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Abstract

Present study aims at development of a theoretical model to simulate the steady state performance of a rectangular single-phase natural circu-
lation loop and to investigate the role of different geometric parameters on the system behaviour. The system has been considered as a conjugate
problem with interaction of the wall with loop fluid, cooling stream and ambient along different sections of the loop. Non-dimensional form of
coupled conservation equations have been solved using 1-d numerical techniques. Predicted values exhibited good degree of agreement with cor-
responding experimental data from the literature. As NCL is a self-sustaining system and it is difficult to control any flow-related parameters from
outside once the system is under operation, it is very much essential to analyze the role of different geometric parameters at design level itself.
Detailed parametric variation has been attempted to find operating limits of geometric parameters. Consideration of heat loss to ambient from the
loop wall has been found to have significant effect on suitability of system dimensions, particularly under cooler atmospheric conditions. A loop
with shorter height and smaller diameter yields higher effectiveness, i.e., transfers larger proportion of input energy to the sink, but employing
lower circulation rate due to reduced buoyancy. Longer heating section yields enhanced heat transfer from wall to fluid and has a stabilizing effect
on the system. Wall materials with higher thermal conductivity have been found to be more effective to avoid large thermal gradients within the

system.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Natural circulation loops (NCLs) provide a very efficient
way of transferring heat from a high-temperature source to a
low-temperature sink without using any mechanical device. The
heat sink is located at an elevation higher than the source. That
causes the circulating fluid, heated from bottom and cooled
from top, to flow under the influence of gravity, the difference
in fluid density between the two vertical arms being the driving
force. Highly reliable loop performance and enhanced passive
safety due to the absence of any moving parts makes NCL a
very lucrative option for source-to-sink heat transfer without
bringing them in direct contact. Hence they have found suc-
cessful application in a number of very important engineering
fields, such as, solar heaters, nuclear reactor core cooling, elec-
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tronic chip cooling, turbine blade cooling, chemical process
industries, geothermal energy extraction processes and plenty
more [1].

As there is no direct controlling mechanism for NCLs, in-
tense analysis is required to ensure stable zone of operation.
Wide applicability and complexity in operation has attracted
plenty of research efforts related to NCL and good amount
of theoretical and experimental findings are available in liter-
ature [1-3]. Pioneering studies of Keller [4] and Welander [5]
concluded that loop flow rate is decided by the interplay be-
tween friction and buoyancy forces, providing a self-correcting
operation, and hence instabilities could occur depending on dy-
namics of system; a theoretical model of a rectangular loop
with point source and sink was presented for explaining the
appearance of instabilities in laminar flow situations consid-
ering a phase shift between the flow rate and buoyancy force.
Zvirin and Greif [6] proposed an approximate method to pre-
dict the transient behaviour of the same system; but the method
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Nomenclature

A ATCA ot m?
C, Specificheat ....................... Jkg'K~!
d Diameter ............coiiiiiiiii m
f Friction factor
g Acceleration due to gravity .............. ms~2
G Mass flux .........coiiiiiiiaL. kgm=2s~!
Gry Modified Grashof number
Gz Graetz number

Loopheight ........ ...t m
H Heat transfer coefficient ............ Wm2K~!
L Length ... m
m Massflowrate ......................... kgs™!
Nu Nusselt number
p Pressure ............. .. Nm™—?
Pr Prandtl number
) Inputpower ............ ... ... W
R Area ratio
Ra Rayleigh number
Re Reynolds number
St Modified Stanton number
t Time .. ..o S
T Absolute temperature ................ ..., K
U Velocity ... ms™!
\%4 Volume .......cooeiiiiiiiiii i, m3
W Loopwidth ........ ... ... . i m
Z Length coordinate .......................... m

Greek letters

B Isobaric volumetric expansion coefficient ... K~!
e System effectiveness

A Thermal conductivity .............. Wm~!K™!
7 Dynamic viscosity ................. kgm~!s~!
0 Non-dimensional temperature

P Density ......cooviiiiii kgm~3
T Non-dimensional time

Subscripts

0 Reference

a Ambient

av Average

c Cooler

cs Cross-section

ex External heat exchanger
f Loop fluid
h

Heater
in Inner
out Outer
ref Reference
ss Steady state
tot Total
w ‘Wall material

was unable to reconstruct the exact steady state solution. Most
of the early experimental and theoretical studies were focused
on toroidal configuration [7-10], mainly due of its simplicity
in mathematical modelling. Experimental confirmation of the
appearance of instability was first presented by Creveling et
al. [7]. Different studies have also been reported for U-shaped
open loop thermosyphon [11], multiple-path loops [12], figure-
of-eight loops [13] etc. Most application areas of single-phase
NCL involve a rectangular configuration. Still the amount of
available literature related to rectangular NCL is not great in
comparison. Bernier and Baliga [14] proposed a 1-d/2-d model
of a loop with two vertical legs, connected by two circular 180°
bends with vertical heating and cooling, and showed improved
results for cases with mixed-convection effects and significance
of heat losses through insulations. A 1-d model of a fully rec-
tangular NCL was proposed by Nayak et al. [15] to identify
the stable, unstable and neutrally stable conditions by examin-
ing flow and temperature oscillations and also through linear
stability analysis. Steady state and stability behaviour of a sim-
ilar configuration was also studied by Vijayan et al. [16,17].
Detailed steady-state performance of a single-phase NCL has
been reported by Vijayan et al. [18], where they showed that
both friction and heat transfer are affected by the presence of
buoyancy-induced flow under steady-state natural circulation
condition. A generalized non-loop-specific correlation was pro-
posed to predict hydraulic loss coefficient. Rao et al. [19,20]

studied a heat exchanger-coupled closed NCL and following
1-D conservation equations, derived closed form equations to
predict the influence of different parameters on loop flow rate.

A meticulous survey of the available literature, however, re-
flects that most of the reported studies present qualitative pre-
dictions. As was suggested by Vijayan [21], in order to have
quantitative prediction, it is necessary to consider wall heat con-
duction effects. Jiang and Shoji [22] considered the effect of
wall conduction, assuming identical temperature gradient for
the wall and the loop fluid, for a toroidal loop and observed
significant effect of wall conductivity on flow stabilization. It
is therefore, necessary to consider NCL as a conjugate system,
with interaction between wall and loop fluid.

As NCL is a self-sustaining system and it is difficult to con-
trol any flow-related parameters from outside once the system is
under operation, it is very much essential to analyze the role of
different geometric parameters at design level itself. Generally
for theoretical studies, the system is assumed to be ideally insu-
lated; which they are not in practice. There is bound to be some
heat loss to the ambient, thereby reducing the effective tempera-
ture differential between the vertical arms, which can no longer
be taken as the difference across the heat-exchanging sections.
An earlier study of the present authors had suggested that heat
loss can have significant effect on system behavior [23]. It is,
therefore, very important to understand the influence of differ-
ent geometric parameters on system performance, while sub-
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jected to heat losses to surrounding. That will help to design
the system properly for the expected ranges of parameters cor-
responding to the specific field of application. For that purpose,
present work focuses on development of a numerical model
simulating a single-phase rectangular NCL, with the primary
objective of studying the effect of various geometric parame-
ters on its static performance, particularly when the system is
subjected to heat loss to the ambient.

2. Theoretical modelling
2.1. Physical description of rectangular NCL and assumptions

Fig. 1 shows the geometrical description of the single-phase
rectangular NCL under consideration. Buoyancy being the sole
driving force, it is necessary to have the thermal source placed
below the sink. Here the loop fluid receives a constant power
input from an external source (AB) located along the bottom
horizontal arm. Cooling of fluid is achieved by a parallel-flow
heat exchanger (CD) positioned around the top horizontal arm.
The source and sink is considered to be perfectly insulated from
the surrounding, which implies that their only mode of thermal
interaction is energy transfer with loop wall. However, the ver-
tical arms and uninsulated sections of the horizontal arms (BC
and DA) are in thermal contact with atmosphere and are sub-
jected to heat loss to the cooler ambient. Water is considered to
be the working fluid, as well as the cooling medium.

A number of justifiable assumptions have been considered
to simplify the present mathematical model.

(a) Any variation in the radial direction has been neglected,
resulting in a completely 1-d model of NCL. At higher
flow rates, fluid is expected to be well mixed at any cross-
section, giving a nearly uniform velocity profile with neg-
ligible boundary effects and leading to insignificant devia-
tion in the radial direction.

AB -- Heater . . Cooling Stream In
BC -- Riser Cooling Section
CD -- Cooler (Convective Cooling)
DA -- Downcomer e N
I D E‘-:::|-:—:—:—:—:-:-:—:—:—:—:—:—:—:—:—] C ™
Cooling Stream Out
Ambient Air
Heating Section
A (Constant Power Input)
N7 ZLA,
\. /
Z|
-
Z=0

Fig. 1. Geometry of rectangular natural circulation loop (NCL).

(b) Boussinesq approximation is valid, accordingly density
variation has been considered only in the body force term
of the loop momentum equation.

(c) Negligible pressure loss at the pipe bends.

(d) Viscous dissipation has been neglected in the energy equa-
tion.

(e) Constant properties of the wall material.

(f) Vertical flat plate heat transfer correlation is used for esti-
mating the wall-to-air heat transfer coefficient.

2.2. Governing equations

One-dimensional mass, momentum and energy conservation
equations for the loop fluid, while flowing in vertically upward
direction (assumed as the positive direction) through a tube of
constant circular cross-section, can be presented as,

dp G

T2 0 1
at + 0z M
G 9 (G? B n [ G2

9 (D)= (T _ 2
at  dz\ p dz  din \2p

C 3T—i—GC or _ 9 AaT 4 Hn(T —Ty) (3)
PEp ot Poz 7 9z 0z dn) " v

Here G is the mass flux of the loop fluid, djj, is the loop inner
diameter and fij, is the wall friction factor. The fluid is always
in contact with the wall material only, not the source, or the
sink, and hence gains energy solely via convection with it, di-
rection of heat transfer depending upon the sign of temperature
difference. Here H;, describes the associated heat transfer co-
efficient.

The system under consideration operates in a loop driven by
buoyancy and no other external factors, and hence the pressure
drop around the loop has to be zero. Performing a cyclic in-
tegration of the fluid momentum equation (2) around the loop
and applying Boussinesq approximation in the body force term
to describe density as a linear function of local temperature, one
obtains:

dG finLtot \ { G*
—Ap=0 Lo — R
prar=o = g+ (%))

+ poghas f (Tret = T)dz =0 @)

Here Ly is the total loop length, B,y is the volume expansion
coefficient corresponding to the fluid temperature averaged over
the total loop length (Lo) and py is the reference value of fluid
density, corresponding to the reference temperature Tier. Inlet
temperature of the cooling stream at the cooler is chosen as the
reference temperature.

The wall material is subjected to constant power input in the
heater section (AB), convective heat transfer in the cooler sec-
tion (CD) and also convective heat loss to the ambient in other
uninsulated sections (BC and DA). It also exchanges heat with
the loop fluid along the entire length of the loop (L) through
convection. Hence, there will be three different versions of the
wall energy equation to recognize the multiple nature of energy
exchange. The respective wall energy equation for the heater
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section (AB), the cooler section (CD) and other uninsulated sec-
tions (BC and DA) can be represented as follows:

aT, 9 T, (Ty—-T) O
pwcﬂwa_tha_z< wa—zw) _HinAinwV—+V_ (5a)
w w
T, d aT, Ty —T
prpwa—tw = 8_2 ()xw 8;)> - Hirﬂ%n%
w
T, —T.
— Ho Agy L 1) (5b)
Vu
oT, B oT, (Ty —T)
w
Ty — T,
_ HaAoutM (5¢)
Vu

Here Q is the power input from an external source, T}, is the
ambient temperature and Hex and H, represent the heat trans-
fer coefficients associated with wall-to-coolant and wall-to-air
heat transfer, respectively. Aij, and Ay are the inner and outer
surface area of the wall segment under consideration, whereas
Vy 1is the volume of corresponding wall material.

Temperature profile of the coolant stream can be obtained
by simultaneously solving the associated energy equation. Ex-
pressed as:

oT oT ad oT
pexcpexa—:x + GexCpexa—zx = a_Z( ex a—zx)
T, — Tt
+ HeonutM (6)
Vex

Here Gy is the coolant mass flux and Ve is the coolant volume
in that segment.

2.3. Heat transfer and friction factor correlations

It is observed that a suitable heat transfer correlation devel-
oped exclusively for natural circulation systems and applica-
ble over wide range of parameters is not available in the lit-
erature. In view of this Petukhov correlation with Gnielinski
modification [24] has been used for estimating the heat trans-
fer coefficients for the fluid streams under turbulent condition
(Re > 2300). This correlation is reported to have an error mar-
gin of £10% over a wide range of Re values and hence, has
successfully found extensive application in recently reported
studies related to refrigeration and heat exchanger research, in
particular. For a system with diameter d, associated Nu is given
as

HyL (f/8)(Req — 1000)Pr ¢
= : (7

Nug = rpo 1/2(p,2/3
;LR 127012P - )

Friction factor relationship for turbulent flow has been taken in
accordance with the corresponding heat transfer correlation as,

£ =(0.791n(Req) — 1.64) > (8)

Friction factor for laminar flow is given as f = 64/Re; and
Nu in laminar flow for pipe diameter of d is defined based on
associated Graetz number value [25] as,

1/3 5 1/3 :
Nuyg = { 1.86Re./ Prf/ (7o) 13CELYOM4 for Gz > 10 (9a)

Mbulk

3.66 for Gz <10 (9b)

For estimation of wall-to-air heat transfer coefficient (H,),
the riser and downcomer tubes can be considered as vertical
cylinders. Due to the absence of any widely-recognised correla-
tion for natural convection for vertical cylinders, the correlation
proposed by Churchill and Chu [26] for a vertical flat plate has
been employed. Hence Nu, for a length L is given as,

H,L
Nu, = 4

0.387Ra}’° }2 (10,

=10.825
{ * [1 4+ (0.492/Pr,)%/1618/27

a

2.4. Non-dimensionalisation of governing equations

Governing equations described in Section 2.2 can be non-
dimensionalised using suitable reference parameters given by:

z ~ G
7= , G=__
LtOt GSS
t T — Ter
T=—", =
(Ltot/ Uss) ATref
~ P ~ C . m ~ A
pP=— sz—p7 m=— A=— (11)
00 Cro 1o Ao

Here all the reference property values correspond to working
fluid property at reference temperature (7f). Steady state ve-
locity is defined as, Ugs = G/ po, Whereas the temperature
variables have been non-dimensionalised using a reference tem-
perature drop, defined as AT = Q /GssAcsCpo.

Use of non-dimensional parameters converts the loop mo-
mentum equation (4) and energy equation (4) into the following
form.

A0 an 00 [dn\ 1D (00
¢, +GC,Z = L
Plrgy 7003 (Lmt>RessPro az( az)
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ar "\ 2, )\ n ) Re,

Here g, represents the direction of gravity force along loop
length. For the riser tube, its value is +1, along downcomer
itis —1 and O in horizontal arms.

Three different versions of wall energy equation (5) convert
to the following forms:

Aaaew_ d; 1 aiaew
Pwtpwar = Liot ) RessProdZ\"" 02
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(14c)
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External fluid energy equation (6) can similarly be repre-
sented as,

. ~ 06 ~ ~ 06
,OexCpexa—;x + Gexcpexa—;X

= i 1 i X ° (Stn)exR x(e Qex)
LtOt leeSSI ro az ¢ aZ ' ¢ Y

A number of dimensionless parameters have been used in the
equations mentioned above.
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As has already been mentioned earlier, the operation of
NCL depends on the interplay between frictional and gravi-
tation forces. Among the dimensionless groups introduced in
Eq. (16), modified Grashof number (Gry,,) serves as an indica-
tion of driving buoyancy force, whereas Reynolds number (Re)
is representative of flow inertia, which in turn, is proportional to
loop friction. Hence, these two parameters are expected to suit-
ably depict the phenomenon and hence characterize the system
performance. Both being direct functions of important geomet-
ric parameters such as loop diameter and height, variation in
system geometry will always get reflected in their values and
hence, corresponding system response can satisfactorily be rep-
resented by them. Modified Stanton number illustrates the heat
transfer behaviour between the wall and the fluids and can be
used to explain the temperature profiles and hence the values of
average volumetric expansion coefficient of the fluid, which, in
turn, has a significant effect on Gr,, and thus on driving head as
well. Hence these dimensionless groups are capable of portray-
ing the complete system behaviour, along with the temperature
profiles and heat leakage.

2.5. Solution procedure

Egs. (12)—(15) describe the complete steady state and dy-
namic behaviour of the entire system under consideration
(Fig. 1). Temperature profile of the loop fluid, wall material
and coolant stream, and the loop flow rate can be estimated
through simultaneous solution of this set of coupled equations.
As the system under consideration is a NCL, there is no ex-
plicit boundary condition. The power input to the system (Q)
and the flow rate and inlet temperature of the cooling stream
provides the external controlling parameters. In order to obtain
the desired static solutions, a pseudo-steady approach has been
followed with finite volume discretization technique. Optimum
number of grid points and convergence criteria has been de-
termined through a trade-off between desired level of accuracy

and solution time requirement. Because of the transient nature
of the solution procedure, initial condition is needed to be speci-
fied. In order to avoid unnecessary oscillations, which may arise
during buoyancy-induced flow build-up from absolute zero ve-
locity level, natural circulation is assumed to be initiated by a
forced flow, for example, by tripping a pump and switching on
the heater and cooling stream simultaneously. Time-marching
solution has been allowed till an accuracy level of 107,

Properties of the working fluid, i.e., water has been estimated
from an indigenously developed property code, following the
guidelines adopted by International Association for the Prop-
erties of Water and Steam (IAPWS-IF 97) [27]. Properties of
wall material (AISI 302 stainless steel) and air have been taken
from standardized property tables [28]. For a completely en-
closed system, due to the greater thermal expansion of liquid
compared to the solid wall, system pressure is expected to be
higher than atmospheric and hence an assumed constant sys-
tem pressure value of 3 bar has been maintained throughout
the present study. Cooling water inlet temperature is specified
as 20 °C, which closely matches the available water source in
the laboratory where a test loop is being erected. A coolant
mass flow rate value of 0.163 kgs~! has been chosen, which
yields an approximate inlet velocity of 10 cms™! through a
10 mm annular passage around the top horizontal arm (CD
in Fig. 1), for a system with 40 mm internal diameter. Cool-
ing stream conditions are expected to have significant effect on
system performance, which is beyond the scope of the present
study.

3. Results and discussion

Steady-state solution of the coupled equations (12)—(15)
generates the temperature profile for loop fluid, wall material
and coolant stream. Basic nature of the profiles has already
been reported by Basu et al. [23]. Increase in wall and fluid
temperature across the heater is very much identical, and so is
the decrease across the cooler section. However, at any loca-
tion along the loop, there is a gap of a few degrees between
the wall and the fluid, implying a high thermal resistance be-
tween them. It is not possible to have highly turbulent flow in
buoyancy-driven systems like NCL, and so the heat transfer
coefficient (Hj,) is lower compared to forced flow situations.
Sudden change in wall temperature has been observed on ei-
ther end of heat-exchanging sections, indicating the dominant
nature of convection over wall conduction. Wall temperature
changes considerably along the bare sections, showing the in-
fluence of heat loss to ambient and also justifying the utility of
considering wall heat loss in the study of NCL.

3.1. Model validation

Predictions from the present numerical model have been
compared with experimental data presented by Mousavian et
al. [29], which considered a circuit of two horizontal copper
tubes (heat exchanging sections) and two vertical stainless steel
tubes (assumed adiabatic), connected by four 90° stainless steel
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Fig. 2. Comparison of numerical prediction with corresponding experimental results [29].

bends. A similar configuration has been analysed where adi-
abatic condition has been implied setting H, equal to zero.
The input power is varied from a few Watt to kilo Watt range
yielding a wide range of Re (from about 50 to about 10%).
Corresponding values of Gr,, range from 10° to 10'2. As can
be seen from Fig. 2, predicted results are in close agreement
with the experimental data in the turbulent regime (Re > 2300),
and nearly match the reported values at higher flow rates (for
Re > 4000). Observed small difference can be attributed to the
employed correlations. The Petukhov correlation [24] and the
corresponding friction factor estimate reportedly have an error
margin of £10% [28]. Use of Blasius relationship and Churchill
relationship [28], with relative roughness value of 0.001, results
in nearly an identical prediction.

However, a larger discrepancy occurs in the laminar regime.
Predicted values follow an identical slope, but with much higher
estimation of Re for a given Gry, value, indicating a lesser fric-
tion. Vijayan et al. [18] has predicted the presence of higher
frictional losses in natural circulation systems compared to
forced flow ones, for identical Re. In fact, use of an arbitrary
friction factor relation of f = 600/Re; provides a nearly ac-
curate prediction. Such trends clearly emphasize the fact that
the knowledge from channel forced flow study cannot be ap-
plied indiscriminately to natural circulation systems. It is a topic
of fundamental research and more detailed investigations are
needed before reaching any conclusion regarding the nature of
flow regimes in NCL systems and applicable heat transfer rela-
tions.

To have a better understanding, the predicted results have
also been compared with approximate analytical prediction fol-
lowing the approach of Vijayan [21]. Neglecting the effect
of wall heat conduction and heat loss to ambient, Eq. (13)

gives rise to a closed-form relation between Re and Gr,, under
steady-state condition. The resulting profile has been plotted
in Fig. 2 to facilitate comparison, using both the present fric-
tion factor model and the arbitrary relation of f = 600/Re,.
A change can be observed in the slope of the profile for the
present friction model, which may be attributed to the use of
different correlations for laminar and turbulent regime. The
results exhibit fairly good agreement with the numerical pre-
diction, but they diverge slightly for higher Re values, which
may be indicative of enhanced role of wall conduction due
to higher heat transfer coefficients. The comparison presented
here is for a narrow range; it was not possible to achieve even
higher Re values due to saturation temperature limit of water
at the given pressure and as no clear mention is made in the re-
ported work [29] about associated pressure condition. However,
the cases considered in the following sections are well inside
the turbulent region and hence, can be considered to be close to
practical situation.

3.2. Effect of loop height (h)

The driving force in a NCL is the density difference of work-
ing fluid flowing upwards in the riser and downwards in the
downcomer. Hence the vertical arms play a critical role in gen-
erating the required buoyancy force. Fig. 3 shows the effect of
loop height on steady state Re and Gr,, for both ideally insu-
lated system (H, = 0) and uninsulated system open to ambient
at 20 °C temperature. Both Re and Gr,, are found to increase
with &, but with different gradients. According to the present
definition of Gr,, (Eq. (16)), for a loop with constant cross-
sectional area and constant power supply, Gry, = Gry, (h, Bay).
Gry, 1s linearly proportional to both these parameters and loop
behaviour will depend upon their relative influence.
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Fig. 3. Effect of loop height on modified Grashof number (Gry,) and Reynolds number (Re), where L, = 1.4 m, L, = 1.2 m, di;, =40 mm and Q = 500 W.

Table 1
Effect of loop height on averaged values of wall and fluid temperature and mod-
ified Stanton number

Loop No heat loss to air Heat loss to air at 20°C
height Twlay [Tl [Stinlay  [Twlay  [Tlay  [(Stwinlay
(m) ® (K ® (K
1 313.29 313.20 0.775 308.92 30891 0.725
2 313.23 313.13 1.087 307.34 307.04 0.986
3 313.13 313.04 1.398 305.89 305.38 1.234
5 313.02 31292 2.020 304.05 303.25 1.717
10 312.51 312.41 3.560 301.73 300.55 2.889
15 31191 311.82 5.081 300.52 299.13 4.032
25 310.58 310.50 8.034 299.23 297.62 6.284
30 309.84 309.76 9.480 298.79 297.14 7414

Despite change in loop height, wall material is receiving the
same amount of power over the same length in heater section
(AB in Fig. 1). Also there is no heat loss to ambient under ide-
ally insulated condition. So the wall material follows nearly
identical profile, with small decrease in average temperature
(averaged over the entire loop length), as can be seen from
Table 1. Therefore fluid temperature follows the same pattern,
resulting in small decrease in Bay. A change of loop height (&)
from 1 to 30 m causes a decrease in average fluid temperature
by about 3.5 K (Table 1). That corresponds to a decrease in SBay
by only about 6.9%. So Gr,, is practically a near-linear function
of h and increases monotonically with increase in loop height.

As loop mass flow rate is decided by interplay between
friction and buoyancy forces [4], increase in Gr,, indicates a
proportional increase in buoyancy. So the friction force must
increase to maintain the self-correcting balance of NCL. That
results in an increase in loop mass flow rate and also in Re, as
shown in Fig. 3. Also, as the fluid density increases at lower

temperature and friction force can be shown to be inversely
dependent on fluid density, higher density acts as additional in-
centive to increase Re at higher values of 4. Wall-to-fluid heat
transfer coefficient (Hj,) is a complex function of Re and Pr.
For the same Re value, lower fluid temperature is found to pro-
duce slightly lower value of Hj,. So increase in loop height
produces a rapid increase in (St,,)in (Table 1), resulting in en-
hanced heat transfer from wall to loop fluid and leading to a
drop in average wall temperature, as mentioned above. Local
wall temperature is the highest at the outlet to heater (point B in
Fig. 1) and that can be taken as an indication of the direction of
change in overall wall behaviour. Fig. 4 shows the continuous
drop in wall temperature at heater outlet with increase in loop
height (k) for an ideally insulated system.

However, when the system is exposed to the ambient, heat
transfer occurs between hot wall and the cooler surrounding,
thereby considerably reducing the wall temperature. Increase in
loop height provides greater surface area for heat exchange be-
tween wall and ambient leading to increased heat loss. As can
be seen from both Fig. 4 and Table 1, for any particular loop
height, wall temperature at heater outlet and average wall tem-
perature for 20 °C ambient is considerably lower than those for
ideally insulated condition and the gap opens up with increas-
ing loop height, suggesting higher heat loss to ambient. Lower
wall temperature simultaneously reduces the fluid temperature
as well. A change in £ from 1 to 30 m causes average fluid tem-
perature to drop by more than 10 K, resulting in almost 30%
decrease in B,y. Reduced volume expansion counteracts the in-
crease in height and hence Gry,, increases with a much flatter
profile (Fig. 3). A similar trend is observed for Re as well. So
local heat transfer coefficient increases with height, but at a re-
duced rate. However, increase in fluid density seems to increase
Re slightly for a very high value of 4.
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General application areas of single-phase NCLs mostly con-
centrate on efficient transfer of energy from a high-temperature
source to a low-temperature sink, as in case of the primary cir-
culation loop of a liquid metal-cooled fast breeder reactor. Loss
of heat from wall to ambient is bound to affect the very purpose
of the system. Increase in coolant temperature across the cooler
indicates the amount of energy going to the cooling stream. As
can be seen from Fig. 5, with increase in loop height in an ambi-
ent of 20 °, there is a sharp decrease in coolant outlet tempera-
ture. The difference is more pronounced at smaller loop heights,
because of the higher percentage increase in outer surface area
at smaller heights compared to their higher counterparts. Defin-
ing system effectiveness as the fraction of input power going to
the cooling stream (& = riex fLL- CpexdTex/Q), i.e., the usable

fraction of Q it is observed that with increase in 4, there is
a sharp decrease in effectiveness, particularly at lower heights
(Fig. 4). However, increased ambient temperature reduces the
wall-to-air thermal gradient leading to reduced heat loss, as re-
ported earlier by Basu et al. [23]. Thus wall temperature level
increases yielding higher system effectiveness (Fig. 4). Profile
of wall temperature at heater outlet for 35° ambient is much
closer to the no-heat-loss profile, compared to that for 10 or
20° ambient conditions.

As increase in loop height reduces system effectiveness and
cooler ambient results in increased heat loss from loop wall,
taller loops are expected to give much poorer performance un-
der low ambient temperature conditions. As is shown in Fig. 6,
for 10 ° ambient, effectiveness drops drastically with increase
in loop height (). In fact, for loops taller than 10 m, it is possi-
ble to attain the trivial situation of negative effectiveness. For
such cases, due to the large exposed surface to a very cold
surrounding, extensive heat loss takes place, causing the wall
temperature at cooler inlet to become even less than the coolant

inlet temperature and so heat transfer occurs from external fluid
to wall. Hence lower coolant outlet temperature yields negative
effectiveness and thereby completely altering the basic purpose
of the system. So it is advantageous to have smaller loop height
and preferably higher ambient temperature in order to have bet-
ter output from the system. However, if the objective is to have
larger mass flow rate, taller loops are a better option.

3.3. Effect of loop width (W)

A wider loop having the same heater length provides greater
flow path. Under no-heat-loss condition, wall temperature and
hence fluid temperature exhibits nearly identical profiles. Bay
remains about the same and a fixed value of % leads to a near-
constant value of Gry, over a wide range of W (Fig. 7).

However, when heat loss to ambient is considered, along
with appropriate correlation to estimate wall-to-air heat trans-
fer coefficient for the horizontal sections [30], longer horizontal
arms provide additional surface for heat transfer. That brings
the wall temperature down along with the average fluid tem-
perature. Associated lowering of B,y results in a steady drop in
Gry,, with increase in W (Fig. 7). Increase in W from 1.4 m to
6.4 m causes a decrease in 8,y by about 16%. Such heat loss re-
sults in significant deterioration in system effectiveness (¢), as
shown in Fig. 7.

3.4. Effect of heater length (Lj,)

Reduction in heater length, keeping all other geometric pa-
rameters the same, increases loop Reynolds number (Re). How-
ever, for a change in heater length from 1.4 m to 0.8 m under
ideally insulated condition, the change in Re is quite moderate
(Fig. 8). Loop diameter and reference property values being the
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same, increase in Re implies a corresponding increase in loop
flow rate and hence, for constant power input to the system, de-
crease in average loop fluid temperature (Table 2). Heat transfer
coefficient being a direct function of Re and Pr, and change in
Pr corresponding to average fluid temperature being negligibly
small, such small changes in Re results in nearly the same value
of Hj,. Now reduction in heater length with constant power
input increases the wall heat flux (:Q /mdinLy). Thermal re-
sistance per unit surface area remaining the same with higher

heat flux, electrical analogy suggests a higher temperature dif-
ferential between the wall and the fluid. So wall temperature at
heater outlet increases and fluid temperature decreases, leading
to an overall increase in average wall temperature (Table 2). As
can be seen from Fig. 9, for a decrease in heater length from
1.4 to 0.8 m under ideally insulated condition, there is a rise
in T, at heater outlet by about 4 K. Associated decrease in
fluid temperature also reduces the value of B,y. As is already
mentioned in Section 3.2, Gry,, = Gry, (h, Bay); h being a con-
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stant, Gry, = Gry, (Bay) in the present case. Table 2 shows that
a reduction of heater length from 1.4 to 0.6 m for an ideally in-
sulated system causes a decrease in B,y by about 11.5%, and
hence implies an identical change in Gry,.

As the heater length continues to be shorter, considerable
amount of increase in the value of Re enhances the wall-to-fluid
heat transfer. When the heater length goes below some partic-

ular value (about 0.8 m for no-heat-loss case), enhancement of
heat transfer coefficient becomes sufficient to reduce the av-
erage temperature differential between wall and fluid. Average
fluid temperature decreases sharply due to the increased thermal
mass and higher specific heat of water. But the average value of
wall temperature (Table 2) and wall temperature at heater out-
let (Fig. 10) starts to decrease beyond that particular point. That
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Table 2

Effect of heater length on averaged values of wall and fluid temperature and corresponding change in volume expansion coefficient

Length No heat loss to air Heat loss to air at 20 °C
of heater [Twlav [Tay % change % change [Twlay [TTay % change % change
(m) (K) X) in Bay in Gry (K) (K) in Bay in Gry
1.4 313.28 313.19 0.0 308.54 308.44 0.0 0.0
1.2 313.32 312.99 —0.585 —0.245 308.58 308.11 —0.790 —0.800
1.0 313.37 312.63 —1.305 —0.771 308.65 307.79 —1.541 —1.390
0.9 313.48 312.49 —1.596 —1.191 308.77 307.63 —2.567 —1.727
0.8 313.20 311.92 —2.725 —2.277 308.94 307.46 —2.337 —2.223
0.7 311.81 310.28 —6.077 —5.499 309.27 307.35 —2.581 —2.352
0.6 309.40 307.66 —11.560 —10.998 307.64 305.54 —6.942 —6.879
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Fig. 9. Effect of heater length on wall temperature profile for ideally insulated condition.

also explains the reason behind reversal in positioning of the
wall temperature profiles for very small heater lengths (Fig. 9).
Lower average fluid temperature causes a rapid decrease in the
value of B,y (Table 2), which results in significant variation in
the profile of Gry,, as can be seen from Fig. 8.

In earlier discussions, it was observed that the profiles of
Gr,, and Re follow identical directions. However, when there is
no change in the system diameter and height, Gr,, = Gr,,,(Bay).-
Now B,y is a function of average loop fluid temperature, which
in turn depends on loop flow rate and hence on Re. Higher value
of Re implies a higher mass flow rate leading to lower tempera-
ture level of fluid, lower value of B,y and thus smaller Gr,. So,
for systems where Gr,, solely depends on f,y, profile of Gry,
and Re exhibits opposite trends, as is evident from the profiles
in Fig. 8.

In presence of ambient heat loss, the same trends are repli-
cated. However, lower fluid temperatures leads to a slower de-
crease in f,y, yielding a smaller gradient of Gry,. Change of
heater length from 0.7 to 0.6 m causes a sudden change in B,y,
providing a sharp gradient in Gr, profile beyond that point

(Fig. 8). Re profile follows the same trend and so does the pro-
file of T, at heater outlet (Fig. 10). A smaller heater length
provides greater surface exposed to the ambient and higher
wall temperature provides a greater temperature differential, re-
sulting in a reduction in system effectiveness (&) with reduced
heater length (Fig. 10). However, as wall temperature starts de-
creasing, effectiveness improves.

3.5. Effect of inner diameter (diy)

Internal diameter of the loop is an important parameter
with respect to practical issues such as space requirement and
manufacturing costs. Keeping wall thickness and annular pas-
sage of coolant stream the same, if dj, is increased, Gr, =
Gry (din, Bav), for the same loop height. A smaller diameter
loop carries lower mass flow rate for the same power input and
so temperature level is higher. With increase in diameter, av-
erage fluid temperature decreases, causing a reduction in Byy.
Hence, Gr,, increases with loop diameter (Fig. 11), but with
a gradient less than unity due to decrease in B,y. Increased
buoyancy causes the flow rate and hence Re to increase with
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diameter. When heat loss is under consideration, fluid tempera-
ture level is lower for the same system compared to no-heat-loss
condition. Increased loop diameter allows increased surface
area to be exposed to ambient leading to additional decrease in
wall and fluid temperature. So Gry, is lower and correspond-
ing profile veers further away from the profile for perfectly
insulated condition at larger diameters. That results in overall
reduction in loop efficiency (¢), particularly for large diameters
(Fig. 11), as was suggested by Basu et al. [23].

3.6. Effect of wall thickness ((dout — din)/2)

Increase in wall thickness increases the thermal mass of the
wall material. That, in turn, increases the wall heat conduction
effects and greater energy is required to cause any particular
increase in T,,. Hence, for the same amount of power input
to the system (Q), with increase in wall thickness, wall tem-
perature decreases and so does the fluid temperature. If height
(h) and internal diameter (dj,) of the loop remains the same,



(o8}

[ee]

Modified Grashof No. (Grw) x E-10

D.N. Basu et al. / International Journal of Thermal Sciences 47 (2008) 1359-1373 1371
93
e (G fOr 0O heat logs
. — — Grpfor 20%Cair <6
— - - Gr,for 309 air . )
L ------- Effectiveness for 20°C air e
T e e — - - Effectiveness for 30°C air 5
- T T T =3 B
N
=
3
L
=
=
e S Finliah oL L LT - 78
o} T T T T 73

!J

-3

Wall thickness (mm)

Fig. 12. Effect of wall thickness on modified Grashof number (Gry;,) and system effectiveness (¢), where Ly, = 1.4 m, L, = 1.2 m, h = 1.245 m, dj, =40 mm and

0 =500 W.

Gry = Gry(Bay). Lower fluid temperature yields lower S,y
causing reduction in Gr,. Fig. 12 exhibits a monotonic drop
in Gr,, for thicker tubes. However, convection still remains the
dominant mode of heat transport and hence the modest level
of decrease in Gry, (Fig. 12) and low averaged wall and fluid
temperatures. When heat loss is under consideration, increase
in wall thickness increases the outer diameter, thereby increas-
ing the external surface area exposed to the ambient. Therefore,
heat loss from the wall to ambient increases, reducing the tem-
perature level of the wall material and hence for the fluid. That
results in a much lower value of Gr,, for the same wall thick-
ness. However, warmer ambient condition provides larger value
of Gr,,, as was observed in earlier cases. Increased wall thick-
ness reduces the system effectiveness (¢), as can be seen from
Fig. 12, because of larger external surface area.

Because of the dominant nature of convective heat trans-
fer over wall conduction, wall material is not expected to have
much influence on steady-state behaviour of the system. Wall-
to-fluid heat transfer is determined by the associated heat trans-
fer coefficient (Hj,), which, in turn, is a function of fluid prop-
erties and flow kinematics, and hence strong convective interac-
tion between fluid and wall nullifies the effect of wall conduc-
tion. However, with increase in wall thickness, enhanced con-
duction effect attempts to neutralize the temperature gradient
between hot and cold sections. Fig. 13 shows the wall tempera-
ture profiles for three different materials, namely, AISI 302 steel
(hw =151 Wm~' K1), copper (Ayy =401 Wm~! K1) and
aluminum (A, = 237 Wm~! K=1). For smaller wall thickness,
there is hardly any distinguishable difference between the cor-
responding profiles. However, for larger wall thickness, effect
of wall conductivity is quite evident, particularly, on either side
of the heat-exchanging sections. Use of copper as wall mater-

ial provides a much smoother temperature profile, because of
higher thermal conductivity of copper, thereby emphasizing the
increased conduction effects.

4. Conclusions

Considering the wide applicability of NCLs and possible
hazardous effects of wall heat loss [23], a numerical model has
been developed to investigate the influence of various geometric
parameters on the steady-state performance of a single-phase
NCL. A rectangular loop has been considered with constant
power input at bottom horizontal arm and convective cooling
through a parallel-flow heat exchanger around top horizontal
arm. Vertical arms are considered to be subjected to heat loss
to ambient. Conservation equations were non-dimensionalized
using suitable dimensionless quantities and the resulting set of
coupled equations was solved following a pseudo-steady ap-
proach. Control volume techniques have been used to convert
PDE:s to algebraic equations. Obtained temperature profiles for
wall material, loop fluid and coolant stream, and steady-state
mass flux of loop fluid completely describe the behaviour of
the system. Numerically predicted values show good agreement
with a corresponding experimental data [29], particularly in the
turbulent regime.

It was observed that when the steady-state Gr,, is a function
of some geometric parameters such as diameter or height, along
with average volume expansion coefficient, the concerned geo-
metric parameter is the dominating factor and the profile of Gr,,
and Re follows identical trends. However, when Gry, is a func-
tion of B,y alone, then they follow reciprocal relationship, as
was found in Section 3.4. Major findings can be summarized as
the followings.
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(1) With increase in loop height, steady-state Grashof No.
(Gry), being a strong function of height, increases lin-
early for no-heat-loss case and so does the corresponding
Reynolds No. (Regs). However, when heat loss is included,
due to lower temperature levels of wall and loop fluid, sharp
decrease in B,y produces a flatter profile of Gr,,.

(2) Taller loops provide additional exposed surface causing in-
crease in heat loss to ambient. That reduces loop effective-
ness and coolant outlet temperature. In fact, for taller loops
under cold ambient condition, it is possible to have nega-
tive effectiveness, i.e., net decrease in coolant temperature
across the cooler.

(3) Increase in non-insulated horizontal sections increases heat
loss, and so the loop yields lower Gr,, and rapid decrease
in effectiveness.

(4) Decrease in heater length decreases Gry,, and increases
loop mass flux and Reg, because of the reciprocal re-
lationship. Sharp changes in the gradients of these pa-
rameters have been observed beyond certain values of
heater length, depending on average fluid temperature. Re-
sulting higher value of wall-to-fluid heat transfer coef-
ficient and associated temperature differential causes the
wall temperature profiles to reverse the trend beyond some
point.

(5) Increase in inner diameter increases the loop flow rate and
Gry,, but causes a rapid decrease in loop effectiveness, as
has been reported earlier by the authors [23].

(6) Higher wall thickness increases wall heat conduction lead-
ing to a small reduction in fluid temperature level and hence
a small decrease in Gry,. Larger outer diameter causes a
small decrease in loop effectiveness. However, use of ma-
terials with higher thermal conductivity and larger wall
thickness produces smoother temperature profile for wall

material, especially on either side of the heat-exchanging
sections.

From an overall perspective, it is found to be advantageous to
have a loop with smaller loop height and smaller diameter to ob-
tain higher effectiveness. However, both of them contribute to
reduce the loop flow rate. Heater length should be larger to en-
hance wall-to-fluid heat transfer and also to avoid rapid changes
in flow rate during any fluctuation. Uninsulated sections in the
horizontal arms serve no purpose, other than increasing heat
loss and should be kept to a minimum. Use of highly conduc-
tive wall material helps in avoiding larger temperature gradient
inside the fluid and slightly increases loop effectiveness due to
enhanced heat transfer on coolant side. However, gain in ef-
fectiveness is very small and practical issues such as cost and
availability should be given priority while selecting the wall
material.
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