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Executive Summary

We present a mathematical model and an experimental investigation of aero-
dynamically vaived pulse combustion. The model uses a control-volume approach to solve
conservation laws in several regions of a pulse combustor. Combustion is modelled as a bi-
molecular reaction. Mixing between the fresh charge and combustion products is modelled as

a two-step process, with the mixing occurring slowly for a specified eddy time during each
cycle, and then changing to a higher rate.

Results of model simulations demonstrate that eddy time plays a significant role in
determining the frequency and amplitude of combustion oscillation. We show that short eddy
times produce steady, rather than pulsating, combustion. And we show that changes to the
mixing process alter the temperature-species history of combustion gases in a manner that

could prevent or promote the formation of nitrogen oxides, depending on specific mixing
rates.

The relatively simple control-volume approach used in this model allows rapid
investigation of a wide range of geometric and operating parameters, and also defines
characteristic length and time scales relevant to aerovalve pulse combustion.

Experimental measurements compare favorably to model predictions, based on a
control-volume analysis of the pulse combustor. We place particular emphasis on time-
averaged pressure differences through the combustor, which act as an indicator of "pressure
gain" performance. We investigate both operating conditions and combustor geometry, and
we show that a complex interaction between the inlet and exit flows of a combustor makes it
difficult to produce general correlations among the various parameters. We use a scaling rule,

developed from the control-volume model, to produce a combustor geometry capable of
producing pressure gain.




1 Introduction

Pulse combustion has been commercially accepted in the residential heating market for
more than a decade [1], and has been used on larger-scale heating devices such as boilers
within the last 5 years [2]. New applications of pulse combustion technology continue to
emerge for drying, waste disposal, and energy recovery [3]. Pulse combustion enhances the
transport of heat or mass and may produce lower pollutant levels than a conventional com-
bustor [4]. Pulse combustors have also been proposed for use in gas turbines [5]; recent work
by Kentfield demonstrated that the cycle efficiency of a small gas turbine can be improved
using pulsating, rather than steady, combustion [6].

The acoustic resonances in a pulse combustor serve to draw combustion air from the
ambient surroundings, and combustion occurs (approximately) as a constant volume process,
creating a higher than ambient pressure. Combustion gases are then expelled at high velocity.
Given suitable geometrics, this process effectively pumps air from the inlet of the combustor
to the exit. The result is an increase in the stagnation pressure of the combustion gases,
hence the name "pressure-gain" combustion. In a gas turbine, pressure-gain would actually
contribute to compression of the turbine air, reducing the work supplied to the compressor
and yielding a consequent increase in cycle efficiency. Combined with the prospect of lower
pollutant emissions, this enhanced cycle efficiency is the reason for current interest in the
pressure-gain process.

Pulse combustors may be classified into two broad categories: mechanically-valved,
and aerodynamically-valved (or, aerovalved). Since the aerovalve combustor has no moving
parts, it may be better suited to industrial applications, and in particular the gas turbine.
However, there have been few detailed studies of aerovalve combustor design, and there is
even less guidance on the optimum method to produce pressure-gain. Kentfield’s successful
demonstration of the pressure-gain gas turbine concept [6] was based partly on an empirical
combustor design, with some analytic work conducted to optimize combustor geometry [7].

Section 2 of this report describes a theoretical model of aerovalve pulse combustion.
Section 3 compares the predictions of this model to laboratory measurements, reporting the
effect of variations in combustor geometry, flow rate, and other parameters. We use the
model to investigate the effect of the mixing process on combustor performance. This mixing
process is difficult to quantify in the lab and even more difficult to control. While Section 2
shows that overall combustor performance is dramatically affected by mixing rate, comparison
with experimental data (Section 3) shows that a single choice for mixing parameters allows
successful simulation over a reasonable range of operating and geometric conditions.

The model is partly based on the success of an earlier numeric simulation of "thermal"
pulse combustion [8]. The approach is essentially a control volume formulation for all the
relevant conservation laws. This relatively simple approach allows rapid investigation of
geometric and operational parameters as well as changes in the combustion mixing process.




2 Model Development and Mixing Effects

2.1 Model Development

A schematic of the processes occurring in a single-pulse combustor cycle is shown in
Figure 1. For reference, stations u, i, €, and d are identified as the upstream, inlet, exit, and
downstream locations. We define the combustion zone as the region between stations i and e,
and assume that combustion occurs only in this region. However, the equations can be modi-
fied to allow combustion in the inlet and tailpipe regions as well. Figure 1a shows air may
be either drawn in or driven out through both the inlet pipe and the tailpipe. We assume that
the fresh air is separated from the combustion gases by a contact surface that moves through
the tailpipe and inlet regions. The combustion gases, shown as shaded regions in the figure,
are composed of fuel, air, and combustion products. Within the combustion zone, fuel and
oxygen react at a rate determined by a one-step Arrhenius kinetic mechanism, described
below. Gaseous fuel is supplied to the shaded region in the combustion zone at a fixed rate,

m,.

Figure 1b represents the induction of fresh air
into the combustion zone. The fresh air is mixed

with combustion gases at some finite rate, m_. If

m_ is small compared to the rate at which gases

d

] enter through station i, a pocket of fresh air will form
] within the combustor. This pocket is shown schema-
|
|
|
i

Talipipe
Zone

tically as a single region, but the development used
here is general enough to cover multiple gas parcels
within the combustor. For reference, the pocket of
fresh air within the combustion zone is labeled as the
g-region, and the hot gases within the combustion
zone are denoted as the hot region, or h-region. The
g and h regions extend only to stations i and e; they
do not include gases within the inlet or tailpipe
region.

As air is mixed into the h-region, the combus-
tion reaction raises the temperature of the h-region
weoee  and produces a concomitant pressure rise in both the
g and h regions. Both the g and h regions are char-
acterized by the same uniform pressure, P. As the
pressure rises, the inlet flow will reverse, as shown in
Figure lc. At this point, we assume that gases
leaving through station i are drawn from the h-region,
while any remaining g-region gas continues to mix
into the combustion gases.

Figure 1. Schematic of Processes
Occurring in an
Aerovalve Pulse
Combustor




Control volume conservation laws are developed for each of the various regions. The
development that follows is similar to one proposed by Richards et al. [8]. Similar assump-
tions are used here, including constant specific heat, ideal gas behavior, and uniform condi-
tions within each region. The development is based on the integral form of the conservation
laws as presented in most texts [9] and in reference [8]. Assuming uniform conditions within
each region, the volume and surface integrals are reduced to algebraic expressions, resulting
in a set of first-order differential equations.

2.2 Conservation Laws Within the Combustion Zone

We developed the conservation of energy equation for the combined g and h regions
by accounting for the inlet, fuel, and exit flows, m,, m,, and m,, respectively. The heat
release per unit volume is Q in the h-region, and heat loss occurs by convection through a
convection coefficient, h, to the combustion zone walls with surface area, A,, at some
specified temperature, T,. Ideal gas law relations imply P=('y-1)pe, and assuming that the

pressure is constant throughout the combustion zone, the energy balance for the combined
g and h regions is

(1)

v, gi
dt

T @ TG BCTy - mGT,, ¢ QV, - bA, (T, - T,).

The ratio of specific heats, Y, represents an average for the properties of air and combustion
products. Equation (1) is normalized by dividing by the ambient pressure, P,, and the com-
bustion zone volume, V.. See the nomenclature for the identity of other terms. Denoting
normalized values with an overbar, modest algebraic manipulation leads to

To, Tu & T
T T Cp T,

®_ RS I XY @
dt T, Tur

The characteristic times appearing in equation (2) are defined in equations (3) through (7):

V.

T, = pA. * inlet flow time, (3)
m;
vV

T, = p‘f £ fuel flow time, (4)
m,
A"

T, = p"_‘ £ exit flow time, (5)
1




Q-1

T combustion time, and (6)

c

RV
Tgp = PA™ " heat transfer time. Q)
hA

The reciprocals of these time scales enter into equation (2) and represent rates for the
various processes. T, T,, and T, are not constants, but are calculated from other equations
presented later. The inlet and exit flow times have negative values when the flow reverses in
either the inlet or tailpipe; i.e., when the flow is moving from right to left at station i or
station e.

We use a similar approach to express conservation of mass in the combined g and
h regions. The result is

dp 1,1 _ 1 (8)
dt T T, ‘te.

Next we consider conservation laws for the g region alone. As we noted in describing
Figure 1, we assume that reverse inlet flow draws mass from the h region. Thus, it is
convenient to identify a unit step function, F, which is equal to one if the inlet flow is
positive (to the right), and zero if the inlet flow is negative (to the left):

1 when the inlet flow velocity is positive (or zero)
F = 9

0 when the inlet flow velocity is negative

Mass conservation for the g-region is thus expressed as

d — 3 1 1
E (ngg) = F: - -:r— (10)

i m
We identify a mixing time similar to equations (3) through (5) as

Ve a1
mm

Energy conservation in the g-region must account for simultaneous transport of
enthalpy across station i and across the g-h interface as well as for compression work done on
the g-volume. To calculate compression work (i.e., P dv), volume changes that are the




genuine result of compression of the g region must be distinguishable from those that result
from mixing parcels of g-gases into the h-region. The balance equation is easily derived by
treating the combined processes as shown schematically in Figure 2.

The two regions are sepa-
rated by a contact surface that can
move to the left or right. Mixing
proceeds from the g to the
h region at some specified rate,

m_. In the absence of changing
pressure and with no flow at

stations i or e, the contact surface impermeable

will move from the right to left, 232;?;‘

performing compression work on Mo3001618E

the g region, which will exactly

equal the flow work associated Figure 2. Representation of Transport Processes

with the internal energy trans- Occurring as the g-Region Mixes

ported at rate th_. With the h-Region

The balance equation for energy in the g region is thus
d Lo . dVg 12
3 (Pe®sVe) = FmCT, -, C T, - P—E. (12

The variable F defined by equation (9) is again used to distinguish forward and
reverse inlet flow. Normalizing the variables, equation (12) becomes

d 35 \-g Y T Y T g d
—@PV)=FXT -XLT -(-DP=V_. 13
(PVy) = F - TGPV, (13)

i m

Performing the derivative on the left side, and solving for the derivative of the
g-volume, equation (13) becomes

!

p7)-F e -, 11y

g
T T Y

(14)

&|a
&_l &
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A total of seven variables must be determined to specify the state of the system: the
pressure (the same for both g and h regions) and the density, temperature, and volume for
each of the two regions. Equations (2), (8), (10), and (14) represent mass and energy conser-
vation for the combustion zone and the g region alone, providing four of the needed relations.
The remaining three equations needed to calculate system behavior are the ideal gas law and
some obvious relationships between the volume and density of each region:




j=gorh, (15)

V., +V,=1,and (16)
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We still need an expression for combustion time. Combustion time is determined
from an Arrhenius rate law for the bi-molecular reaction of fuel and oxygen in the h-region.
The form of this rate law and the specific rate constants are taken from Kretschmer and
Odgers [10]. After considerable algebraic manipulation of their rate law, the combustion time
is

P, \ | Tem |AH; _, - o
A ) sto | AH; P2T, Y, Y, exp (_ Tact/Th>' (18)

T ;.5 R

Values for the various constants are listed in the nomenclature. Pg and Pern

represent the standard conditions 101 kPa and 300 K. The ambient conditions P, and T,
represent conditions of the air supplied to the combustor.

Calculation of the combustion time requires the fuel and oxygen mass fractions.
Conservation laws for species are developed in a manner similar to other balance equations
already presented. Balance equations are thus written for the fuel and oxygen in the h region,
but the form of these equations is different when the g region is present. To account for this
difference, it is convenient to identify G as a unit step function that has a value of one when
the g region exists and zero when it is absent:

{ 1 when the g-region is present (19)

0 when the g-region is absent

Employing the same normalization as used before, the balance equations for fuel and
oxygen species in the h region are

d =y gyl _1 1 ST Ve (20)




2.3 Conservation Laws Within the Inlet and Tailpipe Regions

The tailpipe and inlet equations are essentially identical in form and are described
below for only the inlet. Analogous expressions apply to the tailpipe, except as noted.

The gases within the inlet are treated as a slug flow with velocity u. A contact sur-
face may exist within the inlet when fresh air is drawn from the ambient surroundings

(Figure 1a) and flows to station i. To normalize, we identify a reference inlet length, L, as
the ratio of the combustor volume and the inlet cross-sectional area (see the nomenclature,

Section 5). Also, we define a reference velocity, u,, is defined as 1/ﬁTa. Then, letting I_Ja

denote the normalized length between station u and the contact surface, the contact surface
motion is tracked by the obvious kinematic relations:

d,

u
dt T4

and I-,b=f,.—L, (22)

where T, is a reference time for inlet processes, defined in the nomenclature. The regions on
either side of the contact surface are characterized by a single value for all properties. The
subscript a corresponds to gases drawn from ambient conditions and the subscript b indicates
properties of the burned gas region. The combustion reaction is assumed to be quenched in
the burned region, but fuel and oxygen are otherwise tracked. Using the a and b subscripts,
conservation of mass in the ambient and burned regions takes the following form:

d_ = — = —
Pe - Pe P X ang (23)
dt Ty L,
dab - ‘_)b B Bi i (24)
dt T, L,

Next, we define a momentum balance equation for the combined ambient and burned
regions. This equation balances the change of momentum for both regions, and the corre-
sponding friction and pressure forces act on the slug of fluid. The friction forces are

calculated from the wall shear stresses, §a and §b (normalized by the ambient pressure), times
the surface areas, A and A, in each region. These stresses are calculated using a conven-

8

tional friction coefficient, f, as defined by Schlichting [11]. Algebraic manipulation of
equations (22) through (24) yields the momentum balance as

_ P, - P S, A, +S, A, (25)
A

Ty Ty

(Bnia + abib)

=3




We then write an individual energy balance for the ambient and burned regions. The
energy balance for these regions must account for pressure forces that perform work on each
end of the fluid regions, a and b. The pressure at stations i and e are determined from the
boundary conditions described below. We calculate the pressure at the contact surface from
a momentum balance that is applied to regions a and b individually, as opposed to the overall
momentum balance for both regions, equation (25). Using the resulting expression for the
contact surface pressure, and combining the expression with equations (22) through (24), the
energy balance for each region is

de, &, -¢ S,A_ T

Eal-‘a — = = = = , and (26)
dt T, 5 A
_- ds, & -6 S, A,u
L, b= "% Tl (27)
dt b T, A

Here, t_ is analogous to equation (3), using m instead of m,. Finally, we describe
species conservation for fuel and oxygen in the burned region. Again, we assume that the
combustion reaction is quenched in the burned region. However, although the reaction is
quenched, the species mass fractions can change because of changing boundary conditions at
station i. Combining with mass conservation equations (22) through (24), the species
equations are

L = i and (28)
Prib dt T an
‘_)bl-‘b dYox,b _ Yox,b B Yox,i ‘ (29)
dt T

Equations (22) through (29) describe the behavior of the inlet. A similar set of
expressions applies to the tailpipe. A simple change of subscripts will produce the tailpipe
equations.

Conditions at the ends of the inlet and tailpipe must be given careful consideration.
Consider, for instance, the u end of the inlet pipe, which is open to ambient air. Both
outflow and inflow will occur at this station. In the case of outflow, the pressure at this
station is assumed to be equal to ambient pressure. For inflow, the flow properties at the pipe
entrance are computed by assuming isentropic acceleration from the stagnant ambient condi-
tions. A similar approach is used at stations i, e, and d.




2.4 Solution of the Governing Equations

We have developed conservation laws for each zone of the pulse combustor. Equa-
tions (2), (8), (10), (14) through (17), (20), and (21) describe the g and h regions in the com-
bustion zone. Equations (22) through (29) apply to the inlet, with an analogous set for the
tailpipe. These equations are solved by applying the Euler predictor-corrector algorithm. The
solution method is straightforward and involves direct marching from one time to the next.
Care should be used, however, at the junctions of the pipes with the combustor. Given the
assumption of isentropic acceleration from the combustor into either pipe, velocity and pres-
sure are related by a transcendental equation. Thus, we must iteratively root-find to produce
boundary conditions that satisfy both the combustion zone and tailpipe zone equations. For
flow info the combustor from either pipe, no iteration is needed because we assume that the
fluid enters the combustor at the combustor pressure; i.e., a free-jet entrance. Similar
comments apply to boundary conditions at stations u and d.

2.5 Mixing Model

Our equations can be solved numerically, but we must still describe the mixing rate
between the g and h regions. The mixing process in this simulation is represented by the
mixing time, defined by equation (11). This mixing time is essentially the reciprocal of the
mixing rate, and depends on the details of the flow inside the combustor.

Bramlette [12] employed a model of diesel fuel injection and mixing [13] to describe
the mixing process in a mechanically-valved pulse combustor. Bramlette quantified the
mixing rate as the rate at which fresh charge was mixed with products to a specified ignition
temperature, and calculated the mixing rate from the model of Rife and Heywood [13].

In the present analysis, we treat the mixing rate as a parameter, rather than defining it
from a sub-model. However, sub-models, such as the one used by Bramiette, would form a
logical extension of this work and could be easily incorporated into our equations. We used a
relatively simple mixing model, employing step-change in the mixing rate. (Refer to
Figure 3.)

This step-change approach is based on the work of Broadwell and Breidenthal [14]
who describe mixing as a two-step process. The first step reduces large fluid eddies to small
scale, with relatively slow mixing between species. The second step is a fast mixing process
where small eddies are rapidly mixed by molecular diffusion. Figure 3 represents this two-
step process in a pulse combustor. At time t,, the contact surface enters the combustor,
supplying fresh air to form the g-region. This fresh air mixes slowly while the initial eddy
size is reduced. Fast mixing commences at time t, and continues until the g-region is
consumed at time t. Depending on the mixing rate and flow rate at station i, the g-region
volume may disappear before the inlet flow reverses (t, < t, as shown). Conversely, with
different flow and mixing rates, some of the g-volume may continue to mix after the inlet
flow reverses (t, > t;). We account for either possibility.

10




A The model equations do not

refer specifically to the mixing rate,
Fast but instead to the characteristic
as T . . .
@ Miing | mixing time, T, defined by equa-
g : tion (11). Thus, we define the fol-
e ll lowing, which correspond to the
;3 { mixing rates identified on Figure 3:
2 |
= Slow _ h f t .. t cor-
S Mixing T I } | Tt = the fast mixing time, €O
{ | | | responding to the fast mixing rate;
! J ! ! >
'a Yo te 4 tme ¢ = the slow mixing time, cor-
t . Contact surface enters the combustor ’ g o9 .
a responding to the slow mixing rate;

ty Mixing rate increases and

t : g-Region volume drops to zero

ty @ inlet flow reverses M93001619E tA = the large eddy tirme, tb ) ta'

Figure 3. The Two-step Mixing Process, Alternating
Between the Fast and Slow Mixing Rates

2.6 Simulation Results - Effect of the Mixing Process

Table 1 lists those base-case parameters used in the simulation that we have neither
discussed nor listed in the nomenclature. Pressure is specified upstream of the inlet.

Table 1. Model Base-Case Parameters

Parameter vValue

v Pressure upstream of the inlet 106.9 kPa
(status u on Figure 1)

. Reference pressure 101.0 kPa
Reference temperature 300 K
Inlet length 0.102 m
Inlet diameter 0.0127 m
Tailpipe length 0.600 m
Tailpipe diameter 0.0191 m

Friction factor used for shear
Stress calculation, egs. (25)-(27) 0.03

11




This pressure forces air into the combustor, since this particular combustor is not self-
aspirating. Geometric and operational parameters were selected to mimic the experimental
configuration described in Section 3 of this report. We only varied the mixing parameters
here, and we compare experimental data with fixed mixing parameters in Section 3.

Before describing the results, we remind you that equation (11) gives characteristic
mixing times. These mixing times are not to be interpreted as the times required to mix the
incoming air. Rather, they are the mixing times referenced to the fixed mass of gas that
occupies the combustor at ambient conditions, equation (11). For example, a fast mixing time

of 30 ms means that mixing is proceeding at a rate where one combustor volume of (ambient)
gases would mix in 30 ms.

Thus, the intent of this discussion is to emphasize the sensitivity of calculated results
to the mixing parameters. Figure 4 is a plot of the predicted pressure history for five dif-
ferent values of the mixing parameter, t,_ 7 (The various plots are presented with a constant
offset for better visibility; the scaled units are normalized pressure plus the offset.) All five
cases have the same slow mixing time, Tos = 100 ms, and eddy time, ty, = 0.01 ms. All
five curves start from an initial transient high pressure that results from consumption of the

initial fuel supply in the combustor. The lower curve represents the case where both the eddy
time and the fast mixing

time are small (0.01 ms). 8

This corresponds to rapid oT Fast mising
mixing, which occurs as szl time T
soon as the fresh charge *F ®1 some
enters the combustion zone. o

The initial transient decays g .| Ew
after just a small oscillation, 2z f-

and then a steady flame i R

Scaled Units

results. (The flame is

16

indicated by the temperature, " b .
which is not shown.) Pro- 2 ol s
gressing up through curves 0;:

(B) through (E), Tm, 7 06 ; ! 0‘102 ! — 1
increases to 50 ms. This Time (s) o

progression corresponds to
reduced mixing rates as the
fresh charge immediately Figure 4. Effect of the Eddy Time, With t, = 0.01 ms

enters the combustor. The
effect is a modest reduction in the amplitude of the initial transients following ignition as well
as minor changes in the transient wave form. However, all cases result in a steady flame.

Figure 5 shows the effect of changes in the eddy time, ¢,, but with fixed values,

T, =00l msand t =100 ms. This effect corresponds to the rapid mixing that occurs

12




after some specified eddy time
38

_ from the entry of the fresh
3.6+ Eddy time .
34 ta(ms) charge into the combustor.
° 3'2' ® | 30 Results are dramatically dif-
" 2 2_3i ferent from those shown in
= 0
5 g 2 © | 20 Figure 4 (note values of ¢,).
28 22 Initial transients are sustained
aE 0] ©| 10 longer in case (B), but are still
2 1 @ | s replaced by a §te§dy flame.. As
- the eddy time is increased in
11 ™) 4+ cases (C) through (E), pulsa-
0.8 9 g . .
e . ' ' ‘ . tions occur w1th varying ampli-
0 0.01 002 003 0.04 0.05 tudes, frequencies, and wave
Time (s) forms. In each case, the nature

Ma000783E  of the pulsation can be ratio-
nalized by recognizing that a

longer eddy time places the
Figure 5. Effect of the Eddy Time, With Tog = 0.01 ms heat release later in the cycle.

Wood [15] noted that the relative timing of the heat release can have an effect on both
the frequency and amplitude of pulsation. Frequencies in case (C) are higher than in
case (D), because the heat release occurs before the natural acoustic pressure rise. In
case (D), the heat release is more closely aligned with the resonant pressure, producing a
lower frequency and higher amplitude. Finally, in case (E), the heat release is so late that a
visible inflection point corresponds to the start of rapid mixing. The late heat release
produces a lower frequency than in case (D), and again results in a lower amplitude because
of the mismatch between heat release and acoustic resonance.

We show the results for cases (C), (D), and (E) in more detail in Figures 6, 7, and 8.
The magnitude of each variable was scaled and offset to fit appropriately on the figures. The
same scaling factor for each variable was used in all the figures so that the scaled units
indicated on the y-axis can be used to compare magnitudes between cases. The zero for each
variable was moved to make the graphs more readable. The variables are indicated to the
right of each curve, with X representing the location of the inlet contact surface. This
location X is measured from the upstream end of the inlet (station u in Figure 1); thus, the

maximum value of X indicates that the contact surface has moved to the combustor inlet,
station i.

Figure 6 corresponds to £, = 1 ms, case (C) on Figure 5. Starting from the top graph,
the contact surface is pushed out of the inlet during the high pressure part of the cycle,
indicated by the minima on the X-curve. As the pressure drops (lower graph), the contact
surface is drawn into the combustor, represented by the flat maxima on the X-curve. The

g-volume immediately begins to grow. After 1 ms (i.e., the value of ¢, ), the fast mixing

process begins, and the g-region volume is immediately reduced. The oxygen concentration
rises abruptly, and the hot region temperature drops because cold air is mixed in. From this
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air is immediately mixed for Case (D) in Figure 5

in the hot region after

the eddy time. However, the mixing process probably occurs at a slower rate. Thus,

Figure 8 shows the combined effect of limiting the fast mixing process to T, . = 30 ms, and
t, = 2 ms, with other parameters being the same as those in Figures 6 and 7. Compared to

the preceding cases, limiting the fast mixing process produces a significant change in the
nature of the wave forms. The frequency and pressure amplitude in Figure 8 are lower than
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The oxygen concentra-
tion in the hot-region
is similarly affected.
This result demon-
strates the critical
nature of the mixing
process on both the pressure oscillation and the temperature-species history of gases moving
through the system.

Figure 8. Time History for Various Parameters,
With Mixing Time Scales 7, = 100 ms,
Tog = 30 ms, and t, = 2 ms

Although we have not focused on the temperature-species history of gases in the com-
bustor, the model may be used to explain the effect of mixing on pollutant formation. For
example, nitrogen oxides pollutants might be reduced by limiting the time span when high
temperatures are associated with high concentrations of both oxygen and nitrogen. Figures 6
and 7 have such a temperature profile; high oxygen levels are associated with low values of
T,, because the oxygen is mixed into the hot region faster than the reaction can consume it,
quenching the hot region. However, in Figure 8, the hot region temperature, T,, is charac-
terized by a smaller oscillation. Thus, oxygen is mixed into the hot region only slightly faster
than the reaction consumes it, and a small surplus of oxygen persists at relatively high
temperatures.

While the shape of these profiles cannot directly determine the final levels of pollutant
produced, pollutant formation will clearly differ among combustors with various mixing pro-
cesses. Keller and Hongo [16] showed that a reduced nitrogen oxides level in their experi-
mental pulse combustor was the result of mixing cooler combustion products into the reacting
mixture. These products were cooled by heat losses, not "quenched" by the incoming cold
charge or returning tailpipe gases. The cold-charge quenching process occurs in Figures 6
and 7, while Keller and Hongo’s scenario [16] is more consistent with the behavior in

Figure 8. Thus, depending on the mixing process, different mechanisms may be involved in
the formation of nitrogen oxides.
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3 Experimental and Model Results
3.1 Experimental and Model Parameters

Figure 9 is a sketch of basic aerovalve pulse combustor geometry. The combustor has
three distinct components: the inlet, the combustion chamber, and the tailpipe. Each of these
components is defined by a length and diameter as shown. An inlet plenum is defined by the
lines enclosing the inlet; air supplied to the inlet plenum passes through the pulse combustor
from left to right. The pressures P, , P, , and P, are the mean stagnation pressure values
for the inlet plenum, the combustion chamber, and in the jet exiting the tailpipe.

Combustion

Chamber
¢
\Inlet Taipipe  pooraust

‘ P.
Inlet . Combustor a 30
Pressure P PresPsure t J <

Pio D; 20 l D1p

! Dcoms I ]

Lcome I L |

] t | |
Combustion Inlet Plenum

Air Supply M94000324E

Figure 9. Schematic of an Aerovalve Pulse Combustor

We present various mean pressure differences through the pulse combustor, because
these pressure differences are an indicator of pressure gain performance. The pressure gain
process effectively pumps air through the combustor, raising the stagnation pressure of gases

passing through the system, such that P, < P, . The stagnation pressure P, will be con-
verted to kinetic energy in the tailpipe; if losses are small P, will also be greater than P, .

This is in contrast to a conventional steady combustor, where it would follow that P, > Py,
since the combustion air must overcome various losses to pass through the system.

While the pressure gain process will indeed occur with correct timing of the various
unsteady flows [6], there is little guidance on how to design a combustor that will produce
pressure gain. The various lengths and diameters shown in Figure 9 present a wide range of
possible geometric combinations that may affect combustor performance. The model pre-

sented in Section 2 of this report was developed specifically to allow rapid investigation of
these geometric parameters.
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In this section, we compare laboratory data to model predictions to prove that the
model does indeed capture the basic features of combustor performance, and we use the
model to explain aspects of the laboratory data.

Except as noted, the numeric simulation in Section 2 was performed with a fixed set
of three parameters t, ., T, - and ¢,:

T = 100 ms, T = 30 ms, and ¢, =2 ms. 30)

This particular set of parameters was chosen after identifying that the largest effect on
oscillation came from the eddy time. Several values of the eddy time were tested; the chosen
value of 2 ms provides reasonable agreement with most of the data.

3.2 Experimental Description

The experimental pulse combustor is shown in Figure 10. The pulse combustor is
fashioned from standard straight-walled pipe components, mounted inside a 20-cm diameter
sheet-metal duct. The duct is divided into three plenums, which are (left to right) the inlet
plenum, the dilution plenum, and the exhaust plenum. Combustion air enters the inlet
plenum, passes through the pulse combustor inlet, reacts with fuel in the combustion chamber
of the pulse combustor and passes into the exhaust plenum. (Note that the inlet pipe is not
shown attached in the upper figure to clearly show the fuel entry point.) The dilution plenum
is not directly relevant to this investigation; dilution air is added merely to lower the
temperature of the exhaust before it exits the laboratory. The concentric baffles at the right
end of the dilution plenum serve to provide an axi-symmetric, dilution, mixing region that is

downstream of the pulse combustor tailpipe. This mixing region is the subject of a separate
study [17].

The lower portion of Figure 10 is a detailed cross-section of the pulse combustor.
Natural gas fuel entered the combustor through a 3.1-mm tube that was cantilevered along
the axis of the pulse combustor. The commercial-grade natural gas had a composition of
approximately 91 percent methane, 6 percent ethane, and 2 percent higher hydrocarbons and
inerts. (During actual testing, this composition was monitored and showed negligible varia-
tion over the course of the testing.)

Fuel entered the combustor through two 1.5-mm holes at the tip of the injection tube.
The combustor was manufactured from standard pipe unions that were welded together to
allow different size inlets to be readily attached. Figure 10 shows that a spark plug was
used for ignition and that a 6.4-mm tube extended through the exterior duct where a tee-
connection measured mean pressure and dynamic pressure in the combustion chamber. For
the flow rates studied, the mean velocity in the combustion chamber was small enough that
the combustion chamber’s mean static and stagnation pressures were treated as approximately
equal. The mean pressure was measured with a water manometer, preceded by a 7-m long

coil of tubing. The tubing served to damp oscillations, which would otherwise arrive at the
water manometer.
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Figure 10. Experimental Pulse Combustor

Tests without the tee-connection and with transducer connection tubes of various

lengths were conducted to ensure that the dynamic pressure signal was not influenced by
acoustics in the connecting tube. The dynamic signal was essentially unchanged by these
various modifications, except when the tubing length matched a resonant wavelength, which
was avoided in all tests. The dynamic pressure was measured with a piezoelectric transducer,

and the amplified output was digitized and stored on a personal computer for subsequent
analysis.

The mean pressure of the inlet plenum was monitored with a diaphragm-type,

electronic, differential-pressure gauge that was connected through a port attached to the top of
the plenum. Initial tests using a dynamic pressure transducer in this location showed that the
inlet plenum experienced a small amplitude pressure oscillation during operation. However,
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the amplitude was typically less than 1 percent of the combustion chamber oscillation; this
was considered negligible. The mean pressures of the inlet plenum and combustion chamber
were measured as a differential pressure compared to the mean pressure of the exhaust
plenum. This provided a measure of pressure drop across the various components while
accounting for any backpressure in the exhaust system. Figure 10 does not show that the
exhaust plenum extended more than 6 m before exiting the laboratory building. A muffler

was used at the end of the exhaust plenum, which introduced a small amount of backpressure
(less than 0.25 kPa).

3.3 Comparison of Experimental and Numeric Results

The combustor geometry shown in Figure 10 was treated as a baseline case. With a
combustion air flow ranging between 2 and 8 gfs, this geometry produced oscillating com-
bustion in a frequency range of 150 to 190 Hz, depending on operating conditions. A typical
oscillating pressure signal is shown in Figure 11. Wave forms were generally pure sinusoids.
However, as shown later, inadequate mixing rates at low air flows can lead to irregular
oscillations.

5 Geometric parameters
match the experimental dimen-
sions shown in Table 2, using
201 the nomenclature shown in Fig-
5 ure 9. The numeric model was
run interactively, with the user
specifying an upstream pressure
5| and temperature equal to the
measured laboratory values.

The simulation generally over-
st , predicted the air mass flow rate
Aok at a given plenum pressure. In

1 , , . . addition, the simulation seldom
0.00 0.02 0.04 0.06 predicted stable oscillations for
Time (s) —— fuel-lean conditions. The failure
of the model to predict fuel-lean
operation is similar to the result
reported by Richards et al. [8]

25+

10~

Pressure (kPa)

Figure 11. Typical Pulse Combustor Pressure Signal

Table 2. Dimensions of the Base-Case Combustor

Lengths (m) Diameters (m)

Inlet . L, 0.102 Inlet D; 0.0127

Tailpipe L 0.600 Tailpipe Dy, 0.0191

Combustor L. 0.152 Combustor  D.ym 0.0556
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in their thermal pulse-combustor model. The observed discrepancy for the fuel-lean cases
may be the consequence of the simplified kinetic scheme used by Kretschmer and Odgers
[10]. Stated another way, the model predicts that stable oscillations occur at higher fuel flow
rates than those actually observed in the lab. Because the model will seldom predict stable
oscillations for fuel-lean operation, all numeric results are reported at a fixed equivalence
ratio of 1.05. However, because of material limitations, the laboratory data was collected at
an equivalence ratio of 0.82.

Figure 12 compares laboratory data and measurements from the laboratory combustor.
The frequency is predicted reasonably well (Figure 12a), except at the lower flow rates, where
the mixing process in the experiment is probably slower than that suggested by the set of
mixing parameters chosen in equation (30). In Figure 12b, the measured and predicted root-
mean-square pressure levels agree well over the operation range. In Figure 12c, measured
and predicted pressure differences between the inlet and the combustion chamber are in rea-
sonable agreement, especially in regard to trend. Notice that this quantity is a measure of
pressure loss. If the combustor were producing pressure gain, this measured pressure dif-
ference would be negative. Results presented later will demonstrate how geometric changes
can achieve the desired pressure gain result.

The model results in Figure 12 were established with constant mixing parameters.
While a brief study of mixing parameters (in Section 2) allowed selection of mixing
parameters that match higher flow-rate data, equation (30), the greatest discrepancy between
experimental and model results occurs at low flow rates, where the mixing process has little
kinetic energy to stir the reacting mixture.

Figure 13 thus compares the laboratory pressure oscillation to the model prediction for
several different mixing parameters. The bottom curve (A) is the laboratory signal that corre-
sponds to the lowest flow rate shown in Figure 12. At this low flow rate, the laboratory com-
bustor pressure signal was somewhat erratic, with some "beating" character. Curve (B) is the
model pressure signal, with the mixing parameters identified in equation (30). The frequency
is clearly over-predicted, and the model predicts a stable oscillation. In curve (C), the mixing

times <, . and T, are doubled, and the frequency is reduced. Still, the model predicts a

periodic oscillation. However, in curve (D), the eddy time is increased to 2.5 ms, and now
the beating phenomenon is clearly predicted.

The period of oscillation within the beating envelope is still less than that observed on
the laboratory curve (A), and the period of the beating envelope itself is comparable to the
observed laboratory data. In curve (E), the eddy time is set again to 2 ms, but the mixing
times are increased once more by a factor of 1.5. The result is an irregular oscillation,
showing neither beating nor a recognizable pattern. If the eddy time is again increased to
2.5 ms, curve (F) shows that the irregular oscillation in curve (E) is again replaced by a
periodic cycle.

While the laboratory pressure oscillation is not exactly predicted, the numeric model
predicts a wide range of possible behaviors, depending on the mixing process. Most
interesting, curve (E) appears to exhibit an irregular oscillation, even though all input
processes are well-defined in the numeric model. One may speculate that the irregular
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Figure 12. Comparison of Laboratory Data and Model
Predictions for Frequency, Oscillating
Pressure Amplitude, and Pressure Differences
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oscillations observed in the lab
(curve A) are not solely the
result of random variations in
the mixing process, but are a
natural consequence of the
non-linear processes involved.
Indeed, it has been shown both
theoretically and experimen-
tally that other kinds of pulse
combustors will oscillate in

a chaotic fashion [18, 19],
even with well-defined input
parameters.

3.4 Effect of
Combustor
Geometry

We developed our
model to help identify the
effect of changes to combustor
geometry. Figures 14 and 15
compare model and experi-
mental results as a function of
combustor inlet length. We
ran the model by iteratively
selecting an inlet pressure to
produce the same flow rate as
existed in the lab (6 g/s).
Again, the lab data was limited
to an equivalence ratio of 0.82,
but the simulation was per-
formed at a ratio of 1.05. As
before, the mixing process was
fixed for these comparisons,
with the same parameters from
equation (30).

Both laboratory data
and model predictions demon-
strate that inlet length has a
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marked effect on combustor per-
formance. Understandably, the
operating frequency is reduced.
At lower frequencies, the root
mean square (RMS) pressure is
expected to be larger since com-
parable flow rates require more
heat release per cycle; this is
evident in both laboratory and
numeric results. Figures 15a and
15b compare pressure differences
for numeric and experimental
results. The numeric simulation
over-predicts pressure differences
in most cases. However, the
qualitative behavior of the vari-
ous pressure differences is simi-
lar in both the simulation and the
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laboratory data, with some dif-
ference for the inlet-combustor
pressure difference.

The laboratory data show
that the inlet-combustor pressure
difference is nearly insensitive to
inlet length, whereas the numeric
model shows a modest increase in
pressure difference with increased
inlet length. However, it was
initially surprising that both
experimental and numeric results
show tailpipe pressure drop being
approximately doubled by increas-
ing inlet length from 10 to 30 cm.
This was unexpected because all the
cases shown in Figure 15 have the
same mean flow properties,
including mass flow. Thus, the
longer inlet case needs twice the
mean pressure to drive the same
mass flow through the failpipe.

This result is attributed to
the unsteady nature of the flow.
This is shown by inspecting the
tailpipe velocity predicted by the
model, Figure 16. The higher
amplitude, low frequency oscillation
associated with the longer inlet
causes significant flow reversal
(i.e., negative velocities) in the
tailpipe. The shorter inlet, with a
higher frequency and lower ampli-
tude oscillation, shows little tailpipe
flow reversal. The net effect of the
flow reversal is that the tailpipe is
effectively "blocked" to exiting
gases for a portion of the combustor
cycle. This blockage results in a
higher mean pressure to drive out
the same quantity of gas through
the tailpipe, consistent with
Figure 15.




3.5 Geometric Configu-
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The behavior we have 300
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plex interaction among various
combustor components. If one
wishes to optimize a combustor
design for pressure gain, it is
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of changes to a single geometric -100 |-
parameter. Changes to the inlet
may produce unexpected results e - -
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specific tailpipe geometry.

200 |-

100 +

Velocity (m/s)

b) Inlet Length: 30 cm

However, the model’s 500 —
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validated against results pre-
sented by Kentfield [6], who 200
developed a specific combustor
geometry capable of producing
pressure gain [7]. A direct
simulation of the Kentfield
geometry (excluding a taper on
the tailpipe) predicted very
strong pressure gain, as long as -100 |-
the mixing process was fast
enough. Rather than directly 200 | 7 R ST =5 =
repeat the Kentfield geometry Time (s)
for laboratory tests, we noted s
that the existing combustor
volume (Table 2) was smaller Figure 16. Model Predictions of Inlet and Tailpipe
than the Kentfield geometry by Gas Velocities for Inlet Lengths of
a factor of 1.7. 10 and 30 cm
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200

100 L
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In principle, the model equations presented in Section 2 of this report suggest a
method for scaling the rest of the pulse combustor dimensions to match this reduced volume.
Careful inspection of the governing equations will show that except as noted below, the
combustor volume does not appear directly. Other than the exceptions, the volume is divided
by the inlet (or tailpipe) cross-section, for the characteristic lengths L; (and an associated
tailpipe characteristic length, L, ). This can be verified in equation (3), for example, by
writing the mass flow 1, as the product of the inlet density, velocity, and inlet area, A;; the

characteristic length L will result. Thus, except as noted below, a given combustor could be
scaled to a different volume simply by holding L and L., constant. Notice that the inlet
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(and tailpipe) lengths are normalized with L,; (and L,,) so that the physical lengths of both
inlet and tailpipe are unchanged when scaling.

Exceptions to this scaling approach occur in three processes: mixing, frictional flow
losses, and heat transfer. Referring to heat transfer time, equation (7) and mixing time, equa-
tion (11), combustor volume is not normalized by the inlet area. Changes to the combustor
volume will alter these terms. Likewise, frictional losses in the inlet (and tailpipe) are
accounted for by the cross-section-to-surface-area ratios in equations (25) through (27), and
these will change with changes to the inlet or tailpipe cross sections. However, estimates of
the contribution of these various terms were relatively small when considering scaling from
the Kentfield geometry. Consequently, it was possible to scale the Kentfield geometry by
merely holding the ratio of the combustor volume to inlet area as a constant.

The resulting geometric parameters are shown in Table 3. The combustion chamber

dimensions are the same as those shown in Table 2; this particular geometry was readily
installed in the lab by changing the inlet and tailpipe geometry from the base-case geometry.

Table 3. Dimensions of the Pressure-Gain Combustor

Lengths (m) Diameters (m)

Inlet L, 0.152 Inlet D, 0.0222
Tailpipe Ly, 0.900 Tailpipe D¢, 0.0191
Combustor L., 0.152 Combustor  D.om 0.0556

Figure 17 compares measured

0.4} o expeiment  and predicted pressure differences of
03} I * Mocel the inlet-combustion chamber for the
& o2k g geometry listed in Table 3. Mixing
§ ol 7 ¢ parameters were the same as in earlier
5 oo l o'\ . / cases, and again, the simulation was
% 0.1 AN / performed at an equivalence ratio of
e | - 1.05 while lab tests were limited to a
% o2 < \"+ 7 0.82 equivalence ratio. Pressure gain
a 03 3 q / is indicated by a negative pressure
R 1 \F—/D difference.
051
06 4 L L L : 2 . The pre§sure-gain magnitude
Combustion Air Flow (gls) o differs for predlgtgd versus measured
cases, but the minimum in the labora-
Figure 17. Inlet-Combustor Pressure Jaigyy CRIES | MUKELE [PrseiEoe
Difference for the Scaled suggests that an optimum flow rate
Combustor Geometry exists for pressure gain, as may be
Listed in Table 3 expected. For a given combustor

25




geometry, the "pumping" action of the pressure gain combustor can ideally process a specific
quantity of air. Supplying more or less air simply reduces the effectiveness of the process,

much like limiting or supplying excess air to a mechanical air compressor (with a fixed outlet
pressure) will reduce the compressor effectiveness.

The numeric results shown in Figure 17 were fairly sensitive to geometric and opera-
tional parameters. The predicted pressure difference curve could be substantially shifted with

relatively modest changes in various parameters, including geometric parameters. We are
presently investigating these effects.
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4 Summary and Conclusions

We have presented a control-volume formulation for the conservation laws that
describe an aerovalve pulse combustor. We used a single-step bi-molecular reaction to
describe combustion, and we prescribed the mixing process between fresh air and combustion
as a two-step process, with fuel and air initially mixing slowly. After a specified delay time,
the mixing rate is increased. In the cases we studied, delay time had a significant effect on
combustor behavior. Small delay-time values produced steady combustion, while
progressively larger values produced wave forms of varying amplitude and frequency.

The model is relatively simple; the governing equations were solved on a VAX 6520
computer and run interactively. The calculation and output to the screen occurred at approxi-
mately 1/20 of the real time; i.e., a simulation of a 100-Hz oscillation was computed at a
5-Hz rate. While the computational speed provides an opportunity to explore the effects of
many geometric and operating parameters, the model equations are themselves useful because
they identify all the characteristic length and time scales relevant to the design of an
aerovalve pulse combustor. For example, careful inspection of the equations reveals that the
inlet diameter does not directly appear anywhere in the governing equations, but is embedded

in the characteristic length, L _,, which is the ratio of combustor volume to inlet area. Except

as noted, a given pulse combustor may be scaled in size by simply holding L, ; constant,

along with other parameters identified in the equations. Exceptions to this scaling approach
occur in the mixing process, the heat transfer, and fluid friction losses.

Use of this model to explore rapid geometric and operational changes in a pulse com-
bustor is subject to the assumed mixing parameters, and also to validation that the simple
control volume formulation can correctly capture the operating physics. We have
demonstrated that changes to the mixing rate affect the temperature-species history of gases in

the combustor. This behavior may have significant influence on the production of pollutants,
such as nitrogen oxides.

In Section 3 of this report, we compared experimental measurements from an
aerovalve pulse combustor to predictions from the model described in Section 2 of this report.
We found that the model can assess the effects combustor geometry, operational parameters,
and mixing processes have on pulse combustor performance. We show that laboratory data
and model predictions were generally in good agreement for fixed mixing parameters, except
at low combustion air flow rates. Model results suggest that poor mixing may cause the
irregular oscillations observed in the lab at low air flow rates. Either numerically or
experimentally increasing the combustor inlet length produced an unexpected increase in the
tailpipe pressure difference. This result was attributed to flow reversal produced in the
tailpipe when using a longer inlet. We were able to scale a published combustor geometry to
produce pressure gain using the scaling relations present in the model. This approach was
verified both experimentally and theoretically.

Because the model presented in Section 2 is computationally very simple, it is possible

to survey a wide range of geometric and operating conditions to find the desired pressure gain
performance. In fact, we are conducting a numeric survey of combustor geometries that
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covers thousands of geometric and operating combinations. Promising cases will be
investigated in the laboratory, at 1 atm and at elevated pressures [20].

No prior work seems to have been aimed at optimizing combustor geometry for high-
pressure operation, and the present approach of combining numeric predictions with labora-

tory data should expedite the development of a pressure-gain combustor that is suitable for
gas turbine applications.
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S Nomenclature

cross-sectional area

surface area

constant pressure specific heat, 1350 J/kg/K.
internal energy per unit mass

unit step function defined by equation (9)

unit step function, defined by equation (19)

heat transfér coefficient for the combustion zone walls,
120 W/m%K.

kinetic coefficient, equation (18), 1.576 x 10° s™
length of the "unburned" region of inlet

- length of the "burned" region of inlet
total inlet length; L, = L, + L,

reference inlet length; L, = VJ/A,

mass flux

pressure in the combustion chamber

heat release per unit volume

specific ideal gas constant, 287 3 K

shear stress at the inlet (or exit) pipe wall calculated from Schlichting [11] pipe
formula, normalized by the ambient pressure

the stoichiometric ratio for the mass of oxygen consumed per mass of fuel
burned

temperature
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The dimensionless activation temperature, equation (18), 50

act

T, combustion zone wall temperature, 1200 K
u velocity

u, reference velocity; (/RT,

A" volume

Y ratio of specific heats, 1.27

T, combustion time, equation (6)

T, exit flow time, equation (5)

T fuel flow time, equation (4)

Tar heat transfer time, equation (7)

T, inlet flow time, equation (3)

T, mixing time, equation (11)

T, reference inlet time; T = L m

T, flow time associated with station u, analogous to equation (3) using m,
AH;, fuel heat of combustion per unit mass 4.6 x 10’ kig
Subscripts

A designates ambient properties

a designates "unburned" region of inlet

b designates "burned" region of tailpipe

c corresponds to combustion region

d conditions at station d (Figure 1)
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(1.4

conditions at station e (Figure 1)
corresponds to fuel

designates cold region of combustion zone
designates hot region of combustion zone
conditions at station i (Figure 1)
stagnation property

corresponds to oxygen

conditions at station u (Figure 1)
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