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Abstract—This paper presents the results of an experimental investigation of heat transfer by natural

convection from horizontal cylinders to air, water and three silicone oils. The experimental range of the

Rayieigh number was from 2.5 x 102 to 1.8 x 107 and the Prandti number varied from 0.7 to 3090. On the

basis of the experimental data gathered here, three correlation equations have been determined. These

equations have the same algebraic form and differ only in the method used in each to evaluate fluid properties
as a function of temperature. The influence of viscous dissipation is discussed.

NOMENCLATURE

numerical constant;

specific heat at constant pressure;

diameter of cylindrical test specimen;

percent error: E = 100(Nucy ~ Nueyp)/ Nexp;
n

percent meanerror: E = ) E/n;

i=1

percent mean deviation of error:

Epy= Z |E/n;

i=1

percent standard deviation of error:

(5 )5 2 )

S Y12
(n— 1)} 5

Grashof number: Gr = gfAtd3v~?;
gravitational acceleration;

heat-transfer coefficient: h = g(At)™';

a number between zero and one;

thermal conductivity;

numerical constant;

number of experimental data points;
Nusselt number: Nu = hdk™";

Prandtl number: Pr = ¢, uk™"';

electric power delivered to the test section
of the test cylinder;

heat-transfer per unit area per unit time;
temperature;

difference between the surface temperature
of the test specimen and the bulk
temperature of the fluid: At = (t,—¢,);
Rayleigh number: Ra = GrPr.

Greek symbols

B, coefficient of thermal expansion;

A, denotes a change in“a quantity; thus
A(At) denotes a change in At;

U, dynamic viscosity;

v, kinematic viscosity;

o, density.

Subscripts

b, refers to conditions in the fluid
outside of the thermal boundary layer;

cal, refers to quantities calculated from the
correlation equations;

exp, refers to quantities determined from
experimental data;

£ refers to fluid properties evaluated at the
mean film temperature: t, = t, +0.5(t,—1,);

g, surface correction exponent on the Grashof
number;

Js refers to fluid quantities evaluated at some
reference temperature: t; = t, +j(t;—t,);
0<j<g1;

n, surface correction exponent on the Nusselt
number;

D, surface correction exponent on the Prandtl
number;

s, refers to conditions at the heat-transfer sur-
face;

A surface correction exponent on the Rayleigh

number.

INTRODUCTION AND STATEMENT OF OBJECTIVE

In 1881 Lorenz [1] presented an analysis of heat
transfer by natural convection from a vertical piate
immersed in an infinite medium. He assumed that the
flow within the convective layers was primarily para-
llel to the surface of the plate and that the thermophysi-
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cal properties of the fluid were constant. His resulting
correlation equation was

Nu = 0.548Ra25. (1)

In 1942 McAdams [2] analyzed experimental data
of many investigators to correlate the average natural
convection heat-transfer coefficient for horizontal cyl-
inders. He arrived at an equation similar to Lorenz’s,
namely,

Nu, = CRd? @)

where the values of C and m depend on the range of
Ra,. The subscript f'in equation (2) signifies that the
fluid properties are evaluated at the mean film tem-
perature defined by

ty=ty+jlt;=t); j=05 3)

Kutateladze [3] has modified Lorenz’s formula on
the basis of an empirical analysis of many experimental
data. According to Kutateladze, the following cor-
relation equation is applicable to horizontal cylinders
in the range 5 x 10> < Ra, < 2x10:

Nu, = K(Pr;)Ra}?* 4)

where K(Pr;) = 0.54 for 0.5 < Pr; < 200 (referred to
hereinafter as the “low-Pr range”) and K(Pr,) = 0.65
for Pr, > 200 (referred to hereinafter as the “high-Pr
range”).

Morgan [4], after making an extensive survey of the
literature on natural convection from horizontal cylin-
ders up to and including 1974, has recommended the
following correlation:

Nu; = CRa} (5)

where the values of C and m depend upon the range of
Ray as follows:

Range of Ra, C m

1074201072 0.675 0.058
107%t0 10? 1.02 0.148
10? to 10* 0.850 0.188
10* 10107 0.480 0.250
107 t010'2 0.125 0.333

Morgan’s equation is identical to McAdams' and
incorporates a revision of the values of C and m based
on more recent data.

Recently, Churchill and Chu [5] have published the
following semi-empirical correlation equation for heat
transfer by natural convection from horizontal cylin-
ders:

Ra 0.25

[1 +(0.559/Pr)9/16]16/9 é .(6)

Churchill and Chu state in their paper that equation (6)
provides a good fit of representative data for all Pr and
for 107° < Ra < 10°, except for the experimental data
of Collis and Williams [6] for small diameter wires,
which fall below equation (6) for Ra < 107¢. They
recommend that, for large temperature differences, the

Nu = 0.36+0.518{
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fluid properties in equation (6) be evaluated at the
mean film temperature as a first approximation.

Raithby and Hollands [ 7] have recently published a
correlation equation for laminar and turbulent natural
convection for elliptic cylinders of arbitrary eccen-
tricity for the case of constant surface temperature.
Their equation assumes the following form for horiz-
ontal isothermal cylinders:

2 m
Num =
! [m (11727 7, Ra”“}]
+(0.72C,RaP)" (7)

where
m = 3.337
fo = 2.587

C, = (2/3)/[1+(0.49/Pr)?1 €14

C, = 0.14Pr%-98% or (.15, whichever is smaller.

Raithby and Hollands do not state explicitly in their
paper how the fluid properties are to be evaluated in
equation (7)—it is presumed that evaluation at the
mean film temperature is intended.

Traditionally, the fluid properties that appear in
heat-transfer correlating equations have been eva-
luated at the mean film (reference) temperature ¢ I
Recently, however, several investigators have studied
the question as to how the influence of temperature
upon the physical properties of fluids should be taken
into account for optimum correlation. Sparrow and
Gregg [8], in a study of natural convection heat
transfer from vertical plates, have recommended that
the reference temperature be

t,=t,—rlt;—t,); r=038. (8)

Fujii et al. [9], who conducted an experimental
study of natural convection heat transfer from horiz-
ontal cylinders to water, spindtl oil and mobeltherm
oil, have recommended that all fluid properties, except

B, be evaluated at a reference temperature defined by

t,=t—r(t+t,); r=025 9

and that § be calculated from

B =(os—p)/lpft,—t;)]. (10)
It is suggested here that all fluid properties be
evaluated at a reference temperature defined by

t=+jlt,—t); 0<j<1

(11

where j is selected so as to yield optimum correlation.
The mean film reference temperature is a special case of
t;, because when j= 0.5, equation (11) reduces to
equation (3).

A different method of evaluating fluid property
variations as a function of temperature, which will be
referred to here as the “correction factor” method, has
been studied by several investigators for natural
convection heat transfer. An example of this method is
the work of Mikheyeva [10], who investigated the
process of natural convection from horizontal tubes to
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air, water and oil. He has recommended the following
correlation equation

Nu, = 0.51Ral-*3(Pr,/Pr,)*25, (12)

The term (Pr,/Pr,)®2° is a correction factor intended
to account for the influence of property variation with
temperature.

Fand and Keswani [11] have developed a method
similar to Mikheyeva’s to account for property va-
riation with temperature, called the “surface cor-
rection exponent” method. The basic idea of this
method, when applied to natural convection heat
transfer, is to replace each dimensionless parameter
that appears in a correlation equation, for example Pr,
by Pr, where Pr,= Pr(Pr,/Pr,)?. (With this de-
finition Pr,_, = Pr,and Pr,_, = Pr,, and likewise for
the other dimensionless parameters.) This method
ensures that variation with temperature of all the
dimensionless parameters that appear in a given
correlation equation are accounted for. Thus, the
correction exponent method constitutes a modifi-
cation and generalization of Mikheyeva’s correction
factor.

The foregoing literature survey demonstrates that
there exists a fundamental difference between the
correlation proposed by Morgan and the correlations
proposed by Kutateladze and others. Morgan’s cor-
relation states that Nuis only a function of Ra, whereas
Kutateladze’s correlation states that Nu is a function
of Pr as well as Ra. The objective of the present study
was to determine, on the basis of experimental data,
which of these two approaches is the correct one; and,
in the course of this study, to determine a new
correlation equation or equations, if such are war-
ranted, that optimumly account for property variation
with temperature. The ranges of Ra and Pr selected for
the present investigation cover approximately the
ranges of Ra and Pr to which Kutateladze’s equation
(4) applies.

EXPERIMENTAL APPARATUS

The experiments with liquids reported herein were
conducted inside a thermally insulated, stainless steel,
circular tank having an ID of 7.659 in (19.454 cm) and a
depth of 49.0in (124.5 cm) into which various fluids
(water and 20, 100 and 350cS silicone oils) were
introduced. An electrically heated, titanium, test cylin-
der having a diameter of 0.4555in (1.157 cm) was used
to furnish the heat-transfer data. The test cylinder was
mounted horizontally in the tank between two vertical
plates as shown in Fig. 1. The design of the test cylinder
is described in detail in [ 11]. Briefly, it consists of three
cylindrical sections, laid end to end, which are ther-
mally insulated from each other. The central section,
known as the “test section”, is 1.000in (2.540cm) in
length and it is this section that furnished the heat-
transfer data. The end sections, called “guard sec-
tions”, are 1.20in (3.05cm) long and their primary
purpose is to prevent heat flow by conduction from the
test section in the axial direction. During an experi-
ment, each of the three sections was heated inde-
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Fi1G. 1. Apparatus.

pendently by supplying electric power, through a panel
of auto-transformers, to the electrical heaters installed
inside each section.

The test cylinder contains four embedded
copper—constantan thermocouples. The test section
contains two of these thermocouples which are orien-
tated 90° apart relative to the axis of the cylinder, and
each of the guard sections contains one thermocouple.
Another thermocouple, positioned 7.0in (17.8 cm) be-
low the test cylinder, indicated the bulk temperature of
the fluid. All the thermocouples were coupled through
a selector switch to a potentiometer having a re-
solution of 0.05 degF (0.028 degC).

Since the thermocouples in the test cylinder are
located below the surface of the cylinder, the tempera-
ture indicated by these thermocouples was greater
than the actual surface temperature. Therefore, to
determine the actual surface temperature, the radial
temperature drop between the geometric center of the
embedded thermocouples and the surface of the test
cylinder was calculated by applying the one-
dimensional conduction equation for heat transfer in
the radial direction through a composite cylinder.

Power dissipations in the test section greater than or
equal to 1W (high power) were measured by a
calibrated wattmeter. For power dissipations equal to
or less than 1 W (low power), measurements of voltage
and resistance were used to determine power dissi-
pations in the test section. This was accomplished by
experimentally determining in advance the electrical
resistance of the test section heater coil as a function of
temperature, so that power dissipation in the test
section could be subsequently determined by simply
measuring the voltage across the coil. The maximum
error in the measurement of power dissipation was 19,
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Table 1. Experimental data for air from [13]; cylinder diameter = 0.7500in (1.905 cm)

¢[Btu/h - ft*] t[degF] ty[degF] At[degF]
(W/m?) (degC) (degC) (degC)
34.08 (107.4) 89.72 (32.07) 60.32 (15.73) 29.40 (16.33)
68.17 (214.9) 112.53 (44.74) 61.40(16.33) 51.13 (28.41)
1026 (323.5) 128.64 (53.69) 57.44 (14.13) 71.20 (39.56)
136.7 (431.0) 147.79 (64.33) 57.70 (14.28) 90.09 (50.05)
170.8  (538.5) 17096 (77.20) 63.08 (17.27) 107.88 (59.93)
204.8 (645.6) 187.27 (86.26) 60.59 (15.88) 126.68 (70.38)
2727 (859.7) 220.43 (104.68) 61.62 (16.46) 158.81 (88.23)
306.7 (966.9) 234,42 (112.46) 61.09 (16.16) 173.33 (96.30)
340.8 (1074.4) 257.95(125.53) 69.70 (20.94) 188.25 (104.58)
374.6 (1180.9) 265.40 (129.67) 60.80 (16.00) 204.60 (113.67)
408.6 (1288.1) 281.55(138.64) 63.42 (17.46) 218.13 (121.18)
5108 (1610.3) 330.90 (166.06) 74,33 (23.52) 256.57 (142.54)

The function of the two vertical plates in Fig. 1 was
to constrain the flow in the neighborhood of the test
cylinder to two dimensions. To substantiate the belief
that the flow near the cylinder was two-dimensional, a
comparison was made between the water data takenin
the present apparatus and the water data taken by
Fand and Keswani [ 12] with the same test cylinder but
in a different apparatus. The previous investigators
placed the test cylinder horizontally into a well
insulated (wooden) rectangular tank containing water.
The width of the tank, 3.5 in (8.89 cm), was equal to the
entire heated length of the cylinder. The height and
length of this tank were each greater than 100 cylinder
diameters. Since the convective currents of the fluid
were constrained from flowing in the axial direction by
the sides of the tank, it was assumed that the natural
convection flow in the tank approximated a two-
dimensional flow past the test section of the cylinder.
The experimental measurements of the temperature
differences made by Fand and Keswani and those
obtained in the present apparatus at approximately
the same bulk temperatures are listed in the following
table:

Twelve experimental air data points obtained by
Fand [13] were included in the present study in order
to extend the applicability of the final result to gases
(air) in addition to liquids (water, oils). These air data
are listed in Table 1.

EXPERIMENTAL PROCEDURE AND DATA

Since the local heat-transfer coefficient varies along
the circumference of a horizontal cylinder, the tem-
perature indicated by the two thermocouples in the
test section of the cylinder used in this study with
liquids were dependent on the angular position of
these thermocouples relative to the convective plumes.
Therefore, to determine the average heat-transfer
coefficient, the following procedure was performed
prior to the present experiments. With the tank filled
with water, the test cylinder was rotated full-circle in
30° increments of arc and Ar* was measured at each
statton (12 in number) with the same power input Q to
the test section and the bulk temperature of the fluid
(water) held constant at 70degF (21.11degC). The
mean value of At was determined utilizing Simpson's
rule for numerical integration and it was found to

At (degC) At (degC)

Q (W) t, (degC) [12] (present) % difference
9.747 24.16 14.27 14.33 043
9.747 24.83 1442 14.22 —1.37

19.628 23.72 24.11 24.44 1.37

19.628 23.44 24.07 24.50 1.77

The preceding tabulation shows that the average
difference in At measured in the two different appa-
ratuses under similar test conditions is 1%{. Therefore,
it was concluded that the present apparatus simulated
a two-dimensional flow near the test cylinder.

The liquids used in the present study were mixed
between tests, to obtain uniform bulk temperature, by
means of circulating pumps and/or a motor-driven
propeller-type stirrer.

The apparatus described above permitted the simul-
taneous measurements of ¢, ¢, and Q. From this
experimental data it was possible to calculate the
Nusselt, Grashof and Prandtl numbers corresponding
to the conditions of each test.

occur at a particular angular position. The test cylin-
der was set into this angular position and left there for
all subsequent measurements. This procedure assumes
that the reading of Az indicated by the thermocouples
in this particular angular position is negligibly dif-
ferent from the mean value of At for all Q. This
assumption is valid because it was found that the
change in At along the circumference of the test
cylinder was relatively small (A(A¢)/At < 0.027), hence
At is insensitive to small errors in the angular position-
ing of the thermocouples in the test section.

* In this context At stands for the average of the two surface
temperatures indicated by the two thermocouples embedded
in the test section of the heat-transfer cylinder minus ,,.
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For water, the testing procedure began by letting the
water “age” for 24 h under 5 atm pressure to dissolve
all the air bubbles that had formed while the tank was
being filled. This aging process was necessary because
the presence of air bubbles on the test cylinder surface
would have resulted in a spurious decrease in the heat-
transfer coefficient. A frequent check was made to
ensure that no bubbles were on the cylinder by viewing
it through a window located in the tank wall.

After aging, the entire tank of water (still under
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The approximate ranges of the various parameters
for the five fluids studied here are listed below. In this
table Ra and Pr have no subscripts, which implies that
the temperature at which the properties are evaluated
can range from the bulk fluid temperature to the
surface temperature of the test cylinder. The overall
ranges of Ra and Pr are: 2.5x 102 € Ra < 1.8 x 107
and 0.7 € Pr < 3090. This range of Ra is appro-
ximately equal to that for which Kutateladze’s equa-
tion (4) is applicable.

20 ¢S oil 100 ¢S oil 350 ¢S oil Water Air
q (Btu/h-ft?) 342-—6780 342—6780 10— 5060 700—34 500 34510
(W/m?) (1080—21 300) (1080—21 300) (32—16000) (2200— 109 000) (110—1610)
t, (degF) 86—233 92270 73—270 80—200 90—330
(degC) (30—112) (33—132) (23—132) (23—93) (32—160)
At (degF) 16—163 20198 2—198 8—130 30—260
(degC) (9—91) (11--110) (1—110) 4—72) (17—144)
Rax1073 58—2260 12—610 0.25—176 0.11x10°—18.0x 103 9.8—98
Pr 55—200 190—940 625—3090 1.7-70 0.69—0.71

pressure) was stirred thoroughly by means of a cir-
culating pump for approximately 3 min. The purpose
of this step was to attain a uniform bulk temperature.
The water was then given approximately 10min to
come to rest after the pump was stopped. These
preparations have been completed, a predetermined
rate of power dissipation in the test section was created
by appropriate adjustment of the electric power de-
livered to the test cylinder. The power to the guard
sections was so adjusted that the temperatures of these
sections were made as nearly equal to the average
temperature of the two test section thermocouples as
possible. Since in practice this equality could not be
achieved absolutely, the temperature readings were
recorded when the temperatures of the guard sections
nearly “stradled” the average temperature of the test
section, i.e. when one guard section temperature was
higher and the other lower than the average tempera-
ture of the test section by equal amounts. This
technique of taking data ensured that the heat loss or
gain by conduction in the axial direction was neglig-
ible. Since the initial heating of the cylinder was a
transient process, it was necessary to wait for some
time before a steady state value of t; was achieved. To
ensure that the steady state was properly identified,
temperature data were recorded throughout the tran-
sient process up to the desired steady state. Then the
power was switched off and the water was circulated
again in preparation for the next test. This procedure
was repeated for different bulk temperatures and
different rates of power dissipation in the test section.

For the three silicone oils, the same basic procedure
as for water was followed for taking experimental data.
Here, however, pressurizing the tank was not nec-
essary since the likelihood of air-bubble formation was
small, because air is almost insoluble in these oils. In
addition to an oil circulating pump, a motorized,
stainless steel stirrer was used to aid in the mixing of
the viscous oils. The mixing and settling time allowed
for the oils was approximately 25 min.

HMT Vol. 20, No. 11—F

When the bulk temperatures of the liquids in the
tank were higher than room temperature, there was a
very slow flow of heat from the thermally insulated
tank to the surrounding atmosphere. However slow,
this flow of heat still caused a decrease in the bulk
temperature. Thus, it is clear that for bulk tempera-
tures greater than room temperature, there existed
slight temperature gradients in the bulk of the fluid.
These slight gradients caused weak spurious natural
convection currents. Therefore, only those data for
which ¢, was within 2degF (1.1degC) of the room
temperature were used for the final analysis. This
temperature, is called the “bulk-room temperature”
hereinafter. The measurements made with bulk tem-
peratures above room temperature were used to
determine, with accuracy greater than could otherwise
be as easily achieved, the data corresponding to the
bulk-room temperature, as will be now explained. For
each fluid, curves were drawn through the data points
as shown, by way of example in Fig. 2. These curves
were assumed to be the best representations of the
experimental data, and the final data at bulk-room
temperature were read from these lines. For the 20 ¢S
oil, the bulk-room temperature was 70.0degF
{21.11 degC) and for the 100cS, 350 ¢S oil and water, it
was 72.0degF (22.22degC). The values of t and ¢
corresponding to the bulk-room temperatures are
recorded in Table 2. These data were considered to be
the final experimental data.

Radiation heat transfer from the test section was
calculated and found to be less than 0.1%; of the power
dissipated in any test and was, therefore, negligible.
The maximum experimental error associated with any
single determination of the heat-transfer coefficient h
was estimated to be 49/ for the air, water, 20¢S and
100 ¢S data, and 89 for the 350 cS data. The primary
reason for the reduced accuracy in the case of the
350¢S oil is that the high viscosity of this oil makes it
difficult to mix this oil sufficiently well so as to render
its bulk temperature uniform.



1178

*yy degC
22 23 24
T ] T ' T T

Ao
q=171.3Btu/h =540 W/m?17

£ hd
| 3
§§ P
= ~a
315
= ©1+ —s
L og q=85.84 Btu/h=270.6 W/m? 9
o ] S
I 1, 3
- Py
q <

6 JS

q=34.33 Btu/h=108.2 W/m?
T ———
72

q=14.25 Btu/h=44,92 W/mz—J
t

2 to- I

O

e ©
I q=10.30Btu/h ft2:32.48W/m?

0 1 l j 1 ‘ 1 ‘ 1 AL A 0
70 71 72 73 74 75 76
Bulk temperature, t,, degF

F1G. 2. Low power experimental data for 350¢S oil; cylinder
diameter = 0.4555in (1.157 cm).

Table 2. Experimental data for oils and water; cylinder
diameter = 0.4555in (1.157 cm)

g[Btu/h-ft*] t,[degF] At[degF]
(W/m?) (degC) (degC)
20 ¢S oil [1, = 70.00degF (21.11 degC)]
3399  (1071) 86.0 (30.00) 160 (8.89)
696.1 (2194) 98.0 (36.67) 28.0 (15.56)
1678.6  (5292) 1263 (52.39) 56.3 (31.28)
3346.5 (10550) 165.7 (74.28) 95.7 (53.17)
5057.0 (15942) 201.2 (94.00) 131.2 (72.89)
6739.1 (21245) 232.8(111.56) 162.8 (90.45)
100¢S oil {1, = 72.00 degF (22.22 degC)]
3399 (1071) 91.5 (33.06) 19.5 (10.84)
696.1  (2194) 1062 (4122) 342 (19.00)
1678.6  (5292) 141.2 (60.67) 69.2 (38.45)
3346.5 (10550) 189.2 (87.33)  117.2 (65.11)
5057.0 (15942) 2322 (111.22) 160.2 (89.00)
6739.1 (21245) 269.7 (132.06) 197.7(109.84)
350c¢S oil [t, = 72.00degF (22.22 degC)]
10.30 (32.48) 73.5 (23.03) 1.5 (0.81)
1425  (44.92) 73.9 (23.26) 19 (1.04)
3433 (108.2) 75.8 (24.33) 38 (211
85.84  (270.6) 79.6 (26.43) 76 (4.21)
1713 (540.3) 853 (29.58) 133 (7.36)
3399 (1071 95.5 (35.28) 23.5 (13.06)
696.1 (2194) 113.0 (45.00) 41.0 (22.78)
1678.6  (5292) 156.2 (69.00) 842 (46.78)
3346.5 (10550) 219.9 (104.39) 1479 (82.17)
5057.0 (15942) 270.2 (132.33) 198.2(110.11)
Water [t, = 72.00 degF (22.22 degC)]
696.1 (2194) 80.0 (26.67) 8.0 (4.45)
1679 (5292) 87.6 (30.89) 156 (8.67)
3347 (10550) 98.3 (36.83) 26.3 (14.61)
5057 (15%42) 108.3 (42.39) 36.3 (20.17)
6739 (21245) 115.6 (46.44) 43.6 (24.22)
10144 (31980) 1322 (55.67) 60.2 (33.45)
13728 (43277) 145.5 (63.06) 73.5 (40.84)
20622 (65012) 169.5 (76.39) 97.5 (54.17)
27400 (86380) 190.0 (87.78) 118.0 (65.56)
34512 (108 800) 211.8 (99.89) 139.8 (77.67)
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DATA ANALYSIS AND RESULTS

The following three hypotheses for correlating na-
tural convection heat transfer from horizontal cylin-
ders were formulated in the course of the present
study:

(13)
(14)
(15)

I Nu; = CRa}*Pr7
Il Nu;= CRa)*Pr}
I Nu, = C(Gr,Pr,)°?°Pry.

These hypotheses have the same algebraic form and
differ only in the method used in each to evaluate fluid
properties as a function of temperature. The validity of
these hypotheses have been tested against the experim-
ental data, as will be shown below. The previously
published correlations of Kutateladze, Mikheyeva,
Morgan, Churchill and Chu, and Raithby and Hol-
lands have also been tested against the data. These
published correlations have been compared with one
another and with the three specific correlation equa-
tions that stem from the hypotheses indicated above.

In order to calculate the nondimensional para-
meters Nu, Gr, Pr and Ra that appear in the various
correlation equations, it was necessary to have infor-
mation concerning the physical properties p, v, k, f and
¢, of the several fluids investigated. The physical
properties of air were obtained from [ 14, 15] and those
of water from [ 16, 17]. The densities and viscosities of
the three silicone oils studied here were measured
experimentally, and their specific heats were obtained
from [18] and from manufacturer's (Dow Corning)
data. A formula for § was obtained from the experim-
entally measured values of p. A formula for the thermal
conductivity of silicone oils was obtained from [19].
Appendix A contains all pertinent information con-
cerning the physical properties of the three silicone oils
employed in this study.

The parameters in each of the three hypotheses
indicated above were determined so as to optimize the
correlation of the experimental data. The optimum
correlation equation corresponding to a given hy-
pothesis was defined to be that specific equation which
simultaneously yielded zero mean error and mini-
mized the mean deviation relative to the entire body of
data (air, water and three silicone oils).

To optimize Hypothesis I the exponent m was varied
systematically in increments of 0.001 and, for each
value of m, that value of the constant C which yielded
zero mean error for all the data was calculated. Out of
the many calculated results, one was selected as the
optimum, namely, the one that minimized the mean
deviation. The optimum specific correlation equation
based upon Hypothesis I is as follows:

Nu; = 0474Ra}**Pryo47. (16)
This equation correlates the experimental data of all
fluids combined with zero mean error and a mean
deviation of 3.3% (E = 4.2%;). The errors incurred by
equation (16) relative to each individual fluid and to all
the data combined are given in Table 3.
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Table 3. Statistical results

Equation E, E 4 Ey Range of E
Air
Kutateladze (equation 4) 13.0 13.0 21 29.5- 383
Mikheyeva (11) 1.7 11.7 1.5 9.6~ 138
Churchill (6) ~129 129 20 -92--16.9
Raithby (7) 1.2 21 25 ~41- 56
Morgan (5) 0.44 1.5 19 —44- 27
Hypothesis 1(16) 2.4 24 19 —-08- —72
Hypothesis I1{17) —-0.25 0.90 1.5 -42- 18
Hypothesis I (18) ~0.82 13 18 -36- 14
Water
Kutateladze 118 118 32 298- 415
Mikheyeva -04 13 14 -22- 16
Churchill -28 28 1.3 -11- -38
Raithby 109 109 35 70- 177
Morgan -0.64 23 29 —-4.1- 45
Hypothesis I 52 52 1.9 25- 84
Hypothesis 11 0.40 20 2.3 -27- 44
Hypothesis I11 0.46 15 1.8 22- 30
20c¢S oil
Kutateladze -96 9.6 22 57— 122
Mikheyeva ~6.1 7.7 7.7 ~14.8- 42
Churchill -12.5 12.5 1.1 ~108--14.0
Raithby ~-42 42 1.6 —64- —19
Morgan - 19.6 196 1.9 -17.1--220
Hypothesis I 0.08 09t 1.2 -18- 14
Hypothesis IT 0.21 0.39 0.54 -03- 11
Hypothesis 111 0.55 0.63 0.59 -1.3- 02
100cS oil
Kutateladze 11 3.1 35 ~31- 51
Mikheyeva -~11.1 113 9.2 —-220- 04
Churchill ~16.7 16.7 1.7 —14.7--19.0
Raithby -91 9.1 1.3 ~112- =15
Morgan -253 253 2.6 —-224--284
Hypothesis 1 —0.63 1.5 20 -33- 12
Hypothesis I1 ~0.38 0.60 0.71 —-14- 06
Hypothesis IT1 -0.17 0.74 0.93 -12- 12
350cS oil
Kutateladze -85 85 6.7 —-126~ 52
Mikheyeva ~21.6 216 117 ~31.5- 05
Churchill —18.6 i8.6 4.0 —13.6~-237
Raithby ~170 7.5 56 -133- 24
Morgan -24.6 246 54 —16.2~--296
Hypothesis I -18 5.1 5.6 -83 82
Hypothesis II 0.01 30 40 ~54- 74
Hypothesis 111 0.95 28 4.0 ~45- 86
Combined
Kutateladze 99 99 102 ~12.6~ 415
Mikheyeva —42 11.0 14.1 —31.5~ 138
Churchill —-122 121 6.2 ~1.1--237
Raithby -0.6 6.6 8.0 —~133- 1717
Morgan ~127 12.7 124 —284- 45
Hypothesis I 0.0 33 42 -83- 384
Hypothesis II 0.0 1.5 23 —-54- 74
Hypothesis 11T 0.0 1.6 2.3 —45- 86

In a manner similar to that followed for Hypothesis ~ Equation (17) correlates the data of all fluids combined
1, the optimum specific correlation equation based on ~ with zero mean error and a mean deviation of 1.5%,

Hypothesis II was found to be: (Ey = 2.3%). The errors incurred by equation (17)
relative to each individual fluid and to all the data
Nu; = 0.478Ra?-2° pr)-05¢ (17) combined are given in Table 3.

The optimum specific correlation equation based
where the fluid properties are evaluated at the re- upon Hypothesis 111 was found to be:

ference temperature defined by: Nu, = 0.456(Gr, Pr,)"25Pr0-057;
7 - y*'p 4 ?

tp= o+t~ =032 n=020, p=g=2050
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FI1G. 3. Plot of experimental data and equation (18).

which may also be written as follows:
Nu, = 0.456Ral-**Pry%57;
n=020, p=y=050
Equation (18) correlates the data of all fluids combined
with zero mean error and a mean deviation of 1.6%,
(E, = 2.3%). The errors incurred by equation (18)
relative to each individual fluid and to all the data
combined are given in Table 3. A plot of equation (18)
together with the experimental data is shown in Fig. 3.

(18)

DISCUSSION OF RESULTS

Table 3 contains statistics whereby the degree of
agreement between the correlation equation of Kuta-
teladze, Mikheyeva, Morgan, Churchill and Chu,
Raithby and Hollands, and equations (16)—(18) with
the experimental data considered here can be com-
pared. The table shows that Morgan’s correlation is in
close agreement with the air data (0.69 < Pr £ 0.71)
and also with the water data (1.7 < Pr £ 7.0), but it
does not agree well with the oil data (198 < Pr
< 3090). From this it is concluded that Morgan’s
correlation, which is dependent on Ra but not on Pr,
does not adequately account for the influence of Pr on
Nu. The same can be said of Mikheyeva's equation.

Churchill and Chu’s correlation agrees fairly well
with the water data, but exhibits a mean deviation of
about 129 with respect to the entire body of data. For
the calculations in Table 3, the fluid properties in
Churchill’s equation were also evaluated by the j-
reference temperature method (j = 0.32) and by the
correction exponent method (n = 0.20, ¢ = p = 0.50),
and the results were substantially the same as those
recorded in Table 3.

Churchill and Chu’s correlation, equation (6), differs
from the others considered here inasmuch as it con-
tains an additive constant, 0.36, which does not appear
in any of the others. Such a constant, if it exists, can
only be determined experimentally at Rayleigh num-
bers much lower than those studied here. Hence, the
questions as to whether such an additive constant
exists, and, if it does, what is its magnitude, cannot be
answered on the basis of the data considered in this
study.

Table 3 shows that the correlation proposed by
Raithby and Hollands is in good agreement with all
the data for all the fluids considered herein. This is
remarkable in view of the fact that the
Raithby-Hollands equation is applicable to the entire
class of elliptic cylinders ranging from vertical flat
plates (infinite eccentricity) to horizontal circular
cylinders (zero eccentricity) over the wide range of
Rayleigh numbers from 10~2 to 10'2. For the calcu-
lations in Table 3, the fluid properties in Raithby and
Hollands’ equation were evaluated at ¢ ;. The proper-
ties in Raithby and Hollands' equation were also
evaluated by the j-reference method (j = 0.32) and the
correction exponent method (n = 0.20, ¢ = p = 0.50),
and the results were substantially the same as those
recorded in Table 3.

Hypothesis I, per equation (16), exhibits a mean
deviation of 3.3% relative to the entire body of data,
which is good overall agreement. However, relative to
the water data, this equation has a range of error from
2.5 to 8.4% (see Table 3) and a mean error and mean
deviation of the error both equal to 5.2%, ‘which
implies that equation (16) overestimates Nu for the
watér data by 5.2%; on the average. Although this level
of agreement is usually considered adequate for practi-
cal calculations, the fact remains that these errors
exceed the estimated maximum error of 4% in the
experimental determination of h for the water data.
Hence it is concluded that no correlation based upon
Hypothesis I, which utilizes the mean film reference
temperature, can represent the entire body of data
within the limits of the experimental error.

Asis indicated in Table 3, Hypotheses II and I11, per
equations (17) and (18), yield errors with respect to al!
the data that lie within the estimated experimental
limits of error in the measurement of the heat-transfer
coefficient. Therefore, it can be said that equations (17)
and (18) represent the heat-transfer data to as high a
degree of accuracy as may be reasonably expected of
any correlation equation.

Kutateladze’s correlation agrees quite well with the
100¢S oil data, but it exhibits a mean deviation of
about 10%, with respect to the entire body of data.
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However, the entries in Table 3 obscure a certain kind
of agreement between Kutateladzes correlation and
the entire body of data—this agreement is discussed in
what follows. An interesting and revealing comparison
can be made between Kutateladze’s equation (4) and
equation (16), which represents the data with adequate
accuracy for practical applications (E,, = 0, E,;

= 3.3%, Ey = 4.2%,—see Table 3). For this purpose
equation (16) is written as follows:

Nuy = F(Pr;)Ra}?* (19

where
F(Pr;) = 0474Pr9:°47,

The magnitude of F(Pr,) will now be compared with
Kutateladze's recommended values for K(Pr;) in
equation (4). If F(Pr )is calculated at the end points of
Kutateladze's low- Pr range, one obtains F(Pr, = 0.5)
= 0.459 and F(Pr, = 200) = 0.608. The average of
these two values of F(Pr/) = 3(0.459 +0.608) = 0.533
and this number, 0.533, is very nearly identical to the
value K(Pr;) = 0.54 recommended by Kutateladze for
the low-Pr range. Thus, if Kutateladze’s value K(Pr,)
= 0.54 is regarded as an attempt to provide an
appropriate average value of the coefficient of Ru$2?,
then there is close agreement between Kutateladze's
equation and equation (16), and hence with the data.
From this point of view equation (16) constitutes a
refinement of Kutateladze’s equation, inasmuch as
F(Pr)is a continuous function, as it must naturally be,
whereas K(Pr,) is a 2-valued step function. Since
Kutateladze did not provide an upper bound on the
high-Pr range, probably due to a lack of data, it is not
possible to make the same kind of comparison between
his equation and equation (16) for the high-Prrange as
was made above for the low-Pr range. However, if it is
assumed that the upper bound of Kutateladze’s high-
Prrangeis 3000, then the average value of F(Pr ) at the
endpoints of the high-Pr range (200 < Pr < 3000) is
0.649, and this figure is nearly identical with
Kutateladze's value K(Pr,)=0.65. Thus, one may
conclude that a reasonable upper bound on
Kutateladze’s high- Pr range is 3000.

RESUME AND CONCLUSIONS

This empirical study has dealt with the rate of heat-
transfer by natural convection from horizontal cylin-
ders to air (gases), water and silicone oils (liquids)in the
experimental ranges 2.5x 10> < Ra < 1.8x 107 and
0.7 € Pr < 3090. Three correlation hypotheses were
postulated. Hypothesis I lead to the following cor-
relation equation:

Nu, = 0474Ra}-3 Pr9:0%7 (16)

where the fluid properties are evaluated at the mean
film reference temperature. Equation (16) correlates
the experimental data of all fluids combined with a
mean deviation of 3.3% (E,, = 0.0%, E,; = 4.2%).

The purpose of the second hypothesis was to find an
optimum reference temperature for evaluating fluid
properties as a function of temperature. Hypothesis 11
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lead to the following correlation equation:

Nu; = 0.478Ra2?> P05 an

where the fluid properties were evaluated at the
reference temperature defined by:

t=t+jlt,—t,); j=032

Equation (17) correlates the data of all fluids combined
with a mean deviation of 1.5% (E, =0.0%, E, =
2.3%), which is an improvement over equation (15).

Hypothesis III encompassed the so-called “surface
correction exponent” method of evaluating fluid pro-
perties as a function of temperature. This hypothesis
lead to the following correlation equation:

Nu, = 0.456Ray-**Pr3:0%7;

n=020; p=y=050. (18)

Equation (18) correlates the data of ali fluids combined
with a mean deviation of 1.6% (E, = 0.0%, E, =
2.3%). The errors incurred by equations (17) and (18)
lie within the estimated experimental errors in the
measurement of the heat-transfer coefficient.

The correlation equation recommended by Morgan,
equation (5), states that Nu is a function of Ra but not
Pr. However, equations (16)—(18) demonstrate that Nu
is equal to Rg®2° multiplied by a function of Pr, in
basic agreement with Kutateladze’s correlation equa-
tion, equation (4).

The experiments studied here do not contain data at
sufficiently low values of Ra to corroborate the
existence of an additive correlation constant as exem-
plified by the number 0.36 in Churchill and Chu's
equation. The first author of this paper has initiated an
experimental investigation at low Ra in order to obtain
additional information relative to the question of the
additive constant.

The equation of Raithby and Hollands, with proper-
ties evaluated at t, yields a mean error of —0.6%; (E,,
= 6.6%; E;; = 8.0%)relative to all the data considered
herein. This relatively high level of agreement is
remarkable in view of the fact that Raithby and
Hollands™ equation is applicable to the entire class of
elliptic cylinders ranging from vertical flat plates
(infinite eccentricity) to horizontal circular cylinders
(zero eccentricity) over the wide range of Rayleigh
numbers from 1072 to 10'2,

The errors incurred by the three new correlation
equations determined in this paper are less than are
incurred by previously published correlations relative
to the data studied here (see, particularly, the ranges of
the error in Table 3). There is no priority given to
equation (18), based on Hypothesis III, over equation
(17), based on Hypothesis II, since both equations
correlate the experimental data equally well.

The validity of equations (16)—(18) has been estab-
lished for the ranges 0.7 < Pr < 3000, 3 x 10? < Ru
< 2 x 10”7 —these ranges cover many cases of practical
interest. Since the use of equations (16)-(18) requires
considerably less calculation effort than does the
Raithby-Hollands’ equation, especially in problems
wherein the heat flux is specified and the resulting
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temperature difference is required, it follows that
equations (16)—(18) can serve useful practical purposes.

It was pointed out above in the discussion of results
that Morgan’s correlation, equation (5), is in good
agreement with the air data in the range 10* < Ra,
< 10° analyzed in this study (see Table 3). Morgan's
correlation is also in good agreement with the expe-
rimental data for air presented by Hesse and Sparrow
[20] in the range 3 x 10> < Ru, < 10*. Now, as Ru
decreases from 10* to 3 x 10? (the lower limit recom-
mended for Ra, in equation 16) the difference between
the value of Nu, predicted by Morgan's correlation
and by equation (16) progressively increases from 3%,
at Ra; = 10% to 19% at Ra, = 10° and to 28, at Ra,
= 3 x 102, Thus, both Morgan’s correlation and equa-
tion (16) accurately represent different sets of data in
the range 3 x 102 < Ru < 10* (Morgan’s for air and
equation (16) for oil), and yet these two correlation
equations can differ significantly in their prediction for
Nuy for the sume value of Ru, in the range 3 x 10
< Ra, < 10* This discrepancy cannot be attributed
to the inclusion of the factor Pry°*7 in equation (16),
which does not appear in Morgan'’s equation, because
for air this factor is very nearly equal to 1. An
explanation for this discrepancy is offered in what
follows.

In all the natural convection experiments with
horizontal cylinders in air considered by Hesse and
Sparrow in [20], the cylinder diameters were smaller
by at least a factor of 10 than were the diameters of the
cylinders that provided the experimental data anal-
yzed in the present study. It is concluded here that the
aforementioned discrepancy between Morgan's cor-
relation and equation (16) stems from an experimental
effect that depends upon cylinder diameter but which
cannot be accounted for by the Ruyleiyh number alone.
This conclusion has fundamental implications, for it
means that the Nusselt number is a function of another
dimensionless parameter, in addition to the Rayleigh
and Prandtl numbers. The authors believe that this
additional parameter is a function of viscous dissi-
pation, which is usually neglected in the dimensional
analysis of natural convection heat transfer. Gebhart
(217 identifies such a viscous dissipation parameter in
the form gfdc, '.* Raithby and Hollands’ equation
does not solve this problem despite the fact that it
represents the air data presented by Hesse and Spar-
row more accurately than does equation (16) and
despite the relatively low mean error that it yields with
respect to the combined data considered herein (see
Table 3). The Raithby and Hollands’ equation compr-
ises a judicious selection of algebraic forms and
numerical constants which together constitute an
excellent compromise between the trends of different
sets of experimental data; thus for example, Table 3

*The value of the product fc, ' for air at elevated
temperatures (900 degC) is approximately equal to the value
of fc, ! for the oil experiments reported herein ; therefore, the
difference between the values of gfdc, ! for these oil experi-
ments and for the air experiments presented by Hesse and
Sparrow are due primarily to differences in d.
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shows that Raithby and Hollands™ equation yields a
positive error (that is greater than the experimental
error) for every water data point, and it yields a
negative error (that is greater than the experimental
error)for every 100 ¢S oil data point—the net result is a
relatively low mean error (—0.6%) for the combined
data, but at the price of a range of error ( —13.3-17.7%)
that substantially exceeds the experimental errors. The
practical import of the preceding discussion is that all
presently available correlation equations, including
equations (16)-(18), may be in error due to the
omission of a viscous dissipation parameter; the
magnitude of the possible error generally increases
with decreasing Ru and may be as much as 20% at Ru
= 10* and 30% at Ru = 3 x 10%. The first author has
initiated a study to account for the effect of viscous
dissipation in the correlation of natural convection
heat transfer from horizontal cylinders.
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APPENDIX A
Thermophysical Properties of Silicone Oils

Kinematic viscosity (v) und density (p)

Samples of the 20, 100 and 350¢S oil were subjected to
experimental analysis with the following results:

Oil t (degF), (degC) v(cS) p(g/cm?)

20¢S 77.0 (25.00) 19.62 0.9471
130.0 (54.44) 1199 0.9207

180.0 (82.22) 8.125 0.8964

230.0 (110.00) 5.781 0.8722

100¢S 77.0 (25.00) 103.0 0.9643
130.0 (54.44) 61.30 0.9384

180.0 (82.22) 40.72 09146

230.0 (110.00) 28.50 0.8911

350¢S 770 (25.00) 349.6 0.9682
130.0 (54.44) 2074 0.9424

180.0 (82.22) 137.3 09184

230.0 (110.00) 9594 0.8951

A regression analysis was performed on the preceding data
to determine the coefficients in the following equations.

In(ln z) = B, + B, In(t +460)+ B,[In(¢t +460)]* (A.1)
where
v=12-0.7 (A2)
and
(A3)

The constants in these equations are given in the following
table:

p=Aog+At+A4,°

20cS 100cS 350cS
A, 0.985914 1.002980 1.0068264
A, —0.000509825 —0.000509895 —0.0005092
A, 0.000000067 0.000000102 0.000000101
B, —14.411022 2076379 7.082386
B, 6.669645 1.053241 —0.70691767
B, —0.668427135 —0.181256535 —0.022038442

The values of t in the above equations are in degF while the
dimensions of kinematic viscosity and density are ¢S and
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g/cm?, respectively. The viscosity measurements are accurate
to within 0.2% relative to the primary standard which is water
at 68.0degF (20.00degC). The expected accuracy of the
interpolated values of viscosity from equations (A.1) and (A.2)
is 0.6%. Density measurements are accurate to within 0.1%,
and temperature measurements for the determination of the
properties are accurate to within 0.01 degF.

Cuoefficient of thermul expunsion (B)
By definition, the coefficient of thermal expansion is

1 /v
=—|= 4
A v <6t)p (A4)
or,
_ d,/p"
B=»r (-a;r)p (A.5)
where v is the specific volume and p = 1/v. Hence
—(A, +24,t)
f= — (A6)

(Ag+ At +A,t%)

T hermal conductivity (k)

The following equation, expressing k as a function of
temperature, was obtained from [19]
(4.66+ v, 5 —0.000003v2, )

k = 0.1661
(8.00+v5)

(1-0.000601:)
(A7)

where ¢ is in degC, v, 5 is the kinematic viscosity at 25 degC
and has dimensions of ¢S, and k has dimensions of
W/m-degC. From the table of viscosity, the values cor-
responding to 20, 100 and 350 ¢S oil at 25 degC are 19.62cS,
103.0¢S and 349.6¢S, respectively. Substitution of these
values into equation (A.7) gives the following equations:

20cS: k = 0.1460(1 —0.000601¢) (A8)
100¢S: k = 0.1611(1 —0.000601¢) (A9)
350c¢S: k = 0.1644(1 —0.000601¢) (A.10)

where ¢ is in degC and k is in W/m-degC.

Specific heat {(cp)

The specific heat at constant pressure for the 20 and 350 ¢S
oil as a function of temperature were determined from the
following six data.points supplied by the manufacturer.

t(degF),(degC) ¢,(Btu/lb - degF)
20cS 104.0 (40.00) 0.348
212.0(100.00) 0.353
392.0 (200.00) 0.362
350cS 104.0 . (40.00) 0.335
212.0(100.00) 0.345
392.0 (200.00) 0.353

These points plot approximately straight lines which can be
expressed mathematically as:

(A.11)

A least squares linear approximation was made on the
manufacturer’s data sets to determine the two unknown
coefficients ¢,  and Ac, for the 20 and 350¢S oils. The
resuiting equations are:

20cS oil: ¢, = 0.34283 +4.875 x 1075t (A.12)
350c¢S oil: ¢, = 0.33002 + 6.0660 x 107%  (A.13)

where ¢ is in degF and ¢, has dimensions of Btu/Ib-degF.
No specific data for ¢, was available for' the 100¢S oil.

Cp = Cpo+AC, L.
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Therefore, it was necessary to estimate this property. The
average value of the Ac,’s in equations (A.12) and (A.13),
namely, 5.4705 x 107> was taken to be the value of Ac, for the
100¢S oil. The value of ¢, for the 100cS oil was determined
with the aid of [18] which gave the value 0.335 Btu/Ib - degF
for the specific heat of 100cS oil at 77.0degF. This value of
specific heat along with its corresponding temperature were
substituted into equation (A.11) to determine the value of Cp,
for the 100cS oil. The resulting equation for determining ¢,
for 100 ¢S ol is:

¢p = 0.330706 + 5.4705 x 10751, (A.14)

The conversion factor for ¢, from British units to SI units is as
follows: 1 Btu/Ib- degF = 4.1868 x 10° J kg - degC.

R. M. FAND, E. W. MORRIS and M. Luu

NOTE ADDED IN PROOF

A recent article by L. G. Napolitano, G. M. Carlomagno
and P. Vigo, entitled “New classes of similar solutions for
laminar free convection problems” [Int. J. Heat Mass
Transfer 20, 215-226 (1977)] demonstrates by theoretical
means that, in general, laminar natural convection depends
upon a dimensionless parameter (Eckert number) that in-
cludes the characteristic length of the heat-transfer surface, in
addition to the Rayleigh and Prandtl numbers. This theoreti-
cal article supports the conclusion reached in the closing
paragraph of the present paper, which conclusion was
reached via the consideration of experimental data.

CONVECTION THERMIQUE NATURELLE AUTOUR DE CYLINDRES
DANS L’AIR, L’EAU ET LES HUILES DE SILICONE, POUR DES NOMBRES DE
RAYLEIGH ENTRE 3 x 102 ET 2 x 107

Résume—On présente les résultats d’une étude expérimentale de la convection thermique naturelle autour

de cylindres placés dans I'air, I'eau et trois huiles de silicone. Le domaine de variation du nombre de

Rayleigh s’¢tend de 2,5x 10? & 1,8 x 107 et le nombre de Prandtl varie de 0,7 a 3090. A partir des

résultats expérimentaux donnés ici, on propose trois équations de corrélation. Ces équations ont la méme

forme algébrique et elles différent seulement par la méthode utilisée dans chacune pour évaluer les
propriétés du fluide en fonction de la température.

DER WARMEUBERGANG BEI NATURLICHER KONVEKTION VON
HORIZONTALEN ZYLINDERN AN LUFT, WASSER UND SILIKONOLE
FUR RAYLEIGH-ZAHLEN ZWISCHEN 3-10? UND 2-107

Zusammenfassung—In dieser Arbeit wird tiber die Ergebnisse einer experimentellen Untersuchung des

Wirmetlibergangs bei natiirlicher Konvektion von horizontalen Zylindern an Luft, Wasser und drei

Silikonéle berichtet. Die Rayleigh—Zahlen wurden von 2,5 102 bis 1,8 107, die Prandtl-Zahlen von 0,7 bis

3090 variiert. Aufgrund der Mef3werte wurden drei Korrelationsgleichungen aufgestellt, welche denselben

algebraischen Aufbau besitzen und sich lediglich in bezug auf die Wahl der Stoffwerte in Abhingigkeit von
der Temperatur unterscheiden.

MEPEHOC TEIUIA OT I'OPU3OHTAJIBHBIX [MUJIMHAPOB K BO3OVXY,
BOAE Y1 CUJIMKOHOBBIM MACJIAM IIPU ECTECTBEHHOM KOHBEKLIMU
B OWAITA30HE YUCEJ POJIEA 3 x 10* U 2 x 107

AmmoTaimus — B JaHHON CTaThe NPHBOIATCA pE3YNbTATH 3KCHEPHMEHTAIBHOTO HCCJICAOBAaHHUA

TEPEHOCA TeIUIa MPH €CTECTBEHHOM KOHBCKLUMH OT FOPH3OHTANLHBIX LHIHMHAPOB K BO3IYXY, BOlE H

TPEM COPTaM CHJIMKOHOBBIX Macel. B xozne skcnepumeHTa 4ucno Panes uameHAnock ot 2,5 x 102

no 1,8 x 107, a yucno INpanarns — ot 0,7 go 3090. Ha ocHOBe MosyYeHHbIX 3KCIEPHMEHTA/IbHBIX

JAHHBIX BBIBEACHBI TPH KOPPEJAUHOHHLIX YPaBHEHHA. OTH YpaBHEHHS HMEIOT OOMH M TOT X€

anreSpanyeckuif BHA B OTIMYAIOTCA TOJILKO METOHOM pacyera CBOMCTB XKHAKOCTH Kax (yHKumi
TeMIIEpATYpSI.



