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Abstract

Due to the coupling between momentum and energy transport theoretical analysis of the
loop performance is very complicate, therefore it is necessary that these problems be solved

by experimental investigation before applying the loop thermosyphon to heat exchanger de-

sign. The evaporator and condenser of the loop thermosyphon were made of carbon-steel, and
distilled water was used as working fluid in the experiments. From the experimental data
correlations of heat transfer coefficient for evaporator and condenser sections were obtained.
For heat fluxes in the range of 13000~78000 W/mz, the correlation equations of heat transfer
coefficients in evaporator and condenser predict the experimental behavior to within *5% and

+20% respectively.

Nomenclature

. area [m?]

. specific heat [k]J/kg K]
* inner diameter {m]

: mass flow rate [kg/s]

ATd} o}
. Grashof number, &E—Z}—"L

. heat transfer coefficient [W/ m’K]
¢ height [m]

*
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h
. Nusselt number, %

¢ friction factor
: length of loop [m]
: effective length [m]

]

: saturation vapor pressure [Pa]

“e

. Prandt] number, _kL

: heat flux [W/m?]

: working fluid filling ratio, H,/H,
. time [s]

: temperature [TC]

: wall temperature [C]

¢ velocity [m/s]
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Greek symbols

: thermal expansion coefficient [1/C]
: density [kg/m°]
: absolute viscosity [kg/m sl

A v R ™

: surface tension [N/m]

: shear stress [kg/m?]

~
13

Subscripts

¢ . condenser

®

: evaporator
i inside

: outside

. vapor

¢ liquid

o~ e o

. steady state
1. Introduction

The loop thermosyphon transports thermal
energy from a heat source to a sink by natural
convective circulation without any external power
supply such as a pump. An evaporator and a
condenser are installed separately, but these are
connected to each other by circulating tubes.
Since the loop thermosyphon has larger critical
heat flux than conventional thermosyphon due
to the same directions of the flows of vapor
and liquid,m it is widely used in many appli-
cations, such as cooling of power -electronic
components, heat removal of nuclear power
plant, solar heating and cooling system, geo-—
thermal power generation, waste heat recovery
system and so on.?

In the loop thermosyphon, various types of
flow instabilities occur depending on the sys-—
tem geometry, the working fluid filling ratios
and the operating conditions, and often lead to
abnormal behavior such as limit cycle oscilla-
tions or premature dry-out. Due to the coupl-
ing between momentum and energy transport

theoretical analysis of the loop performance is
very complicate, therefore it is necessary that
these problems be solved by experimental in-
vestigation before applying the loop thermosy-
phon to heat exchanger design.m)

Loop thermosyphon is a heat transfer device
of very high thermal conductance in which fluid
circulates. The heat transfer is considered to
be affected by many factors, such as working
fluid, quantity of the working fluid, inside pipe
diameter, pipe length, ratio of cooled surface to
heated surface, adiabatic length between heated
and cooled sections, heat flux and operating
temperature.

There are some papers related flow insta-
bility and heat transfer characteristics accord-
ing to working fluids, but it has not studied
dimensionless heat transfer coefficients depend-
ing on the variation of working fluids, filling
ratios and heat flux. In the present study, the
evaporator and condenser of the loop thermo-
syphon were made of carbon-steel. Water was
used as working fluid in the experiments. From
the experimental data a reasonable filling ratio
of working fluid and heat transfer coefficients
for evaporator and condenser sections were
obtained. In order to establish heat transfer
correlations for the application in the design
program for the loop thermosyphon heat ex-
changer, regression analysis was applied to ex-
perimental data for heat transfer coefficients in
evaporator and condenser.

2. Analysis of heat transfer

As shown in Fig. 1, it is assumed that a
constant and uniform heat flux ¢, is supplied

in the evaporator section, while heat is re-
moved from the loop in the condenser section.
The loop is divided into six sections, such as
adiabatic liquid phase (D~@®), heating liquid
phase (®~@®), heating two-phase (®~@), adia-
batic two-phase (®~®), cooling two-phase (&
~®) and cooling liquid phase (®~@). Where,
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Fig. 1 Configuration and coordinate system of
loop thermosyphon.

the position @ is the boundary of liquid and
vapor in evaporator, and the position ® is the
boundary of liquid and vapor in condenser when
loop thermosyphon is operated in steady state.
The axial conduction heat transfer along the
pipe wall and in the working fluid was negli-
gible in comparison with convection, and heat
loss from the loop to the ambient was ne-
glected.(S)

Application of the conservation of mass, mo-
mentum and energy for one-dimension buoy-—
ancy-driven flow about the loop gives gover-
ning differential equations, and it is noted that
the shear force relation 7, = fo,V?%/2. There-
fore the non-dimensional differential equations
are obtained following set, using non-dimen-
sional temperature 8= (7T— T,)/(q/h), non-di-

mensional velocity V*= V/V,, non-dimension-
al time r= V,¢#/L, and non-dimensional length

S=x/L®

V' = V(1) 99)

aV‘ & tz___ 1 " .
vy Ge v =8t [ 0ase. e @

90 00 _ A4St H,
az_+V 39S = . /L) 0<8S< 3 3
36 »98 _ A4St
0z'+V as (d;/L)
4)

isSs—L+H"
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20 « 00 _

Where, St is the Stanton number defined as

St = h = h3 3 (6)
0rCV, qLgB(p,c,)

V, is a reference velocity defined as

v, = ___Lngfzp,C (7

By solving equation (3) with vanishing time
derivative terms, a steady-state linear tempe-
rature solution is obtained in the evaporator
section,

H,
L

4t __ s p<s< ®)

Os = bt (e ID)

Similarly, solution of equation (4) yields distri-
bution in the condenser section.

48t (e 1
0o = b= iy (57 3) o
H,

0<S< 12

Equation (5) gives a uniform temperature solu-
tion for the insulated parts of the loop, ie., O
=@y, and O;,= fs,. Here, a characteristic

temperature difference of the loop can be de-
fined and determined from equations (8) and (9).

_ 4St(H,/L)

O — Op = —2 10
™ O = TS D) 1o
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4St(H. /L)

> 11
V" (d;/L) 1

O1s— Osss = —

The temperature distributions solved previ-
ously can then be substituted into the integral
term of the momentum equation (2), to yield
following set.

Solving the above algebraic equations, the
circulating velocity of the loop thermosyphon
at steady-state can be obtained.

St*(H, /L)

F(LolL) (12)

3
Ve =

Here, a conventional correlation for friction
factor at steady state is used, which is in the

form f=mn/Res, where Ress is the Reynolds
number defined at steady state, ie, Re,=

0,d;Valu, and # and m are equal to 16 and
1, respectively, for laminar flow, and 0.079 and
0.25, respectively, for turbulent flow. Substitu-
ting this into equation (12), it can be shown
that in the following relations, the characteri-

stic parameter WY is obtained.

1
2

Re, = (%) : laminar flow 13
T

Re, = (6—6%) : turbulent flow  (14)

Where W is a non-dimensional parameter re-

lated to the heat flux ¢, which is defined as

plgBdla

(15)
#c,

s
Il

Y is geometric non-dimensional parameter de-
fined as

(H./L)

Y =G inL.D

(16)

il

It is worthwhile noting that the parameter W
defined in equation (15) can be written in terms
of the Nusselt number of the heater and
Grashof and Prandt] numbers (Gr and Pr)

W = NuGr/Pr 17)

In this case, equation (13) and (14) can be
treated as a theoretical convective heat transfer
correlation for the loop thermosyphon and can
be converted into the form

(NuGr/Pr)Y =16Re? for laminar flow
1 (18)

(NuGr/Pr)Y=0.079Re, for turbulent flow

Therefore the correlation Nu= f(Reg) can

be used. If it is defined as X= WY, dimen-
sionless heat transfer coefficient is as follows.

Nu = f(Rey)
=f(WY)=f(X) (19)

= aX"® (g and b are constants)

3. Experimental apparatus and procedure

In the present study, an experimental appa-
ratus was constructed and measurements were
made to study the steady and transient natural
circulation phenomena and determine the heat
transfer coefficients evaporator and condenser
section that is to be used in dimensionless
analysis.

Shown schematically in Fig. 2 is the loop
thermosyphon used in the experiments. The
evaporator and condenser of loop thermosyphon
were composed of tubing of 20.3mm inner dia-
meter with 300 mm length, made of carbon-
steel, respectively. The loop was made of stain-
less steel in a rectangular shape with a 7.75
mm inner diameter, a height 1.7m and a width
1.0m. The relative height between the evapo-
rator and condenser measured from their cen-
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Fig. 2 Schematic of loop thermosyphon.

ters is 0.8 m.

The evaporator of the loop was provided di-
rectly by a constant and uniform heat flux by
an evenly wound shielded electrical heating
wire attached tightly on the evaporator surface.
The condenser of the loop was provided by

the cooling jacket using water as the coolant
to remove heat from the loop. The vertical
cooler of the loop was designed as a double-
pipe heat exchanger consisting an annular jac-
ket connected to a constant temperature bath
with coolant flowing in the upward direction,
as schematically shown in Fig. 3.

Distilled water was the working fluid. The
electrical heat was supplied to the evaporator
through a variable transformer (range 0~3000
W) and was measured with watt transducer.
To reduce the heat loss to the ambient, the
heater was insulated by 50 mm-thick ceramic
fiber ( £=0.090636 W/mK). To prevent heat loss
in condenser and line, 25 mm-thick ceramic fi-
ber insulation was installed over the outside
surface of the cooler and the connecting pipes.
The total heat loss was found to be approxi-
mately 5% of the total heat input, which was
determined by measuring the heat input power
in the evaporator and the cooling rate in the
condenser.

In order to investigate the flow of working
fluid the sight glasses were installed upper
evaporator and below condenser, respectively,
and in order to measure filling ratio of work-
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Fig. 3 Schematic of experimental apparatus for loop thermosyphon.
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ing fluid the visible tefron tube with 9.53 mm
outside diameter was installed on liquid line.

To measure the temperature distribution the
loop was installed with a total of 18 K-type
thermocouples, 6 thermocouples were inserted
inside connecting tube, 7 thermocouples were
attached on the surface of evaporator, and 5
thermocouples were attached on the surface of
condenser. To measure saturation pressure of
working fluid and pressure drop in vapor line,
pressure transducer (range 0~202 kPa) and dif-
ferential pressure transducer (range 0-~20kPa)
were installed respectively. The measuring data
were recorded by Data Acquisition System.

The experimental procedure was as follows.
The filling ratios of working fluid were 30, 40,
50, 70, 90, 110% of evaporator volume, and the
heat transfer rates of evaporator were 250, 500,
750, 1000, 1250, 1500 W, respectively. The cool-
ant flow rate was constantly 500 L/h, but when
the saturation vapor temperature was 60, 70,
80T, the coolant temperature and flow rate
were varied.

The heat transfer coefficients of evaporator
and condenser are calculated by the experi-
mental value, the procedure is as follows.”

—_— 1

Tw =4 f T, dA (20)
= QIn(r,/7)

Tui= T = gy @1)
_ g 4

Nu = 7, —Tu)T & 22)

4. Results and discussion

4.1 Correlation of heat transfer coefficient in
evaporator

The steady-state performance was measured
using the experimental loop, and the heat trans-
fer coefficient in evaporator was obtained. The
parameter W appearing in equation (15) can be

experimentally determined by measuring the
heat flux ¢ in the evaporator, the parameter Y
appearing in equation (16) can be determined by
geometric lengths.(S) The heat transfer coeffi-
cient in evaporator is defined by the function

of X using W and Y, it is shown
Nu, = aX} (23)

Figure 4 shows that the measured heat trans-
fer coefficient is the largest value in filling ra-
tio 50%, when it was operated in varying heat
flux with constant saturation pressure 4300 Pa.
It is shown that the heat transfer coefficient in
evaporator decrease with increasing filling ra-
tio. Therefore the heat transfer coefficient also
depends on filling ratios, the equation (23) is
modified as

Nu, = e XR" (24)

It is noted the relation of heat transfer co-
efficient and saturation pressure in Fig. 5. If
the heat transfer coefficient increase with in-

creasing X,, varying saturation pressure in
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10" 10"
X

Fig. 4 Dependence of Nu, in evaporator on
dimensionless X, for various filling ra-
tios ( P, =4800 Pa).
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loop nearly has an effect on that. Because the
parameter W relating to heat flux includes sa-
turation properties of working fluid, the para-
meter W varies with varying saturation pres-
sure. Therefore the X . depends on W, the sa-
turation pressure does not affect the heat
transfer coefficient directly. The correlation of

90 ——r—r
e P, =2000Pa
v P..=3200Pa
80|l ® Pu=4800Pa al
g
LT 1'_
70 Fy CIRBEEE
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40
30
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X

Fig. 5 Dependence of Nu, in evaporator on
dimensionless X, for various saturation
pressures ( R=50%).
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Fig. 6 Correlation of Nu, as a function of

dimensionless X, in evaporator.

heat transfer coefficient represents by both X,

and R.

Figure 6 illustrates the power-law relation-
ship between the dimensionless X, and Nus-
selt number, Nu, based on the heat transfer

coefficient in evaporator. The correlation curve
was obtained from a least-square regression of
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Fig. 7 Correlation of Nu, as a function of

filling ratio R in evaporator.
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Fig. 8 Correlation of Nu, in evaporator with
eqn. (25).
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Fig. 9 Comparison of predicted and experi-
mental value in evaporator.

the experimental data, the exponential value
was 0.1291. And Fig. 7 illustrates the power-
law relationship between the filling ratio R and
Nusselt number, the filling ratioc R based on
the range of heat flux 13000~78000 W/m® The
heat transfer coefficient decrease with incre-
asing filling ratio, the exponential value result-
ed in —0.1053.

Figure 8 shows that the relationship between

the dimensionless ( X>'®'R™%1%3y and Nu, are
linear, the correlation of heat transfer coeffi-
cient was obtained from a least-square re-
gression of the experimental data, which is of
the form

Nu,, = 1.6067 X 2-1#! p~0.108 (25)

Fig. 9 illustrates the comparison of predicted
and measured values, the correlation equation
of heat transfer coefficient in evaporator pre-
dicts the experimental behavior to within 5.0
percents.

42 Correlation of heat transfer coefficient in
condenser

The heat transfer coefficient in condenser
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Fig. 10 Correlation of Nu,. in condenser with
eqn. (26).

was obtained by the same procedure used in
evaporator. According to the power-law relation-
ship between the dimensionless X, and Nus-

selt number, Nu, based on the heat transfer

coefficient in condenser. The correlation curve
was obtained from a least-square regression of
the experimental data, the exponential value was
—0.1666. In filling ratio the exponential value
resulted in —0.2971. The heat transfer coeffi~

cient in condenser decrease with increasing X,

and R.
Figure 10 shows that the relationship between

the dimensionless ( X" R™%%") and Nu, are

linear, the correlation of heat transfer coeffi-
cient was obtained from a least-square re-
gression of the experimental data, which is of
the form

Nug, = 1.276 x 104 X 70166 p=0-571 (95

Figure 11 illustrates the comparison of pre-
dicted and measured values, the correlation
equation of heat transfer coefficient in con-
denser predicts the experimental behavior to
within 20.0 percents. In addition the correlation
included saturation pressure predicts the ex-
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Fig. 11 Comparison of predicted and experi-
mental value in condenser.

perimental behavior to within 30.0 percents, the
error of correlation without saturation pressure
reduced about 10 percents than that of cor—
relation with saturation pressure.(g) Finally the
correlation of heat transfer coefficient in the
loop thermosyphon is denoted by complex of

dimensionless X and filling ratio R.
5. Conclusions

The results of a combined study of ex-
periment and correlation for steady state heat
transfer behavior of the loop thermosyphon have
been presented. For the range of heat flux,
13000~78000 W/m® the reasonable filling ratio
of working fluid is about 50% of the evapo-
rator volume, and the correlation equations for
boiling and condensation heat transfer coeffici-
ents predict the experimental behavior to with-
in *5% and *20% respectively.

The correlations of heat transfer coefficient
in evaporator and condenser are respectively as
follows;

Nu,, = 1.6067 X, R~01%
Nug, = 1.276 x10* X > =021
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