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Abstract—Laminar natural convection heat transfer from the outside surface of a uniformly heated

cylinder (constant heat flux condition) was investigated experimentally at different angles of inclination of

the cylinder. General equations for the effect of inclination were determined for both the local and the
average heat transfer.

NOMENCLATURE

D,  outside diameter of cylinder [m];

h, coefficient of heat transfer [W/m?°C]:;

L, length of cylinder [m];

q, heat flux [W/m?];

t, temperature [*C];

X, distance from beginning of cylinder [m];

Gr,  Grashoff number;

Nu, Nusselt number;

Pr,  Prandtl number;

0, angle of inclination of cylinder.
Subscripts

a, ambient ;

cr, critical ;

X, local (at length of cylinder = x);

s, surface

L, average (for a length of cylinder = L).

INTRODUCTION

MaNY investigations were carried out on natural
convection heat transfer from the outside surface of
vertical and horizontal cylinders in both the constant
temperature and the constant heat flux conditions.
The data on natural convection from inclined
cylinders are, however, very limited.

The present research work was carried out to fill
a part of the existing gap. It is concerned mainly
with the study of the effect of the angle of in-
clination on natural convection heat transfer from
the outside surface of a cylinder in the constant
heat flux condition.

PREVIOUS WORK

As far the authors know only three investigations
are available so far in the field of inclined cylinders.
They are all experimental but the conditions in
which they were carried out are not the same. As will
be seen only one of them was carried out in the
constant heat flux condition [1]. Of the other two,
one was carried out in the constant temperature
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condition [2] and the other was carried out “in what
was considered to be a constant temperature
condition” [3].

Farber and Rennat [1]. in 1957, experimented
with a stainless steel tube 6ft (1-829 m) long and
0-125in (3-175 mm) OD heated by passing an electric
current through it to give a constant heat flux.
Temperatures as high as 760°C were obtained and the
angle of inclination of the tube to the horizontal was
varied from O to 90°.

Khamis [2], in 1975, experimented with steam
heated (constant temperature) brass tubes of dif-
ferent lengths and diameters. The range of Gr; Pr was
varied from 9-88 x 107 to 2:93 x 10'® and the angle of
inclination of the tube to the horizontal from 30 10 90"

Oosthuizen [3], in 1976, experimented with alum-
inium cylinders. The diameters varied between 19-1
and 25-4mm, the length between 1524 and
304-8 mm and the angle of inclination to the horiz-
ontal between O and 90°. The heat transfer was
determined by measuring the rate at which the
cylinders were cooled (to 90°C) after being un-
iformly heated (to 100°C).

APPARATUS

The experimental apparatus is shown diagramati-
cally in Fig. 1. It consists essentially of a copper
cylinder A4 of a length equal to 950 mm. OD equal to
38 mm and ID equal to 36 mm.

Two teflon circular pieces B and C, also of OD
equal to 38 mm, are fitted to the lower and upper
ends of the cylinder so that the outside surface of
the teflon forms a continuation of the copper sur-
face. Each teflon piece is 120mm long, a length
sufficient to enable free flow of convection currents.
Teflon was chosen because of its low thermal
conductivity in order to reduce the heat loss from
the cylinder ends.

The cylinder components (teflon lower piece+
copper cylinder + teflon upper piece) are held by two
plates K, and K, tied together by tie bolts D and are
mounted on a wooden board E which can be rotated
around a horizontal spindle. The inclination of the
cylinder can thus be adjusted as required. To
minimize the effect of the plates K, and K, on the
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F1G. 1. Apparatus.

flow of convection currents holes M are drilled in
them. In fact the effect of these plates was practically
negligible as proved by the very good agreement be-
tween the experimental results for the vertical and hori-
zontal cylinders and the more reliable published data.

The inside surface of the cylinder is heated by
means of a ‘bath-room’ type electric heater. It
consists of a nickel-chrome wire coil F uniformly
wound to give constant heat generation per unit
length. The coil is protected by an envelope of pyrex-
glass tubing G. To avoid convection currents in the
space between the glass tube and the cylinder this
space is filled with asbestos partly as tape H wound
on the tube and partly as asbestos powder I. The
ends of the heater wire are connected to circular
porecelain connection pieces J. The porcelain pieces
are fitted in holes bored centrally in the teflon ends
and therefore keep the heater concentric with the
cylinder.

The temperature of the outside surface of the
cylinder is measured by thirty-four 0-:3mm glass-
covered copper—constantan thermocouples fitted
along the cylinder. The measuring junctions were
made by fusing the ends of the two wires together by
an electric spark in an atmosphere free from oxygen.

To fix the thermocouples holes of 1-6 mm dia were
drilled in the cylinder wall and the ends of the holes
chamfered by a 2mm drill to locate the measuring
junctions which were then soft-soldered to the
surface. The excess solder was removed and the
surface cleaned carefully by fine grinding paper.

At two cylinder lengths (30 and 60cm) four
thermocouples are fitted around the cylinder circum-

ference to make sure that the temperaturc at any
point on the circumference is the same. No difference
between the readings of the thermocouples at the
same length was noted during the experiments.

The ambient temperature of air was measured by
a thermocouple placed far from the effect of the hot
cylinder.

To determine the heat loss by conduction from the
cylinder ends to the teflon pieces two thermocouples
were inserted in each teflon piece as shown in Fig. [.
From the thermal conductivity of teflon and the
distance between the thermocouples the end con-
duction could be calculated. The maximum value of
this in the experiments was less than 0-03%, of the
total heat given.

To minimize radiation from the cylinder it is
nickel-electroplated and polished. The emissivity of
polished nickel is taken as 0-072 [4]. The heat loss by
radiation thus calculated varied between 4 and 109,
of the total heat transfer. As the emissivity of “nickel
not polished”, as quoted by the same reference, is
0-11, the error which may result if the assumed value
is on the low side can only be small.

To avoid the effects of air currents the cylinder is
protected by shields placed at sufficient distance from
the cylinder so as not to interfere with the free flow
of convection currents.

The power consumed by the heater was measured
by accurate ammeters and voltmeters, and a voltage
stabilizer was used to ensure that the incoming
mains voltage is constant. A potentiometer capable
of reading 0-001 mV was used to take the readings
of the thermocouples.

DEFINITIONS

The local heat-transfer coefficient h, at a cylinder
length equal to x is calculated from:
q
h, = ———— 1
B ([s) - ru ( )

The average heat-transfer coefficient for a cylinder
of length equal to L may be calculated from,

q

(hp)y = -~ )
where L
1 x =
= t).d 3
1y L ij() ( \)\ X (3)
or from
I x =L 1 x=L q
a=o | hdx=— | L *
(hy); I J;-:o < OX L Jj\-:o (the—t, @

The heat-transfer coefficients used for the cor-
relations given in this paper are based on equation
(2). However equation (2) has been found to give
practically the same values as those given by
equation (4). The equations obtained for the average
heat transfer are, therefore, valid whether (h;), or
(hy), is used.

The physical properties are taken at the mean film
temperature t, = (I/2)(r,+1,) except the coefficient
of expansion which is taken at r,.
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RESULTS AND DISCUSSION
Range of experiments

Some 50 runs were carried out with the cylinder in
the vertical position and at angles of inclination of
30, 45, 60 and 90° (horizontal) from the vertical.
Fluxes up to 1000 W/m? were used giving local
surface temperatures up to 146°C and local values of
Gr Prup to 6:5x 10°.
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Effect of angle of inclination. Figure 2 shows that at
the same x, h, is minimum for the vertical cylinder
and that it increases with the angle of inclination.
For the horizontal cylinder its value is maximum.

Critical length. The length of the laminar region
(normally called the critical length), expressed as
Gr.Pr, is practically constant for the same angle of
inclination but it increases with this angle as shown
in Table 1. In the horizontal position the critical
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FiG. 2. Variation of local heat-transfer coefficient with cylinder length.
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Local heat transfer

Variation of local heat transfer with cylinder length.
The variation of the local heat-transfer coefficient h,
with cylinder length for the different angles of
inclination employed is plotted for the runs made
with a flux equal to 1000 W/m? in Fig. 2. All the
other fluxes give the same characteristics. As can be
seen h, decreases from point 1 until point 2 and then
increases indicating a laminar region between points
1 and 2 and a transition region beyond that. As x
approaches zero h, must approach infinity since at
x = 0 the boundary-layer thickness is zero. For the
horizontal position h,, as it should be, is constant.

length must be infinity as the whole cylinder is then
in the laminar region.

Table 1.
Angle of inclination (Gr,Pr),,
0° (vertical) 1-48 x 10%
30° 3-85x 10®
45° 611x 108
60” 970 x 108
90° (horizontal) infinity

In an attempt to find a relation between the
critical length and the angle of inclination the values
of (Gr,Pr),, are plotted against tan 6 in Fig. 3. As
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can be seen a straight line relation is obtained the
equation of which is:

(Gr Pr), = 148 x 10® +-4-5 x 10%(tand).  (5)

Correlation of local heat-transfer data. The vari-
ation of the local Nusselt number Nu, with the
local Gr, Pr is shown in Fig. 4 in the form of log Nu,
against log Gr, Pr for the vertical position and a flux
equal to 1000 W/m?. The other angles and the other
fluxes give the same characteristics. Between points a
and b the results are represented by a straight line.
Beyond point b the results follow a curve. The region
a—b corresponds to the region 1-2 in Fig. 2 (laminar
region) whereas the region b—c¢ corresponds to the
region 2--3 (transition region). The straight line a—b
is represented by an equation of the following form
for all the angles of inclination:

Nu, = C(Gr Pr)". (6)

The values of C and n for the different angles of
inclination are shown in Table 2. For the horizontal
position n must be equal to /3 since h, is
independent of x.

Table 2
Angle of inclination C n
0 0-545 1/4
30 0-405 0-275
45 0-320 0-295
60 0-219 0-315
90 0158 1/3

General equation for local hear transfer. Taking
into consideration that n is equal to 1/4 for the
vertical position and equal to 1/3 for the horizontal
position it was assumed that it can be represented by
the equation:

n= 1/4+1/12(sin )" (7

The fact that a plot between log (n—1/4) and log
(sin @) gives a straight line (Fig. 5) shows that the
form assumed is correct. The slope of this line is 1-75
and therefore n for all angles of inclination is
represented by:

n=1/4+1/12(sin )" 7%, 8)

A similar procedure gives Fig. 6 showing that C
can be represented by:

C = 0-545—0-387(sin 0)! 402, )
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Inserting the value of n from equation (8) and the
value of C from equation (9) in equation (6)
equation (10) is obtained. It represents the local
laminar heat transfer for all the angles of inclination
from 0" (vertical) to 90" (horizontal) for values of
Gr Pr less than the critical value as given by
equation (5).

Nu, = 0-545—0-387(sin 0)! *°2(Gr Pr)!i + 112601 T
(10)

The experimental data are plotted in Fig. 7 for
comparison with equation (10). As can be seen they
are all represented by this equation within +4%.

Average heat transfer

Variation of average heat-transfer coefficient with
cylinder length. The variation of the average heat-
transfer coefficient h, with cylinder length for the
same runs shown in Fig. 2 is shown in Fig. 8 The
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T average heat-transfer coefficient decreases with cylin-

der length asymptotically for the angles 0°, 30°, 45°,

N and 60°. As L approaches zero h, must approach
. infinity since at L = 0 the boundary-layer thickness
)/ is zero. For the horizontal position, however, h is
constant.
o
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characteristics. As can be seen a straight line is
obtained showing that:

(11)
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The values of K and m for the different angles of

inclination are given in Table 3.

Table 3
Angle of inclination K m
0 0-60 1/4
30° 0422 0-275
45* 0-335 0-295
60” 0-229 0-315
90" 0-158 1/3
Since for the horizontal position h, =h, =

constant the values of K and m [in equation (11)]
must obviously be equal to the values of C and n
respectively [in equation (6)].

General equation for average heat transfer. From
Tables 2 and 3 it can be seen that the variation of m
and n with the angle of inclination is the same for
both the local heat transfer and the average heat
transfer. As a result the relation between m and 0 is
the same as the relation between n and 6 as given by
equation (8).

A procedure similar to that used to determine the
relation between C and 0 in the local heat transfer
shows that the relation between K and # can be
represented by:

K = 0-60—0-488(sin 0)" 2. (12)

The general equation for the average heat transfer
for all the angles of inclination from 0° (vertical) to
90° (horizontal) and values of Gr, Pr less than the
critical is therefore:

Nu; = 0-60—0-488(sin 0)! 03(Gr, Pr)!/4* /126617
(13)
The experimental data for the different angles of
inclination are plotted in Fig. 10 for comparison with
equation (13). As can be seen they are all represented
by this equation within +4-5%.
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COMPARISON WITH PREVIOUS WORK

It is of mterest to compare the equations obtained
for the vertical and horizontal cylinders with those
generally accepted at the present. This comparison
will serve as a check on the accuracy of the
apparatus.

The values given by the present equation for the
average heat transfer from a vertical cylinder
[equation (11) with K = 0-6 and m = 1/4] are only
some 2%, higher than those given by McAdams [4]
equation:

Nu, = 0-59(Gr; Pr)t'*. (14)

Equation (11) for the horizontal cylinder (with
K = 0158 and m = 1/3) is based on L as character-
istic dimension. With D as characteristic dimension it
becomes:

Nu,, = 0-508(Grp Pr)t*. (15)
The values given by equation (15) are only some
3-4% less than those given by McAdams [4]
equation for horizontal cylinders:
Nuy, = 0-525(Grp, Pr)* ™. (16)
For the inclined cylinder no quantitative com-
parison can be made with the available investi-
gations as a result of the different ranges (or
conditions) in which they were made. It is of interest,
however, that all the previous investigations agree
with the present results in trend.

CONCLUSIONS

As a result of the present experimental in-
vestigation the following conclusions can be made:

1 For the same flux both the local and the average
heat-transfer coefficients increase with the angle of
inclination of the cylinder. The minimum value
occurs in the vertical position and the maximum
value in the horizontal position.

2 The end of the laminar region, expressed as GrPr,
increases with the angle of inclination.

3 The local heat-transfer results for all the angles of
inclination can be represented by equation (10)
and the average heat-transfer results by equation
(13).
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CONVECTION THERMIQUE NATURELLE ET LAMINAIRE AUTOUR D’UN CYLINDRE
INCLINE

Résumé—On étudie expérimentalement la convection thermique naturelle et laminaire sur la surface

extérieure d’un cylindre et chauffée uniformément (condition de flux uniforme), pour différents angles

d’inclinaison du cylindre. Les équations générales sur I'effet de linclinaison sont déterminées pour le
transfert thermique local et moyen.

DER WARMEUBERGANG AN EINEM GENEIGTEN ZYLINDER BEI LAMINARFER FREIER
KONVEKTION

Zusammenfassung—Der Wirmeiibergang bei laminarer freier Konvektion an der duBeren Oberfliche

eines gleichformig geheizten Zylinders (konstanter Warmestrom) wurde experimentell bei verschiedenen

Neigungswinkeln des Zylinders untersucht. Allgemeine Gleichungen fiir den Einflu der Neigung wurden
sowohl fur den ortlichen als auch den mittleren Warmeiibergang aufgestellt.

TEMNJIOOBMEH HAKJOHHOI'O UHWJIWHAPA NTPU JAMUHAPHOW
ECTECTBEHHOW KOHBEKLIUHU

Annotanus — TertooTnaua B yCNOBHAX JIAMHHAPHOH €CTECTBEHHOH KOHBEKLMH OT BHELUHEH MOBepX-

HOCTH OJHOPOJHO HArpEeTOro UMIHMHAPA (YCNIOBHE MOCTOAHCTBA TEMIOBOrO NMOTOKA) HCCNENOBANACH

IKCNEPUMEHTAILHO NPH PAVIHYHBIX yraaX HakioHa UWiMHApa. [TonyyeHsl obiune ypaBHeHHs Kak ais
JIOKabHOTO, TAK H CPEHEro TEru1oo0MeHa ¢ yYETOM BJIMSHHA YIJIa HAKJIOHA.



