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ABSTRACT  A  theoretical study  was  made  to optimize  the fin geometry ofa  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  ofan

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 ancl the fin half tip angle  are  small  and  the effects  of  the fin height,
fin number  and  helix angle  ofgroove  are  ofsignificance.
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tNDRODUCTION

   Helicalty grooved, horizontal microfin  tubes  have been
comrnonly  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
haye been published. Webb  [1] and  Newell and  Shah l2]
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 coeencient.  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  cornbined  effects

of  surface  tension  and  gravity. The  height of  stratified

condensate  was  determined by a  modified  Taitel and  Dukler

[8] mode]  whlch  assumed  a  flat vapor-liquid  interface.
They  showed  that previous experimentat  data for four
refrigerants  and  three tubes  with  relatively  large fin height

(h >  O,16mm)  and  relatively  large diameters at  fin root

(d=8.5 -8,8mm) could  be predicted within  ±20%  by the
higher ofthe  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 fiat interface model)

with  experimental  data for R22  condensing  in a  tube  with

d=65mm.

   The  objective  of  the present work  is to app]y  the

previously proposed stratifiecl 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
calcutations  are conducted  with  systematlcally  changed

values  of  the fin number,  fin height, helix angle  of  groove,
fin halfitip 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 (x =1)  at  the condenser  inlet

and  z=O  at the condenser  outlet.  The refrigerant  mass

velocity  G is assumed  to be 50, 100 and  300 kgtm2s, and

G.

z,

   x

L

  Air

U aa

=1

･

x=o

Fig.1 Schematicdiagramoftheair-cooled
      condenser

the air  and  refrigerant  temperatures  20 and  50 ℃ ,

respectively.  FolLowing the current design practice of

manufacturers,  the tube outside diameter d. is assumed  to

be 7.0mm,  d =  6.S mm,  the air-side  heat transfer coecacient
a.  ==  135 W!rn2K, the outside-to-inside surface area (based
on  the core  diameter) ratio  FL., =175,  the fin efficiency

nf 
=O.8

 , and  the thermal contact resistance  of  fins

Rf =6 × 10'S m2KIW.  On  the basis ofthe  previous results

[7, 9], in which  the theoretical predictions of  the stratified
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   Fig,2 Physicalmodelandcoordinate

flow model  gave a  good agreement  with  avai[able

experimental  data for R22 and  Rl34a  for the whoLe  range  of

vapor  quality, the stratified  fiow model  was  applied.

   Figure 2 shows  the physical model  of  strat[fied

condensate  flow in a  helically grooved, horizontal microfin

tube  and  coordinates.  In Fig. 2(a), the shape  of

yapor-liquid  interface is assumed  to be a circular  arc

centered  at O], The angle rp is rneasured  from the  top of

the tube  and  rp. denotes the ang}e  beLow which  the tube is

fi11ed with  stratified  condensate.  The  coordinate  z  is
measured  vertically  upward  from the surface  of  stratified

condensate  at rp=q..  The tube  surfaces  at the angular

portions of  OSrpSrp. and  rp., SrpSn  are  denoted as

region  1 and  region  2, respectively.  In the region  just
above  the leve] of  stratified  condensate,  condensate  is

retained  in the groove between adjacent  fins by  the capil[ary

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 angie  qt. Figures 2(c) and  2(d) show  the

condensate  profiles in the fin cross-sections  for regions

OSrpSrpf  and  qfSrpSrp,, respectively.  The fin

profile is assumed  to.be  a trapezoid  with  round  comers  at

the fin tip and  fin root.  The fin height and  fin pitch are  h

and  p, respectively,  and  the fin halftip angle  is e, The

coordinatex  is measured  along  the tube surface  from the
center  of  fin tip andy  is measured  yertically  outward  from

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

toward  the  fin root  and  then it flows down  the  groove by

gravity. Thus the condensate  film thickness 6 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 Vaper-Liquid interface

   The profile of  vapor-liquid  interface is estimated  by the

combination  ofa  modifiecl  Taitel and  Dukler [8] model  and

a  model  of  the interface configuration  proposed by Brauner
et al. [10]. The basic equation  for the stratified  flow with  a

curved  interface is written  as

fl 
P･2U･!

 iii -f, 
Pi2U,i

 i, .fl  pl･2U･2 (ASI .l･  ).o (1)

where  L, and  L are  the friction factors inregions1and

2,respectively, f] istheinterfacial friction factor, p. and

pi are  the densities ef  vapor  and  condensate,  respectively,

U.=GAxtp,.4,  U,=GA(1-x)lp,A,,  S.=l'dq,,

S, =Fd(n-q,),  S, =dsinq,,("-2tu)!sin(2to),

A, = Ef'-[ttii:(n 
-
 rp,) + 

Stn(iq')

 +stni  rp, 
n

 
"
 
2:IiiSc/2na{)4)a))

 
i2]

 ,

A. =  nd!14-  Ai, A is the actuaL  cross  sectional  area  of

the tube, A. is the nominal  cross  sectional  area  based on

the fin root  diameter d,  F  is the  surface  area

enhance-ment  as compared  to a  smooth  tube. The

expressionsfor  f., .4  and  .L aregivenin[7].

   Following Brauner et  al. [IO], the interface curvature  is

assumed  to be determined by the condition  that the sum  of

the gravitatlonal potential and  surface energy  Ae is

minirnum,where  Ae  isgivenby

Ae="(p,-p.)gdj[sin]rp,(cot(2co)+cotrp.)･

   
n-2?m+,S(L2nto(4)tu)i2

 +lsm]  opt' + io {smq, sZtnlituto)
   -sinq,{'+cosg(rp.-qe)}] (2)
whereBo=(p,-p.)gd2/o  is the Bond  number,  q,{ is

the value  of  q, for a  plane interface (tu =  n/2  ), and  g
is the wettability  angle.  It is relevant  to note  here that

g=O  forcondensation.

Profile otThick  Condensate  Film

   In the angutar  portion rpfSrpSq,,  the condensate

vetocity  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  ofcurvature  ofthe  thick fiLm tl is given

by

   f= (p, - p. )gr =  (P' 
-2P"

 
)gd
 (cosq- cos tp,) (3)

Profile ofThin  Condensate  Fitm
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   In the thin film region  OSqSrpt,  6 is assumcd  to

be suencient[y  smaller  than h 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  fiow is assumed  to be Laminar, Substituting the
so]utions  of  condensate  velocities  in the x  and  q
dlrections into the continuity  equation  yields

    
-(p,-pi,),gcosql

 (sinvt6])- ,;,1;(1 l(t)6]1

   .2(pt  
-

 ft,)dg 
sm!

 
7
 oOrp (,i. rp6])= 

Zi(li,-67L':)

 (4)

where  r=r(6,d6/du,d?61du2)  is the radius  of

curva-ture  ofthe  condensate  surface  in the fin cross-section.
The eKpression  for r  is given in [7]. The  boundary
conditions  are

    06!Oq=O  at  q=O  (5)

    061aT=n]6!ax]=o  at x=O  and  x, (6)

   For  qtgqSq),,  where  the condensate  film is

consisted  of  a  thin film region  near  the fin tip and  a  thick

fiIm region  near  the fin root,  the boundary conditions  at  the

connecting  point between the thin film and  thick fiIm are

given by

    06161x=tanE, r=-r?,  at  x=x,  (7)
where  E is the angle  shown  in Fig, 2(d).
   The solution  of  Eq. (4) subject  to the boundary

conditions  (5) and  (6) for O S ep S q,f, and  (5) and  (7) for

rptSqSq,  was  obtained  numerically  by a  finite

difference scheme,  The description on  the numerical

scheme  is given in [7].

Wall  Temperature  and  Heat Transfer  Coefficients

   For region  1, the average  heat transfer coeencient  for

the fin cross  section  ap  is clefinecl on  the projected area

basis as

    a.  =;  pa.du =iX'  
:Zi;dt

 (s)

where  cx.=AJfS  is the Local heat transfer coethcient.

The  average  heat transfer coeMcient  for region  1, of,, is

defined on the projected area  basis as

    cri=  di jl?} ptdrp 
=

 ;ti, :' :' 3dudq (g)

   The heat transfer coetTicient  in region  2, a2,  is

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

fo11owing empirica]  equation  fbr forced convection  in
internally finned tubes developed by Camavos  [11]

a,  =  O.023 :i (P':',U')
OS

 prP`( AA, )
OFFOS(sec7)i

 (lo)

where  A. --n(d-2h)! 14 isthecore flow areaand  y is

the helix angle  ofthe  greeve.

   The  condensation  temperature difference (71, -T.k)

andtheheatflux  qk forregion k areobtainedfrom

q" =(.1,  '2Ad.  I"(EIt' )'Rf f, '.,,  ny ,dFl,,,d, 1
'i(T･

 -Z･)

   =ak(7.l-7i,,)  k=:1,2 (11)
where  7L,k is the insicle tube  wall  temperature  for region

k. Then  the circumferential  average  heat transfer

coeencient  a.,rp and  the average  heat transfer coerncient  of

thecondenser  a,..  are  respectively  obtained  from

    ampt 
=qn,

 f(7I,-T.,.) (12)

    amc  ==tdGh.ts1 £(T,-L,m)dt (13)

where

    q.={rp,qi+(n-q,)q2}/ff  (14)

    T"  7L,. ={q,,(71.  -7L,,)+(n-rpP(71 -TL,)}/z (15)

7L., is the circumferential  average  wall  temperature  and  l
is the tube  length required  for complcte  condensation.

Calculation Procedure

   Numerical calculation  was  conducted  for the range  of

1-z=O.025-･O.975  with  an  increment ofO.05.  For each

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

(i) and  (2). For region  k (k =
 1, 2), the wall  temperature

7L, andtheheat  flux q,. were  obtained  from Eq.(11). It

is re]evant  to note  here that T.,, in Eq. (4) is not  knowna

priori. Thus  Eqs. (4), (9) and  (t1) were  so[ved  iteratively

starting  with  an  appropriate  assumption  of  T., .

NUMERICALRESUL:T'S

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

Of  71,i, T.i,  T.. and  a.rp  with  the wetness  fraction

(1-x). The refrigerant  mass  ve]ocity  G  is assumed  to

be 1Oe and  300 kgtm2s, and  the fin geometry parameters h,

p,  xo,  ro,  y and  e areassumedtobeO.24mm,O.4mm,

O.Olmm,  O.02mm,  13" and  160, respective]y.  As  a  result  of

neglecting  the etTect  of  yapor  shear  force on  the thin

condensate  film, 7L,, takes almost  the same  value  for
G=  100 and  300 kg!m2s. The condensation  temperature

difference in region  1, (T, - Z,i), is almost  censtant  in the

region  of  (1-x)=O--O.9 and  it decreases slightly  with

further increasing (1-x). The condensation  temperature

ditference in regien  2, (T, - T.,,), increases gradually as

(1-x) increases. The value  of  (T,.-T..) is much

smaller  for G=300  kgtm2s than  for 100 kglm!s, which  is
due to ahigher  convective  heat transfer in region 2. Thus
T,.. decreases more  quickly tbr G==100  kg/m2s. The

temperature  drop at  the air-side  (ny,. 
-

 ny,) ranges  from 43

to 79%  of  the overall  temperature  drop (T,-T.)
depending on  G  and  x.  The a.mp value  decreases

sharply  near  the  inlet and  then  it decreases gradua[Ly with
increasing (1-x). It then  decreases sharply  near  the
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outlet ofthe  condenser.

   Figure 4 shows  a.,  plotted as  a function ofthe  length

of  flat portion at the fin tip x,  with  G  and  the radius  of

curvature  at the comer  of  fin tip fo as  parameters. The

a..  decreases slightly as  x,  increases and  it is almost

15AMpt

 g loxB.vtsd

  i5es

A.Mg)s

  b8

A.Mgbe

  uf

o

IO

8

6

4

2

o

10

8

6

4

2

o

o

h=024mm
p=O.4mm
r=  13oe=16o

300
---t-Tr---tfi-rfi-r---r--rA100

                ,

       G  
=
 50 kg!m`s

  O.Ol O.02 O.03

          ro (mm)
Fig.5 Variatien of a..

O.04

with  ts

O.05

o   10 20 30 40

           e(deg)

Fig.6 Variation of a  
..

 with  e

5060

o

Fig.7

O.1 02

      h(mm)
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with  h

O.4

constant  for x,>O.Olmm.  The  cx.,, is slightly  higher

forlarger ro-

   Figure  5 shows  or.. plotted as a function of r, with

G  and  xo  as  parameters. For xe=O,  afnc  takes a

nearly  constant  value.  For x,  =O.Ol  and  O.03mm,  on  the

other  hand, a.,.  increases slightLy  as  ra increases. The
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cx.. isslightlyhigherforsmaller x,.  ItisseenfromFigs.

4and5thattheeffectsof x,  and  ra arerathersmall.

   Figure 6 shows  (x..  plotted as a function of  the fin

half tip angle  e with  G  as a parameter. The a..

decreasesslightlyas e increases.

   Figure 7 shows  a.,  plotted as  a  function of  fin height

h with  G  as  a  parameter. The ame  increases as  h

increases. This is due te the increase in the effective heat
transfer area  near  the fin tip. The efTect is more  significant

forlarger G.

   Figure 8 shows  a.,. plotted as a functien of  the fin
number  n  with  G  as  a  parameter. The a..  increases

as n  increases. The increase is more  marked  for smatLer
n  and  larger G.  This is due to the combined  effects  of

surface  area  increase and  thickening  ofcondensate  film near
the fin root,  which  is caused  by the decrease in the groove
width  as aresult  ofthe  increase in n.

   Figure 9 shows  a.. plotted as  a  function ofthe  helix

angle  7 with  G  as  a  parameter. The cr.. shows  a

pronounced increase as  7 increases. This is due to the

increase in the component  of  grayity along  the groove and

decrease in the grooye length between q=O  and  q=q.

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

transferarea,

   It is seen  from Figs. 7-9 that the effbcts  of  h, n  and

7 are more  significant for larger G. This is due to the

fact that the heat transfer coeMcient  in region  2, a,,

increases as G  increases. This results in the increase in

q, and  decrease in (T, -TL,,) given by Eq. (11). As  a

result,  a...  (defined by Eq, (13)) becomes  more  sensitive

tothevariationof a, as  G  increases,

   It is of  interest to compare  the present results  with

previous work  [12-l4] reporting  on  the effects of  fin
geometry, Generally, the experimental  results show  that
a..  firstincreaseswith increasing h and  n.  Satohand
Nosetani [13] and  Ohtani et al. [14] have reported  optimum

values  of  n  that depended on  d. and  y. Ohtani et al.

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

a.,,. with  increasing 7,  whereas  Ohtani et at. [141 have
reported  an  increase in cr.,. with  increasing r, Since

the uncertainties  of  the measured  a  values  are  not                               mc'

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, herizontal microfin  tube
for condensation  of  R410A.  Numerical ca]cu]ations of

vapor-to-coolant  heat transfer were  conducted  for typical
operating  conditions  of  an  air-cooled  condenser.  The

numerical  resuLts  showed  that the  effects  ofthe  length of  fiat

portion at the fin tip xo,  radius  ofround  corner  at the fin tip

fo and  the fin halftip angle  e are  small  and  the effects  of

the fin height h, fin number  n  and  heLix angle  ofgroove

7 areofsignificance.

NOMENCLAI"URE

  A = cross-sectionalareaoftube,mi

 Bo  
=

 Bondnumber

  d 
=

 diameteratfinroot,m

  di =:
 equivalentdiameterofliquidspace,m

         ( =44!S,  )
  d. 

=
 outsidediameter,m

   e  
=

 energy,J/m

  F  
=
 surface area enhancement  as compared  to a

         smoothtube

FacfgGhh.ls

 l
 np

outside-to-inside  surface  area ratio

friction factor

gravitational acceleration,  mls2

refrigerant  mass  velocity, kgtm2s
fin height, m
specific  enthalpy  ofevaporation,  Jfkg

tube length, m
numberoffins

fin pitch, m
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  nf
   e
   z
   v

   p
  o

  Q
  Z
  y
  tuSub

   a

   b
   c

  f
   i

   t
  m

   r

   s

   v

  W

   x

   q
   1
   2

scriPts

Prandtl number

heat flux, Wlm!

therma]  contact  resistance,  m2K/w

radius  ofcurvature  of  condensate  surface  in

fincross-section,m
radius ofcurvature  at corner  of  fin tip. m

radius  ofcurvature  of  condensate  surface  in
thlck film region,  m

radius  ofcurvature  at corner  of  fin root  m

perimeter length, m
temperature,  ℃

velocity in axial direction, mls

coordinates,  Fig. 2

coordinate  at  connecting  point between thin

and  thick film regions,  Fig. 2, m
coordinates  at connectlng  points between
straight  and  round  portions of  fin, Fig. 2, m
mid  point between adjacent  fins, m

venica]  height measured  from condensate

surface,  fig. 2, m

heat transfer coeencient,  W/m2K
angle,  Fig. 2, deg

helix angle  of  groove, deg

condensate  film thickness, m
angle, Fig. 2, deg
wettability  angle,  deg
finefficiency

fin halftip angle, deg
thermal  conductivity,  WlmK

kinematic viscosity,  m21s

density, kglm3

surface tension, Nlm
angle  measured  from tube  top, deg

mass  quality
angle,  Fig.2, deg

angLe, Fig. 2, deg

airsideboundary

 ofthin  and  thick film regions

conclenser

flooding point
liquid-vaporinterface
liquidcircumferential

 average  value

fin root  fin root  mid  point
saturatton

vaporwalllocal

 value

average  value  for fin cross-section

region  1region
 2
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