N

N

Condensation heat transfer on enhanced surface tubes:
experimental results and predictive theory
Mourad Belghazi, André Bontemps, Christophe Marvillet

» To cite this version:

Mourad Belghazi, André Bontemps, Christophe Marvillet. Condensation heat transfer on enhanced
surface tubes: experimental results and predictive theory. Journal of Heat Transfer, 2002, 124, pp.754-
760. 10.1115/1.1459728 . hal-00184114

HAL Id: hal-00184114
https://hal.science/hal-00184114
Submitted on 11 Feb 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-00184114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

M. Belghazi

Condensation Heat Transfer Rovouteh St

Groupement pour la Recherche

° sur les Echangeurs Thermiques

on Enhanced Surface Tubes:  Eehangeus Thrmigue
17, avenue des martyrs,

Exp erimental Results and 38054 Grenoble cedex 9, France

P d' t' Th A. Bontemps
re lc lve eO ry Professor,
Laboratoire des Ecoulements Géophysiques et
Industriels (LEGI/GRETh),

Université Joseph Fourier,

Grenoble, France,

CEA Grenoble, 17, avenue des martyrs, 38054
Grenoble cedex 9, France

Condensation heat transfer in a bundle of horizontal enhanced surface copper tubes (Gewa
C+ tubes) has been experimentally investigated, and a comparison with trapezoi-dal
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Introduction given by a profile curvature depending on the path length at a
ower of —0.5 instead of 2.0 as proposed by Gregorig. More

A large number of specifically designed enhanced surface tu Y ;
i ently, Zhu and Honddl0] and Honda and Kinil1] have per-
hf'ave been te;ted to find the.best surface geometry for condensiigh o' merical calculations to optimize the fin profiles of two-
either pure fluids or vapor mixtures. These surfaces can be Cla%ﬁﬁ]ensional circumferential fins

fied accordlng to three types: on_e-dlmensmnal sur_fas_ermoth There are other numerical approaches to optimize enhanced
tubes),_two-d_lmensmnal su_rfagemth transverse plaln finand g taces. Honda and MakigHi2]in a two dimensional adaptation
three-dimensional surfacéwith interrupted fins, spines, etc . ..). showed that by creating a circumferential rib on a fin, the values
T_heoretlcal. models to predlct the .heat transfer cqefflment Q% the HTC can be 27 to 58 percent higher than the best perform-
single low-finned tubes with trapezoidalr rectangularfins have jng fin profile proposed in the previous studies. Further three-
been well developed since the 1940s, in particular by the pionegimensional adaptations to extended surfaces have been carried
ing work of Beatty and Kat{1]. Their model assumed that con-out. The first systematic investigation was by Webb ef £8] but
densate is drained via gravity only. They neglected surface tensigdes not allow a conclusive opinion to be drawn. Honda et al.
forces, which generally have an important role at the fin tip, sin¢e4,15] compared the heat transfer performance of several two-
they are responsible for the draining of condensate from the tipdimensional and three-dimensional fin geometries. Their results
the fin flanks, and because the major part of heat transfer occursigéwed that the heat transfer performance of the best two-
the fin tip. The surface tension forces also have a non-benefidinensional and those of the tested three-dimensional tubes are
effect due to condensate retention along the underside of the tubemparable. A specific type of three-dimensional fin was realized
Theoretical models combining both gravity and surface tensidsy Wang et al.[16] by creating radial ridges on the fin flanks.
forces, are used to predict the Heat Transfer CoeffididfiC) of They found that the heat transfer performance was 30 to 40 per-
a single horizontal tube with sufficient accura@garkhu and cent higher than commercially available three-dimensional fin
Borovkov[2], Webb et al[3], Honda and Noz{4], Adamek and tubes.
Webb [5], Rose[6], Sreepathi et al.7]). The most simple pro- The results obtained for a single tube cannot be extended to a
posed by Rosg6], is a semi-empirical model for a horizontal tubetube bundle and a fin profile optimized for a single tube can be
having trapezoidal fins. An enhancement ratip: is defined as non-optimized for a tube bundle making, these models for a single
the ratio of the heat transfer coefficient for a finned tube to that ftibe inapplicable to tube banks, since the heat transfer in the
a plain tube, based on plain tube area at the fin root diameter fewer rows is affected by condensate inundation and the HTC is
the sameAT (AT=Tg,— T,). To compare his model to experi- lower for these tubes. It has been shown that, in this case, three-
mental results, Rose used various finned tubes with differedimensional geometries are not favoraléebb and Murawski
pitches, heights and diameters as well as various flgigster, [17], Honda et al[14,15]). In the literature there are several ap-
ethylene glycol, methanol, R113, R11, R1 .). proaches to this problem. 'I_'he simplest consists of multlpl|cat|_on
Since the work of Gregorig[8], many theoretical studies to Of the heat transfer for a single tube by a factor less than unity,
optimize the fin profiles of two-dimensional circumferential findaking into account the row position in the bundle. _
have been carried out. AdaméR] in his theoretical approach N this paper, experiments were carried out to determine the
assumed the condensate to be drained by surface tension fofdé§& during condensation of R134a and a zeotropic mixture of

only and showed that around the fin crest the best heat transfeR&3 and R134a, on horizontal tubes with three-dimensional en-
hanced surfaces. A new type of notched fin totmled Gewa C+

tube) has been studied and the results have been compared to
those obtained for smooth tubes or integral-fin tubes with trap-
ezoidal fins. This notched tube can be considered as a combination



coefficients increased with the row number up to the tkindthe
second)row, then decreased monotonically with increasing row
number, finally to increase at the last row.

Experimental Apparatus and Reduction of Data

The experimental apparatus consists of a thermosyphon refrig-
erant loop and a forced circulation coolamtater) loop (Fig. 2).

The test rig used in this investigation is basically the same as that
used in the previous study by Belghazi et[&@4].

In the refrigerant loop the vapor is generated in a boiler heated
with hot water which is itself heated electrically. The vapor flows
towards the test section, passes vertically downwards and con-
denses outside the water cooled tubes. The test sgélign3) is
a stainless steel duct and contains a staggered copper tube bank
consisting of 13 rows, each of @ven rows)or 3 tubes(odd
rows). The cross-hatched tubes are dumnesheat exchange),
while the others are active. Half tubes are attached to the vertical
of the enhanced tube with a circumferential (Hbonda and Kim walls of the test section in order to eliminate vapor by-pass. A
[11]) with the tube having radial ridges on the fin flaflWang metallic rod with a diameter of 11 mm was inserted in each active
et al.[16]). The notches seen in Fig. 1 can be considered as partulfe in order to increase the water velocity. In this way the heat
a rib and the space between notches as radial ridges. One transfer is enhanced on the coolant side. The horizontal tube pitch
expect that such a fin geometry will be efficient in condensatiaa 24 mm, whereas the vertical pitch is 20 mm. The length of the
heat transfer. tubes is 300 mm. The characteristics of the tested tubes are given

There are few experiments on condensation of HFC134a oanTable 1. Since the water flow rate is equally distributed in all
low finned tubes. In the work of Blanc et 18] the HTC on active tubegit is controlled by means of 13 rotameters, one on
trapezoidal fin tubegK26) is compared with another type of each row), it is deduced from the water flow rate in the coolant
finned tube as well as with current theories. Honda ef#] loop, measured by an electromagnetic flow meter, with an accu-
measured the row-by-row heat transfer coefficients of HFC134acy of 0.5 percent. The vapor velocity is less than 2 m/s and the
condensing on a bundle of tubes having 26 fins/inch and a diamapor temperature inlet was maintained at 40°C. Temperatures
eter at the fin root of 15.8 mm. Their results are slightly lowewere measured by type E thermocoup(€@romel-Constantan
than those of Blanc et al., Cheng and Wdi2@], and Agrawal with a precision of+ 0.05°C. The vapor temperature is measured
et al. [21] conducted experiments on condensation of HFC134yy five thermocouple$§T06, TO7, T08, T09, and T2dn the test
using several types of low finned tubes. For a vertical column s&ction. These thermocouples indicate the same temperatures
three tubes with trapezoidal fins no significant inundation effect (§,) during the condensation of HFC134a, in contrast to the
observed 20]. The variation of the HTC in function &fT for a condensation of HFC23/HFC134a, where the vapor temperature
single tube was carried out by Agrawal et [#1]. decreases from the inlet to the outlet of the test section. The tem-

Studies covering the condensation of zeotropic mixtures aperatures indicated by the five thermocouples are interpolated in
essentially confined to flat plates and smooth tubes. Hijikata andder to obtain the vapor temperature in the neighborhood of each
Himeno[22] conducted experiments using horizontal finned tubesw.
during condensation of the binary mixtui@0 percent R11340 In this study, commercial tubg¥Vieland-Werke AG are used,
percent R114), and they found that the tube with high @mm) having a wall thickness of about 1 mm. An indirect Wilson plot
is better than the one with small fili8.8 mm). Honda et a[23] method which measures the vapor-side heat transfer coefficient
conducted experiments during condensation of a downwangithout measuring the wall temperature is employed.
flowing zeotropic mixture HFC123/HFC134@bout 9 percent  From the measured water temperatures in the mixing chambers
HFC134a at the test section inleton a 1315 (columns at the inlet and the outlet of each tube and from the measured
Xrows) staggered bundle of horizontal low finned tubes. Theiapor temperature in the neighborhood of each row, the overall
experimental data show that both the heat and the mass transf@C is calculated as follows:

Fig. 1 Optical microscope view of a notched fin tube (Gewa
C+)
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Table 1 Tube dimensions (mm). See nomenclature for defini-
tions. (The uncited dimensions are proprietary. )

Tube Dr De Di P h t
smooth 16.8 16.8 14.2 - - -
K11 16 18.9 14 231 145 038
K19 16 18.9 14 1.34 1.45 033
K26 15.8 18.8 14 0.97 1.5 0.25
K32 16.2 18.8 14 0.82 1.3 0.2
K40 16.3 18.9 14.4 0.635 13 0.16
Gewa
17 - 14 —— - -—-
C+
rhccp,c Tv,j _Tc,j,in
U= Ln 1)
7D Lupe Tv,j _Tc,j,ou

wherej refers to the row numbec to the cooling watery to the
vapor,in and out to the cooling water input and output respec
tively. The reference area is that outside a bare tlthebeing
either the external diameter of a smooth tube or the diameter at
fin root for enhanced tubes.

The vapor-side HTCg¢,, is calculated via the following rela-

tion:
— = O In( &) @)
[ U 5 Di 2}\W Di
a; is the inner heat transfer coefficient determined with the Gni
linski correlation(Gnielinski[25]):

1 1

1D,

Table 2 B values

Tube Gewa K40 K32 K26 K19 K11
C+
B 1.07 1.19 0.99 0.98 1.08 0.92
Ac
ai:B'NUG'i (5)
Dy,

where the coefficienB is determined by the Wilson plot proce-
dure (Wilson [26]). To determine th& coefficient a specific loop

was built with a water/water countercurrent double pipe heat ex-
changer. The inner tube is the same as used in the condensation
experiments. To enhance the accuracy ondhealue, the outer
HTC in this specific loop was maintained to a high value. The
uncertaintysB was determined using Moffat's meth§@7]. Table

2 gives theB values for all tubes tested.

The relative uncertainty of the vapor-side HTC is strongly de-
pending on the experimental conditions. For example, for conden-
sation on the first row the uncertainties are less than 20 percent,
17 percent, 21 percent, 17 percent, 14 percent, and 15 percent for
the K11, K19, K26, K32, K40, and Gewa-C respectively. For
the whole bundle, the uncertainties are reported on the figures.
Details of the uncertainty calculations are given in the appendix.

Experimental Results
Pure Fluid (HFC 134a)

Single Tube. Figure 4 shows the evolution of the HTC of the
first row with temperature differenc®T, during condensation of
pure HFC134a on all tubes tested and on a smooth ({Belghazi
et al. [24]). It can be seen that K32 has the best performance
compared to the other trapezoidal fin tubes. A fin spacing of about
0.6 mm is then an optimum in order to have the best heat transfer
coefficient during condensation of HFC134a. The notched fin tube
presents a better HTC than the K32 tube, because notches located
at the middle of the fin height enhance surface tension effects at
the fin tip. The film condensate is thinner and heat transfer per-
formances are better.

To predict the Gewa CHTC a theoretical model based on the
Nusselt approach but taking the surface tension into account, has

R]%en developed.

Tube Bundle. Figure 5 shows the evolution of the heat transfer
coefficient along the bundle. It can be seen that the inundation
effect (impinging of deep rows by condensate flowing from upper
rows) is important for Gewa @ tubes in contrast to trapezoidal
fin tubes(Signe,[28]) where the deterioration of the HTC is not
important. It is also noticed that the higher the vapor mass veloc-

Iy G, the greater the Gewa CHTC deterioration in the tube

(f/2)(Re,— 1000 Pr, 30000
Ug= T2 p_ (3) ‘
1+12.74f/12)"4(Prg°—1) 25000 o HFC 134a lokt1 |
T First ‘ *
wheref is the friction factor determined from the following ex- *ﬂi%# et row * K19
pression: % 20000 1 @D+++=i+ﬁ A éﬁ:
d o
_ _ -2 o Ao K40
f (1'58 LI’(RE‘C) 3'28) (4) E 15000 1 XX&‘A”%EADDDDD iGEWA C+
Re, is the hydraulic Reynolds given by: E o SoBB i ® Smooth tube
) » 10000 - o o Y eeesa,,
pcVcDp N o D00 0o *
Re.= 4-bis o
Q: Mec ( ) 5000 4 Nusselt @
The Gnielinski correlation has been chosen because it has a w 0 ; . :
range of applicability, 2308 Re,<5 1 and 0.5<Pr,<2000. 0 5 10 15 20

Thus, it covers both the transition and the turbulent flow regime

In our case, the Reynolds number was varied between 2,400 and
Fig. 4 Heat transfer coefficient of the first row during conden-

12,000.
The inner HTCq; is expressed as:

(Tsat=Tw) (K)

sation of HFC134a



1.2 , Diffusion layer

& (Tsat-Tw)=3K, G=22 kg/m*s
114 Gewa C+ | W (Tsat-Tw)=4K, G=28 kg/m*s “
‘ HFC 134a ! A(Tsat-Tw)=5K, G=30 kg/m?s

14 _O(Tsat-Tw)=6K, G=38 kg{m’.s {{}—\ ﬁﬂ ;“\\k , .
’ i
0.9 A %\ ]L
£081 %
®

.

22 2222
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0.6 1 Fig. 7 Flooding of fins by the gaseous diffusion layer
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row s (o108 i G5 kg
Fig. 5 Evolution of the Gewa C + HTC along the bundle during ' %
condensation of HFC 134a e %
5 0.8 1

bundle, in contrast to the integral fin tubes where the deteriorati
of the HTC is more important whe@ decreasefBelghazi,[29]). 0.4 -
Indeed, the Gewa C-has low notched fins and retains condensa
formed on the upper rows. Then, even if the vapor mass veloc
increases, the inundation effect controls the heat transfer beca 0 T T T r T i
the condensate flow increases also. 1 3 5 7 9 11 13

ot
|

Mixtures

. . . . Fig. 8 Evolution of the ratio  «;/e, as a function of the row
Single Tube. Figure 6 shows the evolution of the HTC during,ymper

condensation of two mixturd8 percent and 6 percent HFOQ2X3f
HFC23/HFC134a on K19 and GewatQubes. A deterioration of
the mixture HTC is noted due to the mass transfer induced by t

more volatile componen{HFC23) which accumulates in the {hat the HTC on a bundle of smooth tubes increases throughout

liquid-vapor i”‘eFface and ConStitUIe.S a Qiﬁusion layer which ac fie bundle. This effect was explained by the fact that the conden-
as a thermal resistance. Such deterioration has been also obs(e}g

by Hijikata and Hemind22], who measured the vapor-side HT %esfgrnm;geﬁgr;t%frofr%\:\fhilasiut:gisi? diffusion layer, which
during condensation of R113 and several compositions of the mix: '
ture R113/R114. .

Contrary to the case of the pure fluid it can be seen from Fig. g€oretical Model
that the Gewa C+has a HTC comparable to that of the K19 tube. As shown in Fig. 9, the Beatty and Katz modé&l underesti-
Indeed, as the Gewa Ctube has low fins compared to the othemates the HTC of the Gewa+Ctube, because it neglects the
fin tubes, its fins are flooded by the diffusion lay&ig. 7), and surface tension effects which are enhanced by notches located at
performance is poorer. For 6 percent HFC 23 and for IoWs, the fin flanks(Fig. 11). To develop a model predicting the HTC on
where the diffusion layer controls the heat transfer, the K19 anlde Gewa C+tube, the tube circumference is divided into a
Gewa C+HTC values tend to the smooth tube HTC values, sindboded and an unflooded part.
the diffusion layer is very thick and screens the fins. The finned The flooded part located at the bottom of the tube is referred to
tube is seen as a smooth tube. as an area submerged completely by the condensate because of

Tube Bundle. During condensation of mixture outside thecaplllary retention. It is assumed that there is no heat transfer in

Gewa C+bundle the HTC may increase or decrease from the t@ﬁﬁ:ﬁggthzntg%éggiritstrilélgg]gn@e(ﬁg. 10)is calculated
to the bottom of the tube bank, depending on the heaf(ffig 8). y q ’

g‘ﬁch effects have already been observed by Jig&ewho noted

35000 —
1 -
6000 . Ciret 30000 First row « Gowale
_ irst row S
14000 »e * K19 (HFC 1342) - - - present model Gewa C+
12000 '“ OK19 (3% HFC23) — —Beatty & Katz Gewa C+ ‘
h ® K32 |
Ea s AK19 (6% HFC23) —— Beatty & Katz K32
& 10000 - S0y T
d “" A Gewa C+ (3% HFC23

~ . ) ‘
E_ 8000 | @ Gewa C+ (6% HFC23) |

X Smooth (3% HFC23) | ~ T
+ Smooth (6% HFC23) | ]

2 6000 A A L

W00 R e pe S

20004 a & ‘ 5000 A

XK XN FOPHX X 4 %

0 5 10 15 20 25 (Tsat -Tw) (K)

(Tv,1'Tw) (K)
Fig. 9 Experimental and predicted HTC during condensation
Fig. 6 Evolution of mixture HTC on Gewa C + and K19 tubes of HFC 134a on Gewa C+ and K32 tubes



flooded regin

Fig. 10 Retention angle

® *1( 4o 1) )
=cos -
p1gbDe
The unflooded region is divided into four regions: Fig. 11 The shape of the Gewa C+ tube. Definitions of param-

. ) eters used
« region |: referred as the upper part of the fin, located above

the notches
« region II: fin area beneath notches
« region lllI: fin area located between notches
« region IV: the interfin channel

The Gewa C+HTC, calculated with reference to the surface of

tube havingD, as a diameter, is a function of the HTCs of regions

I, I, 1, and IV and is given by:

It is assumed that the condensate is drained by surface tension in

regions | and Ill, and by gravity in regions Il and IV. aphAr=n(aA+anAn+ anAn) + anvAy (13)
The model is based on the Nusselt expressions for condensatigiiere 7 is the fin efficiency, given by:

on a vertical platéEq. (7)), and on horizontal smooth tubésqg.

®) . tanh(mh) (14)
Api(p—p,)gAh,\ Y4 mh
== (7). win
A2pi(p1—p,)gAh, | V4 _<ﬁ)”2
atube=0.724'£'(¢—_p_’;_g)D” @8) m= ot (15)
| sat w

a, being determined by an iterative procedure.

whereL andD are plate length and tube diameter, respectively. "pgrameters given in EG13) are defined as follows:

For regions | and lll where only surface tension forces drain
condensate, Nusselt's expressi@y. (7)) is modified by replac- (0]
ing p,g, which is a gravity volume force, by an equivalent in A=2_—Kwe,/p (16)
terms of surface tension.

Generally the condensation of a fluid having a liquid-vapor in- P
terface radiugsee Fig. 12which varies along the wall, induces a An=2_Kwe,/p a7
pressure variation along that interface. An expression for this was

iven by (Gregorig,[7]): [} [}
v y (Gregorig,[7] An=2—Kzhlp=2—Kz(e;+e,+e3)/p (18)
dP, d(a/r) 9 7T ™
s ds ®) @
In term of a volume force Eq9) can be written: ™
dF,= acLin dv 10
=0 s (10)

wheredV is a condensate volume control.
For a condensate film surface having two different ragdiand
r, as shown in Fig. 12, the curvature derivative can be written as:
d(a/r) 1/1 1
— — (11)

ds h
whereh is the fin height.
This nevertheless represents a strong assumption, which will be
justified a posteriori.
Combining Eq.(10) and (11) gives:

dF, o'(l 1)

i

12)
Fig. 12 Variation of the vapor interface radius



A,=mD,,

whereK is the number of elemental parts of the fiegion I, I,
Il plus notches. Fig. 11pn one side of a fin flank arglis the fin
pitch.
Assuming thatFig. 11):
r,=t/2; rps=—>b/4; rp,=—b/2

the acting force in the region | is given by:

in the tube bundle. However, from an industrial point of view, the
usualAT is about 3K, and in this case the inundation effect is not
significant.

» For the mixtures, experimental results show that, due to the
zeotropic character of the mixture testédFC23/HFC134p the
HTC deteriorates dramatically. Contrary to the pure fluid case, the
Gewa C+tube gives no enhancement compared to the K19 tube.

» The model developed for a single Gewa Qube, takes into
account surface tension effects, and predicts accurately the present

dF oll 1 ol2 4 experimental data.
7 =—(— + —) =— (f + 7> (20) » Work is currently in progress to develop a model, based on
dViegon 1 €117t Toa/ €t b the condensation curve method, predicting heat transfer during
Substitutingp,g in Eq. (7) by Eq. (20) leads to: condensation of binary mixtures outside a bundle of Gewa C
{xﬂp'—pymhy) ”“( T (2 4))1’4
a=0.94 T Toe ] &l 5 (21)  Acknowledgment | |
In the same manner in region Il: The authors acknowledge with thanks Wieland-Werk AG for
) their contribution to this work.
dF, U(l+ 1) 20(1+1) 22)
dVigegon m MiTe o2/ h it Db Nomenclature
N(p—p)Ah\ Y420 (1 1)\ ¥4 A = heat exchange surface are& m
ap _094<T—Th (? (f + B) (23) Ar = surface of a plain tube, ?n
(T Tw) b = fin spacing, m
In region Il, the condensate is drained by gravity and the HTC is C, = heat capacity, J kg K*
given by: Dy, = diameter of the metallic rod, m
3 14 D, = diameter at the fin tip, m
o :0.94{>\.p|(p|—pv)gAh,,) (24) D,, = hydraulic diameter, m
I i (Tea Tw)€s D; = inner diameter, m
; ; - P ; . D, = tube diameter at the fin root, m
The HTC in the interfin channel is given using E§) by: e; = distance from fin tip to notch, m
Api(pi—p,)gAh, | ¥4 e, = distance from notch to fin root, m
Achannel™ 0729( (TT)D) (25) e; = thickness of a notch, m
P Tsaf™ Tw/r f = friction factor
The condensate formed on fins is collected within the interfin F = force, N
channel, so that the actual HTC corresponding to the region IV is g = gravity, ms?
smaller than the one calculated by E&5) since film condensate G = vapor mass velocity, kg if s™*
is thicker. To take this phenomenon into account another version h = fin height, m
of the Nusselt formula is useEq. (26)): K = number of elemental parts on fin's flank
V|2 13 . L = plztellengtr?, m
_ T whe = tube length, m
ay=151Re ()\,?’g) (26) m = mass flow rate, kg &
p = fin pitch, m
where P = pressure, Pa
r Q = heat flow rate, W
Ref:4; and I'=T"cpannert I'fin r = curvature radius, m
! b1, Fb2, [y = curvature radii, m
@channdl Tsar— Tw) Ay s = curvilinear coordinate, m
I channer Ah @7 t = fin thickness, m
v T = temperature, K
(ayA+ oAy + aAn) (Tear Tw) U = overall heat transfer coefficient, WThK 1
Tiin=7 Ah, (28) V = volumetric flow rate, ms™*
. . w = notch width, m
Figure 9 shows that the present model predicts very accura_tel_y the z = space between notches, m
Gewa C+HTC, without adjusting any parameter. The deviation
from experimental results is less than 10 percent. Greek
ae = vapor side HTC, W m? K1
Conclusion a; = inner HTC, W m2K™!
. o . . o, = predicted HTC, W m? K1
The present investigation allows the following concluding re- A'IE = (TeaTa) OF (Tui—Tu), K
marks to be drawn: sat - W Tk
Ah, = latent heat, J kg
« Experimental data for condensation of HFC134a on five com- I' = condensate lineic mass flow rate, Kgtsn™*
mercially available copper integral fin tubes show an optimum fin & = flooding angle, rad
spacing of about 0.6 mm. A = thermal conductivity, W m* K™!
» The Gewa C-+tube(notched tubehas been tested and gives p = dynamic viscosity, Pa s
an enhancement of about 30 percent compared to the best integral v = kinematic viscosity, ms™?
fin tubes(K32). Notches drawn on fin flanks enhance the surface p = density, kg m3
tension effect. During condensation of HFC134a, the higher the o = surface tension, N m'
vapor mass velocity, the greater the Gewa BTC deterioration n = fin efficiency
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e = external T T i 5
f = film condensate . Sa.= \/(e 5U) +(7e5 ) A-1
G = refers to Gnielinski e oU da; O (A1)
i = internal where
in = water inlet
j = row index %: ! (A-2)
I = liquid oy ,J1 1Dy Dy D,\?
out = water outlet U U o D 2)\WL D;
r = at fin root d
t = fin tip an
v = vapor dae 1 A3
W:Wf]:}”t e tonsi da; (1 1D, D, (Dr2 (A-3)
= refers to surface tension e — = ~
- . ' U @D 2n, Dy
Dimensionless Numbers .
In the same way:
Nu = Nusselt number .
Pr = Prandtl number . U= MCp Ln( T Tc"”l) (A-4)
Re = Reynolds number mD, T, Teou
|
b‘U—\/ N on 2+ N ST 2+ u ST 2+ v ST i A-5
= V| 7m, oM a1, ol o g Toout o O Ten (A-5)

The flowmeter used has a precision of 0.5 percent, and the ther- Transfer Coefficient for Condensation on Low-Finned Tubes,” Int. J. Heat

: Mass Transf.37, pp. 865—-875.
mocouples have an uncertainty of 0.05 K. [7] Sreepathi, L. K., Bapat, S. L., and Sukhatme, S. P., 1996, “Heat Transfer

During Film Condensation of R-123 Vapor on Horizontal Integral-Fin Tubes,”
(A-6) Journal of Enhanced Heat Transfa(2), pp. 147-164.
[8] Gregorig, R., 1954, “Film Condensation on Finely Rippled Surfaces with Con-
sideration of Surface Tension,” Z. Angew. Math. Phys. pp. 36—49.

* ai:B'NUGHE

da 2 da; 2 [9] Adamek, T., 1981, “Bestimmung der Kondensation-grossen auf Feingewellten
5a| = — 6B _ (SNuG (A-7) Oberflachenzur Auslegun Optimaler Wandprofile,” Waerme- Stoffuebertrag.,
B INUg 15, pp. 255-270.

. , . . [10] Zhu, H.-R., and Honda, H., 1993, “Optimization of Fin Geometry of a Hori-
Using Moffat's methoc[Z?] it was found thatsB is equal t0 0.1, zontal Low-Finned Condenser Tube,” Heat Transfer-Jpn. R2$4), pp. 372—
0.09, 0.04, 0.12, 0.03 and 0.05 for K11, K19, K26, K32, K40 and  386.

Gewa C+respectively. [11] Honda, H., and Kim, K., 1995, “Effect of Fin Geometry on the Condensation
i P . Heat Transfer Performance of a Bundle of Horizontal Low-Finned Tubes,” J.

For each poinbNug is calculated as follows: Enhanced Heat Transfe(1.2. pp. 139147,

&NUG [12] Honda, H., and Makishi, O., 1995, “Effect of Circumferential Rib on Film

SNug=——=9R (A-8) Condensation on a Horizontal Two-Dimensional Fin Tube,” J. Enhanced Heat
JRe Transfer,2(4), pp. 307—-315.
. . . [13] Webb, R. L. Keswani, S. T., and Rudy, T. M., 1982, “Investigation of Surface
where Ni; is given by equation$3) and (4). Tension and Gravity Effects in Film Condensatioffoc. Int. Heat Transfer
Conf., Washington5, pp. 175-180.

_ 4Pc - [14] Honda, H., Uchima, B., Nozu, S., Nakada, H., and Torigoe, E., 1991, “Film
oRe= WMc(Di+D0) 5\/6 (A-9) Condensation of R-113 on In-Line Bundles of Horizontal Finned Tubes,”

ASME J. Heat Transfer]33(2), pp. 479-486.
Finally the maximum relative uncertainty of the external HTCI15] Honda, H., Uchima, B., Nozu, S., Torigoe, E., and Imai, S., 1992, “Film

: ; Condensation of R-113 on Staggered Bundles of Horizontal Finned Tubes,”
Sal a, for the first row of the bundle is equal to 20 percent, 17 ASME J. Heat Transferl142). pp. 442—449.

percent, 21 percent, 17 percent, 14 percent and 15 percent for the) wang, s. P, Hijkata, K., and Deng, S. J., 1990, “Experimental Study on
K11, K19, K26, K32, K40 and Gewa € respectively. For the Condensation Heat Transfer Enhancement by Various Kinds of Integral Finned
bundle the uncertainties are reported on the figures 5 and 8. Tubes,” Condensers and Condensatjdroc. 2nd Int. Symp., pp. Xv—xxiii.
[17] Webb, R. L., and Murawski, C. G., 1990, “Row Effect for R-11 Condensation
on Enhanced Tubes,” ASME J. Heat Trasfét2 pp. 768-775.
[18] Blanc, P., Bontemps, A., and Marvillet, C., 1994, “Condensation Heat Transfer

References of HCFC22 and HFC134a Outside a Bundle of Horizontal low Finned Tubes,”
[1] Beatty, K. O., and Katz, D. L., 1948, “Condensation of Vapors on Outside of ~ Proc. Symp. CFC's, The Day AftePadova, Italy, pp. 635-642.
Finned Tubes,” Chem. Eng. Progi4, pp. 55-77. [19] Honda, H., Takamatsu, H., Takada, N., and Yamasaki, T., 1995, “Condensation
[2] Karkhu, V. A., and Borovkov, V. P., 1971, “Film Condensation of Vapor at of HFC 134a and HFC 123 in a Staggered Bundle of Horizontal Finned
Finely Finned Horizontal Tubes,” Heat Transfer-Sov. R8¢2), pp. 183-191. Tubes,”Proc. Eurotherm No. 4Heat Transfer in Condensation, pp. 110-115,
[3] Webb, R. L., Rudy, T. M., and Kedzierski, M. A., 1985, “Prediction of Con- Paris.
densation Coefficient on Horizontal Integral-Fin Tubes,” ASME J. Heat Trans{20] Cheng, W. Y., and Wang, C., 1994, “Condensation of R-134a on Enhanced
fer, 107, pp. 369-376. Tubes,” ASHRAE Trans.10(1), pp. 809-817.
[4] Honda, H., and Nozu, S., 1987, “A Prediction Method for Heat Transfer Dur-[21] Agrawal, K. N., Moharty, P., Kumar, R., and Varma, H. K., 1999, “Enhance-
ing Film Condensation on Horizontal Low Integral-Fin Tubes,” ASME J. Heat ment of Heat Transfer Rates During Condensation of Refrigerants Over Hori-
Transfer,109, pp. 218—-225. zontal Finned Tubes,Proc. Symp. Two Phase Flow Modelling and Experi-

[5] Adamek, T., and Webb, R. L., 1990, “Prediction of Film Condensation on mentation 1, pp. 505-510.
Horizontal Integral-Fin Tubes,” Int. J. Heat Mass Trand3(8), pp. 1721-  [22] Hijikata, K., and Himeno, N., 1990, “Condensation of Azeotropic and Non-
1735. azeotropic Binary Vapor Mixtures,” Annu. Rev. Heat Transf&rChap. 2, pp.
[6] Rose, J. W., 1994, “An Approximation Equation for the Vapor-Side Heat- 39-83.



[23] Honda, H., Takuma, M., and Takada, N., 1999, “Condensation of Downward{27] Moffat, R. J., 1988, “Describing the Uncertainties in Experimental Results,”
Flowing Zeotropic Mixture HFC-123/HFC-134a on a Staggered Bundle of Exp. Therm. Fluid Sci.1, pp. 3-17.
Horizontal Low-Finned Tubes,” ASME J. Heat Transfég1, pp. 405—412. [28] Signe, J. C., 1999, “Condensation de lsieges Non AZzetropes de Fluides
[24] Belghazi, M., Bontemps, A., Signe, J. C., and Marvillet, C., 2001, “Conden- Frigorigenesa I'Extérieur d’un Faisceau de Tubes Horizontaux,” Ph.D. thesis,
sation Heat Transfer of a Pure Fluid and Binary Mixture outside a Bundle of UniversiteJoseph Fourier, Grenoble, France.
Smooth Horizontal Tubes. Comparison of Experimental Results and a Clasgi29] Belghazi, M., 2001, “Condensation d'un fluide pur et délamges zetropes a

cal Model,” Int. J. Refrig.,24(8), pp. 841-855. I'extérieur d’un faisceau de tubessarface amiorée,” Ph.D. thesis, Univer-
[25] Gnielinski, V., 1976, “New Equation for Heat and Mass Transfer in Turbulent site Joseph Fourier, Grenoble, France.

Pipe and Channel Flow,” Int. Chem. End.6(2), pp. 359—-368. [30] Rudy, T. M., and Webb, R. L., 1985, “An Analytical Model to Predict Con-
[26] Wilson, E. E., 1915, “A Basis for Rational Design of Heat Transfer Appara- densate Retention on Horizontal Integral-Fin Tubes,” ASME J. Heat Transfer,

tus,” Trans. ASME,37, pp. 47-70. 107, pp. 361-368.





