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I ABSTRACT

The rates of heat and mass transfer from equilibrium.nqn-Spherical
n-heptane drops in an air stream have been investigated. Two types
of drops were produced, one wetting the supporting tube and ancther not
wetting the supporting tube. The dreps ranged from 0,005 to O;OOS £t
in diameter. WMeasurements were made at bulk air velocities between
2 and 8 fps, with an air temperature of 100°. A semi-empirical relation
teking into account the deviation of drop shape from spherical leads
tc a satisfectory correlation of data with those obtained by other

investigators for spherical drops.



I INTRODUCTION

Bangmﬁir {1) investigated the rate of evaporation from small
spheres of iodine and found that the time rate of change of surface
area is constant. Fuchs (2) considered the evaporation of sm&llf
spherical drops of a material with a vapor pressure low relative
to the total pressure in a stationary gas atmosphere and extended
the theory to include the cases of finite vapor pressure, lowering
of the drop temperature due to evaporation, limited evaporation space,
and the non-stationary process., Langmuir's results (1) were a special
case in this treatment, Bradley, Evans, énd Whytlaw-Gray (3) found
that the behavior of small drops of dibutyl phthalate and butyl stearate

followed the predictions of Fuchs (2) at low pressures,

AThere is a relatively small amount of information available
concerning simltaneous heat and mass transfer from small, isélated
droplets at finite air velocities. Much of the previous work has
been with drops of & fluid of low volatility where the mass transfer
. process is preddminant. Froessling (4) treated the evaporation of low=
volatility drops in a moving fluid both theoretically and experimentally.
4 e developed & relation giving the Nussgelt number as a function of

the Reynolds number and Pranditl number,
(1) Nu= £ + B(Re)® (Pr)°

The dimensionless mass transfer group analogous to the Nusselt number
the Sherwood number) is given as a similar function of the Reynolds

number and Schwmidt number,



(2) sn = A + B (Re)*(sc)P

The values for the constants in equations (1) and (2) vary somewhat,

different investigators obtaining slightly different values.

The evaporation from drops has been considered in some_detail
from a theoretical standpoint. Four simultaneous, partial differential
equations may be written to describe the processes involved (Appendix).
A general solution of these equations has not been found at the present
time. Solutions exist_for a number of special cases, In genéral, the
complexity of the resulting expressions has limited the utility 6f
this approach. It is possible to demonstrate from these equations

that at zero velocity,
(3) Mu = Sh = 2,0

which is in agreement with the observations of many investigators.

Heat transfer from spheres has been investigated in some detail,
both theoretically and experimentally. Johnstone (5) presented a
solution for the Fourier--Poisson equation for heat transfer to spheres
in a moving sluid, assuming irrotational flow and the existence of a
velocity potential. The experimental values obtained by Johnstone (5)
and others are somewhat lower than those predicted from the theory.
The effect of turbulence on heat transfer from a relatively large

sphere (0.5 inch diameter) has been imvestigated in some detail (§).



The most recent work involving simulteneous heat and mass transfer
from spheres is that of Ingebo (7) and Ranz and Marshall (8). Ingebo
studied equilibrium drops formed on e pith sphere., Fluid was injected
into the sphere to maintain a wet surface. Drops of a number of
different fluids were investigated and the heat transfer data obtained
were correlated by the following relation:

(4) Nu = 2.0 + ré®°

56°° (.203) (K,/X,)

The rate of evaporation from drops is determined from sn energy balance
P T gy

for the drop, using equation (4).

Ranz end Marshall (8) were primarily interested in water drops
and considered the effect of dissolved materials in some detail, The
water drops were suspended on a thermocouple and liquid was added to
the drop by means of a small glass tube in order to maintain the drop
at constant size, Renz and Marshall used the correlation of Frdessling
(4) with modified constants:

<50_+33

(6) Nu = 2.0+ ,600 R6 Pr

050

(6) Sh = 2.0 + .600 R&° §8°°

The evaporation of pure liquid drops involves heat transfer to
the drop by conduction, convection and radiation. In addition, the
energy associated with the material added and removed in évaporation
must be included in the energy balance., A simplification of treatment
results if the drop is maintained at comstant size. Non-equilibrium

mass transfer from hydrocarbon drops has been considered from a



theoretical standvoint (9).

Recent work has indicated the peossibility of resisbtance to ﬁass
transfer at the surface of the drop (10). This may prove to be
important in convective transfer, but experimental verification depends
not only upon refinement in experimental techniques hut also upom a

more complete understanding of local behavior across the transfer path.



ITT APPARATUS

The apparatus was designed for the study of isolated, equilibrium
drops in 2 contrelled eir streem. The drops were supported on small
glass or steel tubes in the air stream. Liquid was passed through a
feed line from the injector into the drop in order to maintain the drop
at essontially comstant size during the measurements., The liquia in the
injector was displaced by a plunger that was driven through a gear train
by e variable speed motor, the speed of which could be accurately

eontrolled and measured,

The air was supplied by a centrifugal blowsr which brought éir.in
from cutside the building. The blower was equipped with a variable speed
drive. A venturimeter was used %o set air mass rates that corresponded
to noﬁinal hulk velocities based on average laboratory conditions of 2,
4, 6, and 8 feet per seccond at the test section. During the course of

a run, the air mass rate was held constant to within 0.4%,

The temperature of the air was controlled by several fixed end
adj@stgble electric heaters, as well as by a thyratron-supplied control
heater which was actuated by means of a platinum resistance thermometer,
In order %o reduce temperature gradients in the air stream, adjustable
heaters were wound on the ocuter surface of the air duct dovmstream
of the air heaters. In addition, it was found that temperature
gradients had developed in passing through the rather long duct from

the blower to the drop apparatus. ITn order to compensate
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for this, several heaters were provided that added varying amounts of
heat to different parts of the air stream, as determined by a temperature
traverse ag tﬁe outlet section. These precautions were sufficient to
reduce the temperature gradients in the air stream within a two-inch
radius of the drop to less than 0.3 degree per inch. Air temperatures

were measured with calibrated copper-constantan thermocouples.

Turning vanes wers located in the two elbows of the air.duct
immediately upstream of the test section. Straighbtening vanes were
placed ahead of the converging section. A veloclity traverse of the
air stream at the test section (converging section discharge) using a
hot-wire anemometer showed the velocity profile was uniform across the
channel within 5% up to 1/4 inch from the wall. The level of fturbulence
was found to be low with the root mean square of the fluctuating

velocities amounting to 1.3% of the air bulk velocity.

The drop support tube was mounted on steel tubing having an
airfoil section., The airfoil could be moved in three dirsctions in
the air stream by means of a traversing gear. Two additional fittings
were provided on the airfoil for pitot-tube connections. Various
sample tubes were used during the course of the work., Probably the
most satisfactory was a glass tube (diameter approximately 0.01 inch)
with a flare on the end formed by blowing a small sphere and grinding
aﬁay most of it by careful hand lapping. A calibrated l-mil, platinum-

constantan thermocouple was used to measure drop temperature.

The portion of the injector conteining the fluid was immersed

in an apgitated oil bath, the temperature of which was controlled



within 0.1°F. Particular care was taken in thermostating the feed line
from the injector to the drop support tube since considerable difficulty
had heen experienced earlier from drift in the temperature of the fluid
in the feed line. A heater was wound on a large tube which serveq as a
thermostat for the smaller feed tube., 0il from the injector bath was
eirculated in the annulus between the tubes. A4 differential_themnocouple
located at the extremes of the line was used in the adjustment of the
heater wound on ‘the larger tube, These precautions were apparently

adequate for reproducible data were obtained subsequently,

A variable-ratio gear box, located between the motor and'injeotor,
provided five reduction ratios from 1:1 to 1:625 in multiples of five.
The speed of the injector drive motor could be controlled and measured
to 0.1% over a range of almost 10 to 1 in speed. A detailed description
of.thé motor control is to be found elsewhere (11) and only a brief

descripbion will be included here.

The time standard used in the motor speed control was a 100-kilocycle,
crystal-controlled oscillator which has 2 precision not less than 0.02%.
The‘loo-kilocycle frequency was divided by ten electronically, and a
10 kilocycle timing standard was supplied to the predetermined counter.

The predetermined counter consisted of four decade scalers and would
count any predetermined number of pulsss from 1 to 9999, furnish an
output pulse, clearing and resetting automatically. In this manner,
timing pulses from around 1 per second to 10 per second could be
obtained with a precision not less than 0.1%. These pulses were
broadened and supplied to a servo amplifier that controlled the spead

of the injector drive motor.



The shunt field of ths direct-current compound-wound motor was
supplied from a constant 110-volt-direct-current source. The armature
current was supplied by a thyratron power supply which served to
control the speed of the motor. A photocell was illuminated through
a robating spiral on a Imcite disk, The output voltage of the
photocell varied as a function of the angular poesition of thé disk,
This voltage was supplied to an electronic clamp thet wes actuated by
the previously mentioned timing pulses. The output of the clamp
controlled the sPeed'of the motor through the thyratron supply. Iﬁ
operation, the thyratron supply maintained the motor at essentially
constant speed, With varying load, the disk received angular
displacement so that more or less light fell on the photocesll at
the timing pulse and the power input to the motor was suitably
adjusted, automatically. Like all such mechanisms, the error iS
reduced if a substantial portion of the power input is controlled
manually. This reduces the range of automatic control, buﬁ greatly
imnproves the sensitivity, essentially eliminating hunt. The motor
can control perfectly at multiples of the desired speed. The operator
can easily tell if this is happening, however, emd take remedial
action, that is, change the setting on the manual power control for
the motor. A neon light that was actuated by the timing ﬁulses
11luminated markers on the Lucite disk enabling the operator to

determine whether the motor was controlling properly or not.



- 10 -

Unlike most of the previous studies of eveporation from drops,
the drops in this investigation deviated substantially from spheres.
As a consequence, the photographic equipment is particularly important.
The drops were photographed on fine-grain cut film with a lens egtension
that gave a megnification of 5 %o 1 on the film., Additional maghification
was secured in photographic enlargement of the date negatives and in
comparator measurements of the drops from the negatives, A tube, the
diameter of which was known %o O.S%}was photographed simultanecusly
with the drops thereby furnishing a convenient scale. An electronic
flash unit was used as the light sourcee for the phobtography since it
hes & very high peak intensity with extremely short duration
(approximately 100 microseconds)} thereby minimizing the effect Qf any
motion of the drop and likewise minimizing heat transfer ty radiation
fron the photographic light to the drop. Best results were chtained
using transmitted rather than reflected light, since surface
reflections were less troublesome and the light was more efficiently

utilized.
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IV EXPERIMENTAL PROCEDURE

The air supply and thermostats were started several hours hefore
the actual measurements were to be made, in order for the apparatus
and the room to approach thermal equilibrium. Tt was desired to
maintain the room as near air supply temperature (100°F) as possible,
The room temperature was usually approximately 97°F during the
measurements, When the thermostats and air supply had been adjusted
to the proper conditions, observation of the drops was camenced.

The drop was observed through a telescope and when growth héd
apparently ceased, usually less than a minute after removal of the
previous drop, the drop was photographed. At least three separate
drops were photographed for s=ech condition. The three drops contained
on a single negative were all ordinarily made in a ten minute period.
Additionel measurements under presumably identical cenditions were
made on subsequent days, in order to verify the reproducibility of

the data,

The experimental results are summarized in Table I, In some of
the tests, the sample tube was coated with a material (perfluoro-
octanoic &cid) not wet by hydrocarbons, Figure 8 is an enlargement
- of a typical data negative obtained using this agent. This can be
compared with a wetting drop shown in Figure 7. There is some doubt
as to where the wetting drop ends which contributes somewhat to the

uncertainty in the area measurements for these drops.

Drop surface areas and volumes were estimated by graphical

integration of enlarged prints of the data negatives and by graphical
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integration of plots made from ccmparator measurements of the negatives.
Satisfactory agreement was found, although the latter technique is
thought to be more accurate. The comparator measurements of the drops

considered here have been published (12).



V RESULTS AND DISCUSSION

The Sherwood number was calculated from the following relation:

6 m P°ok

Po Dy Ty

(7) Sh =

This expression assumes mixtures of air and n-hepteane to be ideal
soluticns, The fugacity of n-heptane was evaluated from the Benedict
equation (12) and is accurate to 1% for the reange of temperature of
interest heres, The other properties of n-heptane required in the
calculations were obtained from Rossini (13), Substitution of partial
pressures for fugacity results in the conventional expression fof the

Sherwood number, The assumption of perfect gas behavior is then involved,

The Reynolds number was based on free stream ccnditions and

maximum drop dismeter as given in the following equation:

D U
v

(8) Re =

The properties of air were obtained from a recent revue of the
litérature (14). The Schmidt number was similarily based on free=

stresnm conditions using the following approximate relation:

(s) Se =-*-gi
v

Derived data, including the Reynolds, Schmidt and Sherwood numbers

are listed in Table 171,

The drops investigated varied greatly in shape from oblate spheroids
to distended pendant shapes. For a low level of turbulence, the Sherwood

number was postulated to be a linear function of the sphericity
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and the height-diameter ratio of the drop.
' B0 33
(10) sh = (2 + K3Re Sc ) [1 - Ka(l - M] E + Ko \1 -—Ig-”

Statistical methods were used to evaluate the constants, the following

constants resulting in a standard error of estimate of 4.9%:

(11) K1 = 0054:4‘
Ks = 0.371

Equation {10) can be written to show the relationship between the

rate of evaporation and the sphericity.

m She Sh

(12) —_— = = -
Moy Shyly (2 + 5aRE°56%)

1- .71 | --%ﬂ

— e

Figure 9 illustrates the effect of drop sphericity on the rate of

evaporation,

Similarily, the following expression indicates the relation between

the rate of evaporation and the height-dismeter ratio:

m She She

(13) = =
Mg /D=1 Shy /=1 (2 + .544r8%%5%%) [l + 1,147 (1 - A ﬂ

'Figure 10 shows the effect of H/D on the rate of evaporation. Both
Figure ¢ and Figure 10 show increasing evaporation rates with increasing

deviation of the drop shape from spherical,

The drop temperatures measured with the 1 mil platinum-constanten

thermocouple range from 62°F to around 65°F, the lower temperatures being
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obtained with the larger drops. A number of investigators have found

the drop temperature to be equal to the wet bulb temperature for the

given fluid, within the accuracy of their measurements. The correlation
of Ingebo (7) between psychrometric data for water and varicus fluids
leads to a calculated wet bulb temperature of 60.6°F for n-heptane.
‘Approximate calculations using heat tramsfer coefficients of McAdams

(18) indicate that the spread in measured drop temperature may be due to
the conduction of heat to the junction in the drep. This is substantiested
by the apparent temperature gradient measured in the drop. Thex
agsymmetrical gradient measured oan be accounted for by the diffefence in

thermal conductivity between platinmum and constantan.

An energy belance can be written for drops that are maintained at
-constant size by equating the latent heat transfer with the sum of the
heat transfer by convection, conduction, and radiation. The loss in
latent heat is given by difference in enthalpy between the liguid and the
vaper leaving the drop. Heat transfer by radiation is sméll in this case,
representing approximately 1% of the total heat transfer. On the other
hand, heet conduction in the drop support tube amounts to about 13% of
the total, since the tubes used were large relative to the drop diameter.
Additicnal date concerning the temperature gradient in the support tube
‘are desirable in order to apply a suitable correction. In view of the
uncertainty arising from this source, correlation of heat transfer data

has not been undertaken.

Figure 11 is a plot of the mass transfer data, reduced to spheres
by Equaticn 10, compared with the correlation of Froessling (4) and Panz

and Marshall (8) for spherical drops. The data fit equation (7) with
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'7

a standard deviation of 4,87% in Sherwood number. Use of different
constants and a different exponent for the Reynolds number results

in an improved fit forthese data.

(14) Sh = (2.0 + .356 Re*"%5c*>%) [1 +2.292 (1 - ):H-_l - |1 - |]

A standard deviation of 4.4% in Sherwood number was obtained using this

relation for the data covered by this thesis (15).



‘VI CONCLUSIONS

The experimental data obtained with non-spherical n-heptane drops
correlate with those obtained by other investigators for spherical drops
when deviation from spherical shape is: taken into account as given by the

following expression:

(10) Sh = (2 + .544Ré5983%%) [1 - 1,147(2 -7\)] [1 +.371 |1 --%—[l

The main source of error is probably in the determination of_the
surface area and volume of the drop. This uncertainty leadg.to é.probable
error of approximately 1% in Sherwood number. The average standard
deviation in a group of data taken under similar conditions was less than
1% in Sherwood number. The precision of the data is believed to be
substantially higher than the fit in the correlation used indicates
(standard deviation of 4.9% for experimental data from equation (10) ).
The macroscopic nature of the basic correlation probably presents a
limitation. An approach, preferable from the theoretical standpoint
to use of the two given geometrical factors, consists of assigning
relative weight to various areas éf the drop in conseguence of the
varying effectiveness in evaporation., This can be approached by
consideration of the boundary layer surrounding the drop, For example,
it is reasonable to expect the leading edge of the drop to be most
effective in material transfer since the laminar boundary layer is of
minimum thickness at that point, Consideration of transfer effectiveness
over the surface of the drop should ultimately permit more accurate

prediction of evaporation from drops of varying geometry.
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FIGURE 7 -~ WETTING DROFS
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FIGURE 8 = N{O=WETTING DROPS
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APPENDIX

A set of four simultaneocus, partial differential equations
expressing the heat and mass transfer from drops can be developed -from
the boundary layer equations of Froessling (3) for a blunt-nosed solid
of revolution, These can be expressed as follows in dimensionless

quantities:

( 1\t 2fz= _@_E)+ 1 lsineaT - Yy 2T V., 37 1)
Pr Re/{ R® R 2R R%sin6 OR de 2R R - D8

(ENFRGY BALANCE)

' 1 1 T \
Sc Re PAL R® 3R 2R’ RRsine 39 ) 2R R 96

(MATERIAL BALANCE)

o
o Mg, 2%, . _L 22,1 3V, (3)
R ar R 26 Re @ R®

(FORCE BALANCE)

1 . .

- Sg-(R sindv,) + 3%-» (R sinev,) = O (4)

(EQUATTION OF CONTINUITY)
with the boumndary conditions
T =P, =0,V =7V =0, atR=0.5

T

[}

P, =1l.0at R =005 V_= v;/vc, at RyA/D

where A is the thickness of the boundary layer,

A general solution of this set of equations has nct been made.

Solutions have been found for special cases. The nature and extent of
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the simplifying assumptions involved together ﬁith the complexity

of the resulting expressions has limited the utility of these solutioms.
At zero velocity, it can be demonstrated from the foregoiﬁg equations
that: | ;

Nu = Sh = 2,0 (5)

This indiecates that the rate of change of surfase area with respect to
time for transient state evaporation of pure liquid drops is constant

at zerc velocity. This is in agreement with the experimental déta*of
many investigators., For finite velocities, a number of solutions have
been proposed, involving different assumptions., Most of these solutions
have failed to agree with equation (5) at the limiting cese of zerc
velocity. The complexity of these solutions in view of the simplifying
assﬁmpﬁions inﬁclved in the derivation precludes their consideration

here.
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X NOMENCLATURE

A Surface area of drop, ft®

D Maximumrdiameter of drop, ft
Mass diffusivity of n~heptame vapor in air, £t%/sec
Fugacity of pure n~heptane, 1lb/ft3

Convection heat transfer coefficient, Btu/ssc £+? °p

Thermal conductivity of air Btu/sec £t YF

D
v
£
v
h
c
H Height of drop, £t
L
K, Thermal conductivity of vapor, Btu/sec £t °F
M

Rate of evaporation from drop, 1b/%ec

Nu Nusselt number = —%—Eﬂ—
P Pressure, 1lb/ft? :
Cy B,
Pr Prendtl number = _EKEQ;
R Dimensionless radial distance =-%—
Re 'Reynolds number = E/U
Sc Schmidt number based on mass diffusivity of vapor #-§3/
Sh Sherwood number, defined by equation (7) Y
t Temperature, °F
T Dimensionless femperature = -%;s—%i—
U Undisturbed air bulk velocity, ft/sec
v Volume of drop, £t2
V} Dimensionless radial velocity component

Ve Dimensionless angular velocity component
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NOMENCLATURE (CONT,)

Greek Letters

A Shape factor =%

A Thickness of boundary layer

] Total pressure

v Kinematic viscosity of air, ft%/sec

<] Angular coordinate measured from axis of drop
2 Sphericity =—‘2—§_—-

Py Density of air, 1b/Pt®

Subscripts

i at the interface

0 in the main stream
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