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NOMENCLATURE

2

Area, cm.

o}
Specific heat. grm. cal./gre. C

Drop diameter, cm.
Criticzl diameter, see eguztion 13, cm.
Pass of natural loparitims
L . 20
Transfer coefficient, cal./sec.cm™ “C
Accleration due to gravity 980grms.mass.cm./Sec.
; ‘o o]
Thermal conductivity, grm. cal./sec/cm. C
Mass, grms.
Viscosity, dyne sec./cu®

Density g'rms./cm.2

-/ grms. fem. 3
Interfacial teusion, degrees./cm.
Heat, grm. cal/sec.

Radius of drop, cm,

Reynolds number = d.v.0 , dimensionless

M

Prandlt number Cp T dimensionless

Mussell number

= du/k, diméusionless

Weber number = v2 . 4 [ /O‘gc, dimensionless
Peclet number = d,v. /et , dimensionless

Modified Peclet nmuwber -~ Pe (1*pd /Mc) dimensionless

. 2
Thermal resistance, sec.cm. OC/cal.

{continued)
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NOMENCLATURE

©  Thermsl aiffusivity = k/PC, ,cm°/sec.
t Temperature, ¢

v Velocity of drop, for Vl see eguation 11, for
Vi see sjuation 12, cit. /sec.

Sibhgerinte

& Tisuwersed vhrse °

c Continuous nhase

o Qrgerved vilue

e Iwnerinental volue

1 Vzlue for racdial conduction echanisnm,

e Value for radial conduction with ovteide filn. .
3 Value for interpal circulation iechoniern,

L slue for internal cliculstion with outside Film.

i » HWaturel convoction
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SUMMARY

Chemical processes generally require hest and/or mass transfer in
gome phase of their operetion. Estimation of the transfer rate requires
knowledge of the transfer mechanism, and the transfer coefficient.

This experiment was a.study of heat transfer from a dispersed
phase to a continmaous phase. A whéte mineral oil was heated and intro-
duced into an insulated water bath. An experimentel transfer resistance
wag determined, and compared with four theoreticel resistances. It was
found that two transfer mechanisms existed: (1) the liquid drops beheved
similarly to golid spheres, and the transfer mechanism was therefore that
of radial conduction yith a continuous phase film resistance; and (2) the
liguid drops possessed an 1nterngl ecirculation pattern, and a continuwous
phase film resistance. The ra&ial conduction mechanism existed for a
Reynolds nuMbgr_f;nge of 280 through 530. For Reynolds numbers of 530
and greater, the internal circulstion mechanism was present. The shift
in mecheniom appears to have been ceaused by the increased drag on the
liquid drops. At the Reynolds number of 530, the skin friction seems to
have become dominant in the surface forces thus providing the energy re-
quired to develop, and maintain internsl circulation within the drop.

The experiments suggest that if the ratio of the viscosities of
the dispersed and the continuous phases is large, the controlling resis-
tance will lie in the dispersed phase. For a transfer process, invelving
a liquid drop rising through & continuous liquid phase, 1t would seem de-

sirable to obtain as large a value of drag as is practicel. This would




tend to induce.ih%ernal circulation which in turn grestly improves the

heat transfer coefficient.




CHAPTER I

INTRODUCTION

Chemical processes generally require heat and/or mass transfer in
some step of their operations. Many of these processes involve transfer
between a contianuocus ph#;e and a dispersed phase such as a liquid drop,

8 gas bubble, or a solid sphef;. This study was carried out to evaluate
the heat transfer between 0il globules and a water bath.

The transfer rate of an exchange process between continuous and
dispersed phases ls difficult to determine and decidedly unpredictable.
The rate is dependent on the area of contact, the effective driving force,
and the transfer coefficient. Determination of the average contact area
requires date on the frequenéy distribution of sizes of the dispersed
phase, the rate of rise or fall of the dispersed fluid, and the circula-
tion rate of th; continuous phase. The effective driving force will vary
with the type of transfer; for example, in heat transfer the temperature
gradient is the driving force, while in maas transfer the concentration
gradient is assumed to be the driving force. Measurement of the driving
force for mass transfer is complicated by two factors: the accumulation
of trece confaminants at the interface of the phases, and the difficulty
in determining the flow patterms of the continucus pheae. The transfer
coefficlient, in the form of a Nusselt mumber, may be known from previous
work or may be determined by experiment.

This study was concerned with heat tranafer from a flowing




dispersed phase to ;“;£agnant continucus phase. The experimental condi-
tions allowed evaluation, and limited control, of the average contact area
and the driving force. Therefore, this work was a study of the transfer
coefficient.

Review of the literature.--Heat transfer to or from a liquid drop is af-

fected by several factors: (1) the extent of internal circulation in the
drop, (2) the resistance ¢f the film surrounding the moving drop, and (3)
the effective thermal diffusivitiy within the drop. The transfer coeffi-
clent ie directly influenced by the same factors. A knowledge of the
transfer mechanism 1s necessary for the evaluation of the transfer coef-
ficient. In 191) Hadamard (1) investigated the hydrodynamics of falling
drops undergoing viscous c¢irculation and proposed a pattern for this in-
ternal motion. BSeveral investigators have developed proofs of this cir-
culation, e.g. 8pells (2) has presented photographs of the circulation
pattern, Garner and Skelland”(i) heve developed an approximation for pre-
dicting the existance of circulation, and Kronig and Brink (4} have de-
veloped a methemetical model for Hadamard's pattern.

Garner's and Skelland's (3) approximation is a convenient plot of
transitional Reynolda number versus droplet visceosity. The authors are
of the opinion that this transitional Reynolds number is dependent on the
viscosity of the continuous phase, the viscosity of the dispersed phase,
end elther the interfacial tension between the two fluids or the character
of the interface. The approximation show§ an increasing Reynelds number
for increasing drop viscosity.

Hughes and @illiland (5) made a review and analysis of the mechanics

of drops. The review suggests that if the fluid within the drop is #ery




viscous, the amouﬁt;of energy which has to be tranaferred in order to in-
duce circulation is large end circulation effects are therefore small.
However, the action of the skin friction is to provide the energy to over-
come this viecous damping. This circulation becomes appreciasble whenever
the skin friction is a major portion of the surface forces.

Handlos and Baron (6) studied theoretically and experimentally
mass and heat transfer from drops in liguid « liquid extration. They
developed two transfer ;oefficients, one expressing the effeect of internal
circulation within the drop and the other evaluating the resistance of the
film surrounding the drop.

Calderbank and Korchinski (7) evaluated the continuous phase re-

gistance, and the effective thermal diffusivity obtained during the fall

of circulating liqﬁid drops. They found the continuous phase resistence
to be essentially.ﬁhe same &8 the resistance for mercury drops under the
same conditions, and the effe;tive thermal diffusivity to be a multiple,
2.25, of the éolgcular diffusivity. Their work also indicated that drop
oacillatiogiwould inerease the drag coefficient, the continuous phase heat
transfer coefficient, and the effective diffusivity within the drop.

McDowell and Myers (8) studied the process of heat transfer to
1iquid drops rising through another liquid, and drew the following con-
clusions: '

1. If the viscosity of the liquid in the drop is low enough com-
pered with the viscosity of the continuous-phase fluid, the liquid in the
drop will circulate.

2. Circulation lowers the resistance to heat trausfer.

3, If the thermal conductivity of the continuous-phase liquid




surrounding the droﬁraa low compared with that of the liquid within the
drop, an appreciable part of the resistance to heat transfer will be in

the film outside the drop.

Evaluation of the experimentel data.--The most direct method of evalua-

ting the experimental data ig a comparison of the observed transfer coerf-
ficients and the transfer coefficlents calculated for the possible transe
fer mechanisms. The litersture (8) offers four transfer mechanisms:

(1) internal radial conductioﬁ with no appreciable outgide film
resistance,

(2) internal radial conduction plus outeide film resistance,

(3) internal circulation with no appreciable outside film re-
gistance, and

(4) internal circulation with outside film\resiatance.

The calculation of the radial conduction contribution to tﬁé
transfer mechﬁnism vas perf;rmed with the sssumpticn that the ligquid
drop was essentially a solid sphere. Schneider (9) has presented the
following equation as the instantaneous surface heat rate for a solid

sphere under the condition of negligible surface resistance:

(1)

The transfer coefficient may be represented by




Kramers {10) developed an empiricel equation for the film coef-

ficient of a fluid flowing past steel spheres. Kis correlation is as

follows:
M = 2.0 + 1.3 (er)*Y” 4 0.66 (pr)0-3}(re)®-20 (3)

This is probably as godd an approximation as possible of the film coef-
ficient for heat tranéfer hetween a continucus phase and a stagnant -
drop. %k

Handlos and Baron (6) have developed transfer coefficients for a

liquid drop whogse interior has & circulation pattern. The coefficient

for the resistance of the outside film is

i et =

M, = 1.13 / Peg - - (%)

The effect of internal circulation is expressed by




Muy = 0.00375 Pelq (5)

Infortunately equation 5 failed to produce msnageable results in the
evaluation of the experimentel data. Therefore, the molecular diffu-
givity in equation 2 was multiplied by 2.25. The resulting expreasion
vas used to represent théltransfer coefficient for internal circula-
tion. K

¥or the comparison, the transfer cecefficients are expressed as

overall transfer resistances by the use of the usual reletionship:

= R © (6)

Accordingly, equation 2 represented the transfer coefficient for
internal redial conduction. Application of relationship 6 to equations
2 and 3 yielded the resistance for internal radial conduction with a
film. The coefficient for the interng} circulation model was calculated
by using equation 2, and the effectivé thermal diffusivity. This velue
and equation 4 yielded the overall resistance for internsl circulation

plus an appreciable film.

The observed overall coefficient was calculated from the relatieon




The hest transferred from the dispersed phase was determined from

Qe = Mg . Cpy « &ty (8)

where
Atd X Vd_ ’
&t!d = (9)
. 109.3 eom.

The meen temperature difference { A t, ) was evaluated by aversging
the mean temperature differences calculated for unit lengths of the
water bath. It was necessary to assume a linear plot for the dispersed
phase temperature. A heat balance, see Appendix II, seemed to0 validate
this assumption.
In order to perform the caleulations it was necessary that the

average drop diameter and velocity be known. The drop diameter was
determined by measuring an appropriete number of drops and applying

the statistical formula for the mean volume diameter (11)




(10)
zn

The drop velocity was calculated from the equations presented by Klee
and Treybal (12). 'The equations are

"‘0.]4-5 O. =0
58 . 0.11 40-70

vy = 38.3p, .Ahp (11)

-
—

and

"'0055 0028 0. 0 * 8
Vll = 17a6 pc AN o] . ‘l:lc l 0.1 (12)

-

The c¢ritical diameter which determines transition from vl to Vll 1s

caleulated by

-0.14 . =043 0.30 0.2h4

d, = 0.33p, N u, (13)

Although the comparison of the ohserved and the thecretical resistances




identified the traégf;f mechanism, further analysis was required to ex-
plain the existance of the particulsr mechanism. A necessary part of
this analysis was the calculation of the drag on the experimental drops;
this was determined from the equation presented by Hughes and Gilliland
(5).

Drag = Cp (Frogtal Area) ( o, . VZ/2gc) (k)

The drag coefficient, CD s wag calculated from either

coa - 018 -Ocl
Re; = -22.2 C 7L e

A (15)

or

. 2-91 -laal
Re;; = 0.00M18 ¢ . We (16)

depending on the value of equation 13. Both equations 15 and 16 are
the work of Klee and Treybal {12}.

Tt was considered desirable to compare the experimental film




T g

coefficient with the Film coefficient for mercury drops (7) and the

coefficient for free convection (13).
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CHAFTER II
INSTRUMENTATION AND EQUIPMENT

A sketch of the apparatus is shown in Figure 1. The equipment is
most conveniently described by presenting 1t in functionael groups. These
groups are as follows: t.klxe constant temperature bath, the pumps and the
piping aystem, the heat excheméér, the filters, and the auxiliary equip-
ment. .

The constant temperature bath.--This unit censisted of a reservoir, an

immersed heating element, and a control Syatem. A twelve gallon circular
pyrex tank was used as the reservoir for the white mineral oil. The heat-
ing elemeut contained a five hundred watt intermittent heater and a three
hundred watt auxiliary heater. A micreset thermoregulator, operating
through a relay unit, controlled the heating element. The relay unit is
a product of the \Precision Scientific Company and has a catalogue number
of 66535. A stirrer enabled the thermoregulator te control the average
temperature of the bath.

The pumpe and the piping system.--Two centrifugal pumps were required.

The main circulating pump unit, marked M in Figure 1, was obtained from
the Precision Scientific Company and has a cetalogue number of 9040. ‘The
booster pump unit, marked B in Figure A, was obtained from Eastern Indus-
tries and has a designation of model E-)l. The powerstat controlling the
booster pump wes supplied by the Superior Electric Company and 1s designa-

ted as type 116. In Figure 1, lines marked AA, BB, and CC were made from
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WATER BATY {\F ASGEMBLY

(1) {7} THERMOMETERS

(7}
WATER
BATH
5
® LOCATION OF NEEDLE3
-
. - (5) PLUG RADIUS NUMBER OF
e ! INCHES NEEDLES
1.90 8
0.75 Y
0.00 1

28 3/

.(h) T—

NEEDLE MOUNTING
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o
~
—
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w
— 15 3/8

S
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! é -— NEEDLE PLUG ~t= 7Hp
Y/
J //
(1) T — T //
LUCITE PLUG OI1. MANIFOLD |
N \

;|; LUCITE TUBING

Figure 2, Exploded Sketch of Heat Exchanger
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2,

5/8 inch bress pipe. Lines marked DD were meds from 1/2 inch brass pipe.
The remaining linee were mede of 1/2 inch Fisher plastic tubing. A rota-
meter was lnstalled to permit visualization of the flow rate.

The heat exchanger.--This unit was constructed from & lucite colunn of

Tifty four inches in length, 1/8 inch in wall thickness, end 3-1/4 inches
in inside diameter. The column was divided Into two sections by the in-
sertion of a one inch thick lucite plug mounted in a vertical position.
The upper section was forty-eighg and a half lnches in length and wes desa-
ignated as the water bath. The lower section was five and a helf Inches
in length and was designated as the oil manifold. The lucite plug, creat-
ing the division, was pierced by thirteen hypodermic needles. The needles
were twenty gauge in‘diameter, one and a half inchea in length, and made
of stainless steel._ Details of the needle emplacement are shown in Fige
ure 2. The oll manifold was coppleted by sealing the bottom of the lower
gection with a one inch thickflucite plug. Two short lengths of 3/8 inch
lucite tubing_wére*fitted to the manifold te provide inlet and outlet
lines. A lucite plug one inch Iin thickness and three inches in diameter
was internally milled to a funnel shape, and then tapped st 1ts center
with a lucite tube 1/2 inch in diemeter and seven inches in length. A
lucite cross was attached to the end of this exit line. This assembly
served a2 a cap for the water bath. Thé‘upper section was drilled to ac-
commodate six thermometers and two sections of 3/8 ineh lucite tubing.

The positions of these holes and an exploded. sketch of the complete unit
are shown 1in Figure 2. |

Filterg.--Two filter units were required. One unit consisted of two py-

rex tubes one and a half inches in diemeter and twelve inches long. The

i
i
|
H




second unit wes & twelve inch drying tower. The units were mounted ver-

tically, and filled to half thelr depth with pyrex glass filtering woel.
Two inches of copper shot were poured on top of esch bed of Ifiltering
wool. Inlet and cutlet openings were plugged with rubber stoppers pierced
by appropriate glase tubing. The exdt lines from both unlits discharged
te a single line vhich returned the oil to the constant temperature bath.
A two way stopcock was installed in this common line to permit sampling.

Auxiliary equipment.-~A du Nouy Tgnsiometer, four pycnometerg, a ther-

mometer calibrated by the National Bureesu of Standards, and & Seybolt
Viacosimeter were required for the determination of the physical proper-
ties of the wmineral oil. The white mineral oil used in this experiment
is sold under the trade name of Merusel by the Standard 01l Company of
Kentucky.

A trip belance, twelve volumetric flasks, two Esstern Kodek timers s
a 4 x 5 Speedgraphic camera, 1':hree tungsten lights, Eastman Kodak Royal-X
pan f1lm, anq_?e;en laboratory grade thermometers cemplete the spparatus

required in this experiment.
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CHAPTER III

EXPERIMENTAL PROCEDURE

Heat transfer meesurements.--Twenty-four experimental runs were performed.

The runs were divided into five groups. Each group, except one, was con-
ducted at & particular teﬁberature level and required five flow rates.
The tempersture levels were varied from 1207 F through 200° F 4n 20° in-
c.rements. The flow rates were set by using rotameter readings of 12, 14,
16, 18, and 20. At the 200° F level, the rotameter reading of 20 could
not be attained.

Each run followed the same procedure. The constant - temperature
bath was set for the degired temperature level and sllowed a wam up reri-
od. When the bath reached the desired ﬁemperature , the oil manifold was
filled by starting pump unit M and opening the appropriate valves. The
exit line frem the oil manifold was allowed to remain open until the mani-
fold reached a constant temperature. At that time, the manifold exit
velve was closed and the water bath inlet valve opened. It was necessary
to maintaln the oil flow while filling the water bhath. The water flow
was atopped when the liquid level in the water bath reached the waste
line. This line was held open u.ntii the emulsion, that formed during the
filling of the bath, drained off'. The ce.p essembly was placed in posi-
tion and the return lines opened. The poweratat, controlling pump unit
B, was turned on and adjusted to give the desired rotameter setting. As
quickly as possible, the camera and tungsten lights were positioned and a

photograph taken of the flow pattern. The camera was set at & lena open-
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ing of £ 11 and a. “shutter speed of 1/200. The focus point of the photo-
graph was the center of the water bath. The water bath wes then wrapped
with 1/8 inch thick asbestos sheets. An outside wrapping of aluminum foil
completed the insulation. A Kodek timer was started and the recorded run
commenced. All temperatures were read every three mimites, and a flow
rate sample was taken every five minutes. This was accomplished by meas-
uring the time required to collect the sample. The two way stopcock and
a Kodek timer faciliteted this operation. The runs were of one hour in
durstion or less, depending on the operating conditions. Shutdowns, other
than for mechanicsal faillures, were caused by either a rapid decrease in
the efficiency of the filters or plugging of the hypodermic needles. This
latter phenomenon maey heve been caused by small particles of lint or the
needles may have been acting as filters for water contained in the oil.

At the ccmpletion of a run, the camere and tungsten lights were reposi-
tioned and a photograph ta;:en of the flow pattern.

Meagurements of -physlcal properties.--The density of the Merusol was cal-

culated from pycnometer measurements. The viscosity was determined by
the uee of & Saybolt viscesimeter. A du Nouy Tensiometer was used to
measure the interfacisl tension. Tgbles of the viscosity, density, and
interfaclal tension are presented in &ppendix III. A hydrometer and a
standard equation (13) were used to determine the A. P. I. mmber of Meru-
sol.

Measurement of Eobule dlameter.--The mean volume diameter was used ag

the werage diameter of the oil globules. This diameter was determined
by measuring all the clearly defined bubbles in the photographs of the

individual runs and applying equation 10. The variation of the bubble




dismeter is presented :ln Appendix IY., A small meter stick was mounted

on the side of the water bath while msking the photographs, see Figure 3.
It was hoped that this arrangement would lessen errors in measurement due

to paralex.
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Figure 3. Fhotograph of Experimental Run 9

— D ————




20

CHAPTER IV

DISCUSSION OF RESULTS

The data and calculated results are presented in Appendix IV and
Appendix T.

Digcussion of the transfer mechanism.--Tahle 1 presents the camparison of

the obhserved tranafer resistané%s, and the calculated resistances. Since
the observed transfer resistances compare faverably with the transfer
mechanisms having appreciable fiim resistances, it is assumed that a con-
tinuous phase film 4id exist sbout the experimental drops. Teble 2 pre-
sents the compariscn of transfer resistances having a film contribution,
and the observed resistances. Acceptance of the values of the theoreti-
cal resilstances creates twofdistinct shifts in transfer mechanisms; for a
Reynolds number range of 530 to 990 the observed replstance values indi-
cate & mechdnism:of internal circulation with an ocutside film, for s Rey-.
nolds number range of 530 to 350 the mechanism of radial conduction with
an outside film is indicated, and for a Reynolds number of 350 to 280 the
mechanism of internal circulation with an outslde film is sgain intimated.
This latter shift is dqubted for two reasons:

1. It appears highly unlikely that the resistance for internal
circulation would be greater then that for radial conduction; and

2. Once the viscous damping force hindering circulation has be-
come effective, it does not seem probable that this force would be over-

come while the skin friction continued to decrease.




Tablé'i. Comparison of Resistances
s 20
Ry = observed resistance (sec.cm.” “C/cal.)

Rl a resistance for radial conduction with
no apprecisble f1iln,

32 = resistance for radial conduction with
an outside film.

R3 = resistance for internal circulation
with no appreciable film.

Ry = resistance for internal circulation
with an oukside filw.

Bun

1 110.98 155.00 165,48 139.8u 143,16
2 231.32 217.86 226,10 186,18 150.40
3 433.75 272.10 279.54 291.97 265,96
4 408.16 2747 283.72 299.31 303.26
5 255.91 226,39 234,75 194,47 198.71
6 . 173.67 184,70 203.82 159,38 103.81
7 172.83 206,91 215.79 165.31 169.67
8 231.97 222,17 230.73f 194,55 198.76
9 293.39 242,00 2ng,80 226.20 230.29
10 195.01 214,22 222. 74 170.88 175.15
11 230.27 233.% 241,37 203. 54 207.70
12 278.49 240,15 247,54 213.49 217.4%9
L3 330.78 254,58 262,09 25k .18 258,58
14 398.0° 279.09 286.26 310.07 314,00
15 345.3f 265,00 272.13 213.00 276.95
16 294 . 3 240. 78 240, 44 223.31 227. 30
17 313.07 252.33 259,00 23v.32 242,35
18 33C.41 252,58 259.43 256.08 200.03
19 334.79 255.42 262.78 259,87 263,84
20 391.29 275.10 282.27 296.91 300.83
21 398.42 276.31 283.31 305.90 309.77
22 Lok .27 303.58 310.4%0 362.05 365.87
23 398.43 282,64 289 .56 312.79 316.66

2h L8, p2 287,60 264 42 340,83 344,66




Table 2, Comparison of Selected Resistances

22

Re Reynolds number
R, observed resistance (sec.cm.2 ¢/cal.)
Ro resistance for radial conduction with
an outside Tilm.
Rh resistance for internal circulation
with an outside film.
Run
o Re Rp B, Ry
1 990.83 165.48 110.98 143,16
7 590 .7 215.75 172.83 169.67
6 66k, 5 203.82 173.67 163.81
10 50k .2 222,74 95,01 175.15
2 529.2 225,10 231.32 180.40
8 503.9 230.37 231.97 198.76
12 459.2 247,94 278.49 217.59
11 Lh3.1 241,37 230.27 207.7C
5 Whi.o 234.75 255.91 138,71
15 L40.6 248,41 o9l . 37 227.36
18 358.7 259.83 330.41 260.03
17 3844 259.88 313.07 2h2.35
Q 382.5 249.80 293.39 230.29
13 351.8 262.09 330.78 258,38
15 346.3 272.13 345.37 276.95
12 359.5 262,75 334,75 263.84
21 324.3 283.31 358.42 309.77
20 31h.¢ 282,27 301,29 300.83
23 307.4 289,66 398,43 315.66
2L 3C0.6 ach b2 - hpg.o2 3Lk .66
1k 208.7 286.26 398.67 314.00
L 292,7 233.72 408,16 303.26
3 289.2 279, 5h 433.76 295,96
22 280.4 310,40 Lek,27 365.87
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The use of an effective thermal diffusivity in equation 2, for the
calculation of the resistance for internal circulation, is therefore con-
gidered adequate only when the Reynolds number is greater than 350. Ac-
cordingly, for nineteen of the twenty-four experimental runs, the trans-
fer mechanism is assumed to be that of radial conduction with an outside
f£ilm resistance. The corresponding Reynolds numbers cover & range of 260
through 530. Figure 4, a plot of the observed resistances (RD) and the
resistences for radial conduction with a film (Ry), indicates the transi-
tion from solid sphere performance. Unfortunately the dispersed phasge
viscosity was beyond the boundaries of Garner's and Skelland's (3) plot,
thus preventing a comparisen of transitional. Reynolds numbers.

The eirculation effects could have been the results of either skin
friction or drop oscil;ation. The latter phenomenon will cause both
boundary layer degradation (7), and a unique circulation pattern (5). ’
However, a comparison of the fiim coefficlents, Table 3, indicates that
the experimentgl’f;lm coefficient 1s less than the theoretical film coef-
ficient for the runs accredited with internmal circulation. This would
seem to discount the existence of dreop oscillation. Skin friction can be
represented by the measurable quantity of the drag on the liguid drop.
Figure 5 48 a plot of the observed resistances, and the resistances fer
redial conduction with a film versus the e;perimental values of the drag.
For increasing values of drag, there is a corresponding decreage 1n re-
sistance and an eventual change in mechanism. The onset of the experi-
mental circulation is therefore congldered a result of gkin friction rath-
er than drop oscillation.

Discussion of the film coefficients.--Table & is a comparison of the ex-
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perimental film coeffiéiénta, the film coefficients from equation 3, the
film coefficients from Pigure 8, and the film coefficients for free con-
vection from Figure 9. In contrast to the theoretical values, the experi-
mental coefficients increase as the Reynolds numbers become larger. This
increase may be a result of the corresponding increase in the drag. Four-
teen of the nineteen are very small even when compared with the coeffi-
cients for free convection.: This indicetes either a deficiency in the
methematical enalysis or perhaps an unusuel effect at the interface of the
darop.

Discussion of the trapnsfer coefficlent.--The overall transfer coefficient

was improved by the shift in mechanism from rasdial conduetion to internal -
circulation. This 1arin accord with the werk of previous investigators
(7, 8).

The major contribution to the overall resistance is the trensfer
coefficient for the dispersed phase (hz). Therefore, it seems ressonable
to poatulaxe_tpa; for systems where the ratlo of the viscosities of the
dispersed and continuous phases is large, the controlling resistance will
lie in the dispersed phase.

A direct measure of the decreased thempal resistance is the drag
on the experimental drops. Therefore, for a transfer process 1n§olving a
liquid drop rising through a continuoushiiqpid phase, it appears desirable
to obtain as lerge a value of drag as is practical.

Because of the limited data, no attempt could be made to perform &
correlation by dimensional analysis. This seems reasonable when one con-
alders the variebles involved, which are the diameter of the érop; the

dengities, viscosities, and diffusivitlies of the two phases; the velocity




| . Wable 3. Comparison of Wilm Coefficients

ha = exnerinental £ilm coefficient (cal.;’sec.cm2 “C)

hCE - Tila coefficievt for radivl conduction mechanism

he = film coefiicisnt Tor internal civeulution

4 Aechaniss

Run : h b, s

lio. 2 E b

1 00,0954 0.1978

e 0.1214 0.2372 C.07h29
3 0.1344 0.2505 0.00619
b 0.137% 0.2530 0.0075%
5 0.1196 0.2359 0.03388
6 - 0.1097 G.2255 0.07000
7 ¢.1131 G.225k 0.13300
8 ©.1212 0.2378 0. 1020k
9 0.1282 Q.2242 0.01988
10 0,117 0.2340 0.04140
11 0.1233 ° 0.2405 0.03742
12 . 0.1283 : 0.2437 0.0251
13 0.2331 0.2501 0.01312
14 . S 0,1395 0.254)% 0.00836
15 0.1532 C.2531 0.01254
16 0.1306 0.2472 0.01866
17 0.1325 0.2482 G.01646
18 0.137% 0.2529 0.01285
19 0.1358 0.2520 0.01261
20 0.1395 0.25h9 C.00861
21 0.1429 0.2584 . 0.00819
22 0.1h66 0.2621 0.00622
23 0.1425 0.2582 0, 0086k

2k 0.1467 0.2613 0.00711
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of the drop; the interfacial tension ; and the transfer coefficient.

A
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CHAPTER V
CONCLUSIONS

The conclusions resulting from the present investigation may be
sumarized as follows:

1. The heat tranaferhhoefficient for a liquid drop rising through
a continucus liquid phagse will be improved by the onset of internal cir-
culation within the drop.

2. For a transfer process involving a liquid drop rising through
a continuous liquld phase it is desirsble to obtaln as large a value of
drag as is practical. -

%, If the ratio of the viscosities of the dispersed phase and the
continuous phase is large, the controlling trensfer resistance will lfie

in the dispersed -phase.

n




CHAPTER VI
RECOMMENDAT IONS

Since the experiment involved only one set of phasesa, it is 4if-
ficult to explain the b.ighu resistances encountered at low Reynolds mm-
bers. Therefore, it is suggested that the mathematical analysis should
be tested with several sets of t{iapersed and continuous phases. It is

recommended that a wide range of viscosities be represented by the select-

ed phase sets.




" APPENDIX I

CALCULATEL DaATA

Table 4, Couparison of Film Ccefficients for a Solid Spuere
Re =  Reynolds numuer
he = experimentel film coeflicient (cal./sec.cm2 °¢)
hc2 = film coeflicient fiom eguation 3
hg2 = film coefficient, from Figure 8
hf = free convection coelFicient From Fisure 9
Run Re o i w! f
NO. © Co Co f
1 956G, 83 0.0954 0.1306 0.01804
7 Sub, 7 ¢.1131 0.1457 0.02156
6 554 .5 ¢ 1057 0.1408 0.0L1766
1.0 sl .2 G.11TH v, 1480 U.01283
2 525.2 0.07h29 G.1214 G.1506 0.02236
8 503,y 0. 1020k 0.121% 0.1ldg2 C.52229
12 b53.2, 0. 0251 U. 1263 0.1545 0.02422
11 k3o G.1233 O, L fg G.02356
5 hyl,0 0.033838 ¢, 1196 0.1433 0.02322
16 Y. 5 0.01865 1306 0.1571 0.02485
15 396.7 0.61265 U, 1379 U.,1610 0.02607
17 354.7 C.oloko 0.1325 541546 0.024k19
9 352. 5 C.01288 U182 0.1493 0. 02205
13 351.8 0.01312 0.1331 0.1536 0.02601
15 34c.3 0.0L254 U.1532 0.1572 0. L2559
19 359.5 G.01261 0.1358 0.1502 0.02655
21 32h.3 0.008Ly G.1h2y 0. 150y 0.C3085
26 314.C U. 00861 0.1359 U.1569 U.G2750
23 307.4 0. 0085 0.1425 ¢.1543 C.03204
24 300,56 O.0GTLL UL 1hET . 1o2h G.3550
1h 298, 7 0. 005835 U.1395 0.155h U.02h8s
4 2027 0.UCT59 V. 1375 . 1530 GL.025382
3 28,2 0.00b1y G 13k G.1455 0.0253%
o2 280.4 0.00622 U, 1466 0. 1615 C.03153

3l




Internnl Coefiicients for Solid

Tayle 5. Gunere znt Circuloting
Drop Models
oy 2o
3! - c¢al,/sec.cum, C
B . Internal coefliciznt for rzdisl conduction
Yl &2 = o
necianlsm
g ' internal coefficient for internel circulatien
3& % = echanisn
Run .
5. Pay 4 “ay 4
1 0.00045 0.007242
2 0.U04 39 U.UG53T1
3 G.003675 0.003425
Yy 0.003617 U.003342
5 G.ookh 1T G.005142
6 0.005136 G.oub2Th
7 0.00333 G.uCHLLY
8 0. 004501 0. 005190
9 0.003042 C.CO4L2
» G.OULB6S ¢ $. 005352
1 0.0Gk257 0. COBOLS
12 GO0 16 0. 00k6EY
13 - T 0.003928 0.203928
14 0.003583 0.003225%
15 0.003765 0.003663
15 0.304153 0.0ChL T8
17 0.003963 0.004196
18 C. 003959 0., 003945
19 0.003915 . 0038LS
20 0.003635 C.003368
21 G.003619 . 003269
P2 L iRJ320h GaoueTes
23 G.003338 UL.OU319T
2k 0.003477 0. 00293
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Tsbhle 5, Dinmensionless Croups Rejuired for Calculations

o Re Pr e Lre. Cp

1 490,83 £ 7h 2.7 0. 0934 1.59

2 92,2 L. 26 0.83 G uO6H 0.633
3 283.2 b.oeh o, 0.30 L0021 0.754
L 2927 h.00 G.34 0. 00202 G. 788
5 hy1.0 4,7k 0. 74 L. 0056k 0,71
6 664 .5 hooly 1.37 CL0L230 C.6hh
7 6l .7 h.52 1.33 CL0L150 0.633
8 5G3.5 b3 U, Bu 0. 60599 0.630
9 382.5 h.21 .53 G.u0352 ¢.7385
1G 3%4.2 4.51 1.08 &.00913 U.6975
11 Liz.l i ke .69 0. 0045 G.711C
12 5502 3.96 0. 64 0.00436 0,708
3 351.8 b0 045 0.00281 0.7545
14 293, 7 3.7% .35 0.00150 0. 7870
15 346.3 3-75 G k2 0. 00251 G. 7580
16 440.6 3.82 U.57 2 038U 0.7160
17 3Eh .4 3.91 0.45 0. UU3L3 . 7500
15 398:7 3.46 U5 0. 06267 0. 73600
19 352.5 3.77 0.43 0.00251 0.7520
20 3iL.0 3.79 0.36 0. 00207 0. 7760
2L 324.3 3.53 G.35 0.00154 U, 7730
20 250 3.51 .20 0.00137 0.8002
23 3@7.3 3.62 .33 G.001583 UL B2
2h 350.6 3.46 CL3l u. 00162 C.7870




LPPENDIX II

B&MPLE CALCULATIONS

Theze calculations are Based on run hwber 3.

-

Lata are from Table 7 and Appendix IIT.

Dron dlameter
Avg. tbemp. of the oil
Avy., temp., of the water bath
Temp. of inlet oil
Temp. of outlet oil
Flow rate, disversed pnase
Density of oil, (od
Specific heat of oil, de
Viscosity sf.qii, . **d
Thermal diffusivity of oil, Oy

Thermal conductivity of oil, kg
Density of water
¥ :/ac

Specific heat of water, CUC

&

Viscosity of water, M

2

Interfacial tension,

Thermsl conductivity of
water,kc

LY

=

=

¢.2800cn,

45.71 °¢
41.72 %

50.73 °c
41.28 °c

3.167zrms. /sec.
O.dEEbgrms./cm.3

G 4T60grm. cal, fern. °¢
G.27Tdyne sec./cm.2
0.000T738cm? /set.
0.00031295¢rm. cal. /sec.cn. °C
0.9916grms . fom. 2
O.9?87grm.cal./grm. °c
0.006356dyne sec. /.

41.20dynes fcn.

0.001508grm. cal. /sec,cm, °C

34
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Table 7. Average Prdﬁérties Reguired for Calculations

50

mun 4 d. ta Avg Avg, 1
No. em cm. em/sec. °C/sec. 0i1’c Bath’c °§
1 0.5850 0.h289 12.10 1.207 h1.17 35.51 5.26
2 0.3405  0.41h0  10.07 1.075 46,88 41,16 5.72
3 0.2381  0.41ko  7.8%  0.854 47.33 41.37 5.96
h 0.2312  0.4049  T7.76 0.880 49, 4. 23 5.63
5 0.2365 0.4313 9.65 1,301 43,17 35.86 7.31
6 0.4282  0.4507 11.52 1.086 39.35 23.94% S.h41
7 0.41%5  0.4220 11.48 1.411 4h, 84 38,0k 6.80
8 0.3335 0.4165 9,90 1.091 46,17 40.4T 5.70
3 0.2800 0.%13¢ 8.75 0.724 45,71 4i1.72 3.99
10 0.3750 C.4160 10.82 1.823 L7.23 38,22 9.01
1 ¢.3122  0.41%1  &.51 1.356 46.83 35.2k b.52
12 C.PG55 0.4023 0,30 1.073 50.59 44,85 6.10
13 0.2572  0.4029 8.1 1.157 51.02 4k 11 6.91
14 0.2262 0.3936  T.71 0.703 S51.41 47.11 %.30
15 O.24h8  ©.3951 8.18 0.973 53.26 47.66 5.60
16 G.284k9  ©,3951 9.08 1.077 52.72 L6.57 6,15
17 0.2676  0.h40ol3 8.62 0.913 50.71 k5,52 5.19
18 0.2550 0.388 8.43 . 1.006 57.99 52.20 5.79
19 0.2512 0.4292 8.32 1.171 54,07 47.35 6.72
20 C.2328 0.3959 7.88 1.231 54 .64 47.01 7.63
21 0.2263 . 0.3880 7.85 1.197 58. 34 $0.95 7.39
22 0.207C 0.3853 7.38 1.377 60.31 51.22 9.09
23 0.2228 0.389¢ 7.72 1.425 58.31 k9. 66 8.65
ol 0.2135 0.3837 7.56 1.652 62.60 52.18 10.42
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e APPENDIN ITX

PHYSICAL PROPERTIZS OF ThHE PHASES

Table 9. Physical Properties of Merusol

Temp, k C S
o x10% . P x10%
36 3.1483 0.4585 7.820
38 3.1445 0.4698 7.807
4o 3.1405 5.4711 7.792
ko 3.1368 0.b727 T7.775
Ly 3.1326 04745 7.758
46 3.1285 0. 4763 7.735
48 3.1245 c.h782 7.710
50 3:1205 048600 7.685
52 3.1165 0. 4G22 7.655
54 3.1122 o ¢.48uo 7.628
56 3.1¢80 " £, 4860 7.595
58 3.1040 6.488 7,550
60 3.1060 0.4200 7.528
62 3. 0960 0.4320 7.490
64 3.0920 0. hgle T.455
66 3.0880 C.hob2 7.420
68 3.0838 0.4282 7.382
70 3.0860 0.5000 7.3k45
k = gra.cal./sec.cm °C
C.. = groncal. /zem. °C

P

2
(4 em /sec,

Tie values of the therwal conductivity snd the specific

neat were determined from the literature (15).
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Tznle 10, Physical Properties of Heruscl and of Water

‘am . o P‘ . /D

o¢
36 © he.62 0.8583
38 La.2hy 0.4072 0.8571
40 ho,12 0.3630 0.5539
Lo 41,88 0.3300 0.5548
hy Ly.70 o J.3G00 0.8539
L6 Li,k6 0.2740 0.8524
48 41.26 0.2500 : 0.8513
50 hi,08 0. 2270 C.5501
52 40.85 0.2050 0.8489
5l 40.72 0.183¢ 0.847
5 40,57 U.1660 0.8466
58 40,3k 0.1520 0. 8454
60 40. 27 G, 140U 0.8442
62 4o, 12 0.1290 0. 8430
6l 39.98 ¢.1190 0.8418
66 395.54 =, 1100 C.8L07
68 32.70 \ 0.8395
70 39.57 ’ 0.838
O .= dynes/om.
M= cmgfﬂac.
P = grm./cm.3
Toe ovpeicnd propertizs of ueter uirve sbhiained Tras
the literature, follows
Viscoulhy (16) p. 374
Lersity (16} p. 175
Specific heat (16) p. 225

Thermal conductivity (16) p. 459
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