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Abstract-Pool boiling heat transfer of Rl 1 is investigated experimentally and theoretically on single tubes 
and twin tube arrangements. Finned tubes with 19 and 26 fins per inch (fpi) are used. The refrigerant 
evaporates at a saturation state of I bar on the outside of the electrically heated tubes. For the twin tube 
arrangements the tube pitch is varied between s/d, = 3.0 and 1.05. The heat transfer on the upper tube of 
the twin tubes is enhanced compared with the single tube, while the heat transfer on the lower tube is not 
affected by the upper tube. The maximum heat transfer of the upper tube increases with increasing tube 

pitch. 

1. INTRODUCTION 

FINNED tubes are widely used to enhance heat transfer 
in refrigerants. A typical example is the tube bundle 
evaporator in refrigeration machinery. 

In this investigation, a rudimentary arrangement 
of a tube bundle is chosen in order to learn about 
interrelated effects : starting with the heat transfer per- 
formance in boiling from a single finned tube-as a 
basis-a twin tube arrangement, with one tube above 
the other, is chosen as the simplest tube bundle. 

Several studies concerning the boiling heat transfer 
on twin tube arrangements have been reported in refs. 
[l-4]. Most of these were performed for one tube 
pitch only. The effect of tube pitch has not yet been 
discussed. 

This effect on the heat transfer characteristics is 
clarified by testing the twin tube arrangements with a 
varying tube pitch of s/& = 3.0 ; 1.3 and 1.05. Based 
on the experimental results a theory is proposed for 
the prediction of the heat transfer coefficients for 
single finned tubes and twin tube arrangements. 

2. EXPERIMENTAL SET-UP 

The experiments were performed in a stainless steel 
tank (length 680 mm ; width 600 mm ; height 370 
mm) which was equipped with glass windows on three 
sides. The tank and the condenser were encased in a 
temperature controlled compartment. The test set-up 
is described in more detail in refs. [5, 61. 

The refrigerant Rll (CFC13, monofluorotri- 
chloromethane) was used at a pressure of ps = 1 
bar as a convenient test ftuid with a boiling temper- 
ature of 0, = 23.31”C. The principal results found 
with this medium should not differ much from those 
for other fluids in a comparable state. A sketch of the 
tube arrangement is shown in Fig. 1. 

The test tubes are made of copper with smali fins 

(h = 1.52 mm). Two types of tubes are used 19 fpi 
(19 fins per inch) and 26 fpi tubes. In Fig. 2 cross cuts 
and a description of the tubes are given. In order to 
determine the wall temperature, six NiCr-Ni thermo- 
couples are inserted in bore holes of 0.55 mm width 
and different length. 

The liquid and vapour temperature are measured 
respectively with three NiCr-Ni thermocouples. The 
tubes were heated electrically, the heating power is 
determined with a precision power meter of class 0.1. 
The vapour pressure is measured with a pressure 
gauge and a precision pressure sensor (both class 0.1). 

3. EXPERIMENTAL PROCEDURE 

The heat transfer coefficient for the finned tubes is 
defined by the equation 

2 = e/L%v -OS)] (1) 

where i, is the measured heat flow, A the total su&ce 
area of the finned tube, 8, the measured vapour tem- 
perature and 0, the mean outside wall temperature 
as calculated from 

0, = (COi)j6--e in (4&4)/(2nU,). (2) 

Here oi is the tem~rature measured at six locations 
on the same diameter d,, 1 the tube length and i, the 
thermal conductivity of copper. 

For the diagrams, both a heat flux 4 = &A and a 
heat duty per unit tube length e/l were defined. 

Before the experiments were performed, the test 
tubes were heated with the highest heating rate 
(4 = 50 000 W m- 2, for at least 50 h in order to evade 
the starting effects and to obtain reproducible results. 
All experiments were run with the heat flux being 
decreased in steps from large to small values, so that 
hysteresis effects were avoided. 
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NOMENCLATURE 

A area 
h fin thickness 

(‘,’ specific heat capacity 
cl diameter 

da root diameter 

.1’ frequency 

9 gravitational acceleration 
Gr Grashof number 
h fin height 

Ah, latent heat of evaporation 
I length 
N number of active nucleation sites 
NU Nusselt number 

P pressure 
Pr Prandtl number 

Q heat flow 

Y heat flux (heat flow density) 
r critical cavity radius 

s tube spacing 
T thermodynamic temperature 
t fin spacing 
P volume flow density. 

Greek symbols 

;,, 

heat transfer coefficient 

contact angle 
?I 

b 
coefficient of expansion 
temperature 

A0 temperature difference 
do* superheat temperature difference 
i thermal conductivity 
s kinematic viscosity 

P density 
(T surface tension. 

Subscripts 
B bubble 

b bottom segment 
C convection 
cal calculated 

exp experimental 

F finned tube 
fC free convection 
FT fin tip 

i inside 
I liquid 

m mean 
mod modified 
S saturation 
S side segment 
SF single finned tube 
t top segment 

W 
vapour 
wall 

I lower tube 
2 upper tube. 

4. EXPERIMENTAL RESULTS that the wall excess temperature 0, is larger for the ^ 
4.1. Singlejinned tubes 

in Fig. 3 the heat transfer coefficients for single 

finned tubes are plotted versus the heat flux 4. The 
curve for a single plain tube (tube without fins) is 
presented for comparison. 

For such a comparison these curves can essentially 
be divided into two sections according to the pre- 
vailing heat transfer regime : 

(a) The free convection regime for 4 < 1000 W m- ’ 

with heat transfer coefficients for the finned tubes 
being smaller than for the plain tube. This is maybe 
due to the boundary layers between the fins which can 
grow together at the fin base. 

(b) The nucleate boiling regime for 4 > 1000 W 
m -’ where the heat transfer on the finned tubes is 
larger than on the plain tube. On finned tubes the 
effect of bubbles extends to a larger surface area, 
i.e. fin-flanks and fin-root, than for plain tubes. 
Moreover, in the fabrication process of fins more 
nuclei maybe created than with plain tubes. The heat 
transfer is better when the fins are closer together (26 
fpi tubes). Observation shows a higher bubble density 
with the closer spaced fins. The A&net in Fig. 3 shows 

wader spaced tins. 

4.2. Twin tube arrangements 
Experimental results for two finned tubes arranged 

with three different tube pitches (s/dF = 3.0, 1.3 and 
I .05) are shown in Fig. 4. In order to show the effect 
of onflow to the upper tube, the ratio of the upper 
tube heat transfer coefficient CQ~ to the single tube 
heat transfer coefficient c+ is plotted versus the heat 
flux 4. 

In the twin tube arrangements the heat transfer 

coefficient of the upper tube is in the boiling region 
(4 > 1000 W mm ‘) always higher than that of a single 
tube. This is expected as the convective onflow of 
bubbles and liquid, rising from the lower tube, 
enhances the heat transfer on the upper tube. The heat 
transfer on the lower tube is not influenced by the 
upper tube. 

For both fin spacings and all tube pitches, the curves 
are similarly bell shaped: with low values of 
~~~~~~~ z 1 in the free convection region (4 < 1000 W 
mm’), a maximum of G+/Q~ E 2 in the transition 
region (1000 < 4 < 10000 W m- 2, between free con- 
vection and fully developed boiling and again values 
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FIG. 1. Test tube arrangements. 
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1. finned tube (copper) 

2. filler tube (copper) 

3. heating element 

fins per inch 19 

finned tube diameter d, [mm] 18.74 

root diameter d, [mm] 15.70 

fin height h [mm] 1.52 

fin spacing t [mm] 1.30 

fin thickness (base) b, [mm] 0.50 

fin thickness (tip) b, [mm] 0.32 

total surface area A [m’/m] 0.1626 

area ratio A/A, [-] 3.296 

26 

18.89 

15.85 

1.52 

1.03 

0.44 

0.22 

0.195: 

3.920 

tted 

soldered 

FIG. 2. Finned tube heater geometry 
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FIG. 3. Heat transfer coetkient (based on total surface area) on single finned tubes. 
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of CI~~/SI~~ = 1 at fully developed nucleate boiling at 

50 000 W mm 2. The wider spaced fins (19 fpi) give 
higher maximum values of tl,,/c+ and higher values 
when boiling is approaching full development. 

The highest values of azF/EsF CC 2 are obtained with 
a tube pitch of s/d, = 3.0. The closest arranged tubes 
(s/d, = 1.05) yield the smallest enhancement of the 

upper tube heat transfer with azF/asF z 1.5. At fully 
developed nucleate boiling neither fin spacing nor tube 
pitch exhibit any effect : the upper tubes behave just 
the same as a single tube so that r16 z aSF. 

As usual in practical applications a scale for the 
heat transmitted per metre length of the finned tubes 
is also presented in Fig. 4. 

5. THEORY 

5.1. Sinyle,finned tube 

Based on the theory of Mikic and Rohsenow [7] for 
plates and plain tubes. a theory is developed for finned 

tubes. 
The transferred heat flux is divided into two parts : 

the heat flux transferred from the ‘bubble influence 

area’ due to nucleate boiling 4” and the heat flux 
transferred from the remaining surface due to con- 

vection & 

with 

q = jH+& (3) 

!X = Q/(0, - 0,). (4) 

(a) Heat transfer,from the bubble i@uence area 
Mikic and Rohsenow postulated an unsteady heat 

conduction from the heating wall into the adhering 
liquid. This mechanism is caused by the unsteady flow 
of liquid to the wall behind a departing bubble and it 
affects a so-called bubble influence area. 

On finned tubes the bubbles grow chiefly at the fin- 
base, and rise along the fin-flanks. The superheated 
boundary layers in the fin-gaps are renewed between 

the successive processes of bubble departure and 
bubble growth. If an ‘average liquid exchange fre- 
quency’ ,f is applied for both the fin-flanks and the 
fin-base, the heat flux and the heat transfer coefficient 
in the bubble influence area is then calculated accord- 

ing to ref. [7] as 

and 

& = a,(& -Q&IA (5) 

aB = 2(A,p,cp,)‘/2f ‘/2n-“2. (6) 

For plain tubes the influence area of a bubble is a 
circle of twice the bubble departure diameter dB as 
proposed by Han and Griffith [8]. 

Thus, for N bubbles the area ratio is on plain tubes 

Ae Nn _=_- 
A A 4(2d,)z 

For finned tubes the influence area of a bubble is 

Table I. Empirical coefficients for the nucleation site density 

Finned tube 

(fpi) 

19 
26 

C (m-‘) 

8.9294 x IO”’ 
2.7700 x IO”’ 

r. (pm) n 

14.973 0.2 
26.235 0.2 

assumed to be a band with the width of twice the 
bubble departure diameter Cr, and an influential length 
I, reaching across both fin-flanks and the fin-base. 

For N bubbles on a finned tube the area ratio is 

~ = ~2$1, 
A, 

A A 

with 

Zi = 2[(b, -b2)2/4+h2]‘i2+t-bb 

from a geometric consideration, and b, and bz, etc. 
indicated in Fig. 2. 

When an ‘influence factor’ F is introduced as 

F = 2d,1,/[(2dB)%c/4] (9) 

the area ratio in equation (8) becomes 

AH Nn 
-- = A z (2d”)‘F. 
A 

The nucleation site density N/A can be obtained from 
a relation proposed by Salem [9] 

In (N/A) = [l - (r/rO)“] *In C (11) 

where r is the critical radius of a bubble which can 
be calculated using Lord Kelvin’s and Clausius- 
Clapeyron’s equations 

2aTs 

r=xi&sy 
(12) 

The empirical coefficients C, rO and n are obtained 
from the experimental results for the single finned 
tubes (see Table 1). The liquid exchange frequency ,f 
on finned tubes can be calculated similarly to that on 
plain tubes according to Knabe [lo] : 

When AH/A G 1 - A,,/A, with A,., being the total 
area of the fin tips, the frequency ,f’ equals the bubble 
frequency 

.f=fe. (13) 

When A,/A > 1- A,,/A, the frequency is 

.f=.fk * (&IA). (14) 

It is assumed that no bubbles grow on the area A,,. 
For an estimate of the bubble departure diameter, 

a relation proposed by Stephan [ 1 l] can be used 

ds = 0.85lB,(2~l[g(p, -p,)l) “’ (15) 

with the contact angle b0 in radians. 
The bubble frequency may be calculated with a 

relation presented by Zuber [ 121 
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FIG. 5. Comparison between experimental and calculated 
heat transfer coefficients for single finned tubes, 

.fH43 = 0.59PJY(P, -_pJlPfl 4. (16) 

(b) Heat transfkflom the remaining auf&e 
The heat transfer mechanism in the remaining sur- 

face is free convection ; the heat flux is given by 

& = r,(O,-&)(I -‘4,/A). (17) 

For the finned tubes the heat transfer due to free 
convection can be calculated from a relation proposed 

by Kiibler et ul. [I 31 

Nu = -0.55+0.48(Gr,,,,, Pr)“” = ~urc(t-h2)/A 

(18) 

with 

i’q(U,-U,)(t-h,)’ t-h2 
Gl.,,,,,d = -~-~-~~- 

(1, 
(19) 

and properties taken at U,,, = 0, + AU/2. 
A comparison between calculated heat transfer 

coefficients and experimental ones is shown in Fig. 5. 
The calculated and measured values agree well. There 
is an average scatter for both types of finned tubes of 

4.4%. 

5.2. Twin tube urrungemen ts 
The heat transfer coefficient of the lower tube can be 

evaluated with the equations proposed for the single 
tube. 

The heat flux of the upper tube again is divided into 
a boiling and a convection heat flux 

42 = C&+&z = y.z(fl,,-0,). (20) 

The convection heat flux is caused by the onflow of a 
liquidjvapour mixture. 

(a) Heut trunsfer fivm the bubble injuence area 
The heat flux in the bubble influence area can be 

YRZ = ~“(hv2-fM~RI42 (5a) 

with c(~ from equation (6). 

(b) Heut trurwfkr fkm the remaining swfhce 
Fujita et al. [4] developed a theory for twin plain 

tube arrangements. This is extended here to finned 
tubes. 

Around the circumference of the upper tube the 

onflow of bubbles is nonuniform, so that the effect of 
convection varies with the position around the tube 
surface. Therefore, it appears logical to subdivide the 
circumferential area of the tube into bottom-, side- 
and top-segments. as in Fig. 6. We have 

A = A,,+A,+A, (21) 

with a respective subdivision of heat fluxes 

li(? = &2h+(iC.?\+(iC.Zr. (22) 

The bottom segment heat flux is 

&,, = xa,AOf(A,/A)[I -(A,IA)zI (23a) 

the side segment heat flux is 

jc.2, = Q~,AG(&/A)[] -(Ad44 (2%) 

and the top segment heat flux is 

&, = cc,,,AOT(A,iA)[l -(A,/A)J (23~) 

with 

A(): = A(): -602. 

The superheat excess temperature A@ accounts for 
the superheat of the surrounding liquid 60, on the 

upper tube. 
At the top segment of the upper tube, no influence 

of rising bubbles is assumed so that the heat transfer 
coefficient can be calculated from equation (18) 

c(cz, = rrc. (24) 

The side and bottom segments are affected by the 
rising bubbles and thus a relationship with the onflow 

tube 2 

tube 1 

FIG. 6. Subdivision of the tube surface-area into bottom 

calculated according to equation (5) (A&. side (A,)- and top (A&segments 
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has to be introduced, e.g. in the following form for 
the bottom segment : 

(25) 

where xC(Ij2,,) is the convection heat transfer 
coefficient as a function of the vapour volume flow 
density. This volume flow density for the bottom seg- 

ment can be obtained from 

(26) 

where A, is the top segment area of tube 1 which is 
equal to that of tube 2. The factor k is a constant 

which accounts for the fact that only part of the heat 
flux from the lower tube &, is consumed for bubble 
generation and another small part for superheating of 

the fluid. 
The convection heat transfer coefficient at the side 

segments is introduced as 

SW 

W 

7% 
2 

1 

103 

aLcAL cj 

2 

102 ,. J 

102 2 5 lo3 2 & 5.103 

a2,w - 

FIG. 7. Comparison between experimental and calculated 
heat transfer coefficients for the upper tube of twin finned 

tubes. 

c! c2s = dV2J. (27) 

The respective vapour volume flow density, according 

to ref. [4] is 

+ [2 + $a,]& (28) 

with de2 and &, as the boiling heat fluxes on the upper 
and lower tube. 

The term p*‘,, in equation (28), equals the vapour 
flow P,, from the top segment of the lower tube which 
hits the bottom segment of the upper tube. The heat 
flux QCZb originating in the bottom segment of the 
upper tube, causes partial evaporation of the thin 
boundary layer and thus another vapour flow. The 
term (A,&,)/A gives the contribution from the bub- 
bles generated on the bottom segment of the upper 
tube; finally, the fourth term represents the con- 
tribution of bubbles formed at the bottom and side 
segments of the lower tube. 

The area ratios in equations (23), (26) and (28) are 
estimates, determined by direct observation. They are 
listed in Table 2 for the various tube pitches. 

The convective heat transfer on the upper tube con- 
sists of a free convection part and an onflow part 
depending on the vapour flow density. Accordingly a 
relation of the form 

Table 2. Area ratios 

Tube pitch, s/U: 

3.0 
1.3 
1 .os 

A,IA &IA 4IA 

0 0.9 0.1 
0.1 0.8 0.1 
0.15 0.7 0.15 

c+(3) = r,c+c(o(V) (29) 

is considered. 
From the experimental results for the twin tube 

arrangements with tube pitch s/dF = 3.0 the following 

function CQ( P) was determined 

G(P) = a0 exp (-[~o/(~/~)lm) (30) 

with czo = 1750 W mm2 Km’, 3, = 1.439x 10e3 m 

S ' and m = 0.462 so that equation (29) becomes 

~~(3) = a,+1750exp(-[1.439x 10-3/(~/k)]0~462). 

(31) 

The heat transfer coefficients aCzb and czc2S can be 
calculated from equation (3 1) when the respective v/k 

from equations (26) and (28) is inserted. 
The constant k does not need to be determined 

when it is used in the form v/k. 
The liquid superheat, necessary for the calculation 

of &2br etc. [equation (23a) ff..] was measured on the 
unheated upper tube (using its thermocouples) with 
the lower tube heated with specified heat fluxes. The 
superheat 6f12 varies from 0 to 2 K. For more details 
see ref. [14]. 

In Fig. 7 comparison is made for the heat transfer 

coefficient x2 as obtained from the experiment or the 
calculation. The heat transfer coefficient LX* is defined 
in equation (20). The average deviation between 
measured and calculated values amounts to 7.7%. 

Although only the results for s/d, = 3.0 were used 

for the determination of the coefficients in equation 
(31), this equation seems good enough to fit data for 
the other tube pitches. Thus the effect of tube pitch 
on the heat transfer is well accounted for by the intro- 
duction of area ratios respective to tube pitch. The 
side segment has the highest heat transfer coefficients 
due to the enhanced convection, and it gives the 
maximum effect on the heat transfer. It seems appro- 
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priate that the area ratio of the side segment is 
assumed to increase with increasing tube pitch. Consc- 
quently, the heat transfer from the upper tube in twin 
tube arrangements also increases with increasing tube 

pitch in accordance with experimental results. 

6. SUMMARY 

Single finned tubes exhibit smaller heat transfer 

coefficients than plain tubes in the free convection heat 
transfer regime (4 < 1000 W m ‘). In the nucleate 

boiling regime, however, the heat transfer coefficient 
from single finned tubes exceeds that of plain tubes. 
The heat transfer coefficient from 26 fpi tubes is better 
than that from I9 fpi tubes. 

For twin finned tube arrangements in pool boiling 
the heat transfer coefficient of the upper tube is higher 

than that of the lower tube. which is equal to that of 
the single tube. The enhancement in heat transfer is 
largest in the transition region between nucleate boil- 
ing and free convection, it vanishes at high and low 
heat fluxes. For bottom (lower) tubes the heat transfer 
on 26 fpi tubes is better than that on 19 fpi tubes, 

but for the upper tubes. which are in the wake of 
the lower tubes, the opposite results were obtained. 
Large pitches (s/d, = 3.0) give higher heat transfer 
coefficients than small pitches (s/r& = 1.05) as long 
as fully developed boiling is not reached. At fully 
developed boiling neither tube pitch nor fin spacing 
shows any effect on the heat transfer coefficient. 

Based on the theory proposed by Mikic and 
Rohsenow for plain tubes. a theory is developed for 
finned tubes. The new theory considers bubble 
dynamics and interaction between the heat transfer 
mechanisms of boiling and natural convection, as well 
as the effect of the tin geometry. Calculated and 
measured values agree well. 

For the twin tube arrangements the theory of Fujita 
for plain tubes is extended to finned tubes. The tube 

pitch effect is well reproduced by the theory. The 
calculated results are in good agreement with the 
experimental results 
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TRANSFERT THERMIQUE PAR EBULLITION EN RESERVOIR SUR DES TUBES 
AILETES-ETUDE THEORIQUE ET EXPERIMENTALE 

R&sum&Le transfert thermique par tbullition en reservoir de RI I est etudie experimentalement et theo- 
riquement sur des tubes uniques et deux arrangements de tubes jumeaux. On utilise des tubes ailetes avec 
19 et 26 ailettes par inch. Le refrigerant s’tvapore a I’etat de saturation de I bar sur I’exterieur des tubes 
chauffes electriquement. Pour les arrangements de tubes jumeaux, le pas entre tubes varie entre s/d, = 3,O 
et 1,05. Le transfert thermique sur le tube superieur est augment&, compare au cas d’un tube unique, tandis 
que le transfert thermique sur le tube inferieur n’est pas affect6 par le tube superieur. Le transfert de chaleur 

maximal sur le tube superieur croit avec l’augmentation du pas entre tubes. 
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WARMEijBERGANG BEIM BEHALTERSIEDEN AN RIPPENROHREN-EINE 
EXPERIMENTELLE UND THEORETISCHE UNTERSUCHUNG 

Zusammenfawng-Der Wgrmetibergang beim Behgltersieden von Rl 1 an Einzelrohren und Zwei- 
rohranordnungen wird experimentell und theoretisch untersucht. Dabei werden Rippenrohre mit 19 und 
26 fpi (Rippen je Zoll) verwendet. Das KBltemittel verdampft beim Slttigungsdruck von 1 bar an der 
AuDenseite der elektrisch beheizten Rohre. Fiir die Zweirohranordnung wird das TeilungsverhCltnis 
zwischen s/dF = 3,0 und 1,05 variiert. Der Wkmeiibergang am oberen Rohr der Zweirohranordnungen 
verbessert sich gegeniiber dem Einzelrohr, wIhrend der Wgrmeiibergang am unteren Rohr nicht vom 
oberen Rohr beeinfluBt wird. Der maximale Warmeiibergang am oberen Rohr nimmt mit wachsendem 

TeilungsverhIltnis zu. 

TEl-IJIOl-IEPEHOC HA OPEPPEHHbIX TPYPAX l-IPM KHIIEHMM B SOJIbBIOM 06’bEME. 
3KCl-IEPkiMEHTA.JIbHOE I4 TEOPETkVIECKOE WCCJIEAOBAHkIE 

AllUOTPlUS--3KClTepHMeHTanhHo H TeOPeTHWCKH HCCJtenyeTCFl ~elUlOtIe~HOC npti KHlWiHH RI1 Ha eAIi- 
HHSHUX Tpy6ax HUH B cncTeMax napnblx ~py6. klcnonbsymrcn ope6peHnbre ~py6b1 c 19 H 26 pe6paMn 
Ha nhSh4. XnwatareHT HcnapneTcn, Korna AaeneHue riacbrmemin Ha HapyxHofi cropoHe rpy6, riarpeeae- 
~brx 3JIeKTpHSecKHM TOKOM, CoCTaBnKeT 1 6ap. B cnygae CHcTeM napHbIx Tpy6 mar hteacny HHMH 
H3MeHneXs OT s/dF = $0 no 1,OS. Ha sepxHeir ~3 napHblx ~py6 TennonepeHoc RBnReTcn 6onee &iHTeH- 
CHBHblMH, ‘IeM Ha eLWHE'iHOii Tpy&, B TO BpM%l KBK Ha HHnHeft Tpy6e OH He 3aBHCHT OT HaJlH’iHB 
BepXHeii. MaKCSiMiUIbHbIti K03+$fUHeHT TenJlOO6MeHa Ha BepXHeZi rpy6e yBenH’lHBaeTCTcn C poCTOM 

UIaraMemsy TPY~$MH. 


