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The thermal performance characteristics including the
evaporator and condenser heat transfer coefficients and the
mazimum heat transfer rate for an ammonia charged two-
phase closed thermosyphon have been experimentally de-
termined for vertical and inclined orientations. The ther-
mosyphon tested is 6.2 m long and has an internal diam-
eter of 31.9 mm and is made of grade 304 stainless steel.
Hot water of up to 80°C and cooling water of between 10
and 20° C, inclination angles of 30, 45, 60, 75 and 90° to
the horizontal, evaporator to total length ratios of 0.06 to
0.33 and liquid charge fill ratios (Le/ L. ) of between 20 and
100 % were considered. The correlations of the experimen-
tal data for the heat transfer coefficients are given in terms
of the wall heat fluz, internal pressure, liquid charge fill ra-
tio and angle of inclination. The correlation for the super-
ficial velocity at which the heat transfer rate could not be
increased further by increasing the temperature difference
between the evaporator and the condenser was determined
in terms of internal temperature, liquid charge fill ratio
and inclination angle. The experimentally determined val-
wes of the heat transfer coefficients did not correspond well
with existing correlations. This is attributed to the limited
availability of ammonia as working fluid and inclined ther-
mosyphon orientations in the data sets upon which these
existing correlations were based, as well as the generally
complex nature of the various heat transfer mechanisms
that occur in a thermosyphon.

Nomenclature
A area, m?
d diameter, m
h heat transfer coefficient, W/m?K

hry latent heat of vaporisation, J/kg
; thermal conductivity, W/mK

L length, m

m  mass flow rate, kg/s

P pressure, Pa

q heat transfer rate, W

¢"  heat transfer flux, W/m?

r correlation coeflicient

T temperature, °C

Vv velocity

IDepartment of Mechanical Engineering, University of Stellen-
bosch, Private Bag X1, Matieland, 7602 South Africa

Subscripts
b  bottom
¢ cold, cooling or condenser
e  evaporator or exit
h  hot or heating
1 inside or inlet
¢ liquid
o outside
s  superficial
t top
v vapour, velocity
w  wall

Greek symbols

¢ inclination angle (to the horizontal)
p density, kg/m?
W Viscosity, kg/ms

Introduction

The two-phase closed thermosyphon is a simple yet ef-
fective heat transfer device.! It consists of a sealed pipe
containing both liquid and vapour phases of a relatively
small amount of a working fluid. When the lower end of
the pipe relative to gravity is heated and the higher end
cooled, heat is transferred between the two ends. The heat
transfer rate between the two ends is considerably more
than would be the case for the same diameter solid rod
of conducting material subjected to the same temperature
difference.

Evaporation of the liquid takes place in the heated
portion of the pipe and this portion is hence also termed
the evaporating section or evaporator or boiler. In the
cooled portion the vapour condenses and is termed the
condensing section or condenser. In the condenser the
working fluid changes phase from vapour to liquid and
more vapour flows from the evaporator to the condenser.
The condensate formed in the higher portion of the pipe
then runs down the inside of the wall, under the influence
of gravity, to replenish the pool of boiling liquid in the
lower portion of the pipe.

As the temperature difference between the heated and
cooled ends increases so too does the heat transfer rate and
the velocity of the upwardly flowing vapour. A further in-
crease in temperature difference ultimately leads to a max-
imum possible or limiting heat transfer condition. This
limiting condition may be ascribed to one or a combination
of effects: flooding whereby the upwardly flowing vapour
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prevents an adequate flow of the downwardly flowing con-
densate back into the evaporator; geysering whereby liquid
is propelled directly out of the evaporator and up into the
condensing section by the rapid flow of the vapour; and
dryout whereby liquid deficient areas occur on the evapo-
rating surface. The occurrence of any of these effects does
not necessarily imply that the thermosyphon is operating
at this limiting condition. For instance? flooding may be
observed to be occurring and yet the heat transfer rate
may still be increased further by increasing the tempera-
ture difference between the evaporator and condenser.

The physical phenomena describing the thermal-
hydraulic behaviour taking place within the ther-
mosyphon, especially if it is inclined, are relatively com-
plex. Figure 1 gives an indication of the various processes
taking place in an inclined thermosyphon. To date theo-
retical analysis has been limited to only vertically orien-
tated thermosyphons in which the condensate is assumed
to form a uniform axi-symmetrical annular film of varying
thickness on the inside wall of the pipe. There are many
correlations relating to the thermal performance charac-
teristics of thermosyphons.® These correlations, however,
give widely differing results.*
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Figure 1 Heat transfer mechanisms in an inclined
thermosyphon

Ammonia is an attractive working fluid for use in a
closed two-phase thermosyphon because of its zero ozone
depletion and its zero global warming potentials. It has
good thermal properties and the refrigeration industry has
had extensive experience with it. Its thermal and heat
transfer characteristics are significantly better than those
of CFCs and HCFCs and are comparable to those of water.
Although ammonia has been used for decades as a refrig-
erant of choice for selected large and small scale applica-
tions, no formal database is available on the heat transfer

of ammonia.5 Very little published data relating to am-
monia’s heat transfer characteristics are available and in
the case of an inclined ammonia-charged thermosyphon no
published data are available.

In this paper the important thermal characteristics of
an ammonia charged two-phase closed thermosyphon are
experimentally determined for both vertical and inclined
orientations. The important thermal characteristics are
the evaporator and condenser heat transfer coefficients and
the maximum heat transfer rate.

Experimental set-up and procedure

The thermosyphon tested consists of a 6.2 m long by 31.9
mm inside diameter stainless steel pipe. It is mounted
in a support structure that can be tilted at 30, 45, 60,
75, and 90° to the horizontal. The thermosyphon has
five 400 mm and one 4200 mm water heating and cool-
ing jackets as shown in Figure 2. By coupling these water
jackets in different combinations it is possible to operate
the thermosyphon with different evaporator and condenser
lengths. During a test run the heating water from the hot
water supply tank, as shown in Figure 3, was increased
from the initial temperature up to a maximum of about
80°C and the cooling water was allowed to vary from be-
tween 10 and 20°C.

Thermosyphon

304 stainless steel

\ ¢ 31.9 inside diameter

\\ ¢ 34.9 outside diameter
Sealing rings

15 wide rubber hose

Heating/cooling water jackets
304 stainless steel
¢ 42.1 inside diameter
® 44.5 outside diameter

Figure 2 Thermosyphon heating and cooling
(dimensions in mm)

Mass flow rates were determined by measuring the
time it takes for a measured mass of water to flow.
Temperature was measured using T-type stainless steel
sheathed thermocouple probes all manufactured from the
same batch of themocouple wire. Temperatures were
recorded using a Schlumberger Technologies data acqui-
sition system (“IMP PC to S-net Adapter’) coupled to
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Figure 3 Thermosyphon heating and cooling water systems
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Figure 4 Important independent variables for an inclined
thermosyphon
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Figure 5 Typical set of readings fora test run

a PC. The independent experimental variables L., L.,
Lo, Thowi, Towi, ®, Mp and 1, are shown in Figure 4.

The logged data (heating and cooling water inlet and
exit temperatures as well as the ammonia temperature at
the bottom and top of the thermosyphon) were recorded
every 30 seconds and a plot of a typical set of readings and
results is shown in the Figure 5. A test run continued until
the maximum heat transfer rate occurred or the maximum
achievable temperature of the hot water heating system of
80°C had been reached. The minimum cooling water tem-
perature that the cooling system could supply was about
8°C. For each test run between four and six more or less
equally spaced points were selected to make up the data
set on which the heat transfer coefficients were calculated.
In all there were about 70 such test runs from which a
data set of some 280 points was extracted upon which
to base the heat transfer coefficient correlations. There
were five inclination angles (30, 45, 60, 75, and 90°), three
liquid charge lengths (396, 784 and 1296 mm) and five
evaporator leiigths (400, 800, 1200, 1600 and 2000 mm).
There was no adiabatic length and the condenser lengths
are given by subtracting the evaporator lengths from the
overall length of 6.2 m giving condenser lengths of 4.2, 4.6,
5.0, 5.4 and 5.8 m. Depending on the heating and cooling
temperatures the internal ammonia temperatures varied
from 15 to 45°C.

A total of 48 points were available on which to base
the maximum heat transfer rate correlation. Although
there were 70 test runs it was not possible, due to the
maximum water heating and minimum cooling water lim-
itations of the heating/cooling water equipment, to obtain
a clearly observable maximum heat transfer rate for the
inclined cases with heating water flowing through only a
single 400 mm water jacket.

The average heat flux and inside wall temperature
of the heated and cooled sections of the thermosyphon
were determined from the measurements. This allowed
the evaporator and condenser heat transfer coefficients to
be determined by dividing the heat flux by the temper-
ature difference between the inside of the wall and the
temperature of the working fluid as follows:

qll‘
hwig = T.—WF’ and (1)
-1
h“un'(; = # (2)
where
N qe e QC
e Aw’ie’ Twie A'wic

e = mhwcphw@Thw (Th'we i Tcwi) )

(jc L mcwcpcw@?cw (Tcwi - Tcwe) )

Awie = WdiLe, Awic = 7rdiLc

R & D Journal, 2000, 16(2) 35



In(d,/d; .
Twie = Th‘w_ + ( O/ 1))(16’

1
<hwoeAwos 2mkyele

l 1 In(d,/di) .
Twie = Tew+ (hwocAwoc K 27T(k3wiLc)) i

i Thwi + Th, T
Thw = hun‘; hwe,Tcw

it M= TdoLe and Ayeo = mdo L,

o] Tcwi + Tcwe
2 b

The heat transfer coefficient between the heating wa-
ter and the outside surface of the thermosyphon for a 400
mm long water jacket was experimentally determined as®

0.7333
hewo = 4.553 I}je PI‘0'3626 (3)

hw

and from the outside surface to the cooling water as

.8095

b t= 2.0290135 Py 93774 (4)

Because of the relatively low thermal conductivity of

stainless steel (304) the temperature difference across the

wall is relatively large and contributes significantly to the

overall resistance to heat transfer. The thermal conduc-

tivity of stainless steel is relatively sensitive to tempera-

ture changes and hence its thermal conductivity was de-
termined as a function of temperature as

kuw = 9+ 0.02 (T, + 273.15) (5)

where & is in W/mK if T,, is in °C. The wall temperature
in equation (5) was taken as the average temperature of
heating/cooling water and the internal temperature of the
working fluid.

Experimental results

The experimental data were correlated by assuming corre-
lating equations of the form

y = ag (z1)" (22)” (z5)" ......

By taking logs on both sides, the coefficients are read-
ily calculated making use of multi-linear regression. In this
way correlations were obtained for the evaporator and con-
denser heat transfer coefficients and the maximum super-
ficial vapour velocity above which the heat transfer rate
could not be increased further.

Evaporator heat transfer coefficient

An evaporator heat transfer coefficient for inclination an-
gles of 30 to 75° (based on a data set of 125 points and
with r2 = 94.4%) was determined as’

hows = 0413 (4:)" "™ (P) 74 (Le/Le)* ™ sin®31 ¢
(6)
where h is in kW/m?K if ¢ is in kW/m?, P; in bar, and
L¢/L. in m/m.

For a vertically orientated geometry based on a data
set of 49 points and 72 = 98.2% it was determined as

hory; = 0.0404 (q;,wi)o.gsl (3)0.615 (Lz/Le)—o.zgo (7)

For both these correlations the liquid charge length L,
was 400 mm giving liquid charge fill ratios (L,/ L.) varying
from 20 to 100 % as the evaporator length was varied from
400 mm to 2000 mm.

The variation of the predicted evaporator heat trans-
fer coefficient using equations (6) and (7) from the exper-

imentally determined values is shown in Figure 6 to be
within +30 %.
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Figure 6 Predicted evaporator heat transfer coefficient using
equations (6) and (7) compared with the experimentally
determined values

Condenser heat transfer coefficient

For the vertical case the experimental data were correlated
(49 data points and r* = 72.6%) as

= 0.3706 (¢",,)" " () 702429 (L )1-3523

9ewi

x (LZ/L6)~0.3474 (8)

h’cwi

where h is in kW/m?K if ¢" is in kW/m?2, P, in bar, L, in
m, and Ly/ L., in m/m

In this correlation the low value of the exponent of
ey of 0.0861 indicates that the wall heat flux does not
play an important role in determining the condenser heat
transfer coeflicient. The liquid charge fill ratio however is
significant with a relatively large magnitude of 0.3474 for
the exponent of L;/L..

A similar correlation for the inclined case (122 data
points 72 = 46.9%) was obtained as:

hows = 29.78(4lh,:) — 0.03041 (By) 02717 (1, )=0.8861
X (Le/Le)_O'OH31 (sin ¢)_0'3821 (9)
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In this correlation it is again seen that the heat flux is
not important in determining the condensation heat trans-
fer coefficient. P; and L. and ¢ are however significant.
The effect of the amount of liquid in the thermosyphon
as reflected by L,/L. although significant in the case of
a vertical thermosyphon is however not at all significant
in the inclined orientation. This may not be surprising
because i) the propensity for condensate to be expelled
from the evaporator of a vertical thermosyphon is signifi-
cantly greater than for an inclined thermosyphon; ii) the
occurrence of spasmodic flooding and geysering episodes
does not limit the maximum heat transfer rate of a ther-
mosyphon as the temperature difference between the hot
and cold ends increases and at least initially the heat trans-
fer rate increases yet further before reaching a maximum;
and iii) the more liquid in the condenser the thicker the
average film thickness of liquid between the vapour and
the wall and hence the greater the thermal resistance of
the liquid.

The variation of the predicted condenser heat transfer
using equations (8) and (9) from the experimentally deter-
mined values is shown in Figure 7 to be within +15%.

The square of the correlation coefficient as given by
r? = 46.9% for equation (9) is relatively low Different cor-
relating equations were attempted to correlate the data.
A better correlation (122 data points, 7?2 = 66.4%) was
obtained by including the theoretical value for an inclined
thermosyphon as given by equation (8) and adjusting it
with the angle and condenser length as

(L )f-()46946 (sin (D)—o.lsss
(10)
The predicted values as given by equations (9) and
(10) are compared with each other in Figure 8.
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Figure 7 Predicted condenser heat transfer coefficient using
equations (8) and (9) compared with the experimentally
determined values
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Figure 8 Comparison of the two predicted condenser
transfer coefficients for the inclined orientation using
equations (9) and (10) compared with the
experimentally determined values
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Figure 9 Predicted maximum heat transfer rate using
equation (12) compared with the experimentally determined
values

Vv, max = 136.2 (Ti)—0~718 (¢)—0-429 (Le/Le)_O'wS (11)

where Viy max is in m/s if T; is in °C and ¢ in °. Vi nax
increases significantly as ¢ decreases, for instance at T, =
30°C, Viy max = 1.6 m/s for the vertically orientated ther-
mosyphon, whereas for ¢ = 30° Vi, max is some 72%
greater at 2.75 m/s. The maximum heat transfer rate is
then readily calculated using

‘imax = (7Td12/4) pvhfgvsv,max (12)

The variation of the predicted heat transfer rate using
equation (12) from the experimentally determined values
is shown in Figure 9 to be within 15%.
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Discussion

Evaporator heat transfer coefficient

The evaporator heat transfer coeflicients as given by the
equations (6) and (7) are plotted in Figure 10 for more or
less average values of the internal pressure, liquid charge
fill ratio and liquid length of P; = 11.67 bar (30°C), L¢/L.
= 0.458 and Ly, = 400 mm . The evaporator heat transfer
coefficient is plotted as a function of the evaporator heat
flux up to the maximum evaporator heat flux. It is seen
that although the maximum heat transfer rate increases
as the angle of inclination to the horizontal decreases with
a peak at about 60° that the heat transfer coefficient ac-
tually decreases.
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Figure 10 Predicted evaporator heat transfer coefficient as a
function of the evaporator wall heat flux for different
inclination angles ¢ for P; = 11.67 bar (30°C),

Ly = 400 mm and L¢/L. = 0.458

~
-

(o]

(KW/m’K)
= N W HO

Condenser
heat transfer coefficient, h;

o

0 5 10 15 20 25 30 35

Condenser wall heat flux (kW/m?)

Figure 11 Predicted condenser heat transfer coefficient as a
function of the condenser wall heat flux for different
inclination angles ¢ for P; = 11.67 bar (30°C),

Ly =400 mm and L¢/L, = 0.458

The experimentally determined evaporator heat
transfer coefficients for ¢ = 90° were compared to a num-
ber of available correlations. A correlation for boiling of

ammonia in a vertical pool is available.®° The experimen-
tally determined values for L;/L. = 1 and L, = 400 mm
were 524+3% higher. This is expected because existing
equations for pool boiling assume a relatively large pool
in which the heated surface is placed. In a thermosyphon
however the boiling takes place in a relatively long and
narrow pipe which in this case is Lg/d; = 400/32 = 12.5.

Other correlations have been proposed for the evap-
orator heat transfer coefficient for vertically orientated
thermosyphons.®1%1!1 The data sets used to determine
these correlations do not appear to contain arrimonia as
working fluid. It may be for this reason that heat transfer
coefficients using El-Genk and Saber’s correlations yielded
values of 230440 % higher than the present experimental
values. Values using correlations by Imura and Negishi
and Shiraishi were all on average some 57% lower that the
present experimental values.

Condenser heat transfer coefficient

The condenser heat transfer coefficients as given by the
equations (8) and (9) are plotted in Figure 11 also for
more or less average values of the internal pressure, liquid
charge fill ratio and liquid length of P, = 11.67 bar (30°C),
L¢/L. = 0458 and Ly = 400 mm . The condenser heat
transfer coefficient is plotted as a function of the condenser
heat flux up to the maximum heat transfer rate. It is seen
that, in contrast to the evaporator, the condenser heat
transfer coefficient increases as the angle of inclination to
the horizontal decreases.

Assuming that the condensate flows as a laminar film
on the inside wall of the condenser the condensation heat
transfer coefficient can be theoretically determined. The
condensation heat transfer coefficient may be defined as
the wall heat flux divided by the average temperature dif-
ference as

211

q
(1/14'Luci) / Tzucid/l - ]_‘7,

hﬂwci = (13)
where ¢ is the heat flux and (1/Awe) [ TweidA is the
average inside wall temperature of the condenser. Using
this definition of the average heat transfer coefficient an
equation for a vertical orientation can be derived as

: /3
o (Kpthy, 1!
Rweis = 2.64 (T 7 mf, (14)

This equation shows that the thermal conductivity of
the liquid phase of the working fluid, k; plays the dom-
inant role in the condensation heat transfer coefficient.
This is followed by the density of the liquid. The latent
heat of vaporisation, liquid viscosity, condenser length and
the condenser wall heat flux each have an equal but lesser
influence on the condensation heat transfer coefficient.

For a relatively long inclined pipe (neglecting the ef-
fect of the extra condensate that drains from the wall and
runs as a rivulet in the bottom of the tube) the condensa-
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tion heat transfer coefficient is derived as:

. 1/3
et coe0) )

Rwe: = 1.30 =
( e diq"

The equation for the vertical case gives reasonable
results but the equation for the inclined case tends to give
values that are too high as shown in Figure 12.

A number of experimentally determined correlations
are available in the literature. The correlations are lim-
ited in the sense that they are invariably for vertical ori-
entations and none include ammonia as working fluid in
their data sets. Three such correlations attributable to Hi-
rashima et al.,'? Uehara,'® and Gross!® are compared to
the experimentally determined results shown in Figure 13.

12 o
; s 20 Exp
£ 10- X
§ o Eq (14)
285 81 3
_g é —~ o
£8% . Eq (8)
_g 8 § o
Q5 Eq (10
§ q:-z) é 4 q (10)
38 -
£& 2 . Eq (15)
3 2 3 4 5 6 7 8
- Experimental
condenser heat transfer coefficient, h;
kW/m’K)

Figure 12 Predicted condenser heat transfer coefficient
using film theory and the correlated predictions compared
with the experimentally determined values
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Figure 13 Predicted condenser heat transfer coefficient
using various existing correlations compared with the
experimentally determined values

Hirashima’s correlation (which was originally deter-
mined using water as the working fluid) gives a constant
value of 4 kW /m?K when applied to ammonia and operat-
ing conditions similar to those upon which the experimen-
tal results were obtained. The Uehara and Gross corre-
lations give heat transfer coefficients that are consistently
higher than the experimental values.

Overall heat transfer resistance

The maximum heat transfer rate increases as the ther-
mosyphon is tilted from a vertical orientation On the other
hand the actual heat transferred is relatively insensitive to
the inclination angle. This is because the evaporator heat
transfer coefficient decreases whilst the condensation heat

transfer coefficient increases, as shown in Figures 10 and
11.

Conclusions

The experimentally obtained evaporator and condenser
heat transfer coefficients and the maximum heat trans-
fer rate were suitably correlated by equations (6) to (12).
The predicted values using these correlations corresponded
reasonably well to the experimentally determined values as
shown in Figures 6, 7, and 8. The evaporator heat trans-
fer coefficient scatter was 30%, the condenser heat transfer
coefficient scatter was £15% and for the maximum heat
transfer rate it was also within 15%.

The experimentally determined heat transfer coeffi-
cients did not correspond well with existing correlations
gleaned from the available published literature. This is
attributed to the limited availability of data pertaining to
ammonia and inclined orientations in the data-sets upon
which the existing correlations are based. Another rea-
son for this could be due to the complex and uncertain
nature of the heat transfer mechanisms taking place in a
thermosyphon. The thermosyphon tested is relatively long
and it is possible that a number of mechanisms, as shown
in Figure 1, may be taking place simultaneously in different
portions of the evaporator. Yet another reason could be
that the occurrence of flooding (especially in inclined ori-
entations of a thermosyphon) does not necessarily consti-
tute a state of maximum heat transfer. The heat transfer
coefficients for operation under flooded conditions cannot
be expected to be the same as under conditions where the
liquid is flowing under relatively laminar flowing films, ei-
ther as films on the walls of the tube or as a rivulet along
the bottom of the tube.
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