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Heat transfer to bodies of different shapes in an infinite volume is
examined., The existing experimental results are analyzed. In addi-
tion, results of an experimental investigation of heat transfer using
the calorimetric method and the electrothermal analogy are also
presented,

When heat transfer depends appreciably on the
geometry of the heat-emitting body, the conditions
correspond to values of the parameter GrPr<10* The

heat transfer law Nu = f(GrPr) then deviates from the

1/4 power law. Thisis illustrated by the graph of Fig. 1.

The conditions examined may occur in practice
either in a rarefied gas or for bodies with small charac-
teristic dimensions (microorganisms and dust), or
again in heat transfer at small temperature differences
or small body forces (under weightless conditions).
The investigations which have been conducted [1-9]
correspond in the main to this range of conditions.
Some of the relations are presented in Fig. 2. With
regard to the results of Nesenchuk for a cube, sphere,
cylinders, and a parallelipiped, it should be noted that
they give an increased value of the heat transfer coef-
ficient in comparison with the repeatedly confirmed
results for a sphere and for cylinders.

lgNu t /
10 f’
06 — -

—T-“’T)//<2// |

: |

T I

Loa| i 1 |

02 | ] : : !

|

-6

-5 4 2 0 2
Fig. 1. Experimental relations for
heat transfer in gases over a wide
range of pressures: 1) for a sphere,
according to Elenbaas [1]; 2) for
vertical plates, according to Saund~
ers [2]; 3) for horizontal cylinders.
author's generalization [5]; 4) the
Lorentz relation Nu = 0.54(GrPr)1/4.

Analysis of the experimental results (Figs. 1 and 2)
permits us to draw the following conclusions:

1. A lessening of the role of convective heat trans-
fer leads to increase of the influence of body shape on
heat transfer. For example, the heat emission from
spheres may be several times greater than that from
cylinders or plates with identical characteristic dim-
ensions,

2, The strong influence of body shape forbids the
description of heat transfer in the region of small val-
ues of GrPr by a single relation, even with a special
choice of characteristic dimension,
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Fig. 2. Correlation of test data: 1) Nesenchuk
[4]; 2) Hauser [7]; 3) Semyashkin [8]; 4) Kyte,
Madden, and Piret [9].

3. The absence of published results of systematic
experiments with bodies of different shapes makes it
impossible to give definite recommendations for calcu-
lating heat transfer to bodies of complex shape.

4, In the subsequent analysis it is convenient to use
the known fact (see, for example, [10]) that as (GrPr -
— 0) for spheres Nu — 2, and for circular cylinders
Nu — 0. The values Nu = 2 for spheres occurs even at
GrPr ~ 0.1.

An attempt is made in the present paper to fill in
the existing'gap in the experimental investigations.
The results given below are for a calorimetric study
of heat transfer with finite vertical cylinders in vacuum,
as well as the results of an investigation of heat trans-
fer by the electrothermal analogy method.

Calorimetric investigations. The experimental
equipment described in[5] wasusedtoinvestigate heat
transfer on a series of finite cylinders with ratio
1/d = 4 and diameters of 12, 16, 20, and 28 mm in the
pressure range 1 * 107%=760 mm Hg. The temperature

" of the specimens did not exceed 100° C, while the shell

of the vacuum chamber was kept at room temperature,
Thermal radiation effects were excluded on the basis
of the results of experiments in vacuum (at a pressure
of the order 2 * 10™° mm Hg), when molecular heat
transfer may be neglected,

Heat transfer on the cylinders investigated as des-
cribed by a single relation (Fig. 3) in the range GrPr =
= 10'4—-104, while Nu & const = 1.06, for GrPr < 107°
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which is evidence of the absence of a free convection
effect on heat transfer, The cylinder diameter was
taken as the characteristic dimension. The relation

Nu = f (GrPr), derived from Fig. 3 is characteristic of
heat transfer with bodies of finite dimensions and for
cylinders of infinite length in a shell [5],
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Fig. 3. Heat transfer on finite vertical cylinders

with Z /d =4 and temperature difference At =80° C

1) for d =20 mm; (2) 16; 3) 12; —- heat trans-

fer on a cylinder with 2/d =4 in the absence of

free convection (from electro-thermal analogy
data).

The constancy of the value of Nuis due to two essen-
tially different causes:i.e., (a) the influence of the
shell walls, leading to a lessening of free convection,
and (b) the approximation of the heat transfer condit-
ions to those of pure thermal conduction in an infinite
volume,

The combination of effects of different kinds makes
analysis difficult. On the other hand, a detailed quan-
titative investigation of heat transfer at small values
of GrPr for bodies of complex shape by the calorimet-
ric method requires the carrying out of a large number
of experiments, the labor of which is made worse by
the measurement of very small heat fluxes.

A quantitative analysis is appreciably facilitated by
the results of an investigation of heat transfer by the
electrothermal analogy method.

Electrothermal analogy. The object of the experi-
mental investigations using the electrothermal analogy
is to obtain data on heat transfer in the region of very
small values of GrPr. The limiting case of heat
transfer with GrPr — 0 is pure heat conduction in an
infinite volume, Then the temperature field, like any
potential field, is described by the Laplace equation,
The transfer conditions are formulated mathematical-
ly as follows,

In the space A ¢ =0 at an infinite distance from the
body surface
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In dimensionless form the boundary conditions at an
infinite distance are
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and on the surface
d¢ l
—_ = —— X, Y, ?). 3
o b o PYix, 4, 2) (3)

It follows from (1), (2), and (3) that the dimension-
less gradient along the normal is a function only of the
geometry of the system. On the other hand,
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where i is the local specific flux, [ is a characteristic
dimension of the system, and ¢ is a transfer coefficient.
Therefore, —(;g has the significance of a local dim-

n .
ensionless transfer coefficient and is the Nusselt num-

ber Nup for heat conduction and for electrical conduct-
ion its electrical analog NuE. For identical system
geometry

Nu, = Nup.
The mean value
Nu=— \ 92 4F
F on

is easily determined experimentally, since it may be
expressed in terms of the parameters of the electric
circuit,

Nu = I/F AV % = l/FR n.

The essence of the experimental method of determining
Nu lies in determining the resistance R for a known
electrical conductance .

The specimens used in the experiments — spheres,
finite cylinders, and finite plates — were located at the
center of a metal vessel of dimensions 250 X 250 X 300
mm filled with an electrolyte, an unsaturated solution
of boric acid in distilled water.

A container of this size was chosen so that for the
selected specimens (Table 1) the shell of the container
could have no appreciable influence on the form of the
potential field at the specimen surface. In that case the
shape of the jacket has no significance,

The liguid chosen as electrolyte should have a con-
ductivity such that difficulties in measuring the electri-
cal resistance by means of the usual laboratory instru-
ments may be avoided, This requirement was fully sat-
isfied by an aqueous solution of boric acid with con-
ductivity 1.047-107¢ ohm~! ecm~!. The latter was mea-
sured before each test,

The specimen and the shell of the container served
as electrodes. The resistance between them was mea-
sured in the experiment by means of a bridge supplied
with ac power from an af generator [11] to avoid polar-
ization. The null detector used was a cathode~-ray os-
cillograph type SI-1, The specimens were chosen with
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one fixed characteristic dimension (3 mm), used as a
control dimension in the calculations,

Table 1 shows data on the specimens and the results

of measurements and of calculations of Nu number,
while Fig, 4 gives the variation of Nu number for cyl-
inders and plates in the range I/d = 1-20. The result
for the spheré is a standard. For the geometric dim-
ensions of the shell used in the test, the theoretical
value of Nu lies in the range 2.031-2,062. These
quantitative data correspond to transfer of heat or
electricity from the sphere being tested to a concen-
tric shell with a diameter whose value falls between
the diameters of spheres circumscribed about and in-
scribed within the container shell. In the experiment
the value Nu = 2,03 = 1.5% was obtained. Hence it fol-
lows that the conditions of heat transfer were simu-
lated with an error not exceeding 1.5%.

Thus, bodies of infinite dimensions of any convex
shape have a nonzero numerical limit of Nu value for
free convection. This value is determined not by the
film regime of heat transfer, as has previously been
stated, but by heat transfer in the pure heat conduction
regime, If the smaller linear dimension of a convex
body is taken as the characteristic value, the value of
the parameter Nu for different bodies lies in the range
between the relations for heat transfer on a sphere and
a circuiar cylinder of infinite length,

On the basis of the experimental data obtained (Fig.
1), the relations Nu =f(I/d) for cylinders and plates of
the shapes examined may be represented in the form

Nu = 1.58 (//d)—0-3 (4)

for cylinders, and

Nu = 2 ([/d)—0-3 (5)

for plates. with an error not exceeding + 5%. These
formulas can be used for engineering calculations
when [/d < 20,

From Fig. 3 we may make a comparison of the re-
sults of measurement of heat transfer by the calori-
metric method and the electrothermal analogy method
for finite cylinders with [/d =4, The fact that the val-
ues increased by 10% on the average for the experi-
ments in vacuum may be explained by the influence of
the shell.

In approximate calculations formulas (4), and (5)
can be used with sufficient accuracy even at values of
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GrPr when the Nu number found from formulas (4) and
(5) is larger than the Nu value determined from the
relation for cylinders of infinite length.
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Tig. 4. Heat transfer in the absence of

free convection; 1) plate (d - - width, I

—-length; it is assumed that the plate

has no thickness, i.e, ., that the plate

thickness is not its characteristic dim-

ension); 2) cylinders (d -- cylinder dia-
meter, [ -- length).

For cylinders and plates with /d > 1, and also for
other shapes, use may be made of the results of com-
putation of steady electrical fields [12, 13], Limiting
values of Nu may be obtained on the basis of the anal-
ogy between the temperature field and the electric
field in a conductor and the electrostatic field in a di-
electric. The value of Nuy, for an electric field was
found earlier. In the same way the electrostatic ana-
log of the Nu number may easily be determined,

Nug = Cdfe F.

Table 2 shows limiting values of Nu for bodies of
different shapes. Some of these are already well known
in the heat transfer literature [10]. The values for the
capacitance of ellipsoids are taken from [12]. Their
surface areas in the expression for Nu were found by
integration,

For other shapes (prisms, oval cylinders, etc,) the
results of the present paper may be used as an estimate,

In analyzing heat transfer for bodies of complex
shape under conditions corresponding to small values
of the parameter GrPr, it is reasonable to introduce
some function of the dimensionless body shape. In the

Table 1
Values of Nu for Bodies of Various Shapes
Characteristics of specimen
i u IgN )
Specimen fll (r:m [, mm| F, mm2 R%50,0hm N g /d
Sphere 3 28.3 5000 | 2.03 x£0.03 0.307
Cylinder 3 3 42.4 4600 1.57 £0.027 0.196 1
6 71 3460 1.25 +£0.02] 0.097 2
12 127.2 2370 | 1.01240.015 0.005 4
30 297 . 1340 | 0.768+0.011 |—0.116 10
60 580 850430 | 0.62 =0.008 |—0.207 20
Plate of thick- 3 3 19.2 6950 | 2.13 £0.09 0.328 1
ness 0.1 mm 6 37.8 4800 | 1.58 +0.049 0.198 2
12 75 3140 | 1.22 £0.026 0.0865 4
30 186.6 1650 | 0.935+0.016 |—0.03 10
60 372.6 100630 | 0.77 £0.041 |—0.114 20
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Table 2

Limiting Values of Nu

'
(3]
=3
Shape Formula for C § Formula or value for Nu
®
o
Sphere in infinite : 2
volume ’
. . 2
Coaxial cylinders with
diameters d and D of In .__.D
infinite length d
Circular plate [10] ~ 2,55
N a . 2
Single cylinder of i ~ ————l
length I; I>>d (10} n
: d
Strip of width d [10} ~ =
and length I; [>d In _ﬁ_
d
Cube of side d C~0.65.47c a [13] ~1,36
Elongated ellipsoid of revo- 8e
lution with diameter of C— 4ne de o = e sine
equatorial section d and ec- | T 1+4-e 5 [12] In e V | —et )
centricity of meridional sec- In I—eVl—_e 1—e [
tion e;
Oblate ellipsoid of revo- de
lution with diameter of = 2e de [12] arcsine |14 1—e? In _L—re >
equatorial section d and arc sine e 1/ [—g?
eccentricity e.
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simplest case this will be the ratio of the character-
istic dimensions.

In choosing a "characteristic" dimension we may
take into consideration the following argument. If the
characteristic dimensions of the body are markedly
different, for example, if the dimensions differ by
more than two orders of magnitude, then the influence
of one of them on the heat transfer will be enbanced,
Thus, for cylinders, when the length is increased with-
out bound, its influence declines and becomes neglig-
ibly small, Similarly, for a thin plate of finite dimen-
sions, an unbounded decrease of its thickeness has no
appreciable effect on variation of heat transfer. In
estimating the mean values of the heat transfer coeffi-
cient, or in analyzing experimental data on heat
transfer on bodies of complex shape, it should first be
established which of the simplest shapes (spheres,
cylinder or plate) corresponds best to the body under
examination. As a characteristic dimension we may
then take, respectively, the diameter of a sphere or a
cylinder or the width of a plate. With this choice of
"characteristic" dimension it is easy to compare heat
transfer on the body being tested with the widely known
results on heat transfer for spheres, infinite cylinders,
and also with the results of the preseunt paper,

We shall not concern ourselves here with the quest-
ion of the influence of temperature jump and slip at
large Knudsen numbers, An approximate method of
computing heat transfer in such conditions for bodies
of very simple shape was proposed in [5].

NOTATION

Nu, Gr, Pr are the Nusselt, Grashof, and Prandtl
numbers: « is the potential function: n is the coordi-
nate along normal to surface; I is the current; ] is the
characteristic dimension of body: F is the specimen
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surface area: C is the capacity of body in an infinite
volume: e is the dielectric constant of medium sur-
rounding body: d is the characteristic dimension.
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