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Abstract

Fin material near the tip of a uniform cross sectional (UC) fin does not participate actively in transferring heat. This effect may seem
to have progressed much with the increase in fin length. A uniform cross sectional fin with a step reduction in local cross section (SRC)
not only increases the effective utilization of fin material near the tip but also it promotes the ease of fabrication. In this study, an effort
has been devoted to determine analytically the overall fin performance of both longitudinal and pin fins of SRC profile under fully dry,
partially wet and fully wet conditions. The effect of various design and psychometric parameters on the fin performance of SRC fins has
been investigated and compared it is with the corresponding UC fin. A scheme for optimizing SRC fins has also been demonstrated in the
present work. From the result, it can be highlighted that the optimum values of Biot number and aspect ratio of SRC fins increase with
the increase in relative humidity for the same fin volume. In comparison with the UC fin for the identical fin volume, the SRC fin trans-

fers more rate of heat and consequently, this difference in heat transfer rate increases slowly with the relative humidity.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Technology has led to a demand for high performance,
lightweight, and compact heat transfer equipments. To pro-
vide accommodation this demand, finned surfaces are usu-
ally used to increase the rate of heat transfer between a
primary surface and the surrounding fluid in various heat
exchangers. There are a plenty of practical applications of
fins in heat transfer appliances, especially, the design of
cooling devices for spacecrafts, and the evaporator of refrig-
eration and air conditioning equipments play the key role
for successful applications. In these apparatus, the surface
temperature of the fin is below the dew point temperature
of the surrounding humid air. As a result, moisture is con-
densed on the fin surfaces and thus mass transfer occurs
simultaneously with heat transfer. Depending upon the pri-
mary surface temperature, the fin tip temperature and the
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dew point of the surrounding air, the fin surface may be
classified as full dry, partially wet or fully wet [1,2]. The
thermal performance of the wet extended surface is different
from that of the dry surface as the moisture condenses on
the fin surfaces during dehumidification process.
Numerous investigations have been carried out by many
researchers to determine the performance of fins under
dehumidifying conditions. Threlkeld [1] adopted an analo-
gous approach to establish the influence of water film on
the performance of wet rectangular fins. From his observa-
tion, he demonstrated that the effect of relative humidity on
the performance of wet fins is negligibly small. McQuiston
[2] included the mass transfer phenomenon which is
occurred due to difference in humidity ratio between the
incoming air and that existed on the fin surface. His results
indicate that the overall efficiency has been influenced
strongly by the relative humidity. Assuming a linear
relationship between the humidity ratio of the saturated
air on the fin surface and its temperature, Elmahdy and
Biggs [3] presented a numerical algorithm to evaluate the
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Nomenclature

A, B constants, expressed in Eq. (11)

Bi Biot number, hdp/k

Coa specific heat of dry air at constant pressure
f1, >, f5 functions, used in Eq. (39)

g function for the constraint, used in Eq. (40)

h convective heat transfer coefficient, kJ/m> K

hey latent heat of condensation of moisture, kJ/kg

I mass transfer coefficient, kg/m? s

k thermal conductivity of the fin material, W/m K

/ fin length, m

lo distance from the base at which the dry and wet
region separated, m

Is distance from the base where step change is
made, m

L dimensionless linear distance at which dry and
wet part coexisted, lo/L

Le Lewis number

Lg dimensionless step length, Is//

m constant 1 and 2 for longitudinal fin and pin fin,
respectively

q heat transfer rate, W

0 dimensionless heat transfer rate, gh" 'm/
[2K™(Ty — Tp)mn" !

O; percentage increase in heat transfer rate of a step
profile fin with respect to a rectangular profile
fin

RH relative humidity of surrounding air

SRC  step reduction in cross section

T local fin surface temperature, °C

U dimensionless fin volume, #™ " vm /[2k™ 7" ~1]

ucC uniform cross section

v respectively fin volume per unit width for the

longitudinal fin and fin volume for the pin fin, m®

X coordinate as shown in Fig. I, m

X dimensionless coordinate, x//

Z fin parameter, v/Bi/y

Z Zo/ /1

Z,  Zy1+By'”

Zy  Z(1+BY”

Greek symbols

0 half fin thickness, m

& fin effectiveness

¢ temperature parameter, 6 + 0.,

n fin efficiency

U ratio of tip to base half-thickness, 6,/d,

0 dimensionless local fin surface temperature,
(Ta — TY(T, — Ty)

Oy temperature parameter for dehumidification,
é(wa —4- BTa)/[(Ta - Tb)(1 + Bé)]

w specific humidity, kg w.v./kg d.a.

14 dimensionless dehumidification parameter,
hyl CI’L€2/3

W aspect ratio, 6,/L

Subscripts

a ambient

b base

d dew point

dry dry surface

id ideal

p partially wet

t tip

wet wet surface

efficiency of longitudinal and circular fins of uniform thick-
ness when simultaneous heat and mass transfer take place.
Their result shows that the fin efficiency does have a strong
dependency on relative humidity.

Coney et al. [4,5] developed a model to study the influ-
ence of the condensate layer on the surface temperature
distribution and efficiency of a wet rectangular fin. This
model indicates that the fin efficiency decreases with the
condensation. Kazeminejad et al. [6] demonstrated the
effect of relative humidity on the thermal resistance of con-
densate film and it was negligible as the film found to be
much thinner than the boundary layer in the dehumidifica-
tion process. Their model exhibits that the heat transfer
coefficient is changed with the increase in boundary layer
thickness. Wu and Bong [7] provided an analytical solution
to determine the overall fin performance of a rectangular
fin under both fully and partially wet conditions. They also
assumed a negligible film thickness and, temperature and
humidity ratio difference as the driving force for heat and

mass transfer. Lin et al. [8] studied experimentally the per-
formance of a rectangular fin in both dry and wet condi-
tions. They found that the fully wet fin efficiency was
insensitive to change of relative humidity. For comparison
purposes, the fin efficiency of their experimental data
agrees favorably with the predictive analytical results
obtained by Wu and Bong [7].

The above studies were based on the one-dimensional
approach. For detailed evaluation of the wet fin efficiency,
Chen [9] and Liang et al. [10] proposed a two-dimensional
model that took the complex fin and the moist air proper-
ties over the fin into account. These two investigations sup-
ported that the fully wet fin efficiency was moderately
insensitive to change of relative humidity.

In search of a reduction of material of a fin, a compre-
hensive research has already been exhibited to determine
an optimum profile of fins under convective environ-
ment. A criterion for obtaining the optimum profile of
conducting-convective fins was first proposed heuristically
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by Schmidt [11]. Later, Duffin [12] had proved mathemat-
ically the Schmidt [11] criterion by using the calculus of
variation. From the existing literature [13-15], it can be
found that the optimum profiles are parabolic, hyperbolic,
circular or wavy in nature. Fabbri [16] has introduced
undulations in the optimum fin profile by using genetic
algorithms. However, these profiles are associated with
inherent difficulties for their manufacturing and fabrica-
tion. Hence, an alternative approach is generally adopted
by the researchers for the optimum design of a fin
[17,18]. In this methodology, a fin shape is selected a priory
and then the optimum dimensions are determined with sat-
isfying either maximizing the heat transfer rate for a given
fin volume or minimizing the fin volume for a given heat
transfer duty.

A quasilinear one-dimensional model was developed by
Kilic and Onat [19] to calculate the fin performance and
optimum dimensions of a vertical rectangular wet fin. They
investigated that the optimum fin length, fin effectiveness
and average fin temperature are lower in the case of con-
densation than in the case of dry fin. Toner et al. [20]
numerically established a comparison between the rectan-
gular and triangular fins when condensation takes place.
They also calculated the optimum fin dimensions. Using
Bessel functions, Kundu [21] determined analytically the
optimum dimensions of fully wet straight tapered fins.
Recently, by application through a unified analysis, an ana-
Iytical model has been suggested by Kundu and Das [22]
for the estimation of optimum fin dimensions of fully wet
longitudinal, spine and annular fins of both trapezoidal
and triangular profiles.

Even though a tapered profile fin reduces the fin material,
it is not applied to all heat exchange applications, probably,
owing to its typical geometry. Otherwise, due to simple
design and ease of fabrications, the uniform cross sectional
(UC) fin is extensively found in various heat exchangers.
However, there is a continuous effort to modify this shape
near the tip for betterment of its performance. Holland
and Stedman [23] proposed first to modify for a constant
thickness fin known as rectangular fin with a step change
in local thickness. A reduction in plate material can be
achieved with the applying this profile. However, their
analysis had been concentrated only on the absorber plate
of a flat plate collector. Later Kundu and Das [24] have
extended this approach to analyze the performance and
optimization of annular step fins subject to convective envi-
ronment. They have mentioned that an annular step rectan-
gular fin saves 30% or more material in comparison to an
annular rectangular fin for the same heat transfer duty.

So far, there have been many investigations (summa-
rized above) of different profiles, namely, rectangular, trap-
ezoidal and triangular dealing with the wet surface subject
to simultaneous heat and mass transfer applications. A sig-
nificant material saving has already been noticed by using a
stepped annular fin under the dry surface condition [24].
However, researchers have rarely concentrated on the ther-
mal analysis of both longitudinal and pin fins with a step

reduction in cross section (SRC) under the process of dehu-
midification. In addition, a few of the literatures are con-
cerned with pin fins, in spite of the fact that pin fins are
frequently employed in lot of real applications.

In the present study, an effort has been made to analyze
analytically the performance and optimization of longitudi-
nal and pin fins of SRC profile subject to combined heat
and mass transfer. The analysis is carried out for the fully
dry, partially wet and fully wet conditions on fin surfaces.
The present analysis is also suitable for the UC fin with
choosing the unit value of thickness ratio of a SRC fin.
A comparative study on fin performances between SRC
and UC fins has also been done for the same thermophys-
ical and psychometric conditions. In addition, a methodol-
ogy has been suggested for the optimization of SRC fins in
wet conditions. The optimization has been cast in a gener-
alized form such that either fin volume or heat transfer
duty can be taken as a constraint. Using Lagrange multi-
plier techniques, the optimality criteria are derived. A
generalized Newton—-Raphson iterative method is used to
determine the optimum design parameters. A comparative
study between SRC and UC fins at the optimum condition
has also been made. Finally, it may be well established that
within the range of design parameters taken in the present
analysis, the amount of heat transfer rate through an opti-
mum fin of SRC is 20% or more than that of an optimum
UC fin with an identical fin volume and psychometric
properties of surrounding air.

2. Physical model and mathematical formulations

The physical model of longitudinal and pin fins with
SRC profile is depicted in Fig. 1, where / is the fin height,
Is is the distance from the base at which step change occurs,
Op and J, are the half fin thicknesses of the base and tip side
respectively. When humid air strikes on a fin surface below
its dew point temperature, T4, the moisture condenses on
its in filmwise, dropwise or mixed mode, depending upon
the condition of the wet surface. In general, a clean surface
tends to promote filmwise condensation whereas a treated
surface condensates dropwise. If the condensation takes
place continuously over the fin surface and the condensed
liquid is removed from the surface by the motion generated
from gravity, then the condensing surface is usually cov-
ered with a thin layer of liquid; and this situation is known
as film wise condensation. The presence of condensate on
the cooling surface may enhance heat and mass transfer
at the surface due to increased turbulence and effective sur-
face roughness. However, due to the build-up of much
thinner condensate film with the boundary layer in the
dehumidification process, the effect of condensate film
has been omitted by many investigators [6-8,20-22]. The
difference between air and fin surface temperatures is the
driving force for sensible heat transfer and accordingly,
the difference between humidity ratio of surrounding air
and that of the adjacent air on the fin surface is the driving
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Fig. 1. Schematic view of partially wet SRC fins with a length parameter

L, at which dry and wet surfaces separated: (a) longitudinal fin and (b) pin
fin.

force for mass transfer. To establish the present theoretical
model, the following assumptions are made:

(i) The fin base temperature, T}, and the dry bulb tem-
perature of the surrounding air, T,, are assumed to
be constant.

(i1) Due to the ‘thin fin’ assumption, the temperature var-
iation on the fin surface in the perpendicular direction
is negligibly small and temperature varies only in the
x direction.

(iii) The convective heat transfer coefficient (/) is assumed
to be constant for all over the fin surfaces.

(iv) The thermal conductivity of the fin material (k) is
taken constant.

(v) Thermal resistance for heat flow through condensate
film is negligibly small.

(vi) Specific humidity w on the fin surface air can be
approximated by a straight line (w = A + BT) with
the saturated water film temperature 7, for having a
small temperature difference between dew point and
fin-base temperature.

2.1. Governing equations

To establish the governing equations for both the
stepped longitudinal and pin fins, fin surfaces are consid-
ered a fully dry, fully wet or partially wet. The governing
differential equations derived from an energy balance on

a differential volume element of a SRC fin under steady
state condition can be written as follows:

Fully dry fin
d&*T/dx® — mh(T — T,)/kSy | m
T /ké, | L0

d’T/dx® — mh(T —

Fully wet fin

d*T/dx® — mh(T — Ty)/kdy — mho (@ — @, )k [k,
d*T/dx® — mh(T — T,)/kS, — mhy(0 — @,)hz [k, 1
07 for (0<x<Is)
- {0} for (Is <x <)
2)
Partially wet fin (Is < Iy <)
d*T/dx* — mh(T — T,)/kSy — mho(@ — @,)hz [k
d&*T/dx® — mh(T — T,)/kd; — mhu (@ — ,)hz [k,
d*T/dx> — mh(T — T,) /kd,
0 wet domain (0 < x < Ig)
=10 wet domain (/s < x < /o)
0 dry domain (/p < x <)
3)
Partially wet fin (0 <ly<s)
d*T/dx* — mh(T — Ty)/kSy — mho(@ — @,)hz kS
d*T/dx> — mh(T — T,)/kdy
d*T/dx®> — mh(T — T,) [k,
0 wet domain (0 < x < Ip)
=10 dry domain (/o < x < Is)
0 dry domain (/s <x <)
4)

where /i, is the average mass transfer coefficient, w, is the
humidity ratio of the atmospheric air, and /g, is the
latent heat of condensation. The constant m used in Eqs.
(1)-(4) is 1 and 2 for the longitudinal and the pin fin,
respectively.

The following dimensionless parameters can be intro-
duced for the mathematical formulation:

)(:X/l7 L():lo/l, Ls:ls/l lﬁzéb/l,
Bi=hdu/k, =0/, Zo=BiY,
Zi=2Z/\u and 0= (T,—T)/(T,—To) (5)

The heat transfer and mass transfer coefficient can be
related by Chilton—Colburn analogy [25] given by

h/hy = C,,Le*? (6)

where Le and C, , are the Lewis number and specific heat
of dry air, repectively.
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Using Chilton—Colburn analogy [25] and the above
assumptions, Egs. (1)—(4) can be expressed in dimension-
less form respectively as

Fully dry fin
[d*0/dx* —mzg0]  [0] (0<X <Ls)

| d20/dX? —mZ20 |

Fully wet fin

[d*¢/dx> — mZ3(1 + BE)¢

| d*¢/dX* —mZ} (1 + BE)

Partially wet fin (Ls < Lo <1)

d*¢/dX? —mZi(1+BE) ¢
d*¢/dX? —mZ}(1+BE)¢ | =
d*0/dx? —mZz20

wet domain (0 <X < Lg)
wet domain (Ls <X < L)
dry domain (Lo <X <1)

©)

oS O O

Partially wet fin (0 < Ly < Ls)

wet domain (0 <X < L)

dry domain (Lo < X < Lg)

dry domain (Ls <X < 1)
(10)

d*¢/dX* —mZj(1+ B¢ 0
d*0/dx? —mz20 =10
d*0/dx* —mz0 0

where

d=0+0y, ¢&=hg/(ChaLe’?),

Oy = &(@wa — 4 = BT.)/[(Ta — Tb)(1 + BS)],

A= [wp(T— Ty) — To(w, — )] /(T — Ty) and
B=(w—wy)/(T,—Ty) (11)

2.2. Boundary conditions

Since the fin base temperature is lower than that of the
fin tip, heat conduction through a fin takes place from
the fin tip to fin base. Depending upon the fin surface tem-
perature and dew point temperature of the surrounding air,
energy interaction between the surrounding air and the fin
surface occurs on all over the exposed surfaces with either
sensible heat or both sensible and latent heat. An energy
balance can be done at the junction section Lg to satisfy
the continuity of heat conduction and the heat exchange
between the excess fin thickness surface and the surround-
ing medium. In case of partially wet fins, there is a position
on the fin surface Ly (shown in Fig. 1), where the surface
temperature is equal to the dew point of the humid
air. Hence, X' = L, separates the dry and wet regions.
Thus, the boundary conditions to determine temperature
distribution in SRC fins are taken mathematically as
follows:

Fully dry fin

atxX =0, 6=1 (12a)
[H]Lsz = [H]Ler/l
at X = Lg, [dg/dX}Ls—A =u" [dg/dX]LS+A (12b)
_WZS(I - .“m)[e]Lsz
at X =1, d0/dX = —yZ20 (12¢)
Fully wet fin
atX =0, ¢=1+40, (13a)
[d)]LS—A = [¢]LS+A
at X = Lg, [d¢/dX]Lsz = p" [d¢/dX]LS+A (13b)
—YZ5(1 = w) (1 + BE)[¢],
at X =1, d¢/dX = —yZ;(1 + BE)¢ (13¢)
Partially wet fin (Ls < Ly<1)
atX =0, ¢=1+4+0, (14a)
[‘lﬁ]Lsz = [¢]LS+A
at X =Lg, < [d¢/dX], , = p"[dp/dX], (14b)
—YZi(1 = p")(1 + BE) (¢l
=04 + 0,
at X = Ly, {ZH:JF (14c)
at X =1, do/dX = —yZ30 (14d)
Partially wet fin (0 < Ly < Lg)
atX =0, ¢=1+40, (15a)
_ (t) = 0d + Ow
at X = Ly, {0:0(1 (15b)
[Q]Lsfz\ = [Q]LerA
at X =Ls, < [d0/dX],__, = u"[d0/dX], ., (15¢)
—YZ5(1 — u)[0],,
at X =1, d/dX = —yZ30 (15d)

where 4 — 0.

2.3. Temperature profile

The temperature distribution in SRC fins is obtained by
solving the above differential equations (7)—(10) with their
boundary conditions (Egs. (12) to (15)). Accordingly

Fully dry fin

o1 sinh[Z,(1 — Lg)| + o, cosh[Z; (1 — Lg)]

o3sinh[Z; (1 — Ls)] + a4 cosh[Z; (1 — Lg)]
for (0 < X < Lg)

Zo{Z, cosh[Z,(1 — X)] + yZ sinh[Z,(1 — X)]}
o3sinh[Z;(1 — Lg)] + g4 cosh[Z; (1 — Lg)]
for (Ls <X <1)
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where
a1 WZ3cosh[Zo(Ls — X)] +Z2{1+ (1 — p")Z2y* } sinh[Zo(Ls — X )]
02 _ YAYA {COSh[Zo(LS —X)] + lﬂZO Sinh[ZO(Ls —X)]}
2 Z2[WZycosh(ZoLs) + {1+ Z2y* (1 — u") } sinh(ZoLs)]
04 Z(]Z] [COSh(ZoLs) + l//Zo Sinh(Z()Ls)]
(17)
Fully wet fin
05 smh[Z3(l — Ls)] + o¢ COSh[Z3(1 — Ls)]
a7 Sll’lh[Z3(1 — Ls)] + oy COSh[Z3(1 — Ls)]
0+ 0, for (0 < X < Ls)
1+0y | Zy{Zscosh[Z3(1 — X)] + ¥Z2sinh[Z5(1 — X)]}
g7 smh[Z3(1 - Ls)] + o3 COSh[Zg(l - Lg)]
for (Ls <X < 1)
(18)
where
os WZ3cosh[Zy(Ls — X)] + Z2{1 +y* Z2(1 — ") (1 4+ BE)'*} sinh[Z, (Ls — X))
[ _ Zng{COSh[Zz(LS —X)] +l//Zz Sinh[ZQ(Ls —X)]}
7 Z2{WZ, cosh(ZLs) + [1 + 22y Za (1 — )] sinh(ZoLs) }
o3 Z,Z3|cosh(Z,Ls) +yZ, sinh(Z,Ls))
(19)
and
-ZZ:| o ( +Bé)1/2 (20)
_Z3 ( + Bé) 1/2
Partially wet fin (Ls < Ly <1)
_ a19(1+0w)sinh[Z (Ls—X)]+ag sinh(Z,X)
0+ HW . ajgsinh(ZyLg) . for (0 <X LS)
0+0,| = 09Smh[zs(Lo;)]i])]s;(g[nz(zf’(‘gfxz)ss)l]“h[Zz(X*Ls)] for (Ls <X < Lo)
| g/gd W Z%sinh(Z, (1=X)]+Z, cosh[Z; (1-X)] for (Lo <X < 1)

W27 sinh[Z) (1—Lo)]+Z; cosh[Z, (1-Lo)]

(21)
where
= (14 04)Z, sinh[Z3(Ly — Ls)]
+ (04 + 0,)W"*Z, sinh(Z,Ls) (22)
and
o10 = Z, cosh(Z,Ls) sinh(Zy) + u"Z5 sinh(Z,Ls)
x cosh[Z3(Ly — Ls)] + ¥Z3(1 — u™) sinh(Z,Ls)
x sinh[Z3(Ly — Lg)] (23)
Partially wet fin (0 < Ly < Lg)
(1404) sinh[Zs (Lo—X)]+(0g+0w ) sinh (Z,.X)
0+ 0y sinh(Z2Lo) for (0 <X < Ly)

04012 sinh[Zy(Ls—X)]+01; sinh[Zy (X —Lo)]
0 = 12 sinh[Z(Ls—Lo)]

0 a11{Z) cosh[Z (1-X)]+yZ2 sinh[Z) (1-X)]}
a12{¥Z]sinh(Z) (1-Ls)]+Z) cosh(Z; (1-Ls)]}

for (L() <X<Ls)
for (Ls<X K1)

(24)
where
o1 = cosh[Z (1 — Lg)|{0aZo{yZ; tanh[Z, (1 — Ls)] + Z; }
— uZy sinh[Zy(Ls — Lo)]{Z; tanh[Z, (1 — Ls)] + ¥ Z3})
(25)

and
a1y = cosh([Zy(Ls — Lo)|{¥Z} sinh[Z, (1 — Ls)] + Z3'}
+yZ3(1 — w")sinh[Zo(Ls — Lo)] cosh[Z; (1 — Lg)]
x {yZ2tanh[Z,(1 — Ls)] + Z;} (26)
Here it is to mention that to calculate the temperature
distribution in a partially wet SRC fin, the linear distance
Ly where the dry and wet parts separated is to be deter-
mined on the basis of the continuity of heat conduc-

tion at the separating section. It yields the following
equations:

(1+ B&)' " {ao + a10(04 + 04,) cosh[Z3(Lo — Ls)]}
x {Z) +yZ2 tanh[Z,(1 — Ly)]} — 0o sinh[Z3(Lo — Ls)]
x {YZi + Z tanh[Z,(1 — Ly)]} =0 for (Ls < Ly < 1)
(27)

and

(14 B&) 2 sinh[Zo(Ls — Lo)|{o12(1+ 04) — 11 (04 + 0y)
x cosh(Z,Ly)} +sinh(Z,Ly){o1; + 0401, cosh[Zy(Ls — Lo)]}
=0 fOrO<L0 éLS (28)

For a given thermophysical, psychometric and geometric
parameters, the root of the above equations Lycan be deter-
mined by using Newton—Raphson iterative procedure [26].
A specified convergence for Newton—Raphson method [26]
has been taken as 1072 for the final value of L.

2.4. Heat transfer rate

The heat transfer rate through the fin is calculated from
the temperature distribution in the fin. It can be obtained
from the Fourier’s law of heat conduction applied to the
fin base for fully dry, partially wet and fully wet conditions
of a SRC fin, separately, which is in dimensionless form as
follows:

Fully dry fin
[Garyh" " m] /(26" (Ty — Typ)n""]

Qay = | YZo{mi sinh[Z, (1 — Ls)] 4 75 cosh[Z (1 — Lg)]}
a3y sinh[Z;(1 — Ls)] 4+ a4 cosh[Z; (1 — Ls)]

(29)
where
[n} | WZsinh(ZoLs) + Z3 {1+ (1 — ") Z3* }cosh(ZoLs)
() ZoZ {sinh(ZyLs) +yZycosh(ZyLs)}
(30)

Fully wet fin

{ (e m] /2" (Ty = T)m"']
Ove =1 Zop(1+0,) {tssinh[Zs(1 — Lg)] +tacosh[Zs(1 — Lg)]}
a7 Slnh[Z3(l —Ls)] + oy COSh[Z}(l —Ls)}

(31)
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where
T3 -
LJ B

Partially wet fin

laph™ " m]/[2K" (T = To)n" ']
[0,]= ’ [{610(1 +0y)cosh(ZyLs) + 60} /argsinh(Z,Ls)
21{(1 4+ 6,) cosh(ZyLo) + (64 + 04,) }/ sinh(Z> L)

YZ3sinh(Z,Ls) + Z2{1+ > Z2(1 — ") (1 4+ BE)'* Y cosh (Z,Ls)
ZzZ}{Sinh(Zst) + l//Zz COSh(Zst)}
(32)

for (Ls <Ly < 1)
for (O <Ly <Ls)
(33)

2.5. Fin efficiency

Fin efficiency is defined as the ratio of actual heat trans-
fer rate through the fin to the rate of ideal heat transfer rate
(¢;)- The latter is calculated if the entire fin were maintained
at its base temperature. Thus the fin efficiency of dry and
wet SRC fins can be expressed from its definition as

[ﬂdry} B lery /O dry ] for fully dry surface (34)

Nywet Ouet/ Qi et for fully wet surface
where
Qi,dry _ 611',dryhn171’/’1/2/{’”7-5”171 (T'd - Tb)
Qi-WEt qi.wcthm*]’W/kaHm_1 (Ta - Tb)
Bi" 2—m+y+2(m—1){Ls+p(1—Ls)}

v {(1+9w)(1+35)[2—m+'//+2(m—1){Ls+ﬂ(1—Ls)}]
(35)

The fin efficiency of the partially wet SRC fin can directly
be obtained from the ratio of actual heat transfer rate to
the ideal heat transfer rate calculated with the assumption
of the entire fin surface under a fully wet condition. Alter-
natively, the efficiency of the partially wet fin can be deter-
mined by taking into account of the weighted average of
dry and wet surface efficiencies. It can be expressed as

_’7p o P1twet + p2’7dry_ (LS < LO < 1) (36)
_”Ip Lonwel + pSr]dry | (0 < LO < LS)
where

'm} . [ Lo+ Ls(1 = ) (m = 1)+ (1 = w")/m

Pl = - W (1= Lo) +ump/m

Ls+p 1 (1-L
LP3 st Sy /m Ls—Lo+p" (1 = Ls) +y/m
(37)

2.6. Optimization

From the existing literature [19-22], the researchers have
concentrated on the optimization of fins for either the dry
or the fully wet surface. However, depending upon the
thermo-psychometric parameters, the entire fin surface
may not participate in condensation process. Thus in this
study, an effort has been made to determine analytically
the optimum dimensions of longitudinal and pin fins of
SRC profile under fully dry, fully wet and partially wet

conditions. The volume of both the longitudinal and pin
fins with a SRC profile is expressed in non-dimensional
form as

m-+1 m+1_m—
U:{h. 11Jm/[2k 1] 38)
B 4 Ls(1 — )]

From the expressions of heat transfer and fin volume, it is
clear that both these parameters are the functions of Bi, i,
Ls and p for a given thermophysical and psychometric
parameters. The optimization is done in a generalized form
in such a way that either heat transfer or fin volume can be
taken as a constraint. Using Lagrange multiplier technique,
the optimality criteria is derived which can be expressed as
follows:

0

0

|

S1(Bi,Ls, ) (00,/0B1)(dU /o) — (0Q; /o) (dU /0BI)
[fz(Biv'//-Ls-,/l)] = [(an/al//)(aU/@Ls)(aQ,-/aLs)(@U/@l//)
3(Biy, Ls, 1) (0Q;/0Ls)(0U /o) — (8Q;/0u)(0U /OLs)

(39)
where the expressions of partial derivative (0U/0Bi), (QU/
oY), (QU/OLs), (U/op), (9Q,/0Bi), (90,/0w), (2Q,/0Ls)
and (0Q;/0u) are derived using Egs. (29), (31), (33) and
(38). In partially wet SRC fins, the amount of heat transfer
not only depends on the geometry of the profile but also on
the length of the wet part Ly. Therefore, to determine the
rate of heat transfer through a partially wet fin, it is essen-
tial to evaluate the linear length L,. Again L is a function
of the design and psychometric parameters involved on the
optimization process. In order to determine the partial
derivative of Q, with respect to any one of the said vari-
ables, the partial derivatives of L, with respect to these
variables are to be determined. These partial derivatives
of Ly are constructed from Eq. (33) and they can be deter-
mined by solving with the help of Newton—-Raphson itera-
tive method [26]. Next for solving Eq. (39), one equation
for the design constraint is required in the optimization
problem. Depending upon the design specification, the
constraint equation may be either the fin volume or the

heat transfer rate. Thus it can be constructed as given
below:

Jj=dry. wet, p

B+ Ls(1— M)/ — U
[¥Zo{ritanh Zy + 15} /(03 tanh Zy + 64)] — Oy
(140y)WZ{r3tanhZs + 14} /(o7 tanh Zs + 05)| — Oy
WZ,[010(1+0y) cosh(Z,Ls) + a9 /a10sinh(Z2Ls) — O,
L ¥Z>[(1+ 6y) cosh(ZaLo) + (04 + )]/ sinh(Z>Lo) — Oy

0

[8(Bi, b, Ls, )] =

(40)

0
0
0 for(Ls<Ly<1)
10| for (0<Ly<Ls)

It may be noted that the above equation represents both
the constraint equations (fin volume and heat transfer
rate). From definition of the fin optimization, any one con-
straint equation has to be employed during the root finding
algorithm. For the solution of Egs. (39) and (40), Newton—
Raphson method can also be applied to obtain the multiple
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roots [26]. The basic steps for estimation of multiple roots
in the present study are given below:

Bi Bi ryr
I,/ I
Y _ |V N 2/ (1)
LS LS F';/F
Hd Hd; ryri;

where the suffixes j and j + 1 are the j th and j+ 1 th iter-
ation respectively. The expressions for I'y, I'5, '3, 'y and I
are given in Appendix. To precede the above iterations, the
initial guess values have to be selected in such a way that
the convergence criteria will be satisfied in all the steps of
iterations. The convergence criterion for the present opti-
mization problem can be adopted as follows [26]:

[7]. From Fig. 2, it is demonstrated that the results pre-
dicted by the present and previous models have been
matched exactly. Now, some typical results obtained from
the present model are illustrated in the following section.
To estimate the temperature distribution in a partially
wet fin, the distance L, is important. This location sepa-
rates the wet and dry parts of the fin. In Fig. 3, Ly of
SRC as well as UC profiles for both longitudinal and pin
fins is shown as a function of relative humidity RH and a
design constant. From Fig. 3, it can be noticed that
whether a fin surface becomes a dry, fully wet or partially
wet, the air relative humidity is mainly responsible for that.
In partially wet fins, L, increases at a higher rate with an
increase in relative humidity. From this illustration, it
can be pointed out that the range of relative humidity for

{Maxwaz OBE| |0°/007| /0L [0°/0| [@g/0B7| [0°g/0y’| 0% /0Ly

(0f:/0Bi)* " (of:/ow)* " (0f;/3Ls)* (0f;/dn)* (0g/0Bi)* " (dg/ow)* (dg/dLs)* " (dg/dw)’

Finally, the optimum parameters like Bi, s, Ls and u are
obtained until a specified convergence (10~% in the present
study) has been reached.

3. Results and discussion

The moist air consists of two parts; one comprising dry
air and other solely of water vapor and they produce a bin-
ary mixture. To provide complete definition of its any ther-
modynamic state, three properties are necessary. One of
the three properties can be the composition. The properties
of moist air are called the psychometric properties. Ambi-
ent pressure, dry bulb temperature and relative humidity
are commonly employed to determine a state point of
humid air on the psychometric chart. On the basis of the
above analysis, results are calculated for a wide range of
psychometric properties and a constant ambient pressure.

Before furnishing the result for the present study, it is
important to validate the present model via comparison
with the published model. It can not be done directly
because of the scarcity of results in the existing literature.
However, it has already been stated in the earlier section
that the analysis of straight fins with the dehumidifying
process can be done through the above analysis by taking
into consideration of thickness ratio, u=1.0. Wu and
Bong [7] published an analytical result for the performance
analysis of longitudinal fins of straight profile under dehu-
midifying condition. They have assumed a linear variation
of the humidity ratio of the saturated air on the fin surface
with its temperature, and an insulated tip condition. Thus
the result obtained from the analysis of Wu and Bong [7]
can be compared with the result estimated from the analy-
sis of present study form =1, u =1 and y = 0.0 (for a con-
dition of insulated tip) and this comparison is depicted in
Fig. 2. For this, results have been taken for a design param-
eter selected according to Wu and Bong published paper

|azg/aw2|] } - @)

the partially wet surface of a UC profile are 19.67—
39.57% and 19.67-56.13% respectively for a longitudinal
and a pin fin whereas in case of a SRC profile, this range
of relative humidity also depends upon the geometric
parameters p and Lg. It can also be mentioned that for par-
tially wet both longitudinal and pin fins of SRC profile, the
range of RH is always higher than that of the UC profile
because, for an identical design parameter tip temperature
of SRC fins is relatively high. In comparison between the
longitudinal and the pin fin with a partially wet SRC pro-
file a smaller range of relative humidity is found in the case
of longitudinal fins.

Fig. 4 depicts the variation of temperature on the fin sur-
face (longitudinal and pin fins) of both UC and SRC pro-
files with the distance from the fin base for the relative
humidities of 100% and 70%. The fin parameter Z,, aspect
ratioy, thickness ratio u and step length Lg are arbitrarily

1.0 1 T 1 1T ' 1T

0.9

0.8
=07

0.6

0.5 Present Analysis

®  Previus Analysis [7]

o4l—v v
00 02 04 06 08 1.0 1.2
Z

0

Fig. 2. Comparisons of fin efficiency of a longitudinal rectangular fin in
wet conditions evaluated from the present and published models.
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Fig. 3. The linear distance L, for partially wet both SRC and UC fins as a
function of relative humidity RH: (a) longitudinal fin and (b) pin fin.

chosen as 1.0, 0.05, 0.2 and 0.5, respectively. For these val-
ues of design constants, the fin-tip temperature of longitu-
dinal fins of both UC and SRC profiles is below the dew
point of the surrounding air as a result, the fin becomes
fully wet. In case of pin fins of SRC profile, a partially
wet condition is satisfied for the relative humidity of
70%. The temperature distribution on the SRC fin surface
for fully dry condition is also depicted in this figure. To
facilitate a comparative study, the temperature distribution
over the corresponding UC fin is plotted in the same figure.
It can be seen from the figure that the temperature distribu-
tion in the wet fin is always higher than that in the dry fin
because, moisture is condensed on the fin surface by evolv-
ing the latent heat of condensation. This may cause to raise
a higher fin surface temperature. Again the rate of conden-
sation of water vapor on the fin surface increases with the
increase in relative humidity. Therefore, as the relative
humidity increases, a gradual rise in temperature in wet
surface from that in the dry surface is quite obvious. In
comparison with the UC fin, the temperature distribution
in the SRC fin shows a peculiar in nature. From the fin
base to a distance Lg, the slope of temperature curve in a
SRC fin is less steep than in the corresponding UC fin
and this slope in a SRC fin changes to a higher value
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Fig. 4. The variations of temperature distribution in the SRC as well as in
the UC fins with the relative humidity of surrounding air: (a) longitudinal
fin and (b) pin fin.

beyond this length. Hence, there is a section in the fin
where temperature for both SRC and RC fins is identical.
The temperature in a SRC fin beyond this section is always
a higher value compared to that in the UC fin.

The fin efficiency of both the longitudinal and pin fins of
SRC as well as UC profiles is depicted in Fig. 5 as a func-
tion of relative humidity. The variation of relative humidity
has been taken over the whole range from 0% to 100%. The
fin base temperature is only parameter to fix up a lower
limiting value of relative humidity, and below this value,
the fin surface is entirely dry. Then there occurs only sensi-
ble heat transfer and thus the fin efficiency of dry fins
remains constant with the relative humidity for a constant
dry bulb temperature. If the relative humidity is above the
limiting value, condensation of moisture starts and as a
result fin surface becomes a partially wet. The efficiency
of partially wet fins decreases with the relative humidity
and this change varies sharply for the longitudinal fin of
UC profile. In fully wet surface, the overall efficiency of
all these fins decreases slightly with the increase in relative
humidity. This phenomenon can be interpreted as follows.
An increase in the relative humidity causes to an increase in
latent heat flux due to more condensation of moisture
which affects to increase the local fin surface temperature
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Fig. 5. Fin efficiency of UC and SRC fins as a function of relative
humidity RH: (a) longitudinal fin and (b) pin fin.

and consequently to decrease the fin efficiency. For the lon-
gitudinal fin, the fin efficiency of SRC profile is always
lower than of the UC profile for the identical design param-
eter. This may be because of a higher variation of temper-
ature in the SRC fin. In case of pin fins, a reversed trend is

RH=60%; y=0.05; L =0.5; u=0.2; T =32°C; T,=6°C

1.0 B Fully wet
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0.4 i 5 \\\\
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ool . N . L,=0.53
0.0 0.5 1.0 15 2.0

Z

0

Fig. 6. Fin efficiency of longitudinal and pin fins of SRC profile as a
function of fin parameter Z,.

observed when comparing between UC and SRC profiles.
However, for both the longitudinal and pin fins, difference
in fin efficiency between an UC and the corresponding SRC
profile reduces to a minimum value under the partially wet
condition.

The fin efficiency of SRC longitudinal fins under dehu-
midification of air on the fin surface can be compared
vis-a-vis with that of the pin fins with an identical design
constant and a psychometric condition which is depicted
in Fig. 6. For an identical fin parameter Z,, thickness ratio
1, aspect ratio y, step length parameter Lg, relative humid-
ity RH, dry bulb temperature T, and base temperature 7,
the overall fin efficiency of a pin fin is always higher than
that of the longitudinal fin. This difference in fin efficiency
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Fig. 7. Variations of fin efficiency of longitudinal and pin fins of SRC
profile as a function of (a) dry bulb temperature 7, and (b) fin base
temperature Ty,
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Fig. 8. Heat transfer rate through a SRC longitudinal fin for 7, = 32 °C and T}, = 6 °C with the variation of (a) Bi, (b) Ls, (c) p, and (d) y.

increases initially with Z,, reaches a maximum value and
then declines with the further increase in Z,. However, this
nature is insignificantly varied. It may further be observed
from Fig. 6 that, whether the entire or partly fin surface
participates in the condensation process, the fin parameter
Zy 1s also responsible. The tip temperature gradually
increases with the increase in fin parameter Z, from its zero
value and tip temperature equalizes with the dew point
temperature at Z, =0.78 and Z, = 1.01, respectively, for
a pin fin and a longitudinal fin. For an increase in Z, from
the above values, the tip temperature is greater than the
dew point and subsequently, fin surface becomes a partially
wet. From the same figure, it may also be concluded that a
smaller value of fin parameter Z, is noticed for the partially
wet pin fin in comparison with that for the longitudinal fin
under a psychometric condition.

The effect of dry bulb temperature and fin base temper-
ature on the overall fin efficiency of both longitudinal and
pin fins with a SRC profile for different constant relative
humidities is shown in Fig. 7. For a constant relative
humidity, the condensation of moisture on the fin surface
increases with the increase in 7, and hence, the fin surface

temperature increases. This produces a larger variation in
fin temperature in the fin resulting to decrease in fin effi-
ciency as shown in Fig. 7a. A similar observation on the
overall fin efficiency is noticed for an increase in fin base
temperature 7, with taking a constant ambient tempera-
ture T, as depicted in Fig. 7b. An increase in T}, decreases
the wet part of a fin slightly and simultaneously it increases
the parameter Z5 due to increase in B. The first influence is
dominated by the second effect and as a result, fin efficiency
decreases with T3,

From Egs. (39) and (40), it can be mentioned that both
the heat transfer rate and fin volume for fully wet SRC
fins are functions of the geometrical parameters like Bi, i,
wand Lg for a given psychometric condition. For a partially
wet fin, the rate of heat transfer is also function of L.
Typical results obtained from the optimization studies are
shown in Fig. 8 for constants 7, =32 °C, T, =6 °C and
U = 0.0005. The curves are generated in such a way that
the heat transfer rate through a longitudinal fin varies with
the any one of the said geometrical parameters while the
others are taken as a constant. Fig. 8a—d represents the var-
iation of heat transfer as a function of Bi, Ls, u and ,



Table 1
Comparisons of an optimum SRC fin with an optimum UC fin for an identical fin volume, relative humidity, ambient temperature (7, = 32 °C) and fin base temperature (7}, = 6 °C)
U Surface RH (%) Rectangular profile Step profile 0, (%)
conditions LO Biopl l//opl Qopt LO Biopl lpopt (LS)opt Hopt Qopl
Longitudinal 0.00004 Fully dry - - 0.00095 0.02257 0.027268 - 0.00139 0.02858 0.4410 0.2643 0.029988 9.98
fin Partially wet 40 0.53757 0.00130 0.04255 0.032381 0.43052 0.00189 0.04496 0.3730 0.2098 0.036364 12.30
Fully wet 60 - 0.00136 0.04659 0.042239 - 0.00272 0.08564 0.2708 0.2658 0.048123 13.93
Fully wet 80 - 0.00141 0.05008 0.051598 - 0.00308 0.10160 0.2209 0.2681 0.058911 14.17
Fully wet 100 - 0.00146 0.05324 0.060562 - 0.00337 0.11501 0.1830 0.2719 0.069478 14.72
0.00008 Fully dry - - 0.001519  0.02885 0.034423 - 0.00229 0.03783 0.4230 0.2645 0.037956 10.26
Partially wet 40 0.60628 0.00210 0.05516 0.040954 0.54782 0.00346 0.06877 0.3153 0.2090 0.046257 12.95
Fully wet 60 - 0.00220 0.06058 0.053441 - 0.00408 0.10500 0.2286 0.3581 0.060981 14.11
Fully wet 80 - 0.00229 0.06531 0.065304 - 0.00470 0.12908 0.1470 0.3768 0.074580 14.20
Fully wet 100 - 0.00236 0.06960 0.076672 - 0.00527 0.14755 0.1396 0.3776 0.087970 14.74
0.0001 Fully dry - - 0.00177 0.03125 0.037110 - 0.00270 0.04162 0.4151 0.2646 0.040963 10.38
Partially wet 40 0.66432 0.00245 0.06009 0.044180 0.56549 0.00432 0.08183 0.2778 0.2232 0.050046 13.28
Fully wet 60 - 0.00257 0.05766 0.057610 - 0.00443 0.10313 0.2754 0.3464 0.065827 14.26
Fully wet 80 - 0.00267 0.07131 0.070469 - 0.00471 0.11421 0.2558 0.3481 0.080803 14.66
Fully wet 100 - 0.00276 0.07608 0.082747 - 0.00527 0.13519 0.1187 0.3216 0.095932 15.93
0.0005 Fully dry - - 0.00532 0.05659 0.063950 - 0.01257 0.12481 0.1613 0.2787 0.072782 13.81
Partially wet 40 0.58919 0.00764 0.11674 0.076748 0.51455 0.01287 0.15225 0.2561 0.2996 0.089353 16.42
Fully wet 60 - 0.00808 0.13070 0.100348 - 0.01390 0.17798 0.2341 0.3053 0.117902 17.49
Fully wet 80 - 0.00847 0.14349 0.122840 - 0.01479 0.20222 0.1716 0.3505 0.145496 18.44
Fully wet 100 - 0.00882 0.15567 0.144464 - 0.01444 0.2122 0.1488 0.4226 0.173423  20.05
Pin fin 50x 1077  Fully dry - - 0.00377 0.10681 0.0002269 - 0.00527 0.1238 0.2226 0.5070 0.000250 9.96
Fully wet 40 - 0.00472 0.21050 0.0003086 - 0.00611 0.1973 0.2192 0.5215 0.000348 12.83
Fully wet 60 - 0.00490 0.23487 0.0004108 - 0.00643 0.2168 0.1821 0.5242 0.000467 13.73
Fully wet 80 - 0.00505 0.25744 0.0005100 - 0.00674 0.2322 0.1398 0.5276 0.000584 14.59
Fully wet 100 - 0.00519 0.27938 0.0006069  — 0.00698 0.2384 0.0954 0.5308 0.000699 15.09
1.0 x 107 Fully dry - - 0.00501 0.12608 0.0003455 - 0.00680 0.1366 0.2408 0.5064 0.000382 10.62
Partially wet 40 0.99995 0.00639 0.26054 0.0004725  0.4998 0.00770 0.2386 0.2416 0.5000 0.000540 14.28
Fully wet 60 - 0.00666 0.29588 0.0006297 - 0.00878 0.2483 0.1757 0.4435 0.000725 15.04
Fully wet 80 - 0.00692 0.33142 0.0007828  — 0.00938 0.2511 0.1112 0.4035 0.000903 15.35
Fully wet 100 - 0.00718 0.37142 0.0009329 - 0.01001 0.2628 0.0902 0.3557 0.001080 15.77
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respectively. For each of the variation of the above param-
eters, the rate of heat transfer initially increases, then
reaches at maximum value and finally starts declining.
The peaks of the curves indicate the optimum design for a
specified fin volume and a design constraint. It can be
observed that for a given fin volume, the optimum design
of a fin is strongly influenced by the relative humidity also.
The maximum rate of heat transfer increases substantially
for the same fin volume when relative humidity is increased.
The curve ABC indicates the loci of maximum heat transfer
rate for different relative humidities and a given geometrical
parameters. The curve EBD depicts the limiting condition
line from which the left hand side represents partially wet
surface while the right-side indicates a fully wet surface.
From the figure, it can be demonstrated that heat transfer
rate is strongly dependent also on the dimensionless geo-
metric parameters Bi, Lg, p and y irrespective of its surface
conditions. The dashed and firmed lines represent for par-
tially and fully wet surface conditions respectively. The rel-
ative humidity of air plays a key roll to determine whether
the optimum point is partially or fully wet. A similar trend
is also obtained for pin fins. To avoid repetition for the
same nature as shown for longitudinal fins, the result of
pin fins with the SRC profile has not been furnished.

Finally, a scheme is established to determine the opti-
mum design parameters of SRC fins in such a way that
the rate of heat transfer is maximized for a constraint fin
volume. The result of the optimum design parameters is
shown in Table 1. It can be mentioned from the table that
the Biot number Bi and aspect ratio  of an optimum SRC
fin increase with the increase of relative humidity and fin
volume. From Table 1, it is also highlighted that heat
transfer rate through an optimum SRC fin is more than
the optimum UC fin for a given fin volume and design con-
dition. However, this difference in heat transfer rate
increases with the increase in both relative humidity and
fin volume.

4. Conclusions

In this study, an analytical effort has been carried out to
determine the performance of both longitudinal and pin
fins of SRC profile in fully dry, partially wet and fully
wet conditions. The influence of various design and psy-
chometric parameters on the performance of SRC fins
has been examined and a comparative study has been made
with the UC fin. A generalized optimization scheme of
SRC fins has been presented in such way that either maxi-
mization of heat transfer rate for a given fin volume or
minimization of fin volume for a given heat transfer rate
are satisfied. Based on the previous discussion of results,
the following conclusions may be summarized as follows:

1. The tip temperature of a SRC fin is always higher
than that of the UC fin. However, there is a section
in the fin where temperatures of both the longitudinal
and pin fins are equal.

2. Depending upon the design parameters and psycho-
metric conditions, fin surface can be treated as fully
dry, fully wet or partially wet.

3. The surface temperature of wet fins increases as the
relative humidity is increased.

4. The fin performance of wet longitudinal SRC fin
is lower than that for the UC fin for a given design con-
dition. For the pin fin, a reversed trend is appeared.

5. The wet fin performance of SRC fins decreases as the
dry bulb temperature is increased. A similar observa-
tion is also found with the variation of base temper-
ature. However, the effect of dry bulb temperature
and base temperature on the wet fin efficiency is
exhibited marginally.

6. To maintain a partially wet surface, the range of rel-
ative humidity for a SRC fin is always larger than
that of the UC fin. However, this range is compara-
tively more for pin fins.

7. The overall efficiency of wet pin fin is higher than for
the longitudinal fin with the same design variables
and psychometric conditions.

8. In the case of partially wet fin, the overall efficiency is
estimated by the weighted average of dry and wet effi-
ciencies. It can be found that the effect of relative
humidity on the fin efficiency for partially wet fin var-
ies significantly.

9. The optimum SRC fin transfers more heat than the
optimum UC fin with an identical fin volume. How-
ever, this deviation increases with the increase in fin
volume and relative humidity.

10. The optimum aspect ratio and Biot number of a SRC
fin increase with the increase of relative humidity for
an identical fin volume.

11. Whether the fin surface is a dry, fully wet or partially
wet at the optimum design, the main deciding factor
is air relative humidity. However, the limiting relative
humidity for a dry surface is obtained from the fin-
base temperature directly. For becoming a partially
or fully wet surface, fin volume is responsible slightly.

12. The step length parameter Lg for an optimum SRC
fin decreases with the increase in relative humidity
and fin volume.
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Appendix A
0fi/0Bi 0fi/oy 0Ofi/0Ls 9fi/0n

r— 0f2/0Bi  0f>/0y 0f>/0Ls 0f>/0n (A1)
0f3/0Bi 0f3/0y 0Of3/0Ls 0Of3/0u .
Og/0Bi 0g/0y 0g/dLs 0Og/ou
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fi 8fi/oy dfi/oLs Ofi/du

Flz_fz 0f2/0y 0f>/0Ls 0Of>/0u (A2)
f3 0f3/0y 0f3/0Ls 0f;/0u
g 0g/0y 0g/OLs 0g/ou
0f1/0Bi  fi 0f1/dLs df1/0u

r=_ aﬁ/aBl: fo 0f2/0Ls 0f>/0u (A3)
0fs/0Bi f3 0f3/0Ls 0f;/0u
Og/oBi g 0g/OLs 0g/ou
of1/0Bi 0f1/oy fi Of1/0u

r— afz/aBl: of2/0y  f2 0f2/0n (A4)
0f3/0Bi  0f;3/0y f3 Of3/0u
Og/0Bi 0g/0y g Og/ou

and
of1/0Bi 0f1/0y 0fi/0Ls fi

r—— afz/aBl: of2/0y 0f2/0Ls fi (A5)
0f3/0Bi df3/dy 0f3/0Ls f
Og/0Bi 0g/0y 0g/oLs g
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