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In this paper, we present an analytical model to evaluate the
thermal performance and the pressure drops of a gas-gas heat
exchanger using wickless heat pipes, i.e., closed two-phase
thermosyphons. We review the correlations to estimate the heat
transfer coefficients both outside and inside thermosyphons, and
the gas pressure drops through the exchanger. We derive an
analytical correlation to evaluate the gas inlet temperatures to a
tube-row as a function of row effectivenesses and heat capacity
rates. We correlate the row effectiveness to the exchanger
effectiveness. Finally, we analyze numerically the performances
of a thermosyphon heat exchanger as predicted by the model fora
low-temperature waste-heat application,

NOMENCLATURE

a transverse pitch (interaxis distance between tubes in a row)
A total surface area

Ar, finned surface area

Ap thermosyphon evaporator or condenser surface area

Ao unfinned pipe surface area (= A, - Apj)

b longitudinal pitch (distance between rows)

heat capacity rate .

Cy ratio of the hot to cold gas heat capacity rate (= C, . /C, ;)
D tube outer diameter

E fin efficiency defined

houtj'k average heat transfer coefficient outside thermosyphons

he fin height

average heat transfer coefficient inside thermosyphons

Kp  thermal conductivity of the tube wall
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N rows of tubes
Px thermosyphon operating pressure

E]pk heat transfer rate per thermosyphon

s distance between the fins
Tg,  thermosyphon operating temperature
T, x hot gas outlet temperature to row k

T, .1 hot gas inlet temperature to row k

cold gas inlet temperature to row k

T, ., cold gas outlet temperatures to row k

overall heat transfer coefficient defined by Equation 6
dp tube wall thickness

€ effectiveness of tube row kdefined by Equation 1

side effectiveness of tube row kdefined by Equations 2

INTRODUCTION

A heat-pipe heat exchanger is a parallel- or counter-flow
exchanger. From the outside, it is quite similar to a finned-tube
cross-flow exchanger, with the major difference being that the
tubes are heat pipes. The bank of finned heat pipes is divided in
the evaporator and condenser zones. The hot and cold gases flow
separately across the evaporator and condenser zone, respectively.
Also, since the exchanger has several rows of heat pipes (typically
from 4 to 10), it may be considered a multipass exchanger. The
rows of heat pipes may be aligned or staggered in the gas-flow
direction. If the heat pipes are gravity-assisted, i.e., if they are
closed two-phase thermosyphons called also wickless heat pipes,
they must be operated vertically with the evaporator beneath the
condenser; in this case, the exchanger operates in a superposed- .



flow arrangement. A thermosyphon heat exchanger, being a
reliable low-cost component with good performance, may be an
appealing solution for low-temperature waste-heat recovery
applications. Indeed, such applications are economically feasible
only if the heat exchanger cost is very low, even at expense of
thermal efficiency.

To analyze the thermal performance of a heat-pipe heat
exchanger, the designer needs to correlate the effectiveness of the
exchanger to that of each tube-row and, therefore, to the heat
transfer characteristics both inside and outside the heat pipes.
However, the models proposed in literature do not consider all of
these aspects.

In this paper, we review the correlations to estimate the heat
transfer coefficients both outside and inside thermosyphons, and
the gas pressure drops through the exchanger. We derive an
analytical correlation to evaluate the gas inlet temperatures to a
tube-row as a function of row effectivenesses and heat capacity
rates. We correlate the row effectiveness to the exchanger
effectiveness. Finally, we analyze numerically the thermal
performances and the pressure drops of a thermosyphon heat
exchanger for a low-temperature application.

ANALYSIS

Consider a counterflow heat-pipe heat exchanger with N rows
of tubes. Assume that inlet temperatures to the exchanger are
uniform in the directions transverse to the flow, and that the heat
pipes operate almost isothermally, so taht the temperature field
inside the heat exchanger is one-dimensional. The effectiveness of

the tube-row k is

_ LTy

By = S (D
Tyxa-Tax

where T, , and T, .| are, respectively, the cold gas inlet and

outlet temperatures to row k, and T, , | is the hot gas inlet

temperature to the same row. Since all the heat pipes in a row

operate at the same temperature, for the tube row k we may define

the evaporator-side and condenser-side effectiveness as

T -T
Wy = 1.k-1 1L,k (2,)
Ty k1 Ty
T -T
Wy = 2.k-1 2.k (2,,)
Tgk' Tz.k

where Tg, is the operating temperature of heat pipes in the row k.
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If the heat exchanger operates in a steady-state and gases may be
considered to behave as ideal gases, from an energy balance for
the row k, we may write

Cix(Trxr - Ty = Cpe(Ty iy - Tax) 3

where C,y and C, are the hot and cold gas heat capacity rates.
Substituting Equations 2 and 3 into Equation I, this becomes

Wy W
= 1k :,k (4)
wyx+ Cy wayx

where C; =C,/C,x is the ratio of the hot to cold gas heat
capacity rate. For C:S 1, g is the thermal effectiveness as
defined by Kay and London (1965). The hot and cold side
effectiveness w;, may be expressed, as suggested by Kay and
London (1965), as a function of the heat transfer characteristics

o= 1- e CixdiGe) (5)
where U; y is the overall heat transfer coefficient for side j of row
k

4 5 1
Uie™ | +AA1E ho &' T ©
Oj Fj j,k) ouLj,k lnjnk

where Ayis the total surface area, A;—-j the finned surface area,
Ao~ (A; - A;) the unfinned pipe surface area, E;y the fin
efficiency defined in Appendix A, dp the tube wall thickness, Kp
the tube wall thermal conductivity, houtj'k the average heat transfer
coefficient between gas-stream and thermosyphons, hin; the
average heat transfer coefficient inside the evaporator (j = 1) or
condenser (j = 2) of heat pipes.

The convection heat transfer coefficient houy from or to the
gas in cross flow over the heat pipes, may be well approximated
by the correlations proposed by Zhukauskas (1980) for in-line and
staggered configuration, respectively,

Nugy = 0.266¢, """ Re;, %%

5000= Rej.ks 100,000 (in line) 7
a1Prs19rhg]”
Nu;; = Coy (AT » [g] l:ﬁ] [5‘] Rejhkm
Re;y =20 (staggered) (7™)

where all properties are evaluated, as reported by Zhukauskas



(1980), at the row inlet temperature; C, n, p, g, r and m are listed
in Table 1; ¢ is a function of tube row position in the bank,
shown in Figure 1; A? = Aj/Apj the ratio of total surface area to
heat-pipe evaporator (j= 1) or condenser (j = 2) surface area; a the
transverse pitch (interaxis distance between tubes in a row); b the
longitudinal pitch (distance between rows); s the distance between

the fins; hy the fin height (for plate fin, hy= \Jab/7 - D/2 as
proposed by Zhukauskas, 1980); D the tube outer diameter; D is
also used as characteristic length in the Reynolds and Nusseit
numbers; finally, the gas average velocity in the throat section
(minimum area section) between two tubes in a row is used as
characteristic velocity in the Reynolds number.

If the heat pipes are closed two-phase thermosyphons, the heat
transfer coefficient hin; , inside the evaporator (j=1) and
condenser (j = 2), may be well approximated by the correlations
proposed by Niro et al. (1990)

hin‘,k = 55 Mm -0.5 prko.lz (’ Log prk) - 0.55 (n DL!) - 0.67 q’Pk0.67

(8)

mDpe(pe- p) ghi k1% . Lo -

hinz'k = ¢ [ f f4“ fzkf qu (8 )
f

where M is the molar mass of the working fluid charged into
thermosyphons; pr, = pg, /P, the operating pressure, expressed as

reduced pressure, that may be assumed equal to the saturation
pressure corresponding to Tg, ; L, the evaporator length; Cipk the
heat transfer rate per thermosyphon; ¢ a constant equal to | for

water and 1.5 for the other fluids. Equation &, which has been

1.0

Cy 1 (a) | ¢ /;/’ (b)
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FIG. 1. Coefficients ¢, and ¢, in Equations 7" and 14”, respec-
tively, for (a) in-line configuration and (b) staggered config-
uration (line 1 for Re = 1200, and line 2 for Re =50 000).
From Zhukauskas (1980).
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Table 1. Coefficients in Equation 77

Re range C n P q r m
20 = Re = 500 0.245 0 0 0 0 0.580
500 = Re =< 10000 | 0.400{-0.375{ © 0 0 0.625
10000 = Re = 200000| 0.043 0 0.2 0.18 | -0.14 | 0.800
200000 = Re 0.007 0 0.2 | 0.18 | -0.14 | 0.950

also proposed by GroB (1990), holds for thermosyphons
operating in the fully-developed boiling regime, i.e., the regime
which yields optimal operations as discussed by Niro and Beretta
(1990). '

The hot and cold gas inlet temperatures to tube-row k, as
derived in Appendix B, are respectively

Tix= Typ - (TI,O'TLN)(I'E*)X
-1

-1 i N _
x| $(CT @ H‘PJ—)}[(H v,) - c*] ©)
i=0 j=0 i=0

Tox=Ton* (T -Ton) *
-1

N o k-1 i N —a
x [H(wi) -1-(1-C% _20(®i+, _Ho\yj)}[no(‘lfi) -C ] (10)
s I i

i=0

where ®;=¢/(1-g§), ¥;=(1-Cie)/(1-g) and C* are
functions defined in Appendix B, T,, and T, y are the inlet
temperatures to the heat exchanger of the hot and cold gas
respectively, and N the number of tube-rows in the exchanger.
Equations 9 and 10 give the inlet temperatures to a tube-row as a
function of the inlet temperatures Ty, and T,y (known) to the
exchanger, and row-effectiveness g, (unknown).

Solving Equations 2 and 3 for Ty, we obtain

W1 Tia * Crway oy

Tgk

(11

*
wl.k + Csz_k

i.e., the thermosyphon operating temperature expressed as a
function of the hot and cold side effectiveness and the inlet
temperatures to the tube-row. In addition, the heat transfer rate
per thermosyphon is

‘ipk = Cx (T gy - T /M (12)

where M is the number of thermosyphons per row. Obviously,



the operating temperature and pressure of each thermosyphon and
the power throughput must satisfy the conditions for the onset of
the fully-developed boiling regime, as well as the limits to the heat
transport.

The overall pressure drop across the heat exchanger is

N
AB= 3 AP (13)

where Ap;y is the pressure drop through the tube row k, that may
be approximated by the correlations proposed by Zhukauskas
(1980) for in-line and staggered configuration respectively

* - 0.4
-1
Ey, = 0.068 ¢, *°~5[-———:*_ 1]

1000 = Re; ; < 100,000 (inline) (14)

Rej 220 (staggered) (14”)
where all properties are evaluated at the inlet temperature to the
row; Eu is the Euler number (using as characteristic velocity the
gas average speed in the throat section between two tubes); C and
m’ are listed in Table 2, ¢ is a function of the row position in the
bank, shown in Figure 1; a* =a/D and b* =b/D are the
dimensionless transverse and longitudinal pitch, respectively.

For prescribed mass flowrates and inlet gas temperatures to the
heat exchanger, and geometric characteristics, solving Equations
4 - 14 we can evaluate the hot and cold gas outlet temperatures
from each row, the overall effectiveness and the pressure drops
across the exchanger. Obviously, Equations 4 - 14 must be solved
iteratively. For example, the iteration process we adopted starts
with a guess for the hot and cold gas inlet temperatures T?'k to
each row, and for the operating temperatures T gk of the
thermosyphons. Using the valuues of the inlet temperatures,
Equations 4-8 and 12 may be solved in cascade in reverse-order.
Naturally, thermophysical gas properties must be evaluated at each
node. Once the values of row effectiveness g, are calculated, a
new guess of the temperatures T; xand T ék may be found by
means of the Equations 9-11. The process is iterated until
convergence is achieved. Knowing all the inlet temperatures and
row-effectivenesses, we can finally evaluate the heat transfer rate
from the hot to the cold gas streams through each tube-row, the
overall heat transfer rate in the exchanger, the overall effectiveness
(Equation B.11) and the pressure drop across the exchanger
(Equations 13 and 14).
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Table 2. Coefficients in Equations 14”

Re range C’ m’

20 = Re = 1000 67.6 -0.69
1000 = Re = 100000 3.2 -0.25
100000 = Re 0.18 0

NUMERICAL RESULTS AND DISCUSSION

We discuss the thermal performances of a heat pipe-heat
exchanger using closed two-phase thermosyphons with plate fins.
The numerical results concem a case of practical interest, i.e., the
waste heat recovery from air at relatively low temperature to heata
supply of air at environment temperature. Thermosyphons are
made of copper tubes of 15 mm o.d., 0.5 mm wall thickness, and
1000 mm long with evaporator and condenser of equal length (500
mm). The fins are made of aluminium sheets of 0.25 mm
thickness, with 2.5 mm spacing. The thermosyphons are placed
in a staggered configuration with 30 mm transverse pitch, and 40
mm longitudinal pitch. The heat transfer surface area density of
this exchanger, therefore, is approximately 650 m¥/m’.

The hot and cold air inlet temperatures are 200 °C and 20 °C
respectively, and the outlet pressure of each stream from the

Ce=0.25

1.0
—— L cs=0.50

- — ] Ci=0.75

/ L //, C= 1.00
0.6 / //
0.4 e P— —
s / /

W= 2m/s
0.0 ;
0 2 4 6 8 10

Rows

HG. 2. Ex:hanger effectiveness vs. row numbers
for Cy from 0.25 to 2 and w, o= 2 m/s.



exchanger is atmospheric. The thermosyphons use water as the

working fluid. The number N of tube-rows is assumed in the
range between 2 and 10, the hot air inlet velocity w, o between 1

and 5 m/s, and the inlet heat capacity ratio Cy between 0.25 and
2. Finally, the thermophysical properties of air are evaluated by

interpolation formulas with errors less than 1%.

Figure 2 shows the trend of the exchanger effectivenesseas a
function of N, for values of C5 from 0.25 to 2 and for w; ;=2

m/s. Obviously, the effectiveness increases as the row number

increases and as the heat capacity ratio decreases. ForC*s 1, the

effectiveness is the thermal effectiveness.

stream and thermosyphons is proportional to w
(Equations 7), but each ratio Ujp/Cip is proportional to w

-w

is roughly proportional to w ~

Figure 3 shows ¢ plotted against N, for values of w, o from 1
to 5 m/s and for Cg =1. As espected, for a given number of rows
the exchanger effectiveness decreases as the hot gas inlet velocity
increases. Indeed, the heat transfer coefficient, between gas

- 0.05

0. 0.95
6. w

0.4

so that the heat pipe side effectiveness w; (Equation 5)
0.3

Consequently, the row

effectiveness and, therefore, the exchanger effectiveness decrease
Finally, the exchanger

as the gas inlet velocity increases.

effectiveness increases for increasing values of the longitudinal

pitch, and for decreasing values of the transverse pitch and fin
spacing.
Figure 4 shows the trend of the total rate of heat transfer per
unit area of frontal surface as a function of w, o for values of N

from 2 to 10 and for C§ =1. As can be seen from the figure, the
total rate of heat transfer between hot and cold gases increases

w1'°= 1mvs

— 1 T-2ms

=5m/s

1.0
Cs=1.00
0.8
?‘% =3m/s
0.6 ]
/
0.2 /
0.0
0 2 4 6 8

Rows

10

HG. 3. Exchanger effectiveness vs. row numbers

for w; o from I to Sm/sand Cj = 1.

250 .
C: = 1.00 N =10
200 N=8
Q/A ., // N=6
150 — 1 N-g
100 e
” N=2
/ B
/ /
50 ]
/
0
o] 1 2 3 4 5
W1.0 mvs]

F1G. 4. Total heat transfer rate per unit frontal surface area vs. hot
gas inlet velocity for row numbers from 2 to 10 and G =1.

with velocity w and number of rows N. This result is not
inconsistent with the effectiveness decrement for increasing values
of w discussed above. In fact, the total rate of heat transfer is

Q= Ci0Coe(T o~ Ton)

where C,, is proportional to w, whereas € is proportional to

0.85

-0.3 : s ;
w ;thus, Q= w , i.e., it increases as W increases.

Figures 5 and 6 show the trend of pressure drops for the hot

400

Cs = 1.00
300 N=10

Dp, /]

[Pa] / N=8
200 - /,// Nt

Wi [rmvs]

FIG. 5. Hot stream pressure drop vs. inlet velocity
for row numbers from 2 to 10,
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400

C: = 1.00
: 777
e | 8748w
TV
100 /// j N=2
P
e
1 2 3 4 5
Wy [mis]

FIG. 6 Cold stream pressure drop vs. inlet velocity
for row numbers from 2 to 10.

and cold gas streams respectively, as a function of the
corresponding inlet velocity, for values of N from 2 to 10 and for
Cs=1. Obviously, pressure drop increases for increasing values
of the inlet velocity and the number of rows, and for decreasing
values of both longitudinal and transverse pitch,‘and fin spacing.
Figures 5 and 6 show that, for a given inlet velocity, the pressure
drop for the cold gas stream is larger, up to 60%, than that for the
hot gas stream. However, for L,=1,and for Ch =1, the cold gas
inlet velocity is smaller than w, , and, therefore, the pressure
drop becomes almost the same for both streams.

Finally, Figure 7 shows ¢ plotted against the heat transfer
coefficient inside the thermosyphons. For the purposes of this
figure only, the values of hin, and hin, are assumed equal, and € is
computed for values of w; o from 1 to 5 m/s, and for N =6 and
C3=1. The Figure shows that the exchanger effectiveness is an
increasing function of hin; but the effect is important only for
values of hin; up to 4000 W/m?, whereas it is quite moderate for
hinj larger than 5000 W/m? In fact, the logarithmic increment of
€, also plotted in Figure 7, becomes less than 5% for hin = 4000
W/m’. Consequently, if the inside boiling and condensation heat
transfer coefficents have values higher than about 4000 W/m2 Gf
water is the working fluid), then any increase in their values
brings about a very little improvement in the exchanger
performance. In other words, the thermal resistances inside the
thermosyphons become negligible for relatively low values of
boiling and condensation heat transfer coefficients. This extra heat
transfer capability of thermosyphons represents a margin of safety
in the design of a thermosyphon heat exchanger.

66

1.0 I I
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FIG. 7 Exchanger effectiveness vs. heat transfer coefficients
inside the thermosyphons for w, ; from I to Sm/s,

N=6andCs=1.

SUMMARY AND COCILUSIONS

We have presented an analytical model to evaluate the thermal
performance and the pressure drops of a thermosyphon heat
exchanger. We have reviewed the correlations to estimate the heat
transfer coefficients both inside and outside thermosyphons, and
the gas pressure drops through the exchanger. We have derived
an analytical correlation to evaluate the gas inlet temperatures to a
tube-row as a function of row effectivenesses and heat capacity
rates. We have correlated the row effectiveness to the exchanger
effectiveness. Finally, we have analyzed numerically the
performances of a thermosyphon heat exchanger as predicted by
the model for a low-temperature waste-heat application. Further
refinement of the model requires experimental validation.
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APPENDIX A

The efficiency of an annular fin of rectangular profile and
uniform cross-sectional area, from its definition (ratio of the fin
heat transfer rate to the heat transfer rate that would exist if the
entire fin surface were at the base temperature), is

E=
R - Ry’

IR, I:Il(mRe)Kl (mRy) - K, (mRYT, (mRy) }
I (mRy) Ki(mR,) - I; (mR) Ko (mRy)
(A.1)

where R, and R, are, respectively, the internal and external radii

of the fin; m is equal to ‘\IZhEX/KF&F with 3 the fin thickness;

Ip, I,, Ky and K, are the modified Bessel functions reported by

Kraus (1982). For a plate fin, we assume that the external radius
is given by the equivalent radius Reo = '\/ah:‘:r .

APPENDIX B

From Equations 1 and 3 we obtain

Tyxr- T = Ck & (Tyxor - Taxr) (B.1)
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Topor - Tox = Px(Typey - Toger) (B.17)

where @y = £./(1- &x ). Equations B.1 give the temperatures at
the node k as a function of temperatures at the node k- L.
Subtracting Equation B.1” from Equation B.1’ and rearranging the
terms, we obtain

le'le

= Wy (B.2)
Tl,k'l - Tl.k-l

where W =(1- Ci &) /(1- & ). Since we may write

Ty -Togn _ % Ty-Toy

B.3)
Tio-Tao =1 Tyiq- Taga
substituting Equation B.2 into Equation B.3, this becomes
T -T, k-1
1k-1 - 1okt Y (B.4)

provided that ¥y = 1, i.e., €, = 0. Substituting Equation B.4 into
Equations B.1, these become

k-1
Ty~ Tie= Ck ‘?k[ _Ho‘l’i} (T - Ty0) (B.5)
=
[kl
Toxa-Tox= @k[ HO‘I’i] (T o- Ty (B.5")
=

Since we may write
k-1
Tio- T = i;O(Tj'i -Tii1) (B.6)

substituting Equations B.5 into Equation B.6, we find the
following relations

k-1 i
Tio-Tx= {ZO(C?*-I @34 _HO‘{’j)] (T)o-Typ) (B.T)
i= j=

k-1 i
Too - Tyx= I:,ZO(‘I’i*l _Ho‘gj)] (Ty0-Tao) (B.77)
i= j=

that give the temperatures at the node k as a function of T, 5
(known) and T,, (unknown). If we define the exchanger

effectiveness



Ty0-Ton

= (B.8)
Tyo-Ton

[

where T, o and T, y are, respectively, the hot and cold gas inlet
temperatures to the exchanger (known), and T, ; the cold gas
outlet temperature from the exchanger (unknown). Solving
Equation B.8 for T, and sustituting into Equations B.7, we
obtain

-1 i
Tix= Tip - (1-¢) _ZO(CTH‘?M_HOWJ)](TLO -T,n) (B.9)
i= j=

k-1 i
Z (q’iﬂ .HO\FJ)}(TI.O - TZ,N) (B,9”)
j=

T2,k= TZ.N + [8 - (1‘ 5)

i=0
If we write € in the following form, as proposed by Kay and
London (1964)

-1

Tio- TZ.N] (B.10)

Ty - Ton

c= [Tm -Ton I]I:Tm -Ton .
Ti0 - Tapo Tio-Tao0
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using Equation B.3 (for k- 1=N), we find

&= [(.gwl) : 1][(?1\;1‘)- c“*} (®B.11)
where
T* = Tio-Ton _
Ty -Ton
N-1 - i N-1 i -1
= [.Z (Ci @iy Il ‘P,)“: ¥ (@4 H‘I’j)] (B.12)
i=0 =0 i%0 =0

Finally, substituting Equation B.11 into Equations B.9, we obtain
Equations 9 and 10. that give the gas inlet temperatures to a tube-
row as a function of T, 5 and T, i (known) and €, (unknown).



