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GAS DYNAMIC COUPLING OF TWO VALVELESS PULSED
COMBUSTORS FOR PRESSURE-GAIN COMBUSTION CHAMBERS

e Sk D15 Bt B4 it g gt e oy W Sl g1

EM. Marzouk, S. G. Ahmed, M.F. El-Erian and A. . Abdelfattah

Mechanical Engineering Department, Faculty of Engineering,
Alexandrna University, Alexandria, Egypt.

O Glima Y ol G U Jleanaly G Y r e Bl b GV B oY s 5 ol p 0
et dled) Base (5t bl Gy e iy 0 B el e U0 ol
gs;s_ﬂ,jjc'..majsgsat,jwwad\d)u.f,lgi@_;a,ascz.m:.__K__,Lp_,,j;zgf,\)pa,L__Léa..iJ,@._.nr@J
B e iy e U gy Jlai ety U G o (3 Rt Bl s Bl et i) A 5L
Q’lid\f_-—iii_,bdL_._',L{:L.Pr)[;x;fﬁﬁdbui;ﬁ‘jfai)l’ﬁu;ij@Urargﬁwl(jb:a-iuf\f:
A o) i b o e 1Sy oy Bl e Rlaall i) pusb ol ] # S fais
I SESCApIE Y -0 VR POR | U B XY SRRON T INC 1 RS FRCHE R TR PR VP LY PP DRy
3 b R IS it At w5 3 A b 1 e oy 0y 5 gl g e il y wis 3 il
Bl il 306 s 538 ST Lo peall S RIS s U g B2 ol R Rieliany 5D S las sy
b e Ll y 5 e Jaee i e w3 5305 O el G U el e Sl 8 G (3 e
B ial eds G B aud s LSt Cdlan sy O e g oS & L IS Yl (6 pin 35
ey

ABSTRACT

The function and preference of pressure-gain pulsed combustors are described as an
important application amongst other diverse potential uses of pulsed combustors. A
thermodynamic parametric analysis is given to establish the advantages of charge
precompression in a constant volume combustion model representing two gas
dynamically coupled pulsed combustors for a pressure-gain combustion chamber.
Test results from the single and the two coupled valveless pulsed combustors, are
presented. It is shown that the two combustors can be successfully locked gas
dynamically in antiphase relationship operation. The potential for noise suppression
due to coupling is discussed and demonstrated. Though the specific performance
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due to coupling, based on maximum specific thrust and maximum specific fuel flow
rate, is deteriorated. The effect on performance of precompression of the charge due
to coupling is realised with significant increase in total specific thrust at the same
fuel flow consumption.

Keywords: Pulsed combustors, gas dynamic coupling, performance, noise.

NOMENCLATURE

A = Cross sectional area, m’

Cq = Flow coefficient applicable to outflow

Ce = Specific heat at constant pressure, kl/kg. K

Cv = Specific heat at constant volume, kl/kg K

f = Fuel air ratio

H = Lower calorific value of fuel, ki/kg

k = Specific heat ratio

m = Combustor time averaged outflow ratio, kg/sec.
¢ = Fuel flow rate, kg/sec.

n = Number of outflow pulses per cycle.

P = Total pressure, kPa

q = Time averaged heat loss rate through structure, kl/sec.
R = (Gas constant, kl/kg. K

tt' = Time and non dimensional times, sec,

T = Total temperature, K

u = Flow velocity, m/sec

XX = Space and non dimensional space variables. , m
5P = Pressure gam (Pg-Pamp) , model, kPa

3t; = Duration of ith cutflow period, sec.

8toyee = Duration of combustor cycle, sec.

A = Pressure ratio for constant volume combustion, model
5} = kg recirculated exhaust gas per kg combustion air
el = kg diluticn air per kg combustion air

o = Flow density, kg/m’

t = Time averaged thrust, N

n = Thermal efficiency

e = Combustion efficiency

Subscripts

1,2,3 = State points (Figure (2))
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AMB = Ambient
OUT = Outflow
P,R = Precompression and Recirculation (Figure (2)).

INTRODUCTION

The incentives for using pulsating combustion preferentially relate to a self induced,

vigorous, stirring action within the combustion space and also a potential for achieving a
pressure gain, or on the other hand, the effects can be used to pump the products of
combustion through heat exchangers, boilers, ..etc. Among other advantages that have led
to active research in this area in the last few decades, are higher thermal efficiency, higher
heat transfer rates, higher combustion intensities and reduced pollutant emissions [1,2]
The function of a pressure-gain combustor (e.g. for a gas turbine) is to generate a gain in
stagnation pressure across the combustion chamber in addition to providing the
temperature nse normally associated with steady flow combustors. The steady flow
combustors are usually called constant pressure combustors. This is a misnomer, since in
reality they suffer stagnation pressure drop across air inlet and products outlet. In addition
to the total pressure loss due to mixing and frictional effects, there is the fundamental
heating loss resulting from the need of the gas to eccelerate as its density decreases with
heating to maintain continuity, In a pulsed combustor, which is the heart of a pressure gain
chamber, the pressure exchange associated with the nonsteady operation, the high
frequency and broad pulse width enable the exhaust gases to drive into and maintain a
higher than inlet pressure at the discharge end of the chamber [3,4,5,6,7]. Fig. (1) shows a
schematic diagram of an elementary, valveless, pulsed combustion pressure-gain
combustor for gas turbine [5]. The thrust augmenter flow rectifier, on the left side of the
figure, serves to catch and redirect rearwards, backflow emerging from pulsed combustor
inlet and also entrain, by ejection like action, a secondary air flow from the air inlet region.
The first proposals for a valveless pulsed combustor with no moving parts and capable of
operation at high volumetric loadings appear to be due to [8,9]. The rotary inlet valved
units, e.g. [10] or flap valved units, e.g. [8], have the common disadvantage of provision of
a major constant speed rotary parts or highly stressed parts that affect the integrity and
reliability of the unit.

Other applications, of current interest for pulsed combustors include space and
water heating [11,12], propulsion applications [13, 14], high intensity boiler [15] and
drying applications [16,17], ..etc.

The disadvantages of a pulsed pressure gain combustors relate mainly to problems
of noise and the lack of the combustor to signifcantly precompress the charge before the
onset of combustion. This insignificant precompression limits the pressure gain potential of
the combustor [5]. It is possible, at least in principle, to overcome these problems if two
vatveless pulsed combustors can be made to operate mutually in antiphase.
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The present work shows quantitative thermodynamic parametric model results
relating to benefits of precompression resulting from gas dynamic coupling of two pulsed
combustors. Correlation of pressure gain to the thrust produced, is also reported. The mode
of operating of the two coupled combustors at the exit plenum is introduced based on
simplified Mealized time dependent of the one dinension flow. Experimental results
obtained from tests carried out on the two coupled pulsed combustors are also reported.

Themodymamic Model For Precompression Effect:

It is possible to produce a pressure gain during cowbustion by confining the
burning process. For example, the Otto cycle piston engine draws in air from ambient,
burns the mixture in fixed volume, producing significant pressure rise. The subsequent
piston motion extracts useful work from gas expansion. This is to be different from the
gas turbine case where the combustion occurs at nearly constant pressure, without
producing wseful work during gas expansion associated with the heat addition.
Downstream of the combustor, energy is extractd from gas expansion in engine rotor, but
the unreswrained expansion in the combustor produces an appreciable loss in
thermodynamic availability. This has made the motivation for novel compound engine
cycles, typically using piston engine as topping cycle for a turbine. The piston engine
serves to capture the expansion work from combustion process and the turbine extracts
additonal work from exhaust stream. However, the complexity of combined turbine and
piston engines have prevented their widespread acceptance. A different approach to
capture the benefits of confined combustion in gas turmines is to use pulse combustor. A
schematic of such pressure generating combustion chamber using pulse combustor is
shown in Figure (1). The osciltating gas motion is used to confine the combustion process.
With correct timing of the unsteady gas flows, the fluid motion is, in effect, analogous to
piston and valve assembly in piston engine,yet without the complexity of mechanical
parts. The benefits of precompression results from gas dynamic coupling of two pulsed
combustors on pressure gain potential may be analysed by using a Lenoir cycle piston
engine to generate pressure gain.

Figure (2) shows the model used to evaluate the effect on pressure gain obtained
from pulsed combustor from precompression of the charge before the onset of
combustion. The flow diagram Fig. (2a), presents a two stroke piston engine working on
ideal constant volume combustion scheme during the outward suction stroke. Gases
expand after combustion to the end of the stroke where it expelled during exhaust stroke
against back pressure. The charge in and discharge out of the cylinder are idealized with
no pressure drops. The net work extracted is used to compress the excess air, which is
mixed with exhaust gases for a certain desired maximum outlet combustor temperature at
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higher outlet pressure than inlet air. Fig. (2a) also shows the flow diagrams when allowing
for precompression of fresh charge and for recirculation of exhaust combustion gases to
inlet fresh charge. The cumbnstor air inlet (or piston engine inlet) state points 2 ,2P and 2R
are at ambient pressure or at compressor deleviry pressure of agas turbine for the cases
with no precompression and recirculation, with precompression and with exhaust gas
recirculation, respectively. The combustor exhaust gas outlet (or engine outlet) state points
5, SP and 5R are at higher pressure than inlet and at maximum outlet combustor
temperature. State point 3 represents the outiet condition of a steady nominally constant
pressure combustion chamber of a gas turbine. Fig. (2b) shows the temperature-entropy
diagram for the cycle model for the case with no precompression. No attempt to add the
cycle model for precompression and exhaust recirculation to avoid complexities and
destractoin of attention for consice presentation.

The model is not intended to represent typically the two coupled pulsed combustors.
However, from function point of view, It performs the same operations oceurring within
twin coupled pressure gain combustors. The virtue of the model relates to simplicity of
analysis when compared to the complex unsteady flow processes involved in the pulsed
combustors. .

Assume stoichiometric fuel air ratio of combustion mixture, f = 0.066. The working
fluid is assumed to have properties of air and the calorific value of fuel is equal to 42000
ki/kg. Assume expansion and compression processes are isentropic, and stagnation
teraperature ratio of combustor outlet to air inlet is 2.5 (T3/T2). Equating the work extracted
from piston engine and that required to compress the dilution air, and application of energy
equation to mixing different streams, results in the following parametric equations for the
case of no precompression of the fresh charge.

TeCo(@+A'%) = Ty (GCHR(A+K-1)/(k-1) (1)
Where;

@ =(f H/Cy (T5-Tp)) ~1 )
A=(fH/C,Ty) -1 3)

The pressure gain ratio is obtained

(p/pame) =T/ Tave)™ 0)

Similar procedures for case with precompression and with recirculation of exhaust gases
are also carried out. The relative (not the absolute) efficiency of precompression on the
thrust produced and on thermal efficiency are shown in Fig. (3) and Fig, (4), respectively.
The performance of the device as a thrust generator is of essential interest, discussed in the
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next section, as the pressure gain from the pulse combustor unit Fig, (1) is related to
thrust. However, the effectiveness with which fuel is converted into kinetic energy, which
is indicated as thermal efficiency, is also reported. (Twiw/Twimow) 15 the ratio of thrust
generated with precompression to that without precompression, both based on certain
exhaust gas recirculation ratio. (Mwin/Mwitow) 18 the thermal efficiency with precompression
to that without precompression, both based on a certain exhaust reclraulation ratio.
Typical value of q for valveless pulsed combustors appears to exceed 50% based on the
the first author experience and from [18].

Figure (3) and Fig. (4) imply that significant increases in thrust and thermal
efficiency are obtainable even with moderate precompression of the fresh charge. Hence.
provided that the two pulsed combustors can be locked in antiphase operation, the energy
exchange associated with one combustor may be used beneficially to precompress the
charge of the other combustor.

Correlation of Thrust to Pressure Gain

In the next sections of experimental results of combustors, it is aimed at
maximizing the static thrust produced and minimizimg the specific fuel consumption.
Correlation of thrust measurements, fuel flow rate and temperature measurements in a
combustor, such as shown in Fig. (1), permits the pressure gain to be estimated. The
combustor testing is made in laboratory, self aspirating under ambient pressure. This
. results in outflow gases expelled at static pressure equal to ambient pressure,. Thus, the
resulting stagnation pressure gam is the increase above ambient intake pressure of the
outflow from combustor. In the following analysis, it is assumed that the pressure during
outflow is uniform and outflow occurs during a fraction y of the cycle time 8t .. Fig.
(5). It is assumed also that the relationship between velocity and pressure in combustor
outflow is incompressible (i.e small pressure gain and relatively low gas Mach number).
From Fig. (5), the governing equation of the system may be written as:

=

¥ =

1

. 8t /5t eyete (5)

The energy equation applied to the whole combustor unit Figure (1):,
m Cy(Toyr - Tama ) +a = mf e H (6)
The continuity equation is written as

m =Cq poyr ~Agur B (M
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The momentum equation for subcritical outflow as assumed;

T =Cq ¥pyp Aoyr 12 (®)
and Bemnoulli's equation to combustor outflow;

8P = Py ,r~Pams = Pour u?/2 (9)
Algebraic manipulation of equations (6) to (9) lead to:

5P/ Puae =2 [C, (1~ o / Toye)/ . H =) (10)

When all variables on the right hand side of equation (10) except t  donot vary, it can be
seen that the pressure gain (8P/Payp) is directy proportional to square of average thrust.

In cases in which a tends to zero and T, and Toyy are constants, it can be seen that

8P/Pys =C(x /m’ )
(m

where C 1s a constant

Test Apparatus:

A single, highly rated, propane fuelled, valveless pulsed combustor with internal
proportions of the unit as per SNECMA/Lockwood design [5,19], is used in the present
work. Figure (6) shows the constructional details of the present experimentally optimized
puised combustor. The combustion space internal diameter Fig. (6), is increased to 80
ureversibilities mm in relation to SNECMA design. This is aimed at reducing frictional
effects, inversibilities, etc due to increased flow Reynolds number in the fully developed
version pressure gain combustor such as shown in Fig. (1).

Provided two pulsed combustors are coupled to operate in antiphase, the potential
also exists for obtaining a measure of wave cancellation and noise control. Two typical
pulsed combustors of that shown in Fig. (6) are used for coupling experiments.

Figure (7) shows a schematic diagram of the configuration used for gas dynamic
coupling. It illustrates the system with a common exhaust plenum for the tail pipe ends,
two unsteady flow ejectors to cope with the tail pipe exists backflows [20,21] and an inlet
pipe. Fuel flow rate is measured by calibrated choked nozzle meter. Two calibrated thrust
meters of the free displacement type, are used for static thrust measurements at the inlets
and exists of the combustors. Pressure-time traces in the two combustion spaces of the
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combustors are recorded by two calibrated piezoquartz water cooled pressure transducers.
The average pressure in the plenum is measured by a water manometer. The noise level
from the combustors is received by a condenser microphone and recorded on a magnetic
tape. The output of the recorder is fed to spectrum analyzer for audio spectrum up to
10,000 Hz. Full dimensional details of the test rig is available in Ref.[22].

The design of the proposed coupling system, was based on idealized simplfied analysis of
the method of charactenstics to solve the one dimensional time dependent flow equations
[22]. The {x-t) diagram of the coupling system, shown in Fig. (8), suggests how the
coupling comfiguration results in some degree of precompession of the fresh charge to the
combustors working in antiphase. The diagram also gives approximate lengths for both
inlet air pipe, and the ejector augmenters.

RESULTS AND DISCUSSION

The optimization test program for a single combustor with 80 mm internal diameter
combustion space was carried out. It included variations of the combustor inlet pipe and tail
pipe lengths, inlet pipe configuration, tail pipe throat diameter and fuel injection nozzles
configuration. The geometric variations are aimed at improving the breathing capacity of
the combustor and at improving the fuel distribution and enhancing the mixing between
fuel, air and residual combustion gases. This improvement leads, in effect, to maximize the
thrust produced and to have the least specific fuel consumption. Figure (9) shows the
performance of the present optimized combustor compared to that of SNECMA [5, 19].

Series of tests, using a single combustor, to optimize the unsteady ejector for the
coupling system, Fig. (7), were carried out in ambient atmosphere. The energy exchange
process in the unsteady ejector here is quite unlike that in the steady flow counterpart
which utilizes viscous and turbulent mixing to induce the, secondary flow. By comparison
the unsteady ejector is based on wave motion, which become reversible under ideal
conditions and, therefore, appears to offer high efficiency. Hence, thrust augmentation ratio
of 1.65, is obtained for quite compact optimized ejector [22).

The arrangement for gas dynamic coupling at tail pipe exists of the combustors, Fig.
(7), has been tested and has shown to result of locked in antiphase operation of the two
combustors. This 1s llustrated in Fig. (10), which shows the combustion space pressure
traces when combustors “A” and "B" are coupled. Figure (10) also shows the corresponding
traces for dual combustors with the coupling system removed. It is worth reporting that
during the dual operation of uncoupled combustors, an acoustical beating was heard clearly
as the combustors gradually changed form phased to antiphased operation and then to
phased. This suggests that there is no coupling mechanism to lock the combustors in certain
phase relationship.
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The acoustical measurement analysis of the coupled combustors, the dual operation
of uncoupled combustors and of a single combustor are shown in Figure (11). The figure
suggests the presence of a strong signal at the fundamental frequency of the combustor, in
this case 190 Hz. Strong harmonic contributions are also, as expected, due to the non
sinusoidal nature of the fundamental signal at both combustor inlet and tail pipe exists. The
figure indicates that the most important contributions are due to fundamentat frequency of
190, 380, 570,...etc., in descending order. The potential for obtaining a measure of wave
cancellation from coupling operation at tail pipe exits is clear to reduce the sound level by
nearly 20 db, compared to dual operation. It is expected that more effective muffling would
be through energy reduction of the combustor inlet, bare and open 1n this case, in the fully
developed shrouded version for gas turbine pressure gain combustor such as that from Fig.
(1). 1t Is also expected that the presence of the turbine, because it extracts from combustor
ountflow, tend to ameliorate combustors generated noise. This phenomena is well known in
turbo supercharged piston engines. The fundamental difficuity that makes the use of sound
absorbent (porous) media, for example in the turbine exhaust duct lining, quite ineffective
at the fundamental low fiyquency (190 Hz) of a single combustors, is also alleviated by
coupling.

The specific performance per unit combustion space area, Fig. (12) and Fig. (13),
for the coupled combustors, is significandy deteriorated compared to the single combustor
with the unsteady ejector in ambient atmosphere with no plenum chamber. This seems to
be attributed to the lower than atmospheric pressure encountered in the exhaust plenum,
which dragged the combustors into air pumping. This would be overcome in the fuily
developed version of the gas turbine pressure-gain combustors such as in Fig. (1), where
the flow rectifier is used to catch and redirects the backflow from the combustor inlet
forcing it with the secondary air to the exhaust plenum. It is worth mentioning at this stage
of development reference to equation (4), that the secondary flow ducts in Fig. (1) would
be replaced by axisymmetric shroud around the combustor and the two combustors placed
in an inlet plenum cell ahead of the exhaust plenum. This is not only cool the combustor as
flame tube but also reduce the average heat loss form the combustor structure.

However, the anticipated thrust gain from precompression effect due to coupling the
two combustors is realized with reference to Fig. (12) and Fig, (13). This is illustrated by
the increase in specific thrust of the coupled units measured at inlet ends of the combustors
Fig. (12). Also the increased thrust level at the tail ends of the coupled version compared to
the single combustor when operated with the exit plenum and blocking the outlets for the
other combustor Fig. (13).
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CONCLUSIONS

1. The thermodynamic constant volurne combustion model representing the coupled

pulsed combustors for pressure-gain combustion chamber, predicts significant
beneficial effects due to precompression of the charge before igmition on thrust
produced and thermal efficiency even at moderate precompression ratio.

. Correlation of thrust to pressure-gain is derived from which the experimental results
based on thrust can be used to estimate the combustor pressure-gain.

. The proposed gas dynamic coupling system at tail pipe exits locked successfully the two
combustors in antiphase relationship with quick resonation and smooth operation,

. Typical experimentaily obtained noise spectra, for single combustor, show that very
strong noise source is the firing frequency with the first few higher harmonics also
being strong contributors.

. The two coupled pulsed combustors at tail pipe exists results in the fundamentat noise
frequency being twice the firing frequency of the individual combustor.

. Acoustic measurements indicate sigmficant reduction of about 20 db in noise level due
to coupling the two .combustors. Coupling also entails improvement in muffling
capabilities at the higher fundamental frequency and first higher harmonies.
Improvement is also expected for the fully developed version of  the pressure gain
combustor. , ,

Beneficial effect of precompression on thrust produced of the coupled combustors is
realised experimentally.

. The specific performance of the coupled unit is deteriorated when compared to the
single combustor. Overall implication of results indicates that improvement of the
present coupling system with inclusion of the return backflow from each combustor
inlet to surround the combustor annularly and the whole unit is to be shrouded, 1s
necessary if the potential advantages of mutual precompression are to be realized.
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FigureJ(l) Arrangement of prototype pressgre-gain combustor
with thrust augmenter flow rectifier (Schematic) [5].
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Figure (6) Construction details of the experimental valveless
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Figure (7) Arrangement for coupling at tail pipe exits
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Thrust Specific Fuel Consumption Kg/Nhr

Mansoura Engineering Journal, (MEI), Vol. 24, No. 2, June 1999. M. 101

0.7

0.6

0.5

0.4

0.3

0.2

] 1 [ il [ | 1 I 1
—— SNECMA-Lockwood Combustor [5]
— A Optimized Combusior of Present Work 1

-

a

l [ | | I L |
2 3 4 5 6 7 8 9 1 11 12

Thrust/Combustion Chamber Cross Sectional Area KN/in?

Figure (9) Comparison between performance of the optimized
combustor of present work and SNECMA-Lockwood combustor [3]
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Figure (10) Combustion Space pressure ~time traces for:

(a) Single combustor, m=1130 Kgfhr.m2
{b) Two coupled combustors. m=2350 Kgfh.r.mf
{¢) Dual combustors. m=2350 Kg/hr.m"

Vertical axis 70 Kpa/Div. sweep rate 2 m. sec/Div.
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Figure (11) Measured sound Pressure level spectra for:
(a) Single combustor, m=1591.5 Kg/hr.m?
(¢) Dual combustors. mg=1591.5 I-(g/h.r.m2
{¢) Two coupled combustors. mE=2350 Kg/hr.m”
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Figure (12a) Effect of coupling system on combustors
performance in terms of intet end thrust onty.
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Figure (12b) Effect of coupling system on combustors
performance in terms of tail thrust only,
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Figure (13) Effect of coupling svstem on combustors
performance,






