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As part of a study of the effect of conditions of flow upon macroscopic and local thermal
and material transport from spheres, an investigation was made of the macroscopic and local
transport from a silver and a porous sphere each 1'in. in diometer. The transport was measured
in o turbulent gir stream at Reynolds numbers up to 7,500, and the apparent level of fongi-
tudinal turbulence of the stream was varied between 0.013 and 0.15. In the case of the porous
sphere the thermal and material tronsport were evaluated for the evaporation of n-octane.

The results indicate that the macroscopic Nusselt number is substantiolly larger for combined
thermal and material transport than for thermal transport alone. The local Nusselt number
varied by o factor of 5 around the silver sphere from stagnation to separation.

The thermal and material transport
from spheres has been the subject of ex-
perimental investigation for many years.
Recently Brown (2, 3) reviewed the
available experimental and theoretical
treatments for both macroscopic and
local material transport, and Sato (16)
and Short (17} presented similar re-
views of the thermal transfer from
spheres. To avoid repetition no gen-
eral review of earlier experimental
work is given, although reference is
made to it in the ensuing discussion.

The current experimental investiga-
tion involved evaluation of macroscopic
and local thermal and material trans-
port around a porous and a silver
sphere 1 in. in diameter. Measure-
ments were made at Reynolds numbers
between 2,000 and 7,500 and at ap-
parent levels of turbulence between
0.013 and 0.15. The local transport was
determined from the temperature gradi-
ents in the boundary flows.

No measurement of the microscopic
nature of the turbulent field was made
because this would have involved a
study of equal or greater magnitude
than the present work. The present ex-
perimental work supplements and ex-
tends studies (2, 3, 16, 17) carried
out with 0.5-in. spheres. It also permits
comparison of the accuracy of the linear
methods employed in predicting the
effect of the size of the sphere on the
local thermal and material transport.
Such comparative information is not
often available for the same intensities
and scale of turbulence.

METHODS AND EQUIPMENT

The present investigation was carried
out by supporting a porous and a silver
sphere in a turbulent air stream and by
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measuring the associated thermal or ma-
terial transport. In the case of the porous
sphere the rate of evaporation of n-octane
was measured, and in the case of the sil-
ver sphere the electrical power required
to maintain the surface of the sphere at a
predetermined steady temperature was es-
tablished. The temperature distribution in
the air stream around the silver sphere was
measured with a platinum, platinum-rho-
dium thermocouple, 0.0003 in, in diam-
eter, mounted upon a probe (I1I). Infor-
mation concerning the distribution of
thermocouple temperature about the
sphere was obtained for a number of
different conditions of flow. The effect of
separation at polar angles of the order of
100 deg. from stagnation was evident.

The equipment used to supply the air
has been described in detail (10). The
velocity of the stream was established (11)
within 0.5% and remained steady within
0.2% during a particular investigation. The
temperature of the air stream was known
within 0.1°F. relative to the international
platinum scale (10).
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In order to increase the level of turbu-
lence a steel plate 0.1875 in. thick, having
holes 0.875 in. in diameter on 1,0-in. cen-
ters, was inserted in the air stream near
the exit of a rectangular conduit. Sections
of steel duct, 3 by 12 in. in cross section,
in lengths varying between 3 and 12 in.
were placed on the downstream side of the
perforated plate. In evaluating the ap-
parent level of turbulence the data of
Davis (5, 8) were employed. The interpre-
tation of his results in terms of behavior
in the wake of the perforated plate has
been described (17). However some un-
certainties are involved in this interpreta-
tion. The level of turbulence is usually de-
fined as the quotient of the root mean
square of the fluctuating velocities and
the gross velocity. Davis (5, 6) reported
both transverse and longitudinal turbu-
lence levels. Since the physical arrange-
ment of the grid and ductwork differ
slightly from those used by Davis, the term
apparent level of turbulence has been used
to represent the level of turbulence, pre-
dicted from Davis” experiments at the same
downstream positions measured from the

Fig. 1. One-inch porous sphere assembly,
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TaBrE 1. ExpERIMENTAL CONDITIONS

Down-
Apparent  stream Total
Air Gross air  Weight  level of  distance evaporation
Test Pressure, tempera- velocity, fraction turbulence from rate,
no. lb./sq. in. abs. ture, °F. ft./sec.  water  fraction  grid, in. Ib./sec.
1.0-in. porous sphere
303 14.367 100.15 4.04 0.0058 0.013 No grid 4.273 x 107
310 14.358 100.15 4.05 0.0100 0.013 No grid 4.399
328 14.290 100.11 4.07 0.0092 0.013 No grid 4.243
310 14.380 100.15 8.03 0.0098 0.013 No grid 6.014
306 14.369 100.13 8.04 0.0087 0.013 No grid 6.072
307 14.352 100.17 8.04 0.0062 0.013 No grid 6.121
305 14.340 100.13 8.05 0.0072 0.013 No grid 6.139
327 14.308 100.07 8.07 0.0097 0.013 No grid 6.059
322 14.284 100.15 8.07 0.0073 0.013 No grid 6.025
326 14.274 100.02 8.09 0.0089 0.013 No grid 6.099
311 14.254 100.13 15.77 0.0104 0.013 No grid 8.561
317 14.273 100.15 4.07 0.0083 0.071 10.112 4.321
316 14.315 100.07 8.08 0.0109 0.067 10.307 6.262
314 14.248 99.78 8.07  0.0063 0.067 10.109 6.356
318 14.159 100.11 16.41 0.0092 0.065 10.107 8.984
313 14,301 100.11 413 0.0061 0.094 7.163 4.340
314 14.270 100.15 8.07 0.0067 0.002 7.166 6.356
312 14.244 100.13 15.86 0.0104 0.087 7.158 8.973
320 14.333 100.13 405  0.0064 0.149 4.194 4758
321 14.336 100.15 8.03 0.0072 0.147 4.183 7.321
319 14.228 100.11 16.34 0.0082 0.133 4.197 11.088
1.0-in. silver sphere

176A 14.270 100.54 4.07 0.120 0.013 No grid
177 14.311 99.87 4.08 0.126 0.013 No grid
176B 14.302 100.54 8.08 0.120 0.013 No grid
174 14.323 100.02 16.23 0.123 0.013 No grid
186 14.328 100.00 8.05  0.0150 0.054 13.21
185 14.298 100.15 16.21 0.0092 0.051 13.22
183 14.304 99.81 8.10 0.0148 0.067 10.37
184 14.283 100.13 16.32 0.0120 0.064 10.18
182 14.497 100.09 8.06 0.0115 0.091 7.23
181 14.322 100.09 16.09 0.0107 0.086 7.24
178 14.292 100.11 4.07 0.0139 0.151 4.27
179 14.350 100.04 8.07 0.0181 0.143 4.26
180 14.357 100.19 16.22 0.0126 0.132 4.28

perforated plate. The downstream distance
from the perforated plate also is included
on a diagram. In effect the apparent level
of turbulence is used as an approximate
evaluation of the level of turbulence and is
a single-valued function of the downstream
distance from the perforated plate.

Figure 1 shows details of the porous
sphere assembly, The porous sphere A
which was composed of diatomaceous
earth, was supported by a stainless steel
tube B used for the injection of n-octane,
The arrangement for support of the sphere
permitted the use of a single thermocouple
C to determine the distribution of tempera-
ture on the surface of the sphere. The
sphere could be rotated and the angle of
attack of the supporting tube changed. A
copper-constantan thermocouple 0.003 in.
in diameter was used. A capillary manom-
eter measured the capillary pressure of the
wetted porous sphere. It was used to de-
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termine that the injector (10, 12) which
supplied n-octane was delivering fluid at
the same rate that it was evaporating from
the sphere. The entire assembly shown in
Figure 1 was mounted upon traversing
gear (2).

Details of construction of the silver
sphere are shown in Figure 2. A copper
sphere was prepared with a continuous
spiral groove within which an insulated
electric heater was wound. The sphere
was covered with two silver hemispherical
shells soldered in place. The entire assem-
bly was supported by a 0.094 in. stainless
steel tube. Copper-constantan thermo-
couples 0.003 in. in diameter were located
at four positions as shown in Figure 2.
With this arrangement it was not neces-
sary to rotate the sphere as had been done
with the porous sphere which used a sin-
gle thermocouple. Guard heaters were at-
tached to the supporting tube in order to
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avoid thermal transport. Some difficulty
was experienced from oscillation of the
sphere when it was supported in the air
stream in any but a vertical angle of
attack. It was found that by attaching
small weights to the supporting tube in
various positions at least 4 diam. away
from the sphere this difficulty could be
eliminated at all the velocities investigated,

MATERIALS

Pure grade n-octane was obtained
which weighed 43.6475 lb./cu. ft. at 77°F.
as compared with a value of 43.604 Ib./cu.
ft. reported for an air-saturated sample by
Rossini (15). The index of refraction to
the D-lines of sodium at 77°F. was
1.39532, as compared with a value of
1.39505 reported by Rossini (15) for an
air-saturated sample. The supplier indi-
cated that this sample contained less than
0.01 mole fraction material other than n-
octane, and the agreement of the fore-
going measurement of values of specific
weight and index of refraction with ac-
cepted critically chosen values (15) con-
firms these indications. It is desirable to
utilize relatively pure materials in such an
investigation because otherwise the less
volatile impurities accumulate in substan-
tial amounts on the evaporating surface
of the porous sphere.

ANALYSIS

Details of the analysis of thermal
transfer (17) and material transfer
from spheres (8) are available. A brief
review of the analysis follows. In the
case of material transport the local
thermal flux may be related to the local
material flux by the following equation:

é == = ;nh (Hg,i,k - Hl,t,k) =

—ma[Ls + Cpe (e —£:.0)] (1)
When Equation (1) is applied to the

actual situation associated with the en-
tire sphere, there is obtained

Q = {“—‘ my [L#k + Cp,l,k(t*c - tt,t)]
A,

—Q} A A

:{ s Iorlk [L#h + CP.l,k (tad _-tl-')]

+ [ (kA + kA, + k,A,)

(2 ]-[aseer

r=o

(/G-
(2)

The first equality relates the total ther-
mal flux to the total weight rate of
evaporation with appropriate correc-
tion for the thermal flux in the sup-
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porting tube and for radiation. The
second equality indicates the approach
employed in evaluating these two cor-
rection terms. In Equation (2) the
quantity A,,/(A., — A.) represents a
first-order correction to the gross trans-
port as a result of the presence of the
supporting tube. In the above quantity
A,; is the area of the sphere uncor-
rected for the supporting tube. The cor-
rected values present the total thermal
flux that would have existed if the sup-
porting tube had not been present.
Such a simple method of correction as-
sumes that the local thermal flux at the
point where the sphere is supported by
the tube is equal to the average thermal
flux around the sphere. Such a situation
is approximated in the current study.
The quantity A,,/(A.,—A.) had a
value of 1.0013 for the porous sphere.

The total thermal flux from the 1.0-
in. silver sphere was obtained from

[fElds] A,

SN
Q=& 8, A, — A,
(3)

The correction for the area of the
supporting tube A,./(A.,,—A,) is
1.0022 for the silver sphere. In this
instance a correction for thermal flux
along the supporting tube was not
necessary, nor was there any need for
a radiation correction because the emis-
sivity of the silver sphere was low.

For both the porous and silver
spheres the macroscopic heat transfer
coefficient h*, the macroscopic Nusselt
number based on interfacial properties
N*®yu;, and the Reynolds number based
upon the properties in the free stream
Nz., were evaluated as follows:

h* = Q/A(1.° —t.) (4)
Ney = h* d/k,
= (22 d)/[k‘ Ai(ti° _tw)] (5)

In the foregoing equation the subscript
i refers to conditions at the interface:

NRem =d Um/vw (6>

The average temperature at the inter-
face was obtained from

t*=[f*t.dAJ/ A (T)

The values of the macroscopic inter-
facial Nusselt number were calculated,
and plotted, and smoothed as a func-
tion of Reynolds number and apparent
level of turbulence. It was not found
feasible to compute corresponding val-
ues of the macroscopic Sherwood num-
ber. No information concerning the
molecular transport of n-octane in air
was available. The compressibility fac-
tor and the ratio of fugacity to pressure
of the air-n-octane mixtures were un-
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TABLE 2. THERMAL AND MATERIAL TRANSPORT

Total Macroscopic
Reynolds Average thermal transfer, Nusselt number
number surface B.t.u./sec. surface N*
Nug
Test free tempera- uncor- cor- uncor-  cor-
1o, stream ture, °F. rected® rected? rected® rectedt  NY%g.
1.0-in. porous sphere
303 1,822 79.94 0.6395 x 10° 0.5762 x 10°* 30.31 27.30 0.6396%
310 1,824 79.91  0.6589 0.5992 31.17 2835 0.6381
328 1,825 7981 0.8348 0.5716 20,06 26.97 0.6313
310 3,626 79.60 0.8961 0.8349 41.76  38.92 0.6463
306 3,625 79.3¢ 0.9045 0.8451 41,82 39.02 0.6481
307 3,621 79.37 09118 0.8400 41,99 38.69 0.6430
305 3,625 79.12 0.9141 0.8577 4168 39.11 0.6496
327 3,625 78.89  0.9018 0.8458 40,78 38.25 0.6353
322 3,620 79.50 0.8976 0.8248 41.63 38.25 0.6352
326 3,624 78.92 0.9077 0.8469 4124 38.44 0.6385
311 7,056 79.39 1.2717 1.2049 58,72 5565 0.6625
317 1,823 80.63 0.6462 0.5950 31.75 29.20 0.6839
316 3,632 79.69  0.9354 0.8799 43.99 4134 0.6859
314 3,615 79.56 0.9453 0.8847 4477 41981 0.6970
318 7,294 79.41 1.3326 1.2691 6165 58.72 0.6875
313 1,852 80.37 0.6485 0.5998 3146 29.10 0.68762
314 3,615 79.56  0.9452 0.8839 43.97 41.11 0.6837
312 7,092 79.21 1.3299 1.2671 60.87 58.01 0.6888
320 1,822 80.51 0.7100 0.6546 3466 31.96 0.7487
321 3,613 79.67 1.0870 1.0169 50.83 47.55 0.7911
319 7,299 79.40 1.6414 1.5768 7591 7293 0.8536
1.0-in, silver sphere
176A 1,880 1601  2.3371 x 107 22.2 0.5120°*
177 1,884 1598 1.632 22.0 0.5069
176B 3,730  160.0 2.3371 314 0.5141
174 7,500 160.2 3.3179 445 0.5138
186 3,715 160.2 2.4155 32.4 0.5136
185 7,480 160.0 3.4785 46.9 0.5423
183 3,740 160.0 2.3821 32.0 0.5233
184 7,530 160.2 3.5811 48,1 0.5543
182 3,720 160.2 2.4659 33.2 0.5443
181 7,430 160.3 3.6016 48.3 0.5603
178 1,880 160.0 1.8557 25.0 0.5766
179 3,720  180.2 2.8578 38.4 0.6296
180 7.490 160.3 4.3481 58.5 0.6759

* Uncorrected for radiant transport.
t Corrected for radiant transport.
## No radiation correction required.

known. At such time as experimental
information concerning the molecular
equilibrium and molecular transport
properties of mixtures of n-octane and
air in the gas phase is available, the
current data will permit calculation of
Sherwood numbers and similar trans-
port characteristics.

Local Transport

The local temperature at the surface
of the porous sphere was normalized
with the following expression:

Tyo= (t, —t,)/ {fog — t) (8)

The local normalized surface tempera-
ture was smoothed with respect to
polar angle, level of turbulence, and

A.I.Ch.E. Journal

Reynolds number, and from this the
corresponding values of local surface
temperature were obtained by rear-
rangement of Equation (8). The dif-
ferences in temperature from point to
point on the silver sphere were suffi-
ciently small as to permit the use of a
simple surface average.

A relative local transport, defined as
the ratio of the local Nusselt number
to the macroscopic Nusselt number,
was obtained as follows:

at) 4
— t,— t.)d A,
NNW (61‘ ‘f ( )

i
N®wuy f‘(m)
— tn —_ dA
(ts )J) o), A
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-—GUARD HEATER

SPIRALLY GROOVED
COPPER SPHERE

THERMOCOUPLE
JUNCTION

(to—t.) (%j—)

In the derivation of Equation (9) it is
assumed that the thermal conductivity
is independent of variations in the local
temperature. It is noted that Equation
(9) involves values of the derivative of
the air temperature with respect to
radius at the interface. The methods of
arriving at the corrections to the meas-
ured change in thermocouple tempera-
ture with radius have been described
in detail (I, 17). In evaluating the
relative local transport given by Equa-
tion (9) the corrections described
(I, 17) were applied to the measured
wire temperature gradients. In the
evaluation of the air temperature gradi-
ents at the surface of the sphere from
the associated wire temperature gradi-
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Fig. 4. Relative macroscopic thermal transport for 1-in. silver

ents uncertainties of not more than
29, were introduced.

EXPERIMENTAL RESULTS

The experimental conditions for the
measurements upon the porous and
silver spheres are set forth in Table 1.
The test numbers indicated are used
in subsequent discussion to identify
each set of experimental conditions.
Table 2 presents derived information,
including the free stream Reynolds
number and the average surface tem-
perature as evaluated by Equation (7),
as well as the total thermal transfer
and the macroscopic Nusselt number
corrected and uncorrected for radia-
tion. In the case of the silver sphere

and porous spheres.

there was no occasion to correct for the
effect of radiant transport because it
was negligible. In addition the quotient
of the macroscopic Nusselt number and
the square root of the Reynolds num-
ber are included.

The experimental values of the
macroscopic Nusselt number are shown
as a function of apparent level of tur-
bulence in Figure 3, for both the por-
ous and silver spheres. For the porous
sphere the values of Nusselt number
corrected for radiant transport are il-
lustrated. As was found in earlier
studies (2, 3) the Nusselt number for
the same level of turbulence and Reyn-
olds number is larger with combined
thermal and material transport than it
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is with thermal transport alone. The
standard error of estimate of the ex-
perimental data from the smoothed
curves for the 1.0-in. porous sphere
was 1.06 and for the 1.0-in. silver
sphere was 0.63. In Table 8 smooth
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Fig. 7. Comparison of local thermal transfer from several

sources.

values of the macroscopic Nusselt num-
ber for conditions at the surface are
set forth for even values of Reynolds
number. Again it is apparent that the
values of Nusselt number for combined
thermal and material transport are
markedly higher than the values for
thermal transport alone.
In Figure 4 the effect of apparent
turbulence level wupon the relative
macroscopic thermal transport from
the porous and silver spheres is shown.
Within the uncertainty of measurement
and at the rates of material transport
encountered the effect of turbulence is
the same upon the thermal transport to
the porous sphere and from the silver
sphere.
The distribution of normalized sur-
face temperature, which is described
in Equation (8), is available in tabular
form for the 1.0-in. porous sphere (20).
These data have been smoothed with
respect to polar angle and conditions
of flow. The standard error of estimate
of the experimental data from the
smoothed values is 0.0071. An example
of temperature traverse data for the
1.0-in. silver sphere, presented as a

cluded.

function of horizontal and vertical dis-

tance, is also available (20), as are
values of the normalized wire tempera-
ture for the silver sphere (20).

NNu _

. (2

).

NRel/‘.’.

Data concerning the relative local
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transport for a 1.0-in. silver sphere as
a function of apparent level of turbu-
lence, Reynolds number, and polar
angle is portrayed graphically in Fig-
ures 5, 6, and 7, as well as in tabular
form (20). The actual local transport
for the 1.0-in. silver sphere determined

N

(ti - tw)

k (¢, —t,)
=]
ot

Ei) \/—[_;T_
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r=0

from the information presented in
Table 3 is presented in Figure 5 as a
function of apparent level of turbu-
lence for a Reynolds number of 3,725.
The value of the macroscopic Nusselt
number for these conditions is also in-

The influence of level of turbulence
upon thermal transport at stagnation
for the 1.0-in. silver sphere is presented
in Figure 6 for three values of Reyn-
olds number. The predicted values for
zero level of turbulence which are
available from the work of Sibulkin
(18), Frossling (9), and Korobkin
(13) are included. The agreement of
the experimental and theoretical val-
ues seems satisfactory. In relation to
the experimental values there exists
some question concerning the tempera-
ture at which the properties of the
fluid should be chosen for the calcula-
tion of Ny./N:z.””. However the effect
of this choice, within the range of tem-
peratures encountered in these studies,
is almost negligible provided all the
arbitrary properties of the fluid are
taken at one temperature. This may be
seen from the equation

]

(10)

where the last factor \/v/k includes
the arbitrarily chosen fluid properties.
This factor may be shown to be nearly
constant for air for a wide range of
temperatures. Values which appear in
Figure 6 were calculated by means of
the molecular properties at the tem-
perature of the interface. The theoreti-
cal values (9, 13, 18) are based upon
constant values of the molecular prop-
erties in the boundary flow.

Figure 7 portrays the influence of
polar angle upon the local Nusselt
number. Again to permit direct com-
parison with calculated and experi-
mental values obtained by others, both
the Nusselt number and Reynolds
pumber  are based on the molecular
properties at the temperature of the
interface. Satisfactory agreement with
the calculated values of Sibulkin (19),
Fckert (8), and Drake (7) at polar
angles below 90 deg. was obtained.
The experimental measurements of
Xenakis (22) and Wadsworth (21I)
also agree well with the current data
up to separation, which occurs at a
somewhat smaller polar angle than was
experienced in this study. The data of
Lautman (I14) and Cary (4) are not
in satisfactory agreement with the pres-
ent data or with the measurements of
Xenakis (22) and Wadsworth (21).

The rapid decrease in the Nusselt
number with increase in the polar
angle continues with the growth of the
boundary layer until separation is
reached at about 105 deg. In this re-
gion where vortices are being shed by
the sphere, conditions are far from
steady and the uncertainties of meas-
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TaBLE 3. Macroscopic NUusseL.T NUMBER,

NaNuz
1.0-in. porous sphere 1.0-in.
Reynolds uncor- cor- silver
number rected® rectedt sphere
a, =0
2,000 31.3 29.0 227
3,000 37.9 35.5 27.9
4,000 43.6 41.2 32.2
5,000 48.5 46.1 36.0
6,000 52.8. 50.5 394
7,000 56.9 54.6 427
8,000 60.6 58.5 457
a, = 0.05
2,000 31.9 29.5 23.1
3,000 38.9 36.4 28.6
4,000 45.0 42.5 33.2
5,000 50.1 478 373
6,000 54.8 52.5 41.1
7,000 59.2 56.9 44.7
8,000 63.2 61.1 48.1
a, = 0.10
2,000 33.0 30.6 23.9
3,000 40.6 38.3 30.1
4,000 47.3 45.3 35.3
5,000 53.3 51.4 40.0
6,000 58.6 56.9 44.3
7,000 63.6 62.1 48.6
8,000 68.2 67.0 52.6
a, = 0.15
2,000 36.0 33.2 26.1
3,000 459 42.8 33.6
4,000 55.3 52.0 40.4
5,000 64.3 61.1 47.0
6,000 73.1 70.0 53.4
7,000 82.3 79.2 60.0
8,000 91.4 88.8 66.4

# Uncorrected for radiant transport.
+ Corrected for radiant transport,

urement are much larger than in the
forward hemisphere. This accounts for
the dotted portions of the curve in
Figure 7. At higher polar angles the
boundary flows become more stable
and the Nusselt number increases as
shown in Figure 7.

It should be recognized that no di-
rect measurements of the scale of the
turbulence was made. Undoubtedly
changes in the scale of the turbulence
will modify the effect of the intensity
of the turbulence on the transport phe-
nomena. It was beyond the objectives
and scope of the current investigation
to undertake a study of the effect of
the scale of turbulence on the material
and thermal transport from spheres.
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NOTATION

area, sq.ft.

isobaric heat capacity, B.t.u./
(Ib.) (°F.)

diameter of sphere, in. or ft.
differential operator
electromotive force, v.

o

= enthalpy, B.t.u./lb.
‘heat transfer coeflicient, B.t.u./
(sec.) (sq.ft.) (°F.)

e B
I

I = current, amp.

k = thermal conductivity, B.tu./
(sec.) (sq.tt.) (°F./1ft.)

L = latent heat of vaporization,
B.t.u./Ib.

m = evaporation rate, 1b./(sec.)
(sq.ft.)

m = total material transfer rate
from surface, 1b./sec.

Ny. = Nusselt number

é = local thermal flux from sur-
face, B.t.u./(sec.) (sq.ft.)

é = total thermal transfer rate
from surface, B.t.u./sec.

r = radial distance normal to sur-
face of sphere, in. or ft.

Nz. = Reynolds number

T = thermodynamic temperature,
°R.

t = temperature, °F.

U = gross velocity, ft./sec.

x = distance  along  supporting

tube, in. or ft.

Greek Letters

o, = apparent longitudinal turbu-
lence level, fraction
B = Stefan-Boltzmann constant,

0.04758 x 10™, B.t.u./(sec.)
(sq.ft.) (°R.)*

€ = emissivity

[ = time, sec.

v = kinematic viscosity, sq.ft./sec.

3 = total energy flux, B.t.u./sec.

T = nondimensional temperature
ratio

¥ = polar angle measured from
stagnation point, deg.

3 = partial differential operator

Subscripts

e = electrical energy

eq = equator

g = gas phase

i = solid-gas or gas-liquid inter-
face

k = n-octane

l = liquid phase

0 = zero turbulence level

r = radiation

sp = sphere

sr = surroundings

t = supporting tube

A.1.Ch.E. Journal

w = thermocouple wires
0 = free stream
Superscript

# = surface average
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