressure Gain
in Combustion and Evaporation Processes
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Combustion and evaporationprocesses occurring in a closed chamber can result in signi� cant pressure rise and
direct work transfer. The pressure and volumetric changes that accompany such processes allow substantial work
potential to be achieved in cyclic nonsteady devices, such as internal combustion engines and pulsed combustion
or detonation engines. The ideal pressure gain or work production is a function of the prescribed in� ow and out-
� ow conditions, volumetric con� nement, � uid properties, and other parameters. The generalized thermodynamic
limits of pressure gain and work production in such devices are investigated. Analytic and iterative methods are
provided to evaluate cyclic combustion and evaporation processes for enhancing airbreathing combustion engine
performance.

Nomenclature
c = speci� c heat
h = speci� c enthalpy
I = impulse
m = mass
p = pressure
Q = sensible heat release of combustion
Q 0 = latent heat of evaporation
R = mass-speci� c gas constant
T = temperature
u = speci� c internal energy
v = speci� c volume
W = work
® = moles of injected water
° = speci� c heat ratio, cp=cv

´ = adiabatic ef� ciency
¹ = mass fraction
Á = fuel-air equivalence ratio

Subscripts

A = state after precompression
A0 = state after evaporation
B = state after combustion
L = liquid, injection state
p = constant pressure
r = residual buffer gas
sp = speci� c
v = constant volume
2 = device inlet state or mass
3 = device outlet state or mass

Introduction

A LTHOUGH conventional internal combustion (IC) engines
have long been used to develop power from an intermittent

combustion process, there has been a recent growth in interest in
other pulsed combustion devices such as pulsed detonationengines
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(PDE) and wave rotors, as well as alternative (desirably more ef-
� cient and less-polluting) IC engine designs. The nonsteady com-
bustion chamber(s), either singly, or more commonly in multiples,
can be connected to nominally steady � ow devices such as inlets,
compressors,nozzles, and turbines.Unlike piston engines, the work
potentialgeneratedin suchpulsedcombustionenginesis madeavail-
able primarily as pressure waves and the kinetic energy of the gas
exiting the combustion chamber.

These features prevent such systems from being analyzed us-
ing air-standard cycles that either assume a homogeneous control-
mass closed system for piston engines (for example, Otto cycle)
or assume steady-� ow control-volume component systems for gas
turbine engines (Brayton cycle). Figure 1 is a pressure-volumedia-
gramfor these familiar cycles, as indicated,with 1-2-3-4-1being the
“Humphrey cycle” that has been proposed1 for analyzing constant-
volume pulsed combustion devices. In the Otto cycle (1-2-3-40-1)
the work done (

R
p dv/ in each process of a closed system leads

to a different geometric interpretation from that for the work done
.
R

v dp/ in each steady � ow process of the open system compo-
nents of a Brayton cycle (1-2-30-4-1). Although the Humphrey and
Otto cycles share a constant-volumeheat addition process, the for-
mer achieves a complete expansion to inlet pressure, generally in
a separate expansion device or during out� ow, whereas the latter
achieves only partial expansion (to the initial volume at inlet, but
not the initial pressure)within the closedsystem.Even thoughactual
piston engines might be open for inlet and exhaust, the air-standard
Otto cycle considers a completely closed system.

Because pulsed combustion systems under considerationare nei-
ther closed nor steady, the Humphrey cycle (also called Atkinson
cycle) could be misleading if either of the conventional geometric
interpretations2 are made, or if end state 3 of the combustionprocess
in Fig. 1 was misinterpreted as the in� ow state of the downstream
turbine or nozzle. Rather, it is necessary to account for � ow work
explicitly between the steady and nonsteady components. There
appears to have been some confusion in early discussions of the
potential of PDEs that can be attributed to the preceding dif� culty.
This study offers a method to connect the control-mass analysis
of the process in a temporarily closed combustion chamber to the
control-volume analysis required from the open system viewpoint.
It leads to the establishmentof thermodynamiclimits on the bene� ts
offered from pulsed combustion and evaporation processes.

A pressure-gain combustor is a device designed to produce an
increase in pressure during combustion. Examples of such devices
are pulsecombustors,reciprocatingengines,free pistoncombustors,
wave rotors (also called dynamic pressure exchangers), and pulse
detonationengines.3;4 These devicesnecessarilyemploy nonsteady,
intermittent combustion, accomplishing an internal work transfer
from burning gas to surrounding gas through pressure waves. The
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Fig. 1 Comparison of thermodynamic cycles.

pressurization of most gas prior to burning causes a decrease in
entropy production, and this is at the heart of the thermodynamic
bene� t. It might benecessaryto use a numberof identicalcombustor
units in parallel in order to present a nearly steady � ow to other
components.

In a gas turbine the allowable turbine temperature limits the tem-
perature change across the combustor. In a direct thrust engine
the exit velocity might be limited to improve propulsive ef� ciency
or reduce noise. The energy release in the combustor is dictated
by these limits, irrespective of the internal process. Although the
pressure gain is determined primarily by the temperature limits,
other controllabledesign parameters that in� uence the pressuregain
signi� cantly are the focus of this paper.

A work-producingcombustor is a similar combustiondevice, de-
signed instead to produce mechanical work by some means, with
the gas exiting the device limited to a speci� ed temperature and a
speci� ed pressure,whichmightbe the sameas the inletpressure.Ex-
amplesare a reciprocatingengineand a wave turbine.3;5 An exit tem-
peraturelimitmightbe imposedby a downstreamturbineor by a sto-
ichiometric combustion limit. Again, the ideal work is determined
primarily by the energy addition dictated by these limits, but other
design parameters must be optimized to maximize the work output.

The evaporation of a liquid fuel or other liquid in the combus-
tor will contribute to work potential, as will the changes in the
gas molecular weight and speci� c heat as a result of the chemical
conversion and large temperature change. These effects might be
signi� cant and could be includedby incorporatingreal-gas thermo-
dynamic properties into a detailed numerical analysis. However, it
is useful to separate the effects of changes in temperatureand molar
density, in order to understand these processes individually relative
to air-standard analysis.

Here, evaporation is treated simply as an increase in the num-
ber of moles of gas. The heat of evaporation is subsumed (but not
neglected) in the overall energy balance, which is dominated by
combustion. The evaporation of fuel or another liquid boosts the
pressure and work potential of the resulting gas, compared with the
negligible � ow work in introducing liquid due to very low speci� c
volume. This effect is separate from the power boost available from
the additional mass � ow and the latent heat of the liquid allowing
extra heat addition within a temperature limit.

Given a temperature limit, the ideal (potential) pressure gain or
work output is determined here. The bene� t obtained will be de-
graded by leakage, heat loss, and the inef� ciencies of the charging
and discharging aerodynamic processes in the particular nonsteady
device used. Losses caused by motion and work exchangeare repre-
sentedherebyadiabaticcompressionandexpansionef� ciencies,but
heat loss and leakage are neglected. Ideal-gas thermodynamicanal-
ysis is used, assuming negligible kinetic energy in the combustion
space. Although these assumptions apply plausibly to free-piston,
wave-rotor, and pulse combustors, it is argued next that the results
also apply to detonation devices. Further, the total combustor vol-
ume is assumedheldunchangedduringevaporationandcombustion,
which are normally rapid in relevant systems. However, there might
be residual“buffer”gas, which allows the working gas experiencing
combustion or evaporation to expand, although still con� ned by the
total volume limit.

Similar analysis has been done for some types of pressure-gain
combustors (without evaporation or buffer gas).4 Recently, there
has also been simpli� ed gasdynamic analysis speci� cally for wave

rotors,6 pulsed detonation engines,5 and work exchange devices.7

The purposeof this work is to isolate and generalize the purely ther-
modynamic considerations involved from the details of the gasdy-
namic and mechanicalmeans utilized,while including the effectsof
buffergas and liquidevaporation.Detailed analysisof pressure-gain
devices such as wave rotors requires the application of compress-
ible gas dynamics and/or combustion theory. As shown here, one
can understand the possibilitiesof such devices from knowledge of
thermodynamics only.

Generalized Combustor Cycle
Figure 2 is a schematic of a generalized pressure-gain or work-

producing combustor. The steady-�ow components upstream (for
example, compressor) and downstream (for example, turbine) are
consideredto interactwith many combustorunits via large common
reservoirs at states 2 and 3.

The generalizedcycle of charge, compression,evaporation,com-
bustion, expansion, and discharge in one combustor unit are illus-
trated in Fig. 3. The processes are illustrated by a piston-cylinder
device, but apply generally to any device in which the working gas

Fig. 2 Combustor system schematic.

Fig. 3 Generalized combustion operating cycle.
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is subjected to the same processes. For instance, in a wave rotor the
gas can enter and exhaust at opposite ends of a channel, with some
previouslyburned and some unburnedgas behavingeffectivelyas a
buffer gas during combustion.In pulsedetonationenginesand wave
rotors some precompressionmight be providedby pressurewaves in
the chamber.From a thermodynamicpoint of view, what matters for
work potential is the entropy change for a given heat release,which
only depends on the pressure of an individual gas particle prior to
combustionand evaporationand the volumechangepermitted to the
particle during heat release.The ideal gain in work availability for a
given initial state and heat release is thus in� uenced only by the de-
gree of charge precompressionand the amount and compressibility
of any buffer gas in the combustion chamber.

The model does not include work exchange with gas that either
does not enter the combustion chamber (for example, some ejector
or bypass devices) or is pressurizedafter combustion (for example,
some pulse detonationengines). However, this would be a straight-
forward extension of this study. Of special interest would be the
addition of a generalized nonsteady work exchange device, whose
performancelimits are presentedby Carlton.8 It is known that a det-
onation results in nearly the same entropy generation as a constant
volume combustion process9; therefore, the current method applies
approximately for a multitube PDE.

A pressure-gaincombustion system does no net work by our def-
inition, and the total work done on the piston must sum to zero
over a cycle. Conversely, a work-producingcombustion system has
no net pressure gain, and the cycle must return the chamber to the
inlet pressure before out� ow begins. A con� ned combustion sys-
tem could be constructed in which the bene� t is obtained partially
as work and partially as pressure gain, but the extension is left to
the reader. Note that this model does not consider work-producing
systems that continue heat addition during or after gas expansion
to produce work (that is, “reheat” devices). The � rst law of ther-
modynamics is applied by matching the heat release to the overall
temperature limits. The second law is implicit in the entropy gener-
ated at each subprocess as a function of system properties.

The gas in the chamber is considered to consist of the combus-
tion gas and the buffer gas as shown in Fig. 3. Every particle of the
workingcombustiongas is assumed to undergothe same process,so
that the in� ow and out� ow states are each uniform. This is not true
internallywhen combustionis accomplishedby a propagating� ame
front, still less when the charge is fuel-strati�ed and not uniformly
mixed, or signi� cant kinetic energy is generated (detonation). For
an ideal gas it can be shown that the pressure rise for a given heat
additionto a mass of gas dependsonly on the accompanyingvolume
change, irrespectiveof thermal nonuniformities.Such nonuniformi-
ties can still affect the gas dynamics of the device.

Constant-Volume Combustion
First consider the case of ideal constant-volumecombustionwith

no buffer gas or liquid injection and with isentropic compression
and expansion. The fresh charge is induced at pressure p2 and op-
tionally precompressed by the piston to pressure pA . After com-
bustion the burned gas is discharged at pressure p3 . This requires
net positive � ow work to be provided internally in the amount of
p3v3 ¡ p2v2 D R.T3 ¡ T2/, per unit mass, assuming an ideal gas
with its gas constantunchangedby combustion.To providethis � ow
work, as well as any precompression work, the pressure pB devel-
oped by combustion must be suf� ciently higher than the discharge
pressure p3; the internal expansion supplies this work. With refer-
ence to Fig. 4, statesA and B are now distinguishedfrom states2 and
3 to account for optional compression and necessary expansion in-
ternal to the combustor. This nomenclature serves to emphasize the
fact that we are here concernedwith establishingthe in� ow–out� ow
relationshipsof the device, and when that is done its internal states
will not be used for furtheranalysisof the largerpropulsionor power
system. Typically, this larger system will be viewed as being similar
to a Brayton cycle engine, but with the conventional steady heat
addition device replaced by a pulsed combustor.

In the spirit of air-standard cycle analysis, the heat released by
combustion will be treated as an external heat input, leaving the

Fig. 4 In� ow and out� ow states of constant volume combustor.

Fig. 5 Pressure gain for constant-volume combustion.

working gas composition unchanged. The net heat release Q must
equal the internal energy change of the trapped gas, mass m, during
combustion from A to B. We also require overall energy conserva-
tion for “steady-state”operation of a cyclic process in the combus-
tion system with no accumulation. This requires that the net heat
input Q in a cycle also equal the sum of any net work done W and
the enthalpy change from two to three of the mass m. Therefore,

Q D mcv.TB ¡ TA/ D W C mcp.T3 ¡ T2/ (1)

It can be easilyveri� ed that the net work doneon the piston summed
over the individual steps of the cycle yields the same equality.

For pressuregain from state 2 to state 3 with no net work, W D 0,
so that from Eq. (1), and the ideal gas equation of state,

TB ¡ TA D ° .T3 ¡ T2/ (1a)

and

pB =pA D TB =TA D 1 C ° .T3=T2 ¡ 1/.T2=TA/ (2)

and the pressure gain is
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The pressure gain p3=p2 and combustion pressure rise pB =pA vary
with the overall temperature ratio T3=T2 , as presented in Fig. 5.
Note that the net pressuregain is considerablyless that the constant-
volumecombustionpressurerise ratio.The effectof precompression
by a pressure ratio of 1.6, possible in the inlet process in a pulse
detonation engine or wave rotor, is also shown by dashed lines.

For work production with no pressure gain, p3 D p2 , so that
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Fig. 6 Work production for constant-volume combustion.

Therefore,

TB =TA D .T3=T2/° (5)

This equation should be contrasted with Eq. (1a). Further, from
Eq. (1)

W

Q
D 1 ¡ °

T3 ¡ T2

TB ¡ TA

D 1 ¡ °

µ
T3=T2 ¡ 1

.T3=T2/° ¡ 1

¶³
p2

pA

´.° ¡1/=°

(6)

The net work, nondimensionalizedby mcv T2 , and the “ef� ciency”
W=Q are plotted in Fig. 6. The ef� ciency is less meaningful if the
work-producingcombustor is operating in a combined cycle with a
turbine. Note that pB =pA is now independent of pA=p2 and has a
simple form, and so it is not plotted.

Effect of Buffer Gas and Irreversibilities
The following derivation corresponds to Fig. 3, with buffer gas

present, but no liquid injection. Further, the effect of losses during
intake/precompressionand expansion/discharge are represented by
adiabatic ef� ciencies ´2A and ´3B , respectively. The buffer gas is
assumed to behave isentropically always. This might seem incon-
sistent, but the equivalent effect of irreversibilities can be assigned
to the working gas, and it simpli� es the model. In typical combus-
tors the buffer gas is either replaced by newly combusted gas, or, if
stagnant, it transfers entropy with heat to the working gas.

The pressure ratio of precompression is speci� ed, and the tem-
perature ratio is calculated:

TA

T2
D 1 C .pA=p2/.° ¡ 1/=° ¡ 1

´2A
(7)

Similarly, if the postcombustion temperature TB is determined, as
discussed next, the pressure ratio of expansion is related to the tem-
perature ratio:

p3

pB
D

³
1 ¡ 1 ¡ T3=TB

´3B

´° =.° ¡ 1/

(8)

To � nd TB , we need to modify Eq. (1) to account for the buffer gas.
The overall energy balance still applies:

Q D W C mc p.T3 ¡ T2/ (9)

where m is now the mass of working gas only.
Heat is released only during the combustion process from state

A to B (for the buffer gas rA to rB); the energy balance for the
chamber is then:

Q D mcv.TB ¡ TA/ C mr cv.TrB ¡ TrA/ (10)

with the total volume of gas kept constant:

mvA C mr vrA D mvB C mr vrB (11)

Assuming that all gases have the same speci� c gas constant
R D pv=T and using Eq. (10),

pB

pA

D
mTB C mr TrB

mTA C mr TrA

D
Q=cv C mTA C mr TrA

mTA C mr TrA
(12)

Prescribed Buffer Gas Properties

Suppose the initial state of the buffer gas, mass mr , is prescribed
by its temperatureTrA . For the pressure-gaincombustorW D 0, Q is
found from Eq. (9), and Eq. (12) is used to � nd the combustionpres-
sure ratio. As the pressure rises during combustion, the buffer gas is
assumed to undergoan isentropiccompressionto a � nal temperature
TrB used in Eq. (10) to determine TB :

TB D TA C Q=mcv ¡ .mr =m/TrA

£
.pB =pA/.° ¡ 1/=° ¡ 1

¤
(13)

The pressure gain can now be calculatedby determining the expan-
sion pressure ratio from Eq. (8).

In the case of work production, the solution must be obtained
by iteration. pB =pA is guessed, perhaps using Eq. (12) for a seed
value. The pressure gain is calculated from Eqs. (13) and (8), and
the value of pB =pA is adjusted until the pressure gain is unity. The
work developed is then computed from Eq. (9).

Burned Residual Gas Buffer

It is often the case with pulse combustors and some wave rotor
designs that nearly complete mixing of all gases occurs during the
heat-release process, and the residual gas has the properties of the
burnedworkinggasat pressure pB . It thencompressesisentropically
as a buffer gas over the next cycle of operation.

With this model and setting TrB D TB , Eq. (12) is modi� ed:

pA

pB
D

mTA C mr TrA

mTB C mr TrB
D ¹

TA
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C .1 ¡ ¹/

³
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´.° ¡ 1/=°
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"
pA

pB
¡ .1 ¡ ¹/

³
pA

pB

´.° ¡ 1/=°
#¡1

(14)

where ¹ D m=.m C mr /. Also, from Eq. (10),

Q D .m C mr /cv TB .1 ¡ pA=pB / (15)

Closed-form solutions are not obtained for either pressure-gain or
work-producing combustors. One approach to iteration is to guess
pA=pB and use Eq. (14) to calculate the corresponding TB . For the
case of pressure gain, use Eq. (15) to calculate the corresponding
Q, check it against the correct value from Eq. (9), and reiterateuntil
W D 0. For the case of work production, also guess pA=pB and use
the corresponding TB to calculate p3=pB from Eq. (8). Then check
the correspondingpressure gain, and reiterate until it is unity.

Results

Particular numericalmethods for iterationare not describedhere.
The following solutions were obtained by setting up a spreadsheet
software program to perform the computations using an internal
iterative method. The ideal pressure gain computed for constant-
volumecombustionwith a precompressionratioof 1.6 is reproduced
in Fig. 7 (heavy full line). When a buffer gas with the properties of
fresh inlet air is present at a mass ratio of 40:60 to the combustible
working gas .¹ D 0:6/, the pressure gain is lower (heavy dashed
line).When the same mass of buffergas has the propertiesof burned
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Fig. 7 Pressure gain with buffer gas and losses.

Fig. 8 Work production with buffer gas and losses.

gas, the pressuregain is even lower (heavydotted line).Correspond-
ing plots (lighter lines) are also shown for the constant-volumeand
buffered cases when the compressionand expansionprocesseshave
adiabatic ef� ciency, ´ D ´2A D ´3B D 0:9. For small T3=T2 the inef-
� ciencies can result in a net pressure loss. Most practical engines,
even at low load conditions, will operate at a combustion tempera-
ture ratio that promises signi� cant performance improvement with
pressure-gaincombustion.

In Fig. 8 are shown the corresponding plots for nondimensional
work production ef� ciency. The presence of buffer gas and irre-
versibilities cause the work production to deteriorate with trends
similar to the pressure gain. Similar trends would also be seen for
the mass-speci� c work, not shown here.

Applications
The preceding general results can be applied to many examples

of pulsed combustion devices to estimate the thermodynamic limit
performance. Three cases are discussed next, all of which incor-
porate the basic Humphrey cycle, but within different propulsion
or power systems. The combustion process in each of these cases
couldpotentiallybe implementedin a wave rotor or in similarvalved
mechanical devices. Figure 9 is an illustration of a simple combus-
tion wave rotor, consisting of a large number of passages on the
periphery of a rotor. As it rotates, a fuel-air mixture from a partial
annular in� ow duct enters each passage, is brought to rest througha
compression (shock) wave, is ignited and burns in a closed volume,
and is expandedand acceleratedout of each passage into an exhaust
duct.The combustionprocessmight be a de� agrationor detonation.
With the channels straight and axial as shown, no mechanical work

Fig. 9 Illustration of a combustion wave rotor.

Fig. 10 Wave rotor simulation comparison.

is extracted, and a pressure gain will be realized between inlet and
outlet. The pressurized � ow can be utilized in a turbine or in a noz-
zle for direct thrust. On the other hand, if the channels are slanted
and/or curved the wave rotor can act as a wave turbine that extracts
work by transfer of angular momentum.

Naturally Aspirated Power Unit Performance

The maximum performance of a wave turbine or other work-
producingcombustiondevicewith atmosphericinlet and outlet con-
ditions can be estimated from the preceding procedure. Constant-
volume combustionof an uncompressedstoichiometricpropane-air
mixture at 520±R results in pressureand temperature rising by a fac-
tor of eight, approximately.For TB =TA D 8, without precompression
and with no losses, W D 1:9cv T2, or about 310 HP-s/lbm. The maxi-
mum ef� ciency is 27%. This ideal work limit can be exceeded only
by “reheat” devices.Consider now a wave turbine with partial purg-
ing of the combustion chamber and ef� cient aspiration that yields
a wave precompression ratio of 1.6. We assume residual burned
buffer gas with 40% mass fraction and adiabatic ef� ciency of 0.9
for compressionand expansion.The maximum work productionfor
this more realistic system is 220 HP-s/lbm , and the maximum ef� -
ciency is 16%. The reader can apply the same procedure for more
compressedcharge devices, such as piston engines, for comparison.

Contoured-Passage Wave Rotor

This thermodynamic modeling approach can be compared with
detailed simulations of advanced wave rotor performance. Varia-
tion of passageheight pro� le in a wave rotor design affects pressure
gain, apparentlythroughdifferencesin precompressionratio and, to
a lesser extent, expansionef� ciency. Figure 10 is a plot of pressure
gainagainstprecompressionratio for a combustorwith burnedresid-
ual gas (solid line, ° D 1:353, ¹ D 0:65, ´2A D ´3B D 0:9/: A couple
of wave rotor gas dynamic simulations,10 for T3=T2 D 2:21, show
reasonablygood agreementfor pressuregain (square symbols) with
this model, for which the process ef� ciencies and buffer gas mass
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just given were roughly estimated from simulation data. Although
the wave rotor simulationswere for a four-portpressure-gaindevice
with additionalwave processes, it was equivalent in inlet and outlet
states to a combustion wave rotor.11 Similar detailed simulations of
pulsedetonationcycles are available;however, comparisonwith the
thermodynamic model is complicated by the dif� culty of estimat-
ing an expansionef� ciency,which includes the effect of eliminating
severe nonhomogeneityin the exhaust gas for which a uniformstate
is to be compared.

Pressure-Gain Ramjet

This application considers the bene� t of pressure-gain combus-
tion for a ramjet engine. Consider � rst the ideal steady-� ow con-
ventional ramjet with no losses and perfect gas behavior, which op-
erates on the Brayton cycle. We assume ° D 1:25, the temperature
rise by stoichiometric combustion of hydrocarbon fuel is constant
at 3000±R, and the high-altitudeambient temperature is 400±R. The
solid line in Fig. 11 is the speci� c impulse Isp of the ideal ram-
jet with no intake or combustor losses and with complete nozzle
expansion. The impulse calculated at each � ight Mach number as-
sumes the appropriateinlet and nozzle geometry at that speed for an
ideal stoichiometrichydrocarbonramjet. As is well known, Isp goes
from zero at static conditions to a maximum (about 1400 s at about
M D 4) and then falls graduallyas speed increases.This ideal ramjet
has zero velocity at combustion, requiring in� nite frontal area. A
real ramjet suffers a penalty to keep area limited.

Next, the speci� c impulse is calculated for a similarly idealized
pressure-gaincombustion ramjet. This result (dashed line, Fig. 11)
is based on the theoreticalpressure rise if the combustion process is
partially con� ned such as in a wave rotor or valved combustor. The
pressurerise dependsonly on threeparameters: the temperaturerise,
the presenceof gas in the combustor that does not undergo combus-
tion, and any precompressionsuch as caused by wave action during
intake into the combustor. It is assumed conservatively, based on
typical wave rotor gasdynamics, that 50% of the combustion cham-
ber is re� lled and burned in each cycle of the unsteady combustor,
as a mass fraction of the total con� ned gas, and that the residual
gas has the properties of unburnedgas. We also assume a slight pre-
compressionpressure ratio of 1.2. It was found that variations in the
� lled fraction, residual gas properties, and precompression ratio up
to 2.0 do not change the curve signi� cantly. Given ideal ram pres-
sure for each � ight speed at the valved combustor inlet, the pressure
at the combustor exit is determined with the preceding parameters.
The thrust is then calculated assuming an isentropic expansion of
the combustorout� ow gas from the boostedpressureto atmospheric
conditions. More details of this calculation procedure are given in
Ref. 12.

In essence, this shows that 1) the performance of a pressure-
gain ramjet is always better than a simple ramjet and 2) from static
operation up to where the maximum Isp of a simple ramjet occurs
(about Mach 4) the pressure-gain ramjet has a roughly constant Isp

that is always higher than this maximum. A PDE ramjet is expected
to have very similar performance.

Fig. 11 Pressure-gain combustion for a stoichiometric hydrocarbon
ramjet.

Evaporation
In many combustiondevices liquid fuel is injectedand evaporated

beforecombustionwith the help of atomizationduring injectionand
heat from combustion.Simpli� ed models of combustion thermody-
namics, such as used in the prior sections, do not account for the
effect of this evaporation.“Air-standard”heat-additionmodels also
do not account for many other effects of real combustion, including
changes in gas speci� c heat and molar density, as a result of compo-
sitionchange(includingdissociation)and large temperaturechange.
Here we examine only the effect of liquid evaporation, insofar as it
affects the gas molar density and pressure. The change in number
of moles as a result of chemical conversion can be appended to the
evaporative increase, if desired, but will not be meaningful unless
other real-gas effects are also included. The evaporative effect ap-
plies to fuel or propellant injection and any other liquid injection,
such as demineralized water in “humidi� ed” turbine engines13 to
enhance engine power or control emissions.

It is assumed that the relative amount of liquid injected is suf-
� ciently small that the average gas molecular weight and speci� c
heats do not change as a result of the evaporated vapor. It is also
assumed that the vapor is dilute and behaves as an ideal gas. For
simplicity, liquid evaporation is considered only for the constant-
volume case with no buffer gas.

Referring to Fig. 3, we now distinguishbetween states A and A0,
beforeand after the evaporationprocess,which involvesa heat input
Q 0. The heat input is de� ned to be the heat required to evaporate
the liquid such that the � nal temperature of the mixture is the same
as the initial temperature of the air TA . With constant volume and
temperature, the pressure ratio is equal to the molar ratio of A0 to A.

pA0 =pA D n A0 =n A (16)

Energy conservation for the cycle now requires

Q C Q 0 D W C m2cp.T3 ¡ T2/ C m L .h3 ¡ hL / (17)

By de� nition,

Q 0 D m L .u A0 ¡ uL / (18)

and we assume that the speci� c volume of the liquid is negligible,
so that hL ¼ uL .

Also, for combustion,

Q D .m2 C m L /cv.TB ¡ TA/ (19)

Paralleling the derivation of pressure gain in Eqs. (2) and (3),
for constant-volume combustion with isentropic compression and
expansion processes

pB =pA0 D TB =TA0 D 1 ¡ ¹L C ° .T3=T2 ¡ 1 C ¹L /.T2=TA/ (20)

where ¹L D m L =.m2 C mL /, and the pressure gain is

p3

p2
D

p3

pB

pB

pA0

pA0

pA

pA

p2

D
³

T3

TB

TA

T2

´° =.° ¡ 1/
TB

TA0

nA0

n A

D
³

T3

T2

´° =.° ¡ 1/
n A0

n A

£

"

1 ¡ ¹L C °

³
T3

T2
¡ 1 C ¹L

´³
p2

pA

´.° ¡ 1/=°
#¡1=.° ¡ 1/

(21)

Similarly, the nondimensional work production without pressure
gain can be shown to be
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m2cv T2
D

(³
T3

T2

´° ³
n A0

n A

´° ¡ 1

¡ 1 C ¹L

)³
pA

p2

´.° ¡ 1/=°

¡ °

»
T3

T2
¡ 1 C ¹L

¼
(22)

For combustion with evaporation, the heat added cannot be ex-
pressed only in terms of the sensible energies of the in� ow and
out� ow states. Instead, the heat of evaporation must be obtained
from physicaldata for the particular liquid. Therefore, an ef� ciency
similar to Eq. (6) is not calculated as it will be meaninglesswithout
including the heat of evaporation. As expected, the work produc-
tion without liquid injection is recovered from Eq. (22) after some
algebraicmanipulationby setting u L D 0 and n A0=n A D 1, and com-
paringwith Eq. (6) while setting Q D mc p.T3 ¡ T2/ there.The effect
of evaporationwill be illustratedfor cases of fuel evaporation in the
closed combustion chamber and water injection. The composition
of the gas after mixing of hydrocarbonor hydrogen fuel, water, and
air is represented as

ÁCx Hy C .x C y=4/.O2 C 3:76N2/ C ®H2O (23)

Fuel Evaporation

Consider the case of stoichiometric (Á D 1) hydrogen-air com-
bustion with initial temperature such that T3=T2 D 6:0. Without
precompression and assuming ° D 1:2, constant-volume combus-
tion of a premixed charge will result in an ideal net pressure
gain of 2.78. Instead of premixing, injection of liquid hydrogen
(¹L D 0:144; n A0 =n A D 1:42/ after closing the combustion chamber
will yield a pressuregain of 3.06 or about10% better.Similar calcu-
lationswere done for typicalhydrocarbonfuels burningin air at lean
overall fuel-air ratios typical of gas turbines such that T3=T2 ¼ 2.
The pressure gain increases by 1% or less as a result of the very
small molar density of fuel. When the relative amount of liquid is
large, such as in a pulsed combustion rocket chamber with liquid
fuel and oxidizer propellants, the evaporation effect is likely to be
substantial, but is not considered in this paper.

Water Injection

An interesting example is that of liquid water injection into
the chamber. At a typical level of humidi� cation for power-
generation gas turbines, ¹L D 0:15; n A0 =n A D 1:25, the pressure
gain is increased from 1.53 to 1.84, a 20% improvement (assum-
ing ° D 1:3; T3=T2 D 2, precompression ratio of 1.6). The case of
a work-producing device with no pressure gain is even more im-
pressive.For the same conditions the nondimensionalspeci� c work
increases from 1.1 to 1.64 units, a 50% increase. This bene� t is
in addition to the turbine output boost from humidi� cation at con-
stant pressure. Humidi� cation can be practical only for temporary
power boost and environmental compliance under high ambient-
temperature conditions. A work-producing combustion device al-
lows the limited quantity of water injected to have maximum im-
pact. The pressure gain for constant-volume combustion, without

Fig. 12 Pressure-gain enhancement by evaporation.

Fig. 13 Work enhancement by evaporation.

and with water injection with a mass fraction of 15%, is plotted in
Fig. 12 for a range of temperature ratios. Figure 13 is a correspond-
ing plot of work production.

Conclusions
A thermodynamicmodel has been developed to analyze pressure

gain and work production in systems where combustion and evap-
oration occur in air in a closed volume. The ideal case of a constant
volume combustor allows simple algebraic expressions to be de-
veloped for the maximum pressure gain or work production that is
thermodynamicallypossible.

The effects of a residual buffer gas and friction losses are in-
cluded in a more detailed model. Iterative calculations are usually
needed to modify the thermodynamiclimits for these effects.Exam-
ples of devices are provided for which speci� c performance limits
can be derived. A comparison is made with published gas dynamic
computations for a wave rotor.

The effect of fuel vaporizationor other liquid evaporation in the
combustion chamber is considered.Fuel vaporizationhas a signi� -
cant effect only for low-molecularweight fuel (hydrogen).Substan-
tial effects on pressure gain or work production results when liquid
water is injected into a con� ned combustor.The practical feasibility
of exploiting this work potential is yet unknown, and may depend
on any other constraints placed on the system.
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