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Abstract—The characteristics of counter-flow heat exchanger units, using heat pipes or two-phase closed
thermosyphons as the heat-transfer element, are studied experimentally and a simple analytical model was
developed to predict the performance of such units using thermosyphons.

The maximum heat-transfer rate has a unique functional relationship between the ratio of two stream mass
flow rates, and the ratio of heated to cooled lengths of the heat-transfer elements, regardless of element bundle

NOMENCLATURE

A, heat-transfer area;

B, constant, equation (10);

Cy  constant, equation (12);

C,,  constant, equation (10);

Cps specific heat at constant pressure;

d, diameter of heat-transfer elements;

Jo conversion factor for units of force;

h, heat-transfer coefficient ;

hy,  latent heat of vaporization;

k, thermal conductivity;

L, length of the element ;

L', length ratio, L,/L_;

m, mass flow;

Qr, total heat-transfer rate of an exchanger;

q, heat-transfer rate of an element ;

R, thermal resistance ;

¥, radius;;

S;,  longitudinal-element pitch in a bank,
Fig. 2;

Sy,  transverse-element pitch in a bank,
Fig. 2;

T, temperature;

U, overall heat-transfer coefficient of an
exchanger;

u, fluid velocity through the minimum free
area;

Y, dimensionless film thickness (r;/r;);

Nu, Nusselt number, hd/k or Ud/k;

Pr,  Prandtl number, uc,/k;

Re, Reynolds number, ud/v;

Re*, Reynolds number ratio, Re,/Re;

B, dimensionless condensation parameter ;

y,~  specific weight;

0, angle of orientation;

U, dynamic viscosity ;

v, kinematic viscosity ;

a, surface tension.

Superscripts
m,n, exponents, equation (10).
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geometries.
Subscripts
c, condenser side ; cold ;
d, geometric;
h, evaporator side; hot ;
i, inner side of the element ;
m, logarithmic mean;
0, outerside of the element ;
D, individual element ;
s, saturation;
T, total ;
w, wall;
ci, inlet cold-side fluid stream;
hi, inlet hot-side fluid stream ;
vap, vapor;

d, at the film boundary.

INTRODUCTION

INCREASING fuel cost and energy conservation are two
of the most important considerations to be taken in
new heat exchanger design, and modern compact heat
exchangers with as much as 4900 m? of surface per m?
of exchanger, very often accommodate these impor-
tant requirements. For low temperature differences,
such as in the case of recovering heat from exhaust gas
streams, however, these units become impractical. In
some other cases, design conditions may dictate that
two fluids must be physically separated to avoid any
cross contamination between two fluids in a heat
exchanger. Heat exchangers, having two-phase closed
thermosyphons or heat pipes as heat-transfer elements
within, may actually be good examples to accom-
modate these particular design constraints.

Although the heat pipes and two-phase closed
thermosyphons are similar, there is an important
difference in the mechanism of condensate return in
these elements. A heat pipe relies on the capillary
action of the internal wick and the working fluid,
whereas a thermosyphon employs an external force
field, such as gravity, centrifugal force, etc. for the
condensate return to the evaporator.
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The hydrodynamic and thermal aspects of in-
dividual elements have been extensively studied for
heat pipes and to a lesser degree for two-phase closed
thermosyphous, but it appears that the study to
predict the overall performance of heat exchangers,
having a bank of such heat-transfer elements within, is
confined to very few [1. 2]. These studies are pre-
liminary in nature and are all concerned with those
having heat pipes only. Some performance data and
possible application of such heat exchangers are
included in a monograph recently published [3]. An
extensive review on the thermosyphon technology is
also made available by Japikse [4].

In the present paper, a study has been made on the
characteristics of such heat exchangers experimentally
and a simple analytical model was developed to
predict the optimum design condition for units using
two-phase closed thermosyphons. Although the study
is applicable to both parallel and counter flow heat
exchangers, only the latter is investigated in the prosent

paper.

ANALYSIS

Three approaches are available to predict heat-
transfer performance of heat exchangers using two-
phase closed thermosyphons or heat pipes. The first
method, based on a conductance model, is to estimate
heat-transfer coefficients involved in each process. and
is adopted in the present study.

The second method is suitable mainiy for the
prediction of the maximum heat-transfer rate of a
given thermosyphon element. This is done by estimat-
ing the rate of mass transport based on a force balance
within the element [S] but it is not really adoptable for
the analysis of the overall heat-transfer performance of
heat exchangers under a given operating condition,

The third is the method developed by Kays and
London [6], using the effectiveness-number of trans-
fer units, applied especially in liquid-coupled indirect
type heat exchangers. Here, the thermosyphons or
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F1G. 1. Anideal model.

heat pipes in the heat exchanger core can
sidered as the pumped fluid foop which coy
hot side and cold side. Howe
easily adaptable to the case studied here

Although the first method muav miphy that ony
cquations are required in the analysis. the principle of
energy-balance must be included us well The methad
of the analysis used can be applicable for both cases
having heat pipes and twoe-phase closed thernso-
syphons, but only the later is considered 10 the
present study.

Assuming that the axial conduction through the
tube wall is negligible, the following equations for the
ideal model shown in Fig. | can be written for sieady
state operations:
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and the total heat-transfer rate of the entire heat
cxchanger is defined by:
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The outer ki, and h- in R, and R, respectively. are
not strongly affected by the temperature and are
estimated from the standard correlation for the fluid

flow normal to the baok or rod bundles given by:

Nu = B-C,Re" Py {t

where B and m are functions of longitudinal and
transverse pitch ratios; (', a correction factors for the
geometry and the number of rows in the bank of heat-
transfer elements; and n is about 1,3 [7].

The thermal resistances R, and R, can be rather
accurately calculated with standard conduction heat
transfer.

The resistance R, only appears when the flow inside
the thermosyphon reaches its choking condition, and
then it becomes the controlling factor.

The values of the internal evaporator and condenser
heat-transfer coefficients, i1, and hs, respectively. are
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the most difficult to estimate. For k5, the analytical
expression given in [ 5], cannot be used as it is only for
the maximum heat-transfer rate from a given thermo-
syphon. Therefore, for the condenser section in the
present study, the Martinelli’s expression given below
was used {8]:

ﬁ%{i:%[é—Y2+%Y“—Y“lnY] (11)
where
Y =1/
InY Y4 Jiny 0
B= Y"’lnY( 3 "%‘>+~8—"+ Y‘"(T”‘é)
e 2kv(T,~T,)

Qc()’ - YVap)hfg ?'?' )

For h,, the evaporating section of the thermosyphon,
the Rohsenow’s correlation for natural convection
boiling [9] given by:

= C. Pri’? T, -T) o 1/2770.33 1)
= LylF uhfg y_yvap

was used. Here, all properties are evaluated at the
saturation temperature, T, and the constant C from
[10}.

Equations (11) and (12} indicate that not only a
knowledge of the temperature drop is necessary, but
also a fairly accurate value of the saturation tempe-
ration, T,, must be known.

Therefore, to satisfy all these concomitant require-
ments, iterative methods had to be used to predict the
overall performance of the heat exchanger.

EXPERIMENTS

A schematic diagram of the experimental setup is
shown in Fig. 2. The test section consists of two
rectangular air ducts, traversed at the middle portion
by a bank of heat-transfer elements (ie. thermo-
syphons or heat pipes). Figure 2 also shows the
locations of thermocouples, with respect to the seg-
mented baffles which mix the air stream to achieve a
uniform temperature distribution. The system can be
used for both counterflow and parallel-flow arrange-
ments, and the possible leakage between the two
streams is prevented by an air-tight partition.

The flow rates are measured by two calibrated
orifice plates located downstream from the test section
on 10Z-mmdia circular portions of the air ducts.
Provisions are also made to measure the pressure
drops across the test section.

Air temperature measurements are made by calib-
rated, radiation shielded beads of copper—-constantan
junction. At every temperature measuring station,
each duct cross-section is traversed along two per-
pendicular directions, and the average of at least five
thermocouples are provided at each measuring station
to obtain a meaningful bulk temperature at that
particular cross-section.

Test section
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F1G. 2. Schematic diagram of the test apparatus and element
bundie arrangement.

An additional special feature of the test section is
that the entire section can be pivoted about a fixed
reference ixis, to change the orientation of the heat-
transfer element bank in respect to the gravitational
field. The angle = 90° indicates that the elements are
parallel to the direction of the gravitation, and that the
evaporator section is below the condenser section.

Table 1. Characteristics of heat-transfer elements

Outside Wall
Length  diameter thickness
Element (mm) (mm) (mm)  Symbols
Thermo-
syphons 305 12.7 0.84 TS
Heat
pipes 305 12.7 0.82 HP¥

+Model No. CWS 5012, see footnote.

Although the analysis is confined to a heat ex-
changer using thermosyphons, a set of purchased heat
pipes* were used for comparison. The two-phase
closed thermosyphons used in the study were de-
veloped and manufactured by the authors’ institute.
The main characteristics of these two heat-transfer
elements are summarised in Table 1.

All heat pipes and thermosyphons are made of hard-
drawn copper tubing and the working fluid for both is
distilled water. The amount of working fluid in the
thermosyphons is about 15% of the total inner volume
of the elements according to the findings of [ 5], which
made an experimental study on the effect of the
quantity of working fluid filling on the heat-transfer
performance of the element.

*Isothermics Inc., P.O. Box 86, Augusto, NJ 07822, U.S.A.
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To test the effect of element bank geometry on the
overall performance, the following different element
spacings are used:

In-line elements:
S x4rows
total No. of elements... 20
total heat-transfer area, L = 1...0.

Staggered elements:
4-5-4-5 (4 rows)
total No. of elements... 18
total heat-transfer area, L" = 1...0.109 m?

S, =381Imm:S; = 16,254 and 38.1 mm.

The ratio, L', of heated-length, (L,), to cooled-
length (L,), 1s one of important parameters and
provisions are made in the design of the test apparatus
to accomodate this particular requirement.

RESULTS AND DISCUSSION

Correlation of the test results were attempted, using
various kinds of the characteristic length to be used in
the non-dimensional parameters, but it seems that the
diameter of the heat-transfer element is the best choice.

The predicted overall heat-transfer coefficients, U,
for a given condition are compared with the experim-
ental results in Fig. 3. The curve AA is obtained using
equation (10) with Grimison’s values [11] of B and m
which are needed for equations (3) and (8). As can be
seen from the figure, the agreement between the
analysis and experiment is very poor except for the
region near Re, = 3000.

It was thought that the poor agreement could have
resulted from two sources in the analysis. One is the
values of B and m in equation (10) which determines
the values of R, and R,, and the other, the constant,
C,, in the Rohsenow’s correlation given by equation
(12). Therefore firstly, the computation was repeated
with different values for the constant, C;, keeping the
others the same. However, it showed that the effect of
changes in the value of Cy on the final overall
coefficient, was very insensitive.

Secondly, the computation was repeated with the
different values of B and m in equation (10), keeping
the rest the same, and with the values of B and m of
0.009 and 1.05, respectively. The prediction follows the
experimental trend very closely, as shown by the curve
CCin Fig. 3.

Recent studies [ 12, 13] showed that the Grimison’s
correlation does not reflect several important para-
meters affécting the heat-transfer process. The study of
these variations is beyond the scope of the present
work, but throughout the analysis, the corrected
values of B and m, given as 0.009 and 1.050, re-
spectively, were used in equation (10} and as it can be
seen from Figs. 3, 9 and 10, the agreement between the
prediction and experimental results is very good.

At this point, it must be pointed out that, unlike a
simple convection heat-transfer process, the heat-
transfer process in the heat exchanger, using the two-
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phase closed thermosyphons or heat pipes, is quite
sensitive to the temperature range and to the overall
temperature difference of the total system due to the
fact that the process involves two-phase phenomena.
This is clearly demonstrated in Fig. 4, where the effects
of the initial temperature of the one fluid stream and
the temperature difference; T, — 7., on the overall
heat-transfer coefficients, U, at different conditions are
illustrated. Therefore, throughout the experiment, T,
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F1G. 4. Effect of temperature, in-line bundle geometry.

was kept at 21+ 1°C, and AT at 65 + 10°C, so that the
uncertainties introduced by the dependancy on tem-
perature can be kept within the acceptable tolerance.
The predictions which were compared with the expe-
rimental results, were naturally kept at the same T
and AT used in the experiment.

Effects of Reynolds number and of the ratios Re* and L™

In a heat exchanger, the heat-transfer rate from one
stream to the other not only depends on the Reynolds
numbers of the two streams, but also on the ratio of the
two Reynolds numbers of the streams, Re* = Re,/Re..
The heat exchanger studied here is no exception and
their effects are shown in Fig. 5.



Characteristics of heat exchangers

4r Re'=4
3 2
i
2 L
05
u,
1021
W/ m2K 0.25
5 -
4 -
s -
2 - S1=25.4 mm
S = 38.1 mm
Lt= |
AIR, TS
I i
2 4 6 8 10 2
Re¢
Fi1G. 5. Effects of Reynolds number and Re*, in-line bundle
geometry.

The trend shown in the figure, however, can be quite
misleading, For the range of moderate Reynolds
numbers, as in the case of Fig. 5, it is true that
increasing the Reynolds number for a given value of
Re* results in a higher value of U. But, if we were to
increase the Reynolds number to a much higher order
of magnitude for a given Prandtl number, one can see
that the effect of the Reynolds number on U becomes
asymptotic, as shown in Fig. 6 (the effect of Pr in
conjunction with Re, will be discussed later). The
explanation is simple ; the heat-transfer process from
the hot stream to the cold stream in the present heat
exchanger is governed by equation (1), and the in-
dividual thermal resistance plays its own role depend-
ing on its magnitude. Figure 6 indicates that there is a
maximum heat-transfer rate for a particular design of
the heat-transfer elements at a given condition. This
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implies that the addition of a number of fins to the
outside surface of heat-transfer elements would im-
prove the overall heat-transfer process, especially at
low Reynolds numbers, but there is a limit beyond
which an increase in the number of fins would not
necessarily result in a higher value of U, especially at
high Reynolds numbers.

Coupled to this effect is that of Re*. For a given
value of Re,, the higher the value of Re*, the larger the
value of U. It seems to imply that increasing the
evaporator side heat-transfer increases the overall
performance of the heat exchanger and vice versa.
However, the effect of Re* on the overall heat-transfer
coefficients is much more complicated due to the fact
that the ratio of heated-length to cooled-length, L*
= L,/L., of the heat-transfer elements also affects the
heat-transfer process.

If we were to change the value of L", we can no
longer consider the overall heat-transfer rate per unit
area, because the heat-transfer area is not unique
anymore.

As discussed previously, the total thermal resistance
is the summation of six different resistance governed by
the conditions of R, and each of which, is specified by
its particular heat-transfer mechanism. For L' = 1,
where the outer surface area of the condenser equals
the evaporator outside surface area (the diameters
being the same), U, becomes U,. For values of L*
other than 1, neither U, nor U,, which are based on
the condenser and the evaporator outside areas,
respectively, would give any representative picture of
the change in the performance of the system, as-
sociated with the relative change of areas as can be seen
in Fig. 7. Since both evaporator and condenser side
areas must strongly affect the performance of the
system, both areas should be included in the definition
of the overall heat-transfer coefficient. Since the ques-
tion may be treated as a matter of definition, one may
use either arithmetic, geometric or logarithmic means
of the two areas in the definition of U, but none of these
reflects real changes in the performance of the system,
as shown in Fig. 7. Therefore, although the concept of
overall heat-transfer coefficient is preferred (and for
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F1G. 6. Effects of Reynolds and Prandt] number. in-line bundle geometry.
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L' = 1, the results are always presented in U}, for the
values of [ other than 1. the overall conductance
Q/AT, seems to be the proper choice. as are used in
Figs. 8 12

Figure 8, where the value of Re, was fixed, shows
that once the value of L' is specified, there seems to be
a point bevond which the overall heat-transfer rate
does not improve with increasing Re*. This trend is
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FIG. 12. The optimum relation between L and Re*.

similar to those shown in Fig. 6. The comparison with
the experimental results are shown in Fig. 9, where the
value of Re,, not Re_, was fixed at 4000. Considering
the complexity involved in the experiment and the
assumptions made in the analysis, the agreement is
good. Now, if we were to fix the value of Re* (i.e. the
relative mass flows of the two streams are fixed) and
change the value of L', we obtain the trend shown in
Figs. 10(a)and (b). It can be seen that an increase in the
hot-side area does not necessarily lead to higher
performance. This can be better illustrated by plotting
the temperature drops across the single heat-transfer
element, as shown in Fig. 11. It is seen that for Re* = 1,
the optimum L is also unity as is obvious from the fact
that R, = R,;. If R, # R,, asaresult of Re* # 1 and/or
L' # 1, there must exist a unique relation between Re*
and L, which will give the maximum conductance for
a given geometry of heat exchanger. The results of
appropriate calculation are shown in Fig. 12. Tt is seen
from the computation that the optimum relation
shown in Fig. 12 holds for different flow rates and is
independent of the heat-transfer element bank geo-
metry.

Effect of stream Prandt! number

As was shown in Fig. 6, the relative magnitude of six
thermal resistances involved in a thermosyphon decide
the overall heat-transfer performance of the system.
Increase in fluid stream Prandtl number implies, in
general, a reduction in R, and R, and their effects are
shown in Fig. 13. However, it must be stressed that to
extrapolate the trend shown in Fig. 13 to a higher
Reynolds number, together with the different tempera-
ture range, would be misleading as the relative role of
the individual thermal resistance dictates the overall
performance, as shown in Fig. 6. The Prandtl number
shown in Fig. 13 was evaluated at the arithmetic
average temperature of hot and cold streams.

Effects of bank geometry

The overall heat-transfer coefficients for staggered
systems, are slightly higher than those for an in-line
bank of thermosyphons. The trend was expected
because the surface heat-transfer coefficient of the
former is greater than that of latter at a given mass flow
rate through the minimum free area. But again, these
are governed by the relationships already discussed.
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F1G. 13. Effect of Prandt]l number, in-line bundle geometry.

The effect of the transverse spacing on the overall
heat-transfer coefficient of the present system is quite
different. As mentioned above, the Reynolds number is
defined with the diameter of the element as the physical
characteristic length, and the flow rate through the
minimum free area as the mass flow rate. The marked
increase in the Reynolds number due to the small free
area for a given mass flow rate, did not result in higher
values of the overall heat-transfer coefficient. As
discussed previously, the heat-transfer processes in-
volved are such that 4, and h, have only a limited role
over the performance of the two-phase heat-transfer
elements. The trends are similar to those so far
discussed for all the geometries studied, and the
agreement between the prediction and the experiment
is comparable to those shown in Figs. 3, 9 and 10(b).

Effects of element orientation

The effects of the heat-transfer element orientation
of the system to the force field are shown in Fig. 14.
Whereas the effect on the performance of the system
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FIG. 14. Effect of orientation, in-line bundle geometry.
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with heat pipes are negligible, it is quite significant for
that with thermosyphons, especially near the horizon-
tal position. It shows that the capillary action was
dominant for the former.

From the experimental results, some of which are
illustrated in Fig. 14, it was observed that the overall
heat-transfer coefficients of the system with heat pipes
were about 40%; higher than those of the system with
thermosyphouns. However, the heat pipe used in the
study is only one of many designs, and the comparison
should not be taken to be universal.

The differences of response to orientation may allow
designers to choose for particular applications. For
Instance, the characteristics of thermosyphons can be
comparable to an electric diode, and this cut-off feature
can be used in permafrost preservation [ 14].

Additional comments

In general. heat exchanger data may be presented by
heat exchanger effectiveness [6] which depends upon
the exchanger flow configuration, the capacity rate
{me,) ratio of the two stream fluids and the NTU
(number of transfer unit). Only for simple cases, the
functional relation of NTU can be determined by
solving appropriate differential equations.

A quantitative comparison of the present system
with those of conventional systems was not performed,
since the NTU of the present test exchanger is always
smaller than 0.5 due to limited available heat-transfer
area. In practice, the preferred values of NTU fall
between 3 and 4, since in this range, close to 90%
effectiveness is attained.

Therefore, it is obvious from the present study that
one has to increase the NTU of the system, by an
increase in available heat-transfer surface areas by
such as adding the number of fins to the heat transfer
elements. However, there must be an optical condition
and this can be predicted by the method of the analysis
used in the present study.

CONCLUSIONS

The following conclusions can be drawn from the
present study:

1. A simple iterative calculation can predict the
petformance of heat exchangers having two-phase
closed thermosyphons fairly well, with the correlation
for the surface heat-transfer coefficients properly cor-
rected, using available empirical information.

2. The maximum heat transfer of the unit has a
unique functional relationship between L' and R*, as
shown in Fig. 12, regardless of element bank geomet-
FICS.

3. The bank arrangement of the two-phase heui-
transfer elements has comparable effects on the on
heat-transfer coefficients of the unit. as on the surface
heat-transfer coefficients of simple convective cromse
flow systems.

4. The effect of increasing Prandt! number and: o
Reynolds number of any of two fluid streams. s 1o
increase the overall heat-transfer cocfficient up o «
certain limit.

5. The optimum number of tins to be added to the
surface of heat-transfer elements can be determined by
the method used in the present analysis.

6. The effect of element orientation to the gravi-
tational field is much more pronounced for thermo-
syphons than for heat pipes.
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CARACTERISTIQUES DES ECHANGEURS THERMIQUES UTILISANT DES CALODUCS
OU DES THERMOSIPHONS

Résumé—On étudie expérimentalement les caractéristiques des échangeurs thermiques & contrecourant
utilisant-des caloducs ou des thermosiphons fermés & deux phases comme élément de transfert de chaleur.
Un modéle analytique simple est développé pour évaluer les performances de telles unités 4 thermosiphons.
Le flux thermique maximal, fonction du rapport des flux massiques des deux écoulements et du rapport
des longueurs chaudes et froides des &éments, est indifférent aux géométries des grappes d'éléments.



Characteristics of heat exchangers

DIE EIGENSCHAFTEN VON WARMEAUSTAUSCHERN AUS WARMEROHREN
ODER THERMOSIPHONS

Zusammenfassung —Die Eigenschaften von Gegenstrom-Wirmeéaustauschern, welche Warmerohre oder

geschlossene Zwei-Phasen-Thermosiphons als Wirmeiibertragungselemente benutzen, werden experi-

mentell untersucht. AuBerdem wurde ein einfaches analytisches Modell entwickelt, um die Leistung

von solchen Apparaten mit Thermosiphons vorherzusagen. Die maximale Wirmeiibertragungsleistung

hat einen einzigen funktionalen Zusammenhang mit den beiden Massensirémen und dem Verhiltnis von

erhitzter zu gekiihlter Linge des Wirmeiibertragungselements, unabhingig von der Biindelgeometric
des Elementes.

XAPAKTEPUCTUKN TENJIOOBMEHHWMKOB, OCHOBAHHBIX HA
UCNOJIb3IOBAHNN TEIJIOBBIX TPYE MJIM TEPMOCU®OHOB

Ammotaius — [1poBeaeHO 3IKCTIEPHMEHTANILHOE UCC/ICJOBAHUE NPOTUBOTOYHLIX TEINIOOGMEHHHKOB
OCHOBAHHBIX Ha HCHONL3OBAHMM TENNOBBIX TPYS M ABYXDa3HbIX 3aMKHYTHIX TEPMOCHBOHOB
B KayecTBe TEMI00OMEHHOTO 3MIeMeHTa; pa3paboTaHa MpocTas aHAJIMTHYECKAs MOJENh PacHeTa
paBouero pexuma Takux YCTAHOBOK ¢ TepMocHpoHamu.
MakcuMasibHasi CKOpPOCTb TEMN00OMEHA npeacTaBiseT cO00H PYyHKUMOHANBHYIO 3aBHCHMOCTH
MEMlY OTHOLUEHMEM JBYX MACCOBbIX PACXO0B W OTHOLICHHMEM IIHH HATPETOTO H OXNaXAEHHOTO
Y4aCTKOB B TENA0OGMEHHbIX ieMeHTaX 6e3 yueTa X reoMerpuy.
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