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Abstract-Natural convection from the inside surfaces of vertical and inclined tubes to air is experimentally 
investigated in the ranges of Gr,, Pr from 1.44 x lo7 to 8.85 x 10’ and B from 0” to 75”. The results obtained 
are correlated by dimensionless groups and compared with the available data. A length to diameter ratio 
from IO to 31.4 had practically no effect on the mean heat transfer from the whole tube in the range of 

Gr,, IV employed. 

1. INTRODUCTION 

THE AVAILABLE work on natural convection from the 
inside surfaces of tubes open at both ends is very 
limited. It is only recently that this case has attracted 
attention due to the use of this tube in practical fields 
such as solar collectors and nuclear engineering. 

However, most of the available investigations are 
theoretical and deal with the vertical tube only. To the 
authors’ knowledge no work is available on inclined 
tubes. 

The present work has been carried out in an attempt 
to fill a part of the existing gap. It provides exper- 
imental data on uniformly heated (constant flux) ver- 
tical and inclined tubes. 

2. PREVIOUS WORK 

A brief description of previous work on uniformly 
heated (constant flux) vertical tubes is hereinafter 
given. No work was found on inclined tubes. Inves- 
tigations in the field of isothermal tubes are not 
included. 

Bennet [I], in 1943, carried out an experimental 
investigation on vertical tubes placed in air. As found 
by Ede [2], the range of Gr,,,, Pr varied from 4 x lo7 
to I. 1 x 10’ and the results were very scanty. 

Al-Arabi 131, in 1955, expe~mented with a tube 
placed in air in the range of Gr,, Pr from 8 x IO* to 
2.5 x 109. A relation between Nu,, and Gr,, Pr was 
obtained. 

Ede [2], in 1956, examined and compared the avail- 
able data on vertical tubes. With the exception of 
Bennet’s data [I] all the tubes were isothermal. 

Kageyama and Isumi [4], in 1970, Davis and Perona 
[5], in 1971, and Dyer [6], in 1975, employing a finite 
difference technique, solved the boundary layer 
governing equations and obtained relations between 
the different variables. Of special interest were the 

relations given by Dyer for Nu,, against Gr,,,, Pr(r]l) 
as they can be compared directly with experimental 
results. 

Ismaeel[7], in 1977, carried out experimental work 
on tubes placed in air in the range of Gr,, Pr from 
4.2 x 10’ to 1.02 x 10”. A relation between Nu,, and 
Gr,,,, Pr was obtained. 

3. APPARATUS 

The apparatus used is essentially a brass tube with 
both ends open. The tube is carried on a frame which 
can be tilted to give any angle of inclination and is 
heated uniformly. 

Five tubes, the particulars of which are given in 
Table 1, were employed and the experiments were 
carried out at angles of inclination equal to 0” (the 
vertical position), 30”, 45”, 60” and 75”. 

As shown in Fig. 1, the tube (1) is covered with 
glass cloth (2) which acts as an electric insulator on 
which a heater (3) (the main heater) is uniformly 
wound. The heater is covered with a layer of asbestos 
(4) of about 70 mm thickness. On the asbestos a guard 
heater (5) is wound. Three pairs of thermocouples 
(6) (guard heater thermocouples) are inserted in the 
asbestos (4) along the tube. The thermocouples of 
each pair lie on the same line radially. The input to 
the guard heater is adjusted so that, at steady state, 
the readings of the two thermocouples of each pair 

Table 1. Particulars of tubes used 

Length, I Inside diameter, d 
Tube No. (mm) imm) l/d 

1 197 19.7 10 
2 334.9 19.7 17 
3 453.1 19.7 23 
4 565 19.7 28.7 
5 423.5 13.5 31.4 

- 
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NOMENCLATURE 

A constant 
C constant 

: 

tube inside diameter 
correction factor (equation (7)) 

9 gravity acceleration 
Gr Grashof number 
h heat transfer coeflicient 
k thermal conductivity 
I tube length 
n constant 
Nu Nusselt number 
Pr Prandtl number 

4 heat flux 
I tube radius 
t temperature 
X axial distance from tube entrance. 

Greek symbols 

B coefficient of volumetric expansion 
0 angle of inclination 

LL viscosity 

P density. 

Subscripts 
ent entrance 
i inlet 
m mean 
mf mean film 
ml mean based on tube length 
mr mean based on tube radius 
ms mean surface 
s surface. 

become practically equal. All the input to the main 
heater is then flowing to the air inside the tube. 

The tube surface temperature is measured by cali- 
brated glass-covered copper-constantan thermo- 
couples (7) soldered in slots milled in the outside 
surface. As a result of the high thermal conductivity 
of brass the drop of temperature through the wall is 
negligible and the readings taken are considered equal 
to the inside surface temperature. The leads of the 
thermocouples are insulated by glass sleeves to mini- 
mize conduction to the hot junction through them. 

In order to check the uniformity of temperature 
around the circumference. additional thermocouples 
are soldered to the tube opposite to the surface ther- 
mocouples at three positions along the tube. In all the 
inclined tubes used the readings of each of the surface 
and the opposite additional thermocouples were prac- 
tically the same, a fact which may be attributed to the 
high thermal conductivity of the tube metal. 

Fro. 1. General arrangement of apparatus : I, tube ; 2, electric 
insulation ; 3, main heater ; 4, asbestos layer ; 5, guard heater ; 
6, guard heater thermocouples; 7, surface thermocouples. 

The readings of the thermocouples were taken by 
means of a potentiometer capable of reading to 0.01 
mV and the input to the main heater was recorded by 
an accurate wattmeter. The ambient temperature was 
measured by a calibrated mercury-in-glass ther- 
mometer capable of reading to O.lC. 

To make sure that the surface thermocouples were 
properly soldered to the tube, a check was carried out 
by taking the readings with steam passing in the tube. 

4. RESULTS 

To calculate the coefficient of heat transfer to a fluid 
flowing inside a tube the difference between the surface 
temperature and the fluid bulk temperature is needed. 
The bulk temperature is, however, unknown in the 
present case. Therefore, a heat transfer coefficient 
based on the difference between the surface tem- 
perature and the fluid temperature at the entrance is 
normally used [.5, 61. The mean heat transfer 
coefficient thus calculated will be 

h,?l = Y/L, -t, (I) 

where 

Based on the tube length, the corresponding mean 
Nusselt number will be 

/Vu,,, = h&/k (3) 

and the corresponding Grashof number will be 

The physical properties in this work are taken at a 
mean film temperature as given by 
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FIG. 2. Variation oft, for tube No. 1 for different heat fluxes 
(0 = 0‘). 

t mf = (L, + t,w. (5) 

4.1. Variation of surface temperature with tube length 

The variation of the surface temperature t, with 
tube length is shown in Fig. 2 for one of the vertical 
tubes at different fluxes. The t,-x curves for all the 
other tubes have the same general shape. The value of 
t, gradually increases with length until a limit beyond 
which it begins to decrease. 

This phenomena, which was also noted in refs. [2, 
71 can be explained if Fig. 3 is considered. At the 
entrance to the tube (point a) the thickness of the 
boundary layer is zero. Then it gradually increases 
until, at point b, the boundary layer fills the tube. 
From point a to point b the heat transfer gradually 
decreases and t, gradually increases. 

Beyond point b one would expect a straight line t,- 
x relation (bc) the case being that of constant flux. 
However, as the air is heated along the tube, its physi- 
cal properties gradually change with the increased 
temperature. The thermal conductivity increases caus- 
ing less resistance to the flow of heat and the viscosity 
increases causing radial flow of the hotter layers of air 
nearer to the surface to the tube centre. A gradual 
increase of the local heat transfer beyond point b must 
then result. For constant flux this can only take place 
if the local difference between the bulk air temperature 
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FIG. 4. Variation of entrance length with I/d. 

(as shown by straight line ac”) and the surface tem- 
perature decreases resulting in the shape of the t-x 

curve (abc’) shown. 

4.2. Entrance length 

The length AB (Fig. 3) required for the boundary 
layer to fill the tube will hereinafter be called the 
‘entrance length’, (l/&,. Although one would expect 
(Z/d),,, to depend on Gr,, Pr, the experimental t,-x 

curves for the same tube show practically the same 
value of (Z/d)_“, irrespective of the value of Gr,, Pr or 
inclination apparently due to the insufficiency of the 
range of Gr,, Pr employed to give measurable differ- 
ences. 

Plotting (l/& for the different tubes against l/d 

gives a straight line as shown in Fig. 4. The equation 
of this line is 

(I/d),,, = 0.688(1/d). (6) 

The values of (l/d)e,,t read from the t,-x curves of 
refs. [2, 71 are also plotted in Fig. 4. As can be seen 
they are in good agreement with the present results. 

4.3. Results of vertical tubes 

The values of Nu,, for vertical tubes are plotted 
logarithmically in Fig. 5 against Gr,, Pr. The dashed 
line is a straight line with a slope of 0.25. It will be 
seen that the Nu,,/(Gr,, Pr) relation for all the tubes 
has the same general shape. Nu,, increases gradually 

BI 

FIG. 3. General shape of temperature variation along the tube. 
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Tube L/d 
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FIG. 5. Variation of Nu,, with Gr,, Pr for vertical tubes. 

with Gr,, Pr at a rate which gradually decreases until 
a limit beyond which the rate of increase becomes 
negative and Nu,, begins to decrease with Gr,, Pr. 

The same shape of curve was also obtained in refs. 

P, 71. 
This phenomena is believed to be a result of the 

radial variation of physical properties caused by the 
temperature gradient across the air, an effect which, 
as suggested by Kays and London [8], may be covered 
by means of a factor which depends on the air bulk 
temperature and the tube surface temperature. As the 
bulk temperature of air is normally unknown in the 
present case, the inlet air temperature was used and a 

factor f as given by equation (7), was employed 

f= 1 +o.o5(t,, - Q/t,. (7) 

A plot of log (Nu,, J‘) against log (Gr,, Pr) is shown 

in Fig. 6. The results treated in this way, as can be 
seen, are represented by an equation of the form 

u 
\ 

Present work Previous work 

Tube l/d Ref. l/d 

0 I IO * 7 23 

0 2 17 0 7 23 
l 3 23 o 7 23 
+ 4 26.7 m 7 13 

Nu,, = !(Gr,, Pr)“. 
.f 

The equation for vertical tubes (with 
n = 0.25) then becomes 

(8) 

A = 1.11 and 

1.11 
Numl = [l +0,05(t,, _ t,),t,] (Gr,, Pr)” 25. (9) 

Equation (9) is valid in the ranges of Gr,, Pr from 
1.44 x 10’ to 0.85 x IO* and I/dfrom 10 to 31.4. 

In fact the range of Gr,, Pr in which equation 
(9) may be used can safely be extended to 
Gr,, Pr = 1.02 x 10” if the results of other observers, 
which are in good agreement with the present results 

as shown under Section 5, are taken into con- 
sideration. 

The fact that the value of n in equation (9) is 0.25 
shows that all the experiments carried out were in the 
laminar range. The onset of turbulence in the case of 

;j ,,k 5 314 . 3 17 

‘I I 

I.0 I I III I II I I I I I I I I 
7.0 7.2 7.4 7.6 7.6 8.0 6.2 6.4 6.6 6.6 9.0 9.2 9.4 9.6 S 6 10.0 10 2 

Log Gr,, Pr 

FIG. 6. Corrected values of Nu,, against Gr,,,, Pr for vertical tubes 



Heat transfer by natural convection from the inside surface of a uniformly heated tube 1023 

Table 2. Values of constant A 
(equation (8)) for different incli- 

nations 

0 (de@ A 

0 1.11 
30 1.084 
45 1.035 
60 0.983 
75 0.899 

natural convection inside tubes was discussed by Ede 

[2]. Considering the results of the constant wall tem- 
perature experiments of Shen [9] on water in vertical 

tubes he showed that turbulence, as judged by the 
slope of the log Nu,,/log (Gr,, Pr) line seems to have 
taken place at a value of Gr,, Pr between 109.j and 

10 ” ’ which confirms that the present experiments 

were in the laminar range. 

4.4. Results of the inclined tubes 

The Nu,J(Gr,~ Pr) relations given by the inclined 
tubes have the same general shape given by the vertical 
tubes. The same procedure described under Section 
4.3 was therefore herein applied. All the tubes give 

straight line relations between log(Nu,,f) and 
log (Gr,, Pr) with practically the same value of n as 
that of the vertical tube (0.25) but with values of A 
depending on the inclination as given in Table 2. 

It can be seen from Table 2 that the heat transfer 

decreases with inclination, the maximum value being 
at 0 = 0”. The rate of decrease increases slightly 
between l3 = 0” and 45”, and more rapidly beyond 
that. 

At 0 = 45” Nu,, is some 7% (whereas at 0 = 75” it 
is some 20%) less than Nu,, at 8 = 0”. 

In the absence of data on inclined tubes the effect 
of 0 may be compared with that reported in an inves- 

tigation by Azevedo and Sparrow [lo] on open-ended 
parallel-walled inclined channels. Their results could 
be represented by an equation of the form of equation 

(8), with the constant A independent of the angle of 
inclination. In the light of the present work this must 
be expected as the parallel-walled channel experiments 
were carried out in the range of 0 between 0” and 45” 
only. Had the present experiments been carried out in 
this range the variation of Nu,, with 8 would have 

been concealed. As a sample the results of the tube 
inclined at an angle 0 = 60” are shown in Fig. 7. 

4.5. General equation of all inclinations 
Introducing the relation between A and 0 (in deg) 

equation (10) is obtained 

This equation represents the general equation for all 

tubes (including the vertical tubes) in the ranges 

employed. 
It may be noted that Gr,, Pr cos t3 can also be used 

instead of Gr,, Pr. In this case the values of A in 
Table 2 have to be divided by (cos 0)“.25. The general 
equation for all inclinations will then be 

(11) 

Both equations (10) and (11) are valid in the ranges 
of Gr,, Pr from 1.44 x 10’ to 8.85 x lo’, l/d from 10 

to 31.4 and 0 from 0” to 75”. 

Tube L/d 

0 I IO 
0 2 17 

. 3 23 

. 4 28.7 

0 5 31.4 

1.0 I I I I I I I I I I I I 
70 7.2 7.4 7.6 7.6 6.0 6.2 6.4 6.6 6.6 9.0 9.2 9.4 

Log Gr,,, Pr 

FIG. 7. Corrected values of Nu,, against Gr,,,, Pr at 0 = 60”. 
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Log Gr,, Pr(r/O 

Flo. 8. Comparison with Dyer’s curve. 

One would expect Nu,$ to vary not only with 
Gr,, Pr but also with l/d. However, as Fig. 6 shows, 

the results of ali tubes are represented by the same 
line irrespective of the value of i/d* a Fact which may 
be attributed to the insufficiency of the range of l/d 
employed to cause a significant effect on Nu,,. It is of 
interest to note that the same result was also found in 
the parallel-walled channel experiments of ref. [lo]. 
In these experiments the ratio of ‘plate height/spacing 
between plates’ varied from about 10 to 23 (which is 
approximately the same range as that of f/d of the 
present experiments). 

5. COMPARISON WITH PREVIOUS WORK 

A comparison of the results of the present exper- 
imental work is hereinafter made with the available 
theoretical and experimental work in the field of uni- 
formly heated vertical tubes. To the authors’ knowl- 
edge no work on inclined tubes is available. 

(1) The present results, recalculated in terms of 
Nu,, and Gr,,, Pr(r/l) with physical properties taken 
at tj, are compared with Dyer’s theoretical curve [6] 
in Fig. 8. The experimental values are some 40% 
higher than those given by the theoretical curve which 
is believed to be a result of assuming physical prop- 
erties independent of temperature in the theoretical 
study. 

(2) The experimental results obtained by Al-Arabi 
[3] and those of Ismaeel [7], recalculated in the form 
of equation (9) are also plotted in Fig. 6. As can be 
seen they are in good agreement with the present 
rcsuhs. 

6. CONCLUSIONS 

The present work was carried out in the range of 
Cr,,,, Pr from 1.44 x 10’ to 8.85 x IO”, I/d from 10 to 
31.4 and 0 from 0.’ to 75”. It provides data in a field 
in which only limited information is available. 

The measured heat transfer was found to vary with 

the angle of inclination of the tube. The maximum 
values were given by the vertical tube. 

For all the angles of inclination employed the heat 
transfer could be represented by a general equation 
(equation (9) or (10)) in which a factor covering the 
variation of physical properties due to temperature 
gradient was employed. 

In the range covered by the experiments the effect 
of l/d on Nu,, was insignificant and the entrance 
length was practically constant. 

Compared with the available theoretical data for 
the vertical tube, the experimental resuhs were some 
40% higher. In the theoretical data the physical prop- 
erties were considered independent of temperature. 

The available experimental data for vertical tubes 
were found to agree with the present results. 
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CONVECTION THERMIQUE NATURELLE A LA SURFACE INTERIEURE DUN TUBE 
UNIFORMEMENT CHAUFFE POUR DIFFERENTS ANGLES D’INCLINAISON 

Resume--La convection thermique naturelle par l’air a la surface interieure de tubes verticaux ou inclines 
est etudiee experimentalement pour les domaines de Gr,, Pr entre I ,44 x 10’ et 8,85 x 10’ et de 0 depuis 0 
jusqu’d 75’. Les resultats obtenus sont unifies par des groupes adimensionnels et compares aux donnees 
disponibles. Le rapport longueur/diametre de 10 a 31,4 n’a pratiquement pas d’effet sur le transfert 

thermique moyen pour le tube entier, dans le domaine de Gr,,,, Pr consider& 

DER WARMEUIIERGANG DURCH NATURLICHE KONVEKTION AN DER 
1NNENSElTE EINES GLEICHMASSIG BEHEIZTEN ROHRES BEI 

VERSCHIEDENEN NEIGUNGSWINKELN 

Zusammenfassung-Die natiirliche Konvektion von Luft an der Innenseite von senkrechten und geneigten 
Rohren wurde experimentell im Bereich I,44 x 10’ < Gr,,,, Pr < 8,85 x 10’ und ftir Neigungswinkel 
zwischen @ und 75’ untersucht. Die Ergebnisse werden mit Hilfe dimensionsloser Kennzahlen korreliert 
und mit Daten aus der Literatur verglichen. Wenn das Verhiltnis von Rohrhinge zu -durchmesser zwischen 
IO und 31,4 liegt. wit-d der W~rme~b~rgang im untersuchten Beteich von Gr,, Pr nicht nennenswert 

beeinfluRt. 

TEHJIOOBMEH HA BHYTPEHHEH I-IOBEPXHOCTH PABHOMEPHO HAI-PETOH TPYBbI 
HPM PA3JIH9HbIX YFJIAX HAKJIOHA B YCJIOBMRX ECTECTBEHHOH KOHBEKHHH 

AHIIOTWW--B mana3oHe B3MeHeHm 3Hasemii Gr,, Pr 01 i,a X 1o'fiO 8,85 X i@N @ OTP jI.0 75” 
3Kcnep~Me~~bno ~~e~o~Ha ecrecrneuuan Ko~~eK~~ n no3xyxe y enyrpemre% nonepxiioc~si nep- 
TnKaJlbHOa R HaKnOHHOfi Tpy6. HOJrylIefiHbIe pe3ynbTaTbi II@Y.WTaBJIi?Hbi B BHLl-2 KpHT~HWIbHblX 3aBH- 

CHMOCTeii H CpaBHHBaIOTCK C H3BCCTHbIMH AilHHbIMR. B HCCJte~OBaHHOM iUWUIa3OHe H3MeIieHHK 

3HaWIiAji Gr,,Pr BospacraBuEe c 10no 31,4 OTIiOweHHe mHIib1 Tpy6b1K ee nHaMeTpy IIparTwIecKH B 


