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ABSTRACT

Estimates are given for the heat transfer coefficients at 
various interfaces which occur in molten pools on concrete. Pre
vious simulant experiments and correlations are used to determine 
the hydrodynamic behavior of the pool and heat transfer coeffi
cients for the liquids of interest. Other studies assume a gas 
film occurs between the concrete and molten pool, but the results 
of this investigation do not confirm this assumption. The results 
also indicate the significant influence the very viscous concrete 
slag has on the properties of the molten pool. Additional experi
ments and analysis are needed to improve the accuracy of the heat 
transfer coefficients estimated and to understand the behavior of 
the concrete slag at the interface between the pool and decompos- 
ina concrete.
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NOMENCLATURE

A Laplace constant (Eq. 3)
Cp Specific heat at constant pressure
g Acceleration of gravity
Gr Grashof number - L g3AT/v^
h Heat transfer coefficient
j Mass flux density
k Thermal conductivity
L Reference length
Nu Nusselt number = hL/k
Pr Prandtl number = yC /kP
p Pressure
q Heat flux density
Ra Rayleigh number
Ra' Modified Rayleigh number
Re Reynolds number
r^ Equivalent radius of bubble
T Temperature
t Time

Terminal velocity of single bubble 
u Velocitv of gas in molten poolg  ,  J

Vg Superficial velocity of injected gas
y Recession rate of concrete
a Volume function of gas in molten pool
3 Volumetric coefficient of expansion of fluid



Nomenclature (continued)

6 Layer thickness
K Thermal diffusivity - k/pc^
y Viscosity
V Kinematic viscosity - y/p
p Density
0 Surface tension

Subscripts
B Boiling point
c Concrete
g Gas
gs Gas at surface
1 Interface
L Lower layer
i Liquid or molten pool
m Melting point
U Upper layer
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INTRODUCTION

Nuclear safety studies require the prediction of the erosion 
rate of concrete in contact with a hot molten pool of metal. 
Initial analytical investigation of this problem has been per
formed by Alsmeyer and Reimann.^ The present paper is concerned 
with assessing the heat transfer models and data which can be 
utilized in simulating this problem. The resulting heat trans
fer prediction procedures are to be utilized in a computer code 
being developed at Sandia for predicting the interaction between 
the molten pool and concrete•

The problem being investigated is illustrated in Fig. 1 
where a molten pool is contained within an axisymmetric concrete 
cavity. As the concrete is heated, the decomposition results in 
a large volume of steam and gas being generated in the concrete 
near the interface with the molten pool. In the paper by Alsmeyer 
and Reimann,  ̂it is assumed that sufficient gas is injected at 
this interface to produce a gas film between the concrete and
molten pool. The velocity of the gas at the surface has a signi-

2fleant influence on the type of bubble flow that occurs. Wallis 
has investigated the flow patterns that developed around a porous 
tube subm.erged in water with air blown through the walls. The 
following flow regimes were observed;

Flow Regime Superficial Velocity (m/s)
Nucleate or laminar bubbling < 0.06
Patchy or Foam 0.06 to 0.76
Blanketed or Film > 0.76



These flow regimes are related to those which occur with boiling 
of liquids. The blanketed regime corresponds to the case of 
film boiling, but a direct comparison is most appropriate for the
low superficial velocities where nucleate boiling would occur.

3-5Much of the work of bubbling a gas through a porous plate into 
a liquid has been concerned with understanding the hydrodynamics 
of boiling.

In the design of gas-sparged reactors, chemical engineers
are concerned with agitation of a liquid with gas bubbles. In

6the review article by Fair, two different hydrodynamic regimes 
are observed. A quiescent regime occurs for superficial gas 
velocities below 0.046 to 0.061 m/s and is characterized with 
almost-order bubbling and with little visually observable agita
tion. A turbulent regime occurs at superficial gas velocities 
above about 0.076 m./s. This regime is characterized by violent 
and erratic contracting action, with bubble definition relatively 
poor. These results and the foregoing show a similar behavior as 
a function of the superficial gas velocity.

The first section of this report is concerned with typical 
properties of the fluids of interest needed in the evaluation of 
the heat transfer coefficients. Additional information about 
bubbles and void fraction of the molten pool is required in the 
development of the heat transfer relations. Equations for bubble 
sizes and terminal velocities are presented next. The different 
flow regimes which occur in a liquid pool agitated v;ith bubbles 
are considered and related to the superficial gas velocity. A 
relation for the void fraction of a pool vjith bubbles is next
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determined. The remaining part'of the report is concerned with 
providing heat transfer coefficients within the pool at the 
various interfaces that occur as illustrated in Fig. 1. Finally^ 
some estimates are made for the heat transfer across a slag 
film that could occur between the molten pool and concrete.

PROPERTIES OF LIQUIDS

In the calculation of the characteristics of the molten 
pool and evaluation of experimental results for water^ the vari

ous liquid properties are required. The values of the variables 
used in the illustrative calculations are given in Table I. These 
values should be considered only typical as some vary significantly 
with the liquid temperature. The values of some of the nondimen-
sional parameters for the four liquids are also given. The water

7properties are from Eckert and Drake for a temperature of 293 K. 
The oxidic and, metallic layers use the properties of uranium
dioxide and steel, respectively, at T 2000 K and were tabulated

8previously by Muir. The surface tension values for the oxidic and
metallic phases are from Alsmeyer and Reimann.^ The slag viscosity

9and thermal diffusivity are based on the paper by Capps (see Appen
dix) , while the conductivity is the value suggested by Rodgers and 
K r u g e r . T h e  thermal expansion coefficient is the typical value
for silicate glasses as given in Doremus. The surface tension

12IS an experimental result given by Janz, et al for silica (Si0 2 ).
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The density of the gas bubbling through the liquid is also 
required. For the oxidic, metallic and slag liquids, the gas is 
assumed to have a temperature of 1743 K and to be at standard

5 2atmospheric pressure of 1.01325 x 10 N/m . If the gas is water
3vapor, the density is 0.12 kg/m . The gas density is, therefore,

3approximated with a value of 0.2 kg/m for these liquids. For 
the case of water the gas is air at 293 K and atmospheric pressure,

12



TABLE I 
Liquid Properties

r =

Water
Oxidic
Layer

Metallic
Layer

Slag
Layer

P (kg/m^) 1.0 X 10^ 7.0 X 10^ 5.75 X 10^ 2.5 X 10^
]i (kg/m-s) 1.0 X 10“^ 4.0 X 10“^ 4.0 X 10"^ 1.0
V (m^/s) 1.0 X 10“® 5.7 X 10"^ 7.0 X 10”^ 4.0 X 10“^
C (J/kg-K)tr 4.18 X 10^ 0.60 X 10^ 0.74 X 10^ 1.04 X 10^
k (W/m-K) 0.60 3.3 40.0 1.3
K (m^/s) 1.43 X 10"^ 7.9 X 10“’̂ 9.4 X 10"^ 5 X 10"^
6(1/K) 0.18 X 10“3 1 X 10“^ 0.6 X 10 5 X 10"6
T„{°C)m 2400 1400
T^C^C) 2800
a (N/m) 0.073 0.45 1.5 0.3

v/ — 7— -— (̂m)
g(p£"Pg)

2.73 X 10"^ I 2.56 X 10“^ 5.16 X 10"3 3.5 X 10~3

0.164 0.158 0.225 0.185

= !^2= V
k K 6.99 0.72 0.074 800

0
1.4 X 10“^Vg 8.9 X in“3Vg 2.7 X 10"^Vs 3.3 Vs

Pg(kg/m^) 1.2 0.2 0.2 0.2
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BUBBLE PROPERTIES

The velocity of the gas bubbles in the molten pool is 
required for the prediction of the void fraction. The terminal 
velocity of a single bubble is usually determined as a function 
of bubble size. Since the bubbles are not always spherical, the 
actual volume of the bubble is related to an equivalent radius ̂ 
r^ , of a sphere. The variation of the terminal velocity of gas
bubbles in several liquids is given in Fig. 2. Most of the data

13IS from Haberman and Morton where air bubbles in various liquids
are investigated. In addition, experimental results of Andreri,

14et al/ for argon bubbles in molten tin, lead, and copper are given 
in the figure and no significant differences occur.

The terminal velocity of the large spherical-cap bubbles 
can be predicted from the Davis-Taylor relation

“t “ I ̂  '
14which IS given in Batchelor. The variable is the radius of

curvature in the region of the bubble's nose. This relation has
15been written by Wallis in terms of the equivalent radius and 

is

The prediction of the terminal velocity with this equation is 
given in Fig. 2.
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For bubbles with a small Reynolds number (Re = 2r^U^/v) 
the shape is spherical and a balance of the drag and buoyant 
forces gives

D

When the drag coefficient is expressed as

= Re”^/K

and >> p^, the terminal velocity becomes
1

■ [ 5

2-n

When Re < 2, the Stoke drag law has n = 1 and K = 1/24, and the 
terminal ve locity becom.es

“t ° ^ . (2)

This relation is strictly valid only when the following restric
tion is satisfied:

r < (4.5 v^/g)

At larger Reynolds numbers the drag coefficient relation has 
n 0.8; however, Eq. (2) is considered sufficiently accurate to 
predict the behavior of the smaller bubbles at the lower terminal 
velocities. The prediction of the bubble terminal velocity for 
mineral oil and varsol with Eq. (2) is given in Fig. 2. This 
prediction is appropriate for the mineral oil but not for varsol

15



because the Reynolds number for the varsol is beyond the limits 
of applicability of Eq. (2). This comparison indicates that Eq. (2) 
can still be applied and reasonable predictions can be expected.

For medium-size bubbles in liquids of sufficiently low vis
cosity, the terminal velocity tends to be independent of the 
equivalent radius and is predicted with

f a

= 1.53 ^ 1.53 (3)

where the Laplace constant is^

A = a/g(p,
1/2

Liquid U^(m/s)

TABLE II 
Bubble Properties

(r ) . (cm) e mxn (r ) (cm)e max

Varsol 0.20 0.085 0.71 0.80
Mineral Oil 0.19 0.074 0.62 0.71
Water 0.25 0.13 1.08 1.3
Oxidic 0.24 0.12 1.02 2.2
Metallic 0.34 0.24 2.05 4.3
Slag 0.28 0.16 1.39 2.6
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Equation (3) predicts the terminal velocities which are given in 
Table II. The prediction of Eq. (3) for varsol is given in Fig. 2, 
while for mineral oil this flat region of the curve does not exist. 
For very viscous liquids, Eqs. (1) and (2) can be used for predict
ing the bubble terminal velocity. While for less viscous liquids, 
Eqs. (1), (2), and (3) are required to obtain a reasonable predic
tion.

The size of bubbles generated when the molten pool is in con
tact with concrete is considered now. If the gas velocity of the
decomposed concrete is small, then the bubbling will be in the

2nucleate regime. For this case Wallis observed air bubbles of
— 3 —11.5 X 10 to 2.5 X 10 m radius. The Fritz formula for the radius 

of a bubble leaving a surface as given in Dwyer^^ is

SA , (4)

where B is the contact angle and has a value of approximately 45°.
-3The bubble radius for water is 1.3 x 10 m and slightly less than 

that observed by Wallis. Equation (4) is excepted to provide a 
prediction of the smallest bubbles that would occur when gas is 
injected into a liquid pool. The radius of these bubbles for the 
liquids is given in Table II.

When the injected gas velocity is very large such that the 
blanketed flow regime is occurring, the bubble size can be predic-

1 17ted by the film model of Alsmeyer and Reimann or Dhir, et al.
The radius is given as

(r ) = CA , (5)e ’ max ' '
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where C = 2.72 in Alsmeyer and Reimann, while Dhir, et al, have 
C = 2.2. Experimental results of Hosier and Westwater^® indi
cate the constant C has a value of 3.97. Equation (5) should 
predict the maximum size of bubbles and is used to give the 
results in Table II where the experimental value of C is used.

The maximum stable bubble size can be estimated also from
19the following relations given by Levich:

For the bubbles the terminal velocity is determined from Eq. (1)
with the resulting equations obtained for the maximum stable bubble 
size

<>̂ e>n,axs = ‘ <«>

The results from this equation are given in Table II. Haberman
13and Morton present results for air bubbles in water with

r = 3 cm and for air bubbles in mineral oil as large as r = 1.5 cm.e  ̂ e
Bubbles with r^ = 3 cm have been obtained in liquid pig iron by

20Irons and Guthrie. In these experimental results no indication 
is given on the maximum obtainable bubble size. However, it is 
clear that Eq. (6) gives only an approximate maximum stable bubble 
size.

18



SUPERFICIAL VELOCITY AND CRITICAL VALUES

As discussed in the introduction, the velocity of the gas 
generated as the concrete is decomposed can have a significant 
influence on the hydrodynamics of the molten pool. As concrete 
is heated, a gas is generated in addition to a melt. The gas is 
composed of H 2 O and CO 2  and the amount of each has been obtained 
from Powers^^ for several concretes. The mass of gas to the mass
of the original solid concrete is defined as C and is expressedg
as

C = m /m_ g g' C

The solid concrete density p , the parameter C , and the density
of the gas-generated p are given in Table III for several con-gs
cretes. The gas density corresponds to a pressure of 1 atm and 
temperature of 1743 K.

TABLE III 
Decomposition of Concrete

Concrete (kg/m^) Cg Pg^(kg/m^) V /y s ^ V (m/s)

Basaltic 2300 0.065 0.146 1.02 X 10^ 0.10

Limestone 2300 0.267 0.244 2.52 X 10^ 0.25

Generic 2300 0.398 0.269 3.40 X 10^ 0.34

19



The parameter C is also equal to the ratio of the mass flux 
densities for the gas and solid which is expressed as

C = 1 / 1

The mass flux densities are expressed as

j = p V s gs s

where
Vg = superficial velocity (m/s) 
y = ablation rate of concrete (m/s) .

When the above relations are combined, the superficial velocity 
becomes

V = C y p /p . (7)s g-̂ gs

For the various concretes this equation has been evaluated and the 
results are given in Table III. The assumed ablation rate of 
concrete is y = 10 m/s, which is the typical magnitude as given 
in Alsmeyer and Reimann.^

The superficial velocity determines the flow regime of the 
bubbling molten pool as discussed in the introduction. For the 
case of laminar bubbling flow, Wallis gives the following rela
tion to determine the maximum superficial velocity before going 
into the patchy flow regim.e;

20



<^>LB ' (8)

This equation is used to predict the maximum superficial velocity 
for laminar bubbly flow for the liquids of interest with the 
results given in Table IV. The result for water is in agreement 
with the experimental result of Wallis which was described in
the Introduction. Also , it should be noticed that this critical
velocity is nearly the same for all of the liquids considered.

TABLE IV
Critical Velocities

Liquid ^̂ ŝ  LB M*x 10^ Ar* ks (^^s^film

Water 0.062 5.63 1.99 X 10^ 0.204 0.96

Oxidic 0.060 2.22 5.06 X 10^ 0.110 3.26

Metallic 0.085 3.16 2.75 X 10^ 0.139 5.30

Slag 0.070 2.60 2.63 0.030 0.62

The other critical velocity of interest determines when a gas
film will occur between the surface and the liquid. For the case
of bubbling through a porous plate, the following relation has

22been given by Kutateladze to determine the minimum superfxcxal 
velocity required to have a gas film at the surface:

(V ) .. T = k ' s^fxlm s (9)

21



The parameter k in boiling is sometimes taken as a constant with&
a value of 0.13. However, Kutateladze and M a l e n k o v 2 2  have developed 
a more accurate method to evaluate this parameter, as follows:

30 Ar* > 10^
k =

where

® ' 6.3 M*2/3Ar*V6 Ar* < 10^

m 2 = p gA/p g
Ar* = gA^/v^

The value of these various parameters is given in Table IV along
with the critical velocity to have a gas film. The parameter M*
is nearly the same for all the liquids while Ar* varies somewhat
with most of the liquids and is significantly different for the
slag. For the very viscous slag, the value of k is much smallers
than for the other liquids and correspondingly V is smaller.s

For the superficial velocities expected 0.1 to 0.34 m/s 
as given in Table III) , the gas film would not be predicted and 
the patchy flow regime would occur for all liquids. If the super
ficial velocities are somewhat smaller, the laminar bubbly flow 
regime could possibly occur. However, if the superficial veloci
ties are larger than expected, the liquid slag would have a gas 
film while the oxidic and metallic liquids would require a signifi
cant increase in superficial ve locity before a film v^ould occur. 
Also, the flow regime that occurs could change if the liquid and gas 
properties are different from those used for the present calcula
tions .

22



VOID FRACTION

The height of the molten pool is increased as a result of 
the gas bubbling through the liquid. This change in size can be 
determined if the void fraction of the gas is known. The gas 
void fraction is defined as

a = Volume of gas/Total volume of gas and liquid.

When the gas content is independent of the height in the pool, the 
above expression can be written as

a = Ag/A , (10)

where Ag is the gas area in the total area A at a given height. It 
is assumed that A is sufficiently large that the resulting a's at 
various locations will nearly be the same. A mass balance, is applied 
from the solid surface to some height in the pool with the result

p u A = j A , (11)g g g s '

where and u^ are the gas density and velocity in the liquid
pool. The term j = p V is the mass flux density of the gass s
resulting from the decomposition of the concrete. Equations (10) 
and (11) are combined to obtain the gas void fraction

a = j /p u . (12)

The usual procedure is to relate the gas velocity Ug to the termi
nal velocity of a single bubble with the expression

Ug = (1-a)^"^ . , (13)
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For ideal bubbly flow n = 2 and for churn-turbulent bubbly flow,
15n = 0 as dxscussed by Wallis. The void fraction for these two 

cases becomes

Ideal Bubbly ______
a = 2  - Y 4  - B (14a)

Churn-Turbulent Bubbly
a = B/(l + C^B) , (14b)

where 0 ^ = 1  for the present development, and

B = j /p“"ŝ  g T
For bubble flow in pipes, the distribution of the bubbles across 
the pipe is not uniform and the parameter can be as large as
1.5 for peaked profiles. For molten pools the distribution para
meter is excepted to be nearly one. The void fraction for 
molten pools of oxidic and metallic liquids with = 1 and 

= p  ̂ has been determined from Eqs. (14a) and (14b) withy ys i
calculated from Eq. (3); the results are given in Fig. 3. For 
either slag or water, the void fraction of these liquids is 
between the results for the metallic and the oxidic liquids.

If a gas film occurs, then gas jets develop normal to the 
surface with a radius given by Eq. (5). These jets occur at a 
distance A == 2it A /3 apart according to the film theory. There
fore , the void fraction becomes from Eq. (10)

a = ttC^A^/A^ = C^/12-rr = 0.42 ,

and this result is also given in Fig. 3
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The gas void fraction should be estimated with the churn- 
turbulent bubbly flow (Eq. 14b) with = 1  ̂ with possibly a 
maximum value set from the gas film theory. The use of Eq. (3) 
to calculate is probably adequate until more information is 
available on bubble size.

HEAT TRANSFER

The prediction of the heat transfer characteristics of a 
molten pool with bubble agitation is at best, very approximate.
This problem is closely related to the boiling of liquids where 
tremendous amounts of work have been performed with no real funda
mental theoretical prediction procedure available.

The predictions are dependent upon dimensional analysis, sim
plified models, and correlations of experimental results. This 
applies to both boiling and bubbling heat transfer analysis. Also 
the available experimental results are limited to a few liquids 
which make extrapolation to the molten pool case again questionable, 
The actual details of the resulting configuration of decomposing 
concrete is not completely known; for example, what happens to the 
melted concrete? Is there a gas film between the concrete and slag 
or slag and molten pool?

Due to the bubble agitation, the molten pool is highly tur
bulent and the temperature is constant throughout, except for 
boundary regions. These layers occur at the pool boundaries where 
there is a temperature drop to the surrounding environment. Also, 
the molten pool can consist of layers of different materials and 
these layers will be at a different but constant temperature 
except near the boundaries.

25



The following sections will investigate and suggest heat 
transfer coefficients for determining the temperature change 
across the various interfaces.

Gas Film Model. For horizontal surfaces the film boiling model
17developed by Berenson has been modified by Dhir, et al and

Alsmeyer and Reimann^ for bubbling from a surface with gas injec
tion. The resulting heat transfer coefficient is

h = C(k /A){a/M (15)g g s
1 17where Alsmeyer and Reimann take C = 0.326 while Dhir, et al

take C = 0.256. As concrete decomposes, the gas given off con
sists of H2O and COj, The viscosity and thermal conductivity 
of these gases are given in Pig. 4. At a temperature of 1743 K 
the viscosity and thermal conductivity of the gas mixture are 
assumed to have the following values:

= 5.8 X 10  ̂kg/m-s

k- = 0.15 W/m-KCj
(16)

The viscosity of the gas mixture is nearly independent of the mass 
fraction of H 2 O and CO2  for the temperatures of interest. However, 
the thermal conductivity can change by a factor of approximately 
two depending upon the amounts of H 2 O and CO2  in the gas mixture.

The heat transfer coefficient for the gas film model as given 
by Eq. (15) is given in Fig. 5 for the oxidic, metallic, and slag 
liquids. The values for A and a are given in Table I. The heat
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transfer coefficient for water with an air film at 293 K is also 
given in Fig. 5. The air transport properties utilized for the
case are

Pair 1*81 X 10“  ̂kg/m-s

k . = 0.0257 W/m-Kair
(17)

The heat transfer is substantially lower for water as the gas 
film properties have changed significantly from, the previous 
example. The water example has conditions typical of experimental 
results that will be given subsequently.

22-24Surface with Gas Injection. Several experiments have been
performed with gases blowing from, a horizontal porous plate into
various liquids. The most complete investigation has been made

22by Kutateladze and Malenkov and some typical results are given 
in Fig. 6. The experimental points are for water and a water- 
glycerin mixture which has a viscosity nearly an order of magni
tude larger than water. Other less viscous water-glycerin mixtures 
were investigated with the results following the water curve 
initially and then going nearly horizontal to the water and 50% 
glycerin curve. Also presented in this figure is the predicted 
natural convective heat transfer coefficient for the two cases.
The prediction technique will be discussed subsequently. The

22-24various experimental results are in reasonable agreement and
the heat transfer at large superficial velocities becomes constant 
or drops off slightly. It is questionable whether a gas film is
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ever obtained in the experimental results as there is no signifi
cant decrease in heat transfer to the values predicted by theory.
At the lower superficial velocities the heat transfer should cor
respond to the natural convective predictions and this appears to 
be occurring.

The experimental results of Kutateladze and Malenkov have 
been correlated by the authors into nearly a single curve. The 
experimental points have been approximated with the straight 
lines as shown in Fig. 7, v/hich stop at the limits of the experi
mental data. This correlation has been used to predict the heat 
transfer coefficient for the various liquids of interest with 
the results given in Fig. 8. The prediction for water agrees with 
the experiment data given in Fig. 6, as required. However, if the 
correlation is used to predict the heat transfer coefficient at 
large superficial velocities, wrong results are obtained. The 
correlation for water should apply to V = 5.7 m/s where the predic-

4 2ted heat transfer coefficient becomes h = 3.6 x 10 W/m K. The 
experimental results show that the heat transfer coefficient remains 
nearly constant at superficial velocity near one and has a value of

4 2approximately 10 W/m K. The predictions for the oxidic and metallic 
fluids are close to the prediction for water and are considered reason
able at the larger superficial velocities but are suspect at the 
lower values. This point will be considered further when the natural 
convective results are described. The predictions for the heat 
transfer for the slag are significantly lower than the other results 
due to the very viscous properties. Again, the validity of this 
result can be questioned as the liquid properties are beyond those



included in the correlation. At V = 0.1 m/s, the heat transferO
coefficient from this prediction is nearly the same as that obtained 
with the gas film model.

Natural Convection. For a horizontal heated plate facing upward of
7length L and with a large Rayleigh number (Ra > 10 ) such that the 

flow is turbulent, the heat transfer coefficient is expressed as

(hL/k) = C Ra^ , (18)

where 3
Ra = gAT = Pr * Gr , and
n = 1/3 .

The coefficient C is a weak function of Prandtl number with sugges-
25ted varxation given by Raithby and Hollands. Other authors have

taken C to be a constant as indicated below:

0.16 Malkns^^
.27, 0.31 ZuberC = ( oo0.14 McAdams 290.13-0.16 Fujxi and Imura 

The value of C used by Zuber was determined such that boiling data 
would agree with theoretical predictions. Additional data is avail
able for horizontal fluid layers with volumetric heat sources from

30 31 32Kulacki and Goldstein, John and Reineke, and Kulacki and Emara.
These results are given in terms of a modified Rayleigh number but
some of the results of Kulacki and Goldstein can be expressed in
terms of the conventional Rayleigh number with the layer thickness
used as the reference length. These results are given in Fig. 9

7and are about the same as the laminar (Ra < 2 x 10 ) correlatxon
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2 gof McAdams where C = 0.54 and n = 1/4 in Eq. (18). In the exper
iments of Kulacki and Goldstein the upper and lower plates are at 
the same temperature while the experiments of Kulacki and Emara 
have the lower wall insulated. The heat transfer at the upper wall 
for the later experiments are correlated with the relation

Nu = 0 . 4 0 3 ( R a ) ,

where the modified Rayleigh number is

Ra = i Da ' Ra 

The Damkohler number is defined as

Da = HL^/kAT ,

where H is volumetric rate of energy generation within the fluid. 
The value of the Damkohler number can be expressed with the follow
ing correlations

T'. oô :/tc■̂ >̂ 0̂.23 A Tin -n 0.30Da = 0.364(Ra) = 0.219 Ra ,

and the heat transfer correlation becomes

Nu = 0.244 Ra°*^^^ . (19)

This result is given in Fig. 9 and is nearly the same as the other 
results. Also given in Fig. 9 are the suggested correlations of 
McAdams for the horizontal and vertical plates with a turbulent 
flow.

For the various liquids of interest, the minimum Rayleigh 
number is given in Table V where it is assumed that AT = 100 K 
and L = 0.1 m. An assumption of turbulent natural convective heat
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transfer appears to be a reasonable assumption for the various 
liquids except for the slag. The turbulent case gives the heat 
transfer coefficient independent of a length scale and the follow
ing relation is suggested to approximate all the cases of Fig. 9;

h = 0.14 k \ fCV / (20)
h = 0.14 k Pr1/3 ( _a pat)v2

1/3

Liquid

TABLE V
Natural Convective Heat Transfer CAT = 100 K)

MIN
h (vertical or heated 

horizontal wall)
h (cooled hori

zontal wall)

Water 1.23 X 10^ 9.00 X 10^ 4.3 X 10^

Oxidic 2.18 X 10^ 2.78 X 10^ 1.3 X 10^

Metallic 8.94 X 10^ 1.16 X  10^ 5.6 X  10^

Slag 1.96 X lo " ^ 4.91 X 10^ 2.3 X  lOl

The predicted natural convective heat transfer coefficients for 
the liquids are given in Table V as obtained with Eq. (20). The 
use of Eq. (20) for the slag at Ra = 10^ will give a heat transfer 
coefficient which is approximately half of the correct value for 
laminar flow, but this is considered adequate for the present 
estimate.
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For molten pools, the lower surface is cool relative to the 
liquid and the fluid is in a stable arrangement. However, other 
parts of the liquid are unstable and natural convective flow will 
occur. In Fig. 10 the heat transfer is presented for the case of 
a cooled horizontal plate of length L where the correlations of

28 o Qexperimenta1 data are given by McAdams, Fujii and Imura and
33Hassan and Mohamed. The Nusselt and Rayleigh numbers use the

plate length L as the reference length. The results of Kulacki 
30and Goldstein for the heat transfer at the lower wall in a hori

zontal layer of fluid are also given in Fig. 10. In this case, the 
reference length is the thickness of the layer of fluid and the 
correlation is

Nu = 1.47 . (21)

As this relation requires a reference length, the following rela
tion of Hassan and Mohamed is recommended as no reference length 
is required and is of the same form as Eq. (20)

Nu = 0.067 Ra^/^ (22) .

The predicted heat transfer coefficients from Eq. (22) for the 
various liquids are given in Table V, and are also given in Fig. 8. 
Also in this figure the prediction resulting from Eq. (21) is shown 
as the symbol given at the arrowhead. In both cases, AT = 100 K 
and in Eq. (21) it is assumed that L = 0.1 m. It should be 
noticed that the heat transfer coefficient for natural convection 
for the slag is significantly less than the values for the other 
liquids.
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The natural convective flow in a horizontal layer with a 
zero shear upper surface has been calculated by Kulacki, et al.
This case approximately represents a hot liquid layer with a cool 
gas above. When these results are compared with the case of zero 
velocity at the upper surface (a rigid wall), the heat transfer 
coefficient is approximately the same. Therefore, Eq. (20) can be 
used to predict the heat transfer coefficient for this configura
tion.

Surface with Bubble Agitation. A review of the work concerned with 
heat transfer in bubble-agitated systems is given in the paper by

35Hart. The following correlation based on dimensional analysis 
and experimental results is develope'̂ . by Hart for the heat trans
fer coefficient;

h = 0.125 k Pr°-^ / ̂  " f ) (23)

where all quantities use the liquid properties. An earlier paper,
36not referenced by Hart, is by Sikolov and Salamakhin where experi

mental results were obtained and correlated with the following 
relation:

h = 0.3 k Pr /̂'  ̂(g/v2) V 3  ^1/5 (24)

where
= 1 when Vg > 0.4 m/s

ip = V /0.4 when V < 0. 4 m/s
S  S
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the only theoretical attempt at predicting the heat transfer coef
ficient appears to be the work of Konsetov, This work does not 
use a fundamental development but is based upon known heat transfer 
correlations for other flow configurations and with the character
istic parameters evaluated for the bubbling liquid system. The 
resulting expression is

h = 0.25 k Pr^Z-^Cag/v^) ̂ /^{y/y ) (25)w

where the void fraction employed is

a - 0.4 (V^//“gA)^/^ (p^/p^ =

and A is defined after Eq. (3).
It should be noticed that Eqs. (23), (24), and (25) are similar 

in structure but the exponents are not the same. Also, these rela
tions are very similar to the natural convective Eq. (20) where 
SAT is replaced with a quantity which involves the superficial 
velocity. The foregoing relations have been used to determine the 
heat transfer coefficient for- the various liquids of interest with 
the properties obtained from Table I. The results are given in 
Fig. 11 where there is a significant difference between the proposed 
correlation results.

The relation of Konsetov, Eq. (25), is recommended for use but 
with, the void fraction determined from Eq. (14b) with Cq = 1, which 
gives

a = B/(l + B) where B = 0.6 5 V^//gA
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Also, the change in viscosity across the thermal layer is neglected. 
The resulting relation is combined with the natural convective rela
tion (20) to obtain

h = k(Pr (0.00274 3AT + 0.05 a) (26)

If a = 0, then Eq. (26) becomes Eg. (.20) while Eq. (.25) is obtained 
when AT = 0, except the constant has been changed. V7ith the new 

relation for the void fraction, the constant has been adjusted to 
match the prediction of Eq. (26) with the heat transfer correlation 
results for water with air bubbles. The comparison is given in 
Fig. 12. Also, the prediction of the heat transfer as obtained from 
Eq. (26) for the various liquids is compared to the correlation of 
Hart in Fig. 12.. Equation (26) provides an upper limit on the heat 
transfer when a = 1 and as discussed in an earlier section, the void 
fraction should probably be limited to a value of a < 0.42.

The heat transfer relation (26) is appropriate for surfaces 
without mass transfer while the case of a horizontal surface with 
gas injection was considered in an earlier section. For a surface 
with gas injection the heat transfer increases more rapidly with the 
superficial velocity than given by Eq. (26). Therefore, for a 
horizontal surface with gas injection the following relation is 
suggested;

h = k(Pr g/v^)^/^(0.00274 gAT + 0.4 . (27)

When a = 0, Eq. (27) is the appropriate relation for natural con
vective heat transfer on a heated horizontal surface. For a cooled
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surface the coefficient before 8 must be modified such that Eq. (22)
2IS obtained. The coefficient in front of a has been determined 

such that Eq. (27) provides a reasonable prediction of the heat 
transfer to a surface with air injected into water. The predic
tion of the heat transfer for the various liquids as obtained with 
Eq. (27) is given in Fig. 13. Also given in this figure is the

4correlation developed by Grief which is similar to Eq. (27) and
I S

h = 20.3 k Pr^/^(V /v) (28)

When AT = 0, and the superficial velocity is small, Eq. (27) has 
the form of Eq. (28) except the 1/2 exponent becomes 2/3.

The prediction obtained with the foregoing relations (27) and
(28) are in agreement except for the slag. A comparison of these 
predictions in Fig. 13 with the previous correlation of Kutateladze 
given in Fig. 8 indicates significant differences. The present pre
dictions for the heat transfer coefficient for the oxidic and metal
lic liquids are much larger than given in Fig. 8. The slag predic
tion obtained from Eq. (27) is in better agreement with the result 
of Fig. 8 than the prediction given by Eq. (28). The use of the 
heat transfer coefficient relation (27) must be considered suspect 
until more experimental data become available to test this rela
tion.

Liquid Interfaces. In the molten pool the heat transfer coeffi
cient is required between the layers of immiscible liquids within
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the pool and between the upper layer and the gas atmosphere. If
the upper and lower layer bulk temperatures are T and , respec-U t
tively, and the interface temperature is , the heat transfer 
coefficients for the two layers are

%  = q/(Ty - Tj)

h^ = q/(Tj - T^)
(29)

The heat flux in the upper and lower layers is the same and equal 
to the heat flux q across the interface. The interface tempera
ture is

■"l = < V l + ' <30)

while the heat transfer coefficient across the interface is

h = q/(Ty - Tl ) = + hy) . (31)

Therefore, the needed information are the heat transfer coefficients
h and ĥ  in the layers near the interface.
U  li

If the layers are assumed to be free of motion, then the
heat transfer is governed by unsteady heat conduction theory as

38given in Carslaw and Jaeger. The heat transfer coefficient for 
a layer is

h = k/5 , (32)
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where
6 = v/rrtF K = k/pCP

When Eq. (32) is used to determine the interface temperature and 
heat transfer coefficient as given by Eqs. (30) and (31), the inter
face temperature is independent of time but the heat transfer coef
ficient is a function of time.

For layers with turbulent motion, the foregoing analysis is
39 40used in the surface renewal model ' to obtain the heat transfer

coefficient which is independent of time. The mean value of the
heat transfer coefficient over the time interval t ise

^e
h = — I h dt = 2k//iTt i<.

'e Jo ®

The surface contact time t^ for an interface agitated with bubbles
41has been determined by Szekely and for the present situation 

becomes

te =

where
U„ = volume of bubbleJd

= cross-sectional area of bubble
V = superficial velocity of gas.s

For spherical cap bubbles the volume and area are related to the 
equivalent radius by the relation

Ub/Ab = 0.445 .
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The resulting relation for the heat transfer coefficient is

h. = 1.69 k. /V /K.r^ i = U or L . (33)
J. .L o  _L w

This approach has been applied by Szekely to the slag-metal inter
face as occurs in an open-hearth furnace. The predicted overall
heat transfer coefficient is about one and a half times larger

3 2than those measured in practice (h 10 W/m K) . The overall heat 
transfer coefficient is slightly less than the heat transfer coeffi
cient for the slag as h . , >> h , ̂ metal slag

The mass transfer across interfaces agitated by bubbles has
42been rnvestxgated by Porter, et al. The surface renewal model

41for mass transfer was also developed by Szekely and the experimen
tal results of Porter, et al. show that the model is not complete.
The experiments indicate that the viscosity of the liquids influence 
the mass transfer. Also, the experiments of Porter, et al. show 
that the mass transfer coefficient is proportional to the square 
root of the gas flow rate.

When the upper and lower layers are agitated as a result of 
turbulent natural convection, the interface can be handled as a

43rigid surface as shown by Haberstroh and Rexnders. The heat 
transfer coefficient given by Eq. (20) can be used to determine 
the heat transfer coefficients required for Eqs. (30) and (31).
The resulting relations are

h =0.14 AU U (34)
= 0.14
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where , ,.1/4
♦i = i = u. I.

A = - Tj.)/(4.„ + Oj,)

The foregoing discussion indicates that the heat transfer 
coefficients for a horizontal surface with bubble agitation as 
given by Eqs. (27) or (28) could be used at a liquid interface.
Since this type of interface is more flexible, the heat transfer 
coefficient could be larger than that which occurs at a porous 
surface. The various relations have been used to predict the 
heat transfer coefficient at a slag-metal interface with the 
results given in Fig. 14. The results are for the surface renewal 
model of Szekely given by Eq. (33), the correlation of Greif given 
by Eq. (28), and the modified theory of Konsetov given by Eq. (27) 
with natural convection neglected. In addition, the natural convec
tive heat transfer coefficient as given by Eq. (34) is presented
for a temperature change of 45 K across the interface. In the

41paper by Szekely, the same problem is investigated but with
slightly different properties, and it is stated that the heat
transfer coefficient measured in practice is approximately 

3 210 W/m K. This point is given in Fig. 14, and the predictions
vary around the measured result. Additional experimental results

44have been obtained by Werle for a silicone oi1-water interface
with bubble agitation. The experimental results along with the 
various predictions are presented in Fig. 15. The natural convec
tive result assumes a temperature change across the interface
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from 10 to 50 K. The experimental measurement indicates a heat 
transfer about twice as large as this prediction. For this case 
the predictions are significantly lower than the experimental 
results. At the larger superficial velocities, there is a rapid 
increase in the heat transfer coefficient which appears to result 
from a dispersion of the interface. The influence of the density 
change across the interface on when this dispersion will occur has 
not been investigated. Therefore, it is suggested that the heat 
transfer coefficient at an interface be determined from the surface 
renewal model as given by Eq. (33) or the Konsetov relation (27) 
be modified by replacing the constant 0.4 with 50. This shifts 
the Konsetov prediction into reasonable agreement with the surface 
renewal model. Again, the prediction methods are very limited 
and more experimental results are required to verify or improve 
the procedures.

The heat transfer between the molten pool and the gas atmos
phere remains to be determined. Due to the bubbling of gas through 
the molten pool, the heat flux density across this interface result
ing from convective motion is

-Jo =  g a s  <” >

where m is the mass flux density of the gas leaving the liquid 
pool. The temperature of the gas can be assumed the same as 
the bulk temperature of the molten pool. It is expected that 
the gas motion above the pool is dominated by free convective
flow especially at the early times when the walls of the contain
ment structure are still relatively cool. If the influence of
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the surface mass transfer is neglected, then the turbulent natural 
convective heat transfer coefficient can be determined with Eq.
(20). This can be used as the heat transfer coefficient across 
the liquid-gas interface as the heat transfer coefficient in the 
liquid is significantly larger. At later times, the bulk tempera
ture of the gas atmosphere will be nearly the same as the molten 
pool temperature with a resulting decrease in the natural convec
tive motions and heat transfer coefficient across the interface.
At the later times the use of Eq. (20) becomes questionable, but 
the heat flux density resulting from this contribution is very 
small compared to that given by Eq. (35). There is also heat 
transferred across this interface due to thermal radiation which 
must be included but it not considered in this report.

Slag Film Model. In the previous predictions of molten pools 
behavior on concrete, the melted concrete (slag) is assumed to 
be immediately removed at the concrete-pool interface. The pur
pose of this section is to provide some preliminary estimates 
of the thickness of the slag film. The viscosity of the slag 
changes significantly with temperature as shown in the Appendix 
but for the present simplified theory, the viscosity is asstimed 
constant. Also, the influence of the gas generated as the con
crete decomposes is neglected in the slag layer analysis. For a 
horizontal surface the slag thickness would increase with time 
unless there is some removal process. As the slag is lighter 
than the molten pool, the slag layer is hydrodynamically unstable
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and the film model of Berenson should indicate the behavior. This 
theory gives the effective thickness of the slag layer as

6 . 3.07 A and A =

where the variables are evaluated with the slag properties. The
constant is obtained from the work of Alsmeyer and Reimann.^ When

—  Sthe slag properties as given in Table I and (V ) , = 8 x 10 m/s
S  S  x 3.^

are used in Eq. (36) , the result is 5 = 6.6 x lO”'̂ m and
3 2h = 1.98 X 10 W/m K. The heat transfer coefficient is approxi

mately three times as large as that predicted with the gas film 
model. The slag film model appears to provide a reasonable predic
tion of the heat transfer coefficient. The effects of variable 
viscosity and gas bubbling through the slag layer need to be taken 
into account.

The concrete melt on a vertical surface is removed due to the 
buoyant force. With the slag velocity zero at the wall and at the 
molten pool interface, the film model gives the thickness as

6]jVgX
g (p £ - p) = 1.82 A I ~j (37)

where x is the distance along the surface. The other variables 
use the slag properties except is the density of the molten 
pool. The evaluation of this expression with the slag proper
ties and metallic density of Table I and with the foregoing 
slag superficial velocity, the slag thickness at x = 1 m is 
6 = 2 . 5 x l 0 ^ m  and h = 5.3 x 10^ W/m^K. The film model can be
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used also to predict the slag layer thickness at the stagnation 
point on a concave surface. The slag flows away from the stagna
tion point due to the buoyant force and for the axisymmetric case 
the thickness is

6 = =1.82 A , (38)
g(p^“p)

where is the radius of curvature of the surface at the stagna
tion point. With = 1 m, the melt layer thickness and the heat 
transfer coefficient are the same as obtained for the example 
given after Eq, (37). This is the maximum thickness of the slag 
film possible as no mass is being lost due to the hydrodynamic 
instability of the layer.

In the previous cases the influence of the gas bubbling 
through the slag layer has been neglected. To predict this 
effect requires more detailed modeling and experimental results. 
Some of the effects of the bubbles might be the following:

1. Remove part of the slag layer;
2. Provide a thick gas layer at the bubble where little 

heat is transferred.
3. Push the slag aside and thicken the slag film 

around the bubble.
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DISCUSSION

The literature has been reviewed to obtain information on 
the behavior of liquid pools agitated with bubbles. Although 
there have been numerous investigations, there are no fundamental 
theories for predicting the heat transfer and the experiments 
performed have been limited. Therefore, the following pool inter
face heat transfer coefficients recommended are probably no better 
than a factor of two of the correct results and in some cases only 
within an order of magnitude;

• Surface with Gas Injection (Region I of Fig. 1) 

h = k(Pr g/v^)^/'^ (O.OOOSOgAT + 0.4a^)

•Surface with Bubble Agitation (Region II)

h = k(Pr g/v^)(0.002743AT + 0.05a)

•Liquid-Liquid Interfaces (Region III) 

h = hj.hy/(hj. + ĥ P

h^ = k(Pr g/v^)(0.002743AT + 50a^)^/^

with i = L or U and properties for that layer.

Improvements in accuracy of the above heat transfer coefficients 
can only be obtained with appropriate experiments. For steady- 
state ablation where the molten pool is held at constant tempera
ture , the rate of penetration of the melt into the concrete is
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directly proportional to the heat transfer coefficient at this 
interface. Therefore, better accuracy of some of the heat trans
fer coefficients is needed.

One of the significant results of this study has been to show
I

that the occurrence of a gas film between the concrete and molten 
pool is not expected. This is based upon estimates of the super
ficial gas velocity of the concrete decomposition products and 
properties of the molten liquids. Also, this study indicates 
that the concrete slag can have a significant influence on the 
heat transfer process. Therefore, determination of the slag 
behavior at the concrete-molten pool interface needs to be 
obtained from experiments * or modeling in order to have an under
standing of the physics of the phenomena. A slag layer thick
ness of approximately 0.2 cm gives the same heat transfer coeffi
cient that is obtained from the gas film model. It is of interest 
to note that coal combustion slags of thickness 0.1 to 0.4 cm 
occur on the walls of MHD generators (see Ref. 10). These slag 
layers are on a cool surface (400 - 1400 K) with a high velocity 
(400 - 700 m/s) gas flow adjacent to the film. The coal slags 
have a viscosity-temperature variation which is similar to that 
of Basaltic concrete slag. The concrete slag problem has the 
additional complexity of gas bubbling through the layer.

* 45An acoustic technique has been used by Sutherland to monitor 
the motion of the molten pool/concrete interface, but definite 
information on what is occurring in this region has not been 
obtained as yet.
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Appendix

Viscosity of Silicate Slags

The decomposition of concrete at high temperature results 
in gas being discharged with a molten slag remaining. These 
silicate liquids occur also in coal combustion, geological prob
lems , and in the steel-making process. There have been a signi
ficant number of investigations concerned with determining the 
viscosity of slags. However, there is no theoretical procedure 
for calculating the viscosity and all the prediction methods use 
a correlation of experimenta1 data. The most complete procedure

45has been developed by Bottinga and Weill but this is limited
due to the availability of experimental results. This procedure
has been developed further by Powers and Frazier^^ and a computer
code is available for calculating the viscosity of slags with
complex compositions. This procedure has been used to determine
the viscosity of basaltic and limestone concrete with the compo-

21sxtion given in Table A as determined by Powers. The mass 
fraction and mole fraction for the various species is given in 
this Table and the resulting viscosity is given in Fig. lA as a 
function of temperature.

A correlation of experimental data of Ca0 -Mg0 -Al2 0 2 ~Si0 2

47melts has been developed by Turkdogan and Bills for slags that
occur in a blast furnace. A description of this method is also

39given in Szekely and Themelis. This method requires the deter
mination of the silica equivalence of AI 2 O 2  which is then used 
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along with the mole fraction of Si0 2  to determine the viscosity. 
For the present slags with the more complex composition, the 
mixture has been simplified by assuming the composition shown in 
the last columns of Table A. The amount of Si0 2  and AI 2 O 2  remain 
the same while all the other species are added into CaO. The 
viscosity of these mixtures is given in Fig. lA and is in reason
able agreement with the results of Powers and Frazier.

9A single correlation equation has been developed by Capps 
to approximate the experimental data for coal combustion slags 
as follows:

, 1 0 ^log y =  ------ 5 - + C ,
(T-432)^

where y is viscosity (kg/ms), T is temperature (K), and

M = 0.G1043(SiO2) + 0.01003 (AI2 O 2 ) - 0.29629

C = -0.01542 (Si02) - 0.03881 (AI2 O 2 ) - 0.01617 (F2 O 3 )
- 0.00891 (CaO) - 0.01293 (MgO) + 0.04678

All oxides in the coefficients are expressed as weight percents.
The predictions of the viscosity of the two slags is given in 
Fig. lA where there is good agreement for the basaltic concrete 
slag. It is known that this procedure does not adequately predict 
the viscosity of slags unusually high in CaO as occurs for the 
limestone concrete slag. The prediction of the viscosity for 
limestone concrete slag in Fig. lA is poor as expected.
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The method of Bottinga and Weill should provide the best 
estimate of the viscosity of complex slags. 'However, inaccura
cies are introduced due to lack of exper imenta1  data in develop
ing the method and the procedure requires a significant amount of 
computer time for the predictions. The correlation of Capps is 
simple and fast, but has a limited range of applicability. Further 
development of this type of procedure could provide sufficiently 
accurate values of the viscosity with a reduction in compuer time 
and program complexity.

64



-56-

TABLE A 
Slag Composition Data

Component
Mass Fraction Mole Fraction Mole Fraction*

Basalt Limestone Basalt Limestone Basalt Limestone

Si0 2 0.5918 0.4828 0.632 0.485 0.632 0.485
Ti0 2 0.114 0.0024 0.009 0 . 0 0 2

MnO 0.0004
MgO 0.0665 0.0065 0.106 0 . 0 1 0

CaO 0.0952 0.4219 0.109 0.455 0.311 0.486
Na2 0 0.0195 0 . 0 0 1 1 0 . 0 2 0 0 . 0 0 1

K 2 O 0.0582 0.0165 0.040 0 . 0 1 1

0.0676 0.0195 0.027 0.007
.I 2 O 3 0,0898 0.0487 0.057 0.029 0.057 0.029

*For Turkdogan & Bills correlation
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