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MODELING OF FUEL-TO-STEEL HEAT TRANSFER IN

CORE DISRUPTIVE ACCIDENTS

ABSTRACT

A mathematical model for direct-contact boiling heat transfer
between immiscible fluids was developed and tested experimentally.
The model describes heat transfer from a hot fluid bath to an
ensemble of droplets of a cooler fluid that boils as it passes through
the hot fluid. The mathematical model is based on single bubble
correlations for the heat transfer and a drift-flux model for the
fluid dynamics. The model yields a volumetric heat transfer coefficient
as a function of the initial diameter, velocity and volume fraction of
the dispersed component. An experiment was constructed to boil

cyclopentane droplets in water. The mathematical and experimental
results agreed reasonably well.

The results were applied to investigate the possibility of steel
vaporization during a hypothetical core disruptive accident in a
liquid metal fast breeder reactor. The model predicts that substantial
steel vaporization may occur in core disruptive accidents, if the steel
reaches its saturation temperature rapidly enough. The potential
importance of steel vaporization is dependent on the accident scenario.
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NOMENCLATURE

A area
Ab droplet surface area
Ap projected area perpendicular to flow direction
B parameter defined by Eq. (35)
C SM/dm
CD drag coefficient
Cp specific heat
Do’ D initial and instantaneous equivalent spherical diameter
hb individual droplet heat transfer coefficient
hV volumetric heat transfer coefficient
H constant defined by Eq. (33)
k thermal conductivity
Kl’ K2 constants defined by Egs. (83) and (84)
Ld latent heat of vaporization of dispersed phase
m (1-x)(y+1) + 1
ﬁv mass flow rate
n constant defined by Eq. (1) and Eq. (B-10)
n, number density of droplets
Nu Nusselt number E%R
Vp pressure gradient
Pr Prandtl number EEB
r equivalent spherical diameter ragio D/Do‘

pUD

Re Reynolds number



NOMENCLATURE (Cont'd)

AT temperature difference between continuous and dispersed phases

v ,U0,0 initial, instantaneous and relative droplet velocities;

vr=(1-a)*tu

\Y volume

W volumetric flow rate

z axial displacement

o void fraction (dispersed phase volume fraction defined
by Eq. (25))

O thermal diffusivity of fuel

B angle defined by Figure 3

Y constant defined by Eq. (20)

§ liquid film thickness inside droplets

o) density

M viscosity

subscripts

a onset of agglomeration values
b droplet values

c continuous phase properties

d dispersed phase properties

dl dispersed phase liquid

dv dispersed phase vapor

f fuel values

o initial values

s steel values

v volumetric

max maximum



NOMENCLATURE (Cont'd)

subscripts (Cont'd)

M maximum

m minimum
superscripts

X exponent in Eq. (20)
y exponent in Eq. (31)
w exponent in Eq. (20)

m A-x)(y+1) +1

-10-
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1.0 INTRODUCTION

In safety analyses of liquid metal fast breeder reactors,
hypothetical core disruptive accidents are usually considered.
In the postulated unprotected loss-of-flow accident it is possible
that the sequence of events will lead to a gradual melt-down of
the core materials rather than an abrupt and energetic disassembly
of the core. Presently it is impossible to predict the exact
course such an accident will follow. On the basis of calculations
performed at the Argonne National Laboratory [l1], there is evidence
to suggest that incoherency effects and other mitigating factors
may limit reactivity insertion rates. If this is the case, therve
could be a more gradual transition from an essentially intact
core geometry to the disrupted state, and for this reason the
so-called "transition phase" of the accident has received consider-
able attention lately in fast reactor safety research. However,
‘an analysis of this phase of the accident is extremely complicated
because of the relatively long time frame and extensive material
relocation involved. Currently, large computer codes to analyze
hypothetical core disruptive accidents are being developed and
tested in the United States and elsewhere. Perhaps the most sig-
nificant contribution these codes have made to the investigation
is the identification of the phenomena which are of primary im-
ﬁortance in determining the accident energetics and the resulting

containment requirements. In fact, as an integral part of the
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developmental effort, researchers at the Los Alamos Scientific
Laboratory conduct sensitivity studies with the SIMMER computer
code [2] to identify the phenomena which require modeling improve-
ments in the code. One mechanism that has been identified is
heat transfer from hot molten fuel to cooler molten structural
steel (see Figure 1). Since this mechanism could reduce the total
vapor pressure generated by distributing the heat load over a
large mass of material, it may be instrumental in mitigating the
work potential of the expanding core. However, the effectiveness
‘of this mechanism will strongly depend on the rate at which the
heat is transferred.

Currently, the fluid dynamics modeling in the SIMMER code
does not allow relative motion between different liquids. Con-
sequently, fuel-to-steel heat transfer modeling is restricted
to pure conduction, although a certain degree of flexibility is
introduced by allowing variations in the conduction lengths.

The purpose of this work was to investigate convective heat trams-
fer during direct-contact evaporation in immiscible fluids and

to compare the resulting convective heat transfer coefficients
with conductive heat transfer coefficients to ascertain the mag-
nitude and consequences of any discrepancies. Basically, the
effort involved combining existing models for single bubble direct-
pontact evaporation with a drift-flux model to account for the

influence the bubbles have on one another in a multibubble flow
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field. In addition, the resulting model was tested against ex-
periments in which cyclopentane was vaporized by hot water in a
direct-contact volume boiler similar to those used in earlier

geothermal research.



2.0 THEORY

2.1 Description of the Problem

When saturated droplets of a fluid are allowed to percolate
through a hotter and denser fluid with which it is immiscible, heat
is transferred to the droplets and they will begin to boil. This
mode of heat transfer is commonly referred to as direct-contact
evaporation, and it is generally a very efficient means of heat
transfer. For this reason the process has attracted a great deal of
attention and there is currently much interest in using the process

in projects ranging from geothermal heat extraction to sea water

desalination.

Direct-contact evaporation is characterized by a rather
indistinct and cften variable heat transfer surface because the drop-
lets grow, deform and sometimes oscillate as they evaporate. Conse-
quently, quantification of the process by surface heat transfer coeffi-
cients becomes difficult and ambiguous. So it is more common to quan-
tify the process in terms of volumetric heat transfer coefficients that
depend on the mass flux and droplet size of the dispersed phase flow~
ing through the continuous phase. Although many studies have been
conducted to empirically determine volumetric heat transfer coeffi-
cients on a case by case basis, to the best of the author's knowledge
this work represents the first attempt at analytically synthesizing a
formula for volumetric heat transfer coefficients from "first prin-

ciples',i.e. existing formulas for single bubble direct-contact
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evaporation, bubble velocity correlations, the drift~flux model of
two-phase flow and the principles of conservation of mass and energy.
The problem then is to determine the behaviour of initially saturated
liquid droplets as they flow through the hot continuous phase, and
then to infer from their behavior a volumetric heat transfer coeffi-
cientAas a function of the initial pumber density and droplet size

and the displacement from their initial positioms.

2.2 Droplet and Bubble Velocities

Throughout this work it is assumed that the relative velocity
between the dispersed and continuous phases can be determined from
the drift-flux model of two-phase flow which gives the relative

velocity as [3].

v o= - )y (1)

where U is the velocity of a single bubble in an infinite pool of the
continuous component, o is the dispersed phase volume fraction and
n is a parameter that depends primarily on o and usually varies

from zero to three or four.

The velocity U of a single bubble is determined by solving a
momentum equation which includes all of the important forces acting on
the bubble. In general, pressure gradients and body forces such as

gravity are opposed by drag and inertial forces

4u 5 2, d
VO o+ pg) g T A, Cplao, U7 = [vo(1-P4/pc)] v (2)



-17-~

where V is the volume of the bubble, Ap is the projected area of

the bubble in the direction of U, Cp is the drag coefficient and

pc and pd are the densities of the continuous and dispersed components,
respectively. For a two-phase droplet/bubble pq is the volume weighted
mean density, so that pg decreases continuously for an evaporating
droplet. The first term in Eq.(2) corresponds to the inertial force,
and the first part of the first term represents the virtual mass of
the displaced continuous component.[“] The second term vepresents the
drag force, and the drag coefficient CD includes the contributions of
both form and shear drag. The third term represents the pressure
gradient force. If there are no externally applied pressure gradients,
then Vp = 80, and the right hand side of Eq. (2) becomes Vg(pc- pd),

which is just the buoyant force on the bubble.

The drag coefficient Cp depends on the characteristics of both
the droplet/bubble and the flow, and there is no single formula for
Cp which is applicable to all droplet/bubble sizes and shapes. It is
customary to correlate Cp with the Reynolds's number, Rep = UD/Ve, to

derive empirical formulas for Cp for rigid spheres, liquid droplets,

and gas bubbles,

For Rep < 2, it is possible to solve the Navier-Stokes equations

for flow around a solid sphere because the flow is laminar and sym-
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metrical about the equator. The result is CD = 24/Reb [5]. For
a droplet/bubble, however, the situation is slightly different
because of circulation of the fluid within the bubble caused

by the finite dispersed component viscosity. The circulation

allows a non zero surface velocity, so that C_ is less than that

D

of a rigid sphere, and it also tends to retard the onset of
boundary layer separation for the same reason. Consequently, the

symmetrical laminar flow field prevails to higher values of Reb

than for a solid sphere, and

2 uc + 3 EQ

c. = [24/Re ] (3)
D b
3 uc t3 ud

for Reb < 4. [6,7].

For Reb > 2 the drag losses and the adverse pressure gradient
around the back of a rigid sphere decelerate the fluid in the boundary

layer and the streamlines begin to deform and curl up to form a toroidal

vortex in the boundary layer near the rear stagnation point. Even-

tually backflow begins and boundary layer separation occurs around Reb

= 17. The separation point moves forward until Reb=450 when the vortex

ring reaches 108° and breaks away from the sphere and vortex shedding
into the wake begins [8,9]. This behavior persists and results in a

fairly constant value of CD= 0.44 until Reb

= 300,000 and the boundary
layer Suddenly-becomes turbulent. Since a turbulent boundary layer
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resists separation much better than a laminar one, the adverse
pressure gradient associated with boundary layer separation

disappears and CD decreases suddenly.

For a droplet/bubble with Re, > 2 the situation is compli-

b
cated by the onset of droplet/bubble deformation associated with
viscous drag and the hydrodynamic pressure. As Reb increases these
forces increase until they are comparable with the surface tension,
and the droplet/bubble changes ffom a spherical to an ellipsoidal
shape. Generally, the increase in projected surface area associated
with the shape change more than compensates for the reduction in CD
associated with circulation, so that CD is larger for a droplet/
bubble than a rigid sphere [10]. In the meighborhood of Reb = 200 to
800 the droplet/bubble begins to oscillate probably due to helical
vortex shedding. There is some uncertainty as to whether or not the
oscillations suppress internal circulation or merely cause eddy
diffusion between the circulation streamlines, but in any case

the onset of oscillations is associated with a sudden increase in

CD. Above Reb = 5000 the hydrodynamic force dominates both viscous
and surface forces so that gas bubbles change from an ellipsoidal

to a spherical cap shape, while liquid droplets break up. For cap

shaped bubbles several researchers have cbtained the constant value

of CD = 2.6 [11,12,13].
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The velocity of a droplet/bubble can be determined by substitut-
ing the appropriate formula for CD into Eq. (2) and solving for U.
Implicit in this analysis is the assumption that correlations for CD
obtained from isothermal, steady-state experiments are applicable to
systems with significant droplet/bubble acceleration. The solution is
obtained easily in the absence of droplet/bubble growth, since with a
constant value of V and Ap Eq. (2) is a first-order ordinary differential
equation with constant coefficients. Even if the droplet/bubble grows,
it may be possible to solve Eq. (2) approximately, if the rate of growth
is slow enough to justify neglecting the first term in the equation.
However, if the droplet/bubble experiences rapid growth due to evapor-
ation or expansion, the solution can become quite complicated since V
and Ap become functions of time. 1In such cases information describing
the bubble growth is required to solve Eq. (2) and a discussion of such
cases is reserved for Appendix A vhere the velocity of rapidly
evaporating droplets is considered. Here consideration is limited
to droplet/bubbles with constant or slowly increasing values of V

and Ap, so that the first term in Eq. (2) is negligible.

Neglecting the first term in Eq. (2) yields

A fo_o |
= gy S @
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Substituting V = (n/6)D3, A, = (7/4)D? and Eq.(3) in Eq.(4) yields

(1) 3¥e+3ud w [, 04 2 .
v (18] 2uc+ 3 we (1- /oc)P )

in the Stokes regime Rep < 2.> The velocity in the ellipsoidal
regime can be determined in the same way using an expression

for V/Ap appropriate for ellipsoidal bubbles. Levich advanced

an argument based on balancing the hydrodynamic and surface forces
to determine V/Ap;[lu] Consider the simplified sketch in

Figure 2. The hydrodynamic heat Ap exerts a force on the top of the

bubble which tends to flatten the cylinder doing work:

Wap = =Ap(mr?) éh (6)

However, this force is opposed by the surface temsion ¢ which

acts to resist the increase in r:
Wy = o(2mr) Or (7)
Since the bubble volume remains essentially constant:

sV = hé&(nr?2) + (mr2) 6h = O (8)
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Figure 2. Levich's [14] Idealized
Ellipsoidal Bubble
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Substituting Eq.(7) into Eq.(5) yields:

WAp = =Ap(2lir) hér )

and equating Egs.(7) and (9) yields:

ho= VA, = Oy, = b%:l—f (10)

Therefore, Eq.(4) becomes:

40v2(1-"d/oc)]

U = (11)
pCZCD
Which is independent of D. When the droplet/bubble changes from
ellipsoidal to cap shaped, Cp assumes the constant value
of 2,6 and Eq.(4) becomes
v o= |% R (giea/ee) * (12)
3 2.6 P¢ ¢

since V = (n/6)D3 and Ay = (7/4)D? so that U is proportional
to vD.
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2.3 Single Bubble Heat Transfer Coefficients

Heat transfer to a single dispersed phase droplet evaporating
in the continuous phase is a complicated process that depends on
the fluid dynamics as well as the thermophysical properties of the
two components, Despite recent extensive research into the subject,
the theory has not yet advanced far enough to explain the observed
behavior in quantitative detail. Current efforts are concentrated
on understanding and modeling the fluid dynamics both inside and
outside the droplet, since this determines thermal boundary layer
thicknesses. However, a description of the fluid dynamics of an
evaporating droplet is complicated by the fact that the evaporation
changes both the dimensions and composition of the droplet. Hence,
the characteristics of the flow can change drastically during the
course of evaporation. Basically, the same considerations are
fundamental to determining both the drag coefficient and the heat
transfer coefficient, since the same phenomena are responsible for

creating both the hydrodynamic and thermal boundary layers. Therefore,
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hydrodynamic deformation, viscous shear, surface tension, internal cir-
culation, vortex shedding and oscillation induced eddy diffusion are all

of fundamental importance in describing both the external and internal

flow configurations.

Since an evaporating droplet changes shape as it grows, it is

customary to define an equivalent spherical diameter as

D = (%’)1/.3 (13)

Then the heat transfer coefficient is defined in terms of the surface

area of the equivalent sphere

.

§= h, () AT (14)

therefore, hb must be formulated to correct for the difference
between the actual droplet surface area and equivalent sphere surface
area. Both the continuous and dispersed phases contribute to the over-

all thermal resistance, so that the heat transfer co-efficient is given

by

= + (15)
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where ho and hi are the heat transfer coefficients outside and inside
the droplet, respectively. Depending upon the thermophysical properties
and the disposition of the phases, the thermal resistance of one of

the components may be negligible compared to the other.

Sideman and Taitel (15) aésumed that the droplet could be re-
presented by a sphere in a potential flow field, so they calculated
the external heat transfer coefficient by solving the energy equation
with a velocity profile determined from potential flow theory. Their

result is

‘ [ 3 0.5
Nﬂo== 3Cos B - Cos” B+ 2 Pe0:5

(16)
T

where B =% (3600—8) and € is the opening angle of the liquid phase in
the bubble (see Figure 3). They assumed that the thermal resistance of
the dispersed phase was negligible and attempted to test their formula
with data from a pentane-water experiment. (see Figure 5) Their
formula did not work very well, however, for a number of probable

reasons. During the early stages of evaporation the thermal resis-

tance of the pentane in the droplet is probably significant. However,

after only a small fraction of the pentane evaporates the droplet
has grown enough to almost certainly justify ignoring the thermal
resistance of the thin agitated film of pentane in the droplet.
Far more questionable is the assumption that the flow around an
expanding ellipsoidal or cap shaped droplet can be approximated by

potential flow around a sphere.
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Figure 3. Sideman's Bubble Geometry [15]

Figure 4. Nazir's Bubble Geometry [10]
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Nazir [10] rejected the assumption that the thermal resistance
of the dispersed phase liquid is negligible, so he developed a mathe-
matical model to calculate the average thickness of the dispersed phase
liquid film in the droplet as a function of the fraction evaporated.
Basically, Nazir assumed the droplet is cap shaped (see Figure 4) and
surrounded by a potential flow field in which Sideman's formula is
valid. However, he postulated that oscillations of the droplet related
to vortex shedding in the wake caused the unvaporized dispersed
phase liquid to slosh around inside the droplet. Therefore, the entire
interior surface of the bubble would be periodically coated with a thin
film of dispersed phase liquid and zero Qould be the appropriate value
of B in Sideman's equation, Eq (16). Sideman, on the other hand, had
assumed that the liquid phase inside an evaporating droplet was con-
fined to the lower portion of the droplet (B~135°) and that the 0<6<R
(see Figure3) liquid—vapof interface was effectively adiabatic because
of the low thermal conductivity of the vapor. Nazir then assumed that
the film was accelerated by gravity and the sloshing motion, which is
related to the Strouhal number, and he solved a simplified momentum
equation for the film thickness by further assuming that the flow is

laminar in the film.

His result is

Nug = K, (/D)7 an
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where Do is the initial value of the equivalent spherical diameter

before evaporation begins and Kl is a constant for the butane-water

system Nazir used.

Klipstein (16) conducted his research before Sideman or Nazir
and did not attempt to derive an analytical model. Instead he made
an extensive review of the available literature to identify potentially
important phenomena for determining the heat transfer rate. He con-
cluded that for his ethyl chloride -~ water experiment the thermal
resistance of the dispersed ethyl chloride phase was negligible after
only a few percent evaporation and that most of the heat transfer
occurred through the turbulent wake. Therefore, he used regression
analysis to successfully correlate his data with the following equation

Nu =2+ .096 Rec°‘93 Prc1/3 (18)

for the overall Nusselt number (see Figure 6). This is similar to

the linear dependence on Re that was obtained for turbulent flow over
cylinders, where the heat transfer also occurred primarily in the wake
region. It is interesting to note that Nazir's data can be correlated by

Nu = 0.072 Reco'73 Prc1/3 (19)

(see Figure 5) also, despite the fact that Eq. (17) implies that
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the thermal resistance of the dispersed phase is controlling while

Eq. (19) implies that it is negligible.

Because of the significant uncertainty concerning the details
of direct~contact evaporation and because empirical correlations such
as Eqs (18) and (19) successfully predict the trends of data from
many experiments and reflect the dependence on ReC characteristic
of heat transfer in a turbulent wake, in this work the following simple
formula will be used for calculating the single bubble heat transfer

coefficient

Nu= YRe:® Pr” (20)

Refer to Appendix B for a more complete analysis of single bubble

heat transfer coefficients and justification for the use of Eq (20).

Also, it is assumed in this work that vapor nucleation occurs
when the droplet temperature reaches the saturation value. Although
large degrees of superheating may be achieved in very pure liquids,
in most practical applications there are sufficient impurities and

other nucleation sites to preclude superheating.

2.4 Volumetric Heat Transfer Coefficients

Define the volumetric heat transfer coefficient as

4

hv (z) = —;z— .I; Ab (z") nb (z')hb(z') dz! (21)

where 2z 1is the displacement from the point of origin 2=0, where the

droplets consist entirely of the liquid phase of the saturated dispersed
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phase, and the remainder of the symbols are as defined below

m

surface area per bubble

Ay (2)
n, (2)
b (2)

number density of bubbles

overall heat transfer coefficient averaged
over the bubble surface

Since it proves easier to express the quantities above in terms of
the equivalent spherical diameter ratio of the bubbles, r = D/Do’
rather than the displacement, the subsequent calculations are
simplified considerably by changing the variable of integration

as follows

-1 ¥ d
h, [2(0)] = [2(0)] rf A G n () b () B ar
(o]

(22}

The problem then reduces to one of determining the relationship

between the integrand and the equivalent spherical diameter ratio.

It simplifies matters to consider the problem in two parts -—-
analysis of the pre-agglomeration stage when bubbles may affect one
another but retain their separate identities and analysis of the
post-agglomeration stage when the wvolume fraction of space occupied
by the bubbles becomes so large that they begin to coalesce as they

collide in their passage through the continuous phase.



-34—

2.4.1 Pre-agglomeration Stage

The number density of bubbles in the pre-agglomeration stage
is determined by regquiring that the number flux of bubbles in
the steady-state is conserved. Consider the sketch in Figure 7
Conservation of the number of bubbles demands that in the limit

b

as Az -+ 0.

d/d, (n, U =S - (23)

For the case of S = 0 (for example, no structural melting in CV)
the solution of Eq. (23) is
U (ro)
o (r) = n (r)) —— (24)
U (r)
T
It also simplifies subsequent calculations‘to define a dispersed

phase volume fraction by

a(r) =(r/6)D> n (r) (25)

The relationship between r and z can be determined by solving

the following heat balance equation:

increase in amount of heat transfer
vapor mass . to bubble w.r.t. z divided
per bubble by latent heat of wvapor-

w.r.t. 2 ization of dispersed phase
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or in symbolic form

d 1 9
- (P ) == (26)
dy dv dv Ur Ld
The dispersed phase vapor volume per bubble is given by
3
p.. D
v, =6y E2— 7 -1y 27
a1 7 Pav
while the time rate of heat transfer per bubble is given by
q = h (r) A (r) AT (28)
Substituting Eqs. (27) and (28) into Eq. (26) yields
p.. P h AT
(1/2) dl "dv D3 r2 dr _ b Ab (29)
_ o dz U Ld
Pa1 ~ Pav

When eqs. (24), (25) and (29) are combined with Eq. {(22) the result

is

a(r ) L, Py P
°" U (r) _d dl "dv (r3 - 1)

z (r) T 9 AT Pa1 ~ P4

hv(r) =
v

(30)
To express z as a function of r it is necessary to integrate

Eq. (29).

During the pre-agglomeration stage it is assumed that the

droplets do not interfere significantly with one another; therefore,
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n = 1 will be used in Eq. (1) during the pre-agglomeration stage,

since this implies an "independent behavior" flow regime. Further-

more, the use of

U =U r (31)

in Eq.k(29) will demonstrate how the shape of the droplets affects
the heat transfer coefficient, since y varies between zero and one
half depending upon the shape of the droplet. Expressing Eq. (20)

in terms of Ur and r yields
h =HU.  r ~ D (32)
where H is determined by the properties of the continuous phase
H= vk, Pr, (o_/u)" (33)
Substituting Eq. (31) and (32) into Eq. (29) yields

LA GHD

B dz (34)
where
AT o -p
B =2 hbo dl dv (35)
Us Do Ba Pa1 Pay
Integrating Eq. (34) yields
(1-x) (y+1)+1 _ 1
] = Bz (36)

(1-x)(y+1) + 1
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Hence, Eq. (30) becomes

hbo r3 -1
h (r) =2ma — - (37)
v D r -1
o
where
m= (1I-x)(y+1) + 1 (38)
_ X  x-1
hbo =H Uo Do (39
or
o U L. p..p
hv(z) __0 o 'd "dl "av [(1+mB z)3/m - 17 (40)
2 AT Pgy ~ Pgy
which can also be expressed as
b L+mB 2™
hv(z) =2m o (41)
Do m Bz

Notice that as a function of z, hv depends on AT since B is directly
proprotional to AT. For(m B z)» 1, hv(z) increases as (AT)(S—m)/m.
This temperature dependence is not surprising since both Ab and hb
increse with r, and the avefage value of r within a given volume
increases with AT due to increased evaporation. Thus, although the
basic mechanism is convective in nature, the evaporative expansion

results in a positive temperature dependence in hV(Z).
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Eq. (41) increases as m decvecses and approaches the limiting
value of
.
A

lim h (2) = 2 & -2 [3 4 3¢B2) + (B2)2]  (42)
v o b
m>1 ©

Therefore, it appears that as the flow becomes more turbulent and

X =+ 1 in Eq. (20), the heat transfer.coefficient is enhanced.
Furthermore, as y increases in Eq. {(31), the heat transfer coefficient
decreases. This is not unexpected since the volume required for

a given amount of heat transfer would tend to increase with the

velocity.

2.4.2 Post-agglomeration Stage

From the pre-agglomeration analysis it is apparent that
irrespective of the form of Ur the dispersed phase volume fraction
o will grow as the bubbles grow. This situation will almost certainly
result in the bubbles coalescing to some extent as their inter-
collision frequency increases with . Fowever. it is uncertain to
what extent the agglomeration will proceed. Consequently, the post-
agglomeration stage of the model provides for this uncertainty by
constraining the change in the disnersed phase volume fraction with

respect to the displacement, do/dz, in the following manner

do d o 3 ‘
—— D — KiK' %! w= T
iz ppe (nb(ﬂzi)ﬁ ) (D) ‘ (43)
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where f£(D) can be empirically determined from experimental data.
There is evidence from both isothermal and pool boiling experiments
[L7, 18] suggesting that the void fraction increases only moderately
following agglomeration, and Sideman and Gat {19] also concluded
that the void fraction r;mained relatively constant following
agglomeration in their direct-contact spray column evaporation.
Sideman and Gat attributed this to flooding since the superficial
velocity of the vapor was comparable to the values in air-ﬁater
experiments at which flooding occurred. Therefore, there appears
to be sufficient justification for assuming that o remains constant
following agglomeration. To limit g to a maximum value of O hax
while evaporation continues, it is necessary for the bubbles to
accelerate. To satisfy this requirement n, must decrease (through
agglomeration) at such a rate that the larger bubbles created

will have large enough velocities to "stretch out'" the dispersed
phase in the flow field enough to limit o to O oy Mathematically,

this requirement is equivalent to

d

L @ @/6p) =0 for z>z( ) (44)

V4 i osition w
where (amax) s the position where ¢ -+ Oax and agglomeration is

assumed to commence. The solution of Eq. (44) is

o () = n,_ (@ /p)° D>D, (45)
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where the subscript a indicates that the quantity has the value it

had at the onset of agglomeration.

Again, the problem reduces to determining how D varies with
z; and, again, this can be analyzed by considering the conservation

of energy. Therefore, consider the following simple sketch in

Figure &, where Dy is the equivalent sperical diameter the bubble
would have if the dispersed phase was all liquid and where éc+d’
the rate of heat transfer to the dispersed phase from the continuous

phase is given by

9,4 = b @D )n AT (A L2) (46).

A heat balance then gives

Py P
. dl "dv 3 3 _
LdA [n.b Ur A(r/6) ————m———_ (D -Dl)] —h.b('!T D2)nb AT (A AZ)
pdl pdv
or in the limit as Az - 0
d/az U (D3 - D3) = 6 M AT D2 (47)
™ Y 1 n, by L

In Eq. (47) nb(D) is given by Eq. (45), and hb is given by Eq. (32).
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During the post—agglomeration stage it is assumed that the
flow is churn-turbulent, since there is experimental evidence
that cap shaped bubbles will accelerate in the wake of their
predecessors since they encounter reduced drag there. To account
for this 'drafting' behavior n=0 is used in Eq(l) during the
post-agglomeration stage, so that Ur tends to increase with 0.
However, since it is also assumed that o is limited to am .

ax

Eq(l) becomes

U = (-0 )" Yu_(o/D )ya (48)
r max (e} o]

Because of agglomeration, Dl’ the diameter the droplet would
have if the dispersed phase was all liquid, is now a function of z,
Consequently, it is necessary to determine the relationship between
Dl and D before Eq(47) can be solved. The desired relatiomnship is

derived by invoking the principle of conservation of dispersed phase

mass flux

3 _ 3
Pq1(m/6)Dn, (DIU_(D) = py, (/6)D ny U (49)
which can be solved for D1 to yield
n U
pd = —ba_ _Ta_ 3 (50)

1 nb(D) Ur(D) -o
or if Eq(45) is substituted for nb(D)

D3 = —
1 Ur(D) LDa

Ura DO ?
] D3 (51)



Substituting Eqs(45) and (50) into Eq (47) and simplifying the

result yields

, D =P AT .
4 Ur(D)—Ura(Do/Da)?'] -6 {pdl pd"} :"L (52)
»dl dv d
or since the second term in the derivative is constant
d Pa17Pay) MpAT
iz Ur(D) = 6 5 5 D i (53)
\Pdl Tdv “'d
Substituting Eq(48) into Eq(53) yields
y (I-a_ )} (P;,~P
(D/Do) a’&%(D/Do) - 3 - Dmix [pdl pdv) thT (54)
a ood dl "dv
Substituting Eq (48) into Eq(32) yields
¥y X
D/ ala __
h, = H U, (/D)) p¥1 (55)
1-a
max
and substituting Eq(55) into Eq(54) yields
D, "1 ap _ 6 1-X5 (P41 Pay) PpolT
( Do) E;( /Do) - y (l—amax) o) p UDL (56)
a dl "dv ood
Integrating Eq(56) yields
m m 1-X_(P.,—P,. yh, AT
—%r-(D/Do) a—(Da/Do) 3] = "éw(l—amax) a[pdl pdv)Ubg L(z_za)
a a dl "dv/ o o d
57

During the post-agglomeration stage Eq(22) assumes the form
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D
1 a
hV = ;;1?2:223[ j Abnb b(gﬁ)dD + J Abnbhb( )dD (58)
D

o a

The first integral in Eq(58) was evaluated in the pre-agglomeration

stage

N L, (Pi, P
J 2 Abnbth%%)dD - aoUo'ZT {pdlﬁpdx} (r;—l) (59)
D dl "dv

o

The second integral in Eq(58) is evaluated similarly with the

use of Eqs(45) and (54)

JD Abp théE)dD _ oLmaon Eg [pdl pdv](rya_rya
b bdD l-a_ AT P31 Py a

D
a

) (60)

Finally, substituting Eq(36) for z, and Eq(57) for (z—zq) into

Eq(58) yields

(1

y
a (r3 1) e (r -r )
h (r) = 2 -;—bﬁ T-a o O‘max ‘a (61)
(o]

m vy X__]_ m m

1 [o) a
mo(ra -1) + 3ma(1_amax) ra

From Eq(51) it is obvious that Y, must be greater than zero

(i.e. Ur increases with D) if D/D increases (i.e. evaporation

1

continues). As a function of z, Eq(61) can be written

{(1+m B )3/m0_1} +-<in—a£—
z O‘o Ino 2a 1-a
max

_ y_/m Sy, /m
- {(14m_Bz_ + 3/ya(1—amax)1 xamaB(z—za)) aa._ (l4m_Bz ) a a}] (62)
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To use Eq. (62) it is necessary to determine the initial values
of the droplet diameter and velocity, DO and Uo’ the dispersed phase
volume fraction, s and the single droplet heat transfer coefficient
hbo' The user must also specify values for X5 Yo M and amax' hbo
can be calculated from Egs. (33) and (39) after values of Do and Uo
have been obtained and x has been specified. Eq. (62) was derived
assuming the values of x during the pre-agglomeration and post-
agglomeration stages are equal. If experimental evidence suggests
that the Re dependence of Nu changes following the onset of agglomera-
tion, it will be necessary to rederive Eq. (62) using different values
of x during the pre-agglomeration and post-agglomeration stages. The
values of y before and after agglomeration are not necessarily assumed
to be equal, but y, must be greater than zero to provide the mechanism
for limiting o to umax' Mo is calculated from Eq. (38) using the
pre—agglomeration value of y and x. The specification of o ax is left
to the discretion of the user. However, if the value of amax that

correlates the heat transfer data does not correlate the void fraction

data, there will be serious doubts concerning the validity of the model.
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3.0 EXPERIMENT

3.1 Introduction

In order to test the validity of the mathematical model de-
veloped and described in the preceding text, an experiment was
designed and conducted. The design underwent extensive modifi-
cations during the course of this work as a result of both safety
considerations and operational difficulties.

Originally, the volumetric heat transfer coefficient for
two immiscible fluids was to have been measured directly for com-
parison with the predictions of the model. The intent was to
measure the condensation rate of a fluid which had evaporated
while rising through a pool of the hotter and denser fluid. Then,
assuming only the latent heat of vaporization Ld had been trans-
ferred, the volumetric heat transfer coefficient would be given
by

Ld Ihv
b, = Y AT (63)

where ﬁv is the condensation mass flow rate, V is the reaction
volume and AT is the difference between the temperature of the
hot continuous component and the saturation temperature of the
dispersed component.

Unfortunately, all of the fluids suitable for use as the
dispersed phase were flammable, and restrictions were placed on

their use. Specifically, the limitations placed on acceptable



—48-

flow rates resulted in a decision to operate the experiment at lower
dispersed phase injection rates than originally intended. It was also
concluded that data interpretation would be too complicated with
incomplete evaporation because it would be difficult to account for
the effect of bulk boiling in the layer of dispersed phase liquid that
would form on top of the continuous phase.

With complete vaporization, ﬁv in Eq. (63) is equal to the dis-
persed phase injection rate, a quantity which is relatively easy to
measure. Therefore, to calculate hV from Eq. (63), it is only
necessary to measure V, the minimum volume required for complete
evaporation. For a reaction vessel with a constant cross-sectional
area, it is only necessary to measure the depth of the continuous
phase required for complete evaporation.

According to the remarks following Eq. (62), the model includes
a constraint on the maximum value of the void fraction to account for
the effect of agglomeration. Since the model does not prescribe a
method for calculating ok’ the user is free to specify any value of
O ax in Eq. (62). However, if the value of amax that correlates the
heat transfer data in an experiment does not also approximately corre-
late the void fraction data, then there is no reason to believe that
the model is physically accurate or that it has any use as an analytical
tool. Consequently, as part of the verification procedure, the
average void fraction was measured for comparison with the average
values calculated using the values of O that correlated the heat

transfer data.
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Because the model developed in Section 2.0 requires the initial
values of the droplet diameter and velocity, an auxillary exper-
iment was conducted by Bordley [20] to photographically determine
these values. Using the apparatus assembled for this work and a
high speed motion picture camera, Bordley obtained photographs

of Freon TF droplets evaporating in water.

3.2 The Selection of Materials

Careful consideration was given to the selection of the materials
for the experiment. In addition to being immiscible, the fluids
were selected on the basis of their relative densities, saturation
temperatures, Prandtl numbers and their price. After an extensive
search through tables of thermophysical properties, it was concluded
that an organic liquid in water was the best choice. Cyclopentane
was selected because its density and Prandtl number relative to
water approximated a stainless steel-U0; system and because its
saturation temperature of 49.6°C precludes boiling at room temper-
ature yet is low enough to allow relatively large values of AT
in hot water. The relevant thermophysical properties of cyclo-
pentane and water are listed in Table 1.

Because cyclopentane is highly flammable, it was necessary
to construct the experiment to ensure that the integrity of the
system would not be jeopardized by any reasonable incident. Con-

sequently, the cyclopentane pump was explosion-proof, the piping



THE THERMOPHYSICAL PROPERTIES OF CYCLOPENTANE AND WATER

TABLE 1

Property Units Cyclopentane Water
.. . - 3
Liquid Density Py gm/cm 0.668 1.0
. 3
Vapor Density o, gm/cm .00309
Liquid Viscosity u gm/cm sec .00322 .00517
Liquid Thermal k cal/sec °C .000301 .00154
Conductivity
Liquid Specific C cal/gm C .3113 1.0
Heat P
Laten? He§t of L cal/gm 100
Vaporization d
Liquid Prandtl Pr 3.33 3.36
Number

_Og_
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was all copper and the thick-walled glass reaction vessel was

enclosed in a hood with several fire extinguishers nearby.

3.3 Description of the Experimenﬁ

The experiment, whiéh is depicted schematically in Figure 9,
consisted essentially of a three-phase direct-contact heat exchanger
and condenser in a closed loop arrangement.

The cycle commenced with pump Pl drawing cyclopentane from
the cyclopentane storage vessel (CSV) and injecting it into the
lower cylinder of the reaction vessel (RV). The cyclopentane
flow rate was monitored by a Fischer & Porter rotameter F1 and
adjusted with valves V1 and V2. V1 admitted the cyclopentane to
the reaction vessel, while V2 discharged the surplus flow back
into the cyclopentane storage vessel. The two ball type valves
were required to regulate the flow because the Viking rotary gear
pump displaced a constant volume of cyclopentane.

The reaction vessel (see Figure 10) consisted of two glass
cylinders separated by a perforated 3/8" Lexan distribution plate.
The Dow Corning glass cylinders were both 225 mm in diameter,
but the lower one had a length of 200 mm while the upper one was
300 mm long. The perforated plate was bolted between the flanges
holding the cylinders together, and asbestos gaskets were used
on both sides of the plate to prevent leakage. 1/4" Lexan plates
and asbestos gaskets were also used to seal the top and bottom

of the vessel. readed penetrations were drilled into the Lexan
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plates so that the copper tubing used could be secured with com-
pression fittings.

Cyclopentane from the lower cylinder percolated through the
0.5 mm diameter holes in the distribution plate into hot water
in the upper cylinder. Thermal conduction through the distribution
plate céused modest surface boiling of the cyclopentane in the
lower cylinder, so that it can be assumed that the cyclopentane
droplets were at their saturation temperature upon contacting the
hot water in the upper cylinder. At low flow rates, the cyclo-
pentane tended to nucleate prior to detaching from the holes as
discrete two-phase droplets. However, at low values of AT, less
than 7OC, a significant fraction of the droplets failed to nuc-

leate during their ascent. The size of the droplets at detachment

tended to decrease with increasing AT, probably because the buoyant
force overcame the force of surface tension sooner as the rate

of evaporation increased. At higher flow rates the cyclopentane
jetted through the holes and nucleated as the jets broke up. In
fact, nucleation appeared to be responsible for the break-up of

the jets, since the break-up was delayed considerably when the

jets failed to nucleate.

Careful observation revealed that the vapor collected in
the dome of the two-phase droplets during the early stages of
evaporation. As evaporation continued and the droplets rose,
it became increasingly difficult to distinguish the two phases

within the droplets because the liquid occupied such a small volume.
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It is probable that the liquid formed a film around the bottom

of the droplet because no separation of the vapor from the liquid

droplet was observed. However, the extent of liquid film spreading

in the droplet could not be determined due to the thin nature

of the film and the presence of droplet oscillations that hindered

visual observations. Nonetheless, it was easy to identify the

transition from spherical to ellipsoidal to cap-shaped droplets.
Cyclopentane vapor left the reaction vessel through a chim-

ney and was condensed in a shell and tube type heat exchanger

cooled by cold tap water. To increase precision, the flowmeter

F2 was replaced by a graduated cylinder in which the condensed

cyclopentane was collected before being dumped back into the cyclo-

pentané storage vessel. In steady-state operation all of the

cyclopentane was vaporized, and the flow rate of F, was compared

1
to the rate of collection in the graduated cylinder to check for
equality.

The hot water in the upper cylinder was circulated in a sep-
arate closed loop consisting of a thermostatically controlled
18 kW Chromalox electric water heater (WH), a Bell & Gossett cir-
culation pump (P2)S and rotameter (F3) and the rcaction vessel.
The hot water entered the upper cylinder of the ycaction vessel
about 4 cm above the distribution plate throﬁgh a hoop shaped
sparger constructed from 1/2" copper tubing. A series of sixty-

four holes with diameters varying from 0.16" to 0.50" were drilled

in the bottom of the hoop to ensure a circumfrentially uniform
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flow distribution. The hot water flowed cocurrently upward with the
cyclopentane droplets and exited the reaction vessel through a 5/8"
suction line connected to the pump. Isolating the inlet of the
suction line from the cyclopentane droplets proved to be the major
obstacle to the proper operation of this.experiment. Initially,

the end of the suction line was unmodified, but even at modest
cyclopentane flow rates vapor entered the line and restricted
circulation of the water. Next an umbrella fashioned from hammered
copper was soldered to the tube to divert the cyclopentane droplets,
but even this proved unsuccessful as the cyclopentane flow was
increased. Finally, a sheet of thin aluminum was constructed to
separate the suction line from the mainstream of the flow, and this
soived the problem. The valve V3 and rotameter F3 were used to regulate
and monitor the flow of water, respectively.

Instrumentation for the experiment consisted of thermocouples in
addition to the two rotameters and the graduated cylinder. The 12" long
Type E Chromel-Constantan Omega thermocouples had four second time
constants. Preliminary tests with five thermocouples positioned at
different axial levels in the upper cylinder indicated there was no
significant axial temperature gradient. The absence of a temperature
gradient and the observation of small, rapid temperature fluctuations
imply that there was considerable mixing in the water. In subsequent
experiments only one thermocouple could be inserted far enough into the
vessel to measure the temperature because the water depth had to be

decreased to yield the necessary data. However, because the temperature
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measurements did not change significantly when the experiments were
repeated, the measurements are reliable. The output from the thermo-
couples was monitored by an electronic Kaye Data Logger with an LED
display and data printer. The temperature of any thermocouple could
be displayed instantaneously, and the data from the channels could be
printed on command or periodically (the maximum logging rate was

limited to one per minute).

3.4 Operation of the Experiment

The experiment was conducted as follows:

The thermocouple plug was removed to fill the upper cylinder with
clean tap water and to introduce a siphon hose to a drain. P2 was
started to circulate the water, as verified by F3, while the siphon
operated to remove any gross impurities from the system. When the water
appeared clear, the siphon hose was removed. The thermocouples were
reinserted and WH was set to the desired water temperature. After the

designated temperature was reached, P, and WH were shut off, the thermo-

2

couple plug was again removed and the siphon line was reintroduced to
lower the water level to the desired depth. Then the siphon was removed

and the thermocouples reinserted.

Next, cold tap water was circulated through the cyclopentane

condenser, V., was closed, V, was opened and P, was activated. V., and

1 1

V2 were then slowly adjusted to achieve the desired cyclopentane

1 2

injection rate as measured by F The temperature decline of the water

1°
was measured by F

1 The temperature decline of the water was measured
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until the appearance of a layer of c¢yclopentane on top of the water
indicated that vaporization of the cyclopentane was incomplete. The
values of the water depth before and after swell, the cyclopentane
injection rate and water temperature at the start of incomplete
vaporization were finally recorded, and the run was complete. The
experiment was repeated for several values of the water depth and

the cyclopentane injection rate.

3.5 Results ofbthe Experiment

Two series of experiments were conducted. The first series was
conducted to establish the proper values of the constants in the
formula for the heat transfer coefficient of a single droplet, Eq. (20).
The second series was conducted to examine the effect of large void
fractions and bubble agglomeration on the volumetric heat transfer
coefficient.

In the first series of experiments, cyclopentane was injected at
a constant flow rate of 6.31 cm3/sec into the hot water through seven
0.5 mm diameter holes arranged in a hexagonal array with a 5.0 cm
pitch. The ﬁinimum water temperature required to vaporize the cyclo~-
pentane completely was measured as a function of the water depth. The
large.pitch was selected intentionally to minimize the influence the
bubbles would have on one another, so that this series of experiments
could be used to ascertain the proper values of the constants in the
formula for the heat transfer coefficient for single bubbles. The

measured values of water temperature required for complete evaporation
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in this series of experiments are presented in Figure 11. The data
and associated error bars bound the results of two independent runs.
In the second series of experiments, cyclopentane was injected
into the hot water through nineteen 0.5 mm diameter holes arranged in
a hexagonal array with a 2.9 cm pitch. Again, the minimum water
temperature necessary for complete evaporation was determined as the
water depth was varied. The smaller pitch and larger number of
holes used in this series of experiments resulted in larger void
fractions and substantial agglomeration compared to the first series
of experiments. The measured values of water temperature required
for complete evaporation in this series of experiments are presented
in Figure 12. The measured values of the average void fraction
(determined according to Eq. (73)) in this series of experiments are
presented in Figure 13. Again, the data and associated error bars
bound the results of two independent runs. The dashed line in
Figure 13 was drawn to correlate the data linearly, since the
average void fraction usually displays a linear relationship to the
dispersed phase superficial velocity below the flooding condition.
The error bars on the data represent the author's estimation
of the error that results for the following reasons. Although the
system contained impurities, droplet nucleation was delayed or
absent in a significant fraction of the droplets as the temperature
difference decreased. Below 7 °c evaporation was incomplete
irrespective of water depth; hence, this value of the temperature

difference appears to represent the minimum superheat requirement
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for this system. Therefore, the formation of a layer of liquid
cyclopentane above the water resulted from not only incomplete
evaporation, but also from the accumulation of droplets that failed
to nucleate. Furthermore, stratification of the layer is not
immediate but results from the coalescence of tiny liquid droplets
that accumulate gradually; consequently, there is a delay between
the appearance and identification of incompletely vaporized cyclo-
pentane. Finally, because the water temperature is decreasing
steadily as evaporation proceeds, any lag in the thermocouple
response or associated electronics will contribute to the error.
However, because the data logger scanned the temperature twice

a second, the four second time constant of the thermocouple was
the limiting factor in determining the system response. 1In order
to estimate and reduce the error, the minimum temperature difference

was measured at least twice for each value of the water depth.
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4.0 COMPARISON OF THEORY AND EXPERIMENT

4.1 Single Bubble Heat Transfer Coefficient

According to Section 2.4.1, the minimum temperature difference
and water depth required for complete evaporation of the cyclo-
pentane are related by the following set of equations in the ab-

sence of agglomeration

p.,ym/3
[il] -1 = mBz (64)
pdv
where
m=(1-x)(y+1)+1 (65)
b AT Py1Pyy
B=2 5oL (66)
0’0"d Pa1 Pav
h, = kc/D Nu (67)
bo o o
= X \"
Nu0 Y Re0 PrC (68)

Do and Uo are related according to
T .2 7
7 (4 Do) Uo W . (69)

where ﬁ is the volumetric flow rate of the cyclopentane, and the
factor of seven on the left hand side accounts for the seven holes

in the distribution plate. For a volumetric flow rate of 6.31 cm®/sec
visual observation revealed that D0 was appfoximately 1.0 mm.

Hence, according to Eq(69) Uo is approximately 100 cm/sec. Because
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the droplets were injected with large initial velocities, and
because they were too small to change from ellipsoidal to cap-
shaped, the velocity remained relatively constant during the
entire course of evaporation. Hence, the appropriate value of
y is zero in Eqs(31) and (65).

Substituting Eqs(66)-(69) into Eq(64) yields

Ry W

P41 m/3 7 kcyReoPrcAT

. -1=5 - z (70)
dv ) Ld pdv

where pdv has been neglected compared to pdl'
The Reynolds number is given by

4pcw

Reo = Fmm_d, 7
c o

Substituting the appropriate values into Eq(71) yields Re°= 2340,
which suggests that heat transfer is dominated by turbulent con-
vection in the wake of the droplets according to Section 2.3.
Hence, the appropriate values of x and w in Eq(68) are approxi-
mately 0.8 and 1/3, respectively. |

Substituting the appropriate values into Eq(70) yields
YAT z = 5.31 (72)

where AT is in degrees Kelvin and z is in centimeters. For
Y = .0531. Eq(72) appears to correlate the data in Figure 11

reasonably well. Furthermore, comparisons with Eqs(18) and (19)
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suggest that .053]1 is in reasonable agreement with the wvalues

of Y determined elsewhere.

The discrepancy at low values of the water depth probably
resﬁlts from the relatively increased contribution of surface
evaporation above the water, which remains essentially constant
while the volume decreases with the water depth. The discrepancy
at small values of temperature difference is almost certainly

due to the superheat requirement for nucleation.

4.2 The Effect of Agglomeration

In the second series of experiments conducted in this work,
the pitch between the 0.5 mm diameter holes in the distribution
plate was reduced from 5.0 to 2.9 cm, and the number of holes was
increased f;om seven to nineteen.

These modifications resulted in increased void fractions.
The average void fraction in the reaction vessel was determined

according to the following formula
@ = — (73)

where z and z_ are the water depths measured during and prior

to cyclopentane injection, respectively. The results are presented
in Figure 13, and the apparent linear relationship between o and

ﬁ is characteristic of earlier experiments on direct-contact e-

vaporation [19]. Since the void fraction generally has a linear
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dependence on the superficial vapor velocity in two-phase flow
experiments below the flooding condition, the results in Figure 13
are not unexpected. However, it is probable that o would increase
at a rate less than linear with W at higher values of W, since a
frothy flow with large bubbles, indicating flooding and agglomeration
was observed in the upper portion of the vessel for cyclopentane flow
rates in excess of 5 cm3/sec. For a.constant droplet velocity, the

local void fraction in the absence of agglomoration is given by

Wl

a = (74)

AU
o

where A is the flow area. Hence, the average void fraction is

given by

. r
T=_¥W 1} 3dz
Q=TT Z J r (dr)dr (75)
o 1
But according to Eq(36)
z = Ko (76)

where K is a function of AT. Hence, Eq(75) becomes approximately.

a = AU m+ 3
o.
which becomes
- 61.7 - |
a = 5w (78)

an
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for complete evaporation (r=06) with m=1.2 (x=0.8 and y=0). Assuming

the droplets flow within the area circumscribed by the hexagonal array

boundary on the distribution plate, A=138 cm2 in Eq. (78). Thergfore,
o = 0.491 % (79)

o

where Uo is given in centimeters per second, and W is given in

cubic centimeters per second. Comparing Eq(79) to Figure 12 im-

plies that U0= 90 cm/sec, which is approximately the same as the

velocity in the first series of experiments. Similarly, D0 was

approximately 1.0 mm in the second series of experiments.

According to Section 2.4.2, agglomeration increases the volume

required for a given amount of evaporation for a fixed temperature

difference over the values predicted on the basis of single bubble
behavior above. This prediction was verified in this work since the
single bubble result, Egs. (64)- (68), with y = 0.531, falls well

below the data in Figure 12. Egs. (36) and (57) yield

rm0 -1=mBz (80)
a o “a .
3m

Mg Mg _ a _ 1~X _

r r v, 1 amax) B(z za) (81)

Combining Eqs(80) and (81) yields

AT = ————— ’ (82)

where
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-p. U D°L ro -1
K. = dv o od a (83)
1 k Nu 2m i
c o ()
m .om
p,UD*L, r@-r3?2 _
dv o od a
KZ = k  Nu 6m 1-x (84)
c o —a(l-a ) .
Ya max
For complete evaporation
Dg
o _21=2
a _ P Ya=3|¥a
r ("di/pg ), ) (85)

During the post-agglomeration stage of evaporation, the bubbles
become large enough to assume the characteristic cap shape; con-
sequently, Y, is one half since the velocity of cap shaped bubbles
is propbrtional to the square root of their diameter. m increases
with y according to Eq(38), so o becomes 1.3, although x remains

constant at 0.8. Substituting the appropriate values in Eqs(83)

and (84) yields

o 1.2 »
R, = 6.9 (r;"" - 1) (86)

. ~0.2 -2.5.2.6 1.3 ,
K, = 1.07 (l—amax) {(2161:a ) ~‘ra ] (87)

Selecting r = 5.1, which implies that amax= 0.108 according
to Eq. (74), yields reasonably good agreement with the minimun water

temperature data for cyclopentane flow rate ﬁ= 9.47 cm3/sec in

Figure 12. Furthermore, since
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Z Y4 - Anl A
o = —3[—1[ aadz] + —2 4 (88)
Z zZ z

substituting Eqs(77), (80) and (81) into Eq(88) and simplifying
yields o = 0.058 for W= 9.47 cm®/sec, which agrees reasonably
well with the data point in Figure 13 at W= 9.47 cm?®/sec.
Although amax = 0.108 1is smaller than data obtained in
isothermal and pool boiling experiments, in this work there was
visual evidence that agglomeration was encouraged by the method
~of injection. Considerable drafting in the wake was observed
as the cyclopentane jets broke up into discrete droplets. Nuc-—
leation appeared to induce the break-up of the jets, ana droplets
within a few diameters of one another frequently coalesced as
the drafter would overtake the leader. Therefore, it is plausible
that the large local droplet density and drafting in the vicinity
of the cyclopentane jets are responsible for promoting agglomer-

ation, although the averaged void fraction may be quite small.
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4.3 Summary of Recommended Heat Transfer Coefficients

The experimental results indicate that the mathematical model is
capable of predicting Volumetricbheat transfer coefficients using
typical single droplet heat transfer correlations in conjunction with
a realistic constraint on the void fraction to account for agglomeration.
Until a more universally successful formula is developed, the use of
Eq. (20) is recommended with Y= .05 to 0.1, x=0.8 and w=1/3 to reflect
the turbulent nature of the process. The use of Eq. (31) is recommended
for calculating the droplet velocity. The value of y should be selected
to reflect the actual velocity dependence on the diameter ratio, but y
must be greater than zero during the post-agglomeration stage to provide
the mechanism responsible for agglomeration in the model. Finally, it
is recommended that amax be prescribed on the basis of direct experimen-
tal evidence whenever possible or on the basis of typical maximum values

reported in the literature for the expected flow regime.
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5.0 APPLICATION OF THE MODEL TO UNPROTECTED LOF ACCIDENTS IN LMFBR

5.1 Introduction

The systematic and rigorous analysis of unprotected Loss Of Flow
(LOF) accidents in Liquid Metal Fast Breeder Reactors (LMFBR) is
extremely complicated due to both phenomenological uncertainties
and the strong interdependence of phenomena. Therefore, large, expensive
computer codes are required to properly analyze the problem determinis-
tically. However, because of the aforementioned uncertainties, recent
investigations have been concentrated on determining the relative
sensitivity of the calculated consequences to variations in the effects
of certain phenomena. Those sensitivity studies efficiently enable
the researchers to identify the important phenomena and are helpful in
directing the efforts of subsequent work.

Fuel-to-steel heat transfer is one phenomenon that warrants further
investigation according to recent work at the Los Alamos Scientific
Laboratory [21] and the Brookhaven National Laboratory [27].

This work was initiated to investigate the relative importance of
fuel-to~-steel convective heat transfer in mitigating the consequences
of an LOF accident in ILMFBRs. 1In this section the model developed in
Section 2.0 will be applied to calculate the expected values of the
volumetric heat transfer coefficient for such situations. These
values will be comparéd to the values obtained assuming pure conduction,
since the current version of the SIMMER code is based on a conduction
model for heat transfer and the possible implications and significance

of the differences will be discussed.
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5.2 LOF Basic Sequences

Prior to a discussion of the role of fuel-to-steel heat transfer
a brief description of the predicted LOF accident scenario may lend
perspective to this work. A hypothesized transition phase accident
sequence flow chart is presented in Figure 14. It traces the various
stages of the accident, highlights the expected major events, and
indicates crucial junctions along the accident progression [27].

During the initiation phase it is assumed that the coolant pumps
lose power and ''coast down" so that the flow of sodium through the
core decays. Since it is also assumed that the protecti§e systems
fail to scram the reactor, the sodium heats up until it begins to
boil. Boiling is predicted to occur about 10 or 15 seconds following
pump failure, and complete voiding follows in a matter of seconds.
Clad melting occurs between 0.5 and 2- 3 seconds after voiding,
depending upon the void coefficient of reactivity.

The fuel disruption phase follows clad melting by between 0.15
and 3~ 4 seconds, again, depending upon the void coefficient. The
timing is important because it determines whether or not there is
sufficient time for steel blockages to form from clad relocation
above and below the core. Blockagesvwould restrict axial fuel expansion
and limit the associated reactivity loss. The motion of the fuel
following its disruption is extremely important in determining the
subsequent energetics. Fuel slumping and recompaction will result in
a move reactive configuration and the possibility of an energetic

disassembly. Fuel dispersal will decrease the reactivity and probably
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lead to a more benign conclusion. The dispersal of fuel depends upon
both the existence of a dispersive pressure source and relocation
paths from the core. Possible pressure sources include fission gas
expansion and steel and/or fuel vaporization, while the existence of
paths depends upon fuel and steel penetration and freezing above the
core.

If the accident ends in neither a benign bléwdown nor an
energetic disassembly following fuel disruption, the accident will
enter the so-called "transition phase." 1In the transition phase the
core gradually melts~down, forming multiple subassembly scale pools
which may combine to form a core-wide pool following duct wall melt-in.
The behavior of these pools depends upon heat transfer to the boundaries,
transient sensible heating due to pressurization and heat transfer to
subcooled steel from duct wall melt-in. If the heat losses exceed the
heat generation, vaporization will cease and the boiled-up pools will
collapse into a more reactive configuration. However, as long as
vaporization can sustain a boiled-up configuration a nonenergetic
blowdown is possible following meltout of the fuel/steel blockages
above the core. Steel vaporization is expected to provide the

dispersive pressure source during the transition phase.

5.3 Significance of Fuel-to-Steel Heat Transfer

In the absence of fuel-to-steel heat transfer following the core
meltdown, it is expected that the fuel would quickly begin to vaporize
through decay heating. Flow area changes and friction in the above

core structure will limit the work energy to 22.7 MJ for a 5100 °K core
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expansion in the Clinch River Breeder Reactor [21]. Sensible heating
of the molten steel in the core, however, could be an important heat
sink limiting the temperature rise. The effectivenesé of this process
in reducing fuel vaporization will depend upon the rate of heat
transfér, and parametric calculations indicate that convection effects
due to low relative velocities can result in an order of magnitude
increase in the fuel-to-steel heat transfer rate when compared to
pure corduction [21]. The resuling decrease in the rate of expansion
can significantly reduce the work potential. However, there is also
evidence suggesting that rapid fuel-to-steel heat transfer in the

core can result in steel vaporization. 1In fact, the steel can

become the working fluid rather than just a heat sink, with an
increase in the work potential as a result [21]. Consequently, the
rate of steel vaporization could be of considerable importance

in determining the accident energetics, so that modeling fuel-to-steel

boiling heat transfer to ensure conservatism becoms a concern.

5.4 TImplications of the Present Work

The results of this work indicate that the accident analysis
codes in their present form may not be ensuring sufficient con-
servatism in situations where steel vaporization in a molten pool
is significant. Specifically, the codes may be underestimating
the rate of steel vaporization due to inherent modeling limitations.
At present the SIMMER-II code [2] does not admit relative velocities

between liquid components nor does it allow a steel droplet to
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contain both liquid and vapor. Consequently, vaporization occurs as

a result of conduction to liquid steel droplets, and the vapor
generated is assumed to entér the vapor field immediately. Therefore,
the liquid steel droplets shrink as evaporation proceeds, so that

the contact area for liquid fuel-to-liquid steel heat transfer must
also shrink. However, according to a simple criterion presented by
Mori [22], the vapor will remain attached to the liquid steel droplets
if

of - (Os + Ofs) <0

and Os - (Of + Ofs) <0

where Of is the surface tension of fuel, GS is the surface tension of
steel. and Ocq is the interfacial surface tension between liquid fuel

and liquid steel. The spreading coefficients characterizing a UO,-steel

2
system indicate that the liquid steel will form a thin film that
partially surrounds the vapor core of the expanding two-phase steel
droplets (see Figure 3). This configuration results in a substantially
larger liquid fuel-to-liquid steel heat transfer area than the
configuration assumed by SIMMER-II. Furthermore, because the mean
density of an expanding two-phase steel droplet must be decreasing,

the buoyancy driven relative velocity of the droplet should increase.
Therefore, both the heat transfer area and the magnitude of the

resulting convective heat transfer may be underpredicted in the current.

versions of the co~es unless the multiplicative correction factors
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employed are selected sufficiently large. Since liquid fuel-to-~liquid
steel heat transfer in a pool of molten UO; and the possibility of
boil-up in the pool due to steel vaporization are of such potential
importance to the subsequent course of the accident sequence, there is
considerable incentive to model these phenomena as accurately as

possible, or at least to guarantee conservatism in simplified

approximations.

Table 2 lists the thermophysical properties of molten fuel
and steel, and Table 3 lists estimated parameter ranges for LMFBR
core disruptive accident analyses. It must be noted, however,
that vapor densities and saturation temperatures are pressure

dependent.

Substituting the appropriate values in Eq(12) yields
U= 7.68 (0 Vp /2 w/sec (89)

where Do is given in meters and Vp in MPa/m. The Reynolds number

is given by

Re = 1.74 - 10° u p r3/2 (90)
(o e}

and always exceeds 1500. The Prandtl number of molten UQ; is

approximately one, so Eq(20) becomes



TABLE 2

THERMOPHYSICAL PROPERTIES OF MOLTEN UO2 AND STAINLESS STEEL

Property Units UO2 Stainless Steel
Melting Temperature °K 3120 1680
Boiling Temperature °K 3690 3090
Heat of Vaporization KJ/kg 1930 6280
Thermal Conductivity W/m K 2.9 31
Liquid Demnsity kg/m3 8700 7000
Vapor Density kg/m3 1.0
Specific Heat J/kg K 500 800
Viscosity kg/ms .005 .006

_6L_



TABLE 3

ESTIMATED PARAMETER RANGES FOR LMFBR
CORE DISRUPTIVE ACCIDENT ANALYSES

...08_.

Parameter Units Range Remarks
Initial Steel ‘
Droplet cm 0.5 - 2.0 lower value = can wall thickness
Diameter higher value = Taylor instability
DO value
Initial Steel
Volume Fraction _ 0 - 20% depends on amount of steel in the
o core and the scenario
Pressure
Gradient MPa/m 0.1 - 10 depends on energetics (vapor
Up pressures) and rate of expansion
- Fuel-Steel °K 50 - 600 depends on energetics with T_, .
Temperature at saturation stee
Difference AT =T T
max uo,, steel
AT “sat. sat.
Mam™Two, 7 Tsteel
melt '
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Nu = Y Re"

- . 6.\ X X X-1 1Y)
hbo 2.9 (1.74 10°)" v UoDo 77K

Substituting the appropriate values for pd%' pdv’ Ld and hbo into
Eq. (35) yields

B= 9.22+ 1077 (1.74 - 105" yuX 'D*7ar o

Assuming laminar flow implies x = 0.5 while Yy = 0.27; hence, Egs.
(92) and (93) become

0.5,-0.5 _W

- . 103
hbo = 1.03 10 UO o 22K

—O.5D—1.5 m—l

B= 3.28 + 10 * U AT
o} [o]

Assuming turbulent flow implies x = 0.8 while y = 0.1; hence, Egs.

(92) and (93) become

_ L ips 0.8.-0.2 W
by, = 2.85 - 10 U D "7 —r

B = 9.06 10—3 U—O.ZD—l.ZAT m—l
o o

it

For pure conduction, x 0 while Y = 2; hence, Eqs. (92) and (93)

become

= -1 W
ho= 5.8D 7

-~
f

1.84 » 10™° y~'p? -1
107" U_D AT m

Egqs. (41) and.(62) are used to evaluate the volumetric heat

(91)

(92)

(93)

(94)

(95)

(96)

97

(98)

(99)

transfer coefficient as a function of o for core disruptive accident
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conditions in Figure 15. O ax has been set to 0.50 in Eq(62),
‘and z has been set to 1.0 meter, which is typical of LMFBR core

dimensions. For such conditions Eq(62) becomes approximately

2h y/m o
~_bol 3 . 1-x max
hv(z) " D Bz y Q amax) mBz) l1-o0 (100)
o max
As a function of Uo’ Do and AT, Eq(100) can be written

The values of the exponents in Eq(10l) are listed in Table 4 for
conduction (x=0), laminar convection (%x=0.5) and turbulent con-

vection (x=0.8) for y=0.5 (velocity proportional to rl/2

. Im-
all three cases hv increases with Uo’ but the dependence is strong-
est for turbulent convection. Similarly, for all threevcases

hv increases as D0 decreases, and, again, the dependence is strong-
est for turbulent convection. hv increases with Uo because the
amount of steel passing through the volume in a fixed time increases
with Uo’ and it decreases with Do because large droplets have
smaller values of hb than small droplets. hv decreases as AT
increases because agglomeration occurs sooner, and agglomeration
tends to suppress heat transfer. Consequently, Eq(41l), the pre-
agglomeration result, increases with AT because the convective

effects and surface area increase with droplet expansion, and

droplet expansion increases with AT.
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TABLE 4

EXPONENTS FOR EQ. (101)

Heat Transfer Mode 1+y/m(x-1) y/m(x-2) | y/m-1
Conduction 0.8 -0.4 -0.8

x=0, m=2.5

Laminar convection .857 -.429 -.715

x=0.5, m=1.75

Turbulent convection . 924 -.462 ~.615

x=0.8, m=1.3
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Referring to Figure 15 indicates that hVAT is on the order
of 100 MW/m®. Since a typical LMFBR (Clinch River Breeder Reactor
Besign Bases) will have a power density of about 300 MW/m® in the
core at full power, fuel-to-steel boiling heat transfer can lead to
transferring a substantial fraction of the total steady-state power

to the steel in a short time.

5.5 Time to Vaporize Steel

As previously stated, the importance of steel vaporization in
dispersing molten fuel depends upon how quickly the steel reaches
its saturation temperature. To obtain an order of magnitude
estimate of the time required for the steel to reach its saturation
temperature, consider the following simplified analysis.

In order to simplify the calculations, the spherical droplets
of subcooled steel in the molten U0, will be approximated by plane
geometry; however, the dimensions will be selected to preserve the
ratio of volume to surface area of the droplets. Furthermore,
because the thermal conductivity of liquid steel is an order of
magnitude larger than that of molten UO,, the temperature within
the steel is assumed to ba spatially uniform. Therefore, the
following equations are sufficient to describe the situation depicted

in Figure 16 assuming conduction limited heat transfer

2
R 7 e AL x>0 (102)

ligm 3% = 0 x=0 (103)
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3T _ (pCy)g (V] 3T -

o - __ip;s {A] T x =0 (104)
. f s

T = Tfo x>0, t=20 (105)
T = Tso x=0, t=20 (106)

where o= kf/(pCp)f, S'= S/(pCp)f and S is the volumetric power
density in the fuel, while the subscripts f and s denote fuel
and steel, respectively. Eq(l02} describes the evolution of the
temperature profile in the fuel, while Eq(103) implies that the
temperature in the fuel is spatially uniform far from the steel
heat sink. Eq(104) is the boundary condition at the fuel-steel
interface, and it states that the temperature of the steel, T

at x=0, increases as a result of the heat flux from the fuel,
which is directly proportional to dT/dx evaluated at x=0. Eqs
(102)-(106) were solved using Laplace Transforms to yield

2

T =T eK terfc(K/E) + T, (1 - eKzterfc(K/E))
s s0 fo

2
+5'(t - K2ZQKET + ef Serfe(®T) - 1)) (107)

where K = /a'f(A/V)S(pCp)f/(pCp)S and erfc(x) is the complemen-

tary error function defined as

2
erfc(x) = e y dy

2

YT lx
Assuming the fuel is at its melting point initially, Tfo= 3150°K.
The melting point of steel is about 1700°K, and its boiling point

is about 3100°K. Eq(107) was used to calculate the time required
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to reach the saturation temperature of steel for various values of

the power and initial steel temperature assuming that the fuel was

at its melting temperature initially and the steel droplets were 1.0 cm
in diameter initially. The results are plotted in Figure 17. Obviously,
the amount of time required to boil the steel is very sensitive to the
power level. For levels less than tem times full power (V300 MW/m ),

the time required exceeds one second for subcooling greater than 250 °K,
and at full power (V300 MW/m ) the time required exceeds one second for
subcooling greater than 50 °K.

Including the effect of convection in the preceding analyéié
would almost certainly reduce the time required to boil the steel;
consequently, it appears that steel vaporization could be of im-
poftance if the power level is high enough (greater than ten times
full power) or if the steel is only slightly subcooled (less than
about SOOK) when the molten pool forms.

With thT = 100 MW/m3, it requires only about one half second
to vaporize one percent of the steel in the core. Hence, steel
vaporization, if it occurs, would certainly be an important pressure
source, and it may contribute significantly to the work potential

generated during a LOF accident in an LMFBR.
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Figure 17. An Estimate of the Time Required to Heat
1.0 cm Diameter Steel Droplets to the
Saturation Temperature
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6.0 CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

The mathematical model for the volumetric heat transfer coefficient
in direct contact boiling developed in this work is reasonably success-
ful in predicting the experimental results obtained. The value of
amax which was selected to correlate the data for the minimum temperature
difference required for complete evaporation versus water depth
resulted in an average o prediction which agreed quite well with the
experimentally determined value. Hence, there is optimism that the
physical basis of the mathematical model is correct.

However, since data acquisition over a large range of evaporation
rates was impossible in this work, more experiments should be conducted
to test the model over a broader range of flow rates. Furthermore,
since the predictive capability of the model is not limited to complete
evaporation, experiments which varying degrees of evaporation should
be conducted to test the model. Experiments with artificially induced
nucleation should also be conducted to eliminate the uncertainty
associated with nucleation and superheating.

It would also be convenient if a means for creating a more uniform
initial droplet distribution could be devised to eliminate the premature
agglomeration associated with jet injection. Perhaps increasing the
density of holes in the distribution plate would alleviate the problems
associaﬁed with jets.

Data from this work suggests that the value of O ax that correlates

the experimental ATmin vs. water depth increases with W, the cyclopentane
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flow rate. Furthermore, there is evidence that the same value of

amax can be used to correlate the data for a vs. W, although it was

impossible to obtain data over a broad enough range of W in this
work to verify this conclusively.

The results of this work indicate that it is important to model
steel vaporization accurately in core disruptive accidents, because
the rate could be sufficient to generate very high vapor pressures
that determine the ultimate consequences of the accidents. Furthermore,
the simple analysis performed in this work to calculate the time
required to raise the steel temperature to saturation indicates that
liquid-1liquid fuel-to-steel heat transfer should also be modeled
carefully, including convection, in view of the consequences of steel
vaporization. The major concern identified in this work is that
separated phase modeling may result in underpredicting the liquid-liquid
interfacial area and, consequently, the heat transfer rate between fuel

and steel in a molten pool.
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APPENDIX A

In the text, Eq(2) was solved for cases in which the first term is
negligible. Here Eq(2) will be solved for cases in which the second
term is negligible compared to the first. It is assumed that Vp is
large and that Up is insignificant. Under such conditions, although
the first term in Eq(2) will be large due to the rapid acceleration,
the second term will be comparatively small until U2 becomes
significant. Consequently, the solution derived here will describe
the early behavior or the bubble velocity, while Eq(4) is appropriate
during the later stages of growth. After obtaining a solution under
either assumpﬁion, it is prudent to compare the magnitude of terms in

Eq(2) to verify the assumption.
Negelcting the second term in Eq(2) yields
du
1 — = -pd -
Capc +oa)gy = Ve (1-P4/, ) (a-1)
Since Pq = pdlr'3 and r increases very rapidly with the vapor mass
fraction X, (see Figure B-1 in Appendix B), it is permissible to

neglect Pq compared to P in Eq(A-1)

dau _ 2Vp (A~2)
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Although the solution of Eq(A-2) in terms of t is trivial for constant

vp

U = 3-52:+U0 (a-3)
c

it is more useful to express U as a function or r.

au (dar) _ 29 | i
dr [dt] - Pec (a-4)

Substituting U(T/dz) from Eq(29) for dr/dt in Eq(A-4) above yields

du _ 2vp Dold Pd,Pdv

A-5
dr Pe 2hpAT pdy-Pdv ( )
Substituting Eq(32) for hp yields
2-XL4 Pq1P
pXay = YeDo ~d _d1Pdv a-x gy, (A-6)
PcHAT  pg1-Pdy
or
[_I-L]xd(_q_] = __Y_R.T ' dr (A-7)
Up Uy Yo U B

where B is defined by Eq(35). Integrating Eq(A-7) yields

1

- Vp | (x+1) (r27%-1) x+l -
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By assumption Up is insignificant so that heat transfer is by
conduction primarily. Hence, substituting x= 0 and simplifying
Eq. (A-8) yields
LgD
p
U = Pdv™d™ Vp (r2-1) (A~9)
4o 'k AT
ce
The assumption that the second term in Eq(2) is negligible 1is

equivalent to

ﬁa Peuy?
v Cp > << Vp (A-10)

Substituting Eq(A-9) into Eq(A-10) and simplifying yields

2 ;2 3 ‘
3 Cp Pay g D5 Vo (2-1)?2
16 o ké (AT) 2 r

<< 1 (A-11)

Eq(A-9) is only valid when Eq(A-11) is satisfied.

As an example, consider a stainless steel - UO2 system,
Substituting the appropriate thermophysical properties form Table

into Eq(A-11) yields

Cpvp (2-1)2
(AT)2

<< 10”8 (A-12)

where Vp is in MPa/m and AT is in K.the value of Cp depends upon the

Reynolds number
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Re = 1.74x10° Ur (A-13)
where U is in m/s.. According to Eq(A-9)
U = 6.22x10° 3B (x>-1) u/s | (A-14)

where Vp is in MPa/m and AT is in K. As typical values, consider

Vp = 1 MPa/m and AT = 600°K. Then according to Eq(A-14)

U = .10(r?-1) m/sec (A-15)
while
Re = 1.74x107 r(r?-1) (A-16)
and
4 Cp ~(—¥—2—;~1—2i << 1072 ' (A~17)

For r > 1 + 3 x 107%, Re > 102 and Cp < 1, so the condition

(r?-1)2

- << 2.5x10°? (A-18)

1s conservative, Eq(A-18) is satisfied for 3 x 10~% < r-1 < 2.5 x 1073,
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Obviously the amount of evaporation which occurs in this range is
insignificant, and Eq(4) can be used over the entire range of r. Since
the hydrostatic head in a pool of molten U0z results in a pressure
gradient of almost 0.1 MPa/m, it seems unlikely that Eq(A-10) would
ever be satisfied over any significant range of r. Consequently,
throughout the analysis in section 5.0, Eq(4) is used to calculate

the velocity of steel droplet/bubbles in UO,.
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APPENDIX B

o]
L]
(o]

As mentioned previously, during the direct-contact evaporation of
droplets both the dispersed phase liquid film inside the droplet and
the continuous phase boundary layer surrounding the droplet contribute
to the overall thermal impedance. Depending upon the comparative
thermophysical properties of the two components and their effective
thermal boundary layer thicknesses, however, the resistance of one of
the components may be relatively unimportant. Presently, research is
being conducted to determine criteria for ignoring the resistance of
one component relative to the other. Although the results are not
quite conclusive, there is considerable evidence to suggest that for
most liquids it is permissable to ignore the resistance of the |
dispersed phase liquid film after only a small fraction evaporates.
Here arguments will be presented to support this contention and to

offer some justification for the use of Eq(20).

Consider a butane-water system such as the one used by Nazir [10].
The relevant thermophysical properties of the two components are
presented in Table Bl. If xy represents the vapor mass fraction
inside the droplet, then it is easy to show that xy is reiated to the

equivalent spherical diameter ratio r by
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lory = 2dLdv X (B-1)
Pd17Pav

Since Pdl/Pdy = 216 for butane, r increases very rapidly with
X, as shown in Figure B-1l. Nazir reported that for r>2 the droplet
assumed a spherical cap shape (see Figure 4 in the text) with a
constant value of O¢cap=55°. Since r=2 corresponds to only 3.37
evaporation, it can reasonably be assumed that the details of the heat
transfer process ére unimportant for r<2, Consequently, in this
analysis the heat transfer coefficient for the liquid inside a
spherical cap shaped bubble will be calculated for varioﬁs assumptions
concerning the disposition and motion of the liquid in the droplet.
These values will then be compared to Nazir's experimental values of
the overall heat transfer coefficient as a function of r to show that
the internal thermal resistance is negligible over most of the range

of r.

B.1l Conduction Models

Perhaps the most conservative assumption is that the dispersed
phase liquid forms a stagnant film of uniform depth at the bottom of
the droplet. Any departure from this condition would probably result
in spreading or motion within>the film and enhance heat transfer.

Referring to Figure 4 in the text and performing a few simple
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calculations yields

3

R
_cap = 4 > (B-2)
Res (1-cosB;,p) (1~cosbeap + 5in26.4p)
3
4w _3 Pd1-Pavt
\ = - [————1] (8-3)
dl 3% Tog1-pay
A = T (Reap sinecap)2 (B-4)
Res = Regy T ' (B-5)

where Vgj is the volume of the liquid in the droplet, A is the area of
the bottom of the droplet and Reg and Reg, are the instantaneous and
initial values of the equivalent spherical radius, respectively.
Combining Egs (B-3) and (B-4) yields

% *ly

5 Vdl _ ?Z (l—cosecap) %l-cosecap-Fsinzecap)

A 3 sin?0cap

P31=Pgvr’. R
d17Mdv eio (B=6)
Pd1-Pdv r

or since 8¢5, =55% and Dggy =3.75 mm

3
§ = 0.891 » [2_1:2.6_1-5‘-'__] m (8-7)
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Then defining

hig = 5 a0 (B-8)
where
Ay = "Dés
yields
hiy = .0842 r? [yieiy] o (B~9)

Referring to Figure B-2 it appears that even under the most
conservati&e éssumption the heat transfer coefficient inside the drop
is of the same order of magnitude as the observed values of the overall
heat transfer coefficient for r >3, which corresponds to 127

evaporation,

As the next level of sophistication, consider the case of a

stagnant film with a concave shaped surface

§ = 8m+ (Sy-0p) /Reap) (B-10)
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It is not difficult to show that
§ = 8§ + —= (6y-6 -1
m n+2 ( M m) (B 1)

where § is the area averaged value of § and 8p and Sy are the minimum
and maximum- values of §, respectively. Since § must be a constant for
a given value of r, irrespective of the shape of the film, to conserve
the liquid volume, Eqs (B-7) and (B-11) must be equal as functions of

r. However, the heat transfer coefficient is defined as

by =k (g 3 (B-12)

and (}/8) # /5, in general; therefore, it is necessary to calculate

¢ /8)

- R,
1 _ 1 cap 1
@ - j 2mr % dv (B~13)
and substitute the result into
= 1
hi = hjy 8 (8‘) (B-14)

where hjy is the heat transfer coefficient assuming a uniform value of

6, 1.e. Eq(B-g) °
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If n=2, the surface is parabolic and

Vo) = —L  1n Y (B-15)
6 SM-0n " Bn
_ M+ 6m oM
Let SM‘= C Sy, then Eq(A2-16) becomes
G+l '
hy = hyy ETE:TT InC (B-17)

Eq(B-17) is unbounded as C + = because the film becomws vanishingly
thin near the center of the bottom of the droplet. Eq(A2-17) is

plotted in Figure B-2 for C=2, 10 and 50.

Large values of n and C correspond to a thin film that tends to
spread out and coat the sides of the bubble. For large values of n,

Eq(13-13) can be approximated by
_— 1
(Ys) N ;Sl— (%) n (B-18)

n>>1 -

and Eq(A2-12) becomes

2
hy = hiu[1+—2-£~}(-é-)/n (8-19)
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Note that this result is conservative since heat transfer through the
film coating.the side of the bubble has been neglected. Eq(B-19)

also appears in Figure B-2 for n=40 and C=50,

B.2 Convection Models

There is considerable experimental evidence indicating that the
dispersed phase liquid in an evaporating droplet is not stagnant.
Shear stresses on the surface of the droplet induce internal
circulation and vortex shedding in the wake can rgsult in shape
oscillations and erratic motion of the droplet. Hughes and Gilliland
[23] observed oscillation induced eddies in the droplet, while
Spangenberg and Rowland [24] reported the existence of thermal
currents, Calderbank and Korchinksi [25] reported that drop
oscillations can reduce internal phase resistance by from 7 to 71

compared to pure conduction.

Although there are numerous correlations for convective heat
transfer in flow past cylinders, spheres, flat plates and packed beds,
there is very little in the literature concerning convective heat
transfer within an evaporating droplet, Therefore, it is necessary
to exercise some judgement in the application of correlations to this

process.,
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Despite Nazir's [10] assertion that the liquid inside the droplet
effectively coats the entire interior surface, there is still
convincing evidence that most of the liquid resides in the bottom of
the droplet. Klipsfein's [16] data had the same Re dependence as data
for flow over cylinders in which most of the heat transfer occurred
in the turbulent wakg, which suggests that the heat transfer is
primarily through a turbulent wake to the dispersed phase liquid in the

bottom of the droplet.

Although circulation within the droplet tends to reduce skin
friction, delay boundary layer separation and promote potential flow
from the forward stagnation point to the point of separation, in the
wake région surface rippling and skin friction tend to agitate the
liquid inside the droplet and induce turbulence and the eddy diffusion
observed by Hughes and Gilliland [23]. Consequently, the value of Re
may not imply turbulent behavior, since the heat transfer probably
occurs primarily in the wake. It is, however, necessary to use a

correlation with a turbuelnt Re dependence.

Handlos and Baron [26] derived such a correlation for the liquid

film inside a droplet

Nu = ,00375 Reg Prf/(li-ud/uc) (B~20)
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When the appropriate constraints are substituted into Eq(B-20) the
result is

Y, kw
= 2 W

(B-21)
Eq(B-21) also aépears in Figure B-2. Comparing the conduction and
convection results suggests that the constant in the Handlos-Baron
correlation is too low, This is not surprising sincé Eq(B-20) was
derived for pure liquid droplets no£ evaporating droplets, Similarly,
although the correlation for the external heat transfer coefficient

for cylinders and evaporating droplets both follow the same general

form

1
Nu = 2+ ¢ Re®%?® Pr/3 (B-22)

the value of ¢ is .016 for cylinders and .096 for evaporating droplets,
If the value of the constant in Eq(B-20) is increased by a factor of
six, the result is

1

= 2

kW

m2 °K (B-23)

Eq(B-23) also appears in Figure B-2, and for small values of r it is
between 7 and 71 times as large as the pure conduction heat transfer

coefficients as Calderbank and Korchinski [25] reported.
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B.3 Conclusion

For small values of r (r <4 and xy < 30%) turbulence in the liquid
film will result in an internal heat transfer coefficient several times
larger than the overall value. For r >4 even the conservative
assumption of pure conduction results‘in an internal heat transfer
coefficient much larger than the overall value. Consequently, even for
a dispersed phase (butane) with a thermal conductivity five times
smaller than the continuous phase (water), there appears to be
sufficient justification for neglecting the internal heat transfer
resistance. Nevertheless, the details of the process are of enough

importance to warrant further investigation.
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TABLE B.1

THE THERMOPHYSICAL PROPERTIES
OF BUTANE AND WATER

Property Units Butane Water
o,  kg/nd 600 1000
P kg /m3 2,78

v

u kg/ms .00202 .00155
K KJ/msK .0001072 . 00056
CP | KJ/kgK 2.26 4.186
Ly KJ/kg ‘385
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Figure B-2. Comparison of Tnternal and Overall
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