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Experimental information concerning material transport
from spherical surfaces is extensive. Morse (29) studied
the sublimation of iodine to a gas stream, and his work
formed the background of Langmuir’s development (21) of a
classic expression to describe evaporation from spheres to
stagnant air. Frdssling (8, 9) studied experimentally the
evaporation from drops to a flowing gas stream and also
developed theoretical analyses of such a process. Hsu
(14) investigated the effect of the shape of a drop upon its
rate of evaporation, Linton and Sherwood (24) studied
mass transfer from solid shapes to water.

Ingebo (16, 17) investigated the evaporation from cork
spheres. Powell (31) studied the transport of water from
linen and vellum-covered spheres, cylinders, and plane
surfaces. Maisel and Sherwood (26) also studied material
transport from these solid shapes. Ranz and Marshall (32),
Bedingfield and Drew (1), and Hsu (I4) found the wet-bulb
temperature of drops to be relatively independent of the
Reynolds number of the flow. However, the evaporation
from drops as studied by Ranz and Marshall (32), Fr8ssling
(9), and Hsu (I14) is a different process from the evapora-
tion from spherical surfaces as studied by Ingebo (16, 17).
In the case of drops there is a marked internal circulation
(15); in the case of porous spheres, it is only as the result
of conduction and relatively slow radial migration of the
evaporating liquid that energy is transported from one part
of the sphere to another., For this reason it is to be ex-
pected that much larger temperature differences would
exist, from point to point on the surface of a porous sphere
from which a liguid is evaporating, than are encountered in
the case of a drop, particularly if the porous sphere is
composed of a material of relatively low thermal con-
ductivity.

The effect of level of turbulence upon the rate of evapo-
ration has not been studied in great detail. Maisel and
Sherwood (27) studied the effects of level and scale of
turbulence upon the evaporation from cylinders and spheres
and found a significant effect of the level of turbulence
upon the transport rate, Comings, Clapp, and Taylor (4)
studied the effect of induced turbulence upon material
transport from a cylinder. They also found a marked in-
crease in transport with an increase in level of turbu-
lence.

For the present investigation a porous ceramic sphere
0.5 inch in diameter was supported upon a small tube
through which n-heptane was introduced. The experimental
measurements were made in two parts. The first part in-
volved the evaluation of the surface temperature of the
ceramic sphere as a function of polar angle, velocity, and
level of turbulence of the flow of air, and included the
evaluation of the rate of evaporation of n-heptane as a
function of these variables. The second part of the ex-
perimental measurements comprised a more extended in-
vestigation of the rate of evaporation of n-heptane as a
function of the velocity and level of turbulence of the
flow. Measurements of the rate of evaporation were made
at levels of turbulence between 0.01 and 0.15 fractional
longitudinal turbulence for air stream velocities betwesn 4
and 32 feet per second. The level of turbulence is ex-
pressed in this paper as the ratio of the root-mean-square
of the fluctuating longitudinal velocity to the average
macroscopic velocity of the stream.
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ANALYSIS

The methods of analysis used by Fr8ssling (9), Ranz
and Marshall (32), Hsu (I4), and Schlinger (37), which
apply an energy balance to the evaporation of liquid from
the surface of a sphere, were followed. Under steady
conditions, the local energy balance at the interface is
expressed by:
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Negative signs arise from the convention that the evapora-
tion from the interface constitutes a negative weight rate
of flow. Equation 1 is based upon the assumptions of local
equilibrium (19) at the transport surface and ideal solution
in the gas phase (22). The total thermal transport to the
sphere results from the energy addition by conduction through
the boundary flows of the air stream and through the sup-
porting injection tube, as well as from radiation, as indicated
in the following expression:
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Following the vectorial convention, Q is a negative

quantity when the thermal transfer is to the surface. The
radiant transfer was evaluated from the emissivity coef-
ficient recommended by McAdams (25). In most instances
the radiation amounted to several per cent of the total
energy transport (3). The remaining transport by convec-
tion was somewhat below values reported by McAdams (25).

In Equation 2 subscripts ¢t and w refer, respectively, to
the injection tube, and the thermmocouple wire contained in
the supporting tube, Subscript I refers to liquid n-heptane
under the conditions existing in the injection tube. The
values of the several terms set forth in Egquation 2 are
available (3).

The Nusselt number for convective thermal transfer is
defined by
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Combination of Equations 2 and 3 and utilization of the
concept of potential theory for the flow external to the
boundary layer (9) results in

Nu = ¢ (Pr,Re) = 2[1 + KPr’ Re”] @

The analogous dimensionless function for mass transfer,
the Sherwood number (34), may be defined as

P

Sh=m.! =2m,r

M,k M,k

)

In the case of material transfer from spheres, the following
expression may be used to evaluate the Sherwood number
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for a binary system if fugacity is used as the driving

potential for diffusion:
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Equation 6 also assumes that the gas phase is an ideal
solution (22). The minus sign in Equation 6 arises from
the sign of the logarithm in the denominator. Strictly
speaking subscript k or other component designation should
always be used with the Sherwood number. However, in the
interest of simplicity it has been omitted in this discussijon.
In this analysis the force-length-time system of dimensions
was employed,

Total rate of evaporation from a sphere may be predicted
to a reasonable degree of approximation from
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The relationship shown in Equation 7 is similar to the
expressions developed by Fréssling (9) and used by Ranz
and Marshall (32) and Hsu (14) to systematize the experi-
mental data for the evaporation from spherical drops.
Equation 7 permits the rate of material transport to be
predicted from the molecular properties of the phase and
the conditions of flow., In Equation 7 fugacity (23) is
assumed as the driving potential for diffusion of component
k in the gas phase adjacent to the surface of the sphere.
The choice of fugacity as a driving potential is based upon
simple treatments of the principles of irreversible thermo-
dynamics (10), which do not apply at a distance from
equilibrium. However, it has been found experimentally
(36) that for hydrocarbons the Maxwell diffusion coefficient
can be used satisfactorily with fugacity as the driving
potential rather than partial pressure. Since fugacity was
employed as the driving potential in the basic measure-
ments used to establish the Maxwell diffusion coefficients
(36), it was adopted as the driving potential for this discus-
sion, It is assumed that the phase is an ideal solution (22),
but not necessarily a perfect gas.
For the purposes of this discussion the Reynolds number
is defined as
dv  2:U
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Throughout all the calculations the values of the Sherwood
and Nusselt numbers utilized were those computed for the
average conditions encountered at the surface of the sphere
and the values of the Reynolds number were for the condi-
tions in the free air stream.

In calculating values of the Sherwood and Nusselt num-
bers, an average temperature obtained by integration over
the surface of the sphere was employed, The average sur-
face temperature was determined from measurements of the
local temperature as a function of polar angle by graphical
solution of the following surface integral:
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The variations in local surface temperatures were sufficient
to result in a small added uncertainty in the evaluation of
the macroscopic transport characteristics. As noted earlier,
porous spheres, in contradistinction to drops (I15), exhibit
signiiicant differences in temperature from point to point
on the surface because of the lack of intemal circulation
and the variation in local material transport with position.
It appeared satisfactory, nevertheless, to utilize Equation
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9 to evaluate an average temperature and from this, average
transport properties for the conditions at the interface.

In establishing the properties of the gas phase at the
interface, it was assumed that the n-heptane and air form a
binary ideal solution (22). Since the pressure was known,
the composition of the gas phase at the interface could be
predicted as a function of temperature, which varied from
point to point around the sphere.

METHODS AND EQUIPMENT

The air supply equipment produced a stream with a
velocity which could be varied from 4 to 32 feet per second.
Details of the equipment are available (12, 14). The porous
sphere, shown at 4 in Figure 1, was located at the exit of
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Figure 1. Arrangement of porous sphere

a duct, in a vertically emerging air jet approximately 3 by
12 inches.

The undisturbed air stream in the jet showed less than
2% variation in bulk velocity within 1 inch of the major
axis of the jet. At velocities of 4 feet per second, the
local fluctuations of temperature with time were as large as
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Figure 2. Details of porous sphere
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0.09° F. However, at all the higher velocities these
fluctuations were negligible, The average temperature of
the stream was maintained within 0.05° F. of the chosen
value. The average velocity of the stream was known with
an uncertainty of 0.6%. The fractional transverse turbulence
of the undisturbed stream was 0,013, This value was
established from the data of Schubauer (38) used in con-
junction with measurements of the divergence of the tem-
perature profile in the wake of a heated wire,

The level of turbulence in the flowing stream was ad-
justed by placing the porous sphere at several different
positions on the downstream side of a petforated plate,
identical in design to one used by Davis (5, 6). Details of
this grid, shown in a part of Figure 1, are available (35).
Extensions, also illustrated in Figure 1, were provided in
order to permit the stagnation point on the sphere to be
located at nominal distances of 4, 6, 9, and 11 inches from
the downstream face of the grid.

Significant variations in the average velocity were en-
countered with lateral position in the air stream at a
distance of 3 inches from the downstream face of the grid.
However, at greater distances these large scale variations
were substantially eliminated, Variations in the longi-
tudinal and transverse levels of turbulence with down-
stream distance from the grid were based upon the measure-
ments of Davis (6) and are available (35), In relating the
transverse turbulence level measured for the free jet with
the longitudinal turbulence level in the wake of the per-
forated plate, it was assumed that the turbulence in the
free jet was isotropic.

The porous sphere for the surface temperature measure-
ments was prepared from a block of diatomaceous earth and
was machined to a spherical contour within 0.0005 inch.
A hole 0.072 inch in diameter was drilled to the center
of the sphere, illustrated in Figure 2, and a thin-walled
stainless steel tube, B, of approximately the same diameter
was inserted. A capillary manometer, C, in Figure 1,
approximately 0.01 inch in diameter was employed to
measure the capillary pressure of the wetted porous sphere.
A capillary pressure of approximately 40 p.s.i. was ob-
tained. This pressure was highly sensitive to the position
of the liquid interface near the surface of the sphere., A
measure of the pressure at the center of the sphere thus
afforded a convenient means of detemmining when the rate
of introduction of n-heptane was just equal to the evapora-
tion rate at the surface. This technique was similar to
that employed by Schlinger (36).

As indicated in Figure 1 the supporting tube of the
porous sphere was connected to a supply of n-heptane
furnished by a mechanical injector, D, which determined
the quantity of n-heptane introduced into the sphere within
0.1% (12). This made it possible to measure the rate of
evaporation within 0.2% over the range of conditions en-
countered in this investigation. The attainment of steady
state was indicated by the maintenance of a constant level
in the capillary manometer, C, of Figure 1. It usually
required a period of approximately 30 minutes to attain
steady-state operation under a particular set of flow
conditions.

The surface temperature of the sphere was determined
by use of a copper-constantan themocouple 0.003 inch in
diameter set in the surface of the porous sphere, as in-
dicated at E in Figure 2, The porous sphere could be
rotated about the axis of the supporting tube, B, and
rotation of the mounting block allowed angular motion of
the sphere about a horizontal axis, This arrangement
permitted the temperature of the surface to be determined
as a function of polar angle, measured from the stagnation
point.

For the second set of measurements, which included only
measurements of the rate of evaporation of n-heptane, the
same type of ceramic sphere was employed. It was mounted
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on a glass tube 0.03 inch in diameter, which was placed
vertically in the air stream. Copper-constantan thermo-
couples, 0.003 inch in diameter, were located at the center
of the sphere and in the glass tube at a distance of about
0.5 inch from the sphere. These thermocouples permitted
the temperature at the center of the sphere to be determined
and also made it possible to establish the temperature
gradient in the glass tube, In the case of the evaporation
measurements, the smaller glass tube was used in order
to decrease the thermal conduction to the sphere. For the
measurements of sutface temperature, which involved in-
troduction of the supporting tube at an angle to the flow,
the use of a stiffer steel tube as described was necessary
in order to avoid oscillation of the sphere.

All the thermocouples were calibrated in position against
a platinum resistance thermometer of the coiled-filament
type (28). The latter instrument had been compared with a
reference instrument which was calibrated by the National
Bureau of Standards. It is believed that the temperatire of
the themmocouple junctions was known within 0.05° F.
relative to the international platinum scale, However, as a
result of thermal conductivity along the thermocouple wires,
uncertainty in the sutface temperature of the sphere may
have been as large as 0.2° F.

MATERIALS AND THEIR PROPERTI!ES

Values of the physical properties of air and n-heptane
utilized in this study are available (13). The vapor pres-
sure, enthalpy change upon vaporization, and specific gas
constant for n-heptane were taken from the tabulations of
Rossini (33). The isobaric heat capacity of n-heptane was
taken from the data of Douglas (7) and the Maxwell dif-
fusion coefficient for the molecular transport of n-heptane
in the gas phase from the measurements by Schlinger (36).
Uncertainties in the Maxwell diffusion coefficient probably
are of the same order as the experimental uncertainties
associated with the present investigation. The Benedict
equation of state (2) was employed to establish the fugacity

Table I. Smoothed Values of Surface Temperature

Bulk Velocity, Ft./Sec.

Polar Angle, Degrees 4 8 16 32
or=0,013
0 62.6° 62.7 63,7 67.1
45 63.1 63.1 63.8 66.6
90 64.0 63.7 64.0 65.4
135 64.7 64.2 64.1 65.0
180 65.0 64.3 64,2 64.9
o= 0,050
0 62.7 62.8 64.0 68.0
45 63.1 63.1 63.9 67.5
90 63.8 63.3 63.7 65.6
135 64.3 63.6 63.6 65.5
180 64.6 63.7 63.4 66.0
e = 0,100
0 62.7 63,1 64.7 69.3
45 63.1 63.2 64.4 68.6
90 63.7 63.5 64.1 65.8
135 64.1 63.6 63.9 66.3
180 64.3 63.7 63.8 67.4
Ol = 0.150
0 62.8 63.6 65.5 70.5
45 63.1 63.7 65.2 69.7
90 63.7 64.0 64.8 66.0
135 64.0 64.2 64.7 67.0
180 64.3 64.1 64.8 68.9

#Temperature in °F.
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Figure 3. Experimental measurements of surface temperature

of the n-heptane as a function of temperature and pressure,
Thermal conductivity of the gas phase at the interface was
established from information concerning the thermal con-
ductivities of air (30) and n-heptane (25), by use of Hirsch-
feldet’s methods (11) for detemining the transport proper-
ties of mixtures. The transport properties of the materials
of construction of the sphere were obtained from the
International Critical Tables (18). The n-heptane employed
was obtained from the Phillips Petroleum Co., and was
reported to contain less than 0.01 mole fraction of material
other than n-heptane, It was further purified by fractiona-
tion in a glass column containing 16 plates at a pressure of
approximately 7 p.s.i.a. and a reflux ratio of 40, The
initial and final 10% portions of the overhead were dis-
carded. The remainder of the overhead was passed as a
liquid through a column of activated alumina 7 feet in
length under ambient pressures and temperatures. The
purified n-heptane had a specific weight of 42,429 pounds
per cubic foot at 77° F., as compared with a value of
42.420 pounds per cubic foot reported by Rossini (33). The
index of refraction was 1.3852 relative to the D lines of
sodium at 77° F. as compared to a value of 1.38511 re-
corded by Rossini (33) for an air-saturated sample at the
same temperature, To avoid the accumulation of impurities
on the evaporating surface, the sphere was washed periodi-
cally with purified n-heptane,

EXPERIMENTAL RESULTS

The variation in surface temperature with polar angle
and conditions of flow was investigated in some detail.
Smoothed values of the surface temperature are presented
in Table I as a function of polar angle taken from the
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Figure 5. Influence of level of turbulence on local surface
temperature

266 INDUSTRIAL AND ENGINEERING CHEMISTRY

LEVEL OF TURBULENCE =0.013
w
° 700
-
M
W oe7.s
< F— Buitk
-RULk ye
2 Lo¢iry
: L
o SE¢.
S es0 -
w
- ] =
w — e e e
2 2 —’/C,‘
£ e2s = =ﬁ *TER SEC
2
]
30 ) 90 120 150

POLAR ANGLE VY OEG.

Figure 4 Variation in surface temperature in the free jot

stagnation point, of level of turbulence, and of bulk
velocity., Detailed experimental data concerning the local
surface temperatures are available (3). The standard
deviation of all the smoothed data obtained from the ex-
perimental data was 0.37° F. It was computed from the

expression:
) tiexp = liem 7%
a=[.—__._( » = )} 10)
N-1

Relative values of this measure of uncertainty were defined
as the quotient of the standard deviation and the difference
between the free stream temperature and the average ex-
perimental surface temperature. The average value of this
quantity for all the measyrements was found to be 0.006. A
detailed analysis of the deviations of the experimental
from smoothed data is available (3). Figure 3 shows a
representative sample of the experimental measurements of
surface temperature as a function of polar angle measured
from the stagnation point, These data are presented for a
bulk velocity of 8 feet per second and include surface
temperatures for two levels of turbulence. The curves are
from the smoothed data of Table I and obviously are not in
detailed agteement with the limited number of points
presented in Figure 3 but represent the best fit to all of the
surface temperature data available (3).

To illustrate the smoothed data from Table I, Figure 4
shows the variation in surface temperature with polar angle
measured from the stagnation point for the free jet. The
marked influence of bulk velocity is of interest, The in-
fluence of level of turbulence upon the temperature distri-
bution for a velocity of 32 feet per second is depicted in
Figure 5. The effect of level of turbulence is less pro-
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nounced at lower velocities as shown in Figure 3, Under
natural convective conditions significant, nearly random
variations in the surface temperature with time were
experienced, Moreover, an average surface temperature of
approximately 57.6° F. was found for natural convection,
This value differs markedly from those shown in Table I or
in Figures 4 or 5. Such a difference may result from a
reversal in the direction of flow about the sphere under
natural convection, as a result of the specific volume of the
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Figure 7, Effect of Reynolds number on Sherwood number
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gases being lower in the boundary region than in the main
body of the stream.

The magnitude of the variations in temperature from point
to point on the sphere is sufficient to make difficult any
interpretation of an average surface temperature. Table II
records, nevertheless, average surface temperatures ob-
tained by application of Equation 9. Figure 6 shows the
influence of level of turbulence and velocity upon the
average surface temperature, It is apparent that conditions
of flow have little influence on the average surface tem-
perature., The level of turbulence appears to have nearly
as great an effect as the velocity.

Table II includes experimental information associated
with the evaporation of n-heptane. The data are divided
into five parts, The first pertains to behavior in the un-
disturbed free jet and the other four parts to nominal
distances of 4, 6, 9, and 11 inches downstream of the
aft face of the perforated plate, The information submitted
in Table II comprises, in addition to the average tempera-
ture at the surface of the sphere as established from Table
I, the fugacity of n-heptane, the weight rate of evaporation,
the level of turbulence, the bulk velocity, and other in-
formation concerning the experimental measurements. In a
few instances two or more sets of values for a given set of
conditions are included. The Reynolds number for free
stream conditions, the heat transfer coefficient, and the
values of the Sherwood and Nusselt numbers for surface
conditions, computed by application of Equations 6 and 3,
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tespectively, are recorded in Table III for each set of
conditions presented in Table I

By utilizing information from Tables II and III, the in-
fluence of Reynolds number upon the Sherwood and Nusselt
numbers for a constant level of turbulence was evaluated,
Table IV records values of the Sherwood and Nusselt num-
bers for the sphere for a variety of conditions of flow.
Values of the Nusselt number both cotrected and uncorrected
for radiant transport from the sphere are presented. It was
necessary to utilize an iterative smoothing operation,
because the experimental data were not obtained at even
values of the level of tutbulence or of the Reynolds number.
The standard deviation of the Sherwood number was 2.0 and
of the uncorrected Nusselt number 2.2, assuming that all
the error lay in the material and thermal transfer and none
in the conditions of flow. A detailed consideration of the
agreement of the experimental and smoothed data is
available (3).

Figure 7 illustrates the effect of the Reynolds number on
the Sherwood number for two levels of turbulence, The data
of Ranz and Marshall (32), Fréssling (9), Powell (31), and
Hsu (14) are included for comparison, In accorc‘lancle with
the analysis of Fréssling (9), the variable Re’Sc” was
used as the independent variable, in order to obtain a more
nearly linear variation of the Sherwood number with condi-
tions of flow. It was not possible to show the experimental
points obtained in the present investigation because there
was a simultaneous variation in the Reynolds number and in
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Figure 8. VYoriation in Sherwood number with level of turbulence

the level of turbulence for all of the experimental work
undertaken, It is apparent that the data of Frdssling (9)
agree well with the current measurements for a zero level
of turbulence, whereas the measurements of Ranz and
Marshall (32) appear to cortespond with the present meas-
urements at an intermediate level of turbulence, The data
of Hsu (I4) for spherical drops are also in good agreement
with the present data. Powell’s measurements (31) indicate
a larger rate of transport than would be expected for the
level of turbulence estimated from the arrangement of his
air supply.

Figure 8 presents the variation in the Sherwood number
with level of turbulence, using the Reynolds number as a
parameter. The figure shows a marked increase in the
Sherwood number with an increase in the level of turbulence
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Test
No.

200

47
51

199
104-B

104-C

107
104-A

108

106-C

207-A

106~-B

207-B

106-A

208

209
105-8B

206-A
98
105-A
206-B
99
105-C
205
210

203-A
101
203-B

100
103

204-A

204-B

Alr
Presaure, Temp.,
P.S.LA. °F.

14.226 99.9
14,348 100.1
14,270 100.2
14.324 100.0
14.359 100.0
14,245 99.6
14.339 100,2
14,332 100.1
14,390 100.0
14.377 100.1
14.330 100.0
14,300 100.1
14,368 100.1
14,335 100.2
14,372 100.1
14,382 100,1
14.449 100.1
14,395 100.1
14,308 100.1
14,323 100.1
14,331 100.1
14,349 100.1
14,337 100.1
14.301 100.1
14,375 100.1
14,326 100.2
14,312 100.1
14,321 99.8
14,307 100.1
14.326 100.1
14.346 99.8
14,305 100.1
14.314 100.1
14,397 100.8
14,323 100.0
14,367 100.9
14.346 100.1
14.289 100.9
14,417 100.1
14.286 100.1
14.301 100.8
14.417 100.8
interface,

aComposition at

bSee Equation 9.

Weight
Fraction
Water in

Ajlr

0.0074
0,0060
0.0057
0.0076
0.0100
0.0069
0.0071

0,0074
0.0078

0.0081

0.0079

0.0067
0.0056

0.0090
0.0068

0.0058

0.0065
0.0063

0.0061
0.0063

0,0091

0.0055

0.0100

0.0060

0,0098

0.0077

00065

0.0083

0.0107
0.0060
0,0091
0.0057
0,0058
0.0077

0.0120

0.0091
0.0060
0.0100

0.0052
0.0058

0.0098

0.0077

Table Il. Experimental Data for Evaporation of n-Heptane

Bulk

Velocity,
Ft./Sec.

3.68
3.65
3.97
4.06
4.04
8.06
7.82

8.04
7.83

16.20

16.28

20.50
20.39

32.24
4.06

8.03

8.04
16.15

16.23
4.05

4,04

8.03

8.10

16,21

16.16

32.21

4.07

8.04
16.22
16,22
16.11

32,22

8.03
8.07

16.22
16.25

16.26

31.98

Distance

Downstream Turbulence
from Grid,

Inches

No grid
No grid
No grid
No grid
No grid

No grid

No grid
No grid
No grid

No grid

No grid

No grid
No grid

Nogrid

12.04
11,04
10.04
12.03
11.03
10.03
13.04
12.04
11.04
10.04
13.03

9.01
8.01
7.01
10.11

9.01
8.01
7.01
10,11

9.01
8,01
7.01
10,12

10.06

7.07
6,06
5.06
4.06
7.16

7.07
6.06
5.06
4.06
7.18

7.18

Level
Fraction

0.013
0,013
0,013
0,013
0.013

0.013

0.013
0.013
0.013

0,013

0,013

0,013
0.013

0.013

0.058
0,062
0.068
0.058
0.063
0.068
0.056
0,055
0.059
0.064
0.952

0.075
0.083
0.093
0.071

0.075
0,083
0.093
0.070

0.071
0.078
0.087
0.065

0,060

0,106
0.123
0,146
0.094

0.094
0.106
0,123
0.146
0.092

0.088
0.097
0.111
0,130
0.087

0,078

0.151

0,148
0.147

0.135
0.097
0,111
0.143

0.116

Mole
Fraction
Moist
A
0.94882
0.94930
0.,94904
0,94914
0.94898

0.94942

0.94970
0.94966
0.94924

0.94887

0.94868

0.94933
0.94956

0.94658

0.94966
0.94964
0,94974
0,95014
0.95014
0,95014
0.95004
0.94973
0.94965
0.94966
0.94933

0,94959
0.94958
0.94958
0.94890

0.95004
0.95004
0.94997
0.94951

0.94929
0,94914
0,94906
0.94904

0.94571

0,94963
0.94971
0.94971
0,94903

0.94983
0.94982
0.94975
0.94944
0.94926

0.94906
0.94893
0.94943
0,94834
0.94889

0.94540

0,94917

0.94950
0.94870

0.94990
0.94878
0.94935
0,94746

0.94496

Fugacity of

n-Heptane,
Lb./Sq,Ft,

Gas Liquid

1812.92 92,79
1826.67 92.79
1817.83 92.64
1818.83 92.50
1827.81 93,36
1814.69 91.79
1825.24 91,79
1823.34 91,79
1830.92 92,93
1831.70 93.65
1824,65 93.65
1822.45 92.35
1830.99 92.35
1827.64 97.64
1829,19 92.07
1829.13 92.07
1829.11 91,93
1829.59 91.22
1829,57 91,22
1829,57 91.22
1825.93 91.22
1831.58 92.07
1831.64 92,22
1831.70 92.22
1819.85 92.22
1823.51 91.93
1823.47 91,93
1823.47 91.93
1824.38 93.22
1825.89 91.22
1825.89 91.22
1825.95 91.36
1829,58 92,22
1821.34 92.36
1821.38 92.36
1821.40 92,64
1829.38 93,22
1827.48 99.21
1822,23 91.79
1822.19 91.64
1822,17 91.64
1823.06 92,93
1821.16 91.36
1823.41 91,50
1823.62 91.64
1823.89 92.22
1825.98 92.65
1821,59 92.79
1823.17 93.22
1823.38 92.21
1823,69 94.22
1832.25 93.65
1827.55 99.78
1828,20 92,93
1826.23 92.22
1819.84 93,36
1834,98 51.93
1820.01 93.22
1820.50 92.22
1822.50 95.79
1838.92 101.21

Maxwell

Diffusion
Coefficient,

Lb,/Bec,

0.15689
0.15689
0.15686
0.15686
0,15685

0.15668

0.15668
0.15668
0,15668

0.15689

0.15689

0.15738
0.15737

0.15784

0.15675
0.15673
0,15673
0.15654
0.15654
0.15654
0.15654
0.15675
0,15678
0.15679
0.15675

0,15671
0.15670
0.15670
0,15673

0.15635
0.15653
0,15656
0.15650

0,15682
0.15686
0.15690
0.15677

0,15821

0,15667
0.15666
0.15666
0.15667

0.15656
0.15659
0.15666
0.15658
0.15655

0.15690
0.15689
0,15709
0.15724
0.15690

0.15838

0,15666

0.15679
0.15680

0.,15728
0.15698
0.,15709
0.15735

0.15869

Av Total
Swrface Evaporation,
Tgmp.b Lb./Sec,

F. x 10%)

64,11 2.494

64,11 2,721

64,08 2.720

64,06 2.528

64,05 2,708

2,820

63.76 3.777

3,710

63,77 3,795

63,76 3.807

63.77 3,671

3.768
3.929
64,12 4,807
4,964
5.281
64.12 4.985
4.987
5.338
64,98 5,850
64.97 6.049
6,037
65.78 7.261
63.88 2,761
63.85 2,781
63.83 2.789

63.52 3.911

63.51 3.937

63.51 3,942

63.52 3.888

63.89 5.564

63.91 5,604

63,95 5.624

63.88 5.515

63.81 2,785

63.79 2.802

63,78 2.823
63.85 2.736

2,856
63.50 3.951

63.50 4,000

63.55 4,035

63.45 3.917

4,072

64,00 5,654

64,08 5.719

64.14 5.796

63.91 5.389

5.612
5.745
66.42 7.840
8,137

63,75 2.883

63.72 2,914

63.71 3,051

63,74 2.767

2.839
2,904

63.55 3.931

63.61 4.056

63,72 4,232

63.92 4,483

63.53 3.802

3,905

64,15 5,681

64.29 5.890

64.47 6.179

64,73 6,631

64.14 5.448

5.534

66,71 8,000

8,237
63,72 2.887
2,950
3.045
63.94 4,731
63.96 4,142
4,491

64.80 6.467

64.29 5.875

64.47 6,171

64.93 6.114

6,220
6.354
67.25 9.497
9.631

Total
Thermal
Transfer,
B.t.u,/Sec.
x 107
0.3164
0,3531
0.3512
0.,3188
0.,3279
0.3335
0.4968
0.4974
0.,4968
0.5001
0.4514
0.4649
0.4873
0.6108
0.6326
0.6770
0.6312
0.6315
0,6805
0.7907
0.8142
0.8126
0.9546

0,3524
0.3545
0.3555
0,5100
0,5134
0.5140
0.5068
0.7408
0.,7463
0.7493
0.7325

0.3550
0.3569
0.3595
0,3123
0.3380
0.5155
0.5221
0,5263
0,4855
0.5072
0.7530
0.7624
0,7724
0,6908
0,7220
0,7405
1,0435
1,0852

0.3670
0.3722
0,3881
0.3230
0.3330
0.3426
0,5137
0.5291
0.5257
0.4881
0.4667
0.4 809
0.7552
0.7848
0,8259
0.8888
0.6972
0,7093
1.0625
1,0959

0.3426
0.3514
0.3647
0.6267
0.5175
0.5656
0.8650
0.7839
0.8257
0.7941
0.8090
0.8278
1,2763
1,2952
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Table 11l. Nusselt and Sherwood Numbers

Heat Transfer

Coefficient, 1t Numb
Reynolds B.t.u./(Sec.)  Sherwood Nussst;(faczm er
Test No., (5q.Ft.)(°F.) No. Durlace
No. Free Stream * 10 Surface Corr. Uncor.®
45 822 1,621 21.45 16,77 18.40
4R 823 1.799 23,97 18,61 20.18
50 889 1.834 23.94 18,97 20.65
165 907 1,626 22,20 16,82 18,64
201-A 911 1.674 23.74 17.32 19,02
1,703 24,72 17.62 19,32
46 1802 2.542 33.58 26,29 27.96
2.545 32,99 26,32 27.46
409 1760 2.500 33.75 25.87 27.54
52 1807 2.522 33.87 26,10 27.75
201-B 1768 2.287 32,32 23.66 25.37
2.355 33.18 24,37 26.08
2.469 34,59 25.55 27,15
198 3657 3.119 41,99 32,26 33.95
3.230 43.36 33,40 35.09
3.457 46,14  35.75  37.45
200 3662 3,228 43.50 33.38 35.33
3.230 43.55 33,40 35.34
3.480 46,59 35.99  37.93
47 4602 4,128 51.61 42,64 44.50
51 4599 4,249 53.40 43.88 45.57
4.241 53.29 43.79 45.49
199 7251 5.088 60.67 52.54 54,52
104-B 911 1.784 24,48 18.45 20.17
1.793 24,65 18,55  20.27
1.797 24,77 18,59  20.53
104-C 1813 2.628 35,04 27,19 28,99
2.645 35.27 27.37 29,17
2,648 35,32 26,40 29,20
107 1811 2.540 34,82 26,29 28.26
104-A 3649 3.751 49.34 38.81 40,50
3.781 49,61 39.11 41,00
3.800 49.79  39.30 41,00
108 3649 3.711 48,62 38,39 40.16
106-C 912 1.794 24,99 18,56  20.27
1.802 24,87 18,64 20.37
1.815 25,06 18,77  20.50
207-A 909 1.584 24,00 16,39 18,57
1.715 25,05 17.74 19,45
106-B 1803 2.582 35.38 26.72 28.44
2,615 35.83 27.06 28.78
2.640 36,08 27.32 29,03
207-B 1823 2,436 34,76  25.22  26.89
2.545 36.14  26.35 28,02

Heat Transfer

Coefficient,
Reynolds B.t.u./(Sec.) Sherwood Nusssilr;i‘:mber
Test No., (Sa.Ft)(F.) No. S EEE—
No. Free Stream (x107) Surface Corr. Uncor.2
106-A 3642 3.824 49,94 39,55 40.91
3.881 50.36 40.14 41,88
3.938 50.95 40.74 42.47
208 3747 3.511 47,27 36.33 38.05
3.669 49,23 37.96 39.69
3.763 50.40 38.94 40,66
209 7240 5.684 64.24 58.64 60.34
5.911 66,67 60,98 62,68
105-B 914 1,851 25,74 19,15 20,92
1.876 26.06 19,41 21,18
1.955 27.28 20.23 22,01
206=A 916 1.643 24,36 17.00 18.85
1.694 24,99 17.53 19,37
1,743 25.60 18,04 19,88
98 1815 2,576 35.14 26,65 28,37
105-A 1810 2,659 36.20 27.51 29.26
2,649 37.71 27.41 29,17
2,474 39,73 25.59 27,34
206-B 1812 2.361 33.58 24.44 26,28
2.432 34.49 25,17 27.02
99 3642 3.852 49,93 39.84 41,67
105-C 3645 4.018 51,61 41,55 43.35
4.250 54,64 43,93 45,72
4.607 57.33 47.62 49,41
205 3634 3.635 47.56 36.08 37.90
3.698 48,31 36.71 38,53
210 7244 5.718 65,12 58.99 60.92
5.897 67.06 60.83 62,76
203-A 922 1,692 25.41 17.51 19,14
1,735 25,97 17.95 19,59
1,801 32,07 18,63 20.27
101 1808 3.270 41.88 33.82 34,87
203-B 1806 2,572 36.20 26.61 28,27
2,811 39,25 29.08 30.77
100 3671 4.493 57.24 46.43 48.29
103 3644 4,014 51,39 41,51 43.46
4,249 54,55 43.92 45,46
204-A 3642 4,061 52.08 41.98 43,78
4,138 52.98 42.77 44,56
204-B 7222 6.979 76.66 71,94 73.84
7.082 77.74 73.00 74.91

#Uncorrected for radiant transport.

for fixed values of the higher Reynolds numbers. The
Sherwood numbers in Figures 7 and 8 were based upon the
transport properties of the gas phase for the temperature
and composition at the interface,

To illustrate in greater detail the influence of level of
turbulence upon material transport from spheres, the rela-
tive Sherwood number as a function of level of turbulence
is shown in Figure 9. The relative Sherwood number was
defined as the ratio of the Sherwood number at a given
level of turbulence to the Sherwood number for nonturbulent
flow. It is apparent that at the higher Reynolds numbers
the influence of the level of turbulence is pronounced and
may increase the material transport nearly 40% at a level
of turbulence of 0.15.

For the sake of comparison, the data of Maisel and
Sherwood (27) are shown in terms of the relative Sherwood
number in Figure 10. These data are presented as a func-
tion of the reported level of turbulence. For the con-
venience of the reader, the present measurements have been
interpolated to Reynolds numbers similar to those employed
by Maisel and Sherwood. It is seen from the figure that
Maisel’s measurements were made at two scales of turbu-
lence resulting from the two sizes of perforation in the
plate used to induce turbulence. It does not appear that
this change in scale of turbulence influenced his results
greatly. The present data indicate a somewhat greater
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Figure 9. Relative Sherwood number as a function of level of
turbulence

effect of level of turbulence upon transport rate than do the
data of Maisel and Sherwood. For the present study data
of Davis (6) were used to relate position in the wake of the
plate to turbulence level, whereas Maisel and Sherwood
made these measurements directly. Differences in the
method of measurement of the level of turbulence may
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Figure 10, Comparison of results from two investigations

account for some of the difference between the two sets
of data.

The values of the Nusselt number for the associated
convective thermal transport, as corrected for radiant
transport, are presented as a function of Reynolds number
for two levels of turbulence in Figure 11. The recommended
values from McAdams (25) together with the measurements
of Kramers (20), Sato (35) for spheres, and Hsu (14) for
spherical drops are included. For the most part the current
data support the results obtained by Sato and Hsu and are

in fair agreement with the measurements of Kramers, when
considering that turbulence level was not reported in his
work. It appears from a consideration of the present
measurements that the values recommended by McAdams
are high, even for fully developed turbulent shear flow, and
that radiant energy transport may not have been taken into
account. In Figure 12 the Nusselt number for varying
levels of turbulence as determined for a silver sphere (35),
for which only thermal transport is involved, is compared
with some of the present results. Good agreement is ob-
tained at low level of turbulence. These data indicate
similar trends in the influence of the level of turbulence
upon the Nusselt number for thermal transport and for
combined material and thermal transport.

To illustrate the comparative effect of level of turbulence
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Figure 11. Nusselt rumber as a function of
Reynolds number

Table 1Y. Sherwood and Nusselt Numbers for Material Transport from Spheres

Nusselt No. Nusselt No.
Reynolds No. Sherwood No. Corrected Uncorrected? Sherwood No. Corrected Uncorrected®
o, = 0,008 o= 0,100
1000 24.8 18.6 20,6 26.0 18.8 21.1
2000 34,9 26.3 28.4 37.6 28.2 30.5
3000 42,0 32.4 34,5 46.4 35.8 38,0
4000 47.7 37.9 39.9 53.5 42,8 44.9
5000 52,2 42.4 44,9 60,2 49,5 51,5
6000 56.6 47,1 49,2 66.0 55.5 57.7
7000 60.6 51.3 53.4 71.9 61.1 63.2
o, = 0,013 o, =0.150
1000 24.9 18.6 20,7 27.6 20.2 22.4
2000 35.1 26.5 28.8 41,2 31,2 33.5
3000 40.3 32,8 35.0 51.4 40,1 42,1
4000 47.9 38.2 40.2 60,20 48,00 50,1b
5000 52,8 43.0 45,7 68.4° 56,70 58,60
6000 57.5 47.8 50.2 76.02 64.40 66,40
7000 61.6 52.2 54,8 83,85 72,10 74,00
o, =0.050
1000 25.1 18.7 20.8
2000 35.9 27.0 29.3
3000 43.5 33.8 36.0
4000 49.7 39.6 41,5
5000 55.3 45,1 47,3
6000 60.6 50,5 52.7
7000 65.5 55.5 57.7
aUncorrected for radiant transport.
bExtrapolated.
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Figure 12. Nusselt number for porous sphere and
silver sphere

upon material and thermal transport, Figure 13 shows the
relative Nusselt number for transport from a silver sphere
(35) and the relative Nusselt and Sherwood numbers for
transport from a porous sphere. The relative Nusselt
number has a definition similar to that given earlier for the
relative Sherwood number. The data are presented for a
Reynolds number of 5000. The difference in the two
curves for Nusselt number is an indication of the effect of
material flux upon the boundary flows.
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NOMENCLA TURE

A = area, sq. feet

b = specific gas constant, feet per °R.
= isobaric heat capacity, B.t.u./(Ib.) (°F.)
= Fick diffusion coefficient of component k,
sq.foot/sec.
Maxwell diffusion coefficient of component k,
1b./sec.
differential operator
diameter of sphere, inches or feet
fugacity of component k, pure state, 1b./sq.foot
enthalpy, B.t.u./lb.
heat transfer coefficient, B.t.u./(sec.)(sq.ft.)(°F.)
constant of proportionality

thermal conductivity, B.t.u./(sec.)(sq.ft.)(°F./ft.)
latent heat of vaporization, B.t.u./1b.

characteristic length, inches or feet
evaporation rate, 1b./(sec.)(sq.ft.)

total material transfer rate from the surface, pounds
per second
= material transfer coefficient, feet per second
= number of experimental points
= radial distance in a direction ncrmal to axis
n = mole fraction
Nu = Nusselt number

P = pressure, 1b./sq.ft.

Pr= Prandtl number

Q = local thermal flux from the surface, B.t.u./(sec.)

(sq.ft.)
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= total thermal transfer rate from the surface,
B.t.u./sec.
, = total radiant transport rate from the surface,
B.t.u./sec.
¢ = total conduction from sphere through tube and its
contents, B.t.u./sec.
r = radius, inches or feet
Re = Reynolds number
Voo Pvg,

_

1Qo

Qo Qo

Sc = Schmidt number
F,k Dy,
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Figure 13. Relative Nusselt and Sherwood numbers

Sh = Sherwood number
T = thermodynamic temperature, °R.
t = temperature, °F.

U = bulk velocity, feet per second
x = distance along coordinate axis, feet
Z = compressibility factor

O, = longitudinal turbulence level

B = Stefan-Boltzmann constant = 0.04758 x 10", B.t.u./
(sec.)(sq.ft.)(°R.)*
€ = emissivity
v = kinematic viscosity, sq.ft./sec.
o = standard deviation
é( ) = function of
¢ = polar angle measured from the stagnation point,
degtees

Subscripts

exp = experimental
g = gas phase
i = gas-liquid interface
j = air
k = n-heptane
! = liquid phase
0 = zero level of turbulence
sm = smoothed
sp= sphere
sr = surroundings
= supporting tube
w = thermocouple wire
~ = free stream

Superscripts

o = exponent
* = space average
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Specific Heats of Aviation Hydraulic Fluids

ROGER S. PORTER and JULIAN F, JOHNSON
California Research Corp., Richmeond, Calif.

It is useful to know the specific heats of hydraulic fluids
over wide temperature ranges, For the severe conditions
under which such fluids perform in modern supersonic air-
craft, specific heat is quantitatively considered in heat
transfer calculations in aircraft design. It is instrumental
in determining rates of heating or cooling under unsteady
state conditions. The choice of a hydraulic fluid with a
given specific heat will thus influence the transient thermal
response characteristics of the hydraulic system and will
partially define its thermal performance.

Empirical correlations have proved very satisfactory for
predicting the specific heats of the common pure liquids and
of certain liquid mixtures (9, 15, 20). Unfortunately, esti-
mating specific heats of common hydraulic fluids by this
approach is very difficult. First, fluids are often com-
pounded from substances of greatly differing molecular
type. This results in large heats of mixing and makes un-
reliable any additive rule for predicting specific heats of
fluids from their pure components. There is a dearth of heat
capacity data on liquids which are chemically related to
the components in many hydraulic fluids. Moreover, the
few available values are not in good agreement and do not
generally cover a large temperature range.

Therefore, it is necessary to evaluate the specific heats
of the hydraulic fluids experimentally.

HYDRAULIC FLUIDS

The three hydraulic fluids investigated are not pure com-
pounds but mixtures compounded for unique and desirable
properties (5). Aircraft hydraulic fluid MIL-0-5606 is a
petroleum base fluid which is recommended for use below
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70°C. To date, over 25,000,000 gallons of this fluid have
been placed in operation. A typical composition of this
fluid is shown in Table L

Oronite high temperature hydraulic fluid 8200 was de-
veloped to provide a fluid with excellent physical properties

Table |. Composition of Fluid MIL-0-5606

wtl 70
Highly treated light gas oil fraction 60-80
Highly treated heavy gas oil fraction 15~ 30
Polyalkylmethacrylate 4-8
Oxidation inhibitors 0. 1=0.5
Red dye Trace

for use in aircraft at elevated temperatures. The fluid is
composed predominantly of a specific alkoxydisiloxane. It
contains a silicone thickener which acts as a viscosity
index improver.

Oronite high temperature hydraulic fluid 8515 has essen-
tially the same composition as fluid 8200, except that it
contains 15% by weight di(2-ethylhexyl) sebacate. This
gives fluid 8515 a greater compatibility with rubber in hy-
draulic systems over the recommended operating range of
~-54° to 204 °C.

METHOD

A differential heating method was chosen for measuring
specific heats. This choice was based on the nature of the
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