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ABSTRACT

Measurements of the rate of evaporation of drops of vary-
ing shapes are required 1in order to determine the influence
of such a variable on this important industrial transport
process. Few data, if any, are available concerning the
evaporation of drops of hydrocarbons. |

Measurements were made of the evaporation of drops of
n-heptane at air velocitles from 2 to 8 feet per second,
corresponding to Reynolds numbers as high as 200. The trans-
port rate was established for drops under approximately 30
diffefent conditions, and for each drop the shape, surface
area, and volume were determined in detail. The measure-
ments were made at an alr temperature of lOOO F. and at a
low level of turbulence, with negligible radiant transfer
to the drop. The temperature of the evaporating drop was
measured with small thermocouples,

The results indicate a marked influence of the shape of
the drop on 1ts evaporating rate, and the Sherwood number
was found to increase by as much as 30 percent for drops
which deviate significantly from spherical forms. The pres-
~ent results, when reduced to the behavior of spheres, are
in excellent agreement with the early measurements of
Frossling and in fair agreement with those of Ranz and

Marshall.
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An investigation was made on the effect of turbulence
level on the thermal and material transport from spherical
surfaces iIn a turbulently flowing air stream. A high level
of turbulence was produced at the location of the test sphere
by 1inserting a perforated plate in the flowing air stream.

Measurements were made of the rate of heat flow from a
pollshed silver sphere, 0.500 inch in diameter, at air velo-
cities from 4 to 32 feet per second. The measurements were
made at a bulk air temperature of 1OOO . |

Measurements were made of the rate of evaporation of
n—hexane and n-heptane from a porous sphere, 0,500 inch in
diameter, at air velocities from 2 to 35 feet per second.

The measurements were made at bulk air temperatures of 85O F.,
100° F., and 115° 7, |

The results indicate that the turbulence level in the
flowing air stream has a marked influence on the magnitude
of the transfer coefficlents. It was found that, in an air
stream flowing at a bulk velocity of 16 reet per:second with
a turbulence level of 13 per cent, the Nusselt number increased
by 11 per cent over the value obtained in the undisturbed air
stream. The Sherwood number was found to increase by 14 per
cént under the same flow condition.

The data obtained in this investigation were compared

where possible with published information of similar nature.



 III.

At high velocities the temperature variation across a
flowing stream is appreciable under steady conditions for
fluids having a high Prandtl number. A knowledge of such
temperature distributions- within steady, uniform streamé is
needed in certain thermal transport calculations. This in-
fdrmation 18 not readily availlable in the literature.

By utlilizing available information concerning <tThe dissi-
pation of kinetic energy and the thermal transport in laminar
turbulently flowing streams, expressions Wefe derived for the
temperature distribution in fluids flowing between infinite
parallel plates and in circular conduits. The calculations
included both adiabatic and isothermal conditions at the wall.

These expreésions differ somewhat from the relationships
which have bteen derived for the temperature distribution in
fluids flowing along a plate in an infinite stream under iso-
baric conditions. Recovery factors are directly proportional
to the Prandtl number and not to the square root of the Prandtl
number as found for the case of isobaric flow. Only the value
of the Prandtl number is required in order to estéblish the
temperature distribution under known conditions of laminar
flow, whereas supplemental information is required in order

to determine the behavior in turbulent flow.
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PART I.
MATERTAL TRANSFER IN TURBULENT GAS STREAMS
INFLUENCE OF SHAPE ON EVAPORATION OF DROPS OF n-HEPTANE



Effect of Shape on Evaporation of Dxops . I&EC—May 1954

Measurements of the rate of evaporation of drops of varying shapes are required in order to determine
the influence of such a variable on this important industrial transport process. Little, il any, data are avail-
able concerning the evaporation of drops of hydrocarbons.

Measurements were made of the evaporation of drops of n-heptane at air velocities from 2 to 8 feet per
second, corresponding to Reynolds numbers as high as 200. The transport ragte was established for drops
under approximately 30 different conditions, and for each drop the shape, surface area, and volume were
determined in detail. The measurements were made at an air temperature of 100° F. and at a low level of
turbulence with negligible radiant transfer to the drop. The temperature of the evaporating drop was
measured with small thermocouples.

The results indicate a marked influence of the shape of the drop on its evaporating rate, and the Sher-
wood number was found to increase by as much as 309 for drops which deviate significantly from spherical
forms. The present results, when reduced to the behavior of spheres, are in excellent agreement with the
early measurements of Fréssling and in fair agreement with those of Ranz and Marshall.

MATERIAL TRANSFER IN TURBULENT GAS STREAMS '

N.T.Hsu, K.Sato, and B. H. Sage....c.ouivvennnrnsreennranenennes et sttt eieiet et et erabcaasearens 870
California Institute of Technology, Pasadena, Calif.

Reprinted from INDUSTRIAL ‘AND ENGINEERING CHEMISTRY, Vol. 46, Page 870, May 1954
Copyright 1954 by the American Chemical Scciety and reprinted by permission of the copyright owner



Material Transfer in Turbulent Gas Streams

INFLUENCE OF SHAPE ON EVAPORATION OF DROPS OF n-HEPTANE

N. T. HSU, K. SATO, anp B. H. SAGE

California Institute of Technology, Pasadena, Calif.

ITTLE information is available concerning the effects of the
shape of a drop or the level of turbulence of the approaching
stream on the rate of evaporation from drops (7, 20, 22). Maisel
and Sherwood (22) reviewed available data concerning the evap-
oration of drops in turbulent streams and presented some new
information on material transfer from spheres. These results did
not yield a simple analogy with available correlations of thermal
transfer (14, 21). Powell (27), Frossling (6, 7), Ranz and Marshall
(28), Takahashi (89), and Whitman (40) investigated the be-
havior of drops in turbulent air streams. Such data served as a
limited basis for predicting material transfer from spherical drops
(85). Since 2 more extensive review of the experimental back-
ground is available (33), no further discussion of earlier work is
required.

As a result of the absence of data concerning the cffect of the
shape of the drop, an experimental investigation was made of
drops of n-heptane for 4 number of configurations. Primary em-
phasis was placed on measurement of the rate of material trans-
port rather than on the interrelation of thermal and material
transfer. The experimental information obtained will, neverthe-
less, permit a limited comparison of the mechanism of the two
transport processes to be made.

Measurements of the rate of evaporation of drops of n-heptane
in an air jet at a free stream temperature of 100° F. were carried
out for nominal velocities of 2, 4, 6, and 8 feet per second. At each
air velocity measurements of the dimensions of the drop and its
temperature were made for a series of different rates of evapora-
tion. For each rate of evaporation and air velocity, the dimen-
sions of three independently formed drops were established (9).
These independent measurements on three different drops aided
in establishing the reproducibility of the investigation.

The analysis of the evaporation of drops has been considered by

many investigators. Hughes and Gilliland (10) reviewed the
mechanics of drops. Langmuir (18) set forth the basic relation-
ships for the evaporation of spherical dfops into quiescent air,
whereas Fuchs (8) extended the work to include the behavior of
much smaller drops. Tréssling (6) developed from established
simple boundary layer theory that the weight rate of evaporation

" of a drop in a turbulent stream could be established.

my = 4nraDyiloni — on)(L + KSct/3Re!/2) (1)

Ingebo (171, 12) followed Frossling’s analysis and developed an
empirical expression of the same general form. More recently,
Ranz and Marshall (28) considered the evaporation of drops and
confirmed the earlier work of Bedingfield and Drew (1) concerning
the relative independence of the wet bulb temperature with re-
speet to the Reynolds number of the flow around the drop. All
earlier work appears to consider the gas phase as a perfect gas.
A somewhat more complete review of the analysis of the evapora-
tion of drops is available (83) which considers the gas phase to be
an ideal solution. In order to take into account deviations from
the perfect gas law, fugacity was considered as the potential.
Under these circumstances the Maxwell hypothesis may be writ-
ten for spherical coordinates in the following way (33):

o [Onk . [omi
fi 5; r + Crojorur = f7 _b.r- r Ciajou = 0 2
Equation 2 may be combined with the normal definition of the

Maxwell diffusion coefficient to vield

o D o /2 lnny
e = ZDukfi _V-’)T

Wl P. &Y

Equation 3 deseribes the weight; rate of transport per unil area
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from a sphere for the components of an ideal solution in accord-
ance with the Maxwell hypothesis, with fugacity as a potential.
Equation 3 does not take into account the effect of temperature
gradients or other fields on the transport process (17, 36, 37).
The Maxwell hypothesis yields expressions which are simpler to
integrate than docs the Fick diffusion cocflicient when the hydro-
dynamie velocity resulting from the counterdiffusion of the stag-
nant component is taken into account. These matters have been
discusséd by Bedingfield and Drew (1) and reviewed recently
(25). The integration of Equation 3 results in

o _D 9 °
i = —amra DE I 0 (o) @

Tiquation 4 may be extended to other than stagnant conditions,
following the analysis of Frossling, to give

o DunZ f3 | (zzf--

me = ~dmma = p P A5
AL

) (1 + K RefSc!/3) {5)

Fquation 5 is similar to the equations developed by Frossling (6)
and Ranz and Marshall (28). It differs primarily in the use of a
logarithmic expression to describe the effects of the composition
differences and in the use of fugacity as the potential. Further-
more, the exponent of the Reynolds number has net been indi-
cated as 0.5 since deviatious from this value may be experienced
at Reynolds numbers as low as 2. Rubesin (31) and Seban (34)
indicate the thermal transport across a turbulent boundary layer
should be proportional to Re®8.  For this reason, a gradual in-
crease in the exponent may be expected with inereasing Reynolds
numbers (33).

Following methods which have been deseribed (33), the Sher-
wood number may be established from the experimental measure-
ments. If it is assumed that Equation 5 is applicable and that the
shape of the drop may be deseribed in terms of the sphericity and
the height-diameter ratio, the Sherwood number may be estab-
lished (33) from

Sh = 2[1 4+ K RefSe'/3 ¢2(D)dps(N)ps(h/dy)

—6mpa®bi T
— VaDuiZ(f3/P) In (nj.:/n;.)

a~ 67_’_“:(221)1,-7’
i1 VaD, 1 (prs — Dr.s)

_ —6miabyT - * omiabid
Dy (fe/P)In (ng.i/nie) M1 Dk (Phi — Diue)

(6)

In Equation 6 the linear dimension describing the size of the drop
has been taken as the dimensional quantity, . It is the purpose
of the following experimental work to establish the effeet of the
shape of the drop on the value of the Sherwood number, thus de-
termining ¢s and ¢4 of Equation 6. The present measurements
were all made at nearly a single level of turbulence so that the data
do not shed any information on ¢; of Equation 6. The exponent
of the Reynolds number was established on the basis of the value
which yielded the smallest standard error of estimate from the
experimental data. The foregoing represents an abridged dis-
cussion of the interrelation of the factors influencing the rate of
evaporation of drops. A mere complete discussion of these mat-
ters is available (25, 33).

. Experiments Are Based on Detailed Measurements
of Drop Size and Shape and Transport Rate

In order to investigate the effect of the size and shape of drops
on their rate of evaporation, a method of steady-state measure-
ment was developed. In some respects, the approach was similar
to that used by Ranz and Marshall (28) and Ingebo (71, 12). The
drop was supported by means of a small glass tube, and the rate of
introduction of the evaporating component necessary to maintain
the drop at a given size in the flowing stream was determined for a
variety of conditions. Details of the equipment employed, to-

gether with a critical analysis of the uncertainties of the measure-
ments of the several variables, are available (9). In principle, it
involved an injector which was driven at an accurately known
rate (29) to supply n-heptane to the evaporating surface at the re-
quired rate. The drops were photograpbed with transmitted light
using a high intensity mercury vapor lamp actuated by a con-
denser discharge, giving an exposure time of about 0.1 millisecond.
Records were taken at a magnification of 4 on fine grain film,
and the dimensions of the drops were determined with a probable
error.of 0.00013 inch. )

A platinum-constantan thermocouple, 1 mil in diamecter, was
employed to measure the difference in temperature between the
undisturbed air stream and the drop. It iz believed that the tem-
perature of the junction within the drop was known relative to
that of the air stream with a probable error of not more than
0.1° . Suitable corrections for the thermal conductivity of the
platinumm and constantan wire were made in. interpreting the
temperature of the interior of the drop in terms of the tempera-
ture of the thermocouple junction.

The air stream was supplied from a converging duet which pro-
duced nearly potential flow over a range of velocities from 2 to 20
feet per sccond. After a careful study of the fluctuating and
steady-state characteristics of the air flow (9), it was found, for
air speeds of 2 feet per second, thatl variations in temperature with
time of as much as 0.09° F. were encountered. At the higher
velocities the variations were rclatively small.

The total volume and evaporating area of the drop were deter-
mined from measurements with a comparator and it was found
(9) that the surface of a drop was known with a probable error of
0.3 X 1078 square feet and the volume within 0.45 X 10~% cubic
fecet. These quantities correspond to relative probable errors of
0.23 and 0.28%, respectively, as compared to the average area
and volume of the drops. It was found (9) that the average
standard deviation of the evaporation rate from the mean value
for the groups investigated at a given veloeity and evaporation
rate was 0.839, corresponding to a probable error of 0.097 in the
Sherwood nuinber. Table I records the variables of interest in
determining the macroscopic behavior of evaporating drops, to-
gether with the ranges of variables encountered in the present in-
vestigation and the uncertainty associated with the measurement
of each. These probable errors allow an estimation of the over-ull
accuracy if each of their effects on the transport process may be
isolated. In the present instance the analyses of Frossling (8)
and of Ranz and Marshall (28) were employed for this purpose.

n-Heptane Is Purified and Free Sream Properties
Are Predicted from Physical Measurements

The n-heptane used in these studies was obtained from the
Phillips Petroleum Co. and was reported to contain less than
0.01 mole fraction of material other than n-heptane. The ma-
terial was subjected to fractionation in a glass column containing
16 plates at a pressure of approximately 4 pounds per square inch
absolute.. The fractionation was carried out a reflux ratio of ap-
proximately 40 to 1. Initial and final 109 fractions of the over-
head were discarded. Portions of the partially purified n-heptane
were passed through a column of activated alumina, approxi-
mately 7 feet in length, at ambient pressures and temperatures.
The purified, air-frce material exhibited a specific weight of 42.420
pounds per cubie foot at 77° F. and an index of refraction relative
to the p-lines of sodium at 68° F. of 1.3877. These values may be
compared with a specific weight of 42.417 pounds per cubic foot
and an index of refraction of 1.384 rcported by Rossini (80) for
air-saturated n-heptane at the same state.

The absolute humidity, temperature, and pressure of the air
stream were determined periodically so that the properties of the
free stream could e predicted with accuracy. The physical prop-
erties of air were taken from a recent review (26) for the par-
ticular pressure and temperature of the jet. Suilable corrections
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Table I.

Experimental Results for Evaporation of Drops of n-Heptane

Specific gas constant of n-heptane = 15,4228 ft./° R.
Temperature of air stream = 100.0° F.

C(.)mpres.sibility factor of air = 0.9998

Kinematic _viscosity of air = 1.8062 X 10 4 sq. ft./sec.
Maxwell diffusion eonstant for n-heptane = 0.1773 lb./zec.

' n-Ieptane
Air Stream Dron - — T %
— — Total trans- ugacity,

Ilres/sure, Humltdlty, Velooit " Heick Max. Surface v fShape port rate 1b. /sq. ft. l}/].ole

Ib./sq. wt. elocity, Temp., eight, diam., area, olume, actor, " 3 i rac-
Drop ft. ebs. . fraction t./sec. °F. ft. ft. sq. ft. cu. ft. . olb./sec. (o’as Ll(]éllld tion
No. P n u 1 h X108 daX 108 A X 108 V X 10% « X 103 m; X 108 fkg FEl “ri
24 A 2067.6 0.00625 3.899 64.15 5.140 5.855 0.0950 106.5 1.121 0.15378 1833.9 87.6 0.9523
25 A 2071.7 0.00540 3.939 64.33 4.232 5.359 0.0693 69.7 1.007 0.13220 1837.6 87.8 0.9522
26 A 2072.2 (. 00540 3.951 62.33 6.690 5.570 0.1050 101.9 0.971 0.15378 1838.0 83.2 0.9548
27 A 2064.8 0.00498 3.878 65.12 6.334 G.545 0 1281 155.8 1.216 0.18377 1833.6 96.0 0.9509
28 A 2065.2 0.00611 3.884 66.07 4.325 5.306 0¢.0707 71.0 1.005 0.13220 1833.9 92.6 0.9495
30 A 2048.1 0.00242 5.935 81.88 9.448 6.642 0.1631 188.7 1.157 0.24301 1810.5 81.9 (.9548
31 A 2049.0° 0.00228 5.949 61.92 10.202 6.937 0.1793 219.6 1.225 0.25978 1811.3 82.0 0.9547
32 A 2051.6 0.00271 5.967 61.63 7.378 6.174 0.1315 141.3 1.075 0.21525 1813.6 81.2 0.95562
32 B 2051.6 0.00271 5.957 61.63 7.522 6.227 0 1325 144.2 1 089 0.21525 1813.6 81.2 0.9552
32 C 2051.6 0.00271 5.967 61.63 7.611 6.338 0.1355 150.4 1 111 0.21525 1813.6 81.2 0.9552
34 A 2074.2 0.00313 6.008 63.16 4.962 5.788 0.0907 99.4 1.096 0.18377 1835.6 85.3 0.9536
36 A 2077.9 0.00413 6.022 62.73 5.522 8.177 0.1061 122 .4 1.154 0.20362 1836.9 83.7 (.9544
37 A 2078.9 0.00398 6.027 63.27 9.009 7.016 0.1735 211.9 1.221 0.24301 1837.8 85.3 0.9536
38 A 2066.6 0.00498 2.054 63.60 7.404 5.971 0.1232 129.2 1.048 0.13220 1829.0 86.1 (}.9529
39 A 2066.1 0.00441 2.059 62.65 §.414 6.470 0.1498 170.7 1.140 0.15378 1826.4 83.6 0.9542
39 B 2066.1 0.00441 2.059 62.65 8.390 6.450 0.1496 170.1 1.137 0.15378 1826.4 83.6 0.9542
39 ¢ 2066.1 0.00441 2.059 62.65 8.352 6 537 0.1524 175.4 1.151 0.15378 1826.4 83.6 0.9542
40 A 2061.9 0.00610 2.050 65.14 7.493 5.999 0.1264 133.6 1.058 0.13220 1826.9 90.0 0.9507
41 A 2063.0 0.00596 \2.055 63.70 8.880 6.6562 0.1616 190.1 1.177 0.15378 1825.7 86.2 0.9528
42 A 2063.2 0.00596 2.059 65.35 5.307 5.810 0 0947 105.3 1.112 0.13220 1828.0 89.6 0.9510
43 A 2064.2 0.00596 2.060 65.00 6.575 6.536 0 1308 162.6 1 244 0.15378 1828.9 89.5 0.9510
44 A 2065.8 0.00596 2.044 62.66 10.037 7.159 0.1950 248.3 1.273 0.18377 1828.2 83.7 0.9542
45 A 2066.3 0.00582 /2.044 65.32  5.714 6.143 0.108¢% 127.2 1.168 0 13220 1830.7 89.6 0.9511
46 A 2069.3 0.00596 2.046 64.78 6.624 6 600 0 1337 168.2 1 257 0.15378 1833.4 89.0 0.9515
47 A 2069.9 0.00596 2.049 64.35 7.980 7.215 0 1724 236.7 1.373 0.18377 1833.9 88 0 0.9520
48 A 2065.9 0.00568 8.007 62.26 7.339 6 316 0 1198 142.5 1.190 0.24301 1826.2 82.8 0.9547
49 A 2067.5 0.00483 8.041 62.22 8.451 6.804 0 1613 191.9 1.190 0.27899 1827.7 82.7 0.9548
50 A 2067.2 0.00483 8.051 62.20 6.201 7.218 0.1537 204.9 1.332 0.27899 1827.4 82.6 0.9548
50 B 2067 .2 0.00483 8.051 62.20 6.872 7.078 0.1488 195.2 1 312 0.27899 1827 .4 82.6 0.9548
50 C 2067.2 0.00483 8.051 62.20 6.874 7.149 0.1502 199.8 1.330 0.27899 1827 .4 82.6 0.9548
51 A 2068.6 0.00526 8.072 62,64 5.098 6.526 0.1211 146.0 1.206 0.24301 1828.6 83.7 0.9542
55 A 2070.8 0.00681 8.071 64.26 6.824 7.104 0.1490 195.0 1.309 0.27899 1834.8 87.8 0.9522

for the effect of humidity were made by the methods described by
Chapman and Cowling (5), using values of the viscosity for dry
air previously discussed (26). Available information concerning
the effects of humidity on the viscosity of air is contradictory (23,
38), a fact which accounts for the need for recourse to the theoret-
tcal methods of Chapman and Cowling. The influence of com-
position on specific volume of the free stream was determined on
the assumption of ideal solutions (19) and information concerning
the specific weight of air (13, 15) and gaseous water (16). Neg-
ligible excess quantities of carbon dioxide were found in the air
stream, which was drawn through a filter of activated charcoal
from outside the laboratory.

The thermodynamic properties of the gas phase adjacent to the
interface of the drop were obtained by application of the Benedict
equation of state (3) to the prediction of the specific volume and
the fugacity of n-heptane. For present purposes the system was
considered as binary. Coeflicients for the Benedict equation for
n-heptane were recently made available (2) and were employed
(32). Tiisbelieved that the probable error in the prediction of the
fugacity and the concentration of n-heptane was less than 19, for
all the conditions covered in this investigation. The gas phase
was assumed to be an ideal solution in the absence of experimental
data as to its equilibrium volumetrie behavior.

Sherwood Number Increases Substantially
with Deviation from Spherical Drop Form

Experimental data obtained for the evaporation-of drops of n-
heptane under 26 different conditions are recorded in Table I.
For nearly all of the conditions investigated the dimensions of
three independently grown drops were measured, and the data re-
corded represent average values of the total volume and evaporat~
ing area of the drops. In three cases the characteristics of each
of the three drops have been included in Table I. The shapes of
the drops studied are shown in Figure 1. They vary from pendant
contours with a large value of the height-diameter ratio to ob-
late spheroids with small values of this ratio. The drops depicted

in Figure | are numbered and correspond to each of the conditions
recorded in Table I. The detailed dimensions of each of the drops
investigated arc available (32).

From the information of Table I it’is possible to compute the
Sherwood number for each drop from the following expressions

(9):

Sh = M(Sazizkka ) _ (');ntabk'l'
"~ VaZDui(f2/P) In (nye/nid)  DuaZ(fi/P) I (niu/n.)
_ (M
Sh . Balmbe 6‘;,nraka ®

= KdDmk(plc.;' - pk-a) = Dv.k(pk.i - Ph..j

Equation 7 applies to an ideal solution, whereas FEquation 8 as-
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Figure 1. Shape of Drops
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. sumes the equation of state to be Irh/at of a perfect gas. Values of
the Reynolds number were computed and are recorded in Table
II. The Reynolds number was defined from the following equa-
tions: ¥
v — v
Re, = Sals = 1) _ 6all _ GVU ©

Vs Vs Ad Vs

d(ua — wa) _ dal/

Vs Vs

Re = -(10)

In the case of Equation 9 this number utilized a linear dimension,
«, which was the ratio of the volume to the area of the drop. The
same number, when defined by Equation 10, is based on the maxi-
mum linear dimension normal to the direction of flow. Equations
<9 and 10 yield identical values of the Reynolds numbers for
epheres, The kinematic viscosity of the free stream was employed
in Equations 9 and 10 in order to establish the Reynolds number
used in the correlation; and it appears to be satistactory. For
possible interest the Reynolds number based on Iquation 9 was
included in part of Table II. Macroscopie treatments suffer from
the lack of uniformity in the Reynolds number and other dimen-
sionless quantities throughout the region of transport.

The Schmidt number was established from the following ex-
pression:

So= . 2w 2o 2L
Dri Dor  Duu

Y

The kinematic viscosity of the free stream also was
émployed in Equation 11. Much of the transport
resistance occurred in conditions where the kine-
matic’ viscosity was somewhat different from this
value, but the behavior of the drop can be de-
seribed satisfactorily from the properties of the free
stream. In evaluating the Reynolds and Schmidt
numbers reported in Table IT the properties of air
were taken from a recent critical review (26).
Assuming local equilibrium, the Reynolds and
Schmidt numbers for the conditions existing at the
interface were computed. The viscosity of the
gaseous mixture at the interface was estimated from
that of the components by the methods outlined by
Chapman and Cowling (§). The uncertainty in the
viscosity of n-heptane in the gas phase made the
corresponding values of the Reynolds and Schinidt
numbers for conditions at the ‘interface suffi-
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ciently uncertain as to render the valucs based on the free stream
properties preferable.

Table II records the Sherwood, Reynolds, and Schmidt num-
bers, together with the sphericity and the ratio of height to diam-
eter for. cach of the drops investigated. From these data it is
possible to prepare simple semiempirical correlations for the rate
of evaporation of drops in a turbulent stream with particular
cmphasis on the effect of shape for conditions of a low level of
turbulence.

Measurements of the level of turbulence in the jet were made
(9) and indicated that the flow was nearly potential, with the root
mean square of the fluctuating velocities only 1.3%, of the gross
stream velocity. The level of turbulence did not change signifi-
cantly with the gross velocity, On the assumption of a constant
level of turbulence, it appears feasible to correlate the Sherwood
number with the characteristics of the stream and the shape of the
drop on the basis of the following expression (?7):

Sh = 2[1 + Kr.RefSc1/5] .
[14 Kl — W11 = Kpa(l — h/d3)] (12)

Fquation 12 assumes that the Sherwood number is a linear func-
tion of the sphericity and of the height-diameter ratio. The ef-
ect of the Reynolds and Schmidé numbers is of the same func-
tional form as was proposed by Frossling (7). Equation 12 is
sufficiently complex that it was desirable to employ statistical
methods (4, 24) in order to predict the three coeflicients from the
experimental data. The application of such techniques to the
data of Table IT results in the following empirical expression if the
exponent of the Reynolds number is taken as 0.5:

Sh = 2{1 + 0.272Re%503¢-33}[1 4 1.147(1 —= A)]
[1 — 0371 (1 = h/ds)] (13)

The effect of the quantity, Re®5? 8¢38 on the evaporation rate
is shown in Figure 2. Eguation 13 yielded a standard error of es-
timate, with respect to the experimental data, of 4.879% in the
Sherwood number. The linear terms of Equation 13 did not de-
scribe the effect of sphericity and of the height-diameter ratio on
the evaporation rate in detail but were a first approximation.

The cffect of Reynolds number as indicated in Equation 13
was based on the assumption of a laminar boundary layer (7).
It is to be expected that the distribution of the thickness of the
boundary layer will change with velocity, and a slightly higher
exponent than 0.5 should yield a more accurate deseription of the
experimental data in this range of Reynolds numbers. Using an
exponent of 0.6 in Equation 12 and the same statistical methods
(4, 24) the following expression was obtained:

Sh = 2[1 + 0.136Re®9S3][1 + 2.913(1 — N)]
1 — 0185 1 — h/d)] (14)

0
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Table Il. Evaporation Rate for Drops of n-Heptane
Drop
Height-
dismoter Sherwood Number
Drop B Sphericity, Flow Conditions Bxpil. Caled.
No. da A Res Se Rets08p0.33 Red 56803 J3p0.608¢0.33 Reb Drop Sphere¢ Drop
24 A 0.878 0.872 126.6 2.107 14.43 19.29 23.41 145.14 11.43 8.57 10.63
25 A 0.790 0.887 116.8 2.111 13.94 18.45 22.30 131.76 12.12 9.13 10.44
26 A 1.201 0.961 122.4 2.111 12.91 18.94 22.96 127.42 9.46 9.16 8.45
27 A 0.988 0.896 140.4 2.104 15.18 20.45 24 .89 156.65 10.69 8.56 10.51
28 A 0.815 0.884 114.6 2.104 12.90 18.23 22.04 137.30 11.20 B.44 10.28
30 A 1,422 0.960 227.9 2.087 19.29 26.72 33.20 228.04 11.47 11.78 10.16
31 A 1.471 0.944 228.5 2.088 19.32 26.76 33.26 242 .04 11.80 11.90 10.12
32 A 1.106 0.958 204.0 2.090 18.26 25.12 31.08 213.04 11.89 11.35 10 64
328 1.208 0.953 205.7 2.090 18.34 25.24 31.25 215.77 11.86 11.35 10.68
32 C 1.201 0.951 209.4 2.090 18.50 25.49 31.57 220.14 11. 11.25 10.82
34 A 0.857 0.881 192.6 2.113 17.82 24.42 30.14 218.71 14 .40 10.91 12.80
36 A 0.804 0.892 206.0 2.117 18.43 25.37 31.39 230.81 14.64 11.43 12.88
37 A 1.284 0.955 233.4 2.118 19.62 27.21 33.85 244 .48 11.00 10.75 11.00
38 A 1.240 0.950 68.0 2.106 10.57 13.60 16.11 71.53 7.20 6.88 13.18
39 A 1.299 0.946 73.8 2.105 11.01 14.24 16.92 77.95 7.70 7.42 6.68
39 B 1.301 0.945 73.5 2:105 10.99 14.22 16.89 77.77 T 7.70 7.42 6.67
39 C 1.278 0.948 74.5 2.105 11.06 14.33 17.02 78.71 7 A4 7.33 6.76
40 A 1.249 0.943 67.9 2.101 10.55 13.59 16.09 72.02 6.77 6.39 8.62
41 A 1.3835 0.943. 75.7 2.102 11.185 14.45 17.18 80.32 7.15 6.19 6.67
42 A 0.914 0.871 66.2 2.102 10.43 13.41 15.86 76.07 9.57 7.22 8.03
43 A 1.006 0.878 74.7 2.103 11.07 14.35 17.05 85.09 9.01 7.05 8.09
44 A 1.402 0.937 81.0 2.105 11.52 15.01 17.90 86.46 7.89 7.68 6.70
45 A . 0.930 0.875 69.4 2.105 10.67 13.77 16.31 79.30 8.76 6.69 7.91
46 A 1.004 0.876 74.9 2.108 11.10 14.38 17.08 85.46 8.98 7.02 8.10
47 A 1.106 0.876 81.8 2.109 11.80 15.11 18.02 93.45 9.19 7.35 8.10
48 A . 1.162 0.884 279.7 - 2,105 21.43 30.05 37.65 316.50 : 16.04 12.16 15.25
49 A 1.242 0.953 302.8 2.106 22.30 31.43 39.49 317.80 13.70 13.19 12.65
50 A 0.859 0.903 321.7 2.1086 22.99 32.51 40.92 351:60 ©°16.10 12.76 15.87
50 B 0.971 0.899 315.5 2.106 22.77 32.15 40.48 350.82 " 16.39 13.19 15.18
50 C 0.962 0.896 318.7 2.106 22,88 32.34 40.72 355.84 16.50 13.18 15.35
51 A 0.919 0.901 291.5 2.108 21.89 30.77 38.61 323.36 15.93 12.73 14.85
55 A 0.961 0.903 316.9 2.117 22.86 32.29 40.65 351.04 15.44 12. 50 15.22

2 Fquation 4.
b Equation 3, not used in correlation,
¢ Caleulated for sphere of same diameter from data for drop.
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Figure 4. Behavior with Modified Reynolds Number
Function

The experimental data represented as a linear function of the
quantity, Re%8? 8¢®33, are shown in Figure 3. Asin Figure 2, the
data are expressed in terms of the evaporation rate compared to
that under stagnant conditions. The relative standard error of
estimate in the Sherwood number from Equation 14 was 4.61%.

By a trial-and-error procedure it was found that an exponent of
0.56 yielded a minimum standard error of estimate in the Sher-
wood number of 4.36%. Under these circumstances Equation 12
assumes the form

h = 2[1 + 0.178Re®5Sc™%][1 + 2.292(1 — )]

[1 — 0257 (1 — h/d))] (15)

The relative evaporation rate as a function of the variable, Re?-5
8c0-28 is shown in Figure 4. The data of Figures 2, 3, and 4 were
obtained by establishing from Equations 13, 14, and 15 the Sher-
wood number under gquieseent conditions for each of the drops.

The ratio of the experimental to the caleulated Sherwood number
is given in the ordinate for cach of these figures.

Results Indicate Marked Influence of
Shape of Drop on Evaporation Rate

As a result of the smaller deviation of Equation 15 from the
experimental data it has been employed in all subsequent correla-
tions except in connection. with direct comparison with the
measurements of Ranz and Marshall (28) and Frossling (7). The
influence of sphericity on the evaporation rate is shown in Figure
5. The information presented in this figure was computed by ap-
plication of Equation 16 to the experimental data.

o

m _S,lg_] _
(&k))xul Sh)\-l
Sh, _ (16)
2[1 + 0.178Re%58¢%33][1 — 0.257(1 — h/ds)]
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Figure 5. Effect of Sphericity on Evaporation Rate
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Figure 6. Effect of Shape of Drop on Evaporation Rate

The evaporation rate as measured by the Sherwood number in-
creases rapidly with deviations from a sphere. The elfect of the
height-diameter ratio on the relative evaporation rate is shown in
Figure 6. The oblate spheroids yield higher evaporation rates than
the pendant drops. The data of Figure 6 were obtained by ap-

i plication of the following expression to the experimental values of

the Sherwood number:

- - [ She ] -
Sha/ay=t

(rllk)h/d,znl
o Sh, S
2[1 + 0.178Re-565¢0-33] [1 + 2.292(1 — N)]

. amn

It is emphasized that Figures 5 and 6 only attempt to segregate
the variables in accordance with the empirical relationships set

" forth in Equation 15. For this reason they should be considered

as empirically defined trends rather than as de-
seriptions of the actual influences of the height-

general energy cquation for steady conditions deseribing the
energy transport in the injection tube may be expressed as

a*T aT
(Atkj + Akkk,l) Eg}i + (Aka,k,w‘k,lUy) @ +

wdih'(Ty — T) =0 (18)

This differential equation may be solved to yield an expression of
the following form:

T =T — (T, — Tae™x¥ (19)
The cocflicient, x, of the exponent may be established from
‘= 3 AiCpraonilUy
Ak + Adknr)
(Aka.k,lﬂ'k,lUy) dwdd’ | (9
Ay -+ Arer, Ak + Aiknal

. BEvaluation of Equation 20 indicates that the thermal flux through

the injection tube and the differences in the enthalpy of the ligquid
entering the drop from that in the drop varied from 13.2 t0.13.8%,
of the total thermal transport from the drop. For this reason it is
to be expected that the temperature of the liquid would be in-
fluenced by the Reynolds number and by the shape of the drop to
such an extent as to render correlation of the thermal transport
measurcments unprofitable. It was found that within the un-
certainty with which the thermal transport could be predicted the
Nusselt number was similar to the Sherwood number. The effect
of the presence of the drop on the conveetive thermal transfer to
the injection tube could not be evaluated conveniently. For this
reason the uncertainty in the prediction of the thermal flux across
the evaporating surface was of the order of 39, making detailed
evaluation of the behavior of little value.  Sufficient information is
recorded in Table I to permit the Nusselt number to be calculated
if the corrections for the energy transfer by the injection tube to
the drop were made with sufficient accuracy.

diameter ratio and sphericity on the evaporation
rates.

A comparison of the present data, reduced to an
equivalent sphere by Kquation 13, with the meas-
urements of Ranz and Marshall (28) and Fross-

L4,
7]

ling (7) is shown in Figure 7. The Ranz and
Marshall data give a slightly higher value of the
Sherwood number than was found in the present
investigation, whereas Frossling’s and the authors’

data are similar. No information was reported 10
by Frossling or Ranz and Marshall as to the shape
of their drops. Some deviations from sphericity
undoubtedly were experienced, and such behavior

5

B = 2(1+0.300 &o.soj‘o.»)—

]
/RANZ AND
MARSHALL

SHERWOOD NUMBER,

would tend to increase the Sherwood number, as
indicated by Equation 15. Measurements of the
level of turbulence of the gas stream were not
reported by cither Frossling or Ranz and
Marshall. Since the present investigation was

/

FREssLING JR= 2(“’0.276 Ra®3000%%) —

autHors  Jdh=2(1+0.272 RZ*%)

| | | |

carried out under conditions of nearly potential
flow, it is not surprising that some differences
several sets of measurements

Many investigators have compared the material
and thermal transport associated with the evaporation of drops.
Ranz and Marshall (28) found a close similarity between the

* Nusselt and Sherwood numbers which was confirmed for small

flux rates by Bedingfield and Drew (). As wasindicated in the
description of the equipment (9), relatively large injection tubes
were used to support the drops. For this reason the thermal
transport along the tube to the drop was significant. The

5 10 15 20 25
Re 0 508,0:3

Figure 7. Comparison of Results with Other Investigators

Acknowledgment

Nan-Teh Hsu was a Peter I, Fluor Fellow, and the authors
wish to express their appreciation to the Fluor Corp. for con-
tributing financial support to this program. Betty Kendall as-
sisted with the measurement of the dimensions of the drop and
with the preparation of the data in a form suitable for publication.



P by

_8-

Elizabeth McLaughlin and John Opfell contributed to -the prep-
aration of the man_usbript and W, I1, Corcoran reviewed it.

Nomenclature

A area, 8q. ft.
spemﬁc gas constant of component k, ft./° R.

II .II I

Cp isobaric heat capacity, B.t.u./(lb. )(° FJ), ft./° T

Cr Maxwell coefficient of component &, (Ib.) (sec.) (sq 1)/
mole?

a = differential operator

dg = maximum dizmeter of horizontal trace of drop, ft.

7 = outside diameter of injection tube, ft.
Dp,. = Fick diffusion coefficient of component k, sq. {t./sec.
. D = Maxwell diffusion coefficient of component £, 1b. /sec.
* D, = volumetrie diffusion coefficient of component &, D../P;

Diyp,u(nu/ns), 59. £t. /sec.

e = base of natural logarithm

fe = fugacity of pure component k, lb./sq. ft.

h = height of drop, ft.

R’ = loc(aél Ii;l;ermal transfer coefficient, B.t.u./(sec.) (sq. ft.)

kr = thermal conductivity of component &k, B.t.u./(sec.)
(sq. ft.) (° R./1t.)

K = constant of proportionality

l = charaecteristic length, ft

In = natural logarithm

m,. = material transfer coeflicient, ft./sec.

e B e

o

¥ e D Eee.ale o

= transport rate of component k, 1b./(sq, ft.) (sec.)

mf = average weight rate of transport of component k, Ib./-
(sec.) (sq. ft.)
ék = total transport rate of component k, lb./sec.
ny = weight fraction of component &
Nk = mole fraction of component &
P = pressure, lb./sq. ft. abs.
P = partial pressure of component &, (Pns), 1b./sq. ft.
r = radius, ft.
4 = radius of horizontal trace of drop, ft.
Re = Reynolds number based on maximum diameter of drop
Rex = Reynolds number hased on shape factor
S¢ = Schmidt number, »,/Dr,. = Pv,/Dy,
Sh = Sherwood number, mJdP/Da
13 = temperature, ° F.
T = thermodynamic temperature, ° R.
% = local velocity, ft./see.
Uk = transport velocity of component k. ft./sec.
U = relative velocity of stream and drop, ft./sec.
U7, = average velocity in y direction, ft./sec.
14 = {otal volume, cu. ft.
LY = vertical distance, ft.
Z = compressibility factor
a = shape factor, Va/Aq, ft.
e = level of turbulence
A herici o sz
= sphericity, ;1—0 = ey
v = kinematic viscosity, sq. ft./sec.
Ok = -concentration of component k, Ib./cu. ft.
g = concentration of component k mole/cu. ft.
¢:( } = special functions of
X = dimensional quantity (Equations 19 and 20), 1/ft.
bo) = partial differential operator
Superscripts
* = average value of
8 = constant exponent
Subscripts
= drop
= expulmenta.l
= gas phase
= height-diameter coefficient
= interface
= component in stream
= diffusing component
= liquid phase
= sphere
¢ = Reynolds number coefficient
= free stream, at a distance from the drop
= injection tube
= sphericity coefficient
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PART II.
THERMAL AND MATERIAL TRANSPORT FROM SPHERES

INTO A TURBULENTLY FLOWING AIR STREAM



INTRODUCTION

Information, concerning evaporation rates from spherical
surfaces and associated phenomena, is of importance in éhemical
englneering operations. Knowledge of the factors affecting
the rate of heat and mass transfer from spherical surfaces will
ald materially in the design of chemical engineering eqguipment.
The operations of spray drying, spray absorption, and combus-
tion of liquid droplets are merely a few examples in.which in-
formation concerning factors of heat and mass transfer can be
fruitfully employed.

Thermal transfer from heated spheres has been studied in
detail and empirical and analytical expressions which describe
the experimental data adequately are presented by McAdams (15)
and Jakob (11). However detailed information relating the
effect of turbulence level in the fluid stream to:the convec-
tive heat transfer from heated spheres is meager. In order
to investigate more fully the effect of turbulenée on the heat
transfer from heated spheres, the experimental studies de-
scribed in this theslis were made.

The experimental data on the evaporation from spherical
surfaces are few in comparison to the available heat transfer
data. Investigations by Morse (17) on the sublimation of
iodine beads led Langmuir (14) %o develop the following ex-

pression describing the evaporation of small drops into



-1l

E'S

gstagnant air:

- amd e (P

= 48 D, (ﬂﬂﬁsh(nﬁﬁ) (1)

This relation is applicable only to situations in which the
concentration of the diffusing component is exceedingly low.
Experimental data obtained by Bradley et al. (3) on the
evaporation of droplets of low volatility confirmed the
validity of the Langmulir equation for the evaporafion rate
when material transfer is the predominant factor.

The evaporation of drops in a flowing stream was treated
theoretically and experimentally by Frdssling (8). From
laminar boundary layer theory, Frossling established that the
welght rate of evaporation from a spherical drop is related
to the flow conditions in the followling way:

Ti‘ = 4’7‘/‘2 DVk (0—}",3,55 - 07(,3,&)(' + KSC“/-J' Re‘/l). (2)

where
Schmidt number = Sc = ZEK = ;{4‘( = .")D:( (3)
Reynolds number = Re = dzfa ()
*

The table of nomenclature on page 44 defines the symbols
employed herein.



Ingebo (10) studied the rate of evaporation of liguids from

saturated cork surfaces under flow conditions at low levels

of turbulence. The evaporation of water and benzene drops

into an air stream with a low level of turbulence has been

measured by Ranz and Marshall (19). The experimental data

obtained were expressed in terms of dimensionless parameters

for thermal and material transfer by the following expressions:
q 4,

Nusselt number =Nu = _kj (f“m*f

— =2(1+0 Re2S)  (5)

y . P b
Sherwood number = Sh= —X ds M; 5 :2(‘ +0.30Re/5c3)(6)
Mc Dk G (P, 55 -1%0)

Equations 5 and 6 were based on the analysis for the evapora-
tion fate from spherical surfaces through a laminar boundary
layer.

The present investigation was conducted with:the primary
emphasis on correlating the effect of turbulence level on the
over-all rates of material transfer and the assoéiated»phe»
nomena.

All of the earlier work on the evaporation of drops ap-
vears to neglect the effect of the concentration of the dirf-
fusing component in the gas phase and to consider the gas
phase as a perfect gas. In order to take into account the
deviation of the gas phase from the perfect gas law, the uti-

lization of the fugacity gradient as the driving force for
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diffusion has been considered. A detailed analysis of the
evaporation of drops which considers the gas phase to be an
ideal solution 1s available (24). It appears worth while %o
present a brief derivation of the equation relating the rate
of evaporation from a spherical surface employing the concepts
of the fugacity gradient and ideal solutlons.

Utllizing fugacity as a potential, the Maxwell hypothesis

(16) can be expressed in the following manner:

€ _ .

T GGan = o (7)
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Sy _ng"jg;uk-o (8)

P j (S)

= = -, -
e U

g = mn P = (\-T\ ) P (10)
¢ S ZRT k! ZRT

Assuming that the gas phase surrounding the spherical surface

18 an ideal solution, Eguation 7 can be restated as
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The molal rate of transfer per unit area can be expressed

in terms of Eguation 11 as follows:

o a”;\k
5 (5%) ,
™, o= U = - o T (12)
¢ Cx 95

Differentiating Equation $ with respect to the radial dis-

cance,

3). - (3, 2

A combination of Eguations 10, 12, and 13 results in the

(13)

relation,

m = _(f_':)(ao—k) Z'R*T?
>k PN L Pe, (1-m) (1d)

1t may bpe combined with the Maxwell diffusion coefficient




-15-

'From Equations ¢ and 10, the following relations

(5%), - -5, £ )
(‘—12&) = 1;1[, (18)

are combined with Equation 16 to give

° _ ‘F: ( an) Z DM, K
T = (F’) ar/r RT’ﬁj
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Equation 19 may now be expressed in terms of the Weight rate

of transport in the following way:

(20)

™ o= oM M = (‘;«) Zb?%k(a&v,-)T

Equation 20 describes the weight rate of transport per unit
area for the components of an ideal solution in accordance
with the Maxwell hypothesis, with fugacity as the driving

potential. The total weight rate of transfer from a sphere
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can be obtained from Equation 20 in the following way:

a . o 2 2
'YD = m A = '\'Y\kq'T('g = 4’""5
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Integration of Equation 21 between the surface of the sphere
and a point at an infinite distance from it yields the fol-

lowing expression:

3 P DH K 'F: 1:!.5'“
m = — 4Tk 2 {22
Tk A ? ka i /0/“ vj-a ( )

By considering the gaseous phase toc be a perfect gas and the
concentration of the diffusing component to be lbw, Equation

22 can be simplified to yield

o _ 4Tt DM,K _
L U ) A £

If the diffusion coefficient employed by Sherwood (25) is
substltuted for the Maxwell diffusion coefficient, the fol-

lowing form is obtalned:

™= ﬁ&_?_“_ (-px,ss - Pue)
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| Equation 24 is the form most commonly used in describing the
behavior of evaporating spheres in a stagnant atmosphere, but
it is valid only when the fugacity of the diffusing component
1s negligible compared to the fugaclity of the stagnant com-
ponent.

These eqguations, relating to the weight rate of material
transfer from spheres, may be used in correlating the experi-
mental data obtained in this investigation.

Utilizing the conventions described by Sherwood (25)
and Equation 22, which is based on the assumption thét the
driving force for diffusion is the fugacity gradient and that
the gas phase 1s an ideal solution, the dimensionless parameter
for material transfer designated here as the Sherwood number

may be exXpressed in the following manner:

m' }, ™, by T
Dy md 2 Do £ gm(i__ (25)

mn.
cJ'A

The Sherwood number reduces 5o a constant value of 2 at the
1imiting case of a sphere evaporating into a stagnant gas.
This follows directly from substitution of Equation 22, which
gives the total weight rate of evaporation from a sphere into

a stagnant atmosphere, in Equation 25,

Sh = — - =2 (26)
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" If the concentration of the diffusing component is low, Egua-

tion 25 reduces to the following form:

Sh = ™ b T
™ d5 D",k ('Pk,ss - PK/“)

(27)

The evaporation of a liguid involves the transfer of
thermal energy as well as transfer of material from the sur-
face of evaporation. This interrelation pefmits evaiuation
of data on heat transfer from experimental measurements on
evaporation rates. A brief derivation is presented of the
equation relating the material and thermal transport at steady
state.

The first law of thermodynamics for a system of variable

weight can be expressed as

Since the sum of the heat and work of a process must be equal
to the change in internal energy of the system:

dE:m(%-‘w)'f‘ZhEdm ' (20)

=

dE = ¢ - w + L, Edm (30)

The boundary of the system under consideration will be con-



" sidered fixed:

dy =0 (31)

The expression of the work becomes

W= - PVdm (32)

Now consider the flow of material into the system as a liquid.

The work term for material added becomes

L—,J—1 = —Pﬂ\—fﬁ dm,z (33)

For the material evaporating at the surface, the work is
W 4 ;—Pj vy afrn3 (34)

Expanding the terms in Equation 30 and differentiating the

variables with respect to time we obfain

G

X
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m

af = - ZZ by, e "JVH_ - dw —.d'm _
T = ~CRY T CRY TS )t B v E R (35)

Under steady conditions, the following relations are neces-

sary:

dE _ (36)
= -
1:13 + ’fcnf = 0O (37)
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'Equation 35 reduces to the following forms:

Z +P.ZV:¢ /m_ﬂ—PS’;T;]j+E£WQ—Ejm£:O (38)

jole

Zi‘*ﬁ"e(z"'xz-éjq_%‘—/;):o | (39)

O

The partial specific enthalpy is defined as

H:’.E""PV (40)

Equation 390 simplifies to

9 +wm (H-H)=0 (41)

jo0o

(42)

_TYm™m
[

If the liquid phase and the gas phase surrounding the evapor-

ating surface behave as an ideal solution Equation 42 becomes

.5t |
_la ° © (L]_B
Hy -H; )

Under steady conditions, the evaporating rate per unit

area of a pure substance 1s related to the total thermal flux
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per unit area by the following equation:

(-]

§ . 58

(H:. = HZ) (L)

kg k2

The quantityZ:i represents the sum of all forms of thermal
transport to the surface including convection, conduction,
and radiation. By summation of Equation 44 over the sur-
face of the evaporating sphere, the following equation
relating the macroscopic amounts of thermai and matérial

transfer is obtained:
© [} o % o
Qr + Qc = mk ( HK,S - Hk,ﬂ,t} (45)

Since the thermal flux due to radlation was negligible for
all conditions encountered in this investigation; the thermal
flux due to convection obtained from Eguation 45 may be cor-
related to the dimensionless Nusselt number for'evaporating

spheres by the following equation:

Q4
kj (ta.vtﬂ)

Modified Nusselt number = Nuf =

(46)
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The foregoing discussion described the dimensicnless
parameters used in correlating the experimental data on
thermal and material transport obtained in this investiga-

tion.

APPARATUS

Air Supply

The thermal and material transfer measurements were
made in a flowing alr stream at atmospheric pressuré. The
details of the apparatus used in conditioning the air stream
for the present investigation are essentially the same as
those employed in earlier studies on tThe effect of shape on
the evaporation of n-heptane drops (9). The major modifi-
cation involved the addition of a punched plate at the exlt
of the air Jjet to produce a high level of turbulence. The
arrangement of the air supply is shown schematically in
Figure 1. Alr obtained outside the bullding was used in
order to eliminate any possible contamination ffom laboratory
activities. A centrifugal blower powered by a Sterling Speed-
trol unit made possible continuous variation of air velocl-
tles employed in the present series of measurements. The
pressure difference of a venturi meter was used to establish
the weight rate of alr flow through the system. In order
to provide a uniform temperature field at the cross-
section of the Jet, independently controlled heéters were

installed at A and B of Figure 1. A series of low-thermal-
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| capacity electrical heaters were installed at C to allow
energy to be added to different parts of the ailr stream inde-
pendently to provide a more uniform temperature distribution
at the air jet throat D. The air temperature was maintained
at near constant values by the electric heater F controlled
through an electronic modulating circuit (5). Copper-
constantan thermocouples, 0.003 inch in diameter, were in-
stalled at points G and G' to follow the local variations in
temperature of the flowing air stream. The gross air tem-
perature was determined from the reading of the platinum
resistance thermometer located at E.

The transverse velocity distributions were determined
with a hot wire anemometer constructed of platinum wire,
0.0005 inch in diameter, and are shown in Figure 2. Employ-
ing the hot wire as a resistance thermometer, the transverse
temperature distribution at the Jjet was obtained as shown
in Figure 3. From the velocity and temperature distribu-
tions shown in these flgures, it can be seen that the varia-
tion in the.local veloclty and temperature near:the center
of the jet where the test spheres were located was gulite small.

The arrangement of the punched plate at the throat of the
air jet is shown in Figure 4. Because the turbulence level
of the flowing stream in the wake of the punched plate de-
creases with axial distance, studies at different levels of
turbulence could be obtained by inserting the test spheres

at the appropriate distance from the punched plate. This was
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‘accomplished by changing the extension placed over the punched
plate as shown in Figure 4. Figure 5 presents a photographic
view of the apparatus with the shortest extension, 3 inches
long, installed over the punched plate. The extensions shown
in Figure 6 are provided with electrical heaters to keep the
internal surfaces at the air stream temperature. Copper-
constantan thermocouples located on the internal surfaces
of the extnesions were employed to indicate the energy re-~
guirements of the jacket heaters necessary to maintain them
within 0.1° F. of the air stream value. | |
Traverses were made with the hot wire anemometer 1in the
wake Qf the punched plate. Apparently due to the higher
level of turbulence, a more uniform temperature field was
obtained in the wake of the punched plate. In the central
portion of the flowing stream where the test spheres were
located, the temperature variation never exceeded 0.2° F.
The velocity distributions obtained with the hot wire anemo-
meter for bulk air flow of 16 feet per second as a function
of turbulence level are presented in Figure 7. At the high-
est turbulence level used in the present investigation,
corresponding to an axial distance of 4,0 inches from the
punched plate, the velocity profile appears to be a func-
tion of the location of the holes on the punched plate. The
maximum varlation in local velocity 1n the central 50 per cent
of the Jjet was observed to be 12 per cent of the gross velocilty.

The maximum variation in local velocity in the region where
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' the test spheres were located was 8 per cent from the gross
velocity. The error introduced by the velocity variations
in the value of turbulence level, at X = 4,0 inches, was
about three times that introduced by the linearized hot wire
equations employed in evaluating turbulence level {6). At
X = 7.0 inches, the velocity-profile variations were suffi-
ciently small so that maximum error in turbulence level was
of the same order as that introduced by the linearized hot
wire equations. The velocity profiles obtained at X = 4.0
inches for bulk air speeds of 4, 8, 16, and 32 feet @er
second are presented in Figure 8. In all cases at X .= 4.0
inches, the maximum variation in local velocity at the loca-
tion of the test spheres was of the order of 8 per cent of
the gross velocity.

These velocity profiles were calculated by the conven-

tional hot wire equation introduced by King (12):

ik, =(a+ b\/—u_)(ﬁ’wﬂ?a)‘ (47)

This equation is based on the assumption that the heat trans-
fer coefficient from a wire is a single-valued function of
alr speed. This assumption is valid if the level of turbu-
ience in the air stream is low and remains eSsentially con-
stant at different air speedé. If the turbulence level is
high and is not constant for different air speeds, then the

assumption that the heat transfer coefficient is a unique
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function of air speed 1s questionable. It appears that the
apparent varlation observed in the local velocity in the
wake of a punched plate may be due to changes in the level of

turbulence as well as changes in local air speed.

Heated Sphere

The heated sphere used in the present investigation was
essentlally the same as that employed by Baer et gl; (1) for
measurement of temperature profiles in the wake of a heated
sphere. The addition of compensating heaters around-the
tube support was made in an effort to minimize conduction ef-
fects which appeared to be appreciable in the previous investi-
gations (1). The details of construction of the sphere are
presented in sectional form in Figure 9. A chromel wire
heater was placed in the spiral groove of the inner copper
sphere E and the leads were brought out through the support-
ing steel tube B. Four copper-constantan thermocouples to
indicate surface temperatures were located at poihts F, G, H,
and J on the internal surface of the silver shell D. Rota-
tlon of the sphere about the axis A-A permitted the determi—
nation of surface temperatures over four circular paths on
the sphere normal to the axis of rotation. The compensating
heaters I were of glass-insulated constantan wire coiled
around the steel tube B within C.125 inch of the solder Jjoint
C. Alternating current was employed in the compensating
heaters in order to minimize any stray electrical effects on

the surface thermocouple readings. The power input to each
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" heater was independently controlled by means of Variac auto-
transformers. Lead storage batterles were used to supply
electrical energy to the sphere heater. The energy input was
determined by measuring the voltage applied to the sphere
heater and the voltage drop across a standard resistor éon—
nected in series with the heater leads by use of precision
pdtentiometers. A schematic diagram of the heater circuit is

presented in Figure 10,

Porous Sphere

The sphere was shaped from a pilece of processed dlato-
maceous earth known as Allen filter material. Owing to the
softness of this material, extreme care was exercised iﬁ
lapping the sphere into shape. The details of the porous
sphere, 0.500 inch in diameter, employed in the studies of
evaporation rates are presented schematically in Figure 11,
The porous sphere A was suspended from a glass tube B, 0.030
inch in diameter, which extended to the center of the sphere.
The space between the glass tube and the hole in the sphere
wag sealed off by a sodium silicate solution. A set of
copper-constantan thermocouples was placed inside the glass
tube B as shown in Figure 11. Thils permitted measurement
of the fluid temperature in the tube at D which 1is away from
the surface of the sphere and at C which is at the center
of the sphere. A differential manometer E with one leg open
to the atmosphere was connected directly to the tube to serve

as an indication of the degree of surface saturation.



-28_

‘Fluid Injector

The controllable fluild injector used to establish the
evaporation rate is depicted schematically in Figure 12, The
evaporation rate was established by determining the value of
liguid flow necessary to maintain steady conditions at the
surface of the sphere. The details of the variable speed
motor and the assoclated electronic system have been described
(20). By means of the gear box and the range of motor speeds,
a 6000-fold variation in the fluid rate could be achieved with
a probable error of less than 0.1 per cent. Variatibn in the
ctemperature of the agitated oil bath surrounding the injec-
tor and displacement piston 1s responsible for the greatest
uncertainty in the actual displacement of fluid. Recause
the room temperature affects the temperature of the fluid in
the lines connecting the injector to the sphere,'oil.from
the injector bath was circulated in a jacket surrounding the
feed line as shown in Figure 12. These precautions minimized
temperature variations of the fluid in the feed lines, so
that the instantaneous fluid rate was known with a probable

error of not more than 0.1 per cent.

Traversing Thermocouple

A sultable system of gibs and ways was employed to per-
mit accurate movement of the thermocouple junction in the
vielnity of the test sphere. Precision dial gauges with a

total travel of one inch and with 0.0C1l inch divisions were .
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ﬁsed to locate the vertical X component and horizontal 2
component of the thermocouple according to the system of co-
ordinates shown in Figure 13. The thermocouple used in the
transport studles in the free air jet is shown schematically
in Figure 14. Adjustment of the spacing of the supporting
needles was necessary ﬁo produce a s8light tension in the
thermocouple wire to prevent vibration in the flowing air
stream, The platinum wires, 0.001 inch in diameter, were
soldered to platinum leads, 0.010 inch in diameter, which
terminated at the tips of the steel support needles.. The
measuring Jjunction is located at point A while the reference
junction is located at point B. A differential thermocouple
was used ‘to prevent small low frequency changes in alr stream
temperatures from being superimposed on the desired tempera-
ture profiles.

For measurements involving transport studies in the wake
of the punched plate installed at the jet opening; the thermo-
couple support was modified as shown in Figure 15. The
platinum-constantan thermoccouple, C.001 inch in diameter, was
replaced by a platinum-platinum 10 per cent rhodium thermo-
couple, 0.0003 inch in diameter. The change was made to de-
crease the magnitude of the corrections on the readings
obtained with the thermocouple because of thermal conduction
along the wire. The reference Junctlon was situated one
inch away from the measuring Junction as shown in Figure 15.
Figure 16 shows the platinum-platinum 10 per cent rhodium

thermocouple in relation to the porous sphere,
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Electric Analog Computor

To facilitate the solution of the differential equation
relating the steady state thermal conduction along the thermo-
couple wire, a simple network of adjustable electrical resis-
tors was employed. Precisidn potentiometers with resistances
of 100, 1,000, and 10,000 ohms and with a rated linearity
of 0.1 per cent were orlented on the instrument panel as shown
in Figure 17. Two plug receptacles were provided at each lead
to provide for measurement of voltages at points connected by
Jumpers. The 100 ohm potentiometers were employed aé the
voltage dividers for the boundary conditions. Lead storage
batteries provided the computer voltages through a simple net-
work éf resistors shown in Figure 18. Occasional adjustment
of the 100-200 ohm series resistor kept the voltage supply
within 0.02 per cent of the desired value. Figure 19 shows
a photographic view of the analog panel with connecting

Jumpers in place for the solution of a typical problen.
MATERIALS

n-Hexane

The n-hexane used in these studles was obtained from the
Phillips Petroleum Company and it was reported to contain less
than 0.01 mole fraction of material other than n-hexane. PFur-
ther purification was obtained by subjecting the material to
fractionation in a 16-plate glass column at a pressure of

7 1b./sq.in. abs. The fractionation was carried but at a
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reflux ratio of approximately 40 to 1. The initial and final
10% portions of the distillate were discarded. The partially
purified material was passed through a column of activated
alumina 7 £t. in length under ambient pressure and tempera-
ture. The purified n-hexane had a specific welght of 40.878
1b./cu.ft. at ?70 F. and index of refraction relative to the
D-lines of sodium of 1.3745 at 68° F. These values can be
compared with 40.878 1b./cu.ft. and 1.37486 reported by

Rossini (21) for n-hexane a%t the same states.

n-Heptane

The n-heptane also was obtained from the Phillips Petro-
leum Company and was reported to contain less than 0.0l‘mole
fraction of Impurities other than n-heptane. The material
was subjected to the same sequence of purification steps as
was the sample of n-hexane. The purified n-heptane had a
specific weight of 42.429 1b/cu.ft. at 770 F. and an index
of refraction relative to the D-lines of sodium of 1.3877 at
68° F. These values compare with 42.417 1b./cu.ft. and
1.3864 reported by Rossini (21) for n-heptane at the same

states,
EXPERIMENTAL PROCEDURE

The experimental investigation presented here can be
separated into two parts. These are:
(i) Measurement of the thermal transport from a

heated sphere to a turbulent air stream at



-32-

different levels of turbulence.
(ii) Measurement of the evaporation rate of hydro-
carbons from a molist porous sphere to a turbulent

air stream at different levels of turpulence.

The air stream was maintained within 0.1° F. of the de-
sired temperature by appropriate adjustment of the electrical
heaters arranged along the alr duct as shown in Figure 1.

The welght rate of air flow was measured in terms of the
venturi meter differential pressures and was kept within
C.2 per cent of the desired value,

In part i, the electrical energy input to the sphere
was adjusted so as to bring the surface temperature to‘a
value deemed satisfactory for the test being conducted. Oc-
casional adjustment of the series resistor kept the energy
input constant within 0.1 per cent for the duration of the
test being conducted. The energy input was determlined from
voltage readings taken across the heater and a standard re-
sistance as shown in Figure 10. The energy input to the
sphere was determined with a probable error of 0.1 per cent
for all conditions encountered. The compensating heaters
situated on the sphere supports were adjusted to minimize
the conduction losses. Here the sphere was rotated to a
position where the surface thermocouples F, G, H, and J shown
in Figure 9, were situated in a plane normal to the direction
of air flow. At this position each of the surface thermo-

couples was in an eguivalent position with respect to the
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‘boundary-layer formation from the forward stagnation point

of the sphere. Due to symmetry, the thermocouples of a heated
sphere without thermal conduction through the supports would
indicate identical readings at this position. In order to
minimize the conduction losses from the heated sphere,ithe
“energy input to each compensating heater was adjusted until
the thermocouples indicated the same temperature. -The sphere
was then rotated to different positions to determine the
surface-temperature distribution as exhibited by the thermo-
couple readings.

In part il the evaporating fluld was introduced at the
center of the sphere by the supporting glass tube and It
flowed radially through the porous material to the surface.
The fluid was injected at a controlled rate from the preci-
sion injector previously described. The rate of addition
of liguid was adjusted until it balanced the rate of evapora-
tion of the liguid from the spherical surface. The porous
nature of the material used in fabricating the sphere
provided a convenlent method for determining reéroducible sur-
face conditions. The vores on the surface of the material be-
haved in the same manner as caplllary tubes containing a liguid
which wets the surface. If the spherical surface were flooded
with an excess of ligquid, the rate of delivery exceeding the
evaporation rate, the liquid pressure in the feed tube be-
came slightly positive with respect to the atmosphere owing

to the pressure drop experienced by the fluid flowing through
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| - the porous material from the center of the sphere to the sur-
face. This positive pressure difference caused the meniscus
of the liquid ih the manometer E of Figure 11 to rise. If
the spherical'surface were allowed to partially dry by decreas-
ing the rate of delivery to the porous sphere, the liquid
surface withdrew intc the pores of the material. The capll-
lary tension due To the liguid in the pores of the sphere
caused the meniscus level in the manometer to change rapidly.
Using this sensitive change as an indicator, the rate of
liguid addilition was controlled by maintaining a conétant
height of liquid in the manometer E. The changes in mano-
meter level were sensitive enough to permit 0.2 per cent
varilations in the evaporation rates to be detected. The sur-
Tace temperature of the porous sphere was determined from the
indications of the traversing thermocouple whenh the measuring

Junction was in contact with the surface.
EXPERIMENTAL RESULTS

The experimental data obtained were separated into four
parts. These were:
(1) Data on the thermal transport from a heated sphere
to a turbulent air stream:

(a) Several surface temperatures were studied
at the single low level of turbulence
obtalned with the uncbstructed air Jjet.

The data obtained are summarized in

Table I.
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(b) One nominal surface temperature was studied
at several turbulence levels in the wake
of a punched plate. The data obtained are
summarized in Table II.

(ii) Data on the evaporation rates from a moist porous
Sphere:

(a) Evaporation rates of n-hexane and n—heptane
were studied at a single low level of
turbulence. The data obtained are sum-
marized in Table IIT, |

(b) Evaporation rates of n-heptane at several
turbulence levels were studied. The data

obtained are summarized in Table IV.

ANALYSIS OF RESULTS

The data obtailned in part i-a from the studies of thermal
transpoft from a heated sphere were analysed in térms of the
conventional dimensionless quantities, Reynolds number and
Nusselt number. These parameters have been previously'defined
by Equations 4 and 5 respectively. The average surface tem-
perature of the sphere was established from the following

integral:

Lo $han 4t
L L

s ™ d}
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'The variation in the local surface temperature obtained was
never more than 30 F. for any conditions encountered. This
can be compared to the temperature variation of 10° F. ob-
tained with the same sphere in previous studies (1) when com-
pensating heaters were not used on the sphere supports.. The
physical properties of air were taken from a critical review
(18) and values are presented in Table V. The values of the
dimensionless parameters were computed in three ways. The
specific weight, viscosity, and thermal conductivity of air
were based on the bulk air temperature of the flowiné stream,
the temperature of the sphere surface, and on the arithmetic
average of the bulk air and sphere surface temperatures, the
latter being usually designated as the film temperature. The
calculated results are presented in Table VI and shown in
Figure 20. The three sets of points form essentially a single
curve with the parameters based on film temperatures yielding
the best fit. These data yield lower values of Nusselt num-
ber based on physical properties at the film temperature than
recommended by McAdams (15). The higher values 6f heat trans-
fer coefficients obtained in previous studies (1) from the
heated sphere without compensating heaters were probably due
to thermal conducticn along the sphere supports. Heat trans-
fér measurements from spheres conducted under cohditions near
potential flow by Kramers (13) have been included in Figure 20
for comparison.

The measurements obtained in part i-b on thermal transfer
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‘from a heated sphere in the wake of a punched plate have been
aralysed in terms of the same dimensionless quantities as

in part 1-a. The parameters were computed employlng values
of viscosity, specific weight®, and thermal conductivity based
on the bulk air temperature and on the film temperature.

The level of turbulence was obtained from the characteris-
tics reported by Davis (16) for the punched plate used in this
investigation. The turbulence measurements were made with a
single wire normal to the mean flow of air. The hot wire was
maintained at constant resistance by means of a self;balancing
power supply. The hot wire current was set and the vacuum-
thermocouple output was recorded continuously as the hot wire
carriage was moved along the axis of the wind tunnel. The
turbulence level was determined from the hot wire equation

in the following manner.

i Ruw

RHW' '?u

-+ bVE | (49)

I+ FKRyw is maintained at a constant value, then
L2 = a‘+ b’ "/u' (50)
Differentiation of Equation 50 gives

di _ 7 b du
¢ a'+bva U
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Since in the region in which the hot wire was used

b Vo (52)
a'+ b

Equation 51 reduces to

iN du

I
¢ 4 U  (53)

The recorded current variation 1s converted into the desired
speed varlations by means of Equation 53. The axial.distance
X pertinent to the relation presented in Figure 21 was con-
sidered to be the distance between the forward stagnation
point of the sphere and the tralling surface of the punched
plate. The level of turbulence at the locallty of the test
sphere was obtained from the observed distance X and the re-
lation presented in Figure 21. It 1s believed that the turbu-
lence level is known within 2 per cent of the value indicated
by a hot wire in the same position,

The calculated results obtained are summarized in Table
VII and presented in Figure 22. The results obtained in part
i-a and the curve recommended by McAdams (15) have been in-
cluded for comparison. A cross-plot of Figure 22 which pre-
Sénts the effect of turbulence level on the Nusselt number is
given by Figure 23. The results indicate that the heat trans-
fer coefficient from spheres is not sighificantly lncreased by

turbulence level at low air velocities, but the increase 1is
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significant at the high air velocities.

The preliminary studies in part ii-a on the evaporation
rate from spheres in the unobstructed Jjet were carried out
with n-hexane. It soon became evident that n-hexane was too
volatile for studies at the proposed higher air velocities,
because the injection rates required to keep the sphere
moist were near the upper 1limit even at ailr velocities low
as 6 feet per second. When the change was made to n-heptane,
the evaporation rate was found to be compatible with the
range of alr velocities to be studied. For comparisbn, the
gross evaporation rates of n-hexane and n-heptane from a
porous sphere, C.50C inch in diameter, are presented in
Figure 24 as a function of bulk air velocity into a stream
maintained at a temperature of IOOO F.

The data obtained in part ii-a from the studies of
evaporation rates of n-heptane from a sphere in the free air
jet were analysed in terms of the dimensionless quantities
Schmidt number, Reynolds number, and Sherwood number. These
parameters have been previously defined by Equations 3, 4,
and 25 respectively. The properties of the free stream air
were used in computing Reynolds number and Schmidt number
because there is no satisfactory method of taking into account
the variation in composition along the transfer path. The
thermodynamic properties of n-heptane in the gas phase were
obtained by appllcation of the Benedict.equation of state (12).

The fugacity coefficients of n-heptane employed in calculating
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‘Sherwood numbers were obtained from the Benedict equation

of state. These coefficients are presented in Figure 25.

It is believed that the probable errors in the fugacity and
the concentration of n-heptane were less than 1 per cent for
all conditions covered in this investigation. The vapor
pressure and latent heat of vaporization of n-heptane were
taken from a critical review by Rossini (21). The Maxwell
diffusion coefficient of n-heptane was obtained from a recent
study of diffusion coefficients of hydrocarbons in air at
atmospheric pressure (23). The values of the vapor pressure,
latent heat of vaporization, and diffusion coefficlent of
n-heptane are presented in Table V.

The_temperature distritution on the surface of the
porous sphere was established by applying the appropriate
corrections to the experimental values as discussed in
Appendix A. From the local surface temperatures around the
sphere, the average surface temperature was established from
Equation 48. Since surface traverses were obtained only once
for each air veloclty and turbulence level, a method was
necessary to establish the average surface temperatures for
the tests where traverses were not obtained. A limited cor-
relation between the average surface temperature and the
ﬁemperature of the liguid at the center of the sphere was
established from the results presented in Table IV. The
empirical correlation is presented in Figure 26. Though

there is some scatter in the experimental points, the curve
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will allow a reasonable estimate of the average surface
temperature from the value of the liguid teﬁperature at the
center of the sphere. It is believed that the value of the
surface temperature obtained from Figure 26 is within 0.50 F.
of the actual value for all conditions covered in this lnvesti-
gation.
The data obtained in part ii-a are presented in terms

of the dimensionless parameters Sherwood number and (Reynolds
number)&'(Schmidt number)% . The calculated results are
recorded in Table VIII and shown in Figure 27. The fesults
obtained are compared with those by Fréssling (8) and Ranz
and Marshall (19) in Figure 27 and are found to be in good
agreement. The data obtalned in part ii-b on the evapora-
tion of n-heptane from porous spheres in the wake of a
punched plate were correlated employing the same dimension-
less parameters as in part ii-a. The results are recorded
in Table IX and shown in Figure 28. A cross-plot. of Figure
28 which presents Sherwood number as a function of turbulence
level shown in Figure 29 reveals behavior similar to that
observed with Nusselt number for the heated sphere; namely,
that the effect of turbulence 1s only significant at the
higher air velocilties.

| After applying the appropriate corrections for thermal
flux other than convective heat transfer as described in
Appendix B, a modified Nusselt number may be evaluated for

the evaporating porous sphere. The modified NusSelt number
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has been defined previously by Equation 46 and was correlated
in the conventional manner by the Reynolds number defined by
Equation 4. The calculated results from part ii-a are re-
corded in Table X. The modified Nusselt number 1s compared
with the Nusselt number obtained from the heated sphere in
part i-a as shown in Figure 30. Both sets of points form

a single curve with somewhat lower Nusselt numbers based on
physical properties of the free stream than recommended by
McAdams (15). The results obtained from part 1i-b are pre-
sented in Table XI and are compared with thé Nusselt:number
based on physical properties of the free stream from the
heated sphere from part i-a as shown in Figure 31. A cross-
plot of Figure 31 which presents modified Nusselt number as

a function of turbulence level 1s shown in Figure 32.

CONCLUSIONS

Measurements have been made on thermal and méterial
transfer from spheres in the range of Reynolds number, based
on sphere diameter, from 500 to 8000.

The experimental data obtained have shown that the
turbulence level in the flowing stream increased the magnil-
tude of the thermal and material transfer coefficients ap-
preciably only at Reynolds numbers in excess of 1800 which
corresponded to air velocities in excess of 8 feet per second.

In an air stream at Reynolds number of 3600 with a turbulence
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level of 13 per cent, the Nusselt number increased by 11 per
cent over the value obtained in the undisturbed airlstream
at the same Reynolds number. Under the same flow conditions,
the Sherwood number was increased by 14 per cent. Further
investigations with spheres of different diameters are needed
to establish whether air velocity, diameter of the sphere,
or magnitude of the Reynolds number 1s the critical Tactor
which determines the region in which turbulence level exerts
a marked influence on the magnitude of the transfer coeffi-
clents. |

The present data Indicate that the rate of material
transfer from the evaporating surface has little effect on
the heat transfer to the evaporating surface. The ratio
of the weight of liguid evaporated per unit time per unit
area of sphere surface to the weight rate of alr flow per
unit time per unit area of cross-section of the stream varied
from 0.0006 to 00,0018 for the conditions encountered. The
small value of this ratioc probably accounts for the fact that
the heat transfer was unaffected by the material transfer.
It is believed that further investigation into the effect of
material transfer on the heat transfer at higher evaporation

rates would be useful in establishing this relationship.
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NOMENCLATURE

dimensional constants

surface area of sphere, sqg. ft.

dimensional constants

specific gas constant of component k, ft./o R.

Maxwell coefficient of component k, 1b. sec. 8qg.
ft./(mole)

isobaric heat capacity, Btu./10.° F.
differential operator
diameter of sphere, ft.

Fick diffusion coefficient of component k, sq.ft./
sec.

Maxwell diffusion coefficient of component k,
1b./sec.

volumetric diffusion coefficient of component k,
Dwk/P 5 DEK (M« /M), sq. ft./sec.

Base of natural logarithms 2.71828

specific internal energy, Btu./lb.

total internal energy, Btu.

partial internal energy, Btu./lb.

fugacity of component k, 1b./sg. in.

fuéacity of component k in the pure state, 1b./sq. in.
coefficient of heat transfer, Btu./sec.sq.ft.? F.

specific enthalpy of component k in tThe pure state,
Btu./1b.

partial enthalpy of component k, Btu./lb.

current, amperes
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thermal conductivity of component j, Btu./sec.ft.o F.
constant of proportionality

characteristic length, ft.

natural logarithm

latent heat of vaporization of component k, Btu./lb.
weight, 1b.

material transfer coefficilent, ft./sec.

transport rate of component k, 1b./sq.ft.sec.

molal transport rate of componen:t k, 1b. mole/sg.
ft. sec. ‘

total transport rate of component k, 1b./sec.
total transport rate of component k across a
differential, interfacial area, an infinitesimal,
1b./sec.
molecular weight of component k, 1b./mole
weight fraction of component k
mole fraction of component k
Nusselt number, l!%;

\Jj Hd
modified Nusselt{ number, k’

J

partial pressure of component k, 1b./sq, in.

oressure, 1b./sq.in. abs,

heat assoclated with an infinitesimal change 1n
values of variables defining the state of a system,
Btu./1b.

total heat associated with an infiniteéimal change
in values of variables defining the state of a
system, Btu.

total thermal fTransport to an infinitesimal area,
Btu./sec.

thermal flux, Btu./sq.ft. sec.

total thermal flux, Btu./sec.
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radius of sphere, ft.

° R,

universal gas constant f£t. 1b./mole
resistance of hot wire corresponding tc t , ohm.

fixed resistance of hot wire, ohm.

d. u
Reynolds number, v
: A P
Schmidt number, -%%:— ~ DS
J v,k
Sherwood number, il P

D «
o .
temperature .

\ . L . 0
thermodynamic temperature, R.

' o}
average surface temperature of sphere, .
local velocity, ft./sec.
average velocity ft./sec.
total veolume, cu. ft.
partial specific volume, cu. ft./1b.
work associated with an infinitesimal change in
values of variables defining the state of a systen,
Bbu./1b.
total work associated with an infinitesimal change
in values of variables defining the state of a
system, Btu.
distance downstream from center of sphere, in..
distance toward walls from center of sphere, in.
1

5 distance between parallel walls, in.
2 E]

horizontal distance from center of sphere to the
walls, in.

horizontal distance from center of sphere normal
to X-Y plane, in.

compressibility factor,

dimensional quantity 1/ft.
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A difference operator

e time, seconds

i mathematic symbol for 3.14159

Oy concentration of component k, 1b./cu.ft.

o molal concentration of component k, mole/cu. £t
2 summation of n terms

partial differential operator

surface integral

e, o

Superscript

* average value of
Subscripts

a -free stream, at a distance from the sphere
B alr boundary layer

¢ convection

Co constantan

Cu copper

bl £ilm

&£ gas phase

HW hot wire

J component 1in strean

k' diffusing component

1 liquid phase

n node 1in analog circult
Pt pilatinum

r radiatlon

sc at center of sphere
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wr

e

on surface of sphere
injection tube

wire

water in air stream

along axis of injection tube
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Sectional View of Heated Sphere
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Table I.

Experimental Results of Heated Sphere in Air Jet

__Air Stream _Hested Sphere
Test P ta N, v ax10°  Q Y
to- 1b, oF, weight £t, Btu. Btu. °F,
8g.in,abs. frac. sec. sec. sq.ft.sec.
60  14.339  100.2  0.0073  4.04 1.094  0.2006  205.1
64  14.340  100.1  0.0077 4404 0.783  0.1436  175.9
68 14,308  100.2  0.0098  4.07 1.533  0.2810  245.1
61 14.360 9.8  0.0090 8.07 1.093  0.2005  176.6
66  14.362 100.0  0.0121 8.05 0.783  0.1436  154.4
69  14.372 100.1  0.0083 8,04 1.531  0.2807 = 205.9
80  14.287  100.1  0,0057 8.05 2.085  0.3823  245.9
70  14.332  100.0  0.0091  16.24 1.533  0.28100  178.2
71 14.370  100.1  0.0082  16.20 2,086  0.3824  205.5
73 14.195  100.1  0.0068  16.41 2.856  0,5236  243.8
7,  14.426  100.0  0.0096  32.08 2.086  0.3825  173.1
75  14.384  100.1  0.0077  32.17 2.856  0.5235  199.5

79 144323 100.0 0.0077 32.11 4e155 0.7617 243.0



Test
No.

82
a8
111
8l
87
110
83

86

109
84
85

111
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Table Il.

Experimental Results of Heated Sphere in Wake of Punched Plate

Heated Sphere

Air Stream

P ta n,,
1b, © F. weight
sq.in.abs. frac.
14.404 99.8 0.0048
14.340 100.0 0,0100
14.287 100.1 0.0064
14.361 100.0 0.0054
14.356 100.1 0,0088
14.277 100.1 0.0042
14.404 100.1  0.0057
14.365 100.0 0,0093
14.369 100.1 0,0030
14,359 100.1 0.0059
14,342 100.,1 0.0093
14.280 100.1 0.0043

£ty
, sec.
4.03
4.06
407
8.01
8.05
8,06
16.13
16,22
16.13
32.05
32.19

32.22

X

in.

4.13

7 .12‘

13.04
4,07
7.12

13.03
4013
7.12

13.04
4el3
7.12

13.04

Q x 103
Btu.
sec.

0.784
0.783
0.783
1.094
1.094
1.094
1.533
1.533
1.533
2.087
2,087

2.085

(]

Q.
Btu.

sq.ft.sec.

0.1437
0.1436
0.1436
0.2006
0.2006
0.2006
0.2810
0.2810
0.2810
0.3826
0.3826
0.3823

tss

°F.

174.6
177.7
170.5
171.1
175.7
175.4
167.7
173.3
175.3
160.2
167.3
170.5
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Table V.

Physical Properties of Air and n-Heptane

Property

3

Air

Viscosity x 107

Thermal conductivity x 10® Btu./ft.sec.°F.

Specific volume

Compressibility factor

n—-Heptane

Vapor pressure

Maxwell Diffusion
Coefficient

Latent heat of vaporization
Isobaric heat capacity

of liquid n-heptane

Specific gas constant

Units

lb.sec./sq.ft.

cu.ft./1b.

1b./sq.in.

1b./sec.

Btu./1b.
Btu./1b.°F.

ft./oF'

70° F.
3.82
414

13.348

£,° F.

50
55
60
65
70
75

85
100
115

77
209.2

80

* Properties of dry air at 14.696 1b./sq.in.abs.

Reference

100° F. 130° F.
3.98 414
L34 454

14,105  14.862
0.9998

0.398
0.465
C.541
0.628
0.726
0.836

0.1689
0.1773
0.1854

156.83
135.99

0.536

15.4228

(18)
(18)
(18)
(18)

(21)

(23)

(1)

(7)

()



Test
No.

£

68
61

69
80
70

73
T4
75
79

Table VI.

Calculated Results of Heated Sphere in Air Jet

Air Stream

Re

o

904

904

908
1808
1799
1802
1797
3627
3629
3636
7208
7215
7171

Re

S

791

821

760
1639
1678
1578
1500
3288
3174
3046
6564

6367

6021

Heated Sphere

Re

843
860
826

1720

1738

1682

1635

3445

3390

3319

6863

6757

6546

h x 103

Btu,
sq.ft.sec.F,

1.912
1.896
1.938
2.612
2.640
2.652
2.621
3.593
3.626
3.642
5.232
5.270
5327

Nu

(8

18.35
18,20
18,61
5.1
25.3
2545
25.2
34.5
34.8
35.0
50.2
50.6
51.1

Nu

§S

15.80
16.29
15.20
22.4
23.4
21.9
20.5
30.8
29.9
28.7
45.1
43.9
42,0

Nu,

16.99
17.20

23.7
24,3
23.6
22.6
32.5

32,2

31.5
4.5
47.0
46.0
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Table V1I.

Calculated Results of Heated Sphere in Wake of Punched Plate

Air Stream Heated Sphere
Test Re,  Re Turbulence h x 103 Nu,  Nu,
Btu,
per cent sq.ft.sec.OF.

82 907 864 1444 1.922 18,45 17.50
88 907 862 9.2 1.849 17,75 16.79
111 910 868 5.4 1.883 18.08  17.15
8l 1797 1715 14.5 2.821 27.1 25,7
87 1802 1717 9.2 2.653 25.5 24e2
110 1798 171 544 2.661 25.5 24,2
83 3627 3470 12.9 40159 39.9 37.9
86 3630 3456 8.6 3.838 36.9 349
109 3624 3450 5.1 3.787 35.9 34.0
84 7185 6907 12.0 6.358 - 61.0 58.4
85 7191 - 6880 8.0 5.692 54.6 52.0

111 7204, 6875 4.9 5,431 52,1 49.5
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Table VIII.

Calculated Results of Porous Sphere in Air Jet

Test
No.

Re

822
1802
822
1759
889
4590
1808
1717
1908

1342
819
463

1360
876

7978

4601

Air Stream
Sc  Re” Se”
2.14 37.0
2.14 54.7
2.15 37.0
2.15 54.1
2.15 38.5
2.16 87.6
2.15 5449
2.15 53.0
2.16 56.5

Porous Sphere
Sh

20.3
30.8
22.3
3L.1
22.2
6.6
31l.2
30.4
2.5



Table IX .
Calculated Results of Porous Sphere in Wake of Punched Plate

Alr Stream Porous Sphere
Test  Re,  Se  Re’ S¢® Turbulence ‘8h
No. Level
per cent

103 3639 2,15 77.9 9.7 46.1
1l.1 47.9
1044 3647 2,16 78.1 5.5 LA4..T
5.9 4449
6.4 45.1
1048 915 216 3.1 5.8 22.6
6.2 22.8
6.8 22.9
104C 1811 2.16 55.0 5.8 32.2
6.3 32.4
6.8 32.3
1054 1810 2.15 5449 10.6 33.1
12.3 34e5
14.6 %5
105B 914 2.15 39.0 10.6 23.0
" 12.3 23.8
14.6 - 249
105C 3644 2.15  77.9 9.7 . 46.6
11.1 48.5
13.0 51,0
1064 3639 2.15 77.9 Tl 45.2
7.8 45.6
8.7 45.9
1068 1808 2.15 549 7.5 32.2
8.3 32.7
9'3 33.0
106C 912 2.15 9.0 75 22.8
8.3 22.9

9.3

23.0
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Table X.

Calculated Results of Heat Transfer to Porous Sphere in Air Jet

Air Stream Porous Sphere
Test Re, § x 104 § x 102 hx10° - Nu
No. Bta. Bta, -
sec. sg.ft.sec. sq.ft.sec. F.

45 822 3.53  6.47 1767 16.96
46 1802 5.3, 9.80 2.699  25.9
48 822 3.85°  7.06 1918 18.4
49 1759 5.3 9.84 2.667 25.6
50 889 3.85"  7.05 1.911 18.35
51 4590 8.55  15.67 4516 434
52 1808 5.39 9.87 2.683 25.8
53 1717 6.47  11.85 2731 26.2
54 1908 Led2 8.11 2.874 27.6

* GCorrection term for thermal flux introduced by supporting
tube was assumed to be 11 per cent for these tests, since
t, was not measured.
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Table XI.

Calculated Results of Heat Transfer to
Porous Sphere in Wake of Punched Plate

Ajr Stream Porous Sphere
Test Re, Turbulence é x 10* & x 10° h x 10>
No. ) Level ‘
Bbu. Btu, Btu,
per cent sec. sq.ft.sec. sq.ft.sec. F.

103 3639 9.7 8.27 15.16 4.282
11.1 8.69 15.94 44553

104A 3647 5.5 7.83 14.35 3.985
5.9 7.88 14.45 4.024

6.4 7.90 14.49 4.036

104B 915 5.8 3.91 7.17 1.949
6.2 3.94 Te22 1.961

6.8 3.95 724 1.966

104C 1811 5.8 5.51 10.11 2.746
603 5.55 10.17 2.763

6.8 5.55 10.18 2774

1054 1810 10.6 5,70 10.45 2.848
12.3 5.95 10.90 2.971

105B 914 10.6 3.99 7.31 1.987
- 12.3 4.11 754 2.049

14.6 429 7.87 2.137

105C 3644 9.7 8.28 15.17 4e249
11.1 8.69 15.94 4,502

13.0 9.33 17.11 4945

1064 3639 7.1 7.95 14.58 4,049
. 7.8 8.04 14.74 4.094
8.7 8.15 14.94 4.184

106B 1808 75 5.56 10.20 2.778
8.3 5.63 10.32 2.811

9.3 5.67 10.39 2.832

106G 912 745 3.94 7.23 1.964
8.3 3.96 7.26 1.973

9.3

3.99 7.31 1.986
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APPENDIX A
THERMOCOUPLE CORRECTION

The surface temperatures of the porous sphere were ob-
talned by correcting the indicated temperatures of the refer-
ence junction in contact with the sphere at the traverse
locations indicated in Figure 1-A. The apparent temperatures
were corrected by the following differential equatibn for the

steady state thermal conduction along the wire:

do k dz‘tw duw Kk tw,w-l -2 twn + o, mer (l)
-t°‘=-t“’-(4h)d,'2' =tw,ﬂ—(4h (Ay)2

The solution to this equation was obtained by meané of the
electrical analog previously described. In Figure E—A, the
electrical resistance Rg represents the local resistance to
thermal transfer through the boundary layer surroﬁnding the
thermocouple wire, The electrical resistances Rgy and Re,
represent the local resistance to thermal transfer along the
platinum and constantan wires. From Equation (1) the follow-

ing relation between RB and R, or R, must be satisfied:

So _ duke (2)
Rpe 4h (a9)*
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The remaining boundary conditions involving the local values
of the heat transfer coefficient and temperature distribution
along the wire were established in the following manner.

The value of the local heat transfer coefficient from
the thermocouple wire was established as follows. The exact
solution  to the velocity distribution in a boundary layer
surrounding a- sphere was not available so the exact. boundary
layer solution for a circular cylinder derived by Schlichting
(22) was combined with the potential solution of the flow
around spheres (26) to permit estimation of the veloéity
distribution 1n the boundary layer surrounding the sphere.
The heat transfer data obtained by Cole and Roshko (4) for
small platinum wires were used to establish the felation be-
tween the local air veloclity and the heat transfer coeffi-
cient of the thermocouple wire which is shown in Figure 3-A.
From the velocity distribution around the sphere and the rela-
tion presented in Figure 3-A, the local heat transfer coeffi-
cient may be established for any point along the wire. The
resistance ratio RS//Rpt may be established from Equation 2
at each node from the local heat transfer coefficient and
the distance along the wire between each node. Since d, and Koy
are essentially constant under the conditions encountered,
th will be the same at each node. The value of Rp 1s
determined arbitrarily to keep the valuesg of Re within the
limited range of resistances avallable from the potentiometers.

The appropriate values of fg can then be established from
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Equation 2 for each node.

In order to establish the temperature gradient imposed on
the wire in the vicinity of the spherical surface, the experi-
mental temperatures obtained from the traverses were plotted
in the Y-Z plane from the surface to a point in the air étream
that was sufficiently remote to be unaffected by the presence
of the sphere. From this plot, the temperature distribution
along the wire could be established for each experimental
point. _

The voltage (0.005 volt) imposed on the network of re-
sistors was sufficlently low as to eliminate any thermal ef-
fect on the resistances from current dissipation. Each 100
ohm potentiometer of the voltage divider in Figure 2-A was
adjusted until the voltage corresponding to the wire tempera-
ture was attained at each wire node as established by the
plot of experimental temperatures in the Y-Z plane. A%t the
termocouple junctlon nqde, the voltage correspondihg to the
corrected alr temperature is obtained. The temperature cor-
rection corresponds to the voltage drop that occurs across
R8 of the thermocouple Jjunction node. The temperature cor-
rections for Test 50 have been carried out to completion.

The isotherms obtained around the surface of the sphere are

presented in Figure 4-A. The magnitude of the corrections

applied to the apparent temperatures 1s presented in Filgure 5-A.
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. < X = 0.250 in.
\
\
X = 0.125 in.
- X= 9.000
X = -0.125 in.
L - X = =0,250 in,

Alr Flow

Figure 1-A. Traverse Locations
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APPENDIX B

THERMAL CONDUCTION CORRECTION

The general energy ecguation for steady conditions de-
scribing the thermal flux in the supporting tube may be

expressed as

4t
(At kt+AKkh+ ACkav+AanCo) :j—;z. -+ (A&Cf:"."’ol,l u") %‘E + det h (.tss‘t) =0 (1)

The solution of the differential equation yields an expres-

sion of the form

~BX
t = tss-'(ta"tﬁ) € | (2)

where the coefficlent B 1is given by

ﬂ =1 Ay Core O Ux + ( AkCP-GﬂUZP Uy 1 47de h (3)
2 Ae Kt.’AkK. +/?c.,k:., +lqc‘o Kee l/\tkt AR A K A Ko * Ak, +Ak Ko+ Ar ket Acok o
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‘Evaluation of £ from Equation 3 indicates that most of the
thermal flux through the supporting tube is due to the de-
crease in enthalpy of the flowing fluid. The expression for
the decrease in enthalpy of the liquid introduced through

the supporting tube is

A'}, = Tlo"k Co.x4 (ff,k - tﬁ) (4)

Although the ﬁagnitude of the correction term 1s somewhat
large, the evaluation of the term is relatively simple and
precise. From the temperature indicated by the thermocouple
at point D in Figure 11 and the average surface temperature

of the sphere, and the specific heat of liquid n-heptane, the
necessary correction term expressed by Equation 4 may be |
evaluated. The value of the specific heat of liguid n-heptane
(7) for the conditions encountered is presented in Table V.
The thermal flux through the supporting tube amounted to 11%
of the total thermal transfer to the surface of the sphere

for the majority of the conditions encountered.
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TEMPERATURE GRADIENTS IN TURBULENT GAS STREAMS
Recovery Factors in Steady, Uniform Flow
J. B. Opfell, K. Sato, and B. H. Sage
California Institute of Technology
Pasadena, California

INTRODUCTION

The recovery factor has become an important quéntity in
the analysis of supersonic flow. Early work was directed to
relating the indicated temperature of thermocouples or resis-
tance thermometers to the temperature of rapidly moving streams
in which they were immersed. Methods of measurement of‘the un-
defined concept temperature (4, 12) have been summarized and
assembled in a systematic form (1). For this reason there is
little‘need for reviewing the methods of measurement of tem-
perature and its application in laminar and turbulent.flow.
McAdams (20) correlated the data relating to convective ther-
mal transfer to small cylinders, and a recent expérimental
study has considered the effect of position in the flowing
stream upon the thermal transport (26) to small cylinders
located transverse to the direction of flow. In the measure-
ment of the temperature of a moving stream by means of a
stationary wire, it 1s necessary to take into acéount the
rise in temperature of the fluld immediately surrounding the
wire as a result of a substantially adiabatic change in state,
and also the dissipation of kinetic energy as a result of

viscous and turbulent shear in the vicinity of the wire. The
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study of this gquantity (3) has been particularly emphasized
in the field of aerodynamics. Earlier studies (5,8,9,11,
13, 22) with air yielded values of the recovery factor from
0.62 to nearly unity.

Throughout the current discussion the recovery factor

will be defined by the equation,

1 T;:"—r\, -ro—.rb
Y = T 7 v c (1)
T; }b /23CP

More recently, Hottel and Kalitinsky (15) measured the re-
covery factor for air on circular wires at velocities from
140 to 320 feet per second. A recovery factor of 0.66 was
obtained for the lower velccity. This value is somewhat
smaller than was obtained by Eckert (8,9) for small wires.
Good agreement was obtained between the behavior for iongi—
tudinally mounted wires (8,21) and the values predicted by
Emmons and Brainerd (10) for a flat plate located in an
infinite stream. McAdams and coworkers (21) determined the
recovery factor for air within lucite tubes and obtained
values varying between 0.875 and 0.905, which were in reason-
able agreement with the predictions of Emmons and Brainerd (10),
Pohlhausen (23), and Eckert and Weiss (9). The last men-
tioned investigators predlicted that the recovery factor for

a flat plate in an infinite stream should be approximated

by the square root of the Prandtl number. Such a relation-
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Ship is not strictly 1n accordance with Pohlhausen's calcu-
lations but represents a reasonable simplification.

More recently, actlive interest in recovery factors for
supersonic flow has developed primarily as a result of the
need for understanding aerodynamic heating. . The studies'of
Eber (7), Tifford and Chu (28), and of Probstein and Lees (24)
exemplify the interest in aerodynamic heating problems. Kaye
and coworkers (16) carried out extensive studies of recovery
factors for supersonic flow of air in tubes, and Levy and
Seban (19) presented recovery factor values for wedge flows,
utilizing the Hartree solution of the momentum equation (14).
In addition, they predicted recovery factors for a fluid with
a Prandtl number of 0.7 at separation of the boundary layer.
Work relating to this problem was carried out by Delauer and
Nagamatsu (6) at rather high Mach numbers as a part of a gen-
eral study of thermal transfer in hypersonic flow. These
references indicate the widespread interest in recbvery fac-
tors.

Wilson and Mitchell (29) recently made compuﬁations of
the effect of viscous dissipation of kinetic energy on the
pressure and viscosity for liquids in Couette flow. These
authors assumed a uniform temperature distribution perpendi-
cular to the direction of flow and no thermal flux parallel to
the hydrodynamic velocity.

No analysis appears to have been made of the steady tem-

perature profiles in streaming fluids involving both a pres-
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.Sure gradient in the direction of flow and a finite hydraulic
radius. Pohlhausen (23) predicted the recovery factor for

a flat plate with incompressidble flow and no pressure gra-
dient, whereas Emmons and Brainerd (10) considered the analo-
gous case for a compressible fluid. The predictions.haVé
often been used as the basis for the prediction of recovery
factor values for wires, plates, and the walls of flowing

streams which are parallel to the axis of flow.
DERIVATIONS

The following discussion relates to recovery factors
assoclated with the unidirecticnal flow of an incompressible
fluld between infinite parallel plates and in a channel of
constant circular cross section. For present purposes, a
uniform stream i1s considered as one in which the velocity at
a given location in the cross sectlon is invariant in the
direction of flow, although other point properties of the
fluid do vary in this direction. In tThe course of such a
flow process for real flulids there exists a dissipation of
kinetic energy because of the viscosity of the fluld. In
order to estimate the recovery factor it is necessary to de-
termine the form of the dissipation function and to establish
from an energy balance the temperature distribution necessary
to promote a condition of maximum entropy for the boundary
conditions imposed. Figure 1 presents a force balance upon

an element of volume in a two-dimensional uniform stream
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having a unit depth in the other direction.

Because the total volume of the element shown in Figure 1
remains constant with respect to time, a force balance for
this volume results for steady uniform flow in the following

equation:

3T 3T

X oY | (2)

Under steady conditions, the dissipation of kinetic energy

in the element through shear must equal the net rate.at

which energy tranéfer from the element is accomplished. The
balance of these energy changes and the fluxes may be written

as (17,18,25)

C‘u éE_. 1 b_txx} + O Qv+ . aév 4 buxT’f (3)
oY QY

Qs
*®
"

*13x 0 ox

The shear in steady uniform flow of a Newtonian fluld may

be related to the pressure gradient by (2)

~ XY '
oT . oF (1)
I

Equation 4 may be rewritten as

T = 'T;,Q/!o | | (5)
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‘From Equations 2 and 4, it follows that:

3E . 1 ap1 ., 24 M 38,
AR AR SRl IS

The thermal transport transverse to the direction of flow may

be expressed as

] _ O—CPE'—C 3T
S W) (@)

A combination of Egquations 7 and 8 results in

0
~—

€. 0Cr 3T _ 3 [ L (
7= 5—[_ —f_%u,‘LﬂL“&axfO’lled

° 0

Equation ¢ represents the energy balance for ihe flowing sys-
tem expressed in terms of the Prandtl number and an integral
describing the energy transport in the direction of flow.
Equation 9 can be developed from £he theory of irreversible

thermodynamic processes as described by Kirkwood and
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Crawford (17) by making appropriate simplifications to con-
form with the present boundary conditions. It is emphasized
that Equation 9 is limited to the steady uniform flow of an
Incompressible fluild; no effort was made to establish the
thermal transport in the x direction because of a temperéture

gradient since the flow was considered uniform,.
ADIABATIC FLOW

For uniform, steady flow under adiabatic conditions with

an axis of symmetry 1t follows that:

Q_-]_— - ot »Q =0

oL © (10)
aT _ R -

Zﬂ: = 0 t j ﬂo

If these boundary conditions are applied to Equation ¢, there

is obtailned

a ’ L
3x | owHdL =0 S (11)

[4}

This equation shows that there is no change in enthalpy in the
direction cf flow. Equation 9 may then be simplified to the

fform,

— T

dI' _ e L7 uxL

r—

C, €

Q.
-
q

(12)

g
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This differential expression describes the variation in tem-
perature across the channel for adiabatic flow. It may be
integrated for various boundary conditions.

If Equation 12 is applied to the laminar flow between

parallel plates of infinite extent, there is obtained

o

T _ 24 4. 3 2/ U? '
e R e

=

In deriving Equation 13 the Reynolds number was taken as

e = ‘ii—u (14)

In laminar flow the total viscosity 1s equal to the kinematic

viscoslity, and Equation 13 may be integrated to yield

et

T-T, = 1 B (- ':;)(#;) | (15)

In obtalning Equation 15 the viscosity was assumed to be a
constant.

| It 1s often of interest to consider the temperature at
the wall in reference to the bulk temperature of the stream.
Under the foregoing circumstances the difference between the

bulk and wall temperatures is
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- 9% U
To=T, = 35 1% 23CP) (16)

From the definition of the recovery factor as given 1in Equa-

tion 1 it follows that:

r' = %ﬁz (17)

Equation 17 describes the recovery factor for the laminar
flow of an incompressible fluid under steady uniform condi-
tions when moving between adiabatic, 1nfinite parallel plates.
The temperature distribution in such a laminar stream may be
generalized by rewriting Equation 15 in such a form that one

side depends upon position in the stream alone.

(9%)( J;g—gc,,) =r-L& (8

The left hand side of Equation 18 is plotted as a function of

position in Figure 2. This diagram represents a generalized
temperature distribution in a laminar flowing stream. In
most conditions of laminar flow the temperature differences

will be small, However, if %the Prandtl number is large, as
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is sometimes encountered with viscous olls, these effects
become significant. It should be realized that there exists
a uniform increase in temperature with the distribution indi-
cated in Figure 2 as the fluid progresses in the direction of
flow., The enthalpy is constant but the linear decreasefin
pressure results in a linear increase in internal energy as

indicated by the followlng expression:

_ ol | c
_E—-T = g ——O—CX (19)

In turbulent streams the situation is somewhat more com-
plicated. It is convenlent to employ two parameters to

describe the position and velocity pattern (2).

,Y]/T.s _ 4
v Yyt v | (20)

LL+ - __ii___ _u
9 e (21)
g

Following correlations which have been developed from experi-
ment (26), these parameters were related in the following

emplrical fashion:
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= (l-L)lzf\/%?

;YT > 26.7

tunk (10 (00615 BVE ) 5 yr¢6

From these it has been established (27) that

€

- Mm

— m

T _

()ux/a,q

£ U7
\) 2 U2

TLYe £ v (%ﬁ )_,

— o ——

Uy 2
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(ﬁl\/N) 5

auyaL.

CaEs

(22)
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Substituting Equation 26 in Equation 12 and evaluating the
shear at the wall in terms of the friction factor, there is

obtained

dT B Ul b((.\.+)2 .
dL =-h ‘I,?E(zgcp) d L =)

The integration of Equation 27 resulté in
£r iy
- - - U 2 (28)
T-Ta = ',z‘(zﬁc,,)fﬁl d(u*)
L=o .

The temperature distribution in an air stream as a'function
of position is shown in Figure 3 for Reynolds numbers of
20,000 and 100,000 and the corresponding values of thé bulk
temperature and recovery factor are presented in Table I.
The data of Figure 3 and Table I refer to air at albulk tem-
peraturé of 100° F. and at substantially atmospheric pres-
sure. The physical properties of air which were employed
in these calculations are recorded in the footnotes of Table I.
In these calculations the variation in the molecular proper-
ties of the air with position in the flowing stréam was as-
sumed to be negligible.

It appears profiltaple to consider the corresponding ex-
pressions that are obtained for flow in a circular conduit.

The same methods as have been outlined for tq§ flow between



-121-~

"between parallel plates result in an expression of the follow-

ing form which is the analog to Equation 12:

fa W
._{

= T% LT UxR _(29)
- GC} €m - :

Q.
A

In Equation 29 the radius at any point is related to the radius

of the conduit by

If desired, the temperature gradient of Equation 2¢ may be
expressed in terms of the bulk velocity and the friction fac-

tor. Under these circumstances there is obtained

a7 u? Uy R :
FEE E‘“F“’(zﬂcp) € (31)

In laminar flow Eguation 31 reduces to

dr
d—R = -P)I

6 v, U* :
& 7’?—1 = 2‘“"’”(@) R (32)

Equation 32 may be integrated from the center of the conduit

to yield the following expression for the temperature distri-
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bution in the adiabatic laminar flow of an incompressible

fluid in a circular conduit:
2 R4 Uz
T'Ta zaﬁ(R—T)(Zsc,)) (33)

Again 1t has been assumed that the physical properties of
this stream do not change with radial position. The simi-
larity between Equations 15 and 33 is evident. If it is de-
sired to relate the temperature of the wall to the bulk

temperature of the fluid, there 1s obtained,
Ul
T, =T, = 2" (236‘?) (34)

In the case of flow in circular conduits the recovery factor

may be established from

-~ (35)

The values of the recovery factor obtained from Equation 35

are somewhat larger than those obtained for the flow between
parallel plates as indicated in Equation 17. Those determined
by Equations 17 and 35 are linear with respect to the Prandtl

number in contradistinction to the results obtained by
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nPohlhausen (23) for isobaric conditions of flow along a flat
plate.

In the case of circular conduits the Reynolds number is

P
<

Ao = 2 o (36)

|
<

For turbulent flow in circular conduits the analog to Equa-

tion 40 becomes

dT A i( u? a(u+)l
dR = = 2 \29G / 3R

It should be realized that the Reynolds number for a given

characteristic dimension corresponds to a somewhat different
oulk velocity in the case of flow in a circular conduilt than
in the flow between parallel plates. Table I recdrds perti-
nent information concerning the recovery factor and the tem-

perature distribution for turbulent flow in circular conduits.
ISOTHERMAL FLOW

In situations where the kinetlc energy dissipated in the
flowing stream 1s transferred through the boundaries as heat,
a somewhat different condition is found. In steady uniform
flow there is no change in temperature with distance along

the stream for any particular position in the cross section.



_10k-

The change in internal energy with distance along the stream
and the thermal flux in the direction of flow are zero. Under

such circumstances Equation 2 reduces to

= S T L d . -
5 "7 te ot 27 dL {“C%€°JL}’ (38)

From the relationship of shear at the wall to the friction

factor it follows that:

d p? x /=20
dL (g‘%{) FJ L<23C du ‘<3/)

The analogous expression for flow in a circular conduit is

A Typical temperature profile for laminar flow between paral-
lel plates is shown in Figure 4. The information of %his

figure was obtained from
o]

T-T, = 2 f (o)L = "3"%”1 oy

max.
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‘After the bulk temperature of fhe stream 1s obtained,

thermal recovery factor becomes

the iso-

(42)

In turbulent flow the temperature distribution under isother-

mal conditions may be established as

T-Ty = ‘F(gﬂc,,)f /L dutdut  (43)

The temperature distribution 1iIn turbulent flow at a Reynolds

number of 20,000 is shown in Figure 4 and the corresponding

recovery factors are recorded as a function of Reynolds num-

ber in Table I. These factors were obtained from

[} L=L L=

r' = - £ fﬁzﬁ__ L dutdut —

!
t=0 L=o \/"Uf JL

(-4

L=l L=L fll" ﬁZ/L/L dutdut dL
f o L=0 L=o ‘

(44)

The temperature distribution for isothermal laminar flow

in a circular conduit is given by

T-T. = -2% (#;,)F!4

(45)
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VAgain, after the bulk temperature is obtained, the recovery

Tactor may be evaluated as
¢ _
r‘=—-5%% (46)

Eqﬁation 46 indicates a linear relationship of the recovery
factor to the Prandtl number. Values of the recovery fac-
tor for air in isothermal flow are recorded in a part of
Table I. In the case of turbulent flow undef isothermal
conditions in a circular condult the temperature distribution

may be established from

R=R
- % + b
T—'Ta" 23(:? )/P//? R*dutdu® . (47)

R=0

The recovery factor is related to the conditions of flow in

the followlng way:

' R=R R=R | :
/:ﬁ z@/ﬁz/ R? dutdut dR*
_ ’F{fﬂ'/ﬁ’ ‘dw‘da* _ Y% fi=o lﬁ'=o (48)
/LL"JI?I o

[+

Equations 47 and 48 for turbulent flow in circular channels
under isothermal conditions are analogous to Equations 43 and
44 for similar flow between parallel plates.

The marked difference in the temperature distributidn
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in turbulent flow is clearly evident from comparison of
Figures 3 and 4. In the case of adiabatic flow the maximum
temperature occurs at the wall of the conduit and the energy
transport is from the wall to the center of the stream. In
the case of i1sothermal flow the maximum temperature is fbund
at the center of the stream and the thermal flux is in the
direction of the wall.

The primary difference between this evaluation of the
temperature distribution in a steady, uniformly flowing
stream with pressure gradients and finite hydraulic radius
and that found by Pohlhausen (23) for isobaric flow along
a flat plate lies in the linear relationship between the
recovery factor and the Prandtl number in the former situ-
ation. In all cases evaluated here for laminar flow the
recovery factor 1s a linear function of the Prandtl number.
In the case‘of turbulent flow it is a function of Reynolds
number as well. Figure 5 presents a comparison of the re-
covery factors for flat plates with infinite hydraulic radius
based upon the data of Pohlhausen (23) for the Eckert approxi-
mation (8), and for the current information for uniform flow
with finite hydraulic radius.

For all laminar flows involving finite hydraulic radius
tﬁere exists a linear relationship between the Prandtl num-
ber and the recovery factor. Such is not the case for the
flow around bodies under isobaric conditions. The approxi-

mations of Emmons (10) and Eckert (8) involving the square
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root of the Prandtl number are in fair agreement with Pohl-
hausen (23). This approximation is satisfactory for many
of the conditions of nonuniform flow encountered in practice.
The recovery factors reported by Emmons and Brainerd
(10) for a compressible fluid increased with Mach number for
subsonic flow and decreased with this parameter in the super-
sonic region. This effect may be explained in terms of the
compressibility of the fluid since Pohlhausen (23) found the
recovery factor to bte essentially independent of velocity
and Reynolds number for laminar, incompressible boundéry
layers on flat plates. McAdams (21) found that the recovery
factor decreased with increasing Reynolds number in the sub-
sonic turbulent flow of alr through a circular conduit. The
present calculations which apply to an incompressible fluid
show that the recovery factor increases with an increase of
Reynolds number, at the same Prandtl number, for turbulent
flow of air through a circular conduit. The present calcu-
lations which apply to an incompressible fluid show that the
recovery factor increases with an increase of Reyﬁolds num-
ber, at the same Prandfl number, for turbulent flow in circu-
lar conduilts. As the bulk velocity becomes increasingly
large, the generalized velocity profile indicates that the
primary viscous dissipation will be confined to thinner and
thinner regions adJjacent to the wall. Physical considera-
tions indicate that the temperature attainable in this region

approaches some finlte limit with increasing velocity. The
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Stagnation temperature, on the other hand, is not so limited.
Consequently, an ultimate decrease in the recovery factor
with increasing Reynolds number is to be expected for both
compressible and incompressible turbulent flow. Further
experimental work will be required in order to determinefthe
accuracy with which the several analyses describe the_re-
covery factor for fluids with Prandtl numbers differing

materially from unity.
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NOMENCLATURE

heat capacity, (ft.)(1b.)/(1b.)(°F.)
differential operator

internal energy, (ft.)(1b.)/1b.

Fanning friction factor, 0.0008-0.0553 e ~0+237
gravitational constant, f‘t./sec.2

enthalpy, (ft.)(1b.)/1b.

thermal conductivity, (£t.)(1b.)/(sec.)(ft.?)( F./ft.)

relative position with respect to the plane of
symmetry,

Lo
position with respect to the plane of symmetry, ft.
natural logarithm
' 2
pressure, 1b./ft.
Prandtl number
total Prandtl number, € /€ .

thermal flux, (ft.)(1b.)/(£t.2)(sec.)

relative radial position with respect to the axis of
symmetry, Y‘/rb

Reynolds nﬁmber

radial position with respect to the axis of symmetry, ft.

recovery factor
temperature, OR.
hyperbolic tangent

bulk velocity, ft./sec.
point velocity, ft./sec.

dimensionless velocity parameter
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Uk friction velocity,Ub@? =U%§ rt./sec.
X position along the direction of flow, ft.

position with respect to the solid boundary of the
conduit, ft.

B

* dimensionless position parameter

>«

difference in
2
< eddy conductlvity, f£t."/sec.

total conductivity, ft.g/sec.

m M
Q

eddy viscosity, ft.g/éec.

=4

VD m

total viscosity, ft.2/sec.

=

absolute viscosity,'ugé s CHL)(Sec.)/ft.E
thermometric conductivity, ft.g/éec.
kinematic viscosity, ft.g/sec.

specific weight of fluid, 1b./ft.3

stress, lb./'f't.2

@ R 9 < o= .

partial differential operator

Superscripts
X,y denote the component of the stress

TJY is the component of viscous force in the x direction
assoclated with a plane lying perpendicular to the y

direction
Subscripts
a evaluated at the axis or plane of symmebtry
b bulk average value

ce circular conduits

0 evaluated at the solid boundary
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isobaric

parallel plates
stagnation

in the x direction

in the y direction
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no

10.

11.

135.

14,

15.
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TABLE

Wall Temperatures for a Turbulently Flowing Air
Stream
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and Wulf

PROPOSITIONS

1. The viscosity of suspensions of small glass spheres
has been investigated in liquids having a vlscosity of 1.5
to 2 poise. The high viscosity was necessary to prevent
appreciable settling of the spheres during the experiment.
The study of viscosity of suspensions may be extended to
ligquids with a lower viscosity by employing liguids having
the same specific gravity as the spheres. This will allow
the behavior of suspensions to be determined over a wider

range of conditions. (Robinson, J. V., J. of P. Chem., 55,

455 (1951).)

2. The occurrence of destructive pressure oscillations
in rocket combustion chambers may be due to transient heat

transfer phenomena.

3. There may exist an optimum operating temperature for
a specific eluent in achieving the best resolution of com-

ponents in chromatographic separation.

b, The installation of thermocouples at critical points
in machinery would allow detection of overheating at loca-

tions which are not being properly lubricated. The voltages
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of the thermocouples can be used by appropriate circults
to reduce the power input to the machinery when the tempera-

ture exceeds the safe limit.

5. The overvoltage for a platinum-hydrogen electrode

was found to be substantially decreased by the use of ultra-
sonic agitation. The application of ultrasonic agitation

to electroplating processes may prove to be useful. (Yeager,
E., Oey, T. S., and Hovorka, F., J. of P. Chem., 57, 268
(1953).)

6. Study of homogeneous reactions in fluid streams as
a function of turbulence level would be a valuable additlion

to the available information on non-turbulent fluid streams.

7. - The material balance of an elementary section per unit

time in a homogeneous reactor 1s exXpressed as

rdVr = FdXA

where r = rate of reaction, moles of A converted per
unit volume of reacting system

V_= reactor volume occupled by reacting fluid
system

F = reactor feed rate, mass per unit time
XA= moles of A converted per unit mass of reactor

feed

Integration of the equation for a constant feed rate yields
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X, dx
v /A A
F o T

This procedure assumes that the fluid in the reactor is-

nonviscous. A better value of the reactor volume réquired
for a reaction may be obtained by taking into consideration
that a velocity profile does exist in the reactor. (Hougen,
0. A. and Watson, K. M., "Chemical Process Principles",

Part III, p. 832, New York, John Wiley and Sons, Inc); 1949.)
8. The coefficient X in the equation
L dH =T dS

o
thermodynamic temperature, R.

i

where

I

specific entropy, Btu./lb. °R.

dimensionless

1l

T
S
«
H

specific enthalpy, Btu./lb.

il

is useful in cémputing performances of compressors. The
addition of this coefficilent to the conventional specifica—
tidns‘of commercial compressors for fluids normally en-
countered in use would aid materially in the selection of

the proper equipment.

9. The installation of alternating current generators
on automobiles is proposed. Substantial savings may be
realized when the number of electrically powered appliances

are large.
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10, Specifying the turbulence level of a flowing fluid
stream by the conventional hot wire equation is not always
gufficient to relate the change of the transfer coefficient

due to turbulence level.

11. In order to obtain information on the mechanism éf
turbuleﬁce and its effect on heat transfer from wires, the
study of heat transfer from vibrating wires as a function
of frequency and amplitude in a flowing stream would be use-

ful.





