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Abstract-The laminar flow and heat transfer within a horizontal tube surrounded by a liquid medium are 
studied both experimentally and numerically. Emphasis is given to flow regimes where a buoyant effect on the 
forced flow is exhibited inside the tube. The outer surface of the tube is also subjected to natural convection 
resulting from the temperature difference between the wall and the surrounding fluid. Detailed analyses are 
performed for a number of cases with various fluids, inlet temperatures and fluid flows. It is found that the 
variable wall temperature has a marked effect on the secondary flow patterns within the tube as well as on the 

heat transfer. 

INTRODUCTION 

THIS PAPER describes a study of fluid flow and heat 
transfer inside a horizontal circular tube immersed in a 
liquid medium. The hot fluid within the tube exchanges 
its energy with the surrounding liquid through the tube 
wall around which natural convection occurs. The 
problem of convection within a tube including the 
interaction of a convecting external fluid is often 
referred to as the ‘conjugate problem’. The present 
study is further complicated by the presence of strong 
buoyant forces in the internal fluid motion. These 
combined effects produce significant angular vari- 
ations of the wall temperature, making the problem 
three-dimensional. The understanding of the phenom- 
ena described above is essential for predicting ac- 
curately the laminar heat transfer in tubes immersed in 
liquids. 

Several authors have addressed the question of the 
natural convective flow around a cylinder. However, 
only a few studies have been carried out on the 
conjugate problem, especially when natural convection 
is important within and outside the tube. Kuehn and 
Balvanz [l] studied numerically the problem of 
conjugate heat transfer for forced turbulent convection 
inside a tube with laminar external convection. Sunden 
[Z] modeled the conjugate heat transfer from a circular 
cylinder with a heated solid core region. Faghri and 
Sparrow [3] studied the laminar forced convective heat 
transfer in a horizontal pipe for boundary conditions 
involving natural convection and radiation to an 
infinite fluid ; they found that the overall pipe Nusselt 
number was essentially insensitive to the variation of 
the outside heat transfer coefficient, and that both the 
wall and fluid temperature profiles were individually 
more responsive to variable external conditions. 
However, their study did not account for the angular 
variation of the external film coefficient. Abdelmeguil 
and Spalding [4] studied the turbulent flow in pipes 

where buoyant forces are important. They solved the 
problem numerically for vertical, horizontal and tilted 
pipes. Relevant work on pipe flows is also reported by 
Javeri [S] and Golos [6]. Natural convection around a 
cylinder was treated by Kuehn and Goldstein [7, S], 
Churchill and Usagi [9], Peterka and Richardson [lo] 
and Mojtabi and Caltagirone [ 111. Studies emphasiz- 
ing natural convection effects outside the tube wall are 
reported by Lin and Chao [12], Aihara and Saito [13], 
Acrivos [14], Gill and Bardhun [15], Churchill and 
Hsu [16] and Morgan [17]. 

The purpose of the present study is to develop, 
through experimental results and numerical calcu- 
lations, a better understanding of the heat transfer and 
fluid flow inside the heat exchanger tube when external 
natural convection takes place at the outer surface of 
the tube wall. Particular attention is given to the effect 
ofwall temperature variation on fluid flow patterns and 
heat transfer rate. 

THE EXPERIMENTAL STUDY 

The test facility shown in Fig. 1 is described in 
detail in ref. [22]. The main features of the system are: 

Two solar collectors with a total glazing area of 3.47 
m2 with long strip heaters attached to the rear of the 
absorber plates. 
Acylindricalstorage tank,made ofsteel, 1.52mlong 
and 0.51 m in diameter, wrapped with a O.l-m-thick 
layer of foam glass insulation. 
Collector to tank piping made of 2.5-cm-ID silicone 
hose, insulated with a 1.8-cm-thick elastomeric 
foam. 
A heat exchanger made of two copper tubes, each 
with an outside diameter of 2.54 cm, wall thickness 
of 0.3 cm and length of 1.52 m. The two tubes were 
placed 0.35 m apart, parallel to the tank axis. There 
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A 

A’ 

anb 
5 

aspect ratio 
characteristic velocity, [gr,/(T-- T,)]“’ 
diffusion and convection coefficient 
heat capacity at constant pressure 
[J kg-’ K-l] 

d heat exchanger inside tube diameter [m] 
F body force vector 

g acceleration vector 

9 acceleration due to gravity [m s-‘1 
Gr Grashof number, /3gd3(T- Tw)p2/p2 
Gz Graetz number, Re Pr n dj4L 
h height above a datum [m] 
L heat exchanger tube length Cm] 
m mass flowrate [kg s- ‘1 
NU Nusselt number, h’d/k 

NOMENCLATURE 

Mu(& z) local Nusselt number, function of 4 
and z 

a(z) average local Nusselt number, function 
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P 
PO 
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Pr 
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r, 
Ra 

Re 
S 
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Tin 
T 0”t 
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ofz 
average Nusselt number 
pressure [Pa] 
thermodynamic pressure [Pa] 
dimensionless pressure, p/&f, 
Prandtl number, q/k 
radial coordinate 
tube radius [m] 
inner flow Rayleigh number, 
Pr p2gd3( T, - T)//** 
Reynolds number, pv,d/p 
source term 
temperature [“Cl 
inlet temperature c”C] 
outlet temperature c”C] 
wall temperature [“Cl 
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u 
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V* 
VS 
V 
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f: 

velocity vector 
radial component of the velocity 
dimensionless radial velocity 
circumferential component of the velocity 
mean axial velocity 
average cross-sectional velocity 
dimensionless circumferential velocity 
dimensionless axial velocity 
axial component 
dimensionless axial coordinate. 

Greek symbols 
thermal diffusivity [m* s- ‘1 
coefficient of thermal expansion [K-l] 
diffusion coefficient 
dimensionless temperature gradient, 

lW’- T,) 
dimensionless radial coordinate 
dimensionless temperature, 

(T- T,)/(T,- T,) 
dynamic viscosity [Pa s] 
dynamic viscosity at the wall [Pa s] 
kinematic viscosity [m* s- ‘1 
density [kg m] 
density at the wall (kg m) 
angular coordinate 
any dependent variable in the code. 

Subscripts 
b bulk 
in inlet 
out outlet 
0 outside fluid 
W wall. 

Manifold 

FIG. 1. Schematic of the test facility. 
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is a straight 0.3”m-long section prior to the entrance 
of the copper test section. This portion of the tube, 
located outside of the storage tank, has the same 
diameter as the test section. 

The loop was comprised of the collectors, the piping 
and the heat exchanger tube. The fluid was circulated 
through the loop by a small l/S h.p. pump. The heat 
exchanger loop contained about 18 dm3 of fluid, which 
was either water or a solution (60% by weight) of 
propylene glycol. The storage tank had a capacity of 
300 dm3 of water. 

Twenty-four copper-constantan thermocouples 
were located at three equally spaced axial locations 
within the storage tank to permit a detailed evaluation 
of the water temperature surrounding the heat 
exchanger tube. The thermocouples, made by Omega 
Engineering, were 2 mm in diameter and the outputs 
were calibrated to O.OYC in a constant temperature 
bath. Four axial locations were chosen along the tube 
(L/12, L/6, L/2, 5L/6) to record the internal fluid and 
wall temperatures (cf. Fig. 2). The last three locations 
coincided with the tank temperature grids, and the first 
location was added to provide additional information 
on the thermal boundary layer. 

For most of the experiments, the internal 
thermocouples were located on the tube center line. At 
each of the four axial locations where the tube 
temperature was measured, five probes were used. Two 
of them recorded the fluid temperatures at the tube 
centre line and at two-thirds of the radius at an angle 4 
equal to 0” (cf. Fig. 3). Three wall temperatures were also 
measured. They were located on the north, east and 
south sides of the wall (when facing downstream), 
whereas the fluid temperature probes were inserted 
through a sealed hole on the west side of one of the tubes 

as shown in Fig. 3. The ‘infinite’ tem~rature was taken 
far above the tubes, where the water temperature was 
found experimentally to be uniform, but it changed 
with time as the heat transferred from the tubes warmed 
up the surrounding fluid. The maximum rate of change 
of the water temperature in the storage tank was 2°C 
h - I. The results presented hereafter were based upon 
instantaneous measurements and were independent of 
time. 

Table 1 summarizes the conditions used in each test. 
The Grashof and Rayleigh numbers shown in Table 1 
are calculated using an average wall temperature 
defined as follows : T, = [ T,(z = 0) + TJz = L)]/2, 
where both inlet and outlet temperatures are the 
average values calculated over all angles. 

THE NUMERICAL MODEL 

The presence of the secondary flow requires that a 
three-dimensional analysis be carried out. The presence 
of buoyant forces means that the momentum and the 
energy equations must be solved simultaneously. 

In this study, the following assumptions have been 
made : 

1. 
2. 
3. 
4. 
5. 

steady-state conditions; 
laminar flow ; 
incompressible fluid ; 
negligible viscous dissipation; and 
constant physical properties, except for the density. 

The Boussinesq appro~mation was used, which 
specifies the density to be a constant everywhere except 
in the body force term of the momentum equation, 
where it is assumed to vary linearly with temperature. 
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FIG. 2. Schematic of the heat exchanger tube. 
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North wall 
, temperoture probe 

First fluid temperature probe (r=O) I 
Second f luld 
temperature probe I{= 30’/81 

\ 
South wall 
temperature probe 

FIG. 3. Cross-section ofthe heat exchanger tube with locations of the temperature probes. 

The following expression has been assumed for the 

density : 

P = PwCl -BP- TJI. (1) 

A dimensionless form of the conservation equations 
can be written in cylindrical coordinates to yield : 

conservation of mass 

conservation of momentum 

r-direction 

aP Gr 
- ReZ 0 sin r#~ + 

Gr 
=__ 

all Re’(Gr)“’ 

&direction 

z-direction 

conservation of energy 

(6) 
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Table 1. Summary of operating conditions for the five cases studied 

Case No. 1 2 3 4 5 

Fluid 
Flow-rate (dm’ min- ‘) 
Average axial velocity (cm s-r) 
Inlet temperature f”C) 
Initial outer fluid tem~rature (“C) 
Reynolds number 
Rayleigh number ( 106) 
Prandtl number 
Gr/Re2 

Water Water Water Glycol Glycol 
0.282 1.130 0.512 0.659 1.059 
0.616 2.466 1.118 1.438 2.310 

68.5 37.9 61.6 46.7 50.0 
27.6 15.0 32.3 32.8 24.9 

255 740 480 81 134 
1.9 1.25 2.0 1.3 2.2 
3.4 4.9 3.3 32.1 30.0 
9.0 0.46 2.6 9.2 4.1 

The ratio Gr/Re’ is a characteristic quantity for this 
problem. The cylindrical coordinate system was used, 
where d, is the angle around the pipe, r is the radial 
coordinate and z is the axial coordinate (cf. Fig. 4). 

The boundary conditions for this problem are : 

1. 

2. 
3. 
4. 
5. 

6. 

7. 

I&, 4, z = 0) = tr(r, #, z = 0) = 0 (no secondary 
flow at the entrance to the heat exchanger tube) 
w(r, 4, z = 0) = 2u,/(l -r2/r,2) 
T(r, 4, z = 0) = rI, = const. 
ufr = r,, 4, 2) = u(r = r,, #, z) = w(r = r,, Ip, z) = 0 
ufr = 0,4, z), o(r = 0, #, z), w(r = 0, #, z) and 
T(r = 0, 4, 2) finite 
symmetry about a vertical plane: for example, 

u(r, 4, z) = u(r, - 9, z) 
the boundary condition at the wall was expressed 
as: 

- kd g (at I = d/2) = h,d,( Tw+ - T,,) (7) 

where Tw+ is the angle-dependent wall temperature at a 
given axial location. The temperature drop across the 
highly conductive copper tube is neglected. The 

$ -180 

d =270" 

Fro. 4. Coordinate system. 

convective heat transfer coefficient h, is calculated from 
the following correlation [ 171: 

Nu, = 0.36+0.518Ra,0~2s/@,(Pr) 

where Ra, is defined by : 

(8) 

(9) 

@#Jr) = [l l t(O.559)/Pr)9”“]“‘. (10) 

It is noted that 7& is unknown a priori and varies both 
with 4 and z. Its value is calculated from the numerical 
solution of the energy equation (6), subject to the 
boundary condition given in equation (7). 

The program used to carry out the calculation was 
TOROID, a three-dimensional version of the program 
TEACH [18] adapted to cy~ndrical coordinates. The 
code solved the elliptic forms of the conservation 
equations in terms of a finite difference formulation as 
described by Humphrey [ 191. The methodology used 
for solving the set of equations is described by 
Humphrey [19], Patankar, 1201, Lavine 1211 and in 
Appendix B of Coutier and Greif [22]. 

Calculations were carried out with 10 x 16 x 30 
(r, 4, z) and 15 x 24 x 45 grids. Detailed comparisons 
were made for the velocity and temperature profiles and 
results showed excellent agreement for the 

c233. 

two grids 

RESULTS AND DISCUSSION 

A. Temperature distribution 
Five tests were analyzed in detail (cf. Table I), which 

differ~primarilyin thema~itudesofthe~ialvelocity 
and the inlet temperature. The axial variations of the 
measured and the calculated dimensionless tempera- 
tures are plotted in Figs. 5 and 6. All results are for the 
locations defined by r = 0 and r = 3d/8, 4 = 0”. The 
agreement between the experimental results and 
the theoretical predictions is good ; the difference is less 
than 10% for all points except for the first two axial 
locations where the gradients are very large. It is noted 
that, near the inlet, the calculated temperatures for 
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Z* = z/(d Re Pr) (x 10m2) 

1 2 3 4 5 6 7 
I I I 

4 : numerical solution : r=3d/8 
* : numerical solution : r-0 

v : experimental points: r=3d/8 
n :experimental points: r=O 

CASE 1 (water) - $= 0' 

I I 1 I I I I I 
0 1 2 3 4 5 6 7 

Z* = z/(d Re Pr) (x lO_') 

FIG. 5. Dimensionless temperature axial variation. 

L* = z/(d Re Pr) (x 10-3) 
4 8 12 16 20 
I 

I I I 2: 

+:nu!n?rical solution : r=3d/8 
-e-:numerical solurion : r=O 
A :@xPerinmtal points: r=3d/8 
l :experiuental points: r=O 

CASE 4 (glycol) - $=o" 

I I I I I 6 
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Z* = z/(d Re Pr) (x 10-3) 

FIG. 6. Dimensionless temperature axial variation. 
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water are below the experimental data(cf. Fig. 5), while, 
for glycol (cf. Fig. 6), the calculated values are above at 
Y = 3d/8 and below at I = 0. 

Figure 7 shows the radial variation of the 
temperature at various axial locations at q5 = 0”. The 
variation of the temperature is similar to that found for 
the isothermal wall condition [22], with the exception 
that the profile between the maximum (occurring near 
r = 5d/12) and the tube axis is non-monotonic for the 
present boundary condition. This effect will be 
discussed in conjunction with the streamline patterns. 
However, the strong secondary flows still create a 
temperature profile which reaches a maximum at a 
radial location close to the center of the streamline 
patterns (maximum value of the stream function). 

Figure 8 presents the wall temperature variation with 
respect to the angle 4 at several axial locations. The 
large variation in the wall temperature (about 10°C 
near the entrance) experienced in case 3 (Fig. 8) 
indicates that this boundary condition creates a flow 
pattern and a heat transfer process which varies 
strongly with respect to the angle 4. The calculations 
are in good agreement with the experimental data, 
especially over the second half of the tube length. 
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B. Calculated heat transfer results 
Figure 9 shows the axial variation of the calculated 

local inside Nusselt number at various angles. Also 
plotted is the average Nusselt number (calculated by 
averaging the local values over the full range of angles 
4). For the entrance region, the non-monotonic 
behavior of the Nusselt number is due to the developing 
secondary flow which reaches the top of the tube after 
the axial motion has carried the fluid to the location 
z = L/10 [22]. The difference in the Nusselt numbers 
between the curves for 4 = 80” and 0” and between 
4 = 0” and 280” is larger than for the isothermal wall 
condition. This is attributed to the stronger angular 
dependence of the secondary flow effect, which is now 
considered. 

locations. This was not true for the constant wall 
temperature condition [22,23]. Under the isothermal 
wall condition [22], only the bulk fluid temperature 
decreased with 4, whereas, in the present condition, 
both the fluid and the wall temperatures decrease. It is 
noted that the local Nusselt numbers at 4 = 280” do 
not show a strong axial dependence. 

C. Other theoretical predictions 

Figure 10 presents the angular variation of the local 
Nusselt number at four axial locations. The decrease 
after 4 = 0” shows that most of the energy from the 
fluid has been transferred over the upper portion of the 
tube. The Nusselt number profile is essentially a 
constant in the upper part of the tube, for all axial 

In Figs. 11 and 12, the streamlines are plotted on the 
left side of the figure and the isotherms on the right side. 
Figure 11 presents a comparison of the two boundary 
conditions for two cases with comparable values of the 
characteristic quantity Gr/Re*. Both cross-sectional 
variations are shown for the axial location z = L/12. 
For the case of natural convection around the 
boundary, one observes that the fluid flows down along 
the walls and continues down to nearly the bottom of 
the tube. This is due to the continuous temperature 
decrease along the wall (cf. Fig. 8), resulting in a 
sustained cooling of the fluid as it moves down near the 

* 
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z* = z/(d Re Pr) (x~O-~) 

FIG. 9. Local and average Nusselt number axial variation. 
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wall. For the constant wall temperature condition, the 
fluid was more strongly cooled in the upper part of the 
tube [22, 231 and therefore, the buoyancy force 
decreased rapidly as the fluid moved down. As an 
example, the magnitude of the secondary velocity at 
point 0 is five times larger for the top picture (natural 
convection) than for the bottom picture (isothermal 
wall). Clearly, the secondary flows in the isothermal 
wall case have less momentum at this location. For the 
natural convection boundary condition, the fluid 
continues downward and only rises near the bottom of 
the tube. The fluid moves up near the vertical diameter 
until it reaches a location below the center (point A). 
The buoyant vertical forces are not strong, (cf. the 
isotherms on the right side of the graph). Since the fluid 
cannot cross the vertical plane, it turns away from the 
center and is heated as illustrated by the temperature 
gradient between points A’ (symmetrical with A about 
the vertical diameter) and B’. Thus the motion in that 
region is clockwise as shown by the streamlines on 
Fig. 11. There is also a small recirculation near the 
center of the tube. 

This phenomenon is a clear example of a situation 

where the overall fluid motion is strongly affected by the 
boundary condition. The secondary flow patterns 
described above were found, numerically for all five 
cases studied, to be independent of the operating 
conditions and the fluid type. Figure 12 represents the 
secondary flow patterns at an axial location z = 5L/6 
which demonstrates that, even far down the tube, the 
preceding observations remain true. No significant 
change in the size of the bean-shaped streamlines was 
found numerically when comparing all cases for 
different values of the characteristic quantity Gr/Re*. 

CONCLUSIONS 

When a horizontal tube is subjected to mixed 
laminar convection on the inside and natural 
convection on the outside, the internal fluid flow is very 
complex. Even when the study of the outer fluid 
movement is simplified by the introduction of an 
empirical correlation, the three-dimensional flow 
inside the tube remains very difficult to analyze. The 
present study underlines the importance of secondary 

+ 
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I I I I I 1 I I I - 
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FIG. 10. Local Nusselt number angular variation. 
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Natural convection around the tube : m/h2 - '3.0 CASE 1 (Water) 

Gonsranr wall temperature : ~r/~e' - 7.3 Ref. [221 (Water) 

FIG. 11. Comparison ofstreamlines and isotherms at z = L/12. 

CASE 3 (water) 

GrIRE.2 -2.6 

FIG. 12. Streamlines and isotherms at z = 5L/6. 
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tlows within the tube and demonstrates their effect on 
the heat transfer. 

When the outer surface ofthe tube wall is subjected to 
natural convection, the wall temperature exhibits large 
angular differences. In addition, the wall temperature 
varies axially, since the surrounding fluid is not 
replaced in the storage tank. This highly variable 
boundary temperature complicates even further the 
phenomena previously observed in the related problem 
of isothermal wall conditions. In particular, the 
numerical study led to the prediction of bean-shaped 
secondary flow patterns. Significant differences were 
found for the cross-sectional flow patterns when 
comparing the two boundary conditions. The strong 
angular dependence of the phenomena described 
suggests the need for three-dimensional calculations to 
determine the heat transfer in many developing tube 
flows. 
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CONVECTION LAMINAIRE MIXTE DANS UN TUBE HORIZONTAL AVEC CONVECTION 
NATURELLE SUR LA FRONTIERE EXTERNE 

R-6On ttudie & la fois exp&imentalement et num&iquement l%coulement laminaire et le transfert 
thermique dans un tube horizontal entour& par un liquide. On porte l’attention sur les r&mes d%coulement 
ou un effet d’Archim&de s’ajoute B l%coulement for& dans le tube. La surface exteme du tube est soumise g la 
convection naturelle resultant de la dil%rence de temp&rature entre la paroi et le fiuide environnant. Des 
analyses dCtailltes sont conduites pour un groupe de cas avec diffkrents fluides, temp&rature d’entrb et d&bits. 
On montre que la temp&rature variable de la paroi a un effet marquC sur la configuration de l’tcoulement 

secondaire dans le tube aussi bien que le transfert de chaleur. 



402 J. P. COUTIER and R. GREIF 

GEMISCHTE LAMINARE KONVEKTION IN EINEM HORIZONTALEN ROHR MIT 
NATURLICHER KONVEKTION AN DEN GRENZFLACHEN 

Zusnmmenfaasuog-Es wird die Laminarstr6mung und der Wlrmeiibergang in einem waagerechten Rohr, 
das von einem fliissigen Medium umgeben ist,experimentell und numerisch untersucht. Besondere Beachtung 
finden die Bereiche, in denen sich Auftriebseffekte bei der erzwungenen Striimung im Rohr zeigen. An der 
AuBenoberfllche des Rohres stellt sich ebenfalls natiirliche Konvektion ein, die aufgrund der 
Temperaturdifferenz zwischen Wand und umgebendem Fluid entsteht. Fiir eine Reihe von Beispielen mit 
verschiedenen Fluiden, Eintrittstemperaturen und Stromungsgeschwindigkeiten werden detaillierte 
Analysen durchgefiihrt. Dabei stellt sich heraus, daB die Wandtemperatur einen groI3en EinfluB auf die 

Formen der Sekundlrstrijmung im Rohr und auf den Wlrmetibergang hat. 

CMEBJAHHAR JIAMMHAPHA5f KOHBEKDMS B FOPM30HTAJIbHO~ TPYBE CO 
CBOSOaHOn KOHBEKLfkiM Y EE BHEIBHER DOBEPXHOCTM 

Annoramn-%rcner-nio n 3xcnepaMenranbno a3y9atorcs naMnnapnoe regemie II rennonepeuoc auyrpa 
rOpH30HTaJIbHOii Tpy6bI,HaXOEWe#Cff B TBLIKOCTU.OCHOBHOe BHUMaHHe yneJIKeTCK peXGiMaM Te'iCHAII 

B rpy6e,enrr KOTOpbIXCyLUeCTBeHHbIM KBJI5IeTCR BJlWIHHeIIO~~eMHO~CEiJIbI. Ha BHCIIIHIOIO IIOBepXHOCTb 
Tpy6bI B03ECkTByIOT cBo6onHan KOHBeKIWl, B03H)IKalOLVaSI A3-3a pa3HOCTH TCMnepaTyp MeElly 

cTeHKol u orpymaromel xcwKocTbm. AeTanbfio atIantl3spymTcaCnyYau ~9 pa3nwIHbIx winKocTeii M 

kix pacxonos, TeMnepaTyp Ha Bxone Ii BbIxone. Ycranosneno, STO nepeMeHHas TeMnepaTypa cTeHKH 

OKa3bIBaeT 3Ha'iIiTeJTbHOe BJIHKHHC Ha XapaKTepHCTHKH BTOpIl'IHblx Te'IeHHfi BHyTpll Tpy6bI,a TBKXE Ha 

TennonepeHoc. 


