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ABSTRACY
The ettects of heat transter of tube wall on the nature convection flows in a
parallel loops thermosyphon are investigated analytically. The results show that
the thermosyphon with consideration of those effects 1s more stable than that
without the consideration. They also reveal that an increase the value of therma!
diffusivity ratie. o or radius ratio, & will increase the magmitude ot the onset
critical Ravicigh number, #a, and reduce the veiocity of sieady flow

Introduction

Maiuiral vorveslion loups {ihc:mwosyphons) of singie phuase fluid have many asppiications.
most of them related 1o the ansport of hear from one plane to another without the use of external
moechanical energy sources. For example, engineering appiications include the removai of decay
heat generated by a shut-down nuclear reactor core, solar systems. cooling of turbine blades and
electronic devics, and growth of protein crystals [1,4). Reviews on natural convection loops have
been written in the last decade [5,6].Stability, bifurcation and chaos features make problems of
natural convection loops intersteing from the academic point of view and careful system design is

needed in practical applications. Extensive work has been done on these topics [7,10].

It should be pointed out that previous studies all neglect the heat transfer effects of tube walll.

But Barozzi [11] and Faghri and [12] have show, in the system of conjugate heat transfer in a pipe



with internal laminar fluid flow, that the effect of wall axial conduction can readily overwhelm the
effect of fluid axial conduction. Since, in a general point of view, a thermosyphon system is also a
system with conjugate heat heat transfer. The heat transfer effect, especially the effect of axial

conduction, of the tube wall in a thermosyphon system may be very important and unegligible.

.This study is concerned with the onset of motion and steady-state flows in a parallel loops
thermosyphon with the effects of heat transfer of the tube wall. The same problem without heat heat
transfer effects of tube wall have been studied by Zvirin [13]. He showed that the onset critical
Rayleigh number, Rac, is equal 1w 6. The main results of this study are that an increase of the value
of thermal diffusivity ratio, ¢, or radius ratio, & will increase the maginitude of Rae or reduce the

velocity of the steady flow. And if & = 0 or & =1 then the result swill equal to that of Zvirin [13].

One Dimensional Model

The one-dimensional miodel analyzed here follows the methodology developed in the
previous studies. The form of the loop is shown in Fig. 1. It consists of two vertical insulated
tubes connecting two rigid containers, The system is filled with working fluid whose temperature is
maintzined at constant value T and Ty; in the lower and upper containers separetely, and heaiing
from below is investigated, i.e. Tp > Ty Itis assumed that fluid properties are constant except that
the density variation obeys the Boussinesy assumption with p=pa[1-y(7- T 3t Where pp 15 the
erence tomporature 7y and for convenience, we choose T =7p Then ihe vne

dimensional continuous, momenum, and energy equation of ths system can be written as
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The boundary conditions for the energy equations (3) and (4) are determined by the container’s
temperature as shown below :

T.=T=Tp at  Z=0, Tw=T=Ty aa Z=h {5a,b)

Equations (2)-(4) and boundary conditions (5a,b) can be transformed to the following
dimensionless form :
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where the non-dimensional length, time , velocity and temperature are defined by
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The parameters appearing in cquation (6)-(8) are the Rayleigh number. thermal diffusivity
ratio, radius ratio, heat capacity raie, and the modified Nusselt number :
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where 3 = @ [ h is the shape ratio, Fr is the Prandetl number, and Nu s the Nusselt numbcr.

In the previons spudy 11313 have been shown that ne steady flow can be estabished in the loon
when the Rayleigh number, Ra, iz below a critical value, Ra.. Mow we first investigate the
instability associated with the onset of motion in the loop. The rest basic state is governed by

eguationg (6)-(9) with d/df= () and V=0, The conductive solutions in this case are

@:ﬂ_}:l—z s
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Linearized stability analysis is used to study the stabiiity of rest state. The time dependent

velocity and temperamre can be expressed hy

v=vg=, @:G+ﬂ'{:z]gm, P=P+Pizie™ {13a.b.c)

= T . . T _— .
Where © and ® are the basic solutions and Ve~ ¢t al. are the small perturbations. ¢ is the
characteristic value of this dynamic system. In general, ¢ may be complex and the basic state is
unstable when Real (¢ ) > 0.

Introduction of these expressions into momentum and energy equations (6)-(8) yields:
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with the boundary conditions : @=9'=0 at z= 0,1 (1n

The perturbed energy equations (15) and (16) with the boundary condition (17) are first solved
for @ and @' in terms of v* as an unknow constant. Then by introducing @' into equation (14)

followed by an integration yields the characteristic equation for the stability parameter as :
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where the coefficienies Aq, i, and As can be found in the Appendix.

Note that the onset motion from the rest state to the steady convective tlow corresponding to
the monotenic instability of this system. It means that the characteristic value, o, is real and the
unstable disturbance grows exponentially with time. By letting ¢ = 0 in equation (18) one can

obtain the corresponding critical value of Ra in terms of parameters o B. & and N.

. ¥ "

We now seck the solutions of equations (6)-(8) for the steady state. If Ra < Rac the steady
state solutions are corresponding to the conductive solutions. While for Ra > Ra. the steady state
seiutions are comesponding o the convective flow of the working fluid. In the sicady staie the tiine
derivative of the governing equation will disappear and the velocity takes on a constant value, V.
Then the syetems (£)-(9) hecome 1o the following form :

(9)
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The solution procedure is smilar to that of the stability problem. The final results of @, E'u
and V in terms of parameters o, B, 8, Ra and N are expressed in the following form :
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where the coefficient B; and C; can be found in the Appendix. Note that if the parameters are given
then from equations (23a,¢) one can obtain the steady convective solutions of ¥ and @ of the
working fluid and the corresponding conjugate solution of @ of the tube wall.

nd Disscussion

The method to derive the steady solutions of a thermosyphon system and their exchange of
stability are described in above sections. Here we will show the results and discuss their
characterstics. Fig. 2 shows that the onset critical Rayleigh number, Ra,. will increase
monotoically with increasing the magnitude of thermal diffusiviiy 1atio. o, or radivs ratio, & Andg
when a—0or §— 1 the value of Ra, will approach to 6 which is idenucal 1o that of [ 13). Fig. 3
indicates that increasing the thermal diffusivity ratio will reduce the velocity of steady flow. Alse,
this figure shows that the critical point, Ra=Ra,. is a pitchfork bifurcation point. If Ra <Ra, only
conductive sofution is possible (V= 0). Bur if Ra >Ra, the conductive solution wili hecompe
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behavior near the craitical condition is denoted as the " principle of exchan ge of stability ". Fig. 4
shows that the steady velocity will decrease with increasing the valuc of 8.

The above reaults all indicate that the paralle! loops thermosyphon system with consideration

of the heat transfer effect of wbe wall is more stable than that without the consideration. This is

Becanse that parts ot energy are carmed h}a the avial eondoction of tihe wall wehinh racn

'-‘-'-f‘-rlcmg fluid will decrease and the flow Eysacm nmurally become more stable. *‘ﬁ.r'd this stable

tendoncy will increasc axia! conduction of tube waill, that is, mereaseing the magniinde of L os 8.
I'ae tigures ot temiperature distributions can explain the stable mechanism more clearlv. Fig. 5a,b
and Ha,b show the iempcraiune distributions, 8 and @, in the uguL and leii branch lcpl::l.:l.lu:i}'. Iiis
shown in the right branch (Fig. 5a or 6a), that working fluid will heat the tube wall and this heating
process will reduce the temperature of working fiuid. On the other hand, in the left branch (Fig. 5b
or 6b) its behavior is reverse which results in raising the temperature of working fluid. Also, the
tendency of reducing (raising) the temperature of working fluid in the right (left) branch will be
increased with increasing the value of « or 8. Furthermore, from the first term at the right hand of
equation (6), it is known that in Fig. 7 the area enclosed by the temperature distributions of
working fluid of right and left branches is proportional to the buoyancy force of the thermosyphon
system. It 1s found that the area is reduced when the heat transfer effects of tube wall are



considered. It means that the effects of buoyancy are reduced. Which can explain why the parallel
loops thermosyphon with the effects of heat transfer of tube wall is more stable than that without
the effects.

The onset stability and steady flow in a parallel loops thermosyphon system with the heat
transfer effects of tube wall are investigated analytically. The results show that the buoyancy force
in the working fluid will reduce when those effects are considered. Which resulis in stabilizing the
thermosyphon system, that is an increase of the value of onset critical Rayleigh number or a
reduction of the velocity of steady flow. And this stabilized effects will increase with increasing
axial conductive effects of tube wall, Le., increasing the magnitudes of thermal diffusivity ratio, o,
or radius ratio, 9.

Nomenclatur

A constani coeflicient. Appenddix P modified Prantdl number -
7 inner radius of wbe Fr Prandt! number = ¢ / v
b constant coefficient, Appenddix Ka Karyieigh number
b outer radius of wbe Ra. onset critical Rayleigh number
£, constns coefficient, Appenddix 5i shupe raiio = a/k
¢ speciiic heat capacity ] temperature
2 gravity ! dimensionless time
h hight of loop V' velocity
iy COlRVeClve heail uwansier voeilicient v dimensioniess velociry
N inodilied Nusseit number =Nu/s; - Z vertical coordinate
My  Nustelt number z dimensionicss veitical comdinate
o thermal diffusivity ratio v viscosity of fluid
e thermal diffusivty % constant coefficicnt. Appenddix
b thremal expansion coefficient P density
¥ heat capacity ratio G characieristic value
o radius ratio T lime
Ci constant coefficient, Appenddix ©  dimensionless temperature of fluid
Ai constant coeflicient, Appenddix @ dimensionless temperature of tube wall
ibscript Cript
lower container ! left loop
f working fluid r  rightloop



U upper container - steady state
W tube wall ' perturbed state
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Appendix

The constant Ajfs Rfs [J< Af< Cle bfs and o' presented in equation (18)
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FIG. 1. A schematic description of the thermosyphon system
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FIG. 6b. Steady temperature distribution in the
left loop with different values of §; Ra = 160,
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FIG. 7. Steady temperature distribution of
working fluid in the right, left loops, Ra = 160,
N=19200/11, si =1/20, p=1.2,5 = 1.04



