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Absfraet-The heat transfer properties of a vertical array of heated cylinders are obtained in steady state 
natuwI convection. The results for a variety of combinations of spacing and number of eyhnders are 
presented For each of these combinations a variety of dissipation rates have been employed, yielding 
eyiinder Grashof numbers from 750 to 2JlfXl. The results are displayed in terms of cylinder surface tem- 
perature excess, normahzed with respect to the temperature excess of the lowest cylimder. As in the case 
of the studies of Lieberman and Gebhart [2], the surface temperature increases with elevation in the 
array for closely spaced arrays, but decreases with elevation when the spacing is sufficiently large. This 
behaviour is explained In terms of the velocity and temperature fields in the wake of a line source. Agree- 
ment between the present results and those of reference [25 is shown to be satisfactory when the correct 
length is used in the Grashof number. Because of the mutual interaction of the cylinders, the cylinder 
Nusselt numbers are not predicted by the usual natural convection correlations. Actual cylinder Nusselt 
numbersarecompared with those predicted for simple natural convection at thecylinder Rayleigh number. 
This ratio is plotted with respect to position in the array. Average Nusseit numbers for the arrays are 

also pIotted with respect to the Rayleigh number. 

~~~E~C~~RE 

A, area of a single cylinder ; 

43 total heat transfer surface area ; 

a coefficient in equation (4) ; 
z?. . 

iJ’ radiation absorption factors ; 
C,, C,, constants in wake calculations ; 
C,, C,, coefficients in wake 
C,, C,, 

cylinder diameter ; 
radiant exchange view factor between 
surfaces i and j; 
heating current ; 
factor in radiation correction cat- 
culation ; 
length of heated cylinder between 
voltage taps ; 
Nusselt number (h, D/k); 
Nusselt number of ith element ; 
average Nusselt number for the array; 
Nusselt number for lower cylinder in 
wake calculation; 
Grashof number based on cylinder 
diameter, (~~AT~3)~~z ; 

NcqX,+ Crashof number based on position 
in array [NG, dX/D)3 J ; 
Rayleigh number (No, D . Npa) ; 
Prandtl number ; 
dissipation rate ; 
Reynolds number ; 
spacing, in cylinder diameters ; 
surface temperature ; 
ambient air temperature ; 
wake centreline temperature; 
temperature excess (T, - T,) ; 
overall heat transfer coeflicient ; 
voltage drop across heated element; 
distance upward in array from bottom 
cylinder ; 
apparent surface heat transfer 
coeficient ; 
convective heat transfer coeficient ; 
radiative surface heat transfer 
coefficient ; 
corrected radiative surface heat trans- 
fer coefficient ; 
conductivity of air : 
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n, exponent in equation (4): 

ut-7 wake centreline velocity ; 
x, coordinate along wake centreline ; 

B1 coefficient of expansion of air ; 

E, surface emissivity ; 

Qi, normalized temperature excess, 

(T, - T,)/(T,, - T,): 
0, radiation constant ; 

y, kinematic viscosity of air. 

Subscripts 

i, _i, cylinder identification ; 

0, refers to bottom cylinder in wake 
calculation. 

INTRODUCTION 

A GOOD deal has been written about the heat 
transfer characteristics of cylinders in natural 
convection, In almost all of the investigations, 
attention has been restricted to consideration 
of a single cylinder. Only a few investigators 
[l, 21 have attempted to study interactions 
between two or more horizontal cylinders. Yet 
arrays of cylinders (tubes) which exchange heat 
via natural convection are commonplace : such 
arrays are frequently used (with, perhaps, some 
extended surface modifications) as condensers 
in domestic refrigeration apparatus. Also, 
heaters for high viscosity fuel oils may consist 
of arrays of heated tubes [ 31. 

A number of years ago, Eckert and Soehngen 
[l] carried out a limited study of heated cylinders 
which interacted in natural convection. Three 
cylinders were arranged in a vertical array, and 
the measured Nusselt numbers showed that 
the upper cylinders exhibited increasingly higher 
temperatures. When the three cylinders were 
arranged in a staggered array they found that 
the Nusselt number for the offset cylinder was 
higher than that for the bottom cylinder, while 
the Nusselt number of the top cylinder (aligned 
with the bottom one) was less than that of the 
bottom cylinder. In these experiments solid 
copper cylinders were used: the length to 
diameter ratio was about 13 and the Grashof 
number (based on cylinder diameter) was 34 300 

for the vertical array and 14650 for the staggered 
array. 

Recently, Lieberman and Gebhart [Z] have 
conducted experiments on the interactions of 
heated wires arranged in a plane array. The 
wires were 0.184 m long and 0.127 mm dia. The 
array could be oriented so that its plane made 
angles of O”, 30”, 60” and 90” with the vertical. 
The heated wire spacing could be varied from 
375 diameters to 225 diameters. This arrange- 
ment provided data for Grashof numbers of the 
order of 10-i. Moreover, the wire spacings 
were much larger than might be encountered 
in practical heat exchangers. 

The evident lack of experimental data for 
interactions in natural convection prompted 
the present study. This work deals with plane 
arrays of cylinders heated in air. Cylinder 
dimensions are such that realistic Grashof 
numbers are attained. The apparatus may be 
adapted to studies in other fluids and with other 
effects present, such as acoustic and vibrational 
effects. 

DESCRIPTION OF EXPERIMENTAL APPARATUS 

General 
The apparatus consists of an array of cylinders 

(tubes), mounted with their axes horizontal, and 
in a single plane. The cylindrical elements are 
made of thin walled (O-152 mm) stainless steel 
tubing, 635 mm o.d. These tubes are arranged 
in series electrically and are resistance heated. 
The tubes are 585 cm long ; the electrical 
resistance of each is about 0.105 R. 

The cylinders are clamped between two 
support rods which are in turn bolted to a 
horizontal cross member. The vertical support 
rods are 19.1 mm dia. Each rod was drilled with 
a series of 6.35 mm holes, and then sawed along 
the line of centres of these holes to form the 
clamping device. The arrangement is shown in 
Fig. 1. The holes in the support rod are arranged 
SO that various spacings could be achieved, 



HORIZONTAL CYLINDERS IN NATURAL CONVECTION 923 

Voltage taps 
q , 1 i/rent tapi 

Heated eiemen ts 
I 

0 

\, 

lib Vertical support rod 

_I 
FIG. 1. Arrangement of heated cylinders in vertical array. 

with a minimum spacing of 2 diameters. For 
fewer tubes larger spacings can be used. The 
heated cylinders are thermally and electrically 
insulated from the support rods. 

Heated cylinders 
The thin walled cylinders are fitted with 

current and voltage connections which are 
simply rings of 16 gauge copper wire silver 
soldered circumferentially around the tubes at 
appropriate locations. These provide good 
electrical contact at well defined locations on 
the tubes. The current connections are outboard 
of the support rods, near the ends of the tubes. 
The voltage connections are inboard of the 
support rods, and are 445 cm apart. In this 
way, the tubes are heated for their entire 
length, but voltage measurements are made 
only over the central portion of the cylinder. 
This arrangement reduces end losses by pro- 
viding an effective guard ring at each end of the 
heated cylinder. An axial temperature profile 
for a single tube is shown in Fig. 2. Near one 
end, at the location of the voltage tap, the 
axial temperature gradient is about 583K/m. 
The axial heat conduction for such a gradient 
is found to be approximately 0.0293 W. The 
dissipation rate used for this profile was 9.95 W. 

Thus the end loss (assuming both ends are the 
same) is less than 1 per cent of the total dissipa- 
tion. In view of this, end losses have been 
neglected. 

The voltage connections are brought out to 
a ten-position switch and thence to a voltmeter, 
so that the voltage drop across each test 
section can be measured. Because the tubes are 
in series, a single current measurement suffices 
to determine the dissipation rate. 

Temperature sensing 
A single copper-constantan thermocouple 

(30 gauge) located at the mid-point of the active 
length of each tube is used to sense surface 
temperature. Because of the low heat transfer 
coeffkients and the relatively high conductivity 
of the tube material, circumferential temperature 
gradients are expected to be small. Attempts to 
detect circumferential variations by rotating 
the thermocouple within the cylinder have been 
unsuccessful ; the circumferential temperature 
is constant to within the accuracy of the 
experiment. 

The thermocouple junction is passed through 

r 
x Length, L 

0 I 1 I I 

10 20 30 40 50 60 

Axial distance, cm 

FIG. 2. Axial temperature distribution in beatcd cylinder. 
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a hole drilled axially in a 635 mm dia. teflon 
cylinder which is 6.35 mm long. The teflon 
cylinder fits tightly into the heated tube. Before 
the teflon cylinder is pushed into a tube, the 
thermocouple junction is folded back so that 
it is squeezed between the teflon and the tube 
wall. The arrangement is shown schematically 
in Fig. 3. The conductivity of teflon is sufficiently 
low so that its presence in the tube has negligible 

Thermocouple junction 

Thermocouple lead 0 152 mm 

FIG. 3. Detail of mounting therm~ouple junctions. 

influence on the local temperature of the tube. 
The thermocouple junction also may affect 
the electrical properties locally, but this is 
minimized by keeping the junctions small. 

Mounting 
The support rods and horizontal cross 

member are mounted on a compound table, 
the face of which is vertical. Thus the plane of 
the array may be rotated to make any angle with 
the vertical. In addition the assembly may be 
completely inverted to permit checking for 
asymmetry effects (none have been found). 

Because of air movements in the laboratory, 
the entire array is housed within an enclosure 
1.219 m x 1.219 m x 2.438 m high. A small gap 
between the floor and the enclosure walls 
permits limited air circulation ; the top of the 
enclosure is open. 

MEASUREMENTS AND OBSERVATIONS 

Heat transfer parameters have been obtained 
for the configurations listed on Table 1. The 
following paragraphs outline the measurements 
and observations made. 

The voltage drop across each tube is measured 

several times during the observation of the 
thermocouple outputs. Fluctuations in voltage 
are small, but there are small variations (+ 3 
per cent) in the resistance of the tubes. A 
Hewlett-Packard 419A Null Voltmeter is used 
for voltage measurements. 

The thermocouple outputs have been 
measured in two ways. Initially, a Rubicon 
potentiometer was used, yielding readings 
accurate to within 10 pV. These observations 
were taken over a sufficiently long period (about 
15 min) to ensure that the steady state was 
attained. A number of readings were taken 
after the steady state was reached. These data 
were then averaged, and the standard deviation 
was found to be generally less than 1 per cent 
of the mean for any set of readings. The reference 
junction was maintained at 2’73K in an ice,/ 
water bath. Latterly, a Honeywell potentiometric 
multipoint recorded has been used, providing 
a record of the temperatures at each cylinder 
and a reference temperature. Again, these 
records are averaged over a period of time 
following the attainment of the steady state. 
The standard deviation of these sets of data 
has been found to be about 1 per cent of the 
mean, 

Ambient temperature is observed by means 
of a thermocouple mounted below the heated 
elements. 

Because direct current is used for heating, it 
is necessary to reverse the current leads during 
each set of observations to avoid the error caused 
by the voltage drop across the thermocouple 
junctions [4]. Thus for each dissipation rate, 
two sets of data are analyzed. The temperatures 
corresponding to the averages of the two sets 
of thermocouple readings are averaged. In the 
event that the temperatures differ signi~cantIy 
the error is taken to be one half the difference 
between the temperatures corresponding to 
the means. In some cases, the error resulting 
from this is as much as 5 per cent. 

Heating power is supplied by a Hewlett- 
Packard Harrison 6434B power supply. The 
current is measured using a d’Arsonva1 ammeter. 
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At the beginning of the study, measurements 
were made on single cylinders to (i) check the 
longitudinal temperature profile, and (ii) to 
check that the natural convection results agreed 
with the published literature [5,6]. Upon taking 
radiation into account, agreement with 
published correlations is good. Because the 
tubes were heated to a fairly high temperature 
(up to 505K) the resulting surface emissivity is 
difficult to determine precisely. Thus the radia- 
tion effect is hard to assess. A sampling of 
tabulated values of emissivity indicated that 
values from about 0.2 up to about 0.6 might be 
appropriate. The data were reduced using a 
value of 0.3 for the emissivity. Because the 
radiative surface coefficient is never more than 
35 per cent of the overall surface coefficient, the 
resulting error in the convection coefficient 
would be about 14 per cent for emissivity values 
of O-2 or 04. However, the good agreement 
with published data suggests that the emissivity 
value chosen is reasonable. 

factor between tubes becomes significant and 
the radiative loss from the tubes is reduced. 
The effect of radiative exchange with adjacent 
tubes is discussed in the Appendix. 

RESULTS 

Vertical arrays of heated cylinders have been 
observed in a variety of configurations. The 
arrangements for which data are reported are 
listed in Table 1 below. 

The temperature excess for each cylinder, 
normalized with respect to the temperature 
excess for the bottom cylinder is shown in 
Figs. 4-6 for the arrays of three, five and nine 
tubes respectively. The Grashof number range 
for these figures is from 750 to 2000. The spacing 
and heating currents are shown on each figure. 
Figure 7 is a plot of data taken by Hsieh [7], 
using a similar geometry but different heating 
and measurement techniques. The similarity 
of the temperature distribution in Figs. 5 and 
7 is evident. 

Perhaps more important is the radiative The heat transfer capability of each cylinder 
interchange between the cylinders. The data is characterized by its Nusselt number. For 
have been reduced using an approximate correc- natural convection, this is a function of the 
tion for the radiation between adjacent cylinders. Rayleigh number. In Figs. 8 and 9, the Nusselt 
The enclosure is assumed to be at the ambient numbers of each cylinder and at each spacing 
temperature. For very close spacing, the view are plotted. The cylinder Nusselt number, Nu, 

Table 1. Tabulation of configurations and dissipation rates 
(plane of array vertical in all cases) 

No. of 
cylinders 

_~_. 
Heating current (A) and corresponding 

nominal dissipation rat: (W/m’) 
Spacing 

(dia.) 

3 6 9 12 15 (A) 2 
433 993 1830 2980 (W/m’) 4 

6 
10 
20 

5 6 7.3 9 12 15 2 
438 698 1050 1890 3120 4 

6 
10 

9 6 7.5 9 10.5 
431 688 1030 1430 2 
429 678 1005 1860 4 
429 678 1005 1850 6 
429 678 994 1840 10 
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0 025 05 075 i 0 

WIxmox 

FIG. 4. Temperature dist~bution in three-cylinder array. 

has been normalized with respect to the Nusselt 
number fir G single cylinder, Nu,, at that 
Rayleigh number. Thus these plots compare 
observed Nusselt number with predicted Nusselt 
number for a single cylinder. It is clear from 
these figures that the bottom cylinder behaves 
almost as if the other cylinders were not present. 
Its heat transfer capability is enhanced at large 
spacings, which is believed to be due to the flow 
induced by the entire array. The upper cylinders 
dispIay reduced Nusselt numbers at close 
spacing and enhanced Nusselt numbers at large 
spacing. 

DISCUSSION 

Referring to the temperature excess plots 
(Figs&--7) it is clear that the temperature rises, 
as one would expect, with elevation in the array, 
for closely spaced arrays. However, the 9-tube 
array shows a departure from this behaviour 

at the top tube, even for the closest spacing. A 
dropoff in temperature is observed at the top 
tube. In wider spacings, for all arrays, a dropoff 
is observed, and for the widest spacings the 
temperature drops monotonically with elevation 
in the array. This behaviour is explained in the 
following paragraphs. 

First, consider the monotonic decrease in 
the widely spaced case. Confining attention to 
the bottom two tubes, it is noted that for 
sufficient separation, the upper tube lies in the 
“far wake” of the lower tube. Now in the far 
wake, the details of the size and shape of the 
lower tube are unimportant. Indeed, that is 
what is implied by the “far wake”. In this 
case, the bottom cylinder may be replaced by 
an “effective line source” of heating. (The 
position of the effective line source may not 
coincide with the axis of the real cylinder.) For 
a line source the similarity solution shows [S] 
that the velocity and temperature fields along 

0 025 05 0 75 10 

X/XNX 

FIG. 5. Temperature dist~bution in five-cylinder array. 



HORIZONTAL CYLINDERS IN NATURAL CONVECTION 927 

I.6 f 
920 

14 

1.2 

cp 
pm 

IO 

fS.GD 

08 
k 

-iOD 

06 
t 

I SymboW 60 A 
X7,5 A 

04 

t 

A90 A 
+10,5 A 
Q12.0 A 

020_ 0 75 IO 

v*;nox 
FIG. 6. Temperature djst~but~on in nin~~ylind~r array. 

the wake centre-line are given by : 

U,E Q%@ (1) 

(7” - T,) cc Q4 x-3. (2) 

Now referring to Fig. 19 we write, 

(T, - r,t = Q~/~~~~* ELI (3) 

of, = C,Q,* X+ (la) 

(T, - 7II) = CzQo+ X-“. Pa) 

These relations hold along the centreline of the 
wake, far from the lower cylinder and also 
assume that the wake is uninfluenced by the 
presence of the upper cylinder. 

The upper cylinder is exposed to a velocity 
u,; thus it is no longer in pure natural convec- 
tion. Indeed, we need to evaluate a Reynolds 
number for the cylinder. For a 5-35 mm diameter 
cylinder in air, and Q. = 48 W/m, this Reynolds 

number is between 80 and 150 for spacings from 

2 to 20 diameters. The Nusselt number is given 

by PI. 

Nu = BR? (4) 

where B = 0.48 and n = 0.5 1, The temperature 
loading effect has been neglected. 

Now, 

(T, - KJ = (r, - T,) f 6% - T,) 

therefore, 

Here, C3 and C4 are factors which reflect the 
influence of the upper cylinder. For a single 
cylinder, 

K” - G) = QolhA. 

If the presence of an upper cylinder is represented 

Data due to Hsieh [7] 

Symbols: *--1-O A (181 W/mL) 
x -l5 A (400 W/m’) 
a -I 75 A (580 W/m21 
v - 2.0 A (735 W/m21 
t-225A (945 W/m21 
o -2.5 A (1170 W/m*) 

0.25 05 O-75 IO 

X/x,,. 

FICA 7, Temperature dis~bution in five-cylinder array. 
(Data by Hsiehf7J.f 
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-Symbols: l 60 A 
X 7.5A 
b 9,OA 
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s-IOD 

S=6D 

FIG. 8. Nusselt number distribution for three- and five- 
cylinder arrays. Nusselt number is normalized with respect 
to Nusselt number predicted for natural convection for a 

single cylinder at the Rayleigh number of that cylinder. 

in this case by an influence coefftcient C,, we 
may write for the lower cylinder, 

(T,, - L) = C,QoIhoA. (5) 

Applying an influence coefficient C, to the 
expression (la) for u, the temperature excess 
ratio, @, is : 

c* C4hoA 
@ = c, Qo+x+ 0 

(6) 

Thus, for large values of x, the temperature 
excess ratio is proportional to ~-~‘r~‘. The 
foregoing argument applies only to the bottom 

two cylinders. Proceeding up the array, each 
succeeding cylinder is embedded in a tempera- 
ture and velocity field where the velocity effect 
on the convection coefficient outweighs the 
effects of the increased “ambient” temperature. 

As the cylinder spacing is reduced, the upper 
cylinder in any pair is increasingly affected by 
the details of the near wake, and the preceding 
arguments do not apply. Radiative exchange is 
also more significant, and at present it does not 
seem possible to predict the “ambient” con- 
ditions satisfactorily. 

Returning again to Fig. 6, it is noted that the 
upper tube in the 9-tube array is cooler than 
the one below it, which seems remarkable. But 
considering the other temperature excess plots, 
it is observed that the falloff occurs in the 5-tube 
array at the 4-diameter spacing, and in the 
3-tube array at the 6-diameter spacing. This 
implies that the characteristic length of the 

1 
Symbols 0 6.0 A 

x 75 A 
A 90 A 
+ IO.5 A 
o12OA 

FIG. 9. Nusselt number disttibution for nine-cylinder array. 
(Refer to description of Fig. 8.) 
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Flo. 10. Diagram of wake-cylinder interaction. 

problem is not the tube diameter, but rather 
the position in the array. Forming the Grashof 
number for these tubes using the distance 
measured from the bottom tube as the charac- 
teristic length, yields : 

for tube #9 at 2 diameters, 

N G,x = N,,, (2 x 8)3 A 41OONc D 

for tube # 5 at 4 diameters, 

N G,x = N,,.(4 x 4)3 A 41OON, D 

for tube #3 at 6 diameters, 

N G,x = N,,,(6 x 2)3 e 17OON,,,. 

In each case the x-based Grashof number is a 
few thousand times greater than the diameter 
based Grashof number. The actual x-based 
Grashof numbers for the above cases range from 
2 x lo6 to 8 x 106. The results of Lieberman 
and Gebhart [2], indicate a dropotf for the 
112.5 diameter spacing case. Here the x-based 
Grashof number of the top wire is 

N c,X = 1.75 x lo-’ x (3 x 1125)3 A 6.7 x 105. 

This suggests that vertical arrays of interacting 

cylinders undergo some sort of transition at 
Grashof numbers (based on position) of the 
order of 106-107. In other words, the observed 
temperature excess behaviour is adequately 
explained in terms of a Grashof number in 
which the characteristic length dimension is 
the distance from the bottom element to the 
cylinder in question, rather than simply the 
diameter of the cylinder. Clearly more experi- 
mental evidence is needed to verify this 
conclusion. 

While the foregoing arguments deal with the 
temperature distribution through the vertical 
array, the designer of heat exchangers needs 
information about the gross heat transfer 
characteristics of such an array. An overall 
heat transfer coefficient, U,, is defined as 
follows 

Q = U,A,rT 

where Q is the total electrical dissipation, A, 
is the total heat transfer surface area and A Tis 
an average temperature excess for the array. 

Now A, = NA 

and Q=&. 
i=f 

- 
Defining AT = (f ATJ/N 

i=f 

then 

or 

i=I 

Thus, with data such as that shown in Figs. 
5-8 available, appropriate spacings may be 
found. The evidence so far indicates large UT 
for large spacings. However, large spacings 
imply large overall dimensions. Thus, opti- 
mization consists of examining a trade-off 
between spacing and overall size of the heat 
exchanger. Optimization studies have not yet 
been carried out. 

Figures 11-13 illustrate the average Nusselt 
number behaviour plotted against the Rayleigh 
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25 26 27 28 29 30 31 32 

fog NRA 

FIG. 11. Average Nusselt number for three-cylinder array 
vs. Rayleigh number range for array. (---I faired curve). 

number range for a particular dissipation rate. 
The dashed lines indicate the trends of the data. 
The increase in’ Nusselt number with increased 
spacing is clearly evident. 

ERRORS 

Measurements in natural convection are 
rarely easy to perform with great accuracy. These 
experiments are no exception. While individual 
thermocouple measurements can easily be taken 
to less than 1 per cent, time variations of the 
cylinder temperatures are much larger than 

40- 

3.5- 

Y 30- 

d 
? 

2.5- 

zo- 

N-5 

S 

I 5[ 1 I I / I / / 

25 26 27 26 29 30 31 32 

tog b‘$ 

FIG. 12. Average Nussett number for eve-cylinder array 
vs. Rayleigh number range for array. 1---: faired curve). 

this. Furthermore, the effects of d.c. heating on 
a thermocouple in electrical contact with the 
cylinders results in an error. These errors are 
reduced by time averaging and averaging results 
for opposing current directions. In the most 
severe cases, variations of 5 per cent in surface 
temperatures have been found. 

Heating rates are fairly accurately determined, 
with voltage and current readings characteris- 

40- 

35- 

3,o - 

: D 

s 
2.5 - 

2.0 - 

NW9 

id I I I I I I J 
2.5 2.6 27 2 8 2.9 30 31 3.2 

log N,, 

FIG. 13. Average Nusselt number for nine-cylinder array 
vs. Rayleigh number range for array. (---: faired curve). 

tically better than 1 per cent. However, dissipa- 
tion rates are not identical for all cylinders due 
to minor variations in the resistivity of the 
cylinder material, Thus, Figs. 46 contain small 
(usually about 1 per cent) variations in heating 
power, This accounts for some of the consider- 
able scatter which is especially evident at the 
higher heating rates. 

CONCLUSIONS 

The heat transfer characteristics exhibited by 
vertical arrays of heated horizontal cylinders 
are not predicted by simple superposition of 
single cylinder behaviour. For closely spaced 
arrays, individual tube Nusselt numbers are 
found to be smaller than for a single cylinder 
(as much as 50 per cent smaller). However, for 
wide spacings, individual tube Nusselt numbers 
are higher (up to about 30 per cent) than for a 
single cylinder. Thus the overall heat transfer 
characteristics of an array are dependent upon 
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array spacing as well as Rayleigh number. 
Furthermore, tube Nusselt numbers are depen- 
dent upon position in the spacing. The bottom 
tube in any array behaves much like a single 
tube ; the upper tubes show significant 
differences. 

The cylinder temperature in a vertical array 
is a function of spacing and position for a 
given dissipation rate. For close spacings, the 
temperature rises, generally, but shows a fall-off 
if the Grashof number based on cylinder distance 
from the bottom of the array exceeds a certain 
critical value. For wide spacings the temperature 
decreases monotonically. This behaviour is 
consistent with the properties of wakes above 
line sources of heat. 
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APPENDIX 
As indicated earlier, the effect of radiant heat exchange 

is of considerable importance in the results presented here. 
In the first place. the emissivity of the surface of the heated 
elements has not been determined. The estimated values 
used, while thought to be satisfactory, certainly contribute 
to the uncertainty in the results reported here. 

A second complication arises from the exchange of heat 
via radiation between adjacent cylinders in the array. 
Unlike the case of a single heated element exchanging heat 
with surroundings at uniform temperature, there exists 
no simple expression for the radiant heat transfer coefficient 
for multiple element arrays. For a single element, the well- 
known result for the radiative surface coefficient, h, is: 

h, = EU( T,Z + T:) (T, + T,). (A.1) 

In this equation, K is the temperature of the surface, E the 
surface emissivity and T, the temperature of the surround- 
ing fluid. It is assumed that the enclosure surfaces are also 
at T,. Then, 

Q, = hAA(T, - T,). (A.21 

The total heat transfer to the surroundings is the sum of 
Q? and the convective heat transfer, Qc In an experiment of 
the type reported here this is just equal to the Joule heating, 
I V; provided that only one heated cylinder is used. 

In the case of multiple elements, equation (A.2) is no 
longer satisfactory, because the surroundings of any 
cylinder now consist of the unheated enclosure plus the 
neighbouring heated surfaces. The problem can be handled 
by the method of Gebhart [lo], but the computations are 
fairly tedious. Therefore it seems desirable to seek an 
approximate method. 

The approximate method developed to reduce the data 
for the arrays is discussed fully in [l I]. The essence of the 
appro~mation is as follows. An “interior” cylinder in an 
array “sees” only the two adjacent cylinders and the 
surroundings. The angle factor between long parallel 
cylinders is given by [ 123. 

1. 1 
F12 = n sm-’ 

i 0 
$ + J(S’ - 1) - s (A.3) 

where S is the spacing in cylinder diameters. It may be 
shown that the direct radiant exchange between cylinders 
is negligibly small, and it is assumed that neighbouring 
cylinders are in radiant balance. In this event, the only net 
radiant exchange is with the enclosure walls. Thus. it is 
reasonable to assume that the radiant heat exchange with 
the enclosure walls is the same as that for a single cylinder 
but with a correction fir the reda&ed effective angle factor. 
This correction may be absorbed into a new surface co- 



932 G. F. MARSTERS 

efficient, hi, incorporated into an approximate radiative 
expression. 

where 

Q,.. = h;.NT,, - L) (A.41 

h: = h,(l - KFi,,+j). 

In this last expression K is unity, if the cylinder is at the 
edge of the array, or two, if the cylinder is in the interior of 
the array. 

While it is clear that the approximation suggested is 
satisfactory for large spacing, it is not recommended for 

use for small spacing. The radiative transfer has been eval- 
uated using the approximate method and compared with 
that obtained using the absorption factor method. For an 
interior cylinder at a total dissipation rate of 3.08 x 
lo-' W/m*, the radiation component is calculated to be 1.4 
per cent of the total dissipation using the approximate 
expression and 1.13 per cent of the total using the absorption 
factor method. These figures refer to the most severe case 
for which data are reported. Because of the inaccuracy in 
the value of surface emissivity, the use of the approximate 
method of calculating the effective radiation transfer is 
entirely justified. 

CONVECTION NATURELLE AUTOUR DUN ALIGNEMENT DE CYLINDRES. 
HORIZONTAUX CHAUFFES 

RCsum&Les proprietbs du transfert thermique d’un alignement vertical de cylindres chauffks sont obtenues 
dans le cas de la convection naturelle permanente. On prtsente des resultats pour une variete d’espacements 
et de nombres de cylindres. Pour chacune de ces combinaisons on a realist differents flux de chaleur qui 
correspondent a des nombres de Grashof compris entre 750 et 2000 pour le cylindre. Les rtsultats sont 
presentes en fonction de l’exces de temperature de la surface du cylindre inferieur. Comme dans le cas des 
etudes de Lieberman et Gebhart [2], la temperature superficielle croit avec l’elevation dans le dispositif 
pour un pas rtduit,mais elle dtcroit avec l’tlevation quand l’espacement est suffisamment grand. Ce com- 
portement s’explique a partir des champs de vitesse et de tempkrature dans le sillage dune source lineaire. 
On montre que l’accord entre les rtsultats presents et ceux de la rbference 2 est satisfaisant quand la longueur 
correcte est utilisee dans le nombre de Grashof. A cause de l’interaction des cylindres, les nombres de Nusselt 
de cylindre ne sont pas tva1uCs par les formules usuelles de convection naturelle. Les nombres effectifs de 
Nusselt de cylindre sont compares a ceux predits en convection naturelle simple pour le nombre de Rayleigh 
ducylindre. Leur rapport est representC graphiquement en fonction dela position dans le rtseau. Les nombres 

moyens de Nusselt pour les alignements sont don& en fonction du nombre de Rayleigh. 

FREIE KONVEKTION BE1 ANORDNUNGEN BEHEIZTER. HORIZONTALER ZYLINDER 

Zusammenfnssung-Die Wirmetibertragungseigenschaften einer vertikalen Anordnung beheizter Zylinder 
werden fur die stationare freie Konvektion bestimmt. Ergebnisse wurden erhalten fur eine Auswahl von 
Anordnungen mit variablem gegenseitigen Abstand und variabler Zahl der Zylinder. Fur jede dieser 
Anordnungen wurden verschiedene Dissipationsraten aufgebracht, wobei sich Grashof-Zahlen von 7% 
2000 ergaben. Die Ergebnisse werden als Ubertemperaturen der Zylinderoberfllche dargestellt, bezogen 
auf die Ubertemperatur des untersten Zylinders. Wie such bei den Untersuchungen von Liebermann und 
Gebhart [2], steigt bei geringem Abstand der Zylinder die Oberfllchentemperatur mit der Hohe der Anord- 
nung, sie sinkt jedoch, wenn der Abstand der Zylinder hinreichend gross ist. Dieses Verhalten wird an den 
Geschwindigkeits-und Temperaturfeldem im Nachstrom einer Linienquelle erkllrt. Es wird gezeigt. dass 
diese Ergebnisse mit den Ergebnissen aus [2] tibereinstimmen. wenn in der Grashof-Zahl die richtige Lange 
eingesetzt wird. Aufgrund der gegenseitigen Wechselwirkung der Zylinder konnen die Nusselt-Zahlen fur 
Zylinder nicht durch die iiblichen Beziehungen der freien Konvektion bestimmt werden. Die tatslchlichen 
NusseltZahlen werden mit Nusselt-Zahlen verglichen, die fiir einfache, freie Konvektion mit der Rayleigh- 
ZahI ftir Zylinder bestimmt wurden. Diese Verhlltnisse sind iiber der Ortskoordinate der Anordnung auf- 
getragen. Mittlere Nusselt-Zahlen fiir die Anordnungen sind als Funktion der Rayleigh-Zahlen ebenfalls 

aufgetragen. 

PFIflbI HAI’PETbIX POPB30HTAJIbHbIX L(MJIBH&POB B YCJlOBkIFIX 
ECTECTBEHHOn ICOHBEK~kUi 

AHHOTnl&HI-I-~OJIy%HbI xaparrrepncraun Tennonepenoca BepTAKaJIbHOrO pBna HarpeTbIx 
uBJIAH~pOB B CTauHOHapHbIX J’CIIOBBRX BCTeCTBeHHOB KOHBeKuBH. npeACTaBJIeHbI pe3yJIbTaTI.I 
3BCIIepIIMeHTOB C p33JIINHbIMII BapHaHTaMII p3CCTORHHR MeHcRy nI%JIHHJIpaMM II pa3HbIM 
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K0~~~eCTBO~ ~~~KH~~OB. &IX KWKROI.0 kla ~3p~3KTOB ~C~O~b~O~a~KCb pa3JiM%bte CKO- 

POCTH ~accmaqua,B pe3yJIbTaTe vero 9llcJIa rpacroQla J&JIB Iwsuaapa M3MeIiRJWlCb OT 750 
A0 2000. Pe3yabTaT~BbIpatKajI~Cbsepe3E136blTO'(HyH3TeMnepaTypYnOBepXHOMMUanklHApa, 

~op~a~K3o~Kffy~K36~~oy~o~TeMnepaTypo~ eaRor ~K~Hero~~~~K~pa.~aK H BpaGoTax 

~~~~MaH~ w fe6xapTa [Z] Te~~epaTyp3 IIOBepXIiOCTa ~~e~~~~BaeT~~ II0 Alepe ~O~H~T~~ 

EO $38&y AZf% PFiAO3 CMa~~~ Pa~CTO~~~eM Me?K3y ~~~~~~~~M~ EI Y~eKb~aeTC~ C ~O~~eMOM 

no p"gy, eCJln paCCTOfiHHe MelKAy r(IUlIIHQaMEi Jl,OCTaTOVHO 6oJumOe. 3T0 06WWiFieTCR 

lIOJlRMH CKOPOCTR &I TeMIIepaTypHhsMH IlOJlHMM B CJIeAe JIllHeZtHOrO MCTOYHHKB. nOJfyVeHHbIe 

pe3yJIbTaTbI yJ(OBJIeTBOpHTeJIbH0 C0l'JIaCyIOTCR C ABHHbIMK ApyrIfX ElBTOpOB [2], eCJlA npa- 

mmbso stJ6paH xapamepmd paamep ~JIFI onpegenemrr wicez l?pacro@a. B cmy 03ari- 

MO~e~~T~~~ L&UIHHJQOE =SiCJE& H)'CCeJIbTa He MOl'YT6blTb p3CCWTaHbIC nOMO~b~O6~~~~X 

COOTHO~e~~~ eCTe~TBe~K0~ KO~~eK~~~. ~e~CT3~Te~b~~e YHCjla HyccenbTa GpaBH~~a~TC~ 

C YEICJEiMZi, ~aCC~~T3l~H~M~ RJIU CJtyqaFl IipOCTOB eCTeCTBe~H0~ KO~BeK~~~ IIpA COOTBeCT- 

ByIOIQeM W4CJ'Ie PeJIeR. nOCTpOeHb1 l-pa@fKtr JJJIR 3TOrO OTHOIIIeH~H B 3aBHCHMOCTH OT 

TIOJiO~eHLIR B PRQ', a TaK2Ke ,QjtR Y~pe~HeHH~X WiCeJI HyccenbTa R 33B~C~MO~T~ OT YMCJIa 

PeneR . 


