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Abstract

A simple semi-empirical correlation accounting for the combined effect of gravity and surface
tension has been developed for condensation on horizontal pin-fin tubes. The model divides the
heat transfer surface into five regions, i.e. two types of pin flank, two types of pin root and the
pin tip. Data for three fluids (i.e. steam, ethylene glycol and R113) condensing on eleven tubes
with different geometries were used in a minimization process to find three empirical constants
in the final expression. The model gives good overall agreement (within = 20 %) with the
experimental data, as well as correctly predicting the dependence of heat-transfer enhancement

on the various geometric parameters and fluid types.
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1. Introduction

A significant number of experimental investigations have been reported on free-convection
condensation heat-transfer on horizontal integral-fin tubes; see for example [1-11]. During the
condensation process, liquid retained on the lower part of tube insulatesthe fin flanks and root
from heat transfer, This condensate retention on integral-fin tubes was first observed by Katz et
al. [12] and afterwards experimentally investigated by many other investigators for a wide range
of fluid and tube combinations [1, 3, 13, 14,15]. The development of an analytical correlation to
predict this condensate retention angle (measured from the top of the tube up to the point where
whole fin flanks become flooded with condensate) was a pivotal step for the development of a
theoretical heat-transfer model for condensation on integral-fin tubes. Such an analytical
correlation to predict condensate retention angle on integral-fin tube was first reported by Honda
et al. [1] (later developed by Owen et al. [16] and Rudy and Webb [13]) to accomplish the
requirement, the following expression was produced for retention angle, @, measured from the

top of the tube,

20 cos O

@ = cos™* [( oSk ) - 1] fors < 2h (1)

Reliable and simple heat-transfer models for integral-fin tubes (i.e. Honda and Nozu [17], Rose
[18] and Briggs and Rose [19]) accounting for the combined effects of surface tension and
gravity on heat-transfer were later developed which are now readily available for design
engineers. With the help of above experimental and theoretical work, optimal tube geometries

are now identified for a wide range of working fluids condensing on integral-fin tubes.
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In the recent past, attention has been focused on more complex pin-fin tubes (a schematic of
three dimensional pin-fin tube with condensate retention angle is shown in Figure 1). Many
experimental investigations on pin-fin tubes (Sukathme et al. [20], Briggs [21], Baiser and
Briggs [22], Ali and Briggs [23, 24 and 25]) have shown their superior heat transfer performance
(up to 25%) over the equivalent integral-fin tubes (i.e. with the same fin height, root diameter
and longitudinal pin thickness and spacing). When Briggs [22] tested steam, four out of six pin-
fin tubes were fully flooded with condensate i.e. the only available area for heat transfer wasthe
pin tips. When compared with equivalent integral-fin tubesthese fully flooded tubes gave about
20% more heat transfer, despite the fact that available area was only about half of the equivalent
integral-fin tube. Qin et al. [26] tested R134a condensing on two pin-fin tubes of different
geometries, one made of copper and another made of stainless steel. Heat transfer enhancements
were found to be 7.9 and 3.3 for copper and stainless steel pin-fin tubes respectively. The

superior performance of copper was due to its longer pin height and high thermal conductivity.

In order to exploit the superior experimental performance of pin-fin tubes, it is necessary to
develop a heat-transfer model to optimize these tubes to discover their full potential. For the
development of an accurate heat-transfer model for pin-fin tubes, the development of a predictive
correlation of condensate retention angles on pin-fin tubes was the start point which was recently

proposed by Ali and Briggs [27] as following equation;

@f = cos™? [(1 —Cx i—j) (pgzsaRo> - 1] fors < 2h (2)

Equation 2 was found to give agreement within 15% with experimental retention angle data on
pin-fin tubes reported by the authors and also by other investigators [13, 14, and 20] for a wide

range of fluid and tube combinations.
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Figure 1 Schematic of Three-Dimensional Pin-Fin Tube

Kumar et al. [28] proposed a generalized empirical model to predict the vapour-side, heat-
transfer coefficient on integral-fin and pin-fin tubes (the only theoretical model so far proposed
for condensation on pin-fin tubes). They proposed that the heat-transfer coefficient was a
function of fluid properties, tube geometry and condensate mass flow rate.They claimed
agreement to withinx15% with their own experimental data for one tube for steam and one for R-
134a, respectively. Cavallini et al. [29] and Namasivayam [30] reported the poor performance of
this model for copper integral-fin tubes. Later, Ali and Briggs [23] when compared this model
with experimental data of pin-fin tubes, it showed poor agreement with most of the data. One
possible reason for the inadequate performance of the model might be neglect of condensate
retention on the lower part of the tubes. In addition, the model is based on the assumption of a
linear pressure gradient along the pin or fin flank which has been shown to give poor results for

integral-fin tubes (see Briggs and Rose [31]).

More recently, Kundu and Lee [32] reported optimized profiles for vertical fins of variable cross
section subjected to condensation of saturated vapour under free convection, while Kundu [33]
and Kundu and Ghosh [34] extended the analysis to horizontal circular pins under free and
forced convection condensation respectively. These included the conjugate effects of conduction
in the pins. The choice of fin profiles, however, meant that surface tension effects could be
neglected and the condensation process was modeled assuming gravity drainage alone (in 32 and

33) and gravity plus vapour shear (in 34).
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Finally, Nagarani et al. [35] presented a detailed review covering a wide range of extended

surfaces applications in heat transfer problems, including condensation on pin-fin tubes.

In the present work, a simple and reliable semi-empirical model to predict vapour-side, heat-
transfer enhancement ratio for condensation on horizontal pin-fin tubes has been developed. The
proposed model is based on an approach adopted in the models of Rose [18] and Briggs and
Rose [19] for condensation on horizontal integral-fin tubes.These authors modeled the effects of
gravity using the approach of Nusselt [36] and surface tension using dimensional analysis. The

model is validated in the light of earlier data for condensation on copper pin-fin tubes.

2. Development of a Semi-Empirical Model for Condensation on Horizontal Pin-Fin

Tubes

2.1 Generalized Equations for Condensation Heat-Transfer Accounting for the Effects of

Gravity and Surface Tension

The approach of Nusselt [36] for gravity drained condensation on flat plates and horizontal tube,
along with dimensional analysis for the effects of surface tension, suggests the following general

expressions for heat flux,

For an arbitrary flat surface at angle @ to the vertical,

{phfgk3AT3 A pgcos® Bo 1
qL = ( + —3)
u XL Xo

where, x; = linear dimension of plate length, A;= 0.943* as suggested by Nusselt [36] theory for

a vertical plate and B is a constant for surface tension driven flow.

For a horizontal tube,
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_ (phygk®AT? (Appg  Bo e
da = T (4)

3
U Xp Xo

where, x,, = linear dimension of tube diameter, A= 0.728* as suggested by Nusselt [36] theory

for a horizontal whole tube . For the case of an integral-fin or pin-fin tube, where the lower part

of tube retains condensate, this value can be adjusted as A,={¢(@,)}’. £(,)for the appropriate

flooding angle was approximated by Rose [18] as,

£(0,) = 0.874 + 0.1991 x 10720, — 0.2642 X 107'@;* + 0.5530 x 10720,> — 0.1363 x 1072¢*

(5)

where, @ is the flooding angle and for pin-fin tubes is calculated using equation 2.

It should be noted that x, appears in the denominators of equations 3 and 4 and so a
decreasingx,will have a positive effect on heat flux. In addition, since surface tension effects
will be most significant at the edges of the surfaces, where there are sharp changes in condensate
surface curvature, surfaces with larger perimeters and smaller areas would be expected to have
higher average heat fluxes. For these reasons, in equations 3 and 4, x, is here set equal to the

ratio of area to perimeter for the appropriate condensing surface i.e. x, = A/P.

Expressions for Condensation Heat-Transfer Rate on Pin-Fin Tube

In this section, equations 3 and 4 are applied to the appropriate regions of the pin-fin tube to find
separate expressions for the heat-transfer rate to these regions. Figure 2 identifies five regionson
the pin-fin tubes for heat-transfer i.e. pin tip, pin flank 1, pin flank 2, pin root 1 and pin root 2.
This division of pin-fin tube into five distinctive regions is necessary due to the very different
geometrical configurations of the five regions; in particular their orientation with respect to

gravity and to the expected differences in the effect of surface tension forces. For the pin tip
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where there is no condensate flooding, all pin tips are considered active for heat transfer around
the tube. For pin flanks and pin roots, there will be heat transfer only in the unflooded regions of

the tube i.e. through pin flanks and pin roots not blanked by retained condensate.

Pin Tip

Pin Flank 1 (Front and Back)
Pin Flank 2 (Both Sides)

Pin Root 1

Pin Root 2

Figure 2 Schematic of Pin-Fin Tube Identifying Five Regions for Heat-Transfer

Pin Tip

For a pin i making an angle ¢ to the vertical axis as shown in Figure 3, a pin tip with a
longitudinal thickness of t and circumferential thickness of tc can be treated as a flat plate.
Applying equation 3 with A, = 0.943*, x; = t. and x, = A/ Pyip, the heat flux can be written

as,
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phe k3AT?(0.943*5gsin®  Buyo )|

138 eipi = [ = { — 3}] ()
H ¢ (Atip/Ptip)

139 where By, is an empirical constant and A.;,,/P,;;, is the area to perimeter ratio for the pin tip as

140 follows,

141
Atip tet

142 = (7)
Ptip 2(t, +t)

143

144 Figure 3 Physical Model of Pin-Fin Tube

145  When the total number of pins per circumference is n, ¢ for the i'" pin (counting from the top)
146  can be given as,
147

148 O=—=m (8)
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Substituting equation 7 into equation 6 and multiplying by the pin-tip area givesthe heat-transfer
rate for pin tip i. Finally, the total heat-transfer rate for all the pin tips around the circumference

can be obtained as,

1/4
n/2
3A73 4 ,
Ou = ZZt . phsgk>AT= ) 0.943%pg 51n®+ Bipo o)
oL i te ( tet )3
=1 2(te+t)

Pin Flank 1

For pin flank 1 (see Figure 2) with a longitudinal thickness t and height h, making an angle ¢
with the vertical plane as shown in Figure 3, equation 3 with 4, = 0.943*, x, = hand x, =

Aflank 1/Pflank 1 becomes,

1/4

phfgk3AT3 0.9434ﬁg|COS @l Bflank 10

Aflank 1,i = h + 3 (10)
H (Afiank 1/ Prrank 1)

Where Bfqni 1is an empirical constant and Agank 1/ Priank 1 1S the area to perimeter ratio for pin

flank 1 given as,

Afiank1  ht
Priank1  2(t+h)

(11)

Substituting equation 11 into equation 10 and multiplying by area, the following expression
gives the total heat-transfer rate for all pin flanks 1,

1/4
jl2
he,k3AT3 1 0.943*5g|cos@®| B e
Qflank1:42ht Plg pgl |+ flank 1
i=1

! " Gam)

(12)
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Here j is the total number of pins above the flooding point, since those below this point will be

insulated to heat transfer by the retained condensate. j can be calculated as follows,

j=n— (13)

Pin Flank 2

Applying equation 3 to pin flank 2 (see Figure 2) with A, = 0.943* x, = hy,and x, =

Afiank 2/ Priank 2 9iVes,

1/4

phs k3AT? (0.943%5g Briank 20 14)

dfiank 2,i = " + 3
H v (Aflank Z/Pflank 2)

where By jgny 2 is an empirical constant and Agjqni 2/ Priank 2 1S the area to perimeter ratio for pin

flank 2, given as,

Aflank 2 htc
Pflank 2 Z(tc + h)

(15)

h, in equation 14 is a mean vertical pin height (see Figure 4) for a pin making angle ¢ with the

vertical axis, and is given by,

ht

= |\/h2 + t.2sin(@ + ﬁ)|

(16)

where,
B = tan~'(t./h) (17)



187  Substituting equations15 and 16 into equation 14 and multiplying by the area,the total heat-

188 transfer rate for all pin flanks 2 is given by,

189
—|1/4
k3AT3 09434pg Bl k20
190 Q frank { ! :: 2 5| (18)
[ k| ,h2+tc sm(®+ﬁ)‘ Z(fc+h)) )J
. Area ht, ht,
V" AC  |AB sin(m+ﬁ)|_| (k% + t,2sin(0 + B)
Where, 8 = tan"1(t./h
191 ere, B = tan""(t;/h)
192 Figure 4 Expressions for Mean Vertical Pin Height
193

194 Pin Root 1

195  Pin root 1 can be treated as a horizontal plain tube with the inclusion of condensate flooding on

196  the lower part of tube as in Rose [18]. Applying equation 4 with4d, = {E((Z)f)}3, xp = dand

197 x5 = Aroor 1/ Proot 1, 9iVes the following expression for heat flux,

198
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1/4
phfgk3AT3 {€(¢f)}3ﬁg n Biroot 10 (19)
u d (Aroot 1/Proot 1)3

Qroot1 = {

where, E(Q)f) can be calculated using equation 5, B,,,:1 IS an empiricalconstant and

Aroot 1/ Proot 1 15 area to perimeter ratio for pin flank 1 and can be approximated as,

Aroot 1 — ®fd5
Proot 1 Ztcj

(20)

where, s is longitudinal pin spacing and jis calculated using equation 13. Substituting equation

20 into equation 19 and multiplying by the area, the total heat-transfer rate can be given by,

1/4
3
_ phfyk3AT3 {E(Q)f)} P9 Broot10
Qroot1 = (Dde 1 d T ;(:;5 3 (21)

Pin Root 2

Since the circumferential pin spacing is usually quite small compared to the circumference of the
tube, pin root 2 can be approximated to a flat plate. By applying equation 3 with 4, = 0.943%,
x; = Scand X5 = Aroor 2/ Proot 2, the expression for the heat flux for a pin root 2 can be written

as,

phy o k3AT? {0.9434ﬁgsin®+ B,oos 20 }l”“ )
u Sc (Aroot Z/Proot 2)3

Qroot 2,i = l
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where, B, 2 1S an empirical constant,s,. is the circumferential pin spacing, ¢ can be calculated

using equation 15 and A,,.: 2/ Proot 2 1S the area to perimeter ratio for pin root 2 given by,

ArOOtZ _ SLt _ i (23)
Prootz 2t 2

Substituting equation 23 into equation 22 and multiplying by the area of pin root 2 gives the
following expression for the total heat-transfer rate to pin root 2,

1/4

jr2
ph k3AT310.943%5gsin® B o
Qroorz =2 ) sct |2 £ 4 rent (24)
i=1

g S ()

2.2 Vapour-Side, Heat-Transfer Enhancement Ratio

The total heat-transfer rate through a pin-fin tube for one longitudinal pin pitch can be computed
as a sum of the heat-transfer rates to the pin tips, pin flanks and inter-pin roots. The vapour-side,
heat-transfer enhancement ratio of the pin-fin tube at constant temperature difference, defined as
the total heat-transfer rate to one longitudinal pin pitch of the pin-fin tube, divided by the heat-
transfer rate to a plain tube of length equal to longitudinal pin pitch and diameter equal to the pin
root diameter (which can be found from the Nusselt [36] theory of free-convection condensation

on horizontal plain tubes) can be given by,

_ Qtip + Qflank 1t Qflank 2t Qroot 1t Qrootz

md(t +5){0.728 (LLLL2))

EAT (25)

Substituting equations 9, 12, 18, 21 and 24 into equation 25, the final expression for the vapour-

side, heat-transfer enhancement ratio for a rectangular pin-fin tube can be written as,
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1/4
n/2
2t.t 4. a d o
0.943*sin@— + By ————

EaT = 07287Td(s + t) p— tC ( tot )3 ﬁg
- 2(te+0)
Jj/2 1/4
T 0.943*|cos 0] = + B d_o
0.728md(s + t) P#TICos Ol T+ Briania -5 50
= (2(h+¢))
Ir \ T4
4ht 21 |
+ 738G 1D H 0.943* 2 + B2 5 H
- lL |,/h2+tc2 sin(®+ﬁ)‘ (Z(tc+h)) JJ
1/4
Qs d o
m {E((Df)} +B root1(® ds) pg
2tcj
jlz 1/4
ZSC d 0_ (26)
TTho . o~ 0.943% B
072G + D £ no " ()
2

In equation 26, @ and S can be calculated using equations 8 and 17 and j can be found from
equation 13. Only two thermophysical properties are involved in the expression of enhancement

ratio i.e. surface tension, g, and condensate density, p

Determination of the Unknown Constants

Equation 26 contains 5 empirical constants By, Bfiank1: Briank 21 Broot1 @aNd Byt 2 Which
need to be evaluated using experimental data. To make the case simple, the unknown constants
for pin flanks (i.e. pin flank 1 and pin flank 2) and for tube roots (i.e. root 1 and root 2) were
assumed to be the same i.e. Briank1 = Briankz = Briank @ Broot 1 = Broot 2 = Broot - These
three unknown constants, By;,,Bfiank and By.oo¢ Were then found using a least square fit method
by minimizing the sum of squares of relative residuals in the vapour-side, heat-transfer

enhancement ratios.
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For the minimization process, the experimental data used are taken from the investigations of
(Briggs [21], Baiser and Briggs [22] and Ali and Briggs [23, 24 and 25]) on copper pin-fin tubes
covering a range of data for 3 different condensing fluids (steam, ethylene glycol and R-113) and
11 pin-fin tube geometries. As in the model, the vapour-side, enhancement ratios are defined as
the heat flux of the pin-fin tube divided by that of a plain tube with diameter equal to the pin root

diameter and at the same vapour-side temperature difference.

Table 1 gives the values of the three unknown constants, found by minimization of sum of
squares of relative residuals of the vapour-side enhancement ratios, which gave the best fit of

equation 26 to the data. A relative standard deviation was found to be 15.5 %.

Table 1 Empirical Constants

Btip Bflank Broot Stdrel *

0.02 0.001 0.01 15.49 %

* Relative standard deviation

The larger value of B:p may be justified in the light of experimental data of steam reported by
Briggs [21] who found significant enhancement ratios for fully flooded tubes, indicating that
surface tension effects dominate on small pin tips where the sharp changes in surface curvature

cause significant localized thinning the condensate layer.

The experimental values of vapour-side, heat-transfer enhancement ratios for all tube and fluid
combinations used in the best fit process are listed in Table 2. Surface tension in equation 26 was
calculated at saturation temperature of 470 K, 373 K and 320 K for ethylene glycol, steam and
R-113 respectively, whereas condensate density was calculated at a reference temperature equal
to the vapour temperature minus 24T/3, where AT is the average vapour-side temperature
difference of the experimental data, taken as 100 K, 20 K and 21 K for ethylene glycol, steam
and R-113 respectively. Since the model neglects temperature drop along the pins the data used
in the fitting process were restricted to those for copper tubes, where the effects of none uniform



277  pin surface temperature would be expected to be negligible (See Briggs and Rose [19] for

278  evidence that this is the case for integral-fin tubes.)
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Table 2 Heat-Transfer Enhancement Ratios

R-113 Ethylene Glycol Steam
[22, 23, 24, 25] [23, 24, 25] [21, 22]

Tubes (8 AT)caIc (8 AT)obs (8 AT)caIc (8 AT)obs (8 AT)caIc (8 AT)obs

P1 3.59 3.34 3.58 2.86 3.19 2.59

P2 4.92 4.77 4.62 4.19 4.28 291

P3 5.34 5.83 4.31 4.08 2.22 2.34

P4 8.11 8.32 6.3 541 2.47 2.80

P5 5.81 6.51 5.03 4.06 2.11 2.47

P6 8.43 9.16 6.92 5.77 2.37 2.61

P7 5.46 5.92 5.29 491 4.74 3.86

P8 4.48 4.47 4.24 3.89 4.04 3.59

P10 481 5.77 4.45 4.89 4.05 441

P11 3.94 4.05 4.02 417 3.56 4.50

P12 3.36 3.99 3.3 3.50 3.1 3.98

3. Comparison of Semi-Empirical Expression with Experimental Data

Figure 5 gives a global comparison of the model with the available experimental data on copper
pin-fin tubes. It can be seen that equation 26 predicts nearly all the data to within + 20 %.

Figures 6a and 6b compares theory and experimental data plotted as dependence of enhancement
ratio on circumferential pin spacing, for tc = 0.5 mm and tc = 1.0 mm respectively. For both
fluids i.e. R-113 and ethylene glycol, equation 26 shows good agreement with experimental data

and predicts an increase in enhancement ratio with decreasing circumferential spacing suggesting
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that a smaller circumferential pin spacing i.e. less than the smallest tested (0.5 mm) may produce
even higher heat-transfer enhancements for both fluids and circumferential pin thicknesses.
Figures 7a and 7b shows a similar pair of plots to Figures 6a and 6b, theory over predicts
enhancement ratios at tc = 0.5 mm (Figure 7a) and under predicts at tc = 1.0 mm (Figure 7b). This
could be due to the fact that the model does not account for temperature drop along the pins,
which for condensation of steam, where vapour-side, heat-transfer coefficients are high, could be

significant and lead to a decrease in decrease in “pin efficiency”at the lower pin thickness.

Figures 8 and 9 show the variation of enhancement ratio with pin height. The experimental data
show a reasonable agreement with the theory in all cases and predict the same dependence on
height and fluid. Better agreement with theory is seen for R-113. For steam and the highest pin
height (Figure 8a) theory over predicts data by about 40 %, possibly for the same reason as
explained above.

Figures 10a and 10b give dependence of enhancement ratio on circumferential pin thickness for
ethylene glycol and pin heights of 0.9 mm and 1.6 mm respectively while Figures 9¢ and 9d plot
enhancement ratio against circumferential pin thickness for circumferential pin spacings of 0.5
mm and 1.0 mm. For all cases, the theory predicts the data reasonably well, however, better

agreementis found at larger circumferential pin thickness.

Figures 11a and 11b compare the theory with experimental data of R-113 and steam with
enhancement ratio plotted as a function of circumferential pin thickness at pin heights of 0.9 mm
and 1.6 mm. Values and overall trends are again in very good agreement.

4. Conclusion

A semi-empirical correlation based on the approach used in the models of Rose [18] and Briggs
and Rose [19] to account for the combined effect of gravity and surface tension has been
developed for condensation on horizontal pin-fin tubes (i.e. equation 26). Important results are

given below;
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The model predicts experimental data, covering enhancement ratios in a range from 2.5
to 9.2, for three fluids (i.e. steam, ethylene glycol and R113) and eleven tubes of different
geometries, to within £ 20 % (see Figure 5).

Detailed comparison between the model and experimental data indicate that the model
satisfactorily predicts the dependence of heat transfer enhancement on both geometric
variables and fluids. This suggests the model could be used to optimize tube geometries
for given applications. Such an optimization exercise would be complex, given that the
model includes six independent geometric variables. Recent work [e.g. 37-39] however
suggests possible approaches for such optimization procedures.

The comparisons with data for condensation of steam suggest that where heat-transfer
coefficients are high, “fin efficiency” effects due to significant temperature variation
along the pins can lead to significant error in the model [see 40, 41]. For these cases, and
where the low thermal conductivity tube materials are used, it is suggested that a
conjugate model be developed, possibly along the lines of [19 or 32-34].
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Figure 5 Comparison of Available Experimental Data with Eqn. 26
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Nomenclature

A area

Ap constant in Eqn. (4)

Afiank 1 area of pin flank 1

Afiank 2 area of pin flank 2

A constant in Eqn. (3)

Aroor 1 area of root 1

Aroot 2 area of root 2

Atip area of pin tip

B constant in Eqgn. (3)

Bfiank empirical constant for pin flank

Bfiank 1 empirical constant for pin flank 1
Bfiank 2 empirical constant for pin flank 2
Broot empirical constant for root

Broot 1 empirical constant for root 1

Broot 2 empirical constant for root 2

Btip empirical constant for pin tip

C constant in Eqn. (2)

d outside diameter of plain tube or fin or pin root diameter of finned or pinned tube
d, fin or pin tip diameter of fin or pin tube
g specific force of gravity

J number of pins in unflooded region

h fin or pin height

heg specific enthalpy of vaporization

h, mean vertical fin or pin height

k thermal conductivity of condensate

L length of flat plate

n total number of pins per circumference
P perimeter

Priank 1 perimeter of pin flank 1
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442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460
461

462

Pflank 2
PT‘OOt 1
PT‘OOt 2
Ptip
Qflank 1
Qfiank 2
Qroot 1
QT‘OOt 2
Qtip

da
Qflank
Aflank 1,i
Aflank 2,i
qL

root 1
Qroot 2,i
Qtip
Qtip,i

Qtip,flood

Greek Letters

perimeter of pin flank 2

perimeter of root 1

perimeter of root 2

perimeter of pin tip

heat-transfer rate through all pin flanks 1
heat-transfer rate through all pin flanks 2
heat-transfer rate through root 1

heat-transfer rate through root 1

heat-transfer rate through all pin tips

heat flux on outside of a horizontal tube defined by Eqn. (4)
heat flux to fin flank in unflooded part of tube

heat flux to flank 1 for pin i defined by Eqn. (10)

heat flux to flank 2 for pin i defined by Eqn. (14)

heat flux on a plate defined by Eqgn. (3)

heat flux through root 1 defined by Eqn. (19)

heat flux to pin root 2 for a pin i defined by Eqgn. (22)
heat flux to fin tip

heat flux to pin tip i defined by Eqgn. (6)

heat flux to fin tip in flooded part of tube

pin tip radius

fin spacing at fin root or longitudinal pin spacing at pin root
circumferential pin spacing

fin tip thickness or longitudinal pin tip thickness
circumferential pin thickness

linear dimension of tube diameter

linear dimension of plate length

characteristic length for surface tension driven flow in model
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464
465
466
467
468
469
470
471
472
473
474
475
476

477

478
479
480
481
482
483

484
485
486
487
488
489

p angle defined by Eqn. (17)

AT temperature difference across the condensate film

EAT vapour-side, heat-transfer enhancement ratio, heat flux for finned or pinned tube
based on fin or pin root diameter divided by heat flux for smooth tube with

same fin/pin root diameter, at same vapour-side, temperature difference

U dynamic viscosity of condensate

$(0) function given by Eqgn. (5)

p density of condensate

Do density of vapour

p P = Py

o surface tension

0 half angle at fin tip

1) angle measured from the top of a fin or pin tube

D condensate flooding or retention angle measured from the top of a fin or pin tube
Subscripts

calc calculated
obs  experimental
rel pertaining to relative residuals

Std  pertaining to standard deviation
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