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1. Introduction

The primary function of a natural circulation loop (i.e. thermosyphon loop) is to transport
heat from a source to a sink. Fluid flow in a thermosyphon loop is created by the buoyancy
forces that evolve from the density gradients induced by temperature differences in the
heating and cooling sections of the loop. An advanced thermosyphon loop consists of the
evaporator, where the working liquid boils; and the condenser, where the vapour condenses
back to liquid; the riser and the downcomer connect these two exchangers. Heat is
transferred as the vaporization heat from the evaporator to the condenser. The
thermosyphon is a passive heat transfer device, which makes use of gravity for returning
the liquid to the evaporator. Thermosyphons are less expensive than other cooling devices
because they feature no pump.

There are numerous engineering applications for thermosyphon loops such as, for example,
solar water heaters, thermosyphon reboilers, geothermal systems, nuclear power plants,
emergency cooling systems in nuclear reactor cores, electrical machine rotor cooling, gas
turbine blade cooling, thermal diodes and electronic device cooling. The thermal diode is
based on natural circulation of the fluid around the closed-loop thermosyphon (Bielifiski &
Mikielewicz, 1995, 2001), (Chen, 1998). The closed-loop thermosyphon is also known as a
“liquid fin” (Madejski & Mikielewicz, 1971).

Many researchers focused their attention on the single-phase loop thermosyphons with
conventional tubes, and the toroidal and the rectangular geometry of the loop. For example,
Zvirin (Zvirin, 1981) presented results of theoretical and experimental studies concerned with
natural circulation loops, and modeling methods describing steady state flows, transient and
stability characteristics. Greif (Greif, 1988) reviewed basic experimental and theoretical work
on natural circulation loops. Misale (Misale et al., 2007) reports an experimental investigations
related to rectangular single-phase natural circulation mini-loop. Ramos (Ramos et al., 1985)
performed the theoretical study of the steady state flow in the two-phase thermosyphon loop
with conventional tube. Vijayan (Vijayan et al., 2005) compared the dynamic behaviour of the
single-phase and two-phase thermosyphon loop with conventional tube and the different
displacement of heater and cooler. The researcher found that the most stable configuration of
the thermosyphon loop with conventional tube is the one with both vertical cooler and heater.
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476 Heat Transfer - Mathematical Modelling, Numerical Methods and Information Technology

In the case of closed rectangular and toroidal loops with conventional tube, particular
attention has to be devoted to both transient and steady state flows as well as to stability
analysis of the system under various heating and cooling conditions.

The purpose of this chapter is to present a detailed analysis of heat transfer and fluid flow in
a new generalized model of thermosyphon loop and its different variants. Each individual
variant can be analyzed in terms of single- and two-phase flow in the thermosyphon loop
with conventional tubes and minichannels. The new empirical correlations for the heat
transfer coefficient in flow boiling and condensation, and two-phase friction factor in
diabatic and adiabatic sectors in minichannels and conventional tube, are used to simulate
the two-phase flow and heat transfer in the thermosyphon loop. The analysis of the
thermosyphon loop is based on the one-dimensional model, which includes mass,
momentum and energy balances.

2. A generalized model of the thermosyphon loop

A schematic diagram of a one-dimensional generalized model of the thermosyphon loop is
shown in Fig. 1.

N

Fig. 1. A schematic diagram of a one-dimensional generalized model of the thermosyphon
loop.

The loop has a provision for selecting one or two or three of the heat sources at any location,
in the bottom horizontal pipe or in the vertical leg; similarly, the heat sink can be chosen in
the top horizontal pipe or in the vertical leg. Therefore, any combination of heaters and
coolers can be analyzed. The constant heat fluxes q,, and . are applied in the cross-
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section area per heated and cooled length: ., and L . The heated and cooled parts of the

thermosyphon loop are connected by perfectly insulated channels. The coordinate s along

the loop and the characteristic geometrical points on the loop are marked with s;j, as shown

in Fig. 1. The total length of the loop is denoted by L, the cross-section area of the channel by

A and the wetted perimeter by U. Thermal properties of fluid: p - density, Cp - heat

capacity of constant pressure, ) - thermal conductivity.

The following assumptions are used in the theoretical model of natural circulation in the

closed loop thermosyphon:

1. thermal equilibrium exists at any point of the loop,

2. incompressibility because the flow velocity in the natural circulation loop is relatively
low compared with the acoustic speed of the fluid under current model conditions,

3. viscous dissipation in fluid is neglected in the energy equations,

4. heat losses in the thermosyphon loop are negligible,

5. (D/L)<< 1; one-dimensional models are used and the flow is fully mixed. The velocity
and temperature variation at any cross section is therefore neglected,

6. heat exchangers in the thermosyphon loop can be equipped by conventional tubes or
minichannels,

7. fluid properties are constants, except density in the gravity term,

8. single- and two-phase fluid can be selected as the working fluid,
a. if the Boussinsq approximation is valid for a single-phase system, then density is

assumed to vary as p=p, -[L-B-(T-T,)] in the gravity term where f = 1. (2—};)
v .
(v - specific volume, “0” is the reference of steady state),
b. for the calculation of the frictional pressure loss in the heated, cooled and adiabatic
two-phase sections, the two-phase friction factor multiplier R =¢;, is used; the
density in the gravity term can be approximated as follows: p=a-py +(1-a)-p; ,
where o is a void fraction,
c. homogeneous model or separate model can be used to evaluate the friction
pressure drop of two phase flow,
d. quality of vapor in the two-phase regions is assumed to be a linear function of the
coordinate around the loop,
9. the effect of superheating and subcooling are neglected,
Under the above assumptions, the governing equations for natural circulation systems can
be written as follows:
- conservation of mass:

op O
) @
where 1 - time, w - velocity.
- conservation of momentum:
ow ow op ~ U
p(@r 8sj o | CPET W T @

where g=0fore L g; e=(+1)foreTagl; e=(-1)foredagl; g=eog=1-g-cos(e,g);
|§| =g; é| =1; and e is a versor of the coordinate around the loop, and T, - wall shear stress.
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In order to eliminate the pressure gradient and the acceleration term, the momentum

equation in Eq. (2) is integrated around the loop &(%}ds =0 .
s

- conservation of ener gy:

+0 for adiabatic section

qc-U )
oT oT 2T —m for cooled section o)
— 4+W-—=2a o\ L H
oc e 9ge2 | R0

U ¢

+qH— ot heated section
Cpy "Po A
Ao

where ap = thermal diffusivity,

Po "Cpy
The flow in natural circulation systems which is driven by density distribution is also
known as a gravity driven flow or thermosyphonic flow. In such flows, the momentum and
the energy equations are coupled and for this reason they need to be simultaneously solved
(Mikielewicz, 1995).

3. Thermosyphon loop Heated from below Horizontal side and Cooled from
upper Horizontal side (HHCH).

In this paper, we present the case of the onset of motion of the single-phase fluid from a rest
state, which occurs only for the (HHCH) variant. We have assumed that: qc =oac-(T-T,) .
The heat transfer coefficient between the wall and environment o and the temperature of
the environment T, are constant.

S
1 (XC;T() SZ
x
=
= W |
INSULATION [ | i
5 |
| SR |
H S |
:: \
=N !
% N, N, N, S N Y Y
S : : ] ] : ] ] : ]

Fig. 2. The variant of HHCH.
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The above governing equations can be transformed to their dimensionless forms by the
following scaling;:

g (A/Uy)-(T-T,y)
(quL%)
The dimensionless momentum equation and the energy equation at the steady state for the

thermosyphon loop heated from below can be written as follows:
- momentum equation (with: K; =s; /L ;)

r+=(a0~r)/L2; s*=s/L; m"=(m-L)/(a;-po-A); T" )

Kq K3
' =(Ra)"| [T'ds"~ [T7ds" | 5)
0 K,
- energy equation
+0 insulated sections
+ 2m+
m* dT+ _d T2 ~(Bi)"-T* for cooling section (6)
ds ds*
+1 heater section

- with boundary conditions

Ta(0)=TaM); Ta(Ky)=Te(Ky); TE(K,y)=Tr(Ky); Tao(K3)=T(K;);

dry,| _dT4 dry, | _dTe| @)
ds” | ., ds"|., ds & Ks ds &Ky

dT¢ _dTo dT,, _dT§

ds S*oK, ds &K, ds e ds oKy

The parameters appearing in the momentum and the energy equations are the modified
Biot, Rayleigh and Prandtl numbers.

*% . 2 ¥k - J 3' : L *% U ;
(Bi)” = ac-Uc .L_’, (Ra) _8 Bo-L (qH/Xo).A Ug; (Pr) o2 | [ Y )

For the discussed case of laminar steady-state flow the dimensionless distributions of
temperature around the loop can be obtained analytically from Eq. (6). Working fluid was
the distilled water. The results of calculations are presented in Fig. 3.

It has been found that the Biot number has an influence on temperature and mass flow rate
in the laminar flow. The results are shown in Figs. 3 and 4.

Substitution of the temperature distributions into the dimensionless equation of motion for
the steady-state yields the relation for the dimensionless flow rate for laminar flow.

The presented numerical calculations are based on our new method for solution of the
problem for the onset of motion in the fluid from the rest. Conditions for the onset of motion
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1,2x10™

(Bi) =1*10"

8,0x10”

-5 - A2

0,0

T T T “—T

0,0 0,2 04 0,6 0,8 1,0

DIMENSIONLESS TEMPERATURE T

DIMENSIONLESS COORDINATE s”

Fig. 3. The effect of Biot number on temperatures in laminar steady-state flow (HHCH).
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Fig. 4. The dimensionless mass flow rate m* versus modified Rayleigh number (Ra)~ with
the modified Biot number (Bi)~ used as a fixed parameter (HHCH) .

in the thermosyphon can be determined by considering the steady solutions with circulation
for the limiting case of m; — 0 . The analysis was based on the equations of motion and
energy for the steady-state conditions. The heat conduction term has to be taken into
account in this approach because the heat transfer due to conduction is becoming an
increasingly important factor for decreasing mass flow rates.
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It is shown that the geometrical and thermal parameters have an influence on the problem
of global flow initiation from the rest (Figs. 4, 5 and 6).

Fig. 5 illustrates that the larger Biot numbers correspond to larger values of the critical
Rayleigh number.
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Fig. 5. The critical value of the modified Rayleigh number (Ra)~ versus modified Biot
number (Bi)” (HHCH).
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Fig. 6. The critical value of the modified Rayleigh number (Ra)" versus B/H ratio (HHCH).

It has been found that the minimum of the critical modified Rayleigh number (Ra)” =1121,
with (Bi)” =2x10°, appears for B/H=0.544.

The stability analysis shows that the loop heated from one side and cooled from the other
one asymmetrically with respect to the gravity force is always unstable and any temperature
gradient due to heating or cooling results in the onset of flow circulation.
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4. Thermosyphon loop Heated from the lower part of Vertical side and Cooled
from the upper part of the opposite Vertical side (HVCV).

The thermosyphon loop heated from the lower part of vertical leg and cooled from the
upper part of the opposite vertical leg (HVCV) is chosen as an example to present the
analysis of two-phase flow in conventional tubes. The Stomma (Stomma, 1979) correlation
describing the void fraction, the Friedel (Friedel, 1979) correlation for the friction pressure
drop of two-phase flow in adiabatic region, the Miiller-Steinhagen & Heck (Miiller-
Steinhagen & Heck, 1986) correlation for the friction pressure drop of two-phase flow in
diabatic region and the Mikielewicz correlation for the flow boiling heat transfer coefficient
in conventional channels (Mikielewicz et al., 2007) are used to calculate two phase flow in
the thermosyphon loop equipped with conventional tubes. Freon R-11 was chosen as a
working fluid in the thermosyphon device. A schematic diagram of the analysed
thermosyphon loop (HVCV) is shown in Fig. 7.

Y
N

S, <

i

s; S,
Fig. 7. The thermosyphon loop heated from the lower part of vertical side and cooled from
the upper part of the opposite vertical side (HVCYV).

After integrating the gravitational term in the momentum equation (2) around the loop, we
obtain

<j‘>{e~g'[(1—a)'pL+a'pvJ}ds=

_ _ _ ©)
:g(pV _pL)x{[(SZ _51)_(54 _53)]'a<51;s4> +(51 _SO).a<so;sl> _(55 _54)'a<s4;s5>} ’
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The Stomma empirical correlation (Stomma, 1979) for the void fraction at low pressures is
applied in the form

vown {amon) -]
) o z.{ln(l_l;;d]_(%m_x)} v

. (Subscripts: V - vapour, L - liquid, HOM - homogeneous).

1

1-x
X PL

The following additional assumptions are made in this study (HVCV): a) flows of liquid and
vapour phases in the two-phase regions are both turbulent and flow of liquid in single
phase region is also turbulent, b) friction coefficient is constant in each region of the loop
and the frictional component of the pressure gradient in two-phase regions was calculated
according to the two-phase separate model. Due to the friction of fluid, the pressure losses
in two-phase regions can be calculated as

where ooy =

U - ( ‘dp_j R .(_‘dpj (11)
A ds )y, ds ),
Chur (~
where: (3—1:)) = % is the liquid only frictional pressure gradient calculated for
S /Lo PL

the total liquid mass velocity, G=p-w , £ is friction factor of the fluid (Churchill, 1977).

The local two-phase friction coefficient in two-phase adiabatic region was calculated using
the Friedel formula (Friedel, 1979):

FRIEDEL
(@J =02, (@j ; (12)
ds Jot Frict ds Jio
where
) 324.F-H
@iy =E+ (Fr) 5 - (We O
and

0.91 0.19 0.7
E=(1—x)2+x2~m;F=(x)0'78-(1—x)0'224;H:(p_L] (u_vj {1_u_vj ;

Pv I Pv

and (o - surface tension)

(FI)ZJQL; (We)zm;
g'D'(pHOM )2 (pHOM)'G

The local two-phase friction coefficient in two-phase diabatic regions was calculated using
the Miiller-Steinhagen & Heck formula (Miiller-Steinhagen & Heck, 1986)
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M-S 1
(@j =F-(1-x)3 +B-x*; (13)

ds 2f Frict
where

F=A+2x(B—A);A:(§E] ; B:(EE] ;
ds ), ds )y,

After integrating the friction term in Eq. (2) around the loop, we obtain

U _(dp = = ]
§(X.rwjds_[$)w '{(51 _SO)'R<SO;51> +(s, _Sl)'R(sl;S4) +(s5 —54).R<S4;55> +(sg —55)}, (14)

Thus the momentum equation (2) for the two-phase thermosyphon loop (HVCV) can be
written as

d — — _
(d_}s)jm .{(sl —So)-R<SO;Sl> +(s4 _Sl)‘R(sl;s4) +(s5 _54)'R(s4,-55) +(sg —s5 )}+

(15)
+8‘(Pv —p)- {[(52 —s1)(s4 —53)]@(51;54) +(51 _So)'a@msl) ~(ss —54)-E<s4;s5>}: 0 ;

The mass flux distributions G versus heat flux §;; for the steady-state conditions and for
the conventional tube case, is shown in Fig. 8. Calculations were carried out also using the
homogeneous model of two-phase flow. The working fluid was freon R11.

GDR | FDR
T 12x10° N 7
it _
*
g
N
bo 2
=4  8,0x10°-
e
U —— SEPARATED
******* HOMOGENEOUS
4,0X102 T . T . T R 4
1x10 2x10 3x10 4x10

q, [W/m’]

Fig. 8. Mass flux rate G as a function of ¢y for homogeneous model and separate model of

two-phase flow (HVCV), (L=2 [m], D=0.08 [m], H=0.9 [m], B=0.1 [m], Ly=Lc=0.2 [m],
LHP=LCP=0~05 [m] )
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Two flow regimes can be clearly identified in Fig. 8, namely GDR - gravity dominant regime
and FDR - friction dominant regime. In the gravity dominant regime, for a small change in
quality there is a large change in the void fraction and therefore density and buoyancy force.
The increased buoyancy force can be balanced by a significant increase in the corresponding
frictional force which is possible only at higher flow rates. As a result, the gravity dominant
regime is characterized by an increase in the flow rate with heat flux qy . However, the
continued conversion of high density water to low density steam due to increase in heat flux
gy requires that the mixture velocity must increase resulting in the increase of the frictional
force and hence a decrease in flow rate. Thus the friction dominant regime is characterized
by a decrease in flow rate with increase in heat flux qy (Vijayan et al., 2005). As presented
in Fig. 8 a comparison between two models of two-phase flow shows that the homogeneous
and the separated flow models reveal relatively big differences.

4.1 The distributions of heat transfer coefficient in flow boiling.
The heat transfer coefficient in flow boiling in minichannels was calculated using the
Mikielewicz general formula for conventional channels (Mikielewicz et al., 2007)

hM n 1 h ?
T—PBZ\/(RM—S) +1+P.( PBJ ; (16)

h REF h REF

where

1
Ry g=|1+2- 1 1]« -(1—x)§+x3.i,-
f f,,

1

TUR=n=0.76 ;hpg = 0.023-%-(12% P8 (Pr, )% ;

7 1 3
0.25 e 3 :
1 = ; b, = ;
Hv PL 1% Cpv Ly
P=253:10)-(Reyy)" -(Bo) - Ry 5 ~1)°);

p 012 A (-0.55) ) God
hpg =55-4*% .M (-03) (_nj .{_ 10g10(P n H ;(BO):é; (Rey,)= ;

Pegpr CRIT 239

For comparison purposes the heat transfer coefficient for flow boiling in minichannels was
also calculated using the Liu and Winterton formula (Liu & Winterton, 1991):

hI_EI_)‘éV: (F‘hREF +(S'hPB)2 ; (17)

where

035 !
- X - J P p O = . / :L-
F—{1+ (PrL) [P\L/ H ;S |Z(1+O,055-(F)O'1'(ReLo)l'lé)},(Fr) pi-g-D'
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The heat transfer coefficient distributions in flow boiling for minichannels h.,, versus heat
flux q,, for the steady-state conditions are presented in Fig. 9.

6x103- HVCV
= CONVENTIONAL TUBE
*M HEATER_CORRELATION: h_, = f(q,)
o —— MIKIELEWICZ (2007)
S ------ LIU-WINTERTON (1991)
N
3
3 3x10" 1
d

TPB

2x10" 4x10"

q, [W/m’]

Fig. 9. Heat transfer coefficient h,, as a function of g, (HVCV).

TPB

5. Thermosyphon Loop Heated from the Lower Part of Horizontal Side and
Cooled from the Upper Part of Vertical Side (HHCV).

The thermosyphon loop heated from the lower part of horizontal side and cooled from the
upper part of vertical side (HHCV) was analyzed for case of two-phase flow in
minichannels. A schematic diagram of the analysed thermosyphon loop is shown in Fig. 10.
In case of a thermosyphon loop with minichannels, it is necessary to apply some other
correlations for void fraction and the local two-phase friction coefficient in the two-phase
region, and local heat transfer coefficient for flow boiling and condensation. The following
correlations have been used in calculations of the thermosyphon loop with minichannels:
the El-Hajal correlation for void fraction (El-Hajal et al., 2003), the Zhang-Webb correlation
for the friction pressure drop of two-phase flow in adiabatic region (Zhang & Webb, 2001),
the Tran correlation for the friction pressure drop of two-phase flow in diabatic region (Tran
et al. 2000), the Mikielewicz (Mikielewicz et al., 2007) and the Saitoh (Saitoh et al., 2007)
correlations for the flow boiling heat transfer coefficient for minichannels, the Mikielewicz
and the Tang (Tang et al., 2000) correlations for condensation heat transfer coefficient for
minichannels.

After integrating momentum equation (2) for the two-phase thermosyphon loop with
minichannels (HHCV) can be written in the form

d _ _ _
(d—;;]w '{(51 =50)* Rig e+ (55 =51) R oy (56 =55) Ry, .y + (5 _56)}+

+8-(py —PL)'[[(SS =52) = (55 754) J & 1) = (56 = 55) & J =07

(18)
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2
w
A
Y
N

Fig. 10. The scheme of the two-phase thermosyphon loop heated from the lower part of
horizontal side and cooled from the upper part of vertical side (HHCV).

The El-Hajal’s empirical correlation (El-Hajal et al., 2003) for the void fraction at low
pressures is used in calculations

OgoMm ~ ®STEINER . (19)

OygajAL = o ’
ln( HOM ]

OLSTEINER

where

X
OlgTEINER = | — [X
Pv

x{[“o'”'(l—x)ﬂi*H}1‘18'(1—x>;[g.o-(pL o) }(1) ;

Pv PL G- (PL )0'5
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The local two-phase friction coefficient in two-phase adiabatic region was calculated using
the Zhang & Webb formula (Zhang & Webb, 2001):

(20)

CRIT

(-1) P (-1.64)
J +1.68-(1-x)"% [—] ;

@) =(1-x)* +2.87-(x) ( 5
CRIT

and the local two-phase friction coefficient in two-phase diabatic regions was calculated
using the Tran formula (Tran et al., 2000):

(@jTRAN:q)z (d_pj ‘
dl J,, Mldz ),

02 =1+ (432 ~1) [Neonr - ()5 - (1-x)°5 + (x)75 1)

B[] T

The mass flux distributions G versus heat flux qy Wwere obtained numerically for the
steady-state conditions for minichannels, as shown in Fig. 11. The working fluid was
distilled water. Two flow regimes can be clearly identified in Fig. 11. GDR - gravity
dominant regime and FDR - friction dominant regime.

GDR | FDR

1,5x10’

G [kg/m™s]

1,0x10" -

FDR = FRICTION DOMINANT REGION
GDR = GRAVITY DOMINANT REGION

4x10° 8x10°

q, [W/m*]

Fig. 11. Mass flux G as a function of g (HHCV), (L=0.2 [m], D=0.002 [m], H=0.07 [m],
B=0.03 [m], Ly=Lc=0.025 [m], Lzp=Lcp=0.0001 [m] ).
The gravity dominant regime is characterized by an increase in the flow rate with heat flux

qy contrary to the friction dominant regime, which is characterized by a decrease in flow
rate with increase in heat flux qy (Vijayan et al., 2005).
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5.1 The effect of geometrical parameters on the mass flux distributions.
The effect of the internal diameter tube D on the mass flow rate for the steady-state
conditions is presented in Fig. 12. The mass flow rate rapidly increases with increasing

internal diameter tube D.

—— D=0.002 [m]
..... D=0.0022 [m]

2x10"

G [kg/m*s]

1x10" -

4x10° 8x10°

q, [W/m’]

Fig. 12. Mass flux rate G as a function of q;; with internal diameter tube D as the

parameter (HHCV).

The effect of the loop aspect ratio (height H to breadth B) on the mass flow rate for the
steady-state conditions is presented in Fig. 13. The mass flow rate increases with increasing
H/B aspect ratio, due to the increasing gravitational driving force. The friction force is not
changed because the total length of the loop is assumed to be constant.

—— H/B=233
***** HB=15

2x10"

X104/

G [kg/m*s]

‘
4x10° 8x10°

a, [W/m’]

Fig. 13. Mass flux G as a function of q;; with aspect ratio H/B (height to breadth) as a

parameter (HHCV).

The effect of the length of the heated section Ly on the mass flow rate is shown in Fig. 18.
The length of FDR- friction dominant regime increases with increasing the length of the

heated section L.
The effect of the length of preheated section Lyp on the mass flux rate was obtained and is

demonstrated in Fig. 15. The mass flux rate increases with increasing length of preheated

section Lyp, due to the decreasing length of insulated section <51 ;S 5> .
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—— L, =0.025 [m]

o L, =0.015 [m]

1x10'4/ -°

G [kglmz*s]

4x10° 8x10°
q. [Wim’]
Fig. 14. Mass flux G as a function of q;; with parameter Ly (HHCV).

—— L, =0.0001 [m]

— 2x10'4 | LHP=0'OO4 [m]
a_‘k(ﬂ

£

—

o

=

—  1x10"

O]

4x10° 8x10°
d. [W/m’]
Fig. 15. Mass flux G as a function of qy; with parameter Lyp (HHCV).

The effect of the length of the cooled section Lc on the mass flux rate was also investigated
and the results of calculations are presented in Fig. 16. The mass flux rate decreases with
increasing length of the cooled section L¢, due to the decreasing gravitational driving force

(AH ).

The effect of the length of precooled section Lcp on the mass flux rate is shown in Fig. 17.
The mass flux rate increases with decreasing length of precooled section Lcp due to the
decreasing length of insulated section (sl ;s5) and due to the increasing gravitational

driving force (AH T). The decreasing value of the insulated two phase friction pressure

2p,Friction
j was caused by the decreasing length of insulated section <s1 ;s5> .

drop (_P

ds <51 ;95>
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Fig. 16. Mass flux G as a function of qy with parameter Lc (HHCV).
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Fig. 18. Mass flux G as a function of qu with parameter L (HHCV).
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The effect of the total length of the loop L on the mass flow rate is shown in Fig. 18. The
mass flow rate decreases with increasing total length of the loop L, due to the increasing
frictional pressure drop. The gravitational pressure drop is not changed because the

difference of height AH of the loop is constant.

5.2 The distributions of the heat transfer coefficient in flow boiling.

The heat transfer coefficient for flow boiling in minichannels was calculated using the
Mikielewicz formula Eq. (16) with some modifications concerning the two-phase flow in
minichannels, such as:

1 f1z

RM_S={1+2-(fl—1j-x-(NCONF)(‘”}-(l—x)i+x3- ! ; (22)

The heat transfer coefficient for flow boiling in minichannels was also calculated using the
Saitoh formula (Saitoh et al., 2007).

hipg " =E-hgee +S-hpooy (23)
where
\ PR i 0.581
h —o07.| M || L% | Pc (Pr, 5%
roor db] (XL'TSATJ [PL] ( rL)
(N an (%) ’ LAM
hgge = 4 2
0.023-(Re, )5 -(Pr; )™ [FLJ ; TUR
(1 1.05
X) Gy -D G, D
E=1+ ; (Rey )= ; (Rey )=——;
1+(We. Y04 ’ ’
1+(Wev) 0.4 ( V) Iy ( L) .
(Wev)=GV.D ; S= ! 5 dy =O.51-(Z—GJO.5;
o-py 1+04-[10). (Reqp )] g-(pL—pv)
| N s VL 1 12 | _GL‘D.
Gy=Gx; G =G-(1-%); (ReTP)—(ReL)'(F) ’ (ReL)_ ’

239

1-x\ (pc )™ ()™ (Re, )>1000
X= == = for ;
X pL e (Reg )>1000
Cy=0046 ; C =16
05 05 05 05
X = S (Reg )Y G| (v [ for (Re; ) <1000 .
Cy ¢ Gy PL Ky (Rey )>1000 ’
The heat transfer coefficient for flow boiling in minichannels h
presented in Fig. 19.

wpp VEIsus heat flux qy 18
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Fig. 19. Heat transfer coefficient apg as a function of q; (HHCV).

5.3 The heat transfer coefficient for condensation.
The heat transfer coefficient in condensation for minichannels was calculated using the
general Mikielewicz formula Eq. (16). The term which describes nucleation process in that

formula was neglected.

The heat transfer coefficient for condensation in minichannels was also calculated using the
modified Tang formula (Tang et al., 2000)

—(Nu)-[X—LJ- 1+4.863-

; (24)

The heat transfer coefficient for condensation in minichannels hpc Vversus heat flux dc is

presented in Fig. 21.
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Fig. 20. Heat transfer coefficient hp~ as a function of dc (HHCV).

www.intechopen.com

8x10



494 Heat Transfer - Mathematical Modelling, Numerical Methods and Information Technology

6. Conclusions

The presented variants (HHCH, HVCV, HHCV) of the thermosyphon loop can be analyzed
using the conservation equations of mass, momentum and energy based on a generalized
model of the thermosyphon loop. We have found a new and effective numerical method to
solve the problem for the onset of motion in a fluid from the rest.

Our studies demonstrate that the best choice of the presented variants depends on specific
technical conditions. The increasing integration of electronic systems requires improved
cooling technologies. Because the progress in electronic equipment is due to the increased
power levels and miniaturization of devices, the traditional cooling techniques are not able
to cool effectively at high heat fluxes, so the thermosyphon cooling is an alternative
technology allowing to dissipate high local heat fluxes.

The application of the complexity analysis for the various variants of a generalized model of
the thermosyphon loop can support development of an alternative cooling technology.

The results show that the one-dimensional two-phase separate flow model can be used to
describe heat transfer and fluid flow in the thermosyphon loop for conventional tube as well
as minichannels. The Stomma correlation (Stomma, 1979) for void fraction, the Friedel
correlation (Friedel, 1979) for the friction pressure drop of two-phase flow in adiabatic
region, the Miiller-Steinhagen & Heck correlation (Miiller-Steinhagen & Heck, 1986) for the
friction pressure drop of two-phase flow in diabatic region and the Mikielewicz correlation
(Mikielewicz et al., 2007) for the flow boiling heat transfer coefficient in conventional
channels can be used to evaluate the thermosyphon loop.

In order to evaluate the thermosyphon loop with minichannels the following correlations
such as the El-Hajal correlation (El-Hajal et al., 2003) for void fraction, the Zhang-Webb
correlation (Zhang & Webb, 2001) for the friction pressure drop of two-phase flow in
adiabatic region, the Tran correlation (Tran et al., 2000) for the friction pressure drop of two-
phase flow in diabatic region and the Mikielewicz correlation (Mikielewicz et al., 2007) for
the heat transfer coefficient in evaporator, the Mikielewicz correlation for condensation heat
transfer coefficient in minichannels, can be used in calculations.

The distribution of the mass flux against the heat flux approaches a maximum and then
slowly decreases for minichannels, and two flow regimes can be clearly identified: GDR-
gravity dominant regime and FDR - friction dominant regime as shown in Fig. 2.

The effect of geometrical parameters on the mass flux distributions was obtained
numerically for the steady-state conditions as presented in Figs. 12-18. The mass flow rate
increases with the following parameters: (a) increasing of the internal tube diameter, (b)
increasing H/B aspect ratio, (c) decreasing length of preheated section Lyp, (d) decreasing
length of cooled section Lc, (e) decreasing length of precooled section Lcp, (f) decreasing total
length of the loop L. Fig. 19 and Fig. 20 respectively show that for minichannels the heat
transfer coefficient in flow boiling increases with an increasing of the heat flux and the heat
transfer coefficient in condensation against the heat flux approaches a maximum and then
slowly decreases.

Future trends and developments in the application of mini-loops should be focused on
employing complex geometries, such as parallel mini-channels, in order to maximize the
heat transferred by the systems under condition of single- and two phase flows. Moreover,
the transient analysis should be developed in order to characterize the dynamic behaviour
of single- and two phase flow for different combination of boundary conditions. The next
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design-step should also be the experimental verification of the theoretical models of
thermosyphon loops with minichannels.
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