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Local convective thermal transfer is diacult to predict for nonuniform three-dimensional 
boundary flows. Direct measurements of local transfer from objects of practical interest 
are therefore useful in the prediction of thermal transfer and in an understanding of multi- 
dimensional boundary flows. 

Measurements of the gross and local transfer were made upon a silver sphere 0.5 in. 
in diameter and a ceramic porous sphere of the same size from which n-heptane was 
permitted to evaporate. The air stream had a level of turbulence of approximately 5.4% 
and only small variation in velocity with position. Temperature distributions in the boundary 
flows around these spheres were determined, and from these distributions local transfer 
coefficients were established for the forward hemisphere. The gross transfers were estab- 
lished from the electrical energy added to the silver sphere and from the quantity of n-hep- 
tane evaporated from the porous sphere. 

The local thermal transfers were in reasonable agreement with some of the theoretical 
analyses based upon a three-dimensional laminar-boundary layer. Satisfactory agreement 
was obtained between spatial integration of the local transfer and the simultaneously 
measured over-all values. These, in turn, were in fair agreement with correlated values of 
the gross thermal and material transfer from spheres. 

The gross thermal transfer from 
spheres to fluids in fully developed tur- 
bulent flow has been well summarized 
by McAdams (21). Measurements for 
nearly potential flow were reported by 
Johnstone ( I S ) ,  and such transfers have 
also been studied by Tang (31). Signifi- 
cant differences in transfer resulting from 
the level of turbulence encountered in 
the air stream appear to exist. However, 
only limited experimental information 
has been available concerning the local 
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transfer from spheres. Cary (S) reported 
experimental results for a 5-in. iron 
sphere in an air stream a t  Reynolds 
numbers between 4.4 X 104 to 1.5 X 105; 
no information as to the level of turbu- 
lence was available. Lautman and Droege 
(16) determined the local transfer from a 
9-in. copper sphere in air a t  Reynolds 
numbers between 1.3 X 105 to 1.0 X 106. 
Xenakis and coworkers (34) repeated 
the work of Lautman and Droege 
in approximately the same range of 

* I  

Reynolds numbers, with a 9-in. sphere 
and with other spheres 6 and 12 in. in 
diameter. In  these investigations a 
localized portion of the sphere was 
separately heated to the same tempera- 
ture as the remainder of the sphere, and 
the energy transport from the localized 
portion to the air stream was determined 
as a function of angular position in the 
stream. 

In the present study the rates of 
thermal transfer for 0.5-in. spheres with 
and without material transfer were 
determined a t  Reynolds numbers in a 
range of 1,530 to 4,200. The local thermal 
transport was established from the radial 
temperature gradients of the air stream 
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Fig. 1. Arrangement of air jet. Fig. 2. Details of porous sphere. 
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Fig. 3. Details of heated sphere. 



Fig. 4. Traversing thermocouple. 
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immediately adjacent to the sphere. This 
study constitutes a portion of a more 
general investigation of the influence 
of the level and scale of turbulence upon 
thermal and material transport. 

ANALYSIS 

The analysis of local thermal transfer 
for bodies immersed in a flowing stream 
is based upon a solution of the equation 
of motion of the boundary flows and the 
conservation of energy. Such work was 
carried out by Sibulkin (29), who 
presented an exact solution of thermal 
transfer at  the stagnation point of the 
sphere for an incompressible fluid of 
constant intensive properties. The work 
of Sibulkin is based upon the equation 
of continuity, as well as upon the con- 
servation of momentum and energy which 
apply to an incompressible fluid of 
constant heat capacity: 

au au du, a2U 

as an ds an' 
u - - + u - = u ~ - + v -  (2) 

at at a2t 
as an 3% 

u - + v - = K -  (3) 

Equation (3) assumes a constant heat 
capacity for the air stream which permits 
a simple relationship between enthalpy 
and temperature. The boundary condi- 
tions for this situation are as follows: 

n = O  : u = O ,  21-0, t = t i  

n = :u = u l ,  t = t, 

The local thermal flux at the surface 
of the sphere is established from 

The velocity distributions in a boundary 
layer about a sphere were established 
by Homann (10) by assuming a linear 
velocity profile with respect to distance 
along the surface of the sphere from 
stagnation. 

Much effort has been directed (7, 8, 
15, SO) to the application of the KQrmAn- 
Pohlhausen integral method (14) to 
include the prediction of the temperature 
distribution in the boundary layer of a 
sphere. Under the approximations of this 
method the following integral equations 
are obtained for the conservation of 
momentum and energy: 

a uz dn - u1 as u dn t s,"" 
6 0 1  

- I az (ul u dn - ls" u2 dn) 
z as 

= 6,u1 -&- dul - v (;;) - (5) 
fl-0 

= - K ( g )  7L-0 (6) 

In  these expressions is the momentum- 
boundary-layer thickness and 6, the 
thermal-boundary-layer thickness. The 
approximations of the KQrmkn-Pohl- 
hausen analysis lead to the relation shown 
in Equation (7). 

U 
U1 - = 4Q(E) (7) 

From this expression it fo l lo~s  that the 
temperature of the boundary layer may be 
related to the temperature of the main 
stream and of the surface of the sphere 
in the following way: 

Coefficients of the polynomial functions 
41 and I#J* may be established for the 
appropriate boundary conditions. 

Korobkin (15) reported results from 
his studies in which he computed the 
local thermal transfer a t  the stagnation 
point by the integral method using 
Tomotika's distribution (32) for the 
temperature and velocity in the bound- 
ary layer of a sphere. Korobkin (15) 
included unpublished results of Sibulkin, 
who also calculated the local thermal 
transfer associated with the forward half 
of the sphere by integral methods. 

Eckert (8) and Drake (7) submitted 
approximate methods for determining 
the local thermal transfer on a surface 
of revolution. Eckert's work yielded an 

TABLE 1. DECAY OF LONGITUDINAL AND 
TRANSVERSE TURBULENCE BEHIND 

GRID USED IN PRESENT STUDY 

Distance 
down- 

stream, in. 

6 
9 

12 

15 
13t 

Gross velocity, ft./sec. 
8 16 

Longi- Trans- Longi- Trans- 
tudinal verse tudinal verse 

0.107* 0.085 0.100 0.082 
0.075 0.064 0.072 0.062 
0.059 0.054 0.056 0.050 
0.056 0.052 0.052 0.048 
0.050 0.047 0.047 0.043 

*Fluctuation velocity expressed as root-mesn- 

tDownstream distance for present study. 
square fraction of gross velocity. 

exact solution to the energy equation for 
an incompressible laminar boundary 
layer over a wedge-shaped body. An 
approximate expression for the local 
thermal transport on an axially sym- 
metric body was given by Drake (7),  
who applied the Mangler transformation 
(20) to the solution of this problem. 

The foregoing analyses are based on 
the assumption that the radial velocity 
at the surface of the sphere can be taken 
as zero. In  the case of evaporation from 
the surface of a sphere there usually 
exists a small hydrodynamic radial 
velocity at the surface. The solutions for 
boundary flows over a flat plate for 
situations with a velocity normal to the 
boundary have been obtained by Schlich- 
ting and Bussmann (27). Mickley and 
coworkers (22) extended these solutions 
by similarity considerations to the pre- 
diction of both thermal and material 
transfer. Spalding (SO) established similar 
relationships for material transfer at 
the stagnation point of a sphere. 

Under the conditions encountered in 
the present experimental investigations 
the normal velocity a t  the surface was not 
more than 0.005 ft./sec., as compared to 
a minimum stream velocity of 8 ft./sec. 
The composition of the gas phase at the 
surface of the porous sphere was always 
less than 0.05-mole fraction n-heptane. 
Under these conditions estimates based 
upon the results of the foresoing simplified 
analyses were used to establish the effect 
of material transfer on the temperature 
gradient. 

METHODS AND EQUIPMENT 

The present investigation involved meas- 
urement of the temperature distribution 
about a silver sphere and a porous sphere, 
each 0.5 in. in diameter. The sphere was 
located in an air stream at 100°F. and 
measurements were made at gross stream 
velocities of 8 and 16 ft./sec. The equipment 
employed to furnish the air supply has been 
described (11). The undisturbed stream 
had a level of turbulence of 0.013 as estab- 
lished by the methods of Schubauer (68). A 
perforated steel plate was used to create 
turbulence (5) and measurements were 
made with the sphere at a position 13 in. 
downstream from the plate. Some of the 
characteristics of the turbulent flow of the 
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air stream as taken from the measurements 
of Davis (6) are presented in Table 1. 
The velocity of the air stream was deter- 
mined from its temperature and the weight 
rate of flow, which was established by 
means of a calibrated Venturi meter and 
associated equipment. 

The porous sphere was prepared from 
synthetic-ceramic filter material. The gen- 
eral arrangement is shown in Figures 1 
and 2.  Liquid was introduced to the sphere 
a t  a known rate (24) through a small glass 
tube as shown in Figure 2. Copper-con- 
stantan thermocouples 0.003 in. in diameter 
were located a t  the positions indicated. 
Figure 3 gives a sectional view of the silver 
sphere, construction details of which are 
available (1). A small electrical heater was 
wound within a spiral groove E and was 
surrounded by the hemispheres F and D. 
A groove in the shell F ,  which is shown a t  
K ,  permitted thermocouples to be mounted 
on the exterior shell. The thermocouples 
were brought out through the tubes B 
and J alongside the supporting wire A .  
These thermocouples were used for control 
purposes in the current measurements. 

The temperatures in the boundary flows 
around the sphere were measured with a 
platinum, platinum-rhodium thermocouple 
0.0003 in. in diameter, illustrated in Figure 
4. The thermocouple was mounted upon a 
conventional “bird” with the reference 
junction in the air stream a t  a distance about 
1 in. from the sphere. Corrections to the 
indicated temperature were made to 
account for thermal flux along the thermo- 
couple (19). The locations of the traverses 
made in the boundary flows about the 
sphere are shown in Figure 5.  

MATERIALS 

The properties of air and n-heptane 
employed in this investigation are available 
(12) :  the properties of air are based in part 
upon a set of critically chosen values (M), 
and thermal conductivity of n-heptane in 
the liquid phase was taken from McAdams 
(21).  The effect of water and n-heptane 
upon the thermal conductivity of the air 
was determined by the methods proposed 
by Hirschfelder (9) and Lindsay and 
Bromley (18), respectively. The enthalpy 
change upon vaporization and the isobaric 
heat capacity of liquid n-heptane were taken 
from the data of Rossini (26) and Dough’s 
and coworkers (6 ) ,  respectively. In  the 
calculations associated with this study it 
was not nesessary to consider the equation 
of state of the fluids in detail and, aside 
from minor corrections for the behavior of 
n-heptane, it was assumed that perfect 
gas laws applied, that local equilibrium 
obtained on the surface of the porous 
sphere, and that mixtures of n-heptane and 
air followed the laws of ideal solution (17). 

The n-heptane was obtained as research 
grade from Phil4ps Petroleum Company 
and was subjected to a single fractionation 
in a column containing sixteen glass plates. 
The center 90% fraction of the overhead 
was retained for use. 

EXPERIMENTAL RESULTS 

The detailed experimental conditions 
which obtained in the course of the four 
sets of measurements are recorded in  

I 1 
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Fig. 6. Temperature distribution and local thermal flux around silver sphere. 
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Fig. 7. Temperature distribution and local thermal flux around porous sphere. 

Table 2. Only two bulk velocities, of 
approximately 8 and 16 ft./sec., were 
investigated. The longitudinal turbulence 
level (5) was approximately 5.6% at the 
lower velocity and 5.2% at the higher 
velocity. The Reynolds number based 

upon the gross velocity and the kinematic 
viscosity o€ the  fluid at the interface 
varied between 1,530 and 4,200. 

A sample of the temperature measure- 
ments involving two different traverses 
is shown in Table 3. The radial distance 
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Fig. 8.  Radial temperature distribution for test 108. 

ANGLE FROM STAGNATION q, DEG. 

Fig. 9. Local experimental thermal transfer. 
TABLE 2. EXPERIMENTAL CONDITIONS 

Test number 107 108 109 

Sphere 
Porous Porous Silver 

0.500 
Type 
Diameter, in. 0.500 0.500 
Total heptane evaporation rate 

X lo6, lb./sec. 3.878 5.515 
Total energy input X lo3, 

B.t.u./sec. 1.533 
Average surface temperature, "F. 63.2 63.4 169.7 
Temperature of liquid heptane 

entering sphere, "F. 96.9 97.9 

Air stream 
Bulk velocity, ft./sec. 8.04 16.23 16.13 

Pressure, lb./sq. f t .  2,066.3 2,060.4 2,069.1 
Weight fraction water 0.0065 0.0061 0.0030 
Turbulence level, '% 5.6 5.2 5.2 
Reynolds number, conditions at 

interface 2,100 4,200 3,060 

Bulk temperature, O F .  100.1 100.1 100.1 

110 

Silver 
0.500 

1.094 
170.2 

8.06 
100.1 

2,055.9 
0.0042 
5.6 

1,530 

from the center of the sphere as calculated (12). Results of the experimental in- 
from the traverse-position data is in- vestigations are summarized in Figures 
cluded, and the wire and the air tempera- 6 and 7 ,  which prekent the temperature 
tures are indicated. The details of all the distribution and local thermal flux around 
experimental measurements are available the silver and porous spheres for velocities 

TABLE 3. SAMPLE OF TEMPERATURE MEASCREMENTS 

Vertical traverse below sphere a t  
z = 0 in. ($ = 0 deg.) 

Position 
X, 
in. 

-0.274 
-0.271 
-0.269 
-0.267 
-0.265 
-0.263 
-0.261 
-0.260 
-0.259 
-0.258 
-0.257 
-0.256 
-0.255 
-0.254 
-0.253 
-0.252 
-0.251 
-0.250* 

Wire Air 
tempera- tempern- 
ture, "F. ture, "F. 
100.1 100.1 
99.8 99.8 
99.5 99.5 
98.9 98.9 
98.4 98.4 
97.8 97.8 
95.2 95.2 
94.0 94.0 
92.3 92.3 
90.5 90.3 
88.5 87.8 
86.2 85.3 
83.5 82.5 
80.6 7'9.6 
77.6 76.7 
74.4 73.3 
70.5 69.1 
63.6 61.6 

Radius 
T ,  
in. 

0.274 
0.271 
0.269 
0.267 
0.265 
0.263 
0.261 
0.260 
0.259 
0.258 
0.257 
0.256 
0.255 
0.254 
0.253 
0.252 
0.251 
0.250 

Horizontal traverse a t  
z = -0.188 in. ($ = 42.5 deg.) 

Position 
2, 
in. 

0.201 
0.191 
0.186 
0.183 
0.181 
0.179 
0.177 
0.175 
0.173 
0.171 
0.169 
0.168 
0.167 
0.166 
0.165* 

Wire 
tempera- 
ture, "F. 
100.1 
99.2 
97.5 
95.5 
94.0 
91.7 
88.8 
85.6 
81.8 
77.3 
72.6 
70.5 
68.4 
66.9 
63.0 

Air 
tempera- 
ture, O F .  

100.1 
99.2 
97.5 
95.3 
93.7 
91.4 
88.4 
85.1 
81.3 
76.6 
71.6 
69.6 
67.5 
65.8 
61.5 

*Indicates surface point. 

Page 408 A.1.Ch.E. Journal 

Radius 
r, 
in. 

0.2752 
0.2680 
0.2645 
0.2624 
0.2610 
0.2596 
0.2582 
0.2568 
0.2555 
0.2541 
0.2528 
0.2521 
0.2515 
0.2508 
0.2500 

of 8 and 16 ft./scc. The distribution of 
thermal flux at the surface of the sphere 
was evaluated by application of Equa- 
tion (4) and is presented in polar coordi- 
nates in parts of Figures 6 and 7 .  An 
example of the radial temperature dis- 
tribution for which the data of test 108 
was utilized is shown in Figure 8. The 
radial temperature distribution shown 
was determined by appropriate graphical 
manipulations of the data of Figure 7 .  

The results for the local thermal 
transport a t  the surfaces of the spheres 
are available in tabular form (12). These 
data for local thermal transport a t  the 
surface of the spheres, as well as the 
average values of the data of Cary (3) 
and of Xenakis and coworkers (S4) ,  are 
presented in Figure 9. The standard 
deviation of the experimental points 
from the smooth curve is 0.0080 when 
it is assumed that all the error is in the 
Nusselt number. Cary's data covered 
the range of Reynolds numbers from 
4.4 X 104 to 1.5 X 105, whereas the 
data of Xenakis were obtained a t  Reyn- 
olds numbers between 8.7 X lo4 and 
1.8 X 105. It is not clear what states mere 
employed by Cary for evaluation of 
thermal conductivity and kinematic 
yiscosity of the air stream. Xenakis used 
the temperature of the free stream for 
evaluation of these quantities. Korobkin 
(15) pointed out that Cary's data (3)  
may be low because of internal thermal 
exchange between the calorimeter and 
the remainder of the sphere. It is possible 
that the data of Xenakis were influenced 
by the position of the guy wires used in 
steadying the sphere in the wind tunnel. 

Figure 10 which shows the average of 
the present experimental results in com- 
parison with several theoretical investi- 
gations involving the work of Sibulkin 
(29), Eckert (8) ,  Drake (7) ,  and Korob- 
kin (15), is limited to the forward hemis- 
phere, for which several solutions of the 
boundary flow have been obtained. The 
present data are i.n fair agreement with 
the work of Eckert (8) and of Drake (7)  
and with the exact solution of Sibulkin 
(29) a t  stagnation. Current data yield 
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Fig. 10. Comparison of experimental and predicted local thermal 
transfer. 

smaller values of local thermal transfer 
for conditions in the wake than were 
obtained from the experimental measure- 
ments of Xenakis (34) and Cary (3) .  
The data of Cary (5) are closer to the 
current measurements than those of 
Xenakis (34). A larger uncertainty exists 
in the local thermal transfer in the wake 
as established from the current measure- 
ments than in the forward hemisphere. 

Temperature distributions in the ther- 
mal boundary layer for the four investi- 
gations are recorded in Figure 11. The 
relationships between momentum and 
thermal boundary layers were established 
by assuming that the temperature ratio 
may be evaluated from 

The displacement thickness of the thermal 
boundary layer was established from 

(10) 

The following empirical expression, which 
is based on the Blasius (2)  function for a 
two-dimensional boundary flow, is in- 
cluded for comparison: 

The behavior for varying values of the 
coefficient C is shown in Figure 11. The 
function f '  was developed by Blasius (2) ,  
and numerical values are available (6). 
It is apparent that most of the current 
data satisfy Equation (11) for values of 
coefficient C varying between 1.60 and 

.. - 
st, Y 

Fig. 11. Temperature distribution in boundary flow. 

1.90, with a probable value of C of 1.75. 
The assumptions underlying the deriva- 
tion of Equation (11) are such as to 
make the detailed applicability of such 
a simple treatment uncertain. 

Figure I1 illustrates the relatively 
narrow range of temperature distribution 
encountered for all positions and condi- 
tions of flow and transport. A detailed 
and exact analysis of the local thermal 
transfer to spheres awaits a satisfactory 
analysis of the three-dimensional bound- 
ary flow associated with the motion of a 
gas of varying properties around a 
spherical surface. No effect of the level 
of turbulence has been considered in 
available analyses. 

The arrangement of the supports for 
the silver sphere made undesirable the 
integration of the local thermal transport 
for comparison with the gross transport 
established from the measured electrical 
power. As yet unpublished experimental 
data gathered from tests made with a 
larger silver sphere supported by a shgle 
tube in the aft hemisphere led the 
authors to believe that uncertainties of 
the order of 1% may be involved. The 
presence of the tubes a t  the equator 
results in an increase in the gross thermal 
transport (226). In  the case of the porous 
sphere, calculations of the total thermal 
transport appeared worth while. The 

TABLE 4. COMPARISON OF MEASURED AND INTEGRATED TOTAL CONVECTIVE TRANSFER 
FOR POROUS SPHERE 

Thermal flux 
Entharpy Corrections Evap- Temperature t Difference, 

Test change Conduction Radiation oration* gradient % 
107 0.5443 -0,003 -0.033 0.508 0.519 - 2 . 2  
108 0.772 -0,003 -0.036 0.733 0.680 6 . 4  

*Established from evaporation rate with Equation (10). 
tEstablished from local temperature gradient at surface with Equation (9). 
$Values expressed in B.t.u./sec. X 10-3; for example, first entry is 0.000544 B.t.u./sec. 
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total interfacial thermal flux determined 
from the local temperature gradients 
was established from 

A 

= -I k i ( s )  dA (12) 
dn n=O 

0 

In  Equation (12) the scalar total thermal 
flux is considered positive when energy 
is transmitted in the direction of increas- 
ing coordinate n. The total interfacial 
thermal flux determined from an over-all 
energy balance may be established from 
the following equation: 

In Equation (13) the vectorial nature of 
the transport was taken into account 
when signs were determined. The radia- 
tion correction in Equation (13) is given 
by 
n - 1 

Qr = - TsT4)  I 
- + - - 1  
esr es,, 

(14) 
It was found, as shown in Table 4, that 
with an emissivity for wetted silica (21) 
of 0.8, reasonable agreement was ob- 
tained between the gross thermal trans- 
ports from the porous sphere as estab- 
lished from Equations (12) and (13), 
respectively. 

The gross thermal transport associated 
with the porous and silver spheres is 
presented in Figure 12 as a function of 
Reynolds number. The results of MC- 
Adams ( d l ) ,  based primarily upon data 
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of Williams (SS), yield somewhat higher 
values of the thermal transfer than were 
obtained for the porous sphere; however, 
the data of Johnstone (13) are in good 
agreement with the current study. The 
information reported for low Reynolds 
numbers by Tang (31) is markedly below 
the present measurements. 

The agreement between the data of 
other investigators and the present 
measurements as presented in Figure 12 
is deemed satisfactory when the level 
of turbulence encountered in the present 
measurements is taken into account. It 
has been found that the level of turbu- 
lence introduces a rather marked influ- 
ence on the convective transport par- 
ticularly a t  Reynolds numbers above 
4,000 (26). 
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NOTATION 

A = area, sq. ft. 
C = constant 
C, = isobaric heat capacity, B.t.u./ 

(lb.)(OF.) 
D = diameter, ft. 
d = differential operator 
f’ = 13lasius function 
h = thermal transfer coefficient, B.t.u. 

/(sq. ft.)(sec.)(”F.) 
k = thermal conductivity, B.t.u./ 

(sq. ft.)(sec.) (OF./ft.) 
L = latent heat of vaporization, B.t.u./ 

lb. 
m = total weight rate of transport from 

surface, lb./sec. 
n = radial or normal distance from 

surface, in. or ft .  
Nu = Nusselt number, hD/ki 

Q = gross rate of convective thermal 

QT = gross rate of radiant transfer from 

qn = local thermal flux in direction n, 

r = radial distance from center of 

Re = Reynolds number, D U / v i  
s = distance parallel to surface in 

direction of main flow, ft. 
T = thermodynamic temperature, OR. 
1 = temperature, O F .  

U = bulk or free stream velocity, ft./ 

u = local velocity along s, ft./sec. 
u1 = local velocity a t  the edge of 

momentum boundary layer, ft./ 
sec. 

0 

transfer from surface, B.t.u./sec. 

surface, B.t.u./sec. 

B.t.u./(sq. ft.)(sec.) 

sphere, in. or ft .  

sec. 

I 0 PROPERTIES AT FREE- I STREAM TEMPERATURE I I 
Z m o  4000 6w0 8wO 

REYNOLDS NUMBER 

Fig. 12. Comparison of gross thermal 
transfer to spheres from several 

investigators. 

v = local velocity along n, ft./sec. 
2, z = coordinate axes with origin at 

center of sphere, in. or ft. 

/3 = Stefan-Boltzmann constant, 0.1713 

6~ = momentum-boundary-layer thick- 

6, = thermal-boundary-layer thickness, 

6, ,” = displacement thickness of thermal 

r = emissivity 
7 = Blasius parameter 
K = thermometric conductivity, sq. ft. 

v = kinematic viscosity, sq. ft./sec. 
u = specific weight, Ib./cu. ft. 
T = nondimensional temperature ratio, 

g5 = function of 
$J 

d = partial differential operator 

g = gas phase 
h = liquid n-heptane 
I = liquid phase 
i = interface 
t = tube 
sp  = sphere 
sr = surroundings 
w = thermocouple wire 
(D = free stream condition 

Greek Letters 

X 10-8 B.t.u./(sq. ft.>(hr.)(”R.r) 

ness, ft .  

ft. 

boundary layer, ft. 

/sec. 

(t - tm) / ( t ,  - tm)  

stagnation point, deg. 
= polar angle measured from the 

Subscripts 
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