
To = maximum temperature to which char has been 
exposed previous to gasification in IGT kinetic 
scheme 

Tp = particle temperature 
Tp2 = feed particle temperature 
TPS = solid external surface temperature 
T, = temperature of internal walls at  the bottom of gas- 

ifier 
t = t i m e  
W A F  = ash mass fraction in solid feed 
wi = mass fraction of ith gaseous component 
XQ = solid conversion at the transition between zones 
x = axial coordinate in reactor 
x o  = location of the transition between combustion 

and gasification zones 
X f  = finalconversion 

Greek Letten 
aHi = 
8H = 

Zb = 
t =  
Pa = 
Pc = 
Ps = 
PSF = 

enthalpy change for the ith reaction 
ash-layer thickness whose resistance to heat trans- 
fer is equivalent to that of the film surrounding the 
particle 
bed porosity 
sum of water and carbon dioxide concentrations 
mass of ash per unit particle volume 
mass o€ fixed carbon per unit particle volume 
particle density 
particle density at feed 

Subscript 

B 
c 
1 

2 

Superscript 
o 
c 

= condition in the bulk phase 
= condition at the core surface 
= condition at  the transition between gasification 

= condition at the top of the reactor 

= condition at the gas inlet 
= condition at the core surface 

and combustion zone 
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A Form u Ia tion for and EH Based on 
the Surface Renewal Principle 

LINDON C. THOMAS 
Department of Mechanical Engineering 
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Dhahran, Saudi Arabia 

This paper presents a simplified formulation for Elf for low to moderate 
Prandtl number fluids and for E,,, that utilizes the surface renewal model, 
but which also accounts for the fact that eddies do not reach the surface. 
The predicted trend in Prt obtained on the basis of the present analysis 
suggests an opposite dependency on Pr to that predicted by many of the 
other analyses. 

The primary objective of this paper is to demonstrate to turbulence and the classical eddy diffusivity concept. 
the relationship between the surface renewal approach The compatibility between these two approaches to tur- 

bulence has been previously demonstrated in the context 
Akron, Ohio. of a comprehensive but complicated surface rejuvenation 

formulation. A simpler development is presented in this 
Chemical Engineers. paper for moderate Prandtl numbers (0.5 Pr 5.0) 
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and for the wall region (y+ 30) that is based on the 
surface renewal model, but which also accounts for the 
fact that eddies do not generally reach the surface. An- 

other objective of this study is to develop an alternative 
means of obtaining predictions for the turbulent Prandtl 
number Prt within the thermal wal1 region. 

CONCLUSIONS AND SIGNIFICANCE 
Although the surface renewal approach does not re- 

quire the use of the eddy-viscosity or eddy-conductivity 
concepts, this paper demonstrates that predictions can 
be developed for EM and eH by use of this new approach 
to modeling wall turbulence together with a simplified 
treatment of the unreplenished layer of fluid at the wall. 
Importantly, this formulation retains the essential charac- 
teristics of the more comprehensive surface rejuvenation 
model for low to moderate Pr. Thus, a clearer picture of 
the relationship between the principle of surface renewal 
and the classical eddy diffusivity concept is provided. 
In addition to providing predictions for EM and ~ € 1  which 
are in basic agreement with available experimental data 
within the waIl region, the limiting predictions for EM as 
y+ -+ 0 are compatible with the well-known results of 
Elrod (1960) and Wasan et al. (1963). In contrast, earlier 
formulations (Thomas and Rajagopal, 1973; Hinze, 1959) 
which did not account for the unreplenished fluid at the 
wall led to a linear dependence of EM and on yt as y +  
+ 0. 

In regard to the variation of Pr, within the wall region 
with Pr, the present analysis suggests Prt > 1 for Pr > 1 
and Prt < 1 for Pr < 1. Previous formulations by Na and 
Habib (1973), Jenkins (1951), Cebeci (1974), Rohsenow 
and Cohen (1960), and others lead to the opposite effect. 
Although insufficient data within the wall region are 
available to totally substantiate the predictions of the 
present or previous analyses, the recent data by McElgiot 
et al. (1976) for air and the data for high Pr (or Sc) 
fluids are in basic agreement with the variation of Prt,  
with Pr which is suggested by the present analysis. (Of 
course, use of the surface renewal principle in modeling 

heat or mass transfer for high Pr or Sc fluids requires 
the use of the more comprehensive surface rejuvenation 
model.) 

Concerning the prediction Prt < 1 for Pr < 1, it should 
be emphasized that the present analysis only applies 
within the wall region. The analyses of Jenkins (1951) 
and Rohsenow and Cohen (1960) were developed primar- 
ily for the turbulent core. Indeed, these analyses have 
been found to provide reasonable predictions for Prt 
away from the wall for liquid metals (White, 1974), but 
they slightly overpredict Prt for air. On the basis of the 
present analysis and somewhat limited experimental data, 
it would appear that the use of these well-known formu- 
lations within the wall region is not appropriate. The 
fact that the present analysis gives rise to predictions for 
Prt vs. Pr that are in conflict with the wall region analyses 
by Na and Habib (1973) and Cebeci (1974) which are 
based on the popular van Driest damping factor ap- 
proach should provide the motivation for further experi- 
mental and theoretical study of this problem. 

Because of the nature of the surface renewal model, 
the primary weakness of the approach put forth in this 
paper is the physical limitation to predictions for the 
transport properties in question (z, 7, E M  and c H )  to the 
wall region (y+ 30). Significantly and conversely, the 
primary weakness of the classical approach, aside from 
the somewhat heavy dependence upon indirect empirical 
input, is the uncertainty of the various semiempirical re- 
lationships for E~ and (especially for high Pr) which 
are used for the wall region. Hence, the potential of 
great complement appears to exist between these two 
approaches. 

The surface renewal model has been found to be par- 
ticularly useful in the analysis of turbulent convection 
processes for low to moderate Prandtl number fluids (Pr 
< 5.0) (Einstein and Li, 1956; Hanratty, 1956; Meek 

and Baer 1972; Thomas, 1970). This simple model is 
based on the concept that elements of fluid intermittently 
move from the turbulent core into direct contact with 
the wall. Unsteady molecular transport is presumed to 
govern during the residency of fluid within the wall 
region. This model is in basic agreement with important 
characteristics of turbulent shear flow reported in visual- 
ization studies (Popovich and Hummel, 1967; Schraub 
et al., 1965), except for the fact that the inrush phase 
has not been found to bring fluid into direct contact 
with the wall. 

It should be observed that the surface renewal ap- 
proach treats turbulence as a time convective phenom- 
enon, without eddy-viscosity or eddy-conductivity param- 
eters. However, because traditional analyses of turbu- 
lence have been developed on the basis of the eddy 
diffusivity concept, the formulation of relationship for E M  

and EH based on the principle of surface renewal is 
desirable. A preliminary surface renewal based formula- 

- 
tion for E M  and E H  which demonstrates the underlying 
concept has been developed (Thomas and Rajagopal, 
1973). Predictions for E M  based on this model are com- 
pared with empirical correlations in Figure 1. Because 
the elementary form of the surface renewal model was 
used in this formulation with no consideration given to 
the unreplenished fluid at the surface, the resulting pre- 
dictions for eM and q~ lie well above accepted correla- 
tions in the region close to the wall (y'  < 20). The 
fact that this simple model leads to the inappropriate 
result EM - y+ as y+ becomes small discouraged workers 
such as Hinze (1959) and others during the formative 
stage of this approach in the 1950's. This apparent in- 
compatibility between the principle of surface renewal 
and the classical approach has been recently erased by 
a formulation for E M  and E H  obtained on the basis of 
the more representative surface rejuvenation model (Raja- 
gopal, 1973; Rajagopal and Thomas, 1974). This model 
accounts for fluid elements not moving into direct con- 
tact with the surface. 

Although the surface rejuvenation model provides a 
very comprehensive siniulation of the actual turbulent 
transport mechanism, the mathematical complexities in- 
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Fig. 1. Comparison of predictions for CM with previous correlations. 

volved in this approach distract somewhat from the 
important issues involved in the appropriate application 
of the surface renewal concept. Therefore, a simpler 
formulation for EH for low to moderate Prandtl number 
fluids and for EM is now presented for the wall region 
which utilizes the surface renewal model but which also 
accounts for the fact that eddies do not reach the sur- 
face. Parenthetically, this simplified analysis is made 
possible by the fact that predictions for mean tempera- 
ture profile ?; and heat transfer To (for low to moderate 
P r )  and mean velocity profile u are not too sensitive to 
the unreplenished layer of fluid at the surface. As such, 
predictions for Y, yo and 21 based on both the surface 
renewal model and the surface rejuvenation model ale 
essentially the same (Meek and Baer, 1972; Thomas 
et al., 1971; Thomas and Fan, 1971). 

- -  

ANALYSIS 

In the context of the surface rejuvenation concept, 
the energy per unit area carried across any given y plane 
e by an individual fluid element which has come to 
distance H (<y) is 

(1)  

where Ti represents the temperature of the fresh fluid 
brought into the wall region, and T ( C, y )  is the tempera- 
ture profile within the wall region at the instant proceed- 
ing rejuvenation; 7 is the length of time an individual 
fluid element resides in the wall region. Therefore, an 
expression can be written for the average energy per unit 
area carried across the y plane by all eddies which move 
to within a distance H (<y ) of the wall e a s  

- 
e = [ P C ~ ( T ( <  E l  - Ti)@ (2)  

where F((7, y)  is the mean initial profile seen by in- 
coming eddies (that is, mean-and-end residence time 
profile). 

To account for the contribution to E H  at y of all 
eddies that move to within distances less than y from 
the wall et, the approach distance distribution P H  ( H )  is in- 

troduced to give (for constant praperties) 

et = PCP f PH(H) (TG, 6) - T3)&& 
(3)  

r 
An expression now can be written for the mean rate of 
energy per unit area carried across the y plane by the 
transverse fluid motion associated with the surface reju- 
venation process it of the form 

- - 
it = et/r (4) 

- 
where 1/, represents the mean frequency of turbulent 
exchange below y. Note that since designates the mean 

residence time within the entire wall region, 7 is greater 
than;, An expression can be written for ;of the form 

- 

- 

where l/K is the mean frequency of the rejuvenation 
just outside the wall region. 

EH and i t  are related by 

such that an equation can be written for EH of the form 

Because this relationship for d, has been formulated di- 
rectly from the surface rejuvenation concept, and E H  

is written by definition, this equation provides the inter- 
relationship between the surface renewal and the clas- 
sical approaches. 

As mentioned, predictions for the mean transport prop- 
erties obtained from the surface renewal model and the 
surface rejuvenation model are essentially the same for 
low to moderate values of P r ( P r  < 5.0). Therefore, ex- 
pressions can be written for T(i,  y)  and aT/dy  by use 
of the elementary surface renewal model. An expression 
can be written for the mean temperature profile on the 
basis of this model as (Thomas, 1970) 

- 
T - Ti = exp( - &) 
To - Ti d a r  

for the random contact time distribution 

(9) 

Hence, aT/ay takes the form 

Because the random contact time and residence time 
distributions are identical, the mean initial temperature 
profile T(T: y)  can be set equal to the mean temperature 
profile T. 

On the basis of indirect experimental evidence in 
which the surface rejuvenation model has been found 
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to correlate experimental heat transfer data for very high 
values of the Prandtl number (Thomas et al., 1971; 
Thomas and Fan, 1971), P H  ( H )  has been taken as 

H +  has been set equal to 5 on the basis of experimental 
work by Popovich and Hummel ( 1967). 

A relationship has been written for on the basis of 
the surface renewal model of the form (for negligible 
axial pressure gradient and curvature effects) (Thomas, 
1970) 

where UJU' can be approximated by Ui /U*  N 15.97 
for fully turbulent flow. 'This expression has been found 
to be in good agreement with experimental measure- 
ments obtained by flush mounted anemometer probes 
(Meek and Baer, 1972; Thomas and Greene, 1973). Mea- 
surements also have been made for the mean burst 
period at y +  = 15 by visualization techniques. Sum- 
maries of the results of these types of measurements are 
presented by Meek (1972) and Lafuer and Narayanan 
(1971). The measurements at y+ N 15 are approximately 
2/3 of r .  Because these measurements were taken 
in the vicinity of the outer wall region, x / i  can be 
approximated by 2/3. 

The substitution of the above expressions for a?;/ay, 
T ( T ,  y),; and P H ( H )  into Equation (7) ,  and the nec- 
essary integration yields 

- 

- -  

A similar formulation procedure gives rise to an ex- 
pression for rm of the form 

- 
+ exp (- 4) [exp (- i) - 11 } 1 (14) 

.\/m 7r 
An expression can be obtained for the turbulent Prandtl 
number Prt ( = c M / E H )  by merely combining Equations 
(13) and (14).  Note that Equations (13) and (14) 
express E M  and cH in terms of the usual parameters y, v, a, 
and the surface renewal modeling parameters and z. 
RESULTS AND DISCUSSION 

Consideration is first given to the limiting predictions 
for E M  and eH as y+ + 0. As y +  approaches zero, Equa- 
tions (13) and (14) reduce to 

y t + o  v . v v r  

where + = 2H+2U' . \ /x  This functional dependency 
of E M  and E H  on y+ very near the well is in basic agree- 
ment with the semitheoretical predictions of Elrod (1960) 
and Wasan et al. (1963). As indicated in the introduc- 
tion, the failure to account for the unreplenished layer 
of fluid (see Thomas and Rajagopal, 1973) leads to an 
inappropriate linear dependence of E M  and E H  on y+ as y+ 
+ 0. 

With 7 given by Equation (12),  x/i = 2/3, and H +  
set equal to 5, Equations (13) and ( 14) have been evalu- 
ated for values of Pr between 0.02 and 6.0. The pre- 
dictions for E M / Y  are compared with several empirical 
correlations in Figure 1. In addition, predictions for EM 

based on the earlier preliminary surface renewal formu- 
lation (Thomas and Rajagopal, 1973) and the surface 
rejuvenation formulation (with x/y set equal to unity) 
(Rajagopal, 1973; Thomas and Rajagopal, 1974) are shown 
in Figure 1. The present simplified analysis leads to 
predictions for E M  which are in good agreement with 
calculations based on the more comprehensive surface 
rejuvenation model. The predictions for E M  are also seen 
to be in reasonably good agreement with the limited 
empirical correlations of available wall region data. 

Predictions for E H  are shown in terms of the turbulent 
Prandtl number in Figure 2 as a function of Pr and y+. 
Calculations based on Na and Habib's (1973) analysis 
are also shown. It  should be mentioned that formulations 
for Prt by Jenkins (1951), Rohsenow and Cohen (1960), 
and Cebeci (1974) produce the same general variation 
with Pr. The predicted trend in Prt based on the surface 
renewal approach presented herein suggests a totally 
opposite dependency on P r  to that predicted by Na and 
Habib, Jenkins, Rohsenow and Cohen, and Cebeci. 

The question regarding the dependence of Prt on Pr 
has been a point of controversy for some time because of 
the scarcity of reliable experimental data, especially within 
the wall region. As mentioned by Cebeci (1974), "the 
literature discusses the relationship between EM and cH 
at great length without definite conclusions."' Based on 
an extensive review of data for PQ, Reynolds (1975) 
concluded that the experimental evidence was contra- 
dictory and only a very course filter for hypothesized 
models. 
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Fig. 3. Comparison of predictions for r~ with data by Mizushina 
et al. 

McEligot and co-workers (1976) were motivated by 
this lack of confidence in existing data to develop a new 
approach to measuring Pr, at the wall, The results of 
their single experiment for air ( P r  II 0.70) is compared 
with the results of the present analysis in Figure 2. In- 
cidently, McEligot et al. compared their experimental 
result with several analyses and concluded that most of 
these early analyses do not have a reasonable asymptote as 
the wall is approached. 

A much more sensitive test for Prt occurs for turbulent 
convective heat or mass transfer for high Pr or Sc fluids. 
Because large thermal and concentration gradients occur 
very near the wall, predictions for the mean transport 
of heat and mass are quite noticeably influenced by as- 
sumptions for ~ € 1  and ED near the wall. Recent measure- 
ments for EH have been reported by hlizushina et  al. 
(1970) in the region 4 < y+ < 100 for Pr = 6 ,- 40. 
The envelope in which these data lie is shown in Figure 
3. These data all lie below the generally accepted cor- 
relations for e ~ ,  such that Pr, > 1. This result is con- 
sistent with the predictions of the present analysis. In a 
more recent study by Sherwood et al. (1968), the cor- 
relation of heat and mass transfer data of numerous in- 
vestigators for very high Pr and Sc required the use of 
Pst > 1 and Sct > 1 which is in accordance with the 
present analysis. In fact, Sherwood et al. (1968) found 
that the use of the relationship Prt = d P r  for y f  < 4, 
which was arrived at on the basis of the simple surface 
renewal formulation with = 0, led to predictions for 
heat and mass transfer which were in good agreement 
with data. 

NOTATION 

l/x = mean frequency of rejuvenation just outside wall 

c, = specific heat 
D 
f = Fanning friction factor 
H = approach distance 
H 
Pr 

region 

= molecular diffusivity of mass transfer 

- 
= mean approach distance ( H  + = ~ U ” / Y )  
= molecular Prandtl number (= v / a )  

turbulent Prandtl number (= e m / c ~ )  
approach distance distribution 
Reynolds number (z D U J v )  
molecular Schmidt number (= v / D )  
turbulent Schmidt number (= E , / E D )  

instantaneous end-residence time temperature pro- 
file 
mean end-residence time temperature profile 
mean temperature profile 
eddy temperature at  first instant of renewal 
eddy velocity at first instant of renewal 
friction velocity ( = d y 0 / p )  
distance from wall 

- 

Greek Letters 

molecular thermal difEusivity 
kinematic viscosity 
eddy dausivity for momentum 
eddy diffusivity for heat, mass 
density 
instantaneous contact time 
residence time 
mean residence time 
mean wall shear stress 

mean frequency of turbulent exchange below y 
contact time distribution 

E 2 H + 2  U ” d / ; / v  
- 
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Bubble Nucleation in Viscous Material 
Due to Gas Formation by a Chemical 
Reaction: Application to Coal Pyrolysis 

Most coals swell when heated, and their plastic properties change. These 
phenomena are explained qualitatively and semiquantitatively using a theory 
which combines classical nucleation theory and chemical kinetics. 

Classical bubble nucleation theory is modified to include cases where 
gases are formed in a liquid as a result of a chemical reaction. Part of the 
gas that is formed in the liquid escapes through the surface. However, the 
concentration of gas that remains in the solution increases until a critical 
concentration is reached. When the critical concentration of gas in the solu- 
tion is reached, bubbles will begin to nucleate. 

The value of the rate of nucleation has a critical upper limit which is de- 
termined by the thermodynamic properties of the solution. However, the 
kinetics of the heat, momentum, or mass transfer may reduce the thermo- 
dynamic rate. 

The criteria to decide which transport mode limits the kinetics of the 
nucleation were derived and applied to melting coal. In  coal, the rate of 
bubble nucleation appears to be limited by the rate of momentum transfer 
in the melt. 

The size of the melting coal particle determines the ratio of surface area 
to volume and thus affects the kinetics of the accumulation of gaseous reac- 
tion product in the melt. Thus, smaller rates of bubble nucleation will be ob- 
served in smaller coal particles (very viscous melts). 

Kinetic equations are derived and used to estimate the time that is re- 
quired for bubbles to appear inside a coal particle. A.genera1 method is pro- 
posed to caIcuIate the time-temperature contour at which nudeation will oc- 
cur. The effect of the particle size on the time of nucleation is calculated. 
The results of the calculations yield values which compare very well with ex- 
perimental results on coal. 
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SCOPE 
The rate of bubble nucleation in coal due to the forma- 

tion of gaseous reaction products plays a critical role in the 
pyrolysis process. The bubbles transport volatiles from the 
interior of the coal particle and serve as microreactors for 
secondary chemical reactions. Thus, the bubble nucleation 
process determines to a large extent the products and 
yields of pyrolysis reactions. 

The theory of bubble nucleation in pure boiling liquid 
0001-1541/78/9914-0106/$01.25 0 1978, American Institute of 

Chemical Engineers. 

was developed by Volmer and Weber (1926), Farkas 
(1927) Becker and Doring (1951), Zeldovich (1943), and 
Frenkel (1943). Modifications of the theory to include the 
effect of the rate of heat transfer and the viscosity of the 
liquid were done by Kagan (1960). Blander et al. (1971) 
studied bubble nucleation in liquid mixtures. The theories 
of homogeneous and heterogeneous nucleation were re- 
viewed by Blander and Katz (1975) and by Cole (1974). 

The author is not aware of any experimental studies of 
bubble nucleation due to a chemical reaction in viscous 
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