
422 AIAA JOURNAL VOL. 20, NO. 3

AIAA 82-4064

Combustion Properties of Carbon Slurry Drops

G. A. Szekely Jr.* and G. M. Faetht
The Pennsylvania State University, University Park, Pa.

A theoretical and experimental investigation of the combustion properties of carbon slurry fuels is described.
The combustion of individual drops (400-1000 /*m in diameter) supported at various positions within an open
turbulent diffusion flame was observed. When a slurry drop was exposed to the flame, the liquid fuel evaporated
in the first stage of the process leaving a porous carbon agglomerate formed from the carbon particles in the
slurry. The second stage involved heat-up and reaction or quenching of the agglomerate. Consumption of the
agglomerate was the slowest step in the process, requiring 90-95% of the drop lifetime, even in regions where
maximum agglomerate reaction rates were observed. An analysis was developed to provide predictions of both
liquid and agglomerate heat-up and gasification. The analysis yielded good predictions of both particle size and
temperature variations for flame equivalence ratios of 0.272-1.350. The use of a catalyzed slurry was found to
increase agglomerate burning rates in the lean portions of the flame, extending the lean limit of agglomerate
reaction.

Nomenclature
ai - area/reactivity factor
At = pre-exponential factor
Cp - specific heat
d - flame jet diameter
dp = particle diameter
D = effective binary diffusivity
Ei - activation energy
/ = enthalpy
if = enthalpy of formation
K = dimensionless mass burning rate, Eq. (15)
Kpi = equilibrium constant
Kri = reaction rate constant
Le = Lewis number
mit m = mass of species / in particle and total particle mass
m" ,m" = mass flux of species / and net mass flux
M,,M = molecular weight of species / and mixture
ni = reaction order
Nu,Nu' =Nusselt number, Eqs. (10) and (12)
Pi>P — partial pressure of species / and total pressure
Pr = Prandtl number
q"fq" =convective and radiative heat flux at particle

surface
r = radial distance
R = Universal gas constant
Re = Reynolds number
Rf - reaction rate of species /
Sc = Schmidt number
Sh,Sh' = Sherwood number, Eqs. (10) and (12)
t =time
T = temperature
u = gas velocity relative to particle
x - distance from exit of flame jet
Yi9 YI = mass fractions of species and element /
e = surface emissivity
f = convective enhancement factor
X = thermal conductivity
Hij = stoichiometry parameters, Eq. (2)
v = kinematic viscosity
p = density
a = Stefan-Boltzmann constant
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</> = equivalence ratio
X = reaction parameter, Eq. (20)

Subscripts
avg = average condition
c = carbon
/ = liquid
p = particle surface
ref = reference condition
w = surface of enclosure
0 = initial condition
oo = surroundings of particle

Introduction

L IQUID fuels having high-energy densities are of interest
in order to improve the performance of volume-limited

propulsion systems.! It has become increasingly difficult,
however, to obtain additional improvements employing
liquids alone.2 Therefore, slurries are increasingly receiving
attention since they can be handled and burned similar to
liquids, but have higher energy densities due to the presence of
solids.2'4

The objective of the present investigation was to examine
the combustion properties of a particular class of slurry fuels,
namely, slurries employing carbon black particles as the solid
phase. The general combustion properties of similar carbon
slurries have been examined in gas turbine combustors2'3 and
in well-stirred reactors.4 The present study emphasized more
fundamental aspects of the problem by observing and
analyzing the combustion properties of individual slurry
drops.

Coal slurries have received attention in recent years since
their use provides a means of extending limited petroleum
reserves. While the presence of ash and volatile material in
coal modifies the combustion process in comparison to
carbon slurries, past observations of coal slurry combustion
provide useful background information for the present in-
vestigation. The results of Law and co-workers,5'6 for both
supported and freely falling coal slurry drops burning in air,
are representative of recent findings in this area. A two-stage
combustion process was observed. The liquid fuel evaporated
or burned in the first stage, leaving an irregular agglomerate
of the coal particles in the slurry. The second stage involved
heat-up and reaction or quenching of the agglomerate. Even
for conditions where reaction of the agglomerate was ob-
served, this stage of the process was relatively slow, com-
prising the bulk of the lifetime of the slurry drop.

During the present investigation, the combustion of carbon
slurry drops was observed using the supported drop technique
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Table 1 Summary of flame properties at droplet test locations a

Mass fractions
x/d
170.0
212.5
255.0
297.5
340.0
382.5
467.5
510.0

r, K
1841
1903
1824
1541
1271
1101
887
779

u, m/s
9.93
8.14
6.15
4.82
4.35
4.21
3.90
2.93

0

1.350
0.939
0.870
0.761
0.557
0.484
0.348
0.272

02

0.006
0.021
0.076
0.093
0.122
0.136
0.163
0.176

C02

0.101
0.094
0.079
0.075
0.066
0.057
0.038
0.029

CO
0.079
0.051
0.039
0.031
0.016
0.013
0.007
0.004

N2 •
0.653
0.689
0.677
0.688
0.699
0.705
0.717
0.724

H20
0.161
0.145
0.129
0.113
0.097
0.089
0.075
0.067

Mean conditions along the centerline of a burning vertical propane jet with a visible flame height of 460 mm. The jet exit diameter and velocity were 1.194 mm and
8.7 m/s, yielding a Reynolds number of 23,600. Ambient conditions were still air at 296 ± 3 K at 97 kPa.

(drop diameters in the 400-1000 /mi range). In order to ap-
proximate combustion chamber conditions, the drops were
supported at various positions within an open turbulent
diffusion flame at atmospheric pressure. The measurements
yielded the variation of particle size and temperature as a
function of time. Carbon agglomerates were observed during
the tests and their surface structure was examined using a
scanning electron microscope (SEM). An analysis was
developed to provide predictions of both liquid and
agglomerate heat-up and gasification. The analysis was
evaluated using measurements for flame equivalence ratios of
0.272-1.350. The effect of a catalyst on agglomerate com-
bustion properties was also considered.

Experimental Methods
Test Apparatus

The slurry drops were supported along the centerline of an
open turbulent diffusion flame that had been studied earlier.7

The arrangement consisted of a combusting propane jet
directed vertically upward with the propane flame stabilized
at the jet exit using an array of small hydrogen capillary
flames. A single operating condition was employed for all
tests. The test droplets were located at various positions along
the centerline of the flame. Flow properties at each drop
location considered during this investigation are summarized
in Table 1. These properties were determined by measuring
velocities with a laser-Doppler anemometer, temperatures
with a 50 /mi diam thermocouple and concentrations by
isokinetic sampling and gas chromatography.

The fuel drops were mounted on either the bead of a
thermocouple junction or a quartz fiber. The drops were
mounted with a hypodermic needle, while the flame was
deflected from the test position. The combustion process was
initiated by retracting the deflector with a pneumatic cylinder.
Instrumentation

The drops were observed as shadowgraphs with a 16-mm
motion picture camera operating at speeds of 50-100
frames/s. The film speed was monitored with 10-ms timing
marks. The camera optics provided a 2:1 magnification. The
drops were blacklighted with a collimated beam from a
mercury arc lamp. The films were analyzed on a Vanguard
motion picture analyzer. The particles were not always
spherical in shape; therefore, an equivalent diameter is
reported for a sphere having the same volume as the ellip-
soidal-shaped particles.8

Particle temperatures were measured by mounting the
drops on the junction of a Pt/Pt 10% Rh thermocouple
constructed of 75 /mi diam wires. To help support the drop,
the junction was placed within a spherical Sauereisen cement
bead (300-400 /mi in diameter). The thermocouple output was
recorded digitally on a Nicolet Explorer Oscilloscope, Model
206.

Samples of the carbon agglomerates were obtained after
quenching the process by redeflecting the flame. These
samples were studied using a scanning electron microscope
(International Scientific Instruments, Model M-7).

Test Fuels
Two slurry fuels provided by Suntech Group were

examined during the tests. The fuels consisted of a medium
thermal carbon black having an ultimate particle size of 0.3
/mi, with JP-10 as the liquid fuel (see Ref. 2 for more com-
plete specifications). The bulk of the testing was conducted
with a noncatalyzed slurry having 50.4% dispersed carbon by
weight. A catalyzed slurry that had 49.2% dispersed carbon
by weight and contained a proprietary lead compound as a
catalyst was also considered. While these fuels are
representative carbon slurries, fuel development efforts are
continuing and they do not necessarily represent the most
attractive formulations.

Liquid Gasification Theory
The measurements suggested that the life history of a slurry

drop could be divided into two separate phases—liquid heat-
up and evaporation followed by agglomerate heat-up and
reaction; therefore, the analysis was separated in the same
manner. The objective of both phases of the analysis was to
predict the particle life history, i.e., the variation of particle
temperature, mass, and diameter as a function of time.

The following assumptions were adopted for both phases of
the analysis:

1) Spherical particles with no particle interaction were
considered, in order to correspond with present test con-
ditions.

2) The flowfield around the particle was assumed to be
quasisteady, i.e., at each instant of time the flow is equivalent
to a steady flow for the same boundary conditions and the
velocity of the surface was neglected. Ambient properties
were taken to be local mean properties.

3) Exact treatment of flow around spheres is not practical
for use in spray models; therefore, the conventional film
theory approximations were employed to treat convection.8

This implies that gas-phase transport can be represented as a
stagnant, spherically symmetric layer whose outer radius is
determined from empirical convection correlations for
spheres.

4) Only diffusion of mass by concentration gradients was
considered, employing an effective binary diffusivity. All
species were assumed to have equal molecular weights and
specific heats, and constant average gas-phase properties were
employed at each instant of time. Average properties were
computed at a mean state, defined as:

where 0 represents both temperature and species mass
fractions. Predictions vary significantly as a is changed; a
single value was chosen to provide best agreement between
predictions and measurements over the test range. Methods
developed during past work were employed to compute
properties.7'10

5) Particle properties were assumed to be uniform at each
instant of time.
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In addition, the following assumptions were specifically
adopted for the liquid phase portion of the analysis: the liquid
was assumed to evaporate with no envelope flame present,
since envelope flames were not observed at the test conditions
considered here; radiation was ignored; the liquid surface was
assumed to be in thermodynamic equilibrium with the vapor
pressure curve yielding the relationship between surface
temperature and vapor concentration; and the solubility of
gases in the liquid was assumed to be negligible.

These assumptions are generally similar to those employed
for drop transport analyses near atmospheric pressure and a
further discussion of their justification can be found in Ref.
11. The resulting formulation and method of solution are
identical to that employed by Mao et al.,10 except that the
heat capacity and volume of the particle must include the
effect of the carbon particles, mCp = mfCpf + mcCpc and
Trd3

p/6 = mf/pf + mc/pc where pc for the present carbon black
agglomerates was obtained from Bruce et al.2>3

The liquid gasification theory was checked by comparing
predicted and measured life histories for pure JP-10 drops at
various positions in the flame. Similar to earlier experience in
this laboratory,7'10 good agreement between predictions and
measurements was obtained using a = 0.9. The dominance of
properties near the drop surface is reasonable, since mass
transfer rates are high in a flame environment, resulting in a
substantial blowing effect in the gas phase.

Agglomerate Reaction Theory
Analysis of the agglomerate phase of the process follows

the approach developed in recent studies of carbon particle
combustion,12>13 but differs in some details. In addition to the
five assumptions discussed earlier, the following assumptions
were adopted:

6) The particle was pure carbon while the gas mixture in the
flow was approximated by O2, N2, CO2, CO, H2O, H2, and
OH.

7) Carbon reaction was limited to the apparent surface of
the particle. The effects of pores (causing reaction within the
particle), intrinsic variations of carbon black reactivity, and
catalysts were treated by introducing empirical area/reactivity
multiplication factors of the basic carbon reaction rate.

8) Two surface reaction models were examined, both of
which attempt to predict reaction rates over the full range of
equivalence ratios where agglomerate reaction rates are
significant. The first method employed an approach suggested
by Neon et al.,15 where carbon reaction with OH is assumed
to dominate at high equivalence ratios, while reaction with O2
becomes more significant at low equivalence ratios. The
second procedure followed Libby and Blake13 for reaction of
carbon with oxygen and carbon dioxide, but was extended to
include an additional contribution due to reaction of carbon
with water vapor.

9) The gas phase was assumed to be in thermodynamic
equilibrium at the particle surface.

10) Since agglomerates reach high temperatures, their
radiation to solid surfaces surrounding the flow was con-
sidered, assuming an emissivity of unity.

The main distinctions between the present analysis and that
of Libby and Blake13 for carbon particle reaction involves
consideration of different reaction mechanisms, allowance
for forced convection effects, and the use of empirical
area/reactivity multiplication factors to represent effects of
pores.

Gas Phase Transport
This portion of the analysis generally follows Libby and

Blake,13 and will only be briefly described. Since binary
diffusivities are equal, mass transport is conveniently ex-
pressed in terms of element mass fractions. Four elements, C,
O, N, and H, and seven species, O2, N2, CO, CO2, H2O, H2,

OH, appear in the analysis. The element and species mass
fractions are related as follows:

< = £ < (2)

where ̂  is the mass fraction of the /th element in the yth
species. Given the Yt at a particular location, Eq. (2) provides
four equations to determine the seven unknown Yt. Three
additional equations were obtained from the assumption of
thermodynamic equilibrium. The equilibrium relations used
were

K K

(3)

where the Kpi are known functions of temperature.
Conservation of mass indicates that the radial mass flow

rate per unit solid angle, m"r2
p, is a constant. The governing

equations for conservation of elements and total enthalpy
then become14:

"C^-r-1 = f>L>— \r<^- } , i = l,4 (4)

(5)
d/ _ X d / d/ \

~d7~c;d;v "577

where

(6)

There is no net mass flux of the elements oxygen, nitrogen,
and hydrogen at the particle surface. Furthermore, the net
mass flux of carbon at the surface is equal to m". Therefore,
the surface boundary conditions for Eqs. (4) and (5) are:

r=ro> i=iD

(7)

denoting carbon as species 1. The ambient boundary con-
ditons are:

(8)

Equations (8) treat the general case where the film radii for
mass and heat transfer are not the same. These radii are found
from the usual correlations of film theory, as follows8:

rOOT/rp=Nu/(Nu-2), r00/rp=Sh/(Sh-2) (9)

Ordinarily, Nu and Sh appearing in Eq. (9) would be obtained
from the following correlation:

Nu' or Sh' =2+ [0.552Re1/2 (Pr or Sc) 1/3 ] /

[l + 1.232/(Re(Pror S c ) 4 / 3 ) ] 1 / 2

where

(10)

(11)
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Equation (10) was developed from theoretical and ex-
perimental results for smooth spheres and drops and provided
a good correlation of convective effects for drops during this
and earlier investigations.7"11 The use of this equation,
however, underestimated transport rates of the present
agglomerates for all reasonable selections of physical
properties. This behavior was attributed to the fact that the
agglomerates have an open porous structure near the surface
providing roughness effects and allowing the flow to
penetrate the apparent surface to some extent. It was found
that this enhancement of convective transport rates could be
accommodated in the model by multiplying the Nusselt and
Sherwood numbers given by Eq. (10) by a constant convective
enhancement factor, f = 6.7, as follows:

Nu or Sh = £(Nur or Sh') (12)

over the entire test range. Pending extension of the model to
explicitly consider the properties of agglomerate surface
structure, this artifice was employed in the following com-
putations so that progress could be made in evaluating the
carbon reaction mechanisms for the range of conditions of
interest in the analysis of combustion chambers.

The solution of Eq. (4), subject to the boundary conditions
of Eqs. (7) and (8), yields:

YIp = l-(l-YI(x)Qxp(-2K/Sh) (13)

Yi=Yiexp(-2K/Sh) 1=2,4 (14)

where

K=mc"rp/pD (15)

Employing the sign convention that convection heat
transfer from the surface of the particle is positive, we have

d/
(16)

where the second part of Eq. (16) follows by neglecting the
slight departure of the Lewis number from unity. The solution
of Eq. (5) yields the convective heat flux as follows:

•*p __ \K/rn

- exp (2K/LeNu)
(17)

Given the ambient conditions, the temperature of the
particle, and K, Eqs. (2), (3), (13), (14), and (17) provide the
?, , YI , and q". The relationship between K and the Yf
required to complete the solution is discussed next.

Surface Reactions
There are numerous uncertainties in modeling the reaction

of a porous carbon agglomerate in a flame. The flame en-
vironment contains several species that are potential oxidants
of carbon, e.g., H2O, CO2, O, O2, and OH, and the reaction
mechanism is not well established.15 Since the material is
porous, reaction is not limited to the apparent outer surface
of the agglomerate.16 Carbon substances exhibit intrinsic
variations in reactivity due to their surface structure.16

Finally, the presence of a catalyst was found to influence
reaction rates.

The effect of various gaseous reactants was treated by
considering a mechanism recently proposed by Neoh et al.,15

as well as an extension of an earlier approach employed by
Libby and Blake.13 The effect of pores, surface reactivity,
and catalyst was treated by identifying empirical
area/reactivity factors selected to best match the present
measurements. (It was found that a fixed value, for a given

carbon black and reaction, could correlate the measurements
over the range of the data.)

Neoh et al.15 concluded that OH is the dominant carbon
oxidant under fuel-rich conditions; that O is of secondary
importance at temperatures below 2000 K; and that O2
becomes a significant factor for fuel-lean conditions, par-
ticularly at lower temperatures. Present test conditions
correspond to these circumstances; therefore, carbon reaction
with OH and O2 was considered, while ignoring the remaining
species. Neoh et al.15 found that reaction of carbon with OH
could be represented by assuming a constant collision ef-
ficiency, yielding the following reaction rate expression

(18)

The results of Nagle and Strickland-Constable17 were em-
ployed to determine the rate of reaction of carbon with O2.
These rate expressions are also in reasonable agreement with
later measurements by Park and Appleton.18 The carbon
reaction rate is given by

where

(19)

(20)

The measurements of Neoh et al.15 suggest that the larger of
Rj or R2 should represent the reaction rate at any condition.
Therefore, the dimensionless mass burning rate was deter-
mined from

K= (rp/pD)max(a!RJ,a2R2) (21)

where the a, appearing in Eq. (21) are the empirical
area/reactivity multiplication factors.

The carbon reaction mechanism used by Libby and Blake13

considers reaction with O2 and CO2, employing the following
expressions

(22)

(23)R4=Kr7pCQ2

Table 2 Summary of reaction rate parameters

/ A
l a 361kgK1 /2/m2satm
2 2400kg/m2satm
3 21.3 atm'1
4 0.535 kg/m2s atm
5 18.1xl06kg/m2s
6 87,100kg/m2satm
7 2470 kg/m2s atm
8b 15. 15 x 10 ~3 kg/m2satm
9 9.42 x 10 ~ n atm"1

10 7.07 x 10 ~16 atm ~l

a Assuming a collision efficiency of 0.28.
reaction of 1.15 m /g of carbon, which is
period of reaction.

n E,
-1/2

0
0
0
0
0
0
0
0
0

kcal/gmol
0

30.0
- 4.1

15.2
97.0
35.8
41.9
32.7

-60.8
-79.3

13 D Assuming a surface area -of
the average surface area over the

Table 3 Summary of area/reactivity factors

Reaction Noncatalyzed Catalyzed
Neoh et al.15 reaction approximation:

1 54.3 —
2 758 —

Extended Libby-Blake13 reaction approximation:
3 58.2 70.6
4 112.9 140.0
5 112.9 140.0
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This approach was extended during the present study to in-
clude the reaction of carbon with H2O, employing the results
of Johnstone et al.19 The reaction rate expression in this case
is

(24)

For this second approach, the total reaction rate of carbon
was obtained as the sum of the rates for O2, CO2, and H2O,
ignoring potential interactions between reactants. This yields

(25)

The specific reaction-rate parameters used in the com-
putations are summarized in Table 2, where the Kri are
assumed to have the following general form:

Kri=AiT»iexv(-Ei/RT) (26)

In all cases, /?/ was found from the mass fractions at the
particle surface as follows :

(27)

The area/reactivity factors which provided the best match
of the present data are summarized in Table 3. Neoh et al. 15

estimate collision efficiencies for OH in the 0.13-0.28 range,
the latter value was employed for the present estimate of af.
The area/reactivity factors for R4 and R5 could not be
separated for present test conditions, since the relative
proportions \ of CO2 and H2O were roughly the same
throughout the flame. Therefore, the values were taken to be
identical for both reactions. As might be expected, the
presence of pores in the agglomerate result in af values greater
than unity, since the actual reactioh area is greater than the
apparent surface area. The af for a catalyzed slurry were only
evaluated for the second reaction approximation. The use of a
catalyst increases the intrinsic surface reactivity of the carbon,
yielding higher a{ than for the noncatalyzed agglomerate.

Given the gas phase solution for a specific value of K, the
Yip are found as described earlier. Equations (18-21) for the
Neoh et al. 15 approximation, or Eqs. (22-25) for the extended
Libby and Blake13 approximation, yield a prediction for K,
allowing an iterative solution for particle transport rates. The
computation of average gas phase properties was the same as
the liquid gasification computations.

Agglomerate Life History Computation
Given the temperature and size of the particle and the

ambient conditions, the gas phase and surface reaction
analyses yield the Yf , Yt , K, and q" . The variation of the
size and temperature of the particle was determined by solving
equations for conservation of particle mass and energy.

Assuming that the density of the particle is a constant,
conservation of particle mass yields:

drp/dt=-PDK/Pcrp

Conservation of energy at the particle surface yields:

(28)

{29)

where q" is the particle surface heat flux for radiation to the
enclosure surrounding the flow:

qr
ff=ae(T4

p-Jl) / (30)

The initial conditions for Eqs. (28) and (29) were based on
conditions at the end of the liquid vaporization period. At this

point, all the carbon initially in the slurry was present in the
agglomerate, the agglomerate density is known,2 and the
particle was at the wet-bulb temperature for liquid
evaporation.

Equations (28) and (29) were numerically integrated using
Gear's method. The nonlinear algebraic set of equations,
which must be satisfied in order to determine the Y{, Yf , q"
and K, was solved using the Newton-Raphson metrical, ̂ given
the current values of Tp, rp and the ambient conditions.

Agglomerate Burning Rate Results
General Observations

Significant agglomerate reaction rates were only observed
for a limited region of thi flame. For present tests along the
centerline of a diffusion flame in still air, reaction of non-
catalyzed agglomerates was limited to equivalence ratios in
the range 0.37 to 1.4, corresponding to 160 <#/</< 400. The
higher surface reactivity of the catalyzed agglomerate yielded
a lower lean limit, with reaction observed for equivalence
ratios in the range 0.21 to 1.4, corresponding to
160<Jt/tf<500. The range of conditions used to evaluate the
agglomerate burning rate theory (see Table 1) roughly spans
the region where significant agglomerate reaction was ob-
served.

Figure 1 is a scanning electron microscope photograph of
the surface of a partially reacted agglomerate. The light areas
on the photograph represent the surface of the solid
agglomerate, the dark areas represent pores. While this
photograph was for a catalyzed slurry, near the downstream
end of the region where reaction was observed, it is generally
representative of the appearance of the surface of both
catalyzed and noncatalyzed agglomerates at locations where
carbon reaction occurred. The agglomerate is clearly very
porous, with the carbon surface area available for reaction
much greater than the apparent outer surface area of the
agglomerate. Furthermore, the open structure clearly could
allow the flow to penetrate the apparent surface, contributing
to the convective enhancement discussed earlier.

Predicted and measured burning rates for noncatalyzed
agglomerates are illustrated in Figs. 2 and 3. Burning rate is
plotted as a function of agglomerate diameter with position in
the flame (equivalence ratio) as a parameter. The predictions
employ the reaction parameters summarized in Tables 2 and
3, as well as the convection enhancement factor. For this
selection of parameters, the two reaction approximations give
nearly the same results, and both methods can be represented
by a single line. Clearly, the use of this fixed set of parameters
provides a good representation of the data over the entire
range of the tests. The low reaction rates at low equivalence
ratios were also predicted reasonably well, suggesting that the

Fig. 1 SEM photograph of the surface of catalyzed agglomerate
after quenching at x/d = 489.
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Fig. 2 Quasisteady burning rates for noncatalyzed agglomerates at
high equivalence ratios.
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Fig. 3 Quasisteady burning rates for noncatalyzed agglomerates at
low equivalence ratios.

model has some potential for predicting the quenching of the
agglomerate reaction.

There are two main combustion limits for carbon
agglomerates — the reaction-controlled limit and the dif-
fusion-controlled limit.16 For the reaction-controlled limit,
reaction rates are low in comparison to diffusion rates, and
there is no mass transfer limitation on the supply of gaseous
reactants to the particle surface. This limit is characterized by
the burning rate being relatively independent of particle
diameter, e.g., results for x/d>3$2.5 in Fig. 3 approach the
reaction-controlled limit.

The diffusion-controlled limit is characterized by high
reaction rates in comparison to diffusion rates, leading to
small concentrations of reactant gases at the particle surface.
In this case, the burning rate is largely determined by the mass
transfer properties of the flow around the particle. The
magnitude of the burning rate is then influenced by particle
diameter as follows:

(31)

The power of dp in Eq, (31) tends toward - 1 as the Reynolds
number of the particle decreases. From this argument, it is
apparent that results in the 255.0<x/of<340 range, in Figs. 2
and 3, are approaching the diffusion-controlled limit. The
remainder of the measurements involve both reaction and
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Fig. 4 Quasisteady burning rates for catalyzed agglomerates.

diffusion effects to some extent. Diffusion rates become large
for small particles; therefore, all regions of the flow would
eventually exhibit reaction rate control for sufficiently small
particles.

Figure 4 is an illustration of predicted and measured
burning rates for the catalyzed agglomerate. These test results
were limited to x/d = 291.5, 340.0, and 382.5, while the
analysis was limited to extended Libby-Blake13 reaction
mechanisms. Consumption of the agglomerate is nearly
diffusion controlled at the first two positions, resulting in
little change in the burning rate when the catalyst was used. At
x/d =382.5, however, adding catalyst increased the burning
rate 20-25 %, since agglomerate consumption is nearly
reaction rate controlled at this position. Naturally, the effect
of catalyst is greater at positions farther downstream, e.g., the
presence of catalyst reduced the lean limit for quenching from
an equivalence ratio of 0.37 to 0.21.

Another property of catalyzed slurries was their tendency to
spontaneously shatter from time to time. When observed,
shattering occurred after all the liquid had apparently
evaporated. This behavior could be influenced by the presence
of the drop support, and was not consistently observed. If
shattering does persist for small, unsupported particles,
however, this would provide another (physical) mechanism
for the improved combustion properties observed for
catalyzed slurries during combustion chamber tests.2'3 Tests
with unsupported particles, having sizes more typical of
sprays, will be required in order to establish the importance of
this effect.

Slurry Drop Life Histories
The final step in evaluating the model involved comparison

of predicted and measured slurry drop life histories. Life
histories were computed for noncatalyzed slurries over the test
range. A portion of the results are illustrated in Figs. 5-7,
which covers equivalence ratios of 0.348-1.350. Predicted and
measured particle diameters and temperatures are plotted as a
function of time, with results illustrated for both reaction
approximations. For reference purposes, the local tem-
perature of the flow is also shown on each plot. The time scale
of each figure has been expanded in the period where liquid is
present, since this period is short in comparison to the total
lifetime of the slurry drop.

The two-stage combustion process of slurry drops is quite
evident from the results pictured in Figs. 5-7. The first stage
involves heat-up of the particle to the wet-bulb temperature
for liquid gasification. Some evaporation occurs throughout
this period; however, the rate is highest when the particle is
near the wet-bulb temperature. Since JP-10 is a pure
hydrocarbon, its wet-bulb temperature is nearly constant at a
fixed location in the flame (having a value somewhat below
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the boiling temperature of the liquid).8 The second stage
involves heat-up and reaction of the agglomerate, once all the
liquid has evaporated. Initially, the variation of agglomerate
diameter is relatively slow in this period, until the particle
temperature approaches the gas temperature. Maximum
particle temperatures can be above or below the gas tem-
perature, depending on the energy release by reaction, and
heat transport by convection and radiation. Near the lean and
rich limits, particle temperatures tend to be below the flame
temperature, due to radiative heat losses. Intermediate
equivalence ratios, e.g., 0.557 for Fig. 6, yield relatively high
reaction rates and particle temperatures exceed the flame
temperature. The relative rates of reaction, convection, and
radiation, however, vary with particle size. Therefore, there is
no fixed particle temperature during the latter part of
agglomerate reaction, even at a fixed location in the flame,
unlike the liquid evaporation period. As the particle becomes
small, however, convection heat-transfer rates become large
in comparison to reaction and radiation effects, and the
particle eventually approaches the local gas temperature. This
is not observed in Figs. 5-7 due to the finite-sized bead used to
mount the slurry drop.

The comparison between the predictions and measurements
illustrated in Figs. 5-7 is quite good. This is partly expected,
since the model was capable of correlating the burning rate
measurements for this range of flame conditions. However, it
is encouraging that the model is also capable of predicting

heat-up, where reaction effects are small, as well as final
temperature levels, where radiation becomes important.
There is little difference in the predictions using the two
reaction approximations, similar to the agglomerate burning
rate results.

Conclusions
The present measurements showed that all the solid carbon

in the slurry remained to form an agglomerate and that heat-
up and reaction of the agglomerate required the bulk of the
lifetime of the particle (90-95% even in locations where
agglomerate reaction rates were maximum). Adding catalyst
increased agglomerate reaction rates, except at the diffusion-
controlled conditions, and also extended the lean limit for
quenching, e.g., agglomerate reaction was observed for flame
equivalence ratios of 0.37-1.4 for noncatalyzed agglomerates
and 0.21-1.4 for catalyzed agglomerates. Agglomerate
shattering was occasionally observed with catalyzed slurries at
low equivalence ratios.

The model developed here provided a good correlation of
agglomerate reaction rates and life histories, using either the
Neoh et al.,15 or extended Libby-Blake13 reaction
mechanisms, over the complete equivalence ratio range where
appreciable agglomerate reaction was observed. While this
was encouraging, effects of pressure, different C/H ratios of
the flame gases, and different temperature levels for given
equivalence ratios (due to air preheat) still must be assessed.

The present model employs an oversimplified treatment of
agglomerate structure, involving the assumption of a smooth
surface with empirical convection enhancement and
area/reactivity factors to allow for effects of flow penetrating
the porous surface, pore diffusion, intrinsic surface reactivity,
and catalyst. These empirical factors were found to be
constants over the present test range (400-1000 /*m diam
particles at atmospheric pressure). The constants were
significantly greater than unity, suggesting that the open,
porous structure of the agglomerate strongly influences the
reaction process. Since effects of surface structure probably
vary with particle size, properties of the carbon black, and
flow conditions, it is unlikely that the empirical factors found
in the present study are generally appropriate. Work is
continuing in this laboratory in order to examine the variation
of the empirical factors over a broader range of test con-
ditions, particularly emphasizing smaller particles more
representative of practical slurry sprays, pending development
of a more complete model of the agglomerate structure.

The liquid gasification portion of the slurry drop lifetime
was relatively conventional. Use of the existing methods for
predicting liquid drop life histories,7'11 yielded good results
during the present investigation.
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