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Calculation of Fin Efficiency for
Wet and Dry Fins

Kwang Taek Hong Ralph L. Webb, Ph.D., P.E.
Member ASHRAE

This paper presents a quantitative evaluation of methods used to calculate fin efficiency for dry and wet
fins. The exact solution for circular fins uses Bessel functions, which are tedious to evaluate. The authors
provide an empirical modification to the Schmidt equation (Hong and Webb equation), which provides
improved accuracy for circular fins. Existing methods to evaluate the fin efficiency of rectangular, plain
plate fins are evaluated. The plate-fin methods are compared against the fin efficiency calculated by the
sector method using Bessel functions. Use of the sector method with the Hong and Webb equation is rec-
ommended. Cases for which the simple “equivalent circular fin”” method is a very good approximation are
defined. Methods to calculate the fin efficiency of enhanced fin geometries are discussed. The authors show
that the wet surface fin efficiency for any fin geometry may be calculated using a simple modification of the
dry surface fin efficiency equation. Example calculations are presented, which show that the wet surface
fin efficiency can be as much as 35% below the dry surface fin efficiency for high humidity conditions.

Introduction

Determination of fin efficiency is an important element in finned-tube heat exchanger analysis. To
determine the air-side heat transfer coefficient, one typically obtains the UA value from wind tunnel test
data. Such tests are normally done using water flow on the tube side under conditions for which the water-
side resistance is small relative to the air-side. The tube-side heat transfer coefficient is calculated from
existing empirical correlations, such as the Petukhov (1970) equation. The air-side thermal resistance is
obtained by subtraction of the tube-side thermal resistance from the total thermal resistance (L/UA). The
air-side thermal resistance, per unit air-side surface area, is the product of the air-side heat transfer coeffi-
cient and the fin efficiency. In order to extract the air-side heat transfer coefficient, the fin efficiency must
be determined.

Various equations have been determined to calculate the fin efficiency. The fin efficiency calculation
depends on the fin geometry, and whether there is a latent heat transfer contribution. For sensible heat
transfer, ARI Standard 410-81 (1981) gives fin efficiency equations for different types of fin geometries
under dry conditions.

Most undergraduate heat transfer texts, e.g., Incropera and DeWitt (1990) and McQuiston and Parker
(1994), provide fin efficiency equations for dry, plain, and circular fins. The analytical solution for a circu-
lar fin is reported by Kern and Kraus (1972) and involves modified Bessel functions, which are tedious to
evaluate. Simplified equations have been developed for circular fins. These include the empirical equation
of Schmidt (1945), which will be given and discussed later. Charters and Theerakulpisut (1989) provide
tenth degree polynomial curve fits of the modified Bessel functions for specific values of r,/r;.

This paper is also concerned with fin efficiency for dehumidification (wet fins), which involves both
sensible and latent heat transfer. McQuiston (1975) developed an approximate treatment for wet surface fin
efficiency for the case of a plane fin (uniform cross section). McQuiston and Parker (1994 and earlier edi-
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tions) extend the analysis to circular fins. Others have numerically solved the wet surface fin efficiency
problem. Seshimo et al. (1989) and Kazwminejad et al. (1993) describe numerical solutions for circular
fins. Both authors state that the fin efficiency for dehumidification is significantly lessthan that of adry fin.

Based on his experiments, McQuiston (1978) reported that the heat transfer coefficient with dehumidifi-
cation on plate finsis less than that for dry conditions. The paper is ambiguous on what equation was used
to calculate the wet surface fin efficiency for the plate fins. However, private communication with McQuis-
ton (1995) has indicated that he used the Schmidt (1945) equation, with m replaced by M.

This paper presents the analytical formulation of wet surface fin efficiency for circular fins. The wet sur-
facefin efficiency is expressed in the same form as for the dry condition fin efficiency, except for the argu-
ments in the modified Bessel functions. The argument is a function of air-humidity change over the fin, as
described by McQuiston and Parker (1994).

Fin Efficiency Equation for Dry Fins

Asdeveloped by Kern and Kraus (1972), and given in ARI Standard 410 (1981), the fin efficiency for a
circular fin (Figure 1) is given in terms of modified Bessel functions as

hary  m(r2-r2)

2r; [Kl(mri)ll(mro) —Kl(mro)ll(mri)} )
Ky(mr)l(mry) + K (mry) 1y (mr,)
Because our wet surface analysis parallels that of the dry circular fin, we have given the derivation of
Equation (1) in the Appendix. Because of the calculation difficulties associated with the Bessel functions
of Equation (1), Schmidt (1945) developed the following empirical equation for acircular fin

tanh(mr;f )

= 2
mr;f @)

where

_ 2o _ 10 aos
=g —1Z[1 ¥ o.35|nér—iBJ
0 Figure 1. Circular fin with a Fig
round tube ure 2
com-

pares the fin efficiency calculated by Equations (1) and

(2). For m(r, - r;) < 15, and r /r; £ 4, Equation (2)
agrees within 2% of Equation (1). However, for m(r, -
ri)> 1.5, Equation (2) overestimates h. For 3 <r,/r; <5,
and 1.5 <m(r, - r;)< 2.5, the errors in Equation (2) are
between 5% to 18%. The error increases with increasing
values of m(r,, - r;). The Schmidt equation is deemed to
have unacceptable error for ry/r; > 3, and for m(r, - r;)>
2.0. Itis probable that most practical fin applications would involve ry/r; £ 4 and m(r, - r;)< 2.0, for which
Equation (2) would be accurate within 5%.

It is possible to propose a more accurate empirical form of the fin efficiency equation for circular fins,
and one which will provide high accuracy for a much wider range of r./r; and m(r, - r;)than provided by
the Schmidt equation, Equation (2). Charters and Theerakulpisut (1989) did this using polynomial curve
fits of the calculated fin efficiency equation based on the solution of Equation (1). They provided 11 empir-
ical equationsfor 2 £ r,/r; £ 4, using 0.20 increments of r,/r;. This approach requires the use of 11 differ-
ent polynomial equations, and interpolation for r/r; values between those for which the equations exist. A
more concise approximation is desirable.

The present authors have developed a variant of Equation (2) that is a more accurate approximation of
Equation (1). This equation is given by
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Figure 3. Fin efficiency ratio of Hong-Webb equation to exact solution

h = tanh(mr;f ) cos(0.1mr;f )
- mr;f
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Figure 4. Fin efficiency ratio of Schmidt and
Hong-Webb equation to exact solution

wheretheterm f remains the same as for Equation (2). Equation (3) is referred to as the Hong-Webb equa-
tion. Figures 2 and 3 show the ability of Equations (2) and (3) to predict the fin efficiency. Figure 3 shows
theratio of the fin efficiency predicted by Equation (3) divided by the fin efficiency predicted by Equation
(1) for therange 2.0 <r,/r; < 5.0. Thisisthe range expected to be of practical interest. Equation (3) predicts
the fin efficiency within 1.8% for r,/r; = 3.0, and m(r, - r;)£ 2.5. Figure 4 compares the error of Equations
(2) and (3) for r,/r; = 3.0. Figure 4 shows that the error of the Schmidt equation, Equation (2), is as much as
8% at m(r, - r;)£ 2.5. Hence, Equation (3) shows better accuracy than the Schmidt (1945) equation over a
wider rangem(r, - ;).

FIN Efficiency EQUATION for WET FINS

Under dehumidification conditions, with the fin surface temperature below the dewpoint, both sensible
and latent heat transfer occurs. McQuiston (1975) and McQuiston and Parker (1994) describe how to mod-
ify the dry fin efficiency equation to account for sensible and latent effects. The 1975 analysisis limited to
plane fins. However, the McQuiston and Parker (1994) presentation (p. 613) describes how to apply the
concept to fins of different shapes. The McQuiston (1975) equation for planefinsis

tanh(MI
e = T @
where
2 _ hP Itg 6
M® = k_§+cc_ﬂ

The constant C shown in the above equation is the mathematical average of C; and C,, which are cal culated
asfollows
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C. = Wair,in_wfin,base
i
Tair,in_Tfin,base
c Wair,out_wfin,base
0 T T
air,out— 'fin, base
c Ci + C0
T2

Equation (4) is valid only if the fin cross section area is uniform. The heat conduction area increases
with distance from the fin base for acircular or plate fins on round tubes. In this section, we will follow the
method of McQuiston (1975) to develop a fin efficiency equation for wet, circular fins. The procedure is
identical to that in the Appendix, except for replacing Equation (A-4) with Equation (5). The heat transfer
rate is the sum of the sensible heat and the latent heat transfer. The latent heat is proportional to the mass
transfer coefficient and the specific humidity change

ddcony = dAg [M(T=Ty,) + Kmifg(w_wair)] ©)

where dA; = 2dr (r g).
Equation (5) may be simplified using the heat and mass transfer analogy given by

Kpy = pLa% "o (©)

Cp,a

The value of (a/D)?3 in Equation (6) equals 0.90 for moist air. However, it is typically approximated as
1.0 for moist air. Substitution of Equation (6) for K, into Equation (5) allows the mass transfer coefficient
K., to be written in terms of the sensible heat transfer coefficient h.

Following McQuiston (1975, 1994), the specific humidity W is assumed to be a linear function of the
temperature and may be written as

W =Wy, = C(T_Tair) @)
The constant C can be determined using the psychometric chart for specific operating conditions. This C-

value also appears in the definition for M in Equation (4). Substituting Equations (6) and (7) into the sec-
ond term of Equation (5) yields

a2

i
dq = dAh (T—Tair)gimcﬁo )
p,a

Replacing the convection term in Equation (A-4) with Equation (8) yields

d’g,1dg _ 2
er rdr M ©
9
2= 2h fg 6: 2
_kbgq pran m-(1+b)

whereq=T- Ty, and b =i;,Clc,,
The boundary conditions appropriate for Equation (9) are: (1) atr = r;, 0, = Ty - Ty, and (2) atr =ry,
dg/dr = 0. The fin temperature distribution for the wet condition is obtained by solving Equation (9) with
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the given boundary conditions. Equation (9) isidentical to Equation (A-5) except for the arguments of the
modified Bessel function.

K1 (Mr ) 1o(Mr) + 1, (Mr)Ky(Mr) } 10)

Guer(1) = [Kl(MrO)IO(Mri) + Ko(Mrj)13(Mr)

The wet surface fin efficiency is defined as the ratio of an actual heat transfer rate to the maximum pos-
sible heat transfer rate. The heat transfer rate with dehumidification is the summation of the sensible and
latent terms as shown by Equation (5). Hence, the wet surface fin efficiency is calculated as

rO
6h(Tf_Tair) + Kmifg(wf _Wair)]dr
fi

(11)

qmax r

6h(Tb _Tair) + Kmifg(wb _Wair)]dr
fi

The integrands in Equation (11) may be simplified using Equation (8). The terms, except for the temper-
ature difference, are canceled out in Equation (11). Hence, the numerator is a function only of g;, and the
denominator has only g, term, as shown in Equation (A-8). Therefore, calculation of g, and g; is needed to
obtain the wet surface fin efficiency.

_ K (Mr)Io(Mry) + Ko(Mry) 11 (Mr)
% = [ 1,(Mry) }Cz 2
B 2r; Ky (Mr) 1 (Mr,) =K (Mr ) 1,(Mr;)
% = CZM(rg—riz)[ 1;(Mry) } a3
Dividing Equation (12) by Equation (13) yields the wet surface fin efficiency given by
B 2r; Ki(Mr)1(Mr,) =K (Mr ) 1;(Mr;)
Muer = M(rg_riz)[Kl(Mrono(Mri) + KO(Mri)Il(MrO)} (14

Further, Equation (14) may be calculated by Equation (1), the Schmidt (1945) equation, Equation (2), or by
the Hong-Webb equation, Equation (3), if the parameter m is replaced by M. The only difference is that
Equation (14) contains M =m (1 + b )°>, as opposed to the parameter m in Equations (1), (2) or (3). Assum-
ing that the h-value is the same for a given dry and wet surface, the value of M 2 for awet surface will be
greater than m2 for adry surface.

Results and Discussion

Figure 5 shows the calculated fin efficiency for circular fins under dry and wet conditions. The dry fin
efficiency is calculated using Equation (1) and by Equation (14) for the wet surface. The calculations were
performed for the specific conditions shown on Figure 5. Because a wet surface will operate at a higher
valueof m(r, - r;)than adry surface, one should not compare the wet and dry surface fin efficiencies at the
same value of m(r, - r;). If the dry surface operates at agiven m(r, - r;), the wet surface will operate at an
m(r, - r;)thatis (1 + b)%5 timeslarger than that of the dry surface.
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Figure 5. Fin efficiency under wet condition

Example Calculation

To illustrate the difference between wet and dry surface fin efficiency, for specified operating condi-
tions, we have prepared an example calculation. The tube pitch and tube diameter used in this example cal-
culation are 39.73 mm (1.564 inch) and 15.88 mm (0.625 inch), respectively, giving r,/r; = 2.5. The fin has
t = 0.127 mm (0.005 inch), and k = 190.37 W/(m-K) (110 Btu/h-ft-°F). The fin base temperature is kept
constant at 7.2°C, and the dry surface heat transfer coefficient is h = 170.33 W/(m?2:K) (30 Btu/h-ft2.F).
The dry and wet bulb temperatures of the entering air are 26.7°C and 23.9°C, respectively. The dry and wet
bulb temperatures of the leaving air are 12.8°C and 12.2°C, respectively. Figure 6 shows the fin efficiency
curve calculated using Equation (1) for ry/r; = 2.5. For the dry surface, m(r, - r;) = 1.4. Thus, one finds
h 4ry = 0.52 by reading the fin efficiency curve on Figure 6. The next step is to calculate the wet surface fin
efficiency. The b-term depends on the condensing load. For the stated operating conditions, we find that C
=4.99" 10" Thus, b = if;Clc, o = 1.23 and the abscissavalue of Figure 6ism(r, - ;Y1 +b)%°=2.1. Fig-
ure 6 shows that the wet surface fin efficiency is 0.34. Therefore, the wet surface fin efficiency (0.34) is
35% smaller than the dry surface value (0.52).

If one uses the Schmidt equation to calculate the wet surface fin efficiency, one replaces m with M,
which resultsinm(r, - r;)(1 +b)%5=2.1. Thisis slightly beyond the maximum recommended range [m(r,
- 1;)£ 2.0] for use of the Schmidt equation.

Effect of T,,, on h

Figure 7 shows the effect of wet-bulb temperature T,;, on h . Increasing T,, of the entering air
increases the condensation load on the fins. The wet surface fin efficiency is as much as 35% below the dry
surface value (at the same abscissa value) when the dry and wet-bulb temperatures of the entering air are
26.7°C and 23.9°C, respectively. The dry and wet-bulb temperatures of the leaving air are 12.8°C and
12.2°C, respectively. The influence of the entering air humidity shown in Figure 7 is in good agreement
with the results of Kazeminejad et a. (1993).

Figure 8 shows the ratio of the wet surface fin efficiency for plane fins, Equation (4), to that for circular
fins, Equation (14), for b = 0.81. Figure 8 shows that the wet surface fin efficiency of circular finsisless
than that of plane fins for the same M(r, - r;)values.
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Other Fin Shapes

The present analysis may be extended to other fin (and tube) shapes. Such shapes of interest for round
tubes are shown in Figure 1. These include the spine fin (Figure 9a), the continuous-plate fin (Figure 9b),
and “dlit” plate fins (Figure 9c). Figure 9d shows offset-strip fins on “flat” tubes, which are typically used
in automotive or brazed aluminum heat exchangers.
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Plain Plate-Fins

The simplest method to calculate the fin efficiency of the Figure 9b plan plate finsisthe “equivalent cir-
cular fin.” Using this method, one calculates the fin efficiency of acircular fin having the same fin area as
the plate fin. Zabronsky (1955) has shown that this approach is quite good for square fins. However, no for-
mal investigation of the errors associated with this method have been reported for fins of a rectangular
shape. Rich (1966) shows that the sector method is the best method to predict the fin efficiency of the rect-
angular shaped plain plate fins. Rich evaluates the fin efficiency for each sector using a power-series form
of the solution to the differential equation [Equation (A-5)]. Because this method requires a computer pro-
gram, it is not appropriate for hand calculation. As discussed by McQuiston and Parker (1994, p. 613),
Schmidt (1945) proposed that his circular fin equation [Equation (2)] method may be applied to the Figure
9b plain-plate fin. Schmidt defined the radius r, of an equivalent circular fin that will have the same fin
efficiency as that of the plate fin. This equivalent r, is defined by

-

2 = 128y (b-02)'" (15)
i

wherethetermsy and b are defined as
y = Waor, b =LdV (16)

with the L and W defined on Figure 9b.

Because of the errors associated with the Schmidt method for circular fins, as shown on Figure 2 and
Figure 4, the authors have evaluated the accuracy of Equation (15), the sector method using the Hong-
Webb equation [Equation (3)], and the “equivalent circular fin” method for square and rectangular plate
fins. The accuracy of these equations are measured relative to the fin efficiency calculated by the sector
method, as suggested by Rich (1966), using Equation (1). The results are shown on Figures 10, 11, and 12.
These figures show the ratio of the calculated fin efficiency to that calculated by the sector method with
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Figure 9. (a) Spine Fin, (b) Continuous-Plate Fin, (c) Slit Fin, (d) Corrugated louver fins on flat
tube, (e) Louver plate fins on flat tube

Equation (1). Calculations were performed for W/r; = 1.0, 3.0, and L/W = 1.0, 3.0, and 0.866 (equilateral
triangular pitch tube layout). These geometry variants were selected to span the range of practical interest.
In general, the Hong-Webb method [Equation (3)] shows very good agreement with the sector method.
Except for the rectangular fin with W/r; = 3.0, and L/W = 3 (Figure 11), the agreement is within 3.0%. The
Schmidt equation shows errors as high 10% (or more) for most cases. The “equivalent circular fin” method
is generally competitive with the Schmidt method; both of these methods show unacceptable error for the
L/W = 3.0 rectangular fins (Figure 11).

Enhanced Fin Geometries

The Figure 9a spine fin may be analyzed as a plane fin using Equation (4) with M replaced by m. None
of the previously discussed methods may be applied to the Figure 9c dlit-plate fin. Because the dlits cut the
heat conduction path from the tube, aradial heat flow pattern will not exist. As more louvers are applied to
the fin surface, the conduction path is further impaired, and the fin efficiency will decrease. The only prac-
tical way to accurately calculate the fin efficiency of the Figure 9c fin isto numerically solve the heat con-
duction equation for the fin geometry of interest. Clearly, use of the circular fin efficiency equation will
over predict the fin efficiency. The Figure 9d corrugated, louvered fins on flat tubes may be predicted using
the fin efficiency equation for plane fins [Equation (4) with M replaced by m]. The fin efficiency for the
Figure 9e louvered plate-fins on flat tubes cannot strictly be calculated using the equation for plane fins.
However, if the spacing between tubes in the air flow direction is small, the plane fin equation may be an
acceptable approximation. The actual fin efficiency will be less than that given by the plane fin equation.

Typical air-conditioning applications would be approximately spanned by 1.0 £ L/W £ 1.5 and (rectan-
gular fins) and L/W = 0.866 (equilateral triangular tube layout) with W/r; = 3. For these cases, Figures 10
and 12 show that the simple “equivalent circular fin” is a very good approximation, with errors less than
3%.

For the wet surface condition, the fin efficiency may be calculated using the appropriate dry surface fin
efficiency eguation for the specific geometry with the parameter m replaced by M.
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Figure 12. Fin efficiency ratio of Hong-Webb,
equivalent circular, and Schmidt method to sector
method with Bessel function. (For L/W = 0.866)
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Figure 13. Possible unit cells for equilat-
eral triangular tube layout: (a) Rectangu-

lar cells

(b) Hexagonal cells
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Selection of Unit Cell for Sector Method

Figure 13 shows possible methods to apply the
sector method for an equilateral staggered tube lay-
out. The left side of the figure shows rectangular unit
cells and the right side shows hexagonal unit cells.
Heat flux symmetry suggests that use of the hexago-
nal unit cell is best for staggered tubes on an equilat-
eral pitch. For other staggered tube layouts, a
symmetric six-sided cell may also be defined and is
recommended for fin efficiency calculation. The
authors have found that the calculated fin efficiency
of the hexagonal (or six-sided) cell is greater than
that of the alternate rectangular cell. For inline tube
layouts, the only possible choice is rectangular unit
cells.

Conclusions

1. This paper presents a quantitative evaluation of
methods used to calculate fin efficiency for dry
(and wet) fins.

2. For typical air-conditioning applications [1.0 £
L/W £ 1.5 and (rectangular fins) and L/W = 0.866
(equilateral triangular tube layout) with W/r; = 3],
the simple “equivalent circular fin” isavery good
approximation, with errors less than 3%.

3. The Schmidt (1945) method shows errors as large
as 18% for circular fins, and relatively large errors
for rectangular fins and square fins having W/r; @
1

. We have developed an empirical modification to
the Schmidt equation [Equation (2)], which is
accurate within 9% for circular fins.

. For rectangular fins and square fins with W/r; @1,
use of the sector method with Equation (3) is rec-
ommended.

6. For the same air velocity, thewet sur-  facefin
efficiency may be calculated using the same
equation asfor adry  surface, if the parameter m
is replaced by M. Thus, the fin efficiency is
evalu- ated at an argument that is (1 + b)%®°

larger than that of the dry surface. This acts to
reduce the wet surface fin efficiency, as compared
to that of the dry surface. Further, the difference

I

()]

between wet and dry surface fin efficiency increases as the latent |oad increases.
7. Example calculations are presented, which show that under high humidity conditions, the wet surface
fin efficiency can be as much as 35% below the dry surface fin efficiency.

Nomenclature
A area, m?
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b fin thickness, m

Cp specific heat at constant pressure, J/(kg-K)

C average slope of dW/dT from psychometric chart, C;, (at entering air temperature),
C, (at leaving air temperature), K-*

D molecular diffusion coefficient, m?/s

h convection (sensible) heat transfer coefficient, W/(m2-K)

latent heat of vaporization, Jkg

modified Bessel function of thefirst kind, order 0

I modified Bessel function of thefirst kind, order 1

Ko modified Bessel function of the second kind, order O
modified Bessel function of the second kind, order 1
m  Mmasstransfer coefficient, m¥/s

thermal conductivity of fin, W/(m-K)

parameter defined as m = (2h/kb)®->, dimensionless
parameter defined asM = m (1+b)%®, dimensionless
circumference, m or ft

heat transfer rate, W

distance from the center of the tube to the fin tip, m
distance from the center of the tube to the fin base, m
temperature, °C

specific humidity, kg steam/kg dry air, dimensionless
width of rectangular fin, m

thermal diffusivity, m?/s

fin efficiency, dimensionless

angle in acontrol volume shown in Figure 14, degrees
temperature difference, K
parameter defined as b = Cigy/c

A XN
»

coe@TyssHAS559TVZ3 N

p,a» dimensionless

Subscripts

a ar

avg average

b base

Bes Bessd

c cross sectional
conv  convection
dry  dry condition
e empirical

f fin

wet  wet condition
exact fin efficiency based on the modified Bessel function
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Appendix

Dry Surface Fin Efficiency Equation

A steady state energy balance on the Figure 14 control
volume gives

dqr_(dqr+dr+dqconv) =0 (A-1)

For a constant fin thickness, conduction heat transfer
changes with distance from the fin base as given by

d dT
dd, 4 qr = dqr+d—r(dqr)dr, dg, = =k Ac(r)a (A-2)

dQgony = 2A, W (T-T

air)’

2
dg,1 @—mzq =0, wherem®
rdr

dr

N

tion (A-5) is shown in Equation (A-6)

= 2h =T_
TS qg=T-T

Ky(mr)lg(mr) + 1 (mr )Ky(mr)

N e T el
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Figure 14. Control volume in a circular
fin

Convection heat transfer also changes with distance from the fin base as given by

d d dT
Weony = - (agar = - 3 ron) 8T [Jar )
As =dr(rg) (A-4)

Combining Equation (A-1) through (A-4) will give the differential equation

(A-5)

air

The boundary conditionsare: (1) atr=r;, o, = Ty - Tqir, (2) & r=r,, dg/dr = 0. The solution to Equa-

a(r) = qb[
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Ky(mr)lg(mr;) + Ko(mry) 1 (mr,)

} (A-6)

Fin efficiency is defined as the ratio of actual heat transfer rate to the possible maximum heat transfer

rate. It isnormally assumed that heat transfer coefficient is constant over the surface.

r‘O
61(Tf _Tair)dr

_ qactual - I

h =
dr
y Umax

rO
0T -
f

(A-7)

Typdr
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Because the fin temperature is a function of the distance from the base, it is not easy to solve the above
equation analytically. Assuming that the temperature of the fin can be replaced with the average fin tem-
perature calculated from the fin temperature profile over the fin area, the fin efficiency equation is simpli-
fied asin Equation (A-8).

Tf avg _Tair s
hdry B Tb_Tair B q_b “o

From Equation (A-8) and the solution of Equation (A-6), the fin efficiency under dry condition is
expressed by

o2 [Kl(mri)ll(mro)—Kl(mr0)|1(mri)J (A-9)

Nary = m(r2—r2)Ky(mro)lo(mr;) + Ko(mr) 1y (mr)

Equation (A-9) isalso shown in ARI Standard 410 (1981) with different parameters.
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