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Abstract-The effect of coal on the evaporation of water from mixtures of coal and water was studied 
in a Leidenfrost-type experiment. Pulverized bituminuous coal was mixed with water in volume 
concentrations of 14”% and 26”/ with corresponding total droplet volumes of 0.052 cm3 and 0.055 cm3, 
respectively. Evaporation times were recorded by videotape over a range of plate temperatures from just 
above the Leidenfrost point of water to 670°K. The test surface used in all the experiments was brass, 
and the pressure was kept constant at atmospheric. 

Three stages in the evaporation lifetime of the coal/water droplets were observed: (I) evaporation of 
levitated sessile shaped drops; (2) a regime in which physical distortion of the droplet and collapse of the 
supporting vapor cushion occurred; and (3) a final stage characterized by propagation of a dryout or 
evaporation front from the bottom to the top of the drop after which a residue of agglomerated coal was 
left on the surface. This dryout front was used as a measure of the evaporation time of water from the 
slurry droplet. 

Results showed that evaporation times of water were lower in the presence of coal than for a pure water 
droplet containing the same volume of water as in the corresponding CWM droplet. This was thought 
to be due mainly to enhancement of heat transfer to the droplet caused by collapse of the vapor film and 
direct coal/plate contact. An empirical correlation is presented for the total evaporation time of droplets 
of coal/water mixtures on brass which assumes a linear variation of evaporation time with volume 
concentration of coal. 

1. INTRODUCTION 

A promising approach for coal utilization is to mix 
pulverized coal with a liquid-water or a liquid 
fuel-and then burn the slurry. This idea is attractive 
for the following reasons: (1) resources of petroleum 
based fuels are diminishing so that the substitution of 
oil by coal or by a mixture of coal and water 
represents a direct saving of oil; (2) pulverizing and 
mixing processes are less costly than coal- 
liquifaction; and (3) the fact that the slurry is 
fluid-like renders it pumpable so that existing liquid 
fueled combustors can, in principle, accept the slurry 
with minimum modification. Of the various types of 
slurry fuels currently considered as an alternative 
energy source, coal/water mixtures (CWM) are per- 
haps the most versatile. They possess an intrinsic 
combustion potential and are also an effective means 
of coal transport over large distances. Yet, unlike 
pure liquid fuels, little is known about the funda- 
mental processes involved in CWM vaporization. 
The work reported here is a first step toward an 
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understanding of these processes as they relate to 
CWM droplets on hot surfaces. 

The configuration of CWM droplets evaporating 
on a hot surface is of interest for the following 
reasons: (1) interaction of fuel droplets with a hot 
surface is a potentially important evaporation/ 
combustion mode; (2) droplet production is easily 
controlled and problems of injector clogging due to 
coal particle agglomeration are minimized; (3) for 
temperatures above the Ltidenfrost point of water, 
the droplets may be levitated for a portion of their 
total evaporation time; (4) the effect of suspended 
particles on the film boiling characteristics of a liquid 
is essentially unknown and may easily be studied in 
a Leidenfrost-type experiment; and (5) the droplets 
are relatively stationary, hence easily photographed. 

Previous experimental work on the Leidenfrost 
phenomenon employed pure liquids, miscible mix- 
tures of liquids, and emulsions over a range of plate 
temperatures and materials, subcoolings, ambient 
pressures, and initial droplet volumes [l-9]. Various 
analytical models have also been presented which are 
in genera1 agreement with experimental 
facts[ 1,2, l&14]. The work reported here extends 
these studies to mixtures of coal and water. The 
objectives were to (1) measure evaporation times of 
CWM droplets initially levitated on a hot surface; (2) 
determine the effect of coal on evaporation of water 
in a CWM droplet; (3) provide photographic docu- 
mentation of the various stages of evaporation; and 
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(4) develop a simple correlation which predicts ob- 
served total evaporation times of CWM droplets on 

a horizontal hot surface. To determine the effects of 
coal suspensions on evaporation ofwater droplets, the 
ambient pressure (0.101 MPa), initial droplet sub- 
cooling (75”K), and plate material (brass) were all kept 
constant. The evaporative behavior of two concen- 
trations of coal in water mixtures were determined 
- 14^/, and 26% by volume. The evaporation times of 
pure water droplets with initial volumes ranging 
between 0.01 cm’ and 0.05 cm3 were also measured to 
compare our experimental method with previous work. 

2. EXPERIMENT 

2.1 Apparutus 

The principle of our experiment was based on the 
classic Leidenfrost method in which a droplet is 
levitated above a hot surface by rapid evaporation of 
liquid from the bottom of the droplet. In the present 
work, the test droplets consisted of mixtures of coal 
and water. Droplets of approximately 50 ~1 votume 
were deposited on a dimpled polished horizontal 
brass surface. Total evaporation times were measured 
over a range of plate temperatures from 550 to 
710°K. The evaporative behavior of the CWM drop- 
lets was photographed and recorded on videotape. 

A schematic diagram of the apparatus is shown in 
Fig. 1. The primary components were: (I) a heater 
block (cylindrical copper billet 6.35 cm in diameter 
and 8.0 cm long around which two 450 watt band 
heaters were fastened) with removable polished test 
surface; (2) the dropiet injector (syringe or pipette); 
(3) a video-optical system and 35 mm camera; and (4) 
measuring devices such as a digital stopwatch, ther- 
mocouples, and a digital voltmeter. 

The test surface was a brass disc 6.35 cm in 
diameter and 1.9 cm thick. A circular area in the 
center of the surface, 4.45 cm in diameter, was ma- 
chined as a conical depression 0.76mm deep. This 

depression prevented the levitated droplets from slid- 
ing off the test surface. The test surface was polished 
on a lathe to a mirror finish using double-O gauge 
emery paper and Wenol plus K compound. Sub- 
sequent washing by acetone removed any oil residue. 
The plate was polished in this manner approximately 
once per every 10 to 15 coal/water droplets to min- 
imize the effects of dirt and coal residue. Brass was 
chosen as the hot plate material so as to minimize any 
local surface temperature decrease during film 
boiling[lO, 19. 

Surface temperatures were determined by extrapo- 
lating the temperature recorded at four locations in 
the brass disc. Extrapolated surface temperatures 
were found to be within 0.5% of the temperature 
recorded by the uppermost thermocouple. The ther- 
mocouples were made from 30 gauge glass braid 
sheathed chromel-alumel wire. Temperatures were 
monitored by a digital voltmeter with an ice bath 
reference. The hot plate temperature was regulated by 
an Omega temperature controller. 

Test droplets were deposited on the plate by hand. 
Pipettes were used to form the CWM droplets so as 
to reduce any tendency of clogging. They were dis- 
carded after every few CWM droplets. Pure water 
droplets were formed by a 50~1 calibrated syringe 
equipped with a flat tipped needle (0.91 mm o.d.). 

Various stages in the vaporization history of the 
CWM droplets were photographically documented 
by both still photography using a 35 mm camera, and 
continuously by video tape. Angled front lighting was 
used for both methods. A coal particle was typically 
left on the test surface after complete evaporation. 
This residue was immediately removed by an air jet, 
with any remaining residue removed by a water jet. 
Care was taken to ensure a steady plate temperature 
prior to each experiment. Extraneous heat transfer to 
the test surface from the lighting used was minimized 
by heat absorbing glass. Uniform tight positions and 
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Fig. 1. Schematic diagram of the apparatus. 
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intensity were maintained throughout our experi- coal in the test droplets was measured to be 14 and 
ments. 26% respectively. 

Further details of the apparatus and procedures for 
obtaining the data are described elsewhere[l5]. 3. DISCUSSION 

3.1 Experimental observations 
2.2 Preparation of coal/water mixtures 

A pulverized Pennsylvania bituminuous coal 
(mean particle diameter under 30 ~1 and 6 N 1.4) was 
used in the coal/water mixtures. Coal porosity was 
measured by packing (tamping) the coal in a gradu- 
ated cylinder to a pre-selected volume, adding a 
known volume of water, and then agitating the 
mixture. The porosity was determined by subtracting 
the sum of the packed coal volume and water volume 
from the observed total volume after water addition. 
An average porosity of about 20% was obtained by 
this method. This value is dependent on the method 
of packing so that care was taken to ensure a uniform 
packing procedure for all mixtures. The porosity was 
used to prepare the volumes of coal and water required 
to give a desired CWM. 

Preliminary experiments were performed to ascer- 
tain the variation of evaporation time with plate 
temperature and the effect of initial droplet volume 
on evaporation time of pure water droplets in the 
levitated state. These results were compared to those 
of previous studies to delineate boundaries for the 
onset of film boiling as a lower limit on plate 
temperature for the levitated state of the CWM 
droplets tested. 

Dispersal of the coal suspension was affected by an 
ultrasonic transducer at 20,000 Hz using a Fisher 
sonic dismembrator. The mixture was continuously 
agitated in this way throughout an experiment be- 
cause of the poor stability of the CWM. The addition 
of surfactants to the water (Tween 80 and 85) was 
found to have no discernable effect on CWM sta- 
bility. 

The process of withdrawing a CWM sample from 
the mixing beaker and transferring a droplet to the 
hot plate created some uncertainty about the actual 
volume of coal in the test droplets. Ths suspension 
tended to settle in the pipette during transfer from the 
agitated beaker to the hot plate. It was found that the 
average coal concentration was larger in the trans- 
ferred sample than in the continuously agitated 
mixture[ 151. For the two coal/water mixtures 
prepared-10 and 20x-the actual volume percent of 

Figure 2 illustrates a complete evaporation time 
curve for water droplets of 0.01 cm’ volume on brass. 
The data plotted correspond to the time of complete 
disappearance of the liquid after initial deposition on 
the test surface. A definite Leidenfrost point, T,,, for 
pure water droplets was observed. This point was 
taken to correspond to the maximum evaporation 
time of droplets in film boiling[l3]. The observed 
temperature of about 526°K {Fig. 2) is, within experi- 
mental error, in agreement with previous work[7,16]. 
At higher temperatures the droplets were levitated by 
a vapor cushion and were observed initially to oscil- 
late rapidly. At lower temperatures (between 526 and 
400°K) unstable or transition boiling was observed, 
characterized by intermittent solid/liquid contact and 
periodic collapse of the vapor film. Repeatable mea- 
surements were difficult to obtain in this temperature 
range. Below 400°K the droplets wetted the surface 
on impact and quietly evaporated. 

Figure 3 illustrates the effect of initial droplet 
volume on evaporation time for pure water droplets 
when T, > Tki,,. The general trends shown are consis- 
tent with the expectation that larger droplets take 
longer to evaporate completely. Results from Em- 
merson’s[7] study of water droplets on brass are also 
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Fig. 2. Complete evaporation time curve for pure water on brass (V, = 0.01 cm’). 
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Fig. 3. Variation of vaporization time with plate temperature for pure water droplets of various initial 
volumes (V,) for droplets initially levitated (r, > i’&,& 

included to illustrate the consistency .of the present 

measurements. 
Three stages of evaporation of initially levitated 

CWM droplets were consistently observed for 
T, > TLsid- Figure 4 shows a photographic sequence 
of these stages. The first stage was characterized by 
a period of levitation above the test surface (Fig. 4a). 
The droplet, supersaturated with water, was sessile in 
shape with a relatively flat base. These droplets were 
observed to spin occasionally, but no oscillations 
such as were evident in pure water droplets contain- 
ing the same volume of water as in the corresponding 
CWM were observed. In the second or intermediate 
stage (Fig. 4b) the water content decreased to an 
extent where physical distortion of the droplets 00 
curred. This was evidenced by a “wrinkling ” of the 
droplet surface. During this stage the vapor cushion 
apparently collapsed as evidenced by an abrupt cessa- 
tion of spinning and any fluid like motion of the 

ICI 

Fig. 4. Photographic sequence of a 26% (v/v) coal/water 
mixture droplet evaporating on a brass surface. 
V, z 0.05 cd, T, N 573°K. Scale marked in intervals of 
0.25 mm (a) initial levitation of the droplet; (b) wrinkling 
and distortion of droplet surface; (c) collapse of vapor 
cushion and propagation of evaporation front (interface 
between light and dark areas). Evaporation front used as 

measure of total water evaporation time. 

droplet. The final stage of evaporation was character- 
ized by propagation of a dryout or evaporation front 
from the bottom to the top of the droplet (Fig. 4c). 
Disappearance of this front was taken to signify the 
final evaporation of water, after which a residue of 
agglomerated coal was left on the surface. Continued 
heating of this residue would presumably result in its 
eventual ignition, but this was never observed for the 
range of plate temperatures we studied. 

Collapse of the vapor film could have been due to 
an inability of water to pass through an essentially 
porous medium inside the droplet at a rate sufficient 
to replenish the mass lost by vaporization at the base 
of the droplet, but this is just conjecture. In 
coal/water mixtures a resistance to flow could be 
created by a “choking” or “blocking” effect caused, 
perhaps, by sedimentation of coal at the base of the 
droplet. Dryout at the base would then occur and the 
droplet would impact the surface. (Oscillations of 
CWM droplets were not observed, so that the mech- 

anism for vapor film collapse suggested by Hall[ 171 
for pure liquids will not apply to CWM droplets.) 

The effect of coal addition to a fixed volume of 
water, V, , on the total liquid phase evaporation time 
is shown in Figs. 5 and 6. Also shown are the 
evaporation times of pure water droplets containing 
the same amount of water (V,) as in the CWM 
droplets studied. (Thus, the CWM droplets had a 
larger overall volume than the corresponding water 
droplets of volume V, by the factor l/(1 - 4)). The 
CWM evaporation times shown in these two figures 
represent the total time from initial deposition to 
disappearance of the evaporation front (Fig. 4c). 
Individual CWM evaporation times are plotted with- 
out any averaging. The pure water data are an 
average of at least ten measurements. 

Difficulties with rapid surface contamination after 
vapor film collapse precluded studying more than five 
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Fig. 5. Variation of evaporation time with plate temperature for 14% (v/v) coal/water mixture droplets 
with V, 2 0.045 cm3. 0, 14”/, CWM; 0, pure pater droplets with initial volume of about 0.045 cm3. 
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Fig. 6. Variation of evaporation time with plate temperature for 267” (v/v) coal/water mixture droplets 
with Vw02: 0.04cm’. 0, 26% CWM; 0, pure water droplets with Initial volume of about 0.04cm3. 

CWM droplets at a given plate temperature before 
the surface had to be repolished. This problem was 
most pronounced when T, -c Tbid_ In this tem- 
perature range, the CWM droplets were not initially 
levitated, but rather direct coal/plate contact oc- 
curred Intermittent splattering of coal over the brass 
surface effected the evaporative behavior of sub- 
sequently deposited droplets thus malting it difficult 
to unambiguously measure evaporation time. For 
this reason only data for CWM droplets initially in 
film boiling (T, > TLeid) were made. For these mea- 
surements, the brass surface was polished to a mirror 
finish after each series of droplets were studied at 
each plate temperature. Evaporation times of the first 

droplets deposited on the freshly polished surface 
showed no systematic variation compared to the last 
droplet studied at a given plate temperature. 

Figures 5 and 6 show that liquid phase evaporation 
times are lower for water in a CWM containing a 
volume V, of water than for a pure water droplet of 
the same volume V,+ A mechanism conjectured to be 
responsible for this effect is an increase in heat 
transfer to the droplet due to the weight of the coal. 
A simple model for this effect is presented in the next 
section. Because of the nature of the approximations 
involved in the model, the results are quantitatively 
used only as a basis for correlating our experimental 
results. 
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3.2 Correlation for evaporation time 
The primary mechanism for evaporation of a drop- 

let in film boiling on a hot surface is heat transfer and 
vaporization at the base of the droplet. A Bow of 
vapor is thereby created underneath the droplet. The 
corresponding pressure gradient provides the force 
that levitates the droplet above the surface. We use 
basic conservation laws to develop a simple expres- 
sion for CWM droplet evaporation time based on the 
above ideas. We do not explicitly address the compli- 
cated problem of vapor film collapse, but rather 
assume the CWM droplets remain levitated through- 
out their evaporative lifetime. (This assumption will 
strictly apply only in the limit of a dilute CWM 
wherein 4+0. In this limit there is a negligible 
difference in time between vapor film collapse and 
propagation and disappearance of the evaporation 
front.) Evaporation over the upper surface of the 
CWM droplets due to molecular diffusion is also 
neglected. This is a good approximation as previous 
correlations neglecting molecular diffusion [ 1, 11, 141 
have been in nearly as good agreement with data as 
correlations which have included this effect[ 1, 141. 
The neglect of this effect for CWM droplets is 
convenient due to a lack of data on diffusion 
coefficients of liquids from the free surface of slurries. 

The model of an evaporating CWM droplet in film 
boiling is shown in Fig. 7. The base of the droplet is 
assumed to be planar out to a radius R,, where the 
pressure is atmospheric. Evaporation at the droplet 
base creates a vapor outflow resembling flow in a 
channel. Following previous work for pure 
liquids[l, 2, 141 we assume a fully developed laminar 
vapor flow with no-slip conditions applying at the 
CWM/vapor interface and hot plate. The corre- 
sponding parabolic velocity profile together with a 
simple mass balance in the vapor fihn gives the 

Lb) 

Fig. 7. Schematic iltustration of a levitated coal/water 
mixture droplet. 

pressure distribution in the film in terms of the 
vertical vapor velocity, v,, as 

P(x) -PO = y [&* - x*1. (1) 

This pressure distribution produces an upward force 
at the base of the droplet which is counterbalanced 
by the weight of the droplet. From a force balance we 
have that (gravity vector is normal to the test surface) 

s x0 

(P - P,)Zm dx = pwgvw, 

[- 

4 
VW + - 

I-4 
6 . (21 

0 1 
Combining eqns (1) and (2) and integrating, we 
obtain a relation between the vapor film thickness, 6, 
and v0 as 

Except for the term in 4 and E in the denominator, 
eqn (3) is similar to previous results[l, 2, 11, 141. 

A heat balance at the base of the droplet equates 
the energy absorbed by vaporization to heat conduc- 
ted across the vapor film. For pure liquids, 
6 N 0.003 cm[lS] and we do not expect this value to 
be appreciably different for CWM droplets. It is, 
therefore, reasonable to assume a linear temperature 
distribution across the vapor film (Fig. 7b). For the 
range of plate temperatures we studied the con- 
tribution to the total heat transfer by radiation was 
found to be negligible, compared to heat conduction 
across the vapor film. Similarly, radiation to the sides 
of the droplet from the plate was also estimated to be 
negligible. The vertical vapor velocity may then be 
written as 

(4) 

Finally, an overall energy balance yields 

Combining eqns (3j(5) and integrating gives 

(5) 

5 is a function of physical properties (which we take 
to be essentially constant) and Z represents an integral 
of the conservation equations. Eqn. (6) displays the 
same general dependence of t on P’& and AT re- 
ported by others (e.g. [l, 11, 141). An explicit expres- 
sion for Z depends on droplet shape. Assuming the 
droplet to be in the shape of a truncated oblate 
spheroid. I takes on the approximate form (Appen- 
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When p,+O, I+!, and eqs (6) and (7) become, in 
principle, an expression for the total liquid phase 
evaporation time. However, for # >O these equa- 
tions are not applicable for two reasons: (1) the 
droplets do not remain levitated throughout their 
evaporative lifetime (Fig. 4~): and (2) the droplet 
shape becomes distorted and its structure collapses 
into an ill defined shape (Fig. 4b). As a result, we used 
eqns (6) and (7) only as a basis for correlating our 
experimental results. In this regard, we note that in 
the limit when Q -0, the assumed model more closely 
represents physical reality. In this limit, there is a 
negligible difference in time between the onset of 
distortion of the initially spheroidal droplet shape, 
vapor film collapse, and propagation and dis- 
appearance of the evaporation front. 

In the limit when r,,, = 0 and C$J -+O eqns (6) and (7) 
may be combined to yield 

where, from the present model, C, = 12/55, 
C, = { 1 + 5/28(< - l)], and C, = 5/l 2. The basis of 
our empirical correlation was to consider C,, C, and 
C, adjustable constants whose values were selected to 
give optimum agreement with our measurements. CI 
was determined from pure water (4 = 0) evaporation 
time data (which were taken under the same ambient 
gas, surface material, and surface finish conditions as 
our CWM data). C, u 7.398 x lo6 “K3/4 - s/cm”4 was 
found to represent all of our pure water data quite 
well as shown in Fig. 3 (units of V, and AT are m3 
and “K respectively). For the coal/water mixtures 
studied, C, = C, = 1 was found to work best. 

Figures S and 6 illustrate a comparison between 
measured evaporation times and values of t, calcu- 
lated from eqn (8) for 14% and 26% CWM droplets, 
respectively. The agreement shown serves as an indi- 
cation of the usefulness of the present empirical 
correlation for predicting the effect of coal volume 
concentration and plate temperature on evaporation 
time of CWM droplets initially in film boiling 
(T, > TLeid) on a horizontal surface. 

The use of eqn (8) to predict evaporation times of 
CWM droplets in film boiling on a hot horizontal 
surface even when direct plate/droplet contact may 
occur during evaporation is an attempt, in a simple 
way, to provide a useful formulation for predicting 

evaporation times of water in a CWM. The success 
of the method is evidenced by the results shown in 
Figs. 5 and 6 for ,the data reported herein. More 
rigorous approaches should take into account the 
actual droplet shape and the effect of vapor film 
collapse. 

4. CONCLUSIONS 

Evaporation characteristics of droplets of 
coal/water mixtures initially in film boiling on a hot 

surface were studied. The effect of coal addition to a 
given volume of water was two-Fold: (1) to lower the 
total evaporation time of water, and (2) to bring 
about destruction of the vapor film on which the 
droplets were initially levitated. This latter effect is 
unique to CWM droplet evaporation on a surface 
above the Leidenfrost point of water. 

A simple physical model based on evaporation at 
the bottom of the droplet was used to correlate our 
measurements. The model assumed the levitated state 
was maintained throughout the droplet lifetime. The 
results were in good agreement with our pure water 
data. CWM evaporation times were well correlated 
by assuming a linear relation between evaporation 
time and volume concentration of coal. 
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NOTATION 

AD flat evaporation area at base of levitated 
droplet, rtR,,’ 

empirical constant (eqn 8) 
gravitational acceleration 
heat of vaporization of water 
thermal conductivity of the vapor film 
ambient pressure surrounding the droplet 
pressure in vapor film at x 
radius at base of the droplet where P(X) = PO 
evaporation time 
Leidenfrost temperature of water 
surface temperature of the hot plate 
droplet temperature (373°K at 0.101 MPa) 
volume of water in a CWM 
initial volume of water in a CWM 
nondimensional water volume, VW/V, 
radial position from droplet center, 0 < x < & 

Greek 
s 

AT 

; 

& 
PW 

symbols 

thickness of the vapor film 
T, - T, 
coal to water density ratio, p,/p, 
initial volume fraction of coal in a CWM 
density of the vapor film 
water density 
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fls vapor viscosity in film beneath levitated drop- 

let 

v0 vertical evaporation velocity at the base of the 

droplet 

[II 

I21 

PI 

[41 

PI 

[61 

[71 

[81 

[9J 

[lOI 

1111 

(121 

[I31 

[‘41 

[I51 

[I61 

[I71 

[I81 
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APPENDIX 1 

From eqn (A7) it is seen that for 4 > 0 the base area is larger 
than the base area corresponding to 9 = 0 (for the same 
initial water volume V,). Equation (A8) shows that the film 
thickness decreases when c > 1 (which is the case for coal) 
compared to the film thickness which would exist for a 
neutrally buoyant (e = 1) inert solid; the opposite is true 
when t < 1. The combined effect of these two results is that 
heat transfer to the droplet is increased in the presence of 
coal (or any inert substance for t z=- I). thereby increasing 
the liquid phase evaporation rate and reducing the total 
evaporation time, compared to the evaporation time in the 
absence of coal (4 = 0). This result is in general qualitative 
agreement with experimental observation. 

An approximate analytical integration of eqn (5) may be Upon substituting eqns (A7) and (AS) into eqn (5), 
obtained by assuming the initially levitated droplet to be in assuming LI and Q are independent of time, and integrating 

the shape of a truncated oblate spheroid (see Fig. Al). This 
shape closely approximates the actual initial sessile 
configuration. If the ratio of major to minor axis is OL, and 
4 (Fig. Al) is the factor by which the minor axis is 
truncated, then the droplet volume Y and base heat transfer 
area A, (flat) are given by the following expressions: 

and 

where 

V=+I/I (Al) 

A, = x&= LW 

f, = M , (A31 

& = Rj- y=, 

f*=a2(1-@3 

Also, by definition 

(A41 

(A51 

v=‘“(&+y”). 
Combining eqns (Al)-(A6) and eqn (3) gives 

and 

(A@ 

+ R.------i 

Fig. Al. 
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gives eqn (6) with 

and 

&?(rw)=(&, + ~~)-‘“*(+J + I+? (All) 

An approximate evaluation of I can be obtained by 
linearizing g with respect to l about L = 1. Doing so and 
integrating yields 

(A13) 

which is cqn (7). Equation (A13) is an excellent approxi- 
mation to an “exact” evaluation of eqn (AlO) for 
1 -C c < I .S as shown via numerical integration of eqn (AlO). 


