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1. INTRODUCTION 

The natural circulation of  closed-loop thermosyphons has 
stimulated a great deal of  interest because of  their wide 
applications, for example as solar heaters, and in cooling 
engines, turbine blades, computers, transformers and natural 
convection heat exchangers [1, 2]. The circulation is driven by 
thermally generated density gradients, which yield reliability, 
and low cost and noise-free advantages. There is a large 
volume of  literature devoted to this subject as reviewed by 
Greif [3]. A more reomt study for the natural circulation has 
been presented by Bernier and Baliga [4] in 1992. Here, only 
the relevant papers about 2D numerical calculations for such 
rectangular thermosyphons will be discussed briefly. 

The traditional 1D model is insufficient when the flow 
inside the loop is significantly affected by buoyancy forces. 
Durig and Shadday [:5] carried out a 2D numerical simulation 
of  mixed-convection flow to improve the accuracy. The aver- 
age friction factors and heat transfer coefficients have been 
calculated separately for the heated and cooled sections of  a 
thermosyphon loop vcith vertical heat transfer sections. The 
2D numerical simulation for the circulation in a thermo- 
syphon loop with heating and cooling isolated in two vertical 
tubes joined together by isothermal upper and lower plenums 
was carried out by Lewis et al. [6] using parabolic equations. 
A new model has been proposed by Bernier and Baliga [4] 
with governing equations in elliptic forms, and its solving 
method involves an iterative procedure to couple the local 
results of 2D numerical simulation performed in the heated 
and cooled sections with those in a 1D analysis. The agree- 
ment between the predictions and the experimental results 
was good, but the predictive model was somewhat compli- 
cated. Meanwhile, the assumption of  fanning friction factor 
f = 16/Re may cause, inaccuracy when the flow was strongly 
mixed-convective. 

The present work will focus on a loop with a horizontal 
heated section, and the difference between the performance 
of  a loop with vertical and horizontal heated sections will be 
discussed. In addition a comparison of  the numerical results 
with the experimental data of Bernier and Baliga [4] will be 
made. 

2. THiEORETICAL ANALYSIS 

The rectangular loops shown in Fig. 1 are heated over the 
bottom horizontal leg or over the lower half of  the vertical 
left pipe and cooled over the upper part of  the right pipe 
with the rest of  the loop being thermally insulated. The flow 
is assumed to be in the axial direction which is only a function 
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of  the radius. The effect of curvature in a rectangular loop is 
negligibly small if the aspect ratio is large enough. The axial 
conduction and viscous dissipation are both neglected and 
the Boussinesq approximation is invoked. As to the con- 
ditions stipulated at the heated section, two situations are 
considered: (1) UWT-- the  heated section is isothermal; 
(2) U H F - - t h e  heated section is heated with uniform heat 
flux. 

We have the momentum and energy equations as follows : 

!dr )  oP epg+.(d:V+ =0 (1) 
~s \ d r :  r dr ] 

v O T =  a ( O : T + l  OT)  
Os \Or 2 r Or] (2) 

where ~ = 1 for the upflow, ~ = - 1  for the downflow and 
= 0 for the horizontal flow. The Boussinesq approximation 

is adopted, i.e. 

p = pc(1 - - f l (T- -  Tc)). 

Integration of equation (1) along the loop yields 

. , . ( i  i 0 L \ •  / \ d r  2 r d r ]  " 

The boundary conditions are 

r =  r0, V( r0)=0 ,  r =  0, d~rV =t3~-rT = 0, 
r ~ 0  

TI . . . .  = Tw (UWT) or )~ OT = q (UHF) 
- -  ~ r=ro 

for heated section. 

TI.-r0 = Tc for cooled section and (OT/Or)I,=,o = 0 for the 
connecting pipes. The following dimensionless parameters 
are defined 

g f l ( T , , -  Tc)D 3 D T -  T¢ 
Ra* - 0 = 

av L Tw -- Tc 

for UWT of heated section ; 

Ra* gflqD 4 D o = T - - T ~  
ark L qro/k 

for U H F  of  heated section ; and 

W -  
VD 2 s r 

Ra*Jn aL x = ~ rl - ro Ra*l/4 
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a thermal diffusivity 
cp specific heat of  the fluid 
D internal diameter of the pipes, 2r0 
f Fanning friction factor 
k thermal conductivity 
L total length of the loop 
Nu Nusselt number 
P pressure 
Pr Prandtl number 
q heat flux 
r radial coordinate 
ro internal radius of  the pipe 
Ra Rayleigh number 
Ra* modified Rayleigh number 
Re Reynolds number 
s axial coordinate along the loop 
T temperature of  the fluid 
V axial velocity 
W dimensionless velocity 

NOMENCLATURE 

x dimensionless axial coordinate. 

Greek symbols 
fl thermal expansion coefficient 
q dimensionless radial coordinate 
0 dimensionless temperature 
p viscosity 
v kinetic viscosity 
p density of the fluid. 

Subscripts 
b bulk 
c cooled 
d downflow 
h heated 
m average 
u upflow 
w wall. 

Lh 

Iltt l l l t  

.Y ~r~ 

Fig. 1. Schematic illustration of  a rectangular thermosyphon loop. 

for both of the above cases. Then, the following dimen- 
sionless equations can be obtained 

s0 4( 20 +, g0) 
W~q \c3t/2 ~ / ~  (3) 

4 (  d 2 W  _1 dW~+ S 
- -  + = 0 ( 4 )  

\ d q  2 ?l d q ]  w 

where Sw is the difference of the integration of  0 along the 
upflow and that along the downflow, i.e. 

Sw=fOdx-fdOdx (5) 

with dimensionless boundary conditions 

tl = Ra .1/4 W(Ra . 1 /4 )=0  

d W  
~=o oO~qq ~=0 q = 0  ~-q  = = 0  

O[.-Ro" 1 (UWT) 

or 

gO , _ 1 (UHF) for the heated section ; 
Oq ,=R~.,4 Ra ,  I/4 

0[~=R~',~, = 0 for the cooled section; and (~O/gq)]~R: . . . .  0 
for the connecting pipes. 

The ( fRe)  and Nusselt number will be 

dV 
dr r=% 

f R e  (6) 
I 2 
5P Vm 

or in dimensionless form 

f R e  = --4 Ra*l/4 d W  I , 
Wr. d~-I.=n." ,' (6') 

2Ra*'/* c30 ,, (UWT) (7) 
Nu(x) (1 --0b) c3q ,=Ra"' 

2 
NU(X) = - -  (UHF) (8) 

Ow - 0b 

for the heated section and 
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Fig. 2. Isotherm contours of  the loop. 
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2Ra *1/4 000r/ ~=nd~,,~ 
Nu(x) - 0b - -  (9) 

for the cooled section. The bulk temperature can be obtained 
from 

f~ a*" 27z0 W~/dq 2 fR,*"' 

Ob . . . .  -- O Wq drl. 

f[ 
~*~" WmRa *t/2 Jo 

2r~ Wq dr 1 

(10) 

Equations (3) and (4) are discretized by the finite-difference 
method,  and are simultaneously solved with the T D M A  (tri- 
diagonal matrix algorithm) method.  It is noted that  equation 
(3) is an initial problem along the streamwise direction. The 
initial values are corrected by the additional conditions that 
the inlet values shouM be equal to the outlet values. The 
numerical simulation is accomplished along the streamwise 
direction step by step. The operations are repeated until 
convergence is obtained, which is assessed in terms of  the 
invariance of each field of  the two succesive calculations, i.e. 
the absolute value of  the difference between the variables for 
the two successive cah:ulations divided by the absolute value 
of  the last iteration is less than l0 5. 

A series of  grid sensitivity runs were performed which 
suggested that satisfactory results could be obtained using 
30 × 40 mesh for the lower Ra* and 30 × 50 for the higher 
Ra*. 

3. RESULTS AND DISCUSSIONS 

The performance of a rectangular thermosyphon loop with 
vertical or horizontal heat transfer section has been studied. 

Except for the different location of  the heated section, all 
other conditions remain unchanged as in Fig. 1. Values of  
Xh = 0.256 and xc = 0.074 are chosen as the dimensionless 
lengths of  heated and cooled sections in the presentation of  
the results. For the sake of conciseness and because of  the 
close similarities of  U W T  and U H F  for the heated section, 
only the results of  U H F  will be presented here. 

The isotherm contours and velocity profiles are shown to 
change with Ra* (see Figs. 2 and 3). At  low Ra*, the stratified 
temperature distribution in Fig. 2(a) reveals the importance 
of the axial conduction. With the increase in Ra*, the iso- 
therm contours begin to deflect suggesting the development 
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Fig. 3. Velocity profiles as a function of Ra*. 
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and intensification of  the convection. For the experiment 
reported in ref. [4], in which the values of  Ra* range from 
3110 to 17 880, the convective effects might be large enough 
to overshadow the effect of  axial conduction so that the axial 
conduction could be neglected. 

Figure 3 reveals that the velocity profile is distorted from 
a parabolic shape under high Ra*, which indicates that the 
buoyancy forces play an important  role. Such distortion is 
especially pronounced for the closed loop with vertical 
heated sections (Fig. 4), because the fluid nearby the heated 
wall will be subjected to strong buoyancy forces in the 
streamwise direction. While for the horizontally heated loop, 
the buoyancy forces act in the transverse direction of the 
mainstream, the effect will be unnoticeable at low Ra*. This 
is in accordance with the conclusion drawn from the 1D 
model [7]. It is noted thatfRe = 16 is true only for very low 
Ra* as shown in Fig. 5. 

It is of  interest to t ransform the dimensionless velocity as 

W =  ~2 D - . (11) 
Ra* i /RePr~ (Ral/4/Rel/ZPrJ/3)2 

For the same Pr and D/L, as Ra* increased, the value of 
(Ra t/4/Ret i z pr I/3) becomes larger under smaller Wm for the 
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Fig. 4. Compar ison of  velocity profiles. 
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vertically heated loop, thus indicating a larger proportion of  
natural  convection in the flow, in accord with ref. [8]. When 
Ra* is small, (Ra~/4/Re~/ZPr jl3) is nearly the same for both 
vertical and horizontal cases as shown in Fig. 4. 

Figure 6 shows the comparison of  the cooled section Nus- 
selt numbers  between the vertically heated loop and the hori- 
zontally heated loop. The difference of  Nu for the heated 
section is even smaller. It is noted that the predicted difference 
of  Nusselt numbers  between the two cases could be negligible 
even at sufficiently high Ra*. In fact, the mixed-convection 
flow is beneficial in enhancing heat transfer. It can be seen 
from equation (4) that the temperature difference of the 
upflow and downflow is the only motivation of  the circu- 
lation, i.e. the present assumption of the axial flow considers 
the streamwise buoyancy forces only, which fails to take 
account of  the transverse mixed-convection for the hori- 
zontal heated section, so a higher heat transfer rate can be 
expected if elliptic governing equations are adopted. Never- 
theless, the present model will not  mask  the important  physi- 
cal processes associated with this problem. The present 
numerical results agree well with the experimental data in 
ref. [4] (Table 1 and Fig. 7). 

4. CONCLUDING REMARKS 

A 2D model has been proposed to calculate the entire 
rectangular thermosyphon loop with either a vertical or hori- 
zontal heat transfer section. With this model, we have pre- 
sented the temperature and velocity profiles vs Ra* and inves- 
tigated the difference existing in the loops with vertical or 
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Fig. 6. Nu of  cooled section. 
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Table 1. Comparison of Vs (cm s ~) between numerical 
results and experimental data  

Experiment Prediction in 
[4] Present model [4] 

0.457 0.484 0.465 
0.483 0.489 0.473 
0.628 0.622 0.626 
0.722 0.800 0.704 
0.679 0.720 0.690 
0.776 0.808 0.756 
0.739 0.780 0.746 
0.845 0.867 0.814 
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Fig. 7. Comparison of Tw between numerical results and experimental values. 

horizontal heat transfer section. It is shown that the dis- 
tortion of the velocity profile for the vertically heated loop 
is more noticeable under high Ra*, and the friction factor 
increases with Ra* at a larger rate than for the horizontally 
heated loop, while the difference in Nusselt numbers is small. 
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