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If the conventional steady flow combustor of a gatirbine is replaced with a
device which achieves a pressure gain during the mbustion process then the
thermal efficiency of the cycle is raised. All sut ‘Pressure Gain Combustors’
(e.g. PDEs, pulse combustors or wave rotors) are harently unsteady flow
devices. For such a device to be practically indtad in a gas turbine it is
necessary to design a downstream row of turbine vas which will both accept
the combustors unsteady exit flow and deliver a fl@ which the turbine rotor
can accept. The design requirements of such a vaaee that its exit flow both
retains the maximum time-mean stagnation pressureain (the pressure gain
produced by the combustor is not lost) and minimise the amplitude of
unsteadiness (reduces unsteadiness entering the dwstream rotor). In this
paper the exit of the pressure gain combustor is miulated with a cold unsteady
jet. The first stage vane is simulated by a one-aiensional choked ejector nozzle
with no turning. The time-mean and rms stagnationpressure at nozzle exit is
measured. A number of geometric configurations aranvestigated and it is
shown that the optimal geometry both maximizes timemean stagnation
pressure gain (75% of that in the exit of the unstdy jet) and minimizes the
amplitude of unsteadiness (1/3 of that in the primg jet). The structure of the
unsteady flow within the ejector nozzle is determiad computationally.

. Introduction

If a stagnation pressure gain could be achievealsadhe combustion process in a gas turbine then
its entropy rise would be reduced compared withoaventional combustor, and the exergy and
availability of the exit flow would be increase&ir William Hawthorne in the conclusions of his 299
IGTI scholar lecture [1], captured this conciselhiem he saidthe largest loss of thermodynamic
availability occurs in the combustion chamber. Wisneeded is a work producing combustion
chamber.’ If such a combustion chamber could be practicadilized then the rise in turbine inlet
exergy and availability would result in a step gsse in gas turbine thermal efficiency.

Three types of pressure gain combustor have begorted in the literature, pulse combustors,
pulse detonation engines (PDEs) and wave rotorgachEhas relative merits and disadvantages,
however all produce a highly unsteady exit flow ethhas a higher exergy than would be possible with
a conventional steady flow combustor. If a pradtiengine using such a combustor is to achieve a
higher thermal efficiency, then the downstreaminebmust be able to extract a significant proportio
of the additional exergy as shaft work. To achithis, a first stage turbine vane must be designed
which accepts the unsteady combustor exit flow delivers a flow to the downstream rotor which
retains the maximum possible time mean exergy taghation pressure. It is also a requirement®f th
first turbine vane that the exit flow has the minim variation in stagnation pressure. This is bseau
unsteadiness in the nozzle exit flow will propagate a downstream rotor and may adversely affect
the efficiency.

Three conceptual methods of joining a pressure gaimbustor to a downstream turbine stage have
been reported in the literature. Schematics oftkinee are shown in figure 1. The papers are all
concerned with ensuring that the increase in waukpat from a downstream turbine would be
maximised.

In the first method, fig 1a, a plenum is locatedwsen combustor exit and turbine inlet. Such a
geometry was reported by Gemmen et al [2]. Thewydothat the plenum reduced unsteadiness in the
exit flow but that the dissipation of the exit flawthe plenum resulted in a stagnation pressuire @a
only 1%. These tests show that dumping the flaw anplenum at combustor exit would significantly
reduce the benefit of pressure gain combustion.
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Figure 1. Possible methods of coupling a pressugain combustor to a
downstream turbine
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In the second method, fig 1b, an ejector or simgeometry is mounted downstream of the pressure
gain combustor and a short transition piece is ueegjdin the ejector exit flow to the turbine inlet
Paxson and Dougherty [3] explicitly used an ejeetod achieve a pressure gain of 3.5%. Kentfield et
al [4] and Porter [5] used a contracting tube, Eimin geometry to an ejector, to achieve a pre&ssur
gain of 4% and 8% respectfully. This should be paraed to a typical 2-6% stagnation pressure drop
across a conventional combustor [6]. Paxson anggBerty also found that the unsteadiness in the
exit flow from the ejector was small, 5% of the mealhese results are very promising, however the
large surface area of the combined ejector, transjppiece and first stage turbine nozzle make the
geometry likely to incur high frictional losses aadbe difficult to cool.

In the third method, fig 1c, the combustor exitégnected directly to the inlet of the downstream
turbine. This is similar to the approach usedpulse turbocharging’ of IC engines. In this method
the distance between the car cylinder and turbgenaturbine is minimised so that flow with
maximum exergy enters the downstream turbine. dstroases the benefit from increasing the exergy
at turbine inlet will more than offset the lossdifficiency due to high levels of unsteadiness gtitie
inlet [7]. To the authors’ knowledge the only patiet reports a detailed experimental investigatdb
pulse turbocharging an axial turbine is Daneshyal §.0]. They mount an unsteady pulse generator
directly upstream of an axial flow turbine. Thdsms used were characteristic of those encountered
IC engines and were much larger in amplitude thasd produced by pulse combustors but are likely
to be a lot smaller than those produced by PDHse éffect of feeding the pulsed inlet flow directly
into the turbine was to reduce its efficiency by4lO0lt is clear from these tests that directly douygpa
pressure gain combustor to the conventional turlsane result in a significant reduction in turbine
efficiency.

The available literature raises the question oftiwlr an ejector and first stage vane can be
combined to form a single component which at ihke$ the geometry of an ejector and at exit has the
geometry of a first stage vane, shown in fig 1dhe &im of this component would be to achieve a high
pressure gain whilst delivering a relatively stefidy to the turbine rotor. Such a component would
have a much smaller surface area than would beneltdy using a separate ejector, transition piece
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Figure 3 Control Volume

and vane and would thus produce less frictionad lmsd be easier to cool. This paper reports the
testing of such an ejector-vane combination. Tap$fy the testing the turning in the vane was not

simulated and the vane was modeled as a one-diomatsiozzle (fig 2). The ejector geometry chosen
for the tests was the optimal geometry reportedViaggon and Miller [8]. In the paper the distance

between the ejector leading edge and nozzle e)stsyatematically varied to determine its effect on

the percentage of the additional exergy createthbypressure gain combustor which is preserved to
the nozzle exit and rms unsteadiness there.

II. Experimental and computational methods

The experimental setup is shown in fig. 2. Theeexpent was designed to allow the rapid
assessment of different geometrical configurationsThis was achieved using a simplified
configuration. Only one primary jet and ejectonggassage were simulated and the vane exit turning
was not simulated. The pressure ratio acrossjdwtoe-nozzle, achieved with a downstream vacuum
pump, was set so that the exit remained chokechglugsting. To allow accurate measurements of
performance to be made the experiments were pegfbisothermally at ambient temperatures.

The primary jet is produced by a resonance tubmecied at one end to a piston. The piston
oscillates, exciting the ¥ wave mode of the tulbbe velocity at the open end of the resonance isibe
sinusoidal with a peak Mach number 0.19. Furthe¢aitbecan be found in Mason and Miller [8] or
Heffer at al [9]. The aspect ratio of each slumnfrthe primary jet, length to diameter ratif, was
systematically varied from 4 to 7. This covers thrge ofL/D found optimal for unsteady ejectors,
Mason and Miller [6].

At inlet, the geometry of the ejector-nozzle is #ame as the optimal ejector reported by Mason
and Miller [8]. The ratio of the ejector to prinyajet diameterDg/D, is 2 and the ratio of the nose
radius to jet diameter i®y/D, is 0.26. The length of the parallel part of tieceor, L/Dg, was varied
from Lg/De = 0.8 to 4. The reason for varying this paramei®s to determine how it affects the time
average stagnation pressure gain and the rms divstsa at nozzle exit. Heffer et al. [9] reportieait
for unsteady ejectors the amplitude of exit unstess$ dropped akg/D was raised. The distance
between the primary jet and the ejector-nozd&), was varied from 1.3 to 3.3. The reason for
varying this parameter was that Mason and Mill§rrgported that for unsteady ejectors there was an
optimal value aX/D = 2.

One of the aims of the experiment is to measur@é¢neentage of the exergy in the inlet flow which
is retained at nozzle exit. The control volume sidered is shown in figure 3. The primary jet
produces a flow at state 1, and the nozzle exit fip at state 2. The ground state for the exergy
calculations, 3, is the state that which would odfuhe primary jet were to mix out fully into a
plenum at ambient pressure. This idealized statke same as would occur from a steady combustor
with zero pressure loss. If both the temperatdréhe primary jet and ambient fluid entering the
control volume at inlet is constant and equais given by:

£y = ] a(ny — s + To(s, — so)ldAdt = | [ pViTs (Bs10)aAdt = | VTaR I 2+ Jaadt

Whereh is enthalpy.T is stagnation temperatunejs stagnation pressure,s density, andR is the
gas constant for air. Non zero exergy flux enteescontrol only during outflow, time period 0 &2,
and thus the integral can be reduced to this peridding a truncated Taylor series to represent the
natural logarithm, the inlet exergy fluk,can be written as:
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It should be noted that the RHS of equation 2 regrts the kinetic energy flux in the primary jet.
Under the same approximations the exergy flux legtie nozzle is given by:

E, =[] Valhy - hg +Ta(s, - s3))dAdt= [ [ ovaTo(As)dAdt = [ | ,0V2T3Rln(';—z)dAdt
Y
E, = [[ VoCpTa (%J Y ~1|dAdt 3)
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Wherey is the ratio of specific heats af@p is the specific heat capacity at constant pressiire.
should be noted that this term includes the ndpae as a reduction in the exergy flux of the #git.
It should also be noted that the final term onRt¢S of equation 3 represents power which could be
extracted by an isentropic turbine operating betwtbe nozzle exit and the state 3.

The ratio of equations 2 and 3 is defined as thetej-nozzle efficiencyy and is given by:

y1
[] oV2CpTs [pz] Y _1]dAdt
P3
(4)
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Experimentally the denominator of equation 4 carfiullg determined. The numerator of equation
4 is more difficult to determine as the spatial @achporal variation o¥/, andp, can not be easily
measured. In the experiment the stagnation pressas measured using a pitot probe. This yields a
point measurement that is pneumatically averagetpdeally. The time average mass flow was
measured using a British standard orifice platd.[16 practice the formula in equation 5 was uted
calculate efficiency.
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Figure 4 Comparison of mass averaged stagnation psure and the point measurement from
CFD.
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Where M and P, are the temporal average mass flow rate and cénér@ressure respectively. It

should be noted that because the centre line peesgs used the effect of nozzle loss on the exit
exergy flux has been effectively removed. Thimipractice gives a more useful measure of efficyen
as a nozzle is present in both a PGC gas turbidearrmal gas turbine.

To determine whether the assumptions in the exmatiah measure of efficiency give realistic
results a CFD solution was undertaken. To determihether the CFD gave an accurate measure of
efficiency the CFD and experimental measure ofcifficy, derived by equation 5 were compared.
The CFD was then used to compare the efficiencivel@rfrom equation 5 with that derived from
equation 4 with the nozzle loss removed. Thesepewisons are shown later in the section.

The CFD solution was undertaken using Fluent 6.2.1The solver was density-based and
discretised the equations of motion to second oadeuracy. The turbulence model used was the
Reynolds Stresses model. The grid used was axigyritnand contained 80,000 nodes. Experimental
measurements of pressure were used at the pistendathe primary jet. The geometry, grid,
boundary conditions and turbulence model were thmesas those used by Heffer et al [9] to
investigate unsteady ejectors. The only differehetveen the two geometries and their boundary
conditions was the inclusion of the choked boundamydition at the exit of the nozzle. The ejector-
nozzle geometry simulated hag/D =2 andX/D=2. The primary jet was simulated with atb=4.

Using the approximate measurement method, equ&jothe CFD predicts)= 31% and the
experiment predict3)= 28%. This shows that the CFD and experimentiareeasonably good
agreement. Using the precise measure of efficiesgyation 4 with the nozzle loss removed, the CFD
predictsn= 23%. This shows that buy taking centre line timerage values at nozzle exit the
efficiency is over estimated by approximately 8% he reason for this 8% over-estimation of
efficiency can be seen from fig. 3. This showsetimariation of the centre line pressure plottedrega
the pressure mass averaged over the area. Forofnib&t period the two agree, however, for a small
period the two can be seen to diverge. This istdube vortex passing through the exit plane ef th
nozzle and the velocity profile changing shape.

This CFD and experimental analysis shows that rimedt of the experimental efficiency should be
believed but the absolute value is approximatelyttgh.

lll. Effect of geometry on efficiency

The effects of two geometry parameters are pregdetite spacing between the primary jet exit and
ejector-nozzle inletX/D, and the length of the ejector-nozZle/D. The first parameter is a measure
of how close a combustor exit can be mounted ke&lato the ejector-nozzle inlet. The second



80 T T T T T T T

70 1

Efficiency %

40t » -

30 L L L 1 1 1
2 2.5 3 3.5 4 4.5 5 5.5 6

Separation
Figure 6 Variation of peak efficiency with spacingoetween primary jet and nozzle.

parameter is a measure of how ‘compact’ the ejeudarle can be designed. Figure 5 shows the
efficiency plotted againdt/D, the geometry of each slug of fluid ejected by phienary jet. L/D was
chosen because it has been shown [8,10] that thieisnon-dimensional parameter which fixes the
operation of unsteady ejectors.

The effect of varyingX/D from 3.3 to 1.3, at constahi/D=2 was to raise the efficiency. At
X/D<1.3 the presence of the ejector-nozzle was foaraffect the acoustics of the primary resonance
tube reducing its performance. This implies thaan acoustically driven pressure gain combustor,
such as a pulse combustor, is used tK#P=1.3 should be used, while if a non-acousticalliedr
pressure gain combustor, such as a Pulse Detonatigine, is used theK/D<1.3 may give even
higher efficiencies.

The effect of reducindi/D from 2 to 0.8 was to raise efficiency. The pe#icency measured
was 75% and was obtaineddD=1.3 and_¢/D=0.8 while operating the primary jet with bfD of 5.

Reducing eitheX/D or Lg/D thus increases efficiency. This implies thathié tdesign aim is to
maximize efficiency then the length from the eXittlee primary jet to the throat of the nozzle sthibul
be minimized. Fig. 6 shows that the peak efficiemaries almost linearly witliX+Lg)/D. The cause
of this variation is not understood; however, itikely that by reducindX+Lg)/D the total dissipation
of mechanical energy has been minimized. The péfadiency of 75% is much higher that the 32%
reported by Heffer et al. [9] for the unsteady teon which its is based. One possible causaisf t
difference is that in the ejector-nozzle the statiessure decreases in the region where the mixing
process occurs. Denton [11] showed that if thegane is reduced before mixing occurs that the tota
entropy created in the mixing process is reducEdis is because when a shear layer is subjectad to
favorable streamwise pressure gradient, the trassweelocity gradientdV/dy, is reduced. This is
because, the slow moving fluid resides in the fakte pressure gradient for longer than the fast
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Figure 7 Unsteadiness at exit from the nozzle compad with unsteadiness in the primary
jet
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Figure 8 Stagnation pressure variation over the cye

moving fluid, therefore the slower fluid has a kargncrease in velocity and so the velocities efttlio
fluid elements become closer. The entropy germatite in the shear is proportionalg(dVv/dyy
and therefore the total increase in entropy willbeeduced.

IV. The effect of geometry of nozzle exit unsteadiness

The exit unsteadiness was measured Xifb=2 andLg/D=1.3, 2 and 4 Figure 7 shows the rms
unsteady stagnation pressure in the exit nozzlteplagainst the rms unsteady stagnation pressure i
the primary jet. For short ejector nozzlef)e=1.3-2, the exit unsteadiness is approximately11®-
of that in the inlet. However as the ejector isdmdonger,Lg/D=4, the graphs show that the
unsteadiness increases dramatically. This ismtrast to the results of Heffer et al [9], who fduthat
as an ejector becomes longer the rms exit unstesglidrops. The rise in unsteadineskgdD=4 is
thought to be due to the ejector-nozzle resonatifiigan Lg/D=4 the ejector appears to be too short to
resonate. However, the presence of the chokedenaiters the local wave propagation speed. This
can significantly reduce the length of component/aich resonance occurs. Marble and Candle [11]
showed that the component length at which acouwdfects become important is given lgru)/f,
wherec is the speed of sound ands the flow velocity and the frequency.

It is also noted that, for each geometry, thelteslo not collapse neatly onto one line. The reaso
for this is not well understood but it may be doethe primary jet changing in frequency over its
operating range.

V. Structure of nozzle exit flow

The time-resolve nozzle exit stagnation pressuoétqd over one period is shown in fig 8. Four
time snapshots (A-D) of stagnation pressure cdefftc(po-pampl(1/2p\/jz), and entropy are plotted in
fig 9. The time instants at which these occurraagked on fig 8 (A-D).

The stagnation pressure gain in fig. 8 is posifre70% of the cycle. This is in contrast to the
primary jet which has a raised stagnation preskrenly 50% of the cycle. In time snapshot A the
primary jet has emerged from the end of the resomanbe and the shear layer formed between the
fluid and the pipe roll up into a vortex ring. time snapshot B the vortex ring has convected
downstream towards the nose of the ejector nozzles the vortex reaches the ejector inlet it
compresses the fluid within the ejector raisingsitagnation pressure. This is a similar mechanism
observed by Heffer et al [9] in unsteady ejectdrke peak value of stagnation pressure is 3.5 tthees
mean pressure gain. In time snapshot C the voitgxhas moved into the ejector-nozzle and the
stagnation pressure starts to drop. In time srd@3hhe vortex ring starts to move through theatr
of the nozzle. Between time instances C and Dsthgnation pressure falls below atmospheric, it is
likely that this is due to a pressure wave as tgb pressure in B ‘over corrects’. The resultsvgltioat
the unsteadiness at ejector-nozzle exit is mucletdian at the exit of the primary jet.



It should be noted that in this paper the prinjatyhas been simulated using a cold jet. In a real
combustor there will be a temperature differencevben the primary jet and the surrounding fluid.
Marble and Candle [11] analyzed the effect of terapge non-uniformities convecting through a
choked nozzle. They indicate that a temperatureurgformity of 0.5 of the mean level will produce
pressure waves that propagate both upstream andstteam of the nozzle with a pressure ratio of
0.05 and 0.02 respectfully. In a real machineaheffects should also be considered.

VI. Conclusions

A combined ejector-nozzle has been designed tolediye unsteady flow from a pressure gain
combustor to the turbine rotor. This was foundhdwe a high efficiency, up to 67% of the additional
exergy in the exit flow from a pressure gain contibuto the inlet of the turbine rotor. This is sujpr
to designs using a simple ejector. Ejector-nozglesild be designed to be as short as possibléhand
primary jet should be placed as close as possibléhe ejector-nozzle provided that there is no
significant interaction with the acoustics of thénary jet. This minimizes dissipation of the exgin
the jet before it is accelerated in the nozzlexiMj in an accelerating flow reduces the dissipatiad
raises the efficiency. It is also found that shejéctor-nozzles tend to have lower values of
unsteadiness than longer nozzles. For an ejeotri® coupled to a pulse-combustor it is expected
that the exit rms unsteady pressure will be 1/ghefvalue of that occurs at combustor exit. Thakpe
value of the ejector-nozzle exit stagnation pres&uB.5 times the time-mean stagnation pressune ga
However in a real application the propagation afidflwith a non-uniform stagnation temperature
through the nozzle will cause additional unsteaahggure variations.

An ejector-vane designed according to the findihthis paper would, in addition to having a high
efficiency and low exit unsteadiness, have a nathti small wetted area and thus would have lower
cooling requirements and incur lower frictionaldes than previous designs which have appeared in
the literature [2],[3],[4],[5].
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