
cept,
ns of
apo-

s. The
ditions

take
The
, with-
with-
pera-
have

s) or
ill take

ina-
S. Al-Kharabsheh

D. Yogi Goswami1

e-mail address: goswami@ufl.edu

Solar Energy and Energy Conversion Laboratory,
Mechanical and Aerospace Engineering

Department,
University of Florida,

220 MEB, PO Box 116300,
Gainesville, FL 32611-6300

Theoretical Analysis of a Water
Desalination System Using Low
Grade Solar Heat
Theoretical analysis of a solar desalination system utilizing an innovative new con
which uses low-grade solar heat, is presented. The system utilizes natural mea
gravity and atmospheric pressure to create a vacuum, under which liquid can be ev
rated at much lower temperatures and with less energy than conventional technique
uniqueness of the system is in the way natural forces are used to create vacuum con
and its incorporation in a single system design where evaporation and condensation
place at appropriate locations without any energy input other than low grade heat.
system consists of solar heating system, an evaporator, a condenser, and injection
drawal, and discharge pipes. The effect of various operating conditions, namely,
drawal rate, depth of water body, temperature of the heat source, and condenser tem
ture were studied. Numerical simulations show that the proposed system may
distillation efficiencies as high as 90% or more. Vacuum equivalent to 3.7 kPa (ab
less can be created depending on the ambient temperature at which condensation w
place. @DOI: 10.1115/1.1669450#

Keywords: Low Grade Solar Heat, Solar Desalination, Vacuum, Solar Still, Desal
tion
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Introduction
Shortage of drinking water will be the biggest problem of t

world in this century due to unsustainable consumption rates
population growth. Pollution of fresh water resources~rivers,
lakes and underground water! by industrial wastes has heightene
the problem.

The total amount of global water reserves is about 1.4 bill
cubic kilometers. Oceans constitute about 97.5% of the t
amount, and the remaining 2.5% fresh water is present in
atmosphere, polar ice, ground water and other inaccessible fo
This means that only about 0.014% is directly available to hum
beings and other organisms@1#. So, development of new clea
water sources is imperative. Desalination of sea and/or brac
water is an important alternative, since the only inexhaust
source of water is the ocean.

Desalination processes require significant amounts of ene
Due to high cost of conventional energy sources, which are
environmentally harmful, renewable energy sources~particularly
solar energy! have gained more attraction since their use in des
nation plants will save conventional energy for other applicatio
and reduce environmental pollution.

Solar energy can be used to produce distillate directly in a s
still, which utilizes the greenhouse effect to evaporate the sa
water. Design of a solar still requires optimization of many fa
tors: brine depth, tight seal to prevent vapor leakage, therma
sulation, cover slope, shape and material of the still. A still
quires frequent flushing of the salt water to prevent precipitati
which reduces its absorptivity and hence the efficiency. Still e
ciency, defined as the energy used to evaporate the water t
solar energy incident on the still, is usually low and rarely exce
50%, with an average of 30–40%@2#. Simple solar stills have
been subjected to numerous studies, aiming at improving the
efficiency. The effect of coupling the solar still to a flat plate so

1Corresponding author. Tel.1~352!-392-0812; Fax1~352! 392-1071.
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collector was investigated by a number of researchers@3–10#,
which showed that the still performance could improve sign
cantly, but of course the system cost will increase. Use of
latent heat of condensation to preheat the feed water has
studied@11,12#, which improves the still efficiency. Evaporation a
a low temperature, under vacuum conditions, leads to a good
provement in the system efficiency as was shown by many
searchers@13–15#. Multi effect solar stills were investigated b
@16,17#, where the vapor from one stage condenses at the
stage, giving up its latent heat to that stage, thus evaporating
of the water from the second stage. Another way to increase
efficiency of the still is to minimize the heat losses to the en
ronment@18,19#. Dutt et al.@20# investigated the effect of adding
dye to the water, and showed that the output could be increa
The effect of adding a passive condenser to the still was stu
@21–23#, which showed an improvement in the unit performan

This paper gives a theoretical analysis of an innovative n
system, which uses low-grade solar heat. The system utilizes
barometric pressure to produce vacuum, which allows the de
of a more efficient solar desalination system.

System Description and Operating Principle
The proposed desalination system consists of: a solar hea

system, and an evaporation chamber and a condenser at a h
of about 10 m above ground level, connected via pipes to a sa
water supply tank and concentrated brine tank, and a fresh w
tank, respectively. Figure 1 shows a schematic of the syst
Vacuum is created by balancing the hydrostatic and the at
spheric pressures in the supply and discharge pipes.

Evaporation chamber has provisions to feed the cold fluid
rectly to the chamber and provide solar or other low-grade ther
energy through a closed loop heat exchanger as well as provis
to withdraw the concentrated brine. The incoming cold fluid a
withdrawn brine pass through a tube-in-tube heat exchange
order to extract the maximum possible energy from the hot br
The evaporation chamber is connected to a condenser, which
sipates the heat of condensation to the environment.

It is known that the vapor pressure of seawater is about 1.8
less than that of fresh water over the temperature range

3,
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0–100°C. This means that if the top of two chambers; saline w
chamber~evaporator! and fresh water chamber~condenser! are
connected while maintained at the same temperature, water
distill from the fresh water side to saline water side. In order
maintain the distillation of water from saline water side to fre
water side, the vapor pressure of the saline water must be
above that of the fresh water. In the proposed process this wi
done by increasing the temperature of the saline water utiliz
solar energy. So, evaporation from saline water side to fresh w
side is driven by the difference in the vapor pressures between
two sides.

To start up the unit, it will be filled completely with wate
initially, and the water will then be allowed to fall under the in
fluence of gravity, in order to establish the vacuum. Depending
the barometric pressure, water will fall to a level of about 10
from the ground level, leaving behind a vacuum.

Vacuum enables the desalination of water at a low tempera
level, requiring a smaller amount of thermal energy. This heat
be provided from solar collectors, which will operate at a high
efficiency because of lower collector temperatures, which w
minimize the heat loss to the environment. Simple flat plate c
lectors may be used to heat the saline water in the evaporato

As saline water in the evaporator starts evaporating, its sali
increases which tends to decrease evaporation rate, so it bec
necessary to withdraw the concentrated brine at a certain flow
and inject saline water at a rate equivalent to the withdrawal p
evaporation rates. The withdrawn water will be at a tempera
equal to that of the evaporator, so it becomes necessary to rec
the energy from it. A tube-in-tube heat exchanger will be used
this purpose, where injected water will flow inside the inner tu
and withdrawn water will flow in the annulus in a counter curre
direction. The heat exchanger area will be such that a major
of the energy is recovered.

Under the influence of vacuum conditions at the saline wa
surface in the evaporator, water can be injected by the effec
atmospheric pressure; hence no pumping power is required.
makes the proposed system of a continuous process type, u
flat basin solar still, which is usually a batch process. The w
drawn concentrated brine can be concentrated further and us
construct a solar pond, which may be used as a solar energy
lection and storage system. The system will require perio
cleaning by flushing and restarting it. So, the non-condens
gases will not be allowed to accumulate to a degree of destro
the vacuum.

Theoretical Analysis
In this section a mathematical model that describes the

cesses in each component of the system is presented. A
difference method was used to solve the set of coupled equat

Fig. 1 Schematic of the system
Journal of Solar Energy Engineering
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A complete mathematical description of the proposed disti
tion unit requires mass, energy and salt balances. In appl
those balances, it is assumed that the heat capacity of the ev
rator and the condenser materials is negligible and no tempera
stratification occurs in the system.

Application of conservation of mass gives:

r i V̇i5rwV̇w1reV̇e (1)

Application of solute conservation results in:

d

dt
~rCV!s5~rC! i V̇i2~rC!sV̇w (2)

Application of the conservation of energy gives:

d

dt
~rCpVT!s5Qin1~rCpT! i V̇i2~rCpT!sV̇w2Qe2Qloss

(3)

The heat of evaporation will mainly be dissipated to the enviro
ment via the condenser during the process of vapor condens
and the rest will be carried away by the fresh water produced
the condenser should be able to dissipate the amount of en
given by:

Qe5ṁhf g* (4)

where,hf g* is the modified latent heat of condensation, given
@24#,

hf g* 5hf g10.68Cp f~Ts2Tci! (5)

This amount of heat is to be conducted through the conde
wall, and eventually transferred to the environment by convect
~if we neglect radiative transfer!. For heat conduction through th
condenser wall,

ṁhf g* 5
2p l ckc~Tci2Tco!

ln~r co /r ci!
(6)

For convective heat transfer to the ambient, the condenser is
sumed to be a horizontal tube with circular fins. The rate of h
transferred from the condenser~fins and prime surface! may be
calculated as,

Qc5@hco,t ipNAf ,t iph f1hcoNAf ,sidesh f1hcoAb#~Tco2Ta!
(7)

where the heat transfer coefficients were calculated from the r
tions given by Rohsenow et al.@25#.

The various parameters required to solve the above equa
are given in the appendix A.

The operating pressure of the proposed unit may be taken a
sum of the pressure in the vapor space at the point of condens
and the pressure drop occurring in the column. This pressure
can be calculated by applying continuity equation and the ene
equation between the inlet and outlet of the column:

~rAv ! in5~rAV!out (8)

Pout

g
1

vout
2

2g
1zout5

Pin

g
1

v in
2

2g
1zin2hL (9)

In vacuum distillation there is larger volume of vapor to b
handled. In order to avoid any significant impedance to vapor fl
in the connecting pipes, the tubing should be as short and as
as possible. It is often the practice to use connecting tube
diameter larger than~1/10! of the evaporator diameter, at least
the upper part of the evaporator, where the lowest pressure
vails and flooding is most likely to take place@26#. This analysis
assumes that evaporation is not impeded by foreign
molecules.
MAY 2004, Vol. 126 Õ 775
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Results
The mathematical relations presented in the theoretical ana

section were employed to determine the performance of the
posed unit. For all simulations, the following system specifi
tions were assumed. The heat exchanger, through which th
quired thermal input is supplied to the saline water, is assume
be a copper tube of 2.4 m length and 1.27 cm outside diam
The evaporator is a cylinder of 0.2 m2 cross sectional area, 0.2 m
height, with a truncated cone fixed on top of it. The evaporator
a provision for feed water supply, through a 1.27 cm copper tu
partially enclosed by 2.54 cm PVC pipe which is used for wi
drawing the concentrated brine. The two pipes form a tube-in-t
heat exchanger. There is also a provision to provide the additi
required energy in the evaporator from a heat source throug
heat exchanger. The condenser is a 4 inch copper tube of 0.5 m
length, 0.25 cm thickness. On its lateral surface, 10 fins of 2
cm diameter and 0.0635 cm thickness are soldered 4 cm a
The other end of the condenser is connected to a condensa
ceiver via 1.27 cm PVC pipe. A reference state was fixed as 2
reference temperature, 3.5% reference solute concentration
1021 Kg/m3 reference density. For all calculations the ambie
temperature was taken as 25°C. The heat transfer fluid throug
evaporator heat exchanger was assumed to be water with a
flow rate of 10 Kg/hr. This mass flow rate is equivalent to
optimum mass flow rate 50–75 Kg/hr.m2 through solar collectors
@27#, assuming that in real life the unit will be supplied with i
energy requirements from a solar collector with 1 m2 collector
area for each 1 m2 evaporator area.

Operating conditions were varied to study the effect of tho
changes on the unit performance. The effect of depth of the w
body was investigated with the withdrawal rate taken as 0.1 1
and the heat source temperature as 60°C. The results are sho
Fig. 2. This effect is limited to the time period required to get
the steady state. Once steady state is reached, the effect on th
output and saline water temperature may be neglected. As
depth of water body varies from 0.05–0.11 m, the unit out
varies only from 0.1769–0.1732 Kg/hr, which is almost consta
Therefore, a water depth of 0.1 m was used for the subseq
calculations. The effect of withdrawal rate on the evaporation
is shown in Fig. 3. The distillation efficiency decreases from 9
for a withdrawal rate of 0.05 l/hr to about 57% at a withdraw
rate of 5 l/hr. For the same variation in the withdrawal rate, u
output decreases from 0.1739 to 0.1342 Kg/hr. The efficiency
output are almost constant in the withdrawal range of 0.05–1 1
but looking at the concentration curve, which is based on ste
state conditions in terms of salt concentration, we see that
concentration starts increasing rapidly if the withdrawal rate
less than 0.5 1/hr. At a withdrawal rate of 0.1 1/hr, the salt c
centration at the steady state conditions will be about 8.58%,
if the withdrawal rate is reduced further, there will be a danger

Fig. 2 Effect of depth of water body inside the evaporator on
the unit performance
776 Õ Vol. 126, MAY 2004
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scale formation. As the withdrawal rate goes above 1 l/hr, m
energy will be carried away by the concentrated brine, hence m
losses and less output will result. Therefore, a withdrawal rate
0.1 l/hr was used, so as to keep the losses low and reduce
possibilities of scale formation.

The effect of fresh water temperature on the unit performanc
shown in Fig. 4. Different values for the fresh water temperat
were calculated by varying the condenser area, while keeping
heat source temperature constant at 60°C. The figure shows th
the temperature increases the unit output decreases, howeve
ducing that temperature below a certain value~slightly above the
ambient! has a small effect in the unit output, but requires larg
condenser. For example, to reduce the fresh water tempera
from about 32°C where the unit output is about 0.1739 Kg/hr
27°C where the unit output is about 0.1947 Kg/hr, the conden
area has to be doubled. The figure also shows that the pres
inside the unit increases as the temperature of the fresh w
increases. A vacuum equivalent to 3.7 kPa~abs! or less can be
created depending on the ambient temperature at which con
sation will take place.

The effect of the heat source temperature was investigated
the range of 40–100°C. As expected, increasing the heat so
temperature increases the saline water and fresh water tem
tures, as can be seen from Fig. 5. For example, when the
source temperature is 60°C, the steady state temperatures o
saline water and the fresh water will be about 44.9°C and 32.
respectively, and distillation efficiency will be about 91%. It is n
only that the temperature in both chambers will be increased,
also the temperature difference between them. And as the
perature difference increases, the driving force for evaporation
vapor pressure difference increases. Hence the unit efficiency
be improved.

Fig. 3 Effect of withdrawal rate on the unit performance

Fig. 4 Effect of fresh water temperature on the unit
performance
Transactions of the ASME
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Figure 6 shows that the heat input and the fresh water outpu
the unit, increase with the increase of the heat source tempera
The variation of saline and fresh water temperatures, opera
pressure and solute concentration with time during the trans
operation is shown in Fig. 7. Steady state conditions are assu
to be achieved if the saline water temperature does not vary m
than 0.01°C during a time period of 100 seconds. With heat so
temperature of 60°C, steady state conditions will be achieved a
about five hours~if less rigorous convergence criteria is used, t
time to reach steady state will be less!, when the saline wate
temperature will be about 44.9°C, fresh water temperature a
32.5°C, and unit operating pressure about 4.8 kPa~abs!. As shown

Fig. 5 Effect of the heat source temperature on the unit per-
formance

Fig. 6 Effect of the heat source temperature on the unit output

Fig. 7 Variation of saline and fresh water temperature, unit
pressure, and solute concentration with time
Journal of Solar Energy Engineering
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in the figure, solute concentration will still be increasing by t
time steady state conditions -based on saline water tempera
are achieved.

Variation of heat input and fresh water output with time duri
the transient operation is shown in Fig. 8. The heat input st
from a high value at the beginning, which is used mainly to ra
the temperature of the saline water in the evaporator. The ou
increases until it reaches a steady state value of about 0.1
Kg/hr. The accumulated output during the transient period is ab
0.62 Kg.

Conclusion
An innovative water desalination system using low grade so

heat was studied. The system is of a continuous process t
unlike flat basin solar still, which is usually a batch process ty
The results show that the proposed system may have distilla
efficiencies as high as 90% or more, as compared to the con
tional flat basin solar still, whose efficiency may reach 50% in
best operating conditions, with an average value of 30–40%@2#.

Nomenclature

A 5 Area ~m2!
C 5 Solute concentration~%!

Cp 5 Specific heat~J/kg.°C!
g 5 Gravitational acceleration~m/s2!
h 5 Convection heat transfer coefficient~W/m2.K!

hfg 5 Latent heat of vaporization~J/kg!
k 5 Thermal conductivity~W/m.K!
l 5 Length ~m!

ṁ 5 Mass flow rate~kg/s!
P 5 Pressure~Pa!
Q 5 Heat transfer rate~W!
T 5 Temperature~°C!
U 5 overall heat transfer coefficient~W/m2.K!
V 5 Volume ~m3!
V̇ 5 Volumetric flow rate~m3/s!
v 5 Velocity ~m/s!
v̇ 5 Evaporation rate per unit area~m/s!
z 5 Elevation~m!

Greek Letters:

r 5 Density ~kg/m3!
g 5 Specific Weight~N/m3!
h 5 Efficiency

bT 5 Volumetric thermal expansion coefficient
(55* 1024°C21)

bC 5 Solutal expansion coefficient (58* 1023%21)
a1 5 Empirical coefficient~50.0054, dimensionless!
am 5 Empirical coefficient (51027– 1026 kg/m2.Pa.s.K0.5)

Fig. 8 Variation of input and output with time
MAY 2004, Vol. 126 Õ 777
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Subscripts:

a 5 Ambient
c 5 Condenser, collector
e 5 Evaporation
f 5 Fresh water or product
h 5 Hot; heat exchanger
i 5 Of the injection pipe; inside

in 5 Input
L 5 Loss
o 5 Outside, outlet
s 5 Of sea water chamber or the evaporator

w 5 Of the withdrawal pipe
O 5 Of the reference state

Appendix A
The evaporation rate per unit area from seawater cham

~evaporator! to fresh water chamber~condenser!, may be written
as @13#,

ṅe5
am

r f
F f ~Cs!

P~Ts!

~Ts1273!0.52
P~Tf !

~Tf1273!0.5G (10)

In the above equation the pressure drop between evaporato
condenser is neglected, however, this should be calculated an
significant, added to that of fresh water, resulting in the followi
equation,

ṅe5
am

r f
F f ~Cs!

P~Ts!

~Ts1273!0.52
P~Tf !1DP

~Tf1273!0.5G (11)

Vapor pressure is given as:

P~T!5exp~63.04227139.6/~T1273!26.2558 ln~T1273!!* 100
(12)

The correction factor, which accounts for the solute concentra
is given as:

f ~C!512a1C (13)

Variation of density with temperature and concentration can
expressed by the following equation of state:

r~T,C!5r0~12bTDT01bCDC0! (14)

Solution concentration and temperature affect the value of
specific heat, which is given by@28#

Cp~T,C!54186*$1.004920.0162C13.5261*1024C2

2@~3.250621.4795C10.07765C2!*1024T

1@~3.801321.2084C10.0612C2!*1026T2%

(15)

Evaporation energy is given as:

Qe5r fhf g~Ts!V̇e (16)

The latent heat of vaporization of saline water is almost ide
cal to that of fresh water@29#, and is given by,

hf g~T!51000*@314622.36~T1273!# (17)

Evaporation of water from saline water chamber tends to c
it, while condensation of vapor tends to heat fresh water, and
the process of distillation to be continuous, heat is to be ad
continuously to the evaporator and rejected from fresh wa
chamber. The amount of energy supplied to the system from
heat source, assumed to be in the form of hot water, via the
exchanger can be calculated as:

Qin5ṁCp f~Tco2Tw!F12expS 2pDhUhl h

ṁCp f
D G (18)
778 Õ Vol. 126, MAY 2004
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The overall heat transfer coefficient,Uh , between the working
fluid and saline water may be calculated as

Uh5
1

1/hf1FT
(19)

whereFT is the heat exchanger fouling factor, which may vary
practice from 0.0005 for clean tubes to 0.001 W/m2 .°C for ad-
verse scale conditions@30#, andhf is the heat transfer coefficien
between the collector fluid and the evaporator heat exchan
which can be calculated as follows@24#;

If the flow is laminar, i.e.

ReD5
4r0V̇h

pDhm
<2300 (20)

then,

NuD53.66 (21)

If the flow is turbulent, i.e.

ReD.2300 (22)

then,

NuD50.023ReD
0.8Pr0.4 (23)

The injection pipe, which carries the seawater to the evaporato
coaxial and internal to the withdrawal pipe, so, major part of
energy of withdrawn water can be recovered. The temperatur
the injected water, to the evaporator, can be calculated as foll
@24#:

Ti5
Qh

r0V̇iCp0

1T0 (24)

whereQ̇h is the actual heat transfer rate, given as

Q̇h5«Q̇max (25)

Q̇max is the maximum possible heat transfer rate, given by

Q̇max5Cmin~Ts2T0! (26)

« is the heat exchanger effectiveness, given by

«5
12exp@2NTU~12Cr !#

12Crexp@2NTU~12Cr !#
(27)

NTU is the number of transfer units, given as

NTU5
UA

Cmin
(28)

Cr5
Cmin

Cmax
(29)

Cmin andCmax are the minimum and maximum ofCc andCh,
respectively, where

Cc5r0V̇iCp0 (30)

Ch5rsV̇wCps (31)

The productUA is given as

UA5
1

1

2pr i lhi
1

ln~r o /r i !

2pkl
1

1

2pr olho

(32)

The heat transfer coefficient between the injected water and
injection pipe,hi , can be calculated from eq. 21 if the flow
laminar and from eq. 23 if the flow is turbulent.

The heat transfer coefficient between the withdrawn water
the withdrawal pipe,ho , can be calculated as follows@24#,
Transactions of the ASME
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If the flow is laminar, i.e.

ReD5
r~Do2Di !

m

rsV̇w

0.25rp~Do
22Di

2!
<2300 (33)

then the value of Nusselt number can be selected from table
If the flow is turbulent, eq. 23 can be used, with the diame

replaced by the hydraulic diameter@24#.
The condensation heat transfer will mainly be dissipated to

environment via the condenser. So the condenser should be a
dissipate the amount of energy given by

Q̇c5ṁ~hf g10.68Cp~Ts2Ti f !! (34)

where,hf g is the latent heat of condensation and the second t
in right hand side of the above equation accounts for the sens
heat transfer from the condensate.

This amount of heat is transferred through the condensate
then conducted through the condenser wall, and eventually tr
ferred to the environment by convection~if we neglect radiation!.

Since the velocity of vapor is small, and the condensation
is low, the condensate will flow as a thin annular film inside t
tube. Then it flows in a longitudinal direction along the botto
side of the tube. For flow with Re,30,000, the average film hea
transfer coefficient is given as@31#

m̄c50.725F12
u

pGFhf g* gkc
3~r l2rv!

g lD~Ts2Ti f !
G1/4

(35)

where,u is the half angle made by joining the center of the tube
the two edges of the flowing liquid at the bottom.

Film properties involved are to be evaluated at an intermed
temperature between the interface,Ti , and the inside surface o
the condenser,Tci , so that the temperature jump across the film
accounted for@32#

Tf ilm5Tci10.25~Ti2Tci! (36)

whereTi is the interface temperature calculated by assuming
all of the heat transferred from the vapor to the interface,Qs- i , is
conducted through the liquid film to the condenser surface,Qi -ci .
Therefore, the interface temperature does not change with t
i.e.

dTi

dt
50 (37)

and

Q̇s2 i5Q̇i 2ci (38)

or

Q̇c5m̄cAi~Ti2Tci! (39)

whereAi is the surface area of the liquid film at the interface f
heat conduction through the condenser wall,

Q̇c5
2p l ckc~Tci2Tco!

ln~r co /r ci!
5

Ti2Tco

1

2pr cil cm̄c

1
ln~r co /r ci!

2p l ckc

(40)

Table 1 Nusselt number for laminar flow in annulus †24‡

Di /Do Nui

0 -
0.05 17.46
0.1 11.56
0.25 7.37
0.5 5.74
1 4.86
Journal of Solar Energy Engineering
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whereTco , rci , rco , lc , andkc are the condenser outside surfa
temperature, inside radius, outside radius, length, and the
conductivity, respectively.

The condenser is assumed to be a horizontal tube with circ
fins. The average heat transfer from the tips of the fins is given
@25#

Nus5cRas
b (41)

This equation is valid for

2<Ras<104 (42)

and

1.36,1/j,3.73 (43)

where

j5
Dco

D f in
(44)

Rayleigh number and other constants are given by

Ras5
gb~Tco2Ta!S3

ag

S

D f in
(45)

b50.29

c50.4410.12/j,

andS is the distance between two successive fins.
Heat transfer from the cylinder and lateral fin surfaces is giv

by @25#

Nus5
Ras

12p H 22expF2S c1

Ras
D 3/4G2expF2bS c1

Ras
D 3/4G J

(46)

where

1.67,1/j,` (47)

b50.17j1exp~24.8j! (48)

c15@23.721.1~11152j2!1/211b#4/3 (49)

The rate of heat transferred from the condenser~fins and prime
surface! can be calculated as

Qc5@hco,t ipNAf ,t iph f1hcoNAf ,sidesh f1hcoAb#~Tco2Ta!
(50)

whereN is the number of fins, andhf is the fin efficiency calcu-
lated as follows@24#,

h f5C
K1~mrco!I 1~mr2c!2I 1~mrco!K1~mr2c!

I 0~mrco!K1~mr2c!1K0~mrco!I 1~mr2c!
(51)

where

C5
2r co /m

r 2c
2 2r co

2
(52)

r2c5r fin1t/2 (53)

m5S2hco

kctfin
D1/2

(54)

and I0 , I1 andK0 , K1 are the modified Bessel functions of th
first and second kind, respectively.
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