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ABSTRACT A theoretical study was made to optimize the fin geometry of a helically-grooved, horizontal
microfin tube for condensation of R410A. Numerical calculations of overall heat transfer from the vapor
flowing inside the microfin tube to the surrounding air were conducted for typical operating conditions of an
air-cooled condenser. The previously proposed stratified flow model was applied to the condensation heat

transfer inside the tube.

The numerical results showed that the effects of the length of flat portion at the fin

tip, radius of round corner at the fin tip and the fin half tip angle are small and the effects of the fin height,

fin number and helix angle of groove are of significance.
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INDRODUCTION

Helically grooved, horizontal microfin tubes have been
commonly used in air conditioners due to their high heat
transfer performance. Many experimental studies reporting
on the effects of fin geometry, tube diameter, refrigerant, oil
etc. on the condensation heat transfer and pressure drop
have been published. Webb [1] and Newell and Shah [2]
have given comprehensive reviews of relevant literature.
Cavallini et al. [3] and Shikazono et al. [4] have developed
empirical equations of the circumferential average heat
transfer coefficient. Yang and Webb [5] and Nozu and
Honda [6], respectively, proposed a semi-empirical model
and an annular flow model of condensation in microfin
tubes which considered the combined effects of vapor shear
and surface tension forces. Honda et al. [7] proposed a
stratified flow model which considered the combined effects
of surface tension and gravity. The height of stratified
condensate was determined by a modified Taitel and Dukler
[8] model which assumed a flat vapor-liquid interface.
They showed that previous experimental data for four
refrigerants and three tubes with relatively large fin height
(h > 0.16mm) and relatively large diameters at fin root
(d =85~8.8mm) could be predicted within £20% by the
higher of the two theoretical predictions. Wang and Honda
[9] extended the previously proposed model to include the
effect of curved vapor-liquid interface that was caused by
the surface tension. This model gave a better agreement
(-7~22% as compared 1~31% of the flat interface model)
with experimental data for R22 condensing in a tube with
d=65mm.

The objective of the present work is to apply the
previously proposed stratified flow model [7, 9] to an
air-cooled condenser and study the effect of fin geometry on
condensation of R410A. Assuming typical operating
conditions of an air-cooled condenser, numerical
calculations are conducted with systematically changed
values of the fin number, fin height, helix angle of groove,
fin half-tip angle, etc.

ANALYSIS
Physical Model

We consider a horizontal air-cooled condenser as shown
in Fig.1 in which R410A is condensed. The refrigerant is
assumed to be dry saturated ( ¥ =1) at the condenser inlet

and y =0 at the condenser outlet. The refrigerant mass
velocity G is assumed to be 50, 100 and 300 kg/m’s, and
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Fig.1 Schematic diagram of the air-cooled
condenser

the air and refrigerant temperatures 20 and 50 °C
respectively.  Following the current design practice of
manufacturers, the tube outside diameter d, is assumed to
be 7.0mm, d = 6.5 mm, the air-side heat transfer coefficient
a,= 135 W/m’K, the outside-to-inside surface area (based
on the core diameter) ratio F, =175, the fin efficiency

n, =08, and the thermal contact resistance of fins

R, =6X 10° m’K/W. On the basis of the previous results
[7, 9], in which the theoretical predictions of the stratified
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Fig.2 Physical model and coordinate

flow model gave a good agreement with available
experimental data for R22 and R134a for the whole range of
vapor quality, the stratified flow model was applied.

Figure 2 shows the physical model of stratified
condensate flow in a helically grooved, horizontal microfin
tube and coordinates. In Fig. 2(a), the shape of
vapor-liquid interface is assumed to be a circular arc
centered at O,. The angle ¢ is measured from the top of

the tube and ¢, denotes the angle below which the tube is
filled with stratified condensate. The coordinate z is
measured vertically upward from the surface of stratified
condensate at @ =¢,. The tube surfaces at the angular
portions of 0<@<¢, and @ <@ <m are denoted as
region 1 and region 2, respectively. In the region just
above the level of stratified condensate, condensate is
retained in the groove between adjacent fins by the capillary
effect. As a result, a relatively thick condensate film is
formed in the groove. The angle below which the
condensate is retained in the groove is denoted as the
flooding angle ¢, . Figures 2(c) and 2(d) show the
condensate profiles in the fin cross-sections for regions
0<p<¢, and ¢, <@<@,, respectively. The fin
profile is assumed to be a trapezoid with round corners at
the fin tip and fin root. The fin height and fin pitch are A
and p, respectively, and the fin half tip angle is 6. The
coordinate x is measured along the tube surface from the
center of fin tip and y is measured vertically outward from

the tube surface. The condensate on the fin surface is
drained by the combined gravity and surface tension forces

toward the fin root and then it flows down the groove by
gravity. Thus the condensate film thickness o is very
small near the fin tip and it is relatively thick near the fin
root. The effect of vapor shear force on the condensate
flow on the fin surface is assumed to be negligible.

Profile of Vapor-Liquid Interface

The profile of vapor-liquid interface is estimated by the
combination of a modified Taitel and Dukler [8] model and
a model of the interface configuration proposed by Brauner
etal. [10]. The basic equation for the stratified flow with a
curved interface is written as

va\? Sv p/(J/2 SI vaf S: Si
- f L+ f, |+ — =0 (1
/o3 A, /i3 4, /=3 A, A D

where f, and f, are the friction factors in regions 1 and

v

2, respectively, f, is the interfacial friction factor, p, and
p, are the densities of vapor and condensate, respectively,
U,=GAx/p, A, , U, =GA(1-x)/p,4,, S, =Fdo,,
S, =Fd(r-¢,), S, =dsing (n-2w)/sin(Rw),

2

d| A sin(2.) .,
A =——(r—9@)+———=+sin" @,
) 4|:A( [ 5 (5

n

7 —-2w+sin(4w) /2
sin?(2w)

A, =nd> /4—A,, A is the actual cross sectional area of
the tube, A
the fin root diameter d , F is the surface area
enhance-ment as compared to a smooth tube. The
expressions for f,, f, and f, are givenin[7].

i

is the nominal cross sectional area based on

n

Following Brauner et al. [10], the interface curvature is
assumed to be determined by the condition that the sum of
the gravitational potential and surface energy Ae is
minimum, where Ae is given by

Ae= %(p, -p,)gd’[sin’ @, (cotRw)+cot,)-

r-2w+sin(4w)/2 2 ., , 8 . T-20
3 +=sin” @/ +—{sing, —
sin” Qw) 3 Bo sin(2w)
—sing +cosg(e, —¢!)}] (2)

where Bo=(p, —p,)gd’ /o is the Bond number, ¢’ is
the value of ¢, for a plane interface (w=x/2), and ¢

is the wettability angle. It is relevant to note here that

¢ =0 for condensation.

Profile of Thick Condensate Film

In the angular portion ¢, <@ <¢,, the condensate

velocity in the thick film is supposed to be very small.
Thus its profile is approximated by a static meniscus that
touches the fin flank (shown by a dotted line in Fig. 2(d)).
Then the radius of curvature of the thick film r, is given
by

c

;h-=(p, -p,)gz= >

M(cosw—coswl\,) (3)

Profile of Thin Condensate Film
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In the thin film region 0<@<¢,, & is assumed to
be sufficiently smaller than A and p. The condensate on

the fin surface is drained in the x direction by the
combined surface tension and gravity forces. Also, it is
drained along the groove by the gravity force. The
condensate flow is assumed to be laminar. Substituting the
solutions of condensate velocities in the x and ¢

directions into the continuity equation yields

i

3v, 3v ox | dx

2(p, —p,)gsin*y 9 AT, -
WA ) ——(sings’)= ( (4)
3v,d a0 hfgé
where  r=r(8,d8/dx,d*8/dx*) is the radius of

curva-ture of the condensate surface in the fin cross-section.
The expression for r is given in [7]. The boundary
conditions are
d6[dp=0 at @=0 (5)
8[ox=0°8/ax’ =0 at x=0 and x, (6)
For ¢, <@<¢,, where the condensate film is

consisted of a thin film region near the fin tip and a thick
film region near the fin root, the boundary conditions at the
connecting point between the thin film and thick film are
given by

d6/dx =tane, r=-r, at x=x, (7
where € is the angle shown in Fig. 2(d).

The solution of Eq. (4) subject to the boundary
conditions (5) and (6) for 0< ¢ < ¢, and (5) and (7) for

9, <@<¢p, was obtained numerically by a finite

difference scheme.
scheme is given in [7].

The description on the numerical

Wall Temperature and Heat Transfer Coefficients

For region 1, the average heat transfer coefficient for
the fin cross section «, is defined on the projected area

basis as

o= fde= 2 [ S ®)

where o, =A,/8 is the local heat transfer coefficient.
The average heat transfer coefficient for region 1, «,, is

defined on the projected area basis as

P Xy
o, L ¥ do = 22, 1

@, %0 " pp o s
The heat transfer coefficient in region 2, o, , is

— dxdg )

assumed to be uniform. The «, is estimated using the

following empirical equation for forced convection in
internally finned tubes developed by Carnavos [11]

0.1
A, p,dU, '
, =00232L (p’ j Pr,“(i] F*(secy)’ (10)
d, Ky 4
where A4, =n(d - 2h)2 /4 is the core flow area and y is

¢

the helix angle of the groove.
The condensation temperature difference (7,-7,,)

and the heat flux g, forregion k are obtained from

-1
g =it ln("]+R Lot 1 (n-1)
o, 24, d d an, F,.d,

=o(T-T,) k=12 (1)

where T, is the inside tube wall temperature for region

k . Then the circumferential average heat transfer

coefficient «,,, and the average heat transfer coefficient of

the condenser o

mc

are respectively obtained from

a,,=q, (T,-T,,) 12)

o, :chh,g /_[)(T_\_ ~T,)dl (13)
where

4, ={0.q,+(@-0)q,}/ 7 (14)

Tm:{(p.\(r\'_Twl)+(n_q)x)(7;'_Tuz)}/ﬂ (15)

T, is the circumferential average wall temperature and /

wm

is the tube length required for complete condensation.
Calculation Procedure

Numerical calculation was conducted for the range of
1—x =0.025~0.975 with an increment of 0.05. For each

(1-y), the interface configuration was obtained from Eqs.

(1) and (2). Forregion k (k=1,2), the wall temperature
T,, and the heat flux g, were obtained from Eq. (11). It

W,

is relevant to note here that T

wl
priori. Thus Eqgs. (4), (9) and (11) were solved iteratively
starting with an appropriate assumption of 7, .

in Eq. (4) is not known a

NUMERICAL RESULTS

Figures 3(a) and 3(b) show examples of the variations

of 7,, T,,, T, and «,, with the wetness fraction
(1-x). The refrigerant mass velocity G is assumed to

be 100 and 300 kg/m’s, and the fin geometry parameters h,
P, X, Fy, Y and 6 are assumed to be 0.24mm, 0.4mm,
0.0lmm, 0.02mm, 13° and 16°, respectively. As a result of
neglecting the effect of vapor shear force on the thin
condensate film, 7, takes almost the same value for

wl

G =100 and 300 kg/m’s. The condensation temperature
difference in region 1, (7, —7,,), is almost constant in the

region of (1-x)=0~0.9 and it decreases slightly with

further increasing (1—x). The condensation temperature

difference in region 2, (7, -T,,), increases gradually as
(1-x) increases. The value of (7,-7,,) is much
smaller for G =300 kg/m’s than for 100 kg/m’s, which is

due to a higher convective heat transfer in region 2. Thus
T,, decreases more quickly for G =100 kg/m’s. The

wm

temperature drop at the air-side (7,,, —7,) ranges from 43

to 79% of the overall temperature drop (7,-T,)
The o,

sharply near the inlet and then it decreases gradually with
increasing (1—y). It then decreases sharply near the

depending on G and x . value decreases
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Fig.4 Variation of a  with x,

outlet of the condenser.
Figure 4 shows «,, plotted as a function of the length

of flat portion at the fin tip x, with G and the radius of
The
«,, decreases slightly as x, increases and it is almost

curvature at the corner of fin tip r, as parameters.

constant for x, >0.01 mm.
for larger r,.

The o, is slightly higher

Figure 5 shows c,, plotted as a function of 7, with

G and x, as parameters.

nearly constant value.

other hand, «,,. increases slightly as r, increases.
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a,. is slightly higher for smaller x,.

mc

4 and 5 that the effects of x, and r, are rather small.
Figure 6 shows «,_ plotted as a function of the fin

half tip angle 6 with G as a parameter. The «,,
decreases slightly as 6 increases.
Figure 7 shows ¢, plotted as a function of fin height

h with G as a parameter. The ¢, increases as h

increases.  This is due to the increase in the effective heat
transfer area near the fin tip. The effect is more significant
for larger G .

Figure 8 shows «,, plotted as a function of the fin

number n with G as a parameter. The «,. increases

as n increases. The increase is more marked for smaller
n and larger G. This is due to the combined effects of
surface area increase and thickening of condensate film near
the fin root, which is caused by the decrease in the groove
width as a result of the increase in ».

Figure 9 shows o, plotted as a function of the helix
angle y with G as a parameter. The ¢, shows a
pronounced increase as y increases. This is due to the

increase in the component of gravity along the groove and
decrease in the groove length between @ =0 and @ =0,

(see Figs. 2(a) and 2(b)), which act to augment the drainage
of condensate in the groove and increase the effective heat

It is seen from Figs.

transfer area.
It is seen from Figs. 7-9 that the effects of 4, n and
Yy are more significant for larger G. This is due to the

fact that the heat transfer coefficient in region 2, o, ,

increases as G increases. This results in the increase in
q, and decrease in (7, -T,,) given by Eq. (I11). As a
result, o, (defined by Eq. (13)) becomes more sensitive
to the variation of ¢, as G increases.

It is of interest to compare the present results with
previous work [12~14] reporting on the effects of fin
geometry. Generally, the experimental results show that
o, first increases with increasing # and ». Satoh and
Nosetani [13] and Ohtani et al. [14] have reported optimum
values of n that depended on d, and y. Obhtani et al.

[14] have reported optimum values of A that depended on
d,. Satoh and Nosetani [13] have reported a decrease in

4

o,. Wwith increasing y, whereas Ohtani et al. [14] have

mc

reported an increase in ¢, Wwith increasing y . Since
the uncertainties of the measured «,, values are not

described in these papers, the foregoing results are not
conclusive. More accurate experimental data are required
to confirm the present numerical results.

CONCLUSION

A theoretical study has been made to optimize the fin
geometry of a helically-grooved, horizontal microfin tube
for condensation of R410A. Numerical calculations of
vapor-to-coolant heat transfer were conducted for typical
operating conditions of an air-cooled condenser. The
numerical results showed that the effects of the length of flat
portion at the fin tip x,, radius of round corner at the fin tip

r, and the fin half tip angle 6 are small and the effects of

the fin height 4, fin number » and helix angle of groove
y are of significance.

NOMENCLATURE
A = cross-sectional area of tube, m?
Bo = Bond number
d = diameter at fin root, m
d, = equivalent diameter of liquid space, m
( =44,/S, )
d, = outside diameter, m
e = energy, J/m
F = surface area enhancement as compared to a
smooth tube
F,, = outside-to-inside surface area ratio
f = friction factor
g = gravitational acceleration, m/s
G = refrigerant mass velocity, kg/m’s
h = fin height, m
h, = specific enthalpy of evaporation, J/kg
! = tube length, m
n = number of fins
P = finpitch, m
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Prandtl number
heat flux, W/m®
thermal contact resistance, m’K/W

radius of curvature of condensate surface in
fin cross-section, m
radius of curvature at corner of fin tip, m

radius of curvature of condensate surface in
thick film region, m
radius of curvature at corner of fin root, m

perimeter length, m

temperature, C

velocity in axial direction, m/s

coordinates, Fig. 2

coordinate at connecting point between thin
and thick film regions, Fig. 2, m

coordinates at connecting points between
straight and round portions of fin, Fig. 2, m
mid point between adjacent fins, m

vertical height measured from condensate
surface, fig. 2, m

Greek symbols

SRRSO DT oo Rwe

Subscripts

W= B8x% T 2w xIF <~ SNa o0

I

heat transfer coefficient, W/m’K
angle, Fig. 2, deg

helix angle of groove, deg
condensate film thickness, m
angle, Fig. 2, deg

wettability angle, deg

fin efficiency

fin half tip angle, deg

thermal conductivity, W/mK
kinematic viscosity, m*/s

density, kg/m’

surface tension, N/m

angle measured from tube top, deg
mass quality

angle, Fig.2, deg

angle, Fig. 2, deg

air side

boundary of thin and thick film regions
condenser

flooding point

liquid-vapor interface

liquid

circumferential average value
fin root, fin root mid point
saturation

vapor

wall

local value

average value for fin cross-section
region 1

region 2
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