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ABSTRACT

A method for the defermination of :ieagy-siate
Houtd teveis and heat transfer rates ina closed two-phase
thermosyphan i3 presented  and  walidated  with
=xperimenial data from a copper thermosyphon with water

: the working fluid, Tluid inventory ranging from 25 3 to
50 % of the evaporator wolume, operating  fluid
*ernperatures ranging from 20°C to 120°C, and inclination
457 gng wertical.  In o addition, the use of an nternal
agwncomer 13 shown 10 incresse the ogerating limit Dy
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INTRODUCTION

Clozeq  two-phase  thermasypnons  nave  Deen
zuccessfully commercigiized in home and industrial gas
murners for space heating.  Among the factors that
determine the operating limits of a thermosyphon is the
{luid inventory, 12, the amount of waorking 7luld with
which the thermosyphon 1s fillad.

The present experimental study investigates the
role  of tiguid level on the performance of the
thermosyphon. The average steady-state liquid level and
the heat-transfer rates can be estimated using 3 model
Jased on the "drift-flux” model of two-phase flow. At high
fluld inventories and high power throughput, part of the
Hauid 15 Tound to remain blocked permanentiy at the top of
the thermosyphon thus reducing the area available for
condensation and, hence, the overall effective conductivity
af the device. This effect can be circumvented by
quaranteeing ¢t Hquid return through an  internal
Jowncomer.
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EXPERIMENTAL APPARATUS

A schematic diagram of the experimental apparatus
ysed in this study is shown in Figure 1. The copper
thermosyphon has inside diameter © = id mm, wall
thickness 3 mm, and thermocouples isid flat in slots
milled into the wall from outside. The avsparator i3
heated by electric cartridge heasters, and the condenser iz
cooled by & water jscket. The adigbatic section consists
of a qlass tube aliached to the copper tube by "07-rings.
futh ends of the thermosyphon are sealed by removable end
taps, snd thermocouples are inserted through each end cap
to measure centerline fluid temperatures in the evaporator
ani condenser sections. The uppsr thermocouple can be
replaced by @ glass window to allow flow visualization.

The siesdy-state oower througnput in the
thermosyphan i3 determined from the temperature-rize
measurement from RTD's placed at the inlet and outlet
sections of the water jscket, sna ihe Tlow-rate
measurement from a turbine flowmeter in the cooling
circuit. The resulting date are in good ggreement with
estimates of the power throughput based on the electric
power supplied to the heaters.

EXPERIMENTAL PROCEDURE

To remove dissalved gases, the working fluid is
first boiled for several minutes and then poured into the
top of the thermosyphon. The condenser end cap is closed
and vacuum is drawn. To verify that non-condensible
jases do not affect the heat transfer rates, some vapor is
vacuumed off during operation through the valve at the top,
and the measured overall heat transfer coefficients are
checked to remain unaffected
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Figure 1. Sketchof the experimental apparatus.

Data are taken with a quasi-stesdy approach.
Operating conditions are changed slowly enough, compared
with the thermal time constant of the thermaosyphon, io
ensure an almost steady-state operation. During a typical
run, the coclant temperature is held constant at & prefized
value, while the electric-heater power is increased slowly
until an operating limit is detected. Then, the caolant
temperature is set at a higher value and the procedure
repeated.

As power throughput is increased, the liquid level in
the thermosyphon rises. A record is kept of the power
throughput and the working fluid temperature above which
the liguid level is observed to be steadily above the top of
the glass midsection. The same is done for the values
above which the liquid level intermittently reaches the top
end cap, and for the values above which & layer of liquid
permanently covers the top end cap, even between the
intermittent rising of slugs.
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DRIFT-FLUX MODEL FOR THE STEADY-STATE

AVERAGE LIQUID LEVEL

Due to the vapor flow caused by boiling in the
evaporator, the average liguid level under steady-state
aperation is higher than the zero-power liguid level
According to the flow-regime maps obtained by Shoham
(Shoham, 1982), if the tiquid inventory is enough to form a
slug and the thermosyphon is yerticsl, then slug flow or
churn flow occur under all operating conditions up to the
flooding limit of operation. For these flow regimes, the
average liguid level is the height at which the slugs break
up because there is not enough liguid to form @ bridge
across them. Knowledge of the average liguid level is
impartant for predicting the heat transfer performance of
the thermosyphon as discussed below.

The drift-flux model developed by ‘Wallis (wallis,
1069} for two-phase flow can be adapted 10 the
thermosyphon configuration because the dimensionless
inverse viscosity
[D3g':Pf"Pu)Pf]1xé

g

£ = o

iz greater than 300.

Far a fully turbulent slug flow, the arift-fiux model
predicts a time averaged void fraction

Ig ’
&= 1.2(jf+lgj+ﬁb\e‘gj 2
where j, and ]; ore the vapor and liguid “superficial”
relocities, vg; the pubble drift veiocity, and O, @n
ermpirical number determined by Griffith (5riffith, 1964)
tq be 1.0 for unheated sections, and 1.6 for heated sections
where boiling accurs.

For a wertical pipe, the pubble drift vaincity

~1/2 ‘ 142 :
4= Kipe | [3D0pspy)] (3

where K, is a constant expressed in terms of the
dimensionless inverse viscosity Ny and the Edtvos number
Neg = D%0lprpy)/o,

[‘_e(’Nf/Sdsj] [1_8(33?4\]?0)/’0]

K, = 0.345 (4)

In terms of the power throughput Q and the cross
sectional area A, the values of jg and J¢ in the adiabatic

section are, respectively,

0 )
fqa = (S)
Jaa hngng

Q .
ea = N {6}
Ifa hfg“xpf
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Figure 2. Sketch of superficial velocities and
liquid fraction as a function of elevation
in the thermosuyphon.

Clearly, j, and j; range from zero at either end of the
thermosyphon o their meaximum value in the adiabatic
section.  Because Jra <€ Jga 1t Tollows that Jp < g
anipwhere in the T.hermosgp'hon. Equation 2 yields the
lquid fraction

- = ——-—-—J-E——— I
b s Ty

In the evaporator, assuming that j, varies linearly
from O to jg, as the distance L, from the bottom end varies
from 0 to L, yelds 1, = J,,L/L, (Figure 2). Thus, Equation
7owith Cy = 1.6 can be ntegrated betwsen any two
tocstions Ly and L (in the avaporator) to yield the volume
{¥y2J, 0F liquid between L, and L

B+ 1200 0 ke

1 .ngj +1 2L1 jqa’}FLe_“

W . Lz =Ly 1 .5\"31'1.6
M12e = Ay =

+
o 1.4d]q,

(9

In the condenser, assuming that j, varies lineariy
from O to j,, @s the distance L, from the top end varies
from 0 to L, yields i, = jgLe L, and Equation 7 with Cp =
1.0 can be integrated'between any two locations Ly and L;

fin the condenser) ta gield the volume (Vo). of liguid
between L, and L,, i.e,
la-L Wik vai 120 gL .
(ygl = A [t » e Jai” <~ 2et =) (10)
2o = 0| g Tddjg, v+ 120 Jgaf L)

In the adiabatic section, j; = jg, and the voiume of
liguid between Ly and L, is

(-t ) ()
{ J

(420 = Adlp=Ly| 1 -
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Figure 3. Sketch of the steady-state average
liguid 1evel in the thermosyphon.

For a qiven power throughput 0 and the resuiting
working fluid tempersture, the time-averaged liquid level
can be estimated as follows. First, the values of Wgy BNd
{32 @re calculated. Then, the average liguid level is the
level at which the sum of the volumes of liquid in the
avaporator, adigbstic section and condenser are equal to
the zero-power initial wolume ¥; {Figure 3} A more
accurate estimate would also sccount for the volume Ve,
of the falling condensate that can be estimated using
Nusselt's congensstion theory {(Rehsenow and Choi, 1961).
The resuiting average liquid level, the "drift-flux level” Lp,
£an be used to estimate heat rates as described below.

As discussed later (Figure 8), when the calculated
drift-flux ievel is sbove the top of the thermosyphon, &
piug of liquid is permanently sustained at the top of the
condenser. The height of the liguid plug, called the blocked
length, can be estimated from the analysic just described
for the average liguid level, except that the vapor
superficial velocity is assumed to decresse linearly from
jga 1 the Dottom of the condenser to zero at the bottom of
the blocked length. Noncondensibles would collect above
the Tiquid plug st the top of the thermosyphon.

EFFECT OF AVERAGE LIQUID LEVEL ON OVERALL
HEAT TRANSFER COEFFICIENTS

In heat pipe practice, it is common to define overall
heat transfer coefficients for the eveporator and the
tondenser based on the working fluid temperature (defined
as the tempersture in the adiabatic section) and the
average temperatures of the evaporator and condenser
walls, respectively.
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Figure 4. Schematic diagram showing the
subdivision of the thermosyphon into reqions
with different heat transter coefficients.

In this study, the temperature in the adiabatic
section is not measured directly but estimsated on the
basis of the temperature measurements of the bottom and
top thermocouples, and the resuits of & cslibrating test
for each fluid inventory (Petroff, 1883). The resulting
experimental date on overall heat transfer coefficients
are graphed in contour maps of h, and h, on a power-
throughput versus working-Tiuid-temperature plane where
the contour lines are smoothed by @ fourth order
polynomial least squares fit (Petroff, 1988).

when the average liquid level is in the evaporator,
as sketched in Figure 4, the overall heat transfer
coefficient can be broken into two parts corresponding to
the evaeporator area above and below the average liquid
tevel

Ly

e = by + L/t

for Ly <L, (12)

otherwise, h, = hy for L, > L,. For the area below the
average liquid level, the nucleate-boiling heat transfer
coefficient can be estimated with the Shiraishi
correlation (Shiraishi, Kikuchi and Yamanishi, 1982) which
is based on the earlier Kusuda-imura correlation (Kusuda
and imura, 1973),

=032 006503 0702 %023
T 025, 04y O [Da)

0.4
(—0—] (13)
g Pe)
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Figure 5. Comparison of estimated values of the
ayaporator overall heat transfer coefficient
hy = fip Tor Ly > L, ¥ersus measured values.

Far the ares above the liquid level, the film-evaporation
heat transfer coefficient can be estimated, assuming =
countinuous Tilm layer on the wall, with the Andros-
Florschuetz correlation {andros and Florsehuetz, 1978)

Y

- TR W » ;
pf‘hf’lg [FETRIEE "‘L;KEI‘D -1/3 .
hy = k ! ' e (14)
BeooloL He )
In Figures 5 and 6, the results of these estimates

jre compared with the measured values. For high aversge
liguid levels (Figure 9, Lp » Le, fe = hpJ, the data are in good
agreement with those of Shiragishi, Kikuchi snd Ysmanishi
{(1982). For lower average liquid levels (Figure &, 0.6L, <
Lo < Lo), the agresment with the data 15 not as good
because Equation 14 averestimates the film-evaporation
heat transrer coefficient h,. As also noticed by Cohen and
Bayley (1955) and by Shiraishi, Kikuchi and Yamanishi
{1982), the assumption of & continuous Tilm layer
overestimates the actual heat transfer coefficient
because the film breaks down into rivulets and the
uncovered areas are cooled much less effectively.

when the average liquid level does not reach into the
condenser, the overall heat transfer coefficient in the
condenser can be estimated using Nusselt's theory. For g
vertical pipe, this yields

Pf(Pf'Pn;’hfoQJ1 2

h, = 0.925 k{ {15

Hf
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Figure 6. Comparison of astimated values of the
evaporator overall heat transfer coefficiant
h, for bl <L, L, versus measured values.

Az the gverage liguid level incresses into the condenser
section, film condensation is repiaced by condensing slug
Tlow, Tor which no applicable correlstion has been found.
In principle, the overall heat transfer coefficient in the
condenser csn be broken inta two parts corresponding to
the condenser area sbove and below the average lguid
level, a5 Just done Tor the evaporator.

Experimental data for the condenser overall heat
transter coefficient are shown in Figure 7 sz g function of
calculated average liguid lewel {drift-flux level) and
normalized by the Musselt h,. At low average ligquid levels,
the MNusseit theory oversstimates the heat transfer
coefficient by gbout 23%. At higher average liquid levels,
the contribution of condensing slug-flaw d08s not seem to
degrade the heat transter coefficient significantly.

Figure 7 shows that the condenser hest transfer
caefficient is degraded significantly when the sverage
liguid level reaches the top end of the thermasupghon and 3
blocked length is present. The reason far this effect is
that the Tiquid plug reduces the effective srea of the
condenser and, hence, the performeance of the
thermosuphon.
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AYERAGE LIQUID
FLUCTUATIONS

LEYELS AND LIQUID LEVEL

Az the power throughput is slowiy increased during
the test procedure already describeg. the gnperimental
apparatus  allows 1o visualize the iollowing  three
conditions concerning liquid levels: {a) the liguid level is
steadily above the top of the qlase midsection; (b} the
1iquid Tevel reaches the top end cap intermittently; and (c)
d layer of liquid covers the top end cap permanently.

Table 1 shows typicsl data on these observations, as
well as estimates of the average liguid level Ly, the "vapor
superficial velocity” Jg. the dryout-zone length Ly, the sum
Ly * Ly, and the blocked length Ly, where the dryout zone is
the region above the average liquid level where the rising
slugs break up. The dryout-zone length is the difference
between the maximum level reached by this intermittent
breaking up of slugs and the calculated average liguid level
ar drift-flux level. At times, & rising of entrained
dropiets 1s observed, but this is not included in the dryout
length.

For values of j, up to 2.2 m/s, at the calculated
average liquid level, the dryout-zone length L, can be
estimated with data obtained by Griffith, Mohamed and
Brown (1988) and correlated by the relation

Lh=(0148)j, Tfor ow>0.45 (18)
Ly is negligible for o < 0.45. For g > 22 m/s na correlstion
is available. There is currently no method to caiculate the

ligquid fraction in the dryout zone.
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Figure 8. Sketch showing average liquid levels
and the blacked length.

Table 1a. Observed liguid level reaches
the top of the glass midsection (31.8 cm).

Table 1¢. Observed liquid level covers
the top endcap permanentiy.

Operating point Estimated values

Vi/\fl,:, [3 0 T Lp jg Ly Lp*Lh Lb

Operating point Estimated values

Vi/‘l\f’e ﬁ 0 T Lp jg Lh Lp+Lh Lb

% W °C cm m/s cm cm cm
25 90° 550 27 2 60 - - -
25 80° /00 40 23 I2 - - -

25 45° 550 2 28 46 - - -
25 45° 520 50 | 24 1S - -
S0 90° 200 98 | 32 10 135 187 -
56 43° 300 95 | 33 1.7 24 59 -

Table 1b. Observed liquid leve} reaches
the top endcap (81.8 cm).

Operating point Estimated values

Vi/Ve [3 g T Lp jg Lh Lp+Lh Lb
% kil °C cm mss cm cm

50 90° 450 87 | 52 22 30 82 -
50 20° 950 110} 52 22 30 82 -
100 906° 150 83 - - - -

100 90° 230 05| 76 02 3 79 -

As shown in Table 1, data and estimates are in good
agreement and validate the modeling considerations and
correlations discussed in the paper for the prediction of

the performance of the thermosyphon.

% W °C cm m/3 cm ¢m cm
100 90° 250 37 - - - - 12
100 80° 150 55 - - - - 6
100 30° 200 70 - - - - 5
100 90° 200 83 - - - - 2
100 90° 300 105 86 01 2 a2 -
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Figure 9. Sketch of the internal downcomer.

DESIGN OF AN INTERNAL DOWNCOMER

With a large enough inventory, the liquid plug that is
formed at the top of the thermosyphon allows for the
design of an internal downcomer that facilitates & large
increase in the operasting limit. The highest power
throughput reached by the vertical thermosyphon st 98°C
(with any inventory) is 1700 W. ‘When a copper tube with
internal diameter 4.7 mm and external diameter 6.3 mm is
inserted internally to the thermosyphon as sketched in
Figure 9 the operating limit at 98°C is 5200 W.



Under the action of gravity the internal downcomer
tekes the liguid from the plug at the top of the condenser
and forces it into the bottom of the evaporator. Operation
above the flooding ltimit is achieved because the liquid
return to the evaporator is guaranteed through the
downcomer even when the liquid return through the.falling
film becomes critical. The Hyugen-Chi-Groll correlation
{(Nguyen-Chi and Groll, 1982) for the flooding limit of
vertical thermosyphon

ADOh [p. (pep, gl 2
=121 XYY (173
o+ (pg/pf) ]
predicts g flooding limit at 98°C of 2700 W. Figure 9

shows a sketch of the annular flow obtained when
gperating, with the internal downcomer, above this limit.

CONCLUSIONS

The thermosyphon heat transfer moael proposed by
Shiraishi, Kikuchi and Yamanisni (1282) has been coupled
with the drift-flux model far the estimate of the average
liquid level in the thermosyphon at steady-state operation.
Experimental data fram an spparatus that sliows partial
flow visualization well ag complete temperature
characterizstion are in good agreement with the rnodel
predictions.

.
L)

The method and results are useful to develop more
detailed models of the performance of g closed two-phage
thermosyphon.  Moregver, operation with an internal
downcomer extends beyond the usual operating Hmits.
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