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PREFACE

This report represents one aspect of the research program "Safety"
Considerations of Commercial Liquid Metal Fast Breeder Reactors," AT(04-3)
PA223, AT(49-24)-0246 and Ni 2(04-76-246) funded by the U. S. Nuclear
Regulatory Commission, Office of Nuclear Regnlatory Research, Division
of Reactor Safety Research. The research program is divided into the
following tasks: (a) transient analysis of fuel elements, (b) accident

analysis, (¢) post-accident heat removal, (d) fuel-coolant interactions,

and (e) thermodynamic effects.

Reports prepared previously under this grant include the following:
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Laminar Natural Convection from Blunt Bodies with Arbitrary
Surface Heat Flux or Surface Temperature, G. M. Harpole,
UCLA-ENG-7527 (April 1975).

Preliminary Assessments of Carbide Fuel Pins during Mild
Overpower Transients, G. M. Nickerson, UCLA-ENG-7582
(October 1975).

A Simplified Method of Computing Clad and Fuel Strain and
Stress during Irradiation, Y. Sun and D. Okrent, UCLA-ENG-
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An Experimental Study of the Thermal Interaction for Mol en

Tin Dropped into Water, V. M. Arakeri, 1. Catton, W. E.

Kastenberg, and M. S. Plesset, UCLA-ENG-7592 (December 1975).
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ABSTRACT OF THE REPORT

Study of Thermal and Hydrodynamic Processes
Associated with Melting of Horizontal Substrate

by

Kaveh Taghavi-Tafreshi

Vijay K. Dhir
School of Engineering and Applied Science

University of California
lLus Angeles, California

The melting of a hurizontal slab of frozenm olive oil placed beneath
a pool of warm water has been studied expsrimentally. The interfacial
heat flux data are taken in quasi-static mode by noting the time rate
change of enthalpy of the pool of water. Because of little agitation
of the pool due to low melt volume flux (qw/qD = 1.09; AT = 5 - 45 K),
the pool was found to stratify with time. Hence, heat transfer co-
efficient data have been based on both the mean poel temperature and
the interfacial temperature. Visual observations show that melt removal
is governed by Taylor instability and that melt releasing nodes lie
about a Taylor wavelength apart. Pred’~tions of the interface growth
based on equilibrium between surface tension and buoyant forces have
been made and found to compare well with the data obtained from the

movies. Tne heat transfer coefficient data obtained at higher pool
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‘temperatures are also predicted well vy the theoretical model.
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I. INTRODUCTION

The aim of the present study is to show how Tavlor instability
may govern the heat transfer from a lic i pool to a melting horizontal
surface lying underneath, when the melt density is less than the
density of the pool, Understanding of such a physical process is essen-
tial to obtain better evaluation of certain types of hypothetical
accidents in liquid metal fast breeder reactors. In postulating a
hypothetical core disruptive accident a scenario mav be imagined vhere
a layer of liquid UO2 is formed on a horizontal steel surface. The
removal of molten steel from underneath of denser liquid Vnzwbuld be

governed by Taylor instability as long as a 1'0, crust does not separate

2

liquid U02 and steel surface. In this study a situation, where the ratio

of the density of the overlaying liquid to the melt density is of the same
order as it would be in tﬁz - steel combination, is created by forming
a pool of warm water over a slab of fruzen olive oil,.

Taylor instability has been applied in the past to explain many
diverse physiral phenomena, such as film bhoiling, maxirum and minimum
pool boiling heat fluxes, condensation on the underneath of a flat
plate or tube, and so on,

In 1950, Taylor [l}1 discussed the instability of a horizontal
interface between two ideal immiscible fluid of infinite depth, He
showed that the irregularities at the interface tended to grow if the
acceleration was directed from lieavier fluid to the less dense fluid,

B2llman und Pennington [2] extended Taylor's analysis by takinp into

Humbers in square brackets represent entries in reference section.
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account the interfacial tension and the viscosities of the two fluids.
For a simple casr i which only surface tension at the interface was
considered, they obtained amalytical expressions for the fastest growing
unstable wavelength and its growth rate.

Zuber [3], in 1959, made the first successful attempt in applying
Taylor instability to predict minimum and maximum heat fluxes for pool
boiling. He proposed that near the minimum heat flux the bubbles would
be released on a sqrare grid with spacing bounded between the fastest
growing and critical Taylor wavelengths. Using two dimensional most
dangerous and critical wavelengths, and considering that two bubbles
were released per cycle per Az area of the heater, and determining bubble
growth rate by averaging it over the amplitude, Zuber obtained an
expression for the minimum heat flux from purely hydrodynamic con-
sideration.

Subsequently, Berenson 14,5)] made several careful observations of
the minimum heat fluxes for carbon tetrachloride and pent ne boiling
on flat plates. Berenson redrived Zuber's expression for the minimum
heat flux ty restricting the bubble spacing to the fastest growing
Taylor wavelength and by determining the average bubble growth rate
from experimental data rather than averaging it over the amplitude as
Zuber had done originally. However, Berenson kept Zuber's original
assumption of a two-dimensional Taylor wave at the interface of two
inviscid liquids of infinite depth and a release of two bubbles per
cycle per Az area, ile also cbtained an expression for the f 1lm boiling
heat transfer ccefficient near the minimum by employing an average
geometrical model of film boiling process. Combining the expression

for the heat transfer coefficient and that of minimum heat flux, he also
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obtained an expression for the minimum temperature ‘'ifference required
te sustain film boiling.

In the earlier studies by Zuber and Berenson no specific reasons
were given for choosing a two dimensional Taylor wavelength over the
more logical three dimensional ons. Subsequently, Sernas, et, al, [6]
showed that 1f a 3-dimensional Taylor wavelength is used which is vZ
times greater than the 2-dimensional wavelength, it will result in
four bubbles per A23-D area of the heater. In other words it will
yield two bubbles per Xi_n area of the heater as had been earlier used
by Zuber and Berenson.

Recently, in 1976, Dhir, et, al. [7] studied steady and quasi-
static heat transter from liquid pools of water and benzene to a
horizontal slab of dry ice. They observed that as long as a minimum
cemperature difference existed between dry ice and the overlaying
liquid, a stable gas film was separating the two. For pool temperatures
above the winimum, the film was called either laminar or turbulent,
while for pool temperatures below the minimum, a partial liquid solid
contact was assumed to exist. In turbulent film thev found the heat
transfer coefficient to be strongly dependent on pool temperature and
proportional to Reo's. For laminar film they assumed a geometrical
model similar to that of Berenson, but based on experimental observations it
was assumed that only one bubble per cycle per Xz area of the slab was released.
Dhir, et, al. argued that heat transfer to the slab at bubble nodes
resulted in relatively less subliminatlon of dry ice at the hubble
releasing nodes than the rest of the area, This in turn caused the
development of peaks and valleys in the surface. Thereafter, because

of negative curvature, the interface in the valleys became more stable



and bubb’ . continued to be released only at the locitions (peaks)
which were more susceptible to instability.
The result of this work was the development c¢f an expression for
laminar pseudo film boiling heat transfer coefficient.
1/4
g (0,=p )P )

K b
h = 0.36 £ _SB& S i
"o AT .‘G/g(pz-oé

Equation (') is similar to that of Derenson but has a numerical constant
15% less than that in Berenson's expression for film boiling on flat
plates. [xperimental data i~ reference 7] showed that equation (1) was
valid as long as a stable gas film separated the overlaying liquid from
the dry ice surface and the film was laminar, !'owever, when the tem-
perature difference across the film was such that a stable film could
no longer be maintained, a partial freezing of the overlaying liquid
started to occur at the interface. The heat flux quickly dropped to
zero as the temperature of the pool appreached its freezing temperature,
Most of the observations of reference [7] have subsequently heen corro-
borated by Alysmeyer and Reimann [8]. Alyvsmeyer and Reimann also
qualitatively observed melting of ‘orzen benzene and frozen o-xylene
under water at about 298 K. They noted that the melting process was
indeed poverned by Taylr instability even for small density difference
between the melt and the overlaying liquid.

While discussing the effects of various system variables on core
compaction and recriticality [9]. the heat transfer from molten I'0, to
a melting steel surface was envisioned to he controlled by Taylor insta=-
bility. The magnitude of heat transfer coeffirieat was obtained from

expression (L by using the properties of molten steel and molten U0, to

' 0 H
‘. 4 LY



represent the properties of gas and liquid respectively, Though =quation
(1) could be expected to yield rough es”imates of heat transfer

between UOZ and melting surface, yet equation (1) as appliad to rnz -
steel system had twce weaknesses., First, an experimental verification

of equation (1) had not been done for a melting process as opposed to

a sublimation process. Secondly, the potential of formation of Fnz
crust between molten UO2 and steel was neither investipated nor the
limications, the formation of crust imposed on equation (1) were
ascertained,

In the present work attention has been focused on Taylor instability
driven melting process to understand the difference between melting (low
density difference between pool and melt) and sublimation (high den-
sity difference between pool and gas) process, and how these differences
affect equation (1). The melting process with small densitv difference
between pool) and melt (immiscible fluids) is expected to be slower as
compared to the one where solid surface releases pas as a result of
heat transfer. The dominant wavelength in a low density difference
melting process should be about the same as :n film boiling near cri-
tical pressure [10,11], However, mechanics of the bubble growth and
break up in melting and film boiling near the critical press:re would
be different, because surface tension and latent heat of vaporization
vanish  near the critical pressure, whereas in a melting process hoth
have high values.

The heat transfer model for a slowly growing interface is
described in Chapter II. The experimental apparatus and procedure
used to conduct the melting experimen.s is described in Chapter III.

Results are discussed in Chapter IV. Conclusions are made in Chapter V.



Appendix A lists necessary thermophysical properties of the
reagents used in this study. Error analyses are made in Appendix B.
Appendix C studies about the effect of olive oil viscosity on the

most dangerous avelength and its growth rate.



11, AMALYSIS

In many respects, the melting of lighter immiscible liquid as a’
result of heat transfer from a heavier overlying liquid will be similar
to pseudo film boiling studied in reference [7]. A liquid film wili be
formed on the surface of the melting solid from which melt drOpletl;g.
governed by Taylor instability will be released cyclically, Eecauseiﬁ:
there is less melting beneath a droplet release node than in the
region between two adjacent release nodes, the melt surface will become
uneven and a standing wave pattern will be established on the surface.
Subsequently, the droplets will be released only from nodes of the vave
which coincide with ridges on the surface and no droplet will be released
from antinodes of the wave which coincide with valleys on the surface.
Droplets are not released from the valley because the interface there
becomes relatively stable due to negative curvature., Figure 1 shows the
physical model of the melting process.

The melting process will be signif .antliy slower than pseudo film
boiling because of the higher density of the mell phase (relative to a
gas film) and much smaller density difference between the overlying pool
and the melt, This can easily be seen from the expression of linear
interface growth rate between two immiscible, inviscid iiquids of
infinite depth. Th2 local interface position Zor the "most dangerous"

wavelength can be written as a function of time:

(2)
-
nene :

where @ oax 18 the growth frequency of the "fastest" growing Taylor wave

and is given as [2]:
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s(of-o )3]

opgho, )2 (3
The notailon here conforms with that of earlier work describing a gas
film (g) underl&ing a liguid fluid (f). The buoyancy tends to move the
disturbed interface upward, while surface tension holds it back. As the
densi.y of the lighter fluid «pproaches the heavier liquid, the growth
rate would become very small. In this case it may be appropriate to
say that, "the liquid-liquid interface moves s. slowly that at each
quasi-static position of the interface the surface tension force is in
etuilibrium with the buoyancy force."

Assuming that the growing interface (dropiet) ir part of a sphere

as shown in Figu. . lc, the base radius (half chord length) of the droplet

can be written in terms of the maximum droplet height and droplet radius

as: rlz = R2 ~ (R-n)2
(4)
= NR(2 - n/R)
The droplet volume because
y = nxnz(l - n/3R) (3)

Equating the buoyant and surface tension forces acting upon an oil
droplet in water vields:
V(pw - po)g = 21rr1 r sin a

Substituting for r, and V from equaticns (4) and (5) and noting

1

sin a = r1/l yields:

Rn? (1-n/3R) (0,-0,)& = 27 n T(2-n/R)

Using ‘r67g(°w-°o) as a characceristic length, a dimensionless droplet

radius can be written in terms of a dimensionless incerface neight as

x412) + Jjg*2+12)2~72ﬂ*2

6n*




S I =N~ R =~

The dimensionless droplet radius from equation (6) is plotted in
Figure 2. In this figure, the dimensionless droplet base radius aand
dimensionless droplet volumes obtained frum equations (4) and (5) re-
spectively are also plotted with R* defined by equation (6). It is
observed that droplet radius decreases rapidly with droplet height while
the droplet base radius decreases slightly. The droplet radius and base
radius become equal at n* = v3 , when the droplet becomes a hemisphere.
The droplet volume increases with * and becomes maximum when n* = 2eDa
A further increase in droplet height would demand a decrease in droplet
volume if equilibrium between buoyant and surface tension forces is to
hold. A decrease in drcplet volume is not possible in the present
process because an increase in droplet height is associated with influx
of melt into ihe droplet. Thus, with additional mass flux the droplet
would acquire another shape, which, probably would give it a lurger
height and a smaller base ti dictated by equilibrium condition. This
in turn would cause the buoyant force to significantly exceed th+ surface
tension force and the droplet would break away from the interfacc. Gener-
ally, in a cveclical process the droplet will always have some initial
volume at the start of the growth period. Thus, through one cycle a
droplet will start with some value of n* > 0 and terminate with n* > 1.5.

Next, to develop a model for the heat transfer, we assume that one
droplet is released per 12 area per cycle (Fig. 1b) and that this area
can be replaced by an equivalent circle of radius Ty (Fig. lc) such that

r, = A /w (7)
Alsc, the center of the basv of the droplet coincodes with the center

of the equivalent circle. We lurther assume that

10
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(1)

(11)

(i11)

(1v)

(v)

(vi)

(vii)

The olive oil-water interface temperature is approximated to
remain constant during a cycle.

The slab of frozen olive oil is slightly subcooled so that

most of the energy is utiiized in the phase change and in
supplying sensible heat to the melt,

The oil film is thin and the liquid velocity in the film is

small so that inertial forces can be neglected and a linear |
temperature distribution can be assumed across tlie film. i
The liquid film is laminar and a no-slip condition existr ac

both the slab surface and at the interface.

The effect of evolution of melt at the surface of the solid

in reducing shear stress and heat transfer is small, The
validity of assumptions (iii), (iv) and (v) has been shown in
reference [7] for the pseudo filn boiling process. These
assumptions should also hold for the melting process,

The melt flows radially into the droplet ana does not affect

the droplet spacing.

The melt properties are evaluated at the average film

temperature.

For a film of constant thickness ¢, a simple energy balance at the

interface and an arbitrary radius r, vields the nelt velocitv in the

vertica! direction as

koAT (8)

W M p—

ohsf

The mean film velocity u, in the radial direction is related to the

vertical velocity v as

. n £ = -

12
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or
(rzz-rz) .

u/v = N S 9)

Substituting in equation (9) for v from equatica (8) results in

2

2
k - !
i T (10)

- )
u = —*—
OW st 208°
The radial pressure drop with no slip at the meltine surface and at

the olive oil interface (Fig., lc) can be written as

12 u
[ ] 2
e = T2 (11)
Substitution of u from equation (10) in equation (11, gives
2 2
dp . IZLOROAT (r2 -r’) (12)
r 4 s ir
: uoh sf

For constant film thicknet ; integration of equation (12) between points

2 (-rz) and 1 (-rl) yields

3u_ kAT 2 . 2
(4p) N c 0 (2 r, In . + B rz) (13)
2-1 64 . )
o sf

The hydrostatic pressure differer e between points 2 and 1 can be written
while accounting for the contribution of surface tension as
(8p),_y = (o, )en - 20/R (14)

Elimination of (Ap)2_1 between equations (13) and (14) yields

s | [l
) .[c Wk AT /°/3(°w'°o)]
1

' -
h sfogf.ow oo)a

where i s 2 2 1 (15)
3(2rt, 1ul,—i,+t:1 - 1} )]
€ - (% - 2/R%) |

13



Once r’ is fixed, constant C. can be evaluated in terms of n* while

1
using equation (6) for K*, Equation (15) for & has been arrived at by
assuming rhat heat is transferred only through the unit cell area not
covered by the droplet and no heat is transferred through the droplet.
Thus, to obtain the film thickness which would give an average heat
transfer over the unit cell, equation (15) should Le multiplied by

the ratin of the area of the cell to the area not covered by the

droplet. Or
2

|

) U 'lu AT O/B(D (16)
’52"f2 v h faofp -0 )s

§=¢C (

The average heat transfer cocfficient over the melting surface can,

finally be written as

. ‘
hoe Eg . ko hsfpo(pw e (17)

6 h
AT c/g(ow -P,)

o exl
l-rl /r2

) (18)

|

The constants C1 and C are plotted in Figure 3 as a function of
n* for A = Ad' o.axd, and XC. This figure shows that film thickness
for each wavelength weakly depends on n* and can te considered nearly
constant for n* between =0,4 and 1,5, This observation is of significant
importance as it justifies the assumption that film thickness remains
constant throughout a droplet cycle, The predicted film is thinnest
for the critical wavelength and is thickest for the "most danperous"

wavelength. For ) = Ad; 0.8 xd the constant C ~ rerace heat transfer

-

coerficient increases with n* until n* = 1,5; but for ) = Ac' it continues to

increase up to n* = /3, Physically, the rapid change in heat transfer

14 YS!
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during the interface growth period demanded by the critical wavelength
may not be possible. Therefore, wavelengths greater than "criticel"
which give nearly uniform heat transfer rate during the growth period
may be preferred. Perturbations most susceptible to growth are ones
which give a wavelength close to the fastest growing Taylor wavelength.
However, as we see from Figure 3, higher heat transfer occurs for

A= 0.8Ad. Generally, the process would try to cptimize itself and
would favor wavelengths which are somewhat shorter than the "most dan-
gerous" wavelength., This predicted behavior is similar to experimental
observations made during film boiling of CO2 near the critical pressure

[10]. 1In film boiling of CO, wavelengths between critical and "most

2

dangerous" wavelengths are found to be dominant,

lhe wavelengths used in plotting the constants C1 and C are
based on viscous, immiscible, and infinite liquid depth assumptions. The
effect of liquid viscosity is genera’'v to lengthen the most dangerous
wavelength and to reduce the growth rate, however, the most critical
wavelength remains unaffected by liquid viscosity [12,11]. Using the
general method outlined in reference [2], "most dangerous" wavelengths
for olive oil-water combinations was caiculated, and 17% increase was
observed (Appendix C), though the finite melt layer is not expected to
influence much the "most dangerous" wavelength [14]. Now if we assume
that during one cycle the interface grows from n* = 0.2 (droplet starts
with some initial volume) to n* = 1.5 and that the dominant wavelength
is 0.8 Ad’ then the average value of constant C is obtained from Figure 3

as 0.22.
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I111. EXPERIMENTAL APPARATUS AND PROCEDURE

Preliminary experiments were conducted when a 5.0 cm thick
layer of frozen olive oil was formed in a 28 cm diameter, and *,0
cm deep pan made out of a 0.4 em thick aluminum sheet, Olive oil
was frozen by placing the pan in a box containing dry ice slabs.
Aluminum was chosen as the material for the pan because of its high thermal
conductivity. The liquid pool of frozen olive oil was formed in a 28
cm diameter, 40 cm high, and 0.6 em thick plexfglas cylinder.
Plexigas was chosen because of its relatively low thermal conductivity
and good transparency. Smaller thermal conductivity of plexiglas would
result in lower heat loss to surroundings, Figure 4 shows the test
apparatus. The plexiglas jar and aluminum pan were separated by & rubber
gasket and held in place by means of 8 bolts and nuts, A valve was
provided at the side wall of the pan to drain out the water after each
axperiment, To measur® the temperature of the frozen slab of olive oil,
a sheated chromel-alumel thermocouple was placed in the pan through the
drain pipe. The output of the thermocouple was read on a Lead and
Northrup potentiameter.

A series of experiments was conducted by forming a pool of warm
water over the frozen olive oil slab, In the preliminary experiments
both pool temperature and pool height were changed. Although these
experiments were not used to obtain quantitative heat transfer data,
yet several useful conclusions were made which later helped in designing
better experiments, The main observatiins made from these experiments

are listed below:

17
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Though choice of aluminum pan and dry ice bath reduced
preparation time substantially, yet due to the rapid cooling,
the frozen olive oil slab was always found to be cracked and
the free surface of the slab was hardly ever horizontal.

Also, the slab usually was highly subcooled and this sub-
cooling varied from one experiment to another.

After the pool of warm water was formed over the olive oil
slab, heat was axially conducted through the side wall of the
plan which in turn resulteJ in the melting of clive oil slab
from the sides even faster than that of the slab free surface.
Although the water pool was formed in plexiglas jar, good
observations of droplet spacing, growth and melt layer thick-
ness could not ve made because of the nature of the apparatus.
Experiments with different pool heights showed that there was
no change in the dropliet release mechani<m as long as the pool
was deep enough such that during pinching off from the inter-
face the droplets remained complerely in the pool. This
minimum pool height was found to be 3 cm.

The observrtions of temperature distribution in the pool showed

that the pool tended to stratify with time.

) I Ex, ~rimental Apparatus

apparatus.

The above observations helped in designing an improved experimental

In the later version a 6.5 cm thick layer of olive oil was

formed in a 30 cm diameter, 30 c¢m high, and 0.62 cm thick pyrex jar.
Olive oil was frozen by placing the pyrex jar in a refrigerator for

several hours. The iuside temperature of the reirigerator was founa to
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. main nearly constant with time and was about 266 K. The use of the
refrigerator resulted in slow coolins and perfectly horizontal ‘rozen
oil slab with no cracks. The slab,as it was removed from the refri-
gerator was found to be about 5.5 K subcooled. A 5 cm thick layer of
water was formed over the frozen oil slab. As concluded from the pre-
liminary experiments the pool tended to stratify with time, Therefore a
thermopile consisting of ten chromel-alumel thermocouples which were
located at different height in the pool was formed. The thermocouples
were made from 30 gage teflon coated chromel-alumel wires. The thermo=-
couples were passed through 3 mm outer diameter, 30 cm long glass tubes,
To reduce the axial heat conduction through the glass tubes and thermo-
couple beads; the thermocouple wires located in the pool were additionally
passed through 1.6 mm diameter, 5 cm long two hole mulite insulato~s.

To hold these glass tubes carrying *he .zouple wires in place, the glass
tubes were passed through holes drilled in two aluminum circular discs.
The circular discs were mounted on a threaded rod. Fig. 5 shows the
thermopile assemuly in detail. The thermopile assembly itself was
supported on a stand made out of 2.5 cm square aluminum rod. The test
apparatus including the thermopile assembly is shown in Figure 6, The
thermopile could be moved up and down by turning a nut riding on the
tiireaded rod. Each revolution of tue rut resulted in a 1.56 mm vertical
movement of the thermopile. To prevent the rotation of the thermopile
assembly while the nut was turned, a 3 mm diameter steel rod was passed
through the circular discs and through a hole in the stand., Beside the
ten thermocouples used to measure pool temperature, the thermopile

assembly included two other thermocouples to measure the temperature at
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the interface of the pool and the melt layer and the temperature of the
olive oil laver overlaying the free surface of the pool. Two Houston
X-Y recorder were used to record the thermopile output and temperature
of either olive oil lajer or the interface between melt layer and

the pool. A selector switch was used to monitor either the olive oil
layer temperature or the pool-melt layer interface temperature, The
Houston X-Y reccrders were equipped with time basis (x-axis) having
variable speeds of, 0.1, 0,2, 0.5, 1, 2, 5, 10, 20, and 50 sec/in.

The voltage axis (y-axis) could have sensivitirs of 0.1, 0.2, 0.5,

1, 2, 5, 10, 20, and 50 mv/in, With the recorder used to monitor
thermopile output, a leads and Northrup potentiameter was used to
provide a negative offset voltage in case that the output was out of
the range of the recorder. The potentiameter could provide voltages
varying from 0.01 to 100 mv with an accuracy of 0.0l mv.

2, Experimental Procedure

After freezing approximately a 6.5 cm thick layer of olive oil in the
refrigerator, the pyrex jar containing frozen olive oil was placed on a

styrofoam sheet and visual observations were made to assure that the
surface of the slab was as nearly horizontal as possible and the slab
was not cracked, Thereafter the position of the thermopile was
adjusted so that the lowest thermocouple would touch the slab surface.
About & kg of distilled water was heated to the desired temperature.
The precise weight of the water was then noted and it was quickly
poured into the pyrex jar. Thereafter the x-y recorders were started,
and the mean temperature of the pool was recorded as a function of
time on one of the recorders. The temperatures of interface and olive

oil layer overlaying pool free surface were recorded alternatively
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qr' the slope of line AC was multiplied by the mass of water in the
pool and specific heat of water and divided by products of the area
of the slab and the number cf thermocouples (ten), The error in
obtaining raw heat flux is calculated in Appendix B and is f.ound to be
less than *6%.

To obtain the net heat flux q, across the melt layer when the
slab is at melting temperature, heat losses are to be subtracted from
the observed raw heat flux, <¥. The following mechanism contributed
ro the losses not accounted fer in the theoretical model.

(a) Heat loss to surrounding, 4,: This heat loss was calculated
by noting the loss of enthalpy of the pool when the slab of
frozen olive oil was replaced by a disc of insulating material
(bakelite) of the same thickness as the olive oil slab.

In these experiments the pyrex jar was placed in the same
refrigerator for sufficient time so that would be chilled
to the same temperatures as in actual experiments. Then
the chilled pyrex jar was placed on the styrofoam sheet.
The position of thermopile was adjusted like in actual
experiments and then the pool of warm water was formed

over the insulating material. The x-y recorder was started
and the mean pool temperature as a function of time was
recorded. To have the experimental conditions in the heat
loss experiment even closer to the real one, a thin layer
of olive o0il was formed at the pool free surface. The heat
loss experiment was repeated for different initial pooil
temperatures. Figure 8 shows the plct of the heat loss as a

function of the mean pool temperature for three different
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initial temperatures. It is observed ‘hat transiemt effect
tended to disappear for data taken afte: about 5 minutes.
Fer times greater than about five ainutes, the heat loss
was found to be independent of initial temperature of the
pool and was only dependent on pool mean temperature, The
overall error in calculating the heat loss to the surroundings
is found in Appendix B to be less than * 3%,

(b) Heat loss by conduction to the subcooled slab, qc: Not
all the heat tra.:ier across the melt layer is accounted
for in predictions, but small amount of heat is lost from
the melting surface by conduction to the subcooled slab.
After the pool of v rm water has been formed over the subcooled
slab a thin layer of melt cover the slab surface, This surface
would suddenly be subjected to its melting temperature,
For all of the data obtained in this work, it was observed
that the melting rate was small enough such that the heat
could diffuse into the slab faster than the receding rate of
the melting surface. The thermal penetration distance,
however, was found to be much smaller than the slab thickness
during the times of interests, Thus, this heat loss was
calculated by using trausient heat conduction equation in a

semi-infinite slab:

2k (T_-T.)
q. * o CELER S {(19)
¢ J/ra (VT;¥/TI)

where T, is the temperature of the subcooled slab and ty
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' and tz are the times of the initiation of taking da a

! and the termination of the date recording respectively.

i The error in q. should be less than £15%.

i (c) Sensible heat loss to olive oil, q,,' Additional sensible
: “ “heat, apart from that to the melt layer, was supplied to

l olive oil droplets while growing into the pool, escaping

5 through the pool, and when overlaying tle pool free surface
g in the form of a thin layer. This heat loss is calculated
“ by knowing the mass flux of the melt and the temperature

difference between the overlaying layer of olive cil and

mean temperature of the film. To obtain the mass flux

T T
- - oll - "
q 9y = A, +m cp '[i 8 (hsf + cp —15—‘) + q,
or

9 _
9 9 ~ 9, "9, " @ hsf(l 4 cp AT/Zhsf)

using modified latent heat of fusion yields:

l

i

‘ of olive 0il a simple model shown in Figure 9 is used. An
|

i

|

|

J

E

|

|

] Ow _ . 20
| m a/hle (20)

where q is the net heat flux utilized in melting of olive
0oil and heating the melt layer up to a mean temperature
@ of (T, + T,)/2. Using equation (20), one can write the

sensible heat supplied to olive oil as:

T,.T
1"'8 1
-—$—~C (T ~ —= |
9se h' g po "o 2 ) (21) |

The net heat flux to the film can be written as: |

959, 7 97 9, T 9,
s
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Equations (21) and (22) were solved simultanecusly. The raw and the
connected heat flux data are listed in Table 1. Overall maximum error
in the neat heat flux, q, is expected to be less than *8%,

To ascertain the melting temperature of olive oil, a small beaker
containing clive oil was placed in the refrigerator., After the oil was
frozen, the jar was exposed to ambient laboratory atmosphere for a few
hours, then the temperature of the interface of melt oil and frozen oil
was .easured, and taken as the olive oil melting temperature. This ex-
periment was repeated a few times. The melting temperature was found to
be 271.5 K; which is about the value separated in the literature. Tabul-
ated values of viscosity and surface tension for all the temperatures of
interest could not be found in the literature. Oliv oil viscosity at
different temperatures was obtained from extrapolation of available data
{14, 15, 16, 17], the temperature correction to surface tenseion was made

analytically. The heat transfer coefficient depends weakly on surface
1/

teasion (o 8). it may be pointed out that the numerical constant, C

in the expression for heat transfer co:fficient, equation (1/7), does
not strongly depend on surface tension, since all the derivations have
been made using dimensionless parameters. Thus a few percent error in
surface tension would centribute to insignificant amount of error in
calculation of heat transfer coefficient from equation (17). Complete
details of evaluation of viscosity and surface temsion are given in
Appendix A,

To be able tc study the droplet spacing, geometry and growth
very carefully, several motion pictures of the experiments have been
taken. These mevies have been used to reduce the data for the droplet

geometry at different stages of growth,
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Table 1. Data f{or Heat Transfer from Water to Olive 0il
Temperature Set;lsibtle | soat
Pemisermanl S remtd [T HTVT I Rl g g+ ] W g St =t [ e
01l at the o 0il sl
gy 2 2 2 2 2 2 =
Ti’K Tm.l( T, K qr,u/m qg,w/m qt,w/n q se'." qc,'w/n q,w/m h,w/m
313.6 335.9 328.7 4722 1020 3702 1390 132 2171 52
310.9 332.7 328.6 4346 950 3396 1337 98 1961 50
309.9 343.4 339.0 5358 1200 4158 1915 93 2150 56
305.0 338.5 339.0 4848 1080 3768 1828 75 1865 56
299.1 327.1 328.2 3793 810 2983 1361 73 1549 56
296.4 321.5 318.3 3616 720 2896 1174 100 1622 66
294.C 317.4 313.4 2792 620 2172 831 86 1255 56
287.5 304.7 302.2 1416 150 1266 412 73 781 49
285.6 294.6 294.5 1095 140 955 236 96 623 45
282.9 292.4 294.0 821 120 701 188 58 455 40
282.4 291.5 294.2 698 110 5¢3 160 53 375 35
282.3 290.1 294.2 516 80 436 118 41 277 26
282.1 287.9 293.5 343 45 298 78 31 189 i8
281.9 287.0 293.0 284 30 254 65 29 160 16
281.0 285.5 290.7 203 10 193 446 21 126 i4
277.5 283.0 - 132 132 0 66 “t 11
277.3 282.2 - 51 51 0 18 13 6
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IV. RFSULTS AND DISCUSSION

Upon the formation of a pool of warm water over a slab of frozen
olive oil, a layer of melted oil was found to separate the surface of
the slab from the pool of water. From this layer, oil droplets were
observed to regularly be released. The spacing of these droplets
was also found to remain constant with time. When the experiments were
repeated with water pools of different temeratures, the droplet spacing
and size were found to be unaffected, while the droplet release frequency
increased significantly with the pool temperature.

Little agitation of the pool of water was observed to occur as a
result of the movement of the oil droplets througn the pool. Thus,
conduction was found to be the dominant mechanism for the transfer of
heat from the pool to the olive oil slab. The cooling of the pool at its
bottom tended to stratify the pool with time. Therefore, the temnerature
of the pool varied both with time and with vertical location. Figure 10
shows the variation of the maximum and mean pool temperatures and of the
temperature of the interface between the melt layer and water pool with
time for a typical experiment. 1t can be seen that after 4 to 5 minutes
the temperature at the top of the nool reached a quasi-static state; as a
result, the ratio of the maximum or mean pool temperature to the interface
temperature remained nearly constant with time. The temperature gradient
of the pool in the vertical direction for one of the quasi-static states
is shown in Figure 11. The temperature of the pool reached its maximum
near the middie of the pool; thereafter it remained almost constant,
before dropping off slightly near the free surface. A slight decrease

in water temperature near the free surface was caused by a loss of heat
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two-dimensiona’ "most dangerous" Taylor wavelength, based on !iaear,
viscous, immiscible analysis for rluids of infinite depth, is predicted to
be 6.28 cm (see Appendix C). The difference in height between p:aks and
valley tended to increase as the melting progressed, and was observed to
reach a limiting value of about A/6.

The dependence of the interface height on the time required for a
droplet growt and release cycle has been studied for several droplet
relrasing sites. A typical interface he‘ght as a function of time is
plotted in Figure 14, During the first quarter of the cycle, the interface
is seen to maintain its near-equilibrium position. Visual observations
showed that during this pericd, the interface tended to smooth out any
distoction of itself caused by the pinching-off of the droplets during the
droplet rel=ase period. After this waiting period, the interface started |
to grow slowly until the droplet began to break away from it; i.e., at a
dimensionless droplet height, n*, of abevt 1.5. This is exactly the
value that waes predicted by the thenretical ansilysis. During the droplet
break-away period, the interface protrudes rapidly until the droplet is
pinched off from the interface. If the interface height which corresponds
to haif of the release cycle is taken as the mean droplet height, then
other droplet parame*ers such as droplet radius, R* | droplet base radius,
r{ , and the radius of the equivalent cirlce, rg , at the mean droplet
height can be compared with those parameters predicted by the analysis
(see Equations (4) and (6)). Table 2 compares the predicted parameters
with those obtained from two droplet observations made from the movies.

The predictions are in good agreement with the data.
Figure 15 shows the observed amplitude of the olive oil-water inter-

face as a function of time for three different droplets on a log scale.
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Table 2. Comparison of Droplet Data With the Predictions
Dimensionless Dimensionless | Dimensionless Mean Constant for
Droplet Radius | Droplet Chord Cell Radius |Interface |Heat Transfer
Length Height Coefficient
Rt T * r * nt C
1 2
D (1) 3.6 - 5.7 0.85 0.2v
atd  (i4) 4.1 2.2 5.9 0.80 0.20
Predictions
Based on
A =0.81 4.6 2.6 5.6 0.9 0.22
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The slope of the linear part of the plot, growth rate, is 0.11 sec-l. The
growth rate of the interface predicted by stalility theory for viscous
liquids of infinite depth is plotted in Figure 16 as a function of the
wavelength of the disturbance. The growth rate, w , starts from 0 for
the critical wavelength and increases very rapidly as the wavelength
approaches its most dangerous value. The growth rate is greatest for the
most dangerous wavelength and thereafter drops slowly as the wavelength
becomes large. In this figure the range of wavelengths observed in the
present experiments and the growth rate as obtained from Figure 15 are
also plotted. Note that the interface growth rate in the experiments is
about 50 times slower than would be predicted for the fastest-growing
wavelength. This confirms the assumption made in Chapter 2 that equili-
brium exists between surface tension and buoyant forces for the present
system (small density differences). Furthermore, the observed wavelengths
lie between the critical and'most dangerous'ones, and for these wavelengths
as seen from Figure 16 a slight change in wavelength results in a large
change in growth rate. Therefore, taking into consideration error in
measurement, and also the presence of edge effects, it is possible to have
a much smaller growth rate than that demanded by the observed wavelengths.
The data for heat transfer across the melt layer when the slab is
assumed to be maintained at its melting temperature are plotted in Figure
17 as a function of the difference in temperature between the interface
and the slab. The heat flux is observed to increase as AT3/6 for tem~
perature differences greater than 20 K, as would be expected from Equation
(17). For temperature differences smaller than 20 K, the heat flux
starts to drop more rapidly, until AT reaches 10 K. At a temperature

difference of about 10 K the droplets cease to appear or the slab surface.
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In the region of 5.5 K < AT < 10 K, where the heat transfer is
aominated by conduction, the heat transfer coefficient is expected to
be very small. At a temperature difference of about 5.5 K the heat
transfer coefficient suddenly drops almost to O . Now the melt layer
is constantly exposed to water at 277 K. The small difference in tem-
perature is insufficient to cause enough melting to allow the melt in the
film to move and feed the droplets.

Data for the heat transfer coefficient based on the difference
between the mean pool temperature and the temperature of the melting
surface are plotted in Figure 19. A prediction based on the difference
between the mean pool and slab melting temperatures is also plotted.

The data are found to be about 60%Z lower than the predictions. This
figure shows that an incorrect heat transfer coefficient may be obtained
if stratification of the pool is not considered and the heat transfer

coefficients are not based on the melt-water interface temperature.
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V. SUMMARY AND CONCLUSILONS

1. Melting of a less dense material placed underneath a heavier
liquid has been shown to be governed by Taylor instability.

2. A completely theoretical model based on equilibrium between
s.rface tension and buoyant forces acting outhe perturbed interface
has been developed to describe the melting process.

3. Data for the droplet radius, droplet base radius, and the droplet

height are found to compare favorably with the predictions.

o

Droplet sizes and spacing are not affected by the change of the

pool temperature, however droplet frequency was found to be strongly

dependent on the pool temperature.

5. Heat transfer coefficient data obtained for interface and melting
surface temperature differences greater than 20 K are found to be
about 20-25% lower than predictions.

6. Predictions for the heat transfer coefficient should be compared with

data based on fnterface temperature rather than on pool mean

temperature.

~J
.

Effect of olive oil viscosity on the "most dangerous' wavelength and
its growth rate has been studied and viscosity was found to lengthen
the "most dangerous'" wavelength by 17% and decrease its growth rate

by 11%. Viscosity was found to have no effect on critical wavelength.
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Table A-1. Available Data for the Viscosity of Olive 0il
| : |
Temperature T,K| 288.2 293.2 294.3 311.0 | 371.0 | 323.2 | 338.8 ]372.1.
v
Viscosity u,cp | 99.1 77 73.8 42.7 3.7 2 15.4 : 8.3 .0 |
T il :“4'— |
Reference 19 6 |15 17 1" 16 15 | H’\ﬁ.ls
, £
e
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Figure A-1l. Dependance of Viscosity of Olive 0il on Temperature
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oa(l- Tr)"“ n = 0.25 - 0.31 (A-3)

where Tr is the reduced temperature and n is the empirical constant
varying between U.25 and 0.31. For two immiscible liquids of high and
comparable critical temperatures, Equation (A-3) would indicate a very
weak dependence of the surface tension on temperature. From this, one
could conclude that surface tension between olive oil and water would

not significantly depend on temperature. In 1920, Hartridge and Peters

[ 20] reported, "Temperatures between 227 K and 313 K were found to have
little effect upon the interfacial tension at water olive oil interface."
Therefore, in the present work, it is assumed that in the temperature range
of interest (283 K to 303 K) the surface tensiun perween 0il and water is
not significantly affected by temperature.

(iii) Latent Heat of Fusion, hsf : No data is available for latent
heat of fusion for olive oil. Experimcuts have been conducted by freezing
about 250 gm of olive o0il in a vacuum boi.tle. Water has been heated to
temperatures about 10 K above ambient, then temperatures of both frozen
oil and warm water was noted and water was formed on the frozen oil.

After thermal equilibrium the temperature of the mixture was noted and,
neglecting heat losses, one could get latent heat of fusion of olive oil
by employing conservaticn of energy. The evperiment was repeated a few

times and the average latent heat of fusion was calculated about 70 joule/

gm.

P

(iv) Thermal conductivity, k : There are only two pieces of thermal
conductivity data available in literature. Thermal conductivity of olive

oil at 293 K is reported in reference [19] to be 0.00169 w/cm K while
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Reference [I'] gives thermal conductivity at 2/7 K t be 0,001

However, no data are available for thermal conductivity of froz

1. Comparing olive oil with a few other similar AV
0.00145 w/cm K * 5% is guessed for thermal mductivity of froz
oil.

(v) Specific Heat, . tne available d
I
fic heat of liquid olive oil. The data listed in Table A~
a reasonable consistency; therefore a mean value of 2.00 joule
is chosen for the temperature range f interest in the present
No data were found for the specific heat of frozen olive i1, §
f 1.70 joule/gm K * 5% is guessed for specific heat f froze
near its freezing emperature.
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Table A~2. Data for Specific

Heat of Olive 01l

Temperature,K e —-——= | 280 293-303 288

Specific Heat -;ﬁf“-llzﬁ 1.98 2.07 | 1.97 1.99 2.01

Reference 15 16 17 17 19
|
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APPENDIX B

ERROR ANALYSIS

Generally two kinds of errors, systematic and random, exist in an
experimental work. Systematic errors are those caused by inadequacies of
the equipment, or of the experimentor. Random errors arise because
measured values of physical quantities are always associated with mean
values of variables subject to fluctuations.

1. Systematic Errors: There are three pcssible systematic errors

in the present experiment, namely, error in the reference temperature,
error in the calibration of the reccrders and potentiameter, and error

in the mass of the pool due to evaporation from the pool free surface.
The error due to the reference junction is actually negligible, since it
was kept clean and placed in a mixture of ice and water and was checked
prior to each experiment. Zrror in the calibration was also found to be
negligible as the recorders and potentiometer were checked periodically.
The error due to evaporation'is also expected to be negligible, though;
it is preferred to show it numerically. Evaporation from a free surface
has been discussed in Reference [21]. To evaluate the maximum error we
consider the pool to be at 358 K which is the maximum pool temperature at
which the experiments were conducted. The ambient air is taken to be at
25, K with 2 relative humdity of 50%Z. The physical model used to solve
this problem is shown in Figure B-1. To find the convective mass transfer
at s-plane one has to know the driving force, namely, density difference
between planes s and e. To find the density of a mixture of air and

water, ideal gas law and Dalton's law are used;

p = P1H1/RT + (P - PI)MZIRT .
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Symbols used in the analysis for mass loss due to evaporation.

12

Gr

Sc

binary diffusion coefficient
gravitational acceleration

Grashof number ngL3/ov2

mass diffusion flow

diameter of the jar

molecular weight

mass fraction of species i, 4 /p

mass transfer Nusselt number, jiL/cgnl2 m,
kinematic voscosity

pressure

gas constant, 8.3143 x 107 erg/gm-mole K
Schmidt number, vﬁzaz

temperature

Subscripts

1

2

water

air

ambient

saturated
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Fig. B~1 Physical Model Used for Evaporation

63



Knowing that saturation condition exists at s-plane, the pai.lal pressure
of water at s-plane could be found by evaluating the saturation pressure

of water curresponding to 2 temperature of 358 K. That is, Pl a

5.8 % 10° dyn/ces. Thems

Py © pl.s ’ 92,3

- 4

= 3.51 x 107" 4 4.19 x 10~

- 7.70 x 107 gu/cn’

m o = CH B/p' = 3,.51/7.70

= 0.4557

Pe = Pre*Pre

6 3

= 9,72 x 10" + 1.18 x 10

3

- 1.19 x 10~ gu/ca’

) -6 -3
1.8 pl,e/pe 9.72 x 10 "/1.19 x 10

= 0.0082

The driving density difference is

Ao/o8v = 4,20 x 10'“/9.80 x 1074

= 0.4286

The next step is to determine whether the flow is turbulent or laminar.

A &
6r, = & ~% L3/v? = 981 x 0.4286 x 303/(0.166%)>
= 4.10 x 10°

Since transient Grashof number for convective miss transfer from a horizon-

tal surface is approximately 7 x 107. therefore the flow is considered
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to be turbulent. For this flow situation, assuming that the Schmidt number
is about the same as the Prandtl number, the expression for the mass trans-

fer Nusselt number yields:

NuL = 0.12 (GrLSc)l/3 = 0.12 ¢4.10 x 108 x 0.61)1/3

= 75.61

The convective mass flux then car be found from the definition of Nusselt

number.
Ny = 3,L/PQ 0,

oAy ) _
sSC

= B Ay o

1

o L A

75.61 0.1663 -4
= S T 9-80 x 1077 x (0.4557 - 0.0082)

= 3.01 x 10-4 ;m/cm2 sec

If it is assumed that about *wo minutes elapses between iritial weighing

of water and the time the free surface of pool is covered with olive oil,

then the mass loss due to evaporation would be:

4

fm = At =3.01x107° xf 30)% x 120

= 25.6 gm
Generally the mass of the pool was about 3400 gm then the error would be
Mi/m = 0.7%

This error is so small that the mass of the pool lost due to evaporation

can be neglected.

l, OGN
' 65

e i e e P— — - &
e . o = = - e e I e S R



2. Random Errors: The heat flux utilized in melting of olive oil and

the interfacial heat transfer coefficient were the main quantities of inter-
est in the present work.
a. Error in the net heat flux, q : The error in net heat flux

consists of the errors in raw heat flux as well as the error in various
loss components of q , i.e., Qs Gg» g0 and 9, - Therefore the error
in each c! these components are evaluated separately.

(i) Error in raw heat flux, q, : the raw heat flux is the total

heat transferred from the pool and is calculated as:

m dTlll
W TR e

where m is the mass of the water in the pool, A 1is the pool

dT,
suriace area, and cp is the specific heat of water, and EEE

is the slope of the mean pool temperature-time plot. The error

in 9, can be written as:

b - o é% + % + A(::“;:t) (B-2)
q, m c .
The maximum possible errur in q, is:
iq 2 2 e 2 A(AT /dt)\2
r Am + (/A m
—_— = (— -2 {2} f—uB (B-3)
q m A e dT _/dt
r P m

The dominant term in Equation (B-3) is the error in the rate of
the change of pool mean temperature with time. The error in

dTm/dt can be broken in two parts, the error in measuring the
slope of the temperature-time trace, and the error in locating
the lowermost thermoccuple of the thermopile at the melt-layer

interface. The error in measuring the slope is expected to be
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less than *2%. While the error due to the improper locating of the
lowermost thermocouple chould not exceed * 5%.

Aq ST

f = 42" + 52

(B-4)
= % 5.4%

(ii) Error to heat loss, q The error in heat loss to surround-
ing is of the same nature as in R While there is no error due
to improper locating of the lowermost thermocouple, there would
be an additicnal error caused by the heat loss to the bottom slab
made of the insulating material. The latter error is expected to
be less than * 2Z , so the error in 9 would be:

My

L

= V2% 4 22

(B-5)
= % 2.82

(iii) Error in heat loss to the slab by conduction, q, ! The
conduction heat loss is calculated from Equation (19).
Zko ('l‘8 -T)

q. = (B-6)
. fia (e, + Ve

Substituting ko/ﬂo c for a

po
qc'—z"_L_(T'm)

The maximum possible errcr in q, would be

Aq o] Ae Ak AT AT
c 1l _ o 1 __po 1l o
Sl ) ) ) ) e
e po (A
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| The errors in Py cpo and ko are discussed in Appendix A.
The error in oo should be less than *1%, where errore in cpo
and ko should be less than *5%. The errors in TS and Tm are

expected to be less than *0.5 K and *0.25 K respectively; therefore

Aa 2 2 2 2 2
e 1 (1 0.75 ) 0.25 )
o \Ale) +(2x5)+(2x5)+(——5'5 x 100) + (55> x 100
. (B-8)
= ¢ 14.8%
(iv) Error in sensible heat loss to olive oil, Agp * This heat

ioss is calculated from Equation (21)

q ‘ Ti + TS
‘ - L . NN SR -9)
4 Use h;f Cpo (To 2 ) (B

Since the error in net heat flux, gq , is not evaluated &s vet,
at this time we guess it to be * 7%Z. However, since most of the
parameters in qg, can be found in other components of q (i.e.
q itself) and the error in one parameter should be considered
only once, therefore the error to o should not contribute
much to the error in ¢
The net heat flux to the film can be written in terms of raw heat flux
and various losses as:
= - - - (B-10
a 9. -9, -9, -4 )

r se

The eorror in q can be written as

; Aq Aq, Aq Aq
::1 - X __k__c___se (B=11)

q Q ™ .




The maximum possible error in q would bSe:

R A TRCSCTHREN. N
— /Aq q Aq q Aq_ q bq__ q
A ( r__g) ( 3 2) c_c) ( se n)
q a.a) ' 9; 4 *(. q, 9 1o a e

r se

It is obvious that total error in q oaepends on the q itself so it is
calculated for two different extremes of q , i.e. run numbers 6 and ]3.

For run number 6 we have

43 J( 3616 ( 720 ( ) ( 743
i 39"2310 2-83x3516 1681 = 51% 7% 3856
= +7,2% (B~13)
Maximum possible error for run number 13 is:
—-— 2 2
Aq ( _311) ( 45 ( 25\° ( 43
: 5. 3°"273 . 2.831273 + |14.81x5535) + 7x3733 (B-14)

= +7.0%

b. Error in heat transfer coefficient: By Newton's law of cooling,

the heat cransfer coefficient can be written as:
h = q/(Ti - Ts) (B-15)

The error in h 1is

The maximum possible error would be

2 -l () ) o
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APPENDIX C

EFFECT OF OLIVE OIL VISCOSITY
ON THE MOST DANGEROUS WAVELENGTH

AND ITS GROWTH RATE

The effect of surface tension and viscosity on Taylor instability has
been studied in Reference [2]. The analysis has been done based on two
immiscible and incompressible liquids of infinite depth, and only linear
terms of hydrodynimics equations are used.

1. Surface Tension Only: Equation (C-1) has been arrived at by

solving the linear equation of motion considering surface tension only:

‘s co) : 3' 1/2
w = ——-——-—-—-— K = ——m— K (c-1)
1735, * " e, ©

where w 1s the growth rate and K is the wave number (2n/)), sub-
scripts w and o stand for water and olive oil respectively.
Equation (C-1) can be used to obtain the critical and the fastest-growing

wavelengths., The expressions for these two wavelenghts are:

A, = 2m Jo/gln, - po) (C-2)

Ay = 2 /3 /olgloy - op) (c-3)
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2. Surface Tension and Viscosity: For a plane interface between two

viscous liquids of infinite depth, the linear stability theory yields the
dispersion relation [2].

3
[— glp, = P IK + ok + (o, + po)ua x

1 + 1 +akso &Y
7 2 172 s 1/2
uK + TR+ e w) B K+ (K + Mo Pow)

From Equation (C-4), it can be seen that the critical wavelength is un-
affected by the liquid viscosity. For the most dangerous wavelength, it
is difficult to obtain an analytical solution to Equation (C-4)}; however,
it can be solved numerically once the properties of two fluids are koown.
Using Equations (C-1) and (C-4) and the following properties for oil

and water results in two equations with numerical constants.

i 1.000 gmlcu3 u, - 0.0098 poises g =979.4 cn/aecz (at L.A.)
Py = 0.916 gm/cm3 W, = 0.77 poises 0 = 20 dyne/cm
3 1/2
w = (43- 12 K - 10.46 K ) (C'S)

+____1.._—-—- + 4wk = 0 (C-6)

4&2 + 1.2 n

bl

(- 107.3 K + 26 K> + 2.5 w°) [

where K = 2n/) and A is in cm and w {is in !ae,»c-l It should be
noted that in arriving at Equation (C-6) from Equation (C-4), viscosity
of water (0.0098 poise) has been neglected comparing to the viscosirty

of olive oil (0.77 poise). Equations (C-5) and (C-6) are plotted on
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Figure C-1. 1t is seen that the effect of viscosity is to lengthen the
"most dangerous'wavelength and to shorten its corresponding growth rate.
The "most dangerous wavelength and growth rate of the olive oil-water inter-
face for both viscous and inviscid considerations a ‘e compared below.

The "most dangetous"wuvelength based on the viscous analysis is 177%
longer than that for the inviscid case whereas the growth rate based on

viscous analysis is about 11% smaller than that for the inviscid case.

Table (C-1). Comparison of the'Most Dangerous'Wavelength
and its Growth Rate of Viscous and Inviscid
Analysis for the Olive Oil-Water Interface.

 only | 0 and u

Ads cm 5.36 6.28

wg, sec~l 5.81 5.15
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