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There are three objectives of this study. The first
is to determine if there is a significant mass
transfer enhancement in pulse combustor
tailpipes, and to determine how this enhancement
is affected by the pulsating flow parameters. The
second is to gain an understanding of oscillating
turbulent flows and mass transfer in these flows.
The third is to develop a mass transfer correlation
which can be used to predict drying in pulse
combustors.



Technical
Respective

Results

The need for efficient combustion systems has
revitalized research in pulse combustion. One
advantage of pulse combustor heating systems is

a high rate of heat and mass transfer in the
tailpipe. These high rates result from large
velocity oscillations occuring in the tailpipe as a
result of the acoustic resonance on the pulse
combustor. Past experimental research on the
effect of flow oscillations on the mass transfer rate
found rates higher than those found in steady
turbulent flow at the same mean Reynolds
number. However, past research has failed to
provide an adequate mass transfer correlation for
this type of flows.

The mass transfer rates in the tailpipe were found
to be enhanced up to a factor of 2 times the
expected value for steady turbulent flow.

Although the heat transfer increases with both
oscillation frequency and velocity oscillation
amplitude, mass transfer is found to increase only
with amplitude but not frequency. This
contradiction is related to the difference between
the characteristic lengths involved with heat and
mass transfer. The length for heat transfer is
that of tailpipe and the length for mass transfer is
the length of flat plate or the diameter of the
cylinder which are order of magnitude smaller
than the tailpipe.

The effects of pressure amplitude, frequency and
mean mass flow on mass transfer were obtained
experimentally. An analytical model is proposed
for mass transfer correlation in oscillating flows.
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The constants of this model are being evaluated by
the experimental data and will be reported later.

Experimental work was carried out at Sandia
National Laboratories. A Helmholtz-type pulse
combustor with cross-sections for both the
combustion chamber (75mm x 75 mm) and
tailpipe (30mm x 30mm) convenient for optical
diagnostics was used. The tailpipe is double-
walled for controlled external cooling. The burner
was operated premixed (air and either natural

gas or methane) with on-axis injection. The set of
controlling parameters for operating conditions
are mass flow rates of fuel, air and nitrogen
diluent, the tailpipe length and the position of
injector stagnation plate.

The mass transfer in pulse combustor tailpipes
has been poorly understood. This contract has
provided experimental data and a theoretical
underpinning for understanding and predicting
mass transfer and hence the drying action in
pulse combustors.

GRI Project Manager
Ferol Fish

Principal Scientist, Engineering Sciences
Physical Sciences Department
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This final report consists of four chapters, the first
three being individual conference papers. Since
each chapter is written to stand alone, each has its
own introduction, literature survey and reference
list. The last chapter is a draft of a manuscript
under preparation.
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CHAPTER 1

PULSE COMBUSTION: NUMERICAL ANALYSIS OF
DROPLET MASS TRANSFER ENHANCEMENT



ABSTRACT

PULSE COMBUSTION: NUMERICAL ANALYSIS OF DROPLET
MASS TRANSFER ENHANCEMENT*

R. S. Gemmen
University of Michigan
Ann Arbor, Michigan

J. O. Keller

Combustion Research Facility
Sandia National Laboratories

Livermore, California

V. S. Arpaci
University of Michigan
Ann Arbor, Michigan

The effect of a resonant acoustic field on the rate of evaporation
of a liquid dropiet is investigated using a numerical technique. The
resonating acoustic field under consideration is one produced by a
pulse combustor. Calculations based on a quasi-steady analysis are
performed for the droplet position, velocity, and size. Calculations
are also performed to determine the effect of the unsteady pulsating
free stream motion on the dynamics of a droplet. The model takes into
account the transport of mass, momentum and energy using
contemporary correlations for the Sherwood number, drag coefficient

and Nusseit number.

These correlations have been modified to

include effects of blowing at the droplet surface. Various conditions
of pulsating flows are investigated and comparisons are made with
those of steady flow. The numerical results indicate that evaporation
rates are increased by at least 160% over steady flow at the same mean
Reynolds number.

. NOMENCLATURE
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Cross sccuonal arca.

Accelcrauon.

Heat transter number—defined in the appendix.
Mass transfer number—defined in the appendix.
Speed of sound.
Evaporaung specics’ gas phase specific heat.
Drag coefficient--defined in the appendix.
Form drag cocfficient.

DifTusion coefficicnL

Dropiet diameser.

Edtvos number for dropiet breakup.

Force.

Force determined from a sicady drag cocfTicient
Heat ransfer coctTicicnt—defined in the appendix.
Mass transfer coetficient—defincd in the appendix.
Thermal conducuvity coefficient

Lewas number--defined in the appendix.
Tailpipe length.

Latent heat of vaponzation.

Mach number.

Particlc mass.

Mass flux.

Nusselt number--dcfined in the appendix.
Stokes number.

Prandtl number--dcfined in the appendix.
Pressure amplitude.
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Subscripts:

gw"Oo—mwoOh

Oscillating component (0 the pressure.

Heat flux.

Oscillating component 10 energy nput.
Dropiet radius.

Reynolds number--dcfined in the appendix.
Schmidt number—defined in the appendix.
Sherwood number—defined in the appendix.
Time.

Gas exit temperawre 10 ailpipe.

Gas inlet temperature 10 wailpipe.

Local temperanure of the dropiet surroundings.
Temperanwre a1 the droplet susface.

Oscillating component to surface temperaure.
Steady component w0 tailpipe gas.

Oscillating component 10 taipipe gas.
Oscillating amplitude of dropiet.

Oscillating amplitude of fluid.

Droplet slip velocity.

Velocity.

Free sieam velocity.

Weber number for droplct breakup.

Particle posiuon.

Evaporaung species dropiet surface mass fracuon.
Evaporaung species free stream mass fracuon.
Thermal diffusion coefficient.

D2 Law evaporation cocfficient.

Penetration depth.

Emissivity.

Dynamic viscosity.

Momentwum diffusion coefficicnt

Density.

Surface Tension or Stefan-Boltzmann constant.
Pulse combusuon frequency.

Convective tcrm.

External gas parameter.

Basset term.

Fluidhailpipe gas.

Initial condiuon. .
Particie/dropiet or Pressure crm.
Radiation/reduccd (film) properues.
Droplet surface parameter.
Tailpipe wall term.

* This work was performed at the Combusuon Research Facility, Sandia

National Laboratories and was supported by the

U.S. Depaniment of

Energy, Energy Conversion and Utilization Technologies Program, and the
Gas Researcn Institute.
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INTRODUCTION

Pulse combustion devices are known for the strong oscillating
flows in their resonance tubes. In the tailpipe of a Helmhoitz
resonator, for example, oscillation amplitudes can reach 100 m/s and
pulsation frequencies can range between 50 and 170 Hz.

While knowledge of the processes occurring in both the
tailpipe and combustion chamber have steadily increased over recent
years (Keller et al. (1989), Dec and Keller (1988, 1989), Dec (1988),
Barr et al. (1990, 1989)), most experimental and theoretical studies to
date have focused on the combustion processes and heat wansfer
enhancement aspects. Another important area that has yet to be
adequately investigated is the mass transfer enhancement in these
devices. In the United States alone, the energy budget for mass
ransfer related processes is about one Quad/year, Anon (1977), and
in the United Kingdom approximately 7% of the total energy budget is
devoted to drying processes, Mujundar (1980). Given the large
enhancement found in heat transfer for pulse combustors, it is
reasonable to expect equally strong enhancement for mass transfer,
thus significant energy savings could be achieved by adapting these
devices to mass mansfer related industrial processes.

This paper presents the results from a numerical investigation
on the evaporation rates of freely moving droplets placed inside the
tailpipe of a pulse combustor. Many detailed numencal models have
been developed that describe the processes occurring in and around an
evaporating droplet (Law and Sirignano (1977), Prakash and
Sirignano (1980), Renksizbulut and Yuen (1983a), Dwyer and
Sanders (1984), Sanders and Dwyer (1986), Tong and Sirignano
(1987)). These models have been mostly applied to steady convecting
environments. Tong and Sirignano, however, used their model to
evaluate the effect of an oscillating flow field on droplet evaporation
rates obtaining estimates for combustion instability. Their model
assumes a quasi-steady gas phase neglecting the effect of the pressure
field on the viscous boundary layer. One achievement from the work
of Renksizbulut and Yuen was providing a correlation for the energy
transport to a droplet that takes into account evaporative blowing. By
using correlations for the transports of mass and energy, the current
problem becomes less computationally intensive than those above.
The model developed in this study assumes quasi-steady correlations
for the transport of mass, momentum and energy. The validity of a
quasi-steady analysis is discussed as well as the validity of several
other simplifying assumptions. In particular, the effect of unsteady
gas/droplet motion on the droplet drag force is neglected. The
importance of this unsteady motion to the droplet dynamics is
investgated in some detail at the end of the paper once the motion of a
droplet has been determined. Other secondary effects on the
evaporation rate such as that due to liquid heating/cooling in an
unsteady flow are also examined.

DROPLET EVAPORATION MODEL

In the model, a droplet is injected into the entrance of the
tailpipe, and calculations for the droplet velocity, position and size are
performed for different operating conditions. While the use of
empirical correlations for the Nusselt and Sherwood numbers
implicidy assumes that the dropliet shape is the same as that for steady
flow. for all droplet diameter, d, calculations it is assumed that the
droplet is spherical. Variable properties are considered through film
relations that are specified by the correlations used for the ransport
quantities. Operating conditions are prescribed based on known
values of rypical velocity and temperature profiles through the tailpipe.
The analysis considers several different oscillating flow conditions
and compares these results to those of steady flow at the same mean
tailpipe Reynolds number.

The inutial droplet size for this study was determined by
expected dropiet sizes for this flow field. In accelerated flows. such
as those 1n a pulse combustor, the acceleration between the dropiet and
the gas may cause the droplet to break apart. The breakup of a droplet
depends on the EStvos number that describes the surface instability for
a liquid droplet under acceleration, Clift et al (1978), and is given by:

Eoa = aApd2/c (1

Here, a is the relative acceleration between the two phases, d is the

droplet diameter, o is the surface tension, and Ap is the density
difference between the liquid and gas. The critical E6tvos number for
droplet breakup is 16. For Eoa>16. which for the typical pulse
combuston operating conditions analyzed in this paper corresponds to

diameter droplets greater than 100 pum, the droplet breaks apart.
Therefore, the present study will focus on the evaporation rates of

droplets with diameters 100 pm and less.

To model the gas phase mansports, correlations for Sherwood
number, Sh, Nusselt number, Nu, and drag coefficient, Cp, for
steady flows are employed. The quasi-steady gas transport
assumption has been found to work reasonably well for droplets with
zero slip velocity, Hubbard et al. (1975) and pressures away from the
critical point. This assumption need to be investigated more
thoroughly, however, for the droplet sizes and velocities considered

here which are on the order of 100 pm and 100 m/s respectively. For
a quasi-steady gas phase analysis to be valid, the boundary layer
motion over the transport surface must be similar to that of steady
flow at any given instant. In an acoustic flow, however, the pressure
gradient and oscillating gas motion causes boundary layers to phase
lead the free stream, Dec et al. (1988), making the quasi-steady
analysis fundamentally incorrect. The experimental data on tailpipe
wall heat ransfer enhancement presented by Dec and Keller (1989)
show that quasi-steady theories correctly predict the trends in Nusselt
number with pulsation amplitude and mean Reynolds number. Quasi-
steady theories, however, will under predict the magnitude of the
Nusseit number, sometimes by as much as a factor of 1.5, moreover
they inherently contain no frequency effects. While the present study
is concerned with heat (and mass) transfer from a liquid surface
instead of a solid wall, these results would indicate that the present
quasi-steady analysis should provide a conservatve estimate for the
mass transport enhancement. [t should be emphasized. however, that
since the flow over a liquid sphere is quite disunct from that over a flat
plate, the results from Dec and Keller may not apply. Rigorous
testing of these assumptions will have to await experimental
verification.

Aside from the effects produced by the pressure. other
kinematic effects produced by the gas phase motion can also prevent
the use of a quasi-steady analysis. Quasi-steady criteria for
convecting flows are: 1.) that the characteristic time for a gas element

to flow over a droplet, d/AY, must be much less than the characteristic
time for the dropiet to change its diameter, d/(dd/dt), and 2.) the time
for velocity change, 1/, should be much longer than the characteristc

time for diffusion to occur through the boundary layer, e.g. l/® >
d/(DRe'?). For typical pulse combustor operating conditions, these
requirements are satisfied over most of the droplet life (about 90%).
Hence, as far as the gas phase kinematics is concerned (neglecting
pressure effects), the process of evaporation can be adequately
described by quasi-steady relations.

The liquid phase behavior is neglected by assuming that the
liquid droplet is injected at its evaporaton (saturation) temperature and
therefore undergoes no heating or cooling, and that no species
diffusion occurs within the liquid. For the liquid considered in this
study (pure water) these assumptions are valid. since the effects of
thermal/species ransients are weak due to its low boiling temperature.
high heat of vaporization, and the fact that species diffusion is non-
existent. Detailed numerical solutions have shown, however, that
liquid transients can be important (adding more than 10% to droplet
lifetime) under certain combinatdons of evaporaung environments and
droplet thermodynamic properties, Prakash and Sirignano (1980).
Dwyer and Sanders (1984), Tong and Sirignano (1987). The
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significance of the liquid heating can be estimated from cpiAT/heg

Where cp is the heat capacity of the liquid, and AT is the liquid
temperature change. For water, this parameter is about 6%, whereas
for hydrocarbons its value is about 30%. The numerical model can be
extended to account for liquid transient effects by including models for
the liquid side temperature and/or species fields (Law and Sirignano
(1977), Talley and Yao (1984)). For other liquids, this may become
necessary.

There are two primary flow regimes associated with the
motion of a droplet over the range of Reynoids numbers (0 < Re <
200) typically found in a pulse combustor. At low Reynolds numbers
(Re=1) and a non-accelerating flow, the flow over a sphere is one of
Stokes flow and the drag forces for a solid sphere is given by Stokes
law. For a liquid droplet, the drag is reduced somewhat due to the
motion of the liquid which assumes a Hills vortex, Prakash and
Sirignano (1980). Blowing at the surface due to evaporation will
reduce the viscous transport of momentum thereby reducing the drag.
As the Reynolds number increases, the flow over the rearward face of
the droplet separates causing form drag. Blowing at the surface can
cause this separation of the boundary layer to occur earlier, thereby
increasing the form drag.

For strong unsteady droplet and fluid motion. the total force
on a droplet is found to be significantly different than that for steady
flow at the same Reynolds number. The additional forces result from
the pressure gradient driving the flow and the unsteady gas modon:

F(o(a]-—-Fs + Fp + Fa + FB (2)

where Fioral is the total droplet force, Fs is a force determined from a
steady drag coefficient. Fp is the pressure gradient force (a form drag
component not included in the Fg term due 1o its definition), F is the
force produced by accelerating fluid past the droplet, and FB is the
force due to the unsieady motion. For smail Re values, an equation

for the particle motion containing these parameters is, Hinze (1959)
and Briffa (1981):

Fg Fp Fa
Edapp? = 3dnu(Ve - Vp) + ?dape%. + udape(gv_e . d_VB)
t

6 dt 26 dt dt
FB
e,
dve | ﬂE)

+ 3dPvmpaE| G 9t 4
2 t -t
o 3)

where yt is the free stream viscosity, t is time, Vyp is the droplet/paricie
velocity and Ve is the instantaneous free stream velocity. This
equation is based on assumptions that restrict its use to low particle
Reynolds numbers (Re=1). Briffa, however, in the experimental and
theoretical analysis of decelerating spray droplets, applied a modified
form of Eq. (3) with reasonably good success even with Reynoids
numbers approaching 150. This modification adds the following term
to the nght hand side of Eq. (3):

mz 2
- D' VgV
PQT( eVp (@)

where D' is a form drag coefficient. This term models a flow regime
in which the viscous term is negligible. These two terms (Eq. (4) and
the viscous drag term of Eq. (3)) can be reduced to a single term by
using a drag coefficient which covers both the low and high regimes

of drag on a sphere. This is done in the present model by employing a
modified-standard drag coefficient as described below.

For a droplet inside a pulse combustor tailpipe, the pressure
gradient term. Fp, is negligible as shown in the following relations.
The force on a droplet duc to free soeam pressure gradients is:

Fp = (dP/dx)(rd3/6) &)

where Fp is the estimated force on a droplet due to the pressure field,
P is the local pressure, x is a spatial location, and d is the droplet
diameter. The force determined from a steady drag coefficient is:

Fs = 1/2peCp(AV)2d2n/4 (6)
Since the oscillation pressure P is proportional 1o velocity oscillation
amplitude as P=Uoepec, one can write for the rado of Fpto Fs:

Fp/Fs = /(MLeCp) @)

where Uoe is the velocity oscillation amplitude, M is a ratio of
velocities given by Uoe/c, Le is the tailpipe length, and c is the sound
speed of the gas. Estimating these terms to an order of magnitude
gives: d=0(10-4), M=0(10-1), Le=0O(1), Cp=0(1). Therefore,

Fp/Fs = 0(10-3), showing that for droplets of diameter 100um. the
pressure force can be neglected in Eq. (2) relative to the quasi-steady
force.

The third and fourth terms in Eq. (3) are also neglected. The
third term is negligible, since (dV¢/dt-dVp/dt) < dVe/dt which was
already shown to be negligible in the second term of Eq. (3). The
fourth term in Eq. (2) is more difficult to analyze, since lintle is known
about the effect of strong accelerating flows on the droplet drag. The
validity of neglecting this term will be considered in greater detail in
the Discussion section.

* The only remaining force to be considered in the model for the
dropiet motion is the quasi-steady drag force, Fs. A drag coefficient
for a sphere (modified to inciude the effects of droplet surface motion
as well as blowing due 1o evaporation from the surface) will be used
to model the quasi-steady force, Renksizbulut and Yuen (1983a,
1983b): '

CD(1+BM)°'2=% 1.+ 0.2900'63] 10 < Re < 260 ®)

where Re is the Reynolds number of the droplet and By is a mass
transfer number to be described below. The evaluation of properues
(except for pf in Re for the drag coefficient which is taken as the free
stream value) is given by a film reference state as:

Ye=Ys+(Ye- Yol
Tf = TS + (Tc - Ts)/l' (9)
r = 2 for the Renksizbulut-Yuen film model.

where Y is the mass fraction and T is the temperature.

With the force on the dropiet known, the motion of the droplet
is determined based on its initial condition (position and velocity) and
a fourth order Runge Kutte integration of:

di- Fs/m

dr? (10)

where x is the particle position and m is the particle mass.

To determine the droplet evaporaton rate, the numerical model
uses a mass transfer correlaton taking into account the surface motion
and surface blowing. For the mass mansfer coefficient, a coryclauon
for the Sherwood number, Sh, given by Renksizbulut (1989) is:



By = YS:Ye
1-Ys (11)

sh(1+Bm)°% 7=2. + 0.87Re''2sc"/3
25 <Re <2000

where Re is the Reynolds number. Sc is the Schmidt number and By
is a potennal for mass transter. The evaluation of all properties is at
the film condidon described in Eq. (9).

The energy for evaporation is assumed to be due to both
radiation and convection to the droplet surface, q"s = q"r + q"¢ (recall
that liquid heating is assumed to be zero and no chemical reactions are
considered). For convection. q"c, the model uses a correlation for the
Nusselt number, Nu, given by Renksizbulut and Yuen (1983a,
1983b):

Nu(1+B1)%7=2. + 0.57Re'/2p(1/3  BH=

Ls - [q.r/m‘]s (12)
25 <Re <2000

where Pr is the Prandtl number, and By is a potential for heat transfer,
and (q"r/m"]s is the ratio of radiation heat flux to mass flux at the
droplet surface. This correlaton for the energy transfer was used with
reasonable success by Tally and Yao (1984) in the prediction of the
accelerated droplet motion in a steady flow.

For radiation from the surroundings, the model uses:

q'r = eo(T - Ts*) (13)

where € is the emissivity of the droplet, ¢ is the Stefan-Boltzmann
constant and Tw, the tailpipe wall temperature, is specified based on
tailpipe wall data. For the droplet emissivity, the value of 0.96 for
water was used., Incropera and DeWitt (1981).

In general, mass transport from a droplet involves the coupling
between mass, momentum and energy. The coupling results directly
from the processes occurring at the liquid surface (balance of
mass/energy), as well as due to secondary effects such as the variadon
of fluid properties through the boundary layer which often times
becomes very significant. The coupling at the droplet surface
boundary is given by:

Vs = M's/pe (14)
Q°s = Lsm°®g (15)
F(Ps,Ts.Ysi) (16)

where vg is the surface normal velocity component and F() is an
equation describing the relation between the liquid surface properties.
where Ps is the total pressure at the surface., Ts is the surface
temperature. and Ysi is the mass fraction of species in the
environment.

Following others, the assumption of surface equilibrium is
made, and an equation of state is used to provide the relationship
between the surface temperature and surface concentration. In the
model. these surface potentials are related via a curve-fit to the
Clausius-Clapeyron equadon, see Appendix.

Once the surface conditions and transfer coefficients have been
iteratively solved, the evaporation rate is given by:

m"s = hmBM (17)
dd/dt = 2m"Pe/P) (18)

where hpy, is the mass transfer coefficient and Py is the liquid density.
The numencal integration of Eq. (19) provides the necessary
information on the evoluton of the droplet size.
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Figure 1. Nomograph for Quiescent Evaporation of Liquid
Water (Le = 1). At high external gas temperatures, Te > 350, the
evaporaton is heat transfer controlled. B=By=By.

A good understanding of the coupling between mass and
energy and the relative effects of these transports on surface
conditions can be achieved by examining a droplet in a quiescent
environment. For this case, the coupling can be expressed in
graphical form as in Figure | which is for liquid water at one

atmosphere with a gas Lewis number, Le (= a/D = Sc/Pr ) = 1.
Figure 1 shows how the external potentials for heat and mass transfer
affect the surface conditions of the water droplet. In this case. the
driving potentials for heat and mass transport, By and By,
respecavely, are the same:

By=Bm=B (19)

In the use of Figure 1, the selection of appropriate curves for Ye and
Te is made based on the free stream conditions and an iterative process
is performed until the correct surface condidon (Ys and Ts) has been
determined. This process is started by assuming a value for the
droplet surface temperature (a point selected on the lower left plot). A
line is
drawn to the right to intersect the selected B curye, then up to the
selected Ye curve, then left to the vapor pressure curve and back down
to the starting line on the lower left plot. This process continues until
the surface temperarure converges.

Figure | shows how the external potential for heat transfer.
Te, dominates the selection of the driving potential B under high
evaporation temperatures (the lines in the lower right plot are nearly
vertical). The driving potential for heat ransfer dominates in setting
the rate of evaporation. The influence of the external mass fraction Ye
is to adjust the surface concentration and temperature slightly, but
does not strongly affect the evaporation rate. As a result, the
evaporation process is one of heat ransfer contol.

v i nditions--Convect nvi n
For the present study involving a convecung tlow field. the
balance of heat and mass fluxes are performed using the Sh and Nu
correiations and local external driving potenuals. Contrary to the



quiescent analysis described above, this study does not assume the
Lewis number to be 1, but includes relations for the mass and thermal
diffusivides. The values for all properues and surface potenuals are
penodically updated based on a change in the local Reynolds number.
These property relations were taken from various sources and are
given in the appendix.

In determuning the mole fraction of the evaporatng liquid in
the gas at the surface, the local environmental pressure needs to be
specified. The maximum oscilladon pressure in the pulse combustor
occurs in the combustion chamber and is approximately +10 kPa
(£10% change). Since the oscillation pressure in the tailpipe is less
than that in the combustion chamber (varying as a 1/4 sinusoid from
the combustion chamber 10 the end of the tailpipe), it is assumed that
the pressure remains constant at the mean value of one atmosphere.
Neglecting the pressure oscillation ignores the associated surface
temperature changes which are about 6 to 8 K. However, the change
in the heat ransfer driving potential will be small and. since the
process is heat transfer controlled. so will be the evaporation rate. For
small changes in the pressure, p', the temperature at the surface can be
shown to change as Ts' = Tozkp'/Pohrg. where Ts' is the fluctuating
surface temperature due to fluctuating pressure p', Ty is the average
surface temperature of the liquid whose gas phase species is at the
average parual pressure P, R is the gas constant, and hgg is the heat
of vaponzation. Finally, neglecting the pressure oscillations also
neglects the changes in the transport diffusivities which are inversely
proporuonal to the pressure. However, since the boundary layers for
mass, momentum and energy are, to first order, proportional to the
square root of the diffusivities, the effect of the £10% pressure
oscillations are reduced to only +5% for the boundary layer.
Therefore the changes in the mansports of mass, momentum and
energy are small (the pressure has a weak affect on the transport

coefficients W, k, and pD).

A brief description of the gas phase motion in a typical pulse
combustor will be given. For a more detailed description of pulse
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Figure 2. Pulse Combustor Tailpipe Profiles of Velocity and
Temperature. from Dec et al. (1988). The velocity and pressure arc
very sinusoidal and the temperature fluctuations are smail relative to
the absolute temperarure.

combustors see Keller et al. (1989). Temperature and velocity
profiles (axial and transverse) in the tailpipe of a "Helmholtz™ type
pulse combustor have been determined experimentaily by Dec and
Keller (1988) and Dec et al. (1988), and numerically by Barr et al.
(1988). Figure 2 shows experimental data on the cycle resoived
tailpipe gas temperature and velocity as well as combustion chamber
pressure for a typical pulse combustion operating condition, Dec and
Keller (1988). Figure 2 shows that both the velocity and pressure are
sinusoidal. The temperature has a peak-to-peak fluctuation of
approximately 200 K through the cycle. Although this may appear 10
be large, the change is small relative to the total driving potential
(<15%). Moreover, for the droplets studied here, the droplet lifetimes
are longer than several cycles providing an averaging effect for these
fluctuations. Should detailed informaton on the droplet evolution be
required, these fluctuations should probably be considered. From this
data as well as data on the axial profiles of mean temperature and
velocity oscillation amplitude, it is found that the gas emperature can
be effectively modeled as a linearly decreasing function of axial
location starting at the inlet to the tailpipe, while the velocity amplitude
in the tailpipe can be modeled as a linearly increasing function of

location. It is assumed that the temperature decreases in value based

on experimentally determined input parameters defining the iniet and
exit temperatures as well as the tailpipe length. The oscillating
velocity component was described by a relation based on an input of
the exit velocity amplitude with the inlet velocity being 80% of that at
the exit. Dec and Keller (1988). The mean velocity component in the
tailpipe was aiso specified based on expenimental values, Dec and
Keller (1988). Finally, it is assumed that the gas composition was
that of stoichiometric methane-air combustion products.

Calculations for the droplet histories were made for the
different pulse combustion operating cases listed in Table 1. The
nominal values for an experimental pulse combustor are in bold. The
parameters in the table are defined in the nomenclature.

TABLE 1 Pulse Comt Conditi
Case Uo Um Tej Tee Le
1 50 1S 11500 700 [ 100 | O.88
2 75 15 | 1500 | 700 | 100 [ 0.88
3 100 15 | 1500 700 | 100 | 0.838
-4 75 15 | 1500 | 700 | 80 | 0.88
5 75 15 | 1500 700 | 120 | 0.88
6 75 15 | 1300 500 [ 100 [0.88
7 45 1 1S 1700 | 800 | 100 | 0.88
75 T3 [1500] 700 83 [0.88
3 - 15 | 1500 [ 700 0 [0.88

Units: m/s mvys K K Hz m

For all cases. the initial droplet size and velocity was 100 um and 2
m/s.

RESULTS

Since the history of a dropiet size in a quiescent environment

follows the D2 Law which can be written in terms of the dropiet
radius as:

RZ . RZ - Bt (20

where B is the evaporation coefficient, the resuits for the droplet size

are presented as R2 vs. time. _

Figure 3 shows the droplet size vs. time for cases 1.2.3.8. As
expected. the evaporation rate increases with pulsation amplitude. For
the same four cases. the droplet position vs. time is presented in
Figure 4. For all cases the droplet has evaporated before exiting the
880 mm tailpipe (the position where a droplet 1s entirely evaporated is
denoted by an 'x’).



