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Abstract

In this study, convective boiling tests were conducted for enhanced tube bundles. The surface geometry consists of

pores and connecting gaps. Tubes with three different pore sizes (dp ¼ 0:20, 0.23 and 0.27 mm) were tested using R-123
and R-134a for the following range: 8 kg=m2 s6G6 26 kg=m2 s, 10 kW=m2

6 q6 40 kW=m2 and 0:16 x6 0:9. The
convective boiling heat transfer coefficients were strongly dependent on heat flux with negligible dependency on mass

flux or quality. For the present enhanced geometry (pores and gaps), the convective effect was apparent. The gaps of the

present tubes may have served routes for the passage of two-phase mixtures, and enhanced the boiling heat transfer.

The convective effect was more pronounced at a higher saturation temperature. More bubbles will be generated at a

higher saturation temperature, which will lead to enhanced convective contribution. The pore size where the maximum

heat transfer coefficient was obtained was larger for R-134a (dp ¼ 0:27 mm) compared with that for R-123

(dp ¼ 0:23 mm). This trend was consistent with the previous pool boiling results. For the enhanced tube bundles, the

convective effect was more pronounced for R-134a than for R-123. This trend was reversed for the smooth tube bundle.

Possible reasoning is provided based on the bubble behavior on the tube wall. Both the modified Chen and the as-

ymptotic model predicted the present data reasonably well. The RMSEs were 14.3% for the modified Chen model and

12.7% for the asymptotic model. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, significant progress has been made in

understanding the boiling heat transfer on the shell side

of tube bundles. For a smooth tube bundle, it is well

documented that the average boiling heat transfer co-

efficient of a bundle is significantly higher than that of a

single tube, especially at low heat fluxes [1–3]. The

convective two-phase flow in a bundle may account for

this increase. At high heat fluxes, however, nucleate

boiling effect dominates over convective effect, and the

bundle heat transfer coefficient approaches that of a

single tube. Similar results have been obtained for finned

tube bundles [4,5].

For enhanced tube bundles, the trend is not so obvi-

ous. Available enhanced tube bundle data are listed in

Table 1. In Table 1, bundle boiling heat transfer coeffi-

cients (hb) are compared with pool boiling heat transfer

coefficients (hnb) at two different heat fluxes – one low

(10–20 kW=m2) and the other high (40–50 kW=m2). The

commercial tube name (if available) is written in the first

column, followed by the tube classification as proposed

by Kim and Choi [9]. Fig. 1 shows the classified tube

geometry. Table 1 reveals that the bundle effect (defined

as a bundle factor hb=hnb) is apparent for gapped tubes

such as GEWA-SE and GEWA-K. No bundle effect is

observed for porous coated tubes. For pored tubes such

as Turbo-B, the bundle effect is not obvious. Memory

et al. [7] obtained a strong bundle effect where as Gupte

and Webb [6] obtained no bundle effect. From these
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results, one may suspect that the gaps may play an im-

portant role on the bundle effect, at a low heat flux at

least. Two-phase mixtures which pass through the gaps

may enhance the boiling heat transfer.

Kim and Choi [9] reported the pool boiling data for

tubes having pores with connecting gaps. The enlarged

photos of the surface geometry are shown in Fig. 1. The

tubes yielded pool boiling heat transfer coefficients,

which are approximately the same as those of pored

tubes. In addition, their tubes did not show a dry-out in

the sub-tunnel even at a high heat flux, which pored

tubes usually do. They attributed the delay of the dry-

out to the connecting gaps, which may have served ad-

ditional routes for liquid supply. In a bundle, the gaps

Nomenclature

Amin minimum flow area in a bundle (m2)

b Reynolds number exponent in the friction

correlation (dimensionless)

cpr specific heat of the refrigerant (J/kg K)

d tube diameter (m)

db bubble departure diameter (m)

dp pore diameter (m)

F two-phase convective multiplier (dimension-

less)

g gravity (m=s2) or gap width (m)

G mass flux based on Amin ðkg=m2 sÞ
h heat transfer coefficient ðW=m2 KÞ
hb convective boiling heat transfer coefficient in a

bundle ðW=m2 KÞ
hl liquid-phase convective heat transfer coeffi-

cient ðW=m2 KÞ
hnb nucleate pool boiling heat transfer coefficient

ðW=m2 KÞ
hnbb nucleate pool boiling heat transfer coefficient

for one tube heated in a bundle ðW=m2 KÞ
hnbs convective boiling heat transfer coefficient on

a single tube ðW=m2 KÞ
hfg latent heat of vaporization (J/kg)

Ht tunnel height (m)

jg superficial gas velocity (m/s)

jl superficial liquid velocity (m/s)

kl thermal conductivity of liquid (W/m K)

m Reynolds number exponent for the Nusselt

number correlation (dimensionless)

_mmr mass flow rate of the refrigerant (kg/s)

n order of the asymptotic model (dimensionless)

N number of data or number of active heaters

upstream of the instrumented tube

(dimensionless)

Nul Nusselt number, dimensionless (¼ hld=kl)
Pf fin pitch (m)

Pp1 circumferential pore pitch (m)

Pp2 neighboring pore pitch (m)

Prl liquid Prandtl number (dimensionless)

Prw liquid Prandtl number at the wall temperature

(dimensionless)

q00 heat flux ðW=m2Þ
Qp heat supplied to the pre-heater (W)

QH heat supplied to a single in the test section (W)

Rel Reynolds number, dimensionless

ð¼ dG ð1� xÞ=lÞ
Tp;in refrigerant temperature at the pre-heater inlet

(K)

Tp;sat saturation temperature at the pre-heater (K)

Tsat saturation temperature (K)

Tw tube wall temperature (K)

Wt tunnel width (m)

x vapor quality (dimensionless)

Greek symbols

ql liquid density (kg=m3)

qg vapor density (kg=m3)

ll dynamic viscosity of liquid (kg/ms)

lg dynamic viscosity of vapor (kg/ms)

r surface tension (N/m)

Table 1

Previous studies on the bundle effect of enhanced tube bundles

Tubes Tube

classification

Refrigerant Tsatð�CÞ Bundle factor (hb=hnb) References

Low q00

ð10–20 kW=m2Þ
High q00

ð30–50 kW=m2Þ

GEWA-SE Gaps R-134a 4.4 >1.0 1.0 Gupte and Webb [6]

26.7 >1.0 1.0 Gupte and Webb [6]

GEWA-K Gaps R-114 2.2 >1.0 >1.0 Memory et al. [7]

R-114 2.2 >1.0 >1.0 Memory et al. [7]

Turbo-B Pores R-11 4.4 1.0 1.0 Gupte and Webb [6]

R-123 26.7 1.0 1.0 Gupte and Webb [6]

Porous R-114 2.2 1.0 1.0 Memory et al. [7]

Coated R-113 47.6 1.0 1.0 Fujita et al. [8]
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may also serve routes for the passage of two-phase

mixtures, and enhance the boiling heat transfer. In their

pool boiling study, Kim and Choi noticed that the op-

timum pore size differed for different refrigerants. We

expect a similar trend in a bundle. Up to now, however,

no investigation has been conducted on the effect of pore

size on the forced convective boiling. In this study, the

boiling characteristics in a bundle of enhanced tubes

were investigated focusing on the effect of pore diameter.

Obtained data are compared with existing convective

boiling models.

2. Sample tubes

The same tubes as those used for the previous pool

boiling test were used in this study. The surface geom-

etry is shown in Fig. 1. These tubes were made from low

integral fin tubes having 1654 fins/m with 1.3 mm fin

height, cutting small notches (0.9 mm depth) on the fins,

and then flattening the fins by a rolling process. The

resultant tube had triangular pores with connecting gaps

and gourd-shaped tunnels. Three tubes with different

pore size (and corresponding gap width) were made. The

pore size was varied by changing the pressure on the

rollers. The geometric dimensions of the surfaces are

listed in Table 2. The pore size in the table is represented

by the diameter of a circle inscribed in a triangle. The

geometric dimensions were measured from enlarged

photos taken at 20 different locations. The pore size and

the gap width were fairly uniform (�0:02 mm), and

those listed in Table 2 are the averaged values.

3. Experimental apparatus

A schematic drawing of the apparatus is shown in

Fig. 2, and thedetailed drawingof the test section is shown

in Fig. 3. The apparatus and the test section were made

similar to those used by Gupte andWebb [6]. Refrigerant

enters at the bottom of the test section at a known vapor

quality. Heat is supplied to the tubes in the tube bundle by

cartridge heaters. The two-phase mixture leaves the test

section and goes to the condensers. Three condensers

having 7.5 kW cooling capacity each are connected in

parallel. The sub-cooled liquid then passes through a

Fig. 1. Enlarged photos showing the present enhanced geometry: (a) cross-sectional view of the tunnel; (b) tube with dp ¼ 0:20 mm;

(c) tube with dp ¼ 0:23 mm; (d) tube with dp ¼ 0:27 mm.

Table 2

Geometric dimenions of the sample tubes

No. dp (mm) g (mm) Pp1 Pp2 Pf (mm) Ht (mm) Wt (mm)

1 0.20 0.04 0.71 0.374 0.605 0.54 0.25

2 0.23 0.07 0.71 0.384 0.605 0.54 0.25

3 0.27 0.10 0.71 0.400 0.605 0.54 0.25
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dryer, and goes to the magnetic pump having 1 gpm ca-

pacity. The mass flowmeter (Micromotion DN25S-SS-1)

is placed between the magnetic pump and the pre-heater

to measure the mass flow rate. Heat is supplied to the pre-

heater to obtain a known vapor quality. The two-phase

mixture enters the test section through the feeder tubes

located at the bottom of the tube bundle.

Heat input to the pre-heater determines the inlet

vapor quality, which can be controlled independently.

Since, the liquid loop is complete by itself, the mass flow

rate can be controlled independently. Finally, the heat

flux to the test tubes can be varied by regulating the line

voltage to tubes. Thus, the apparatus was designed to

control the vapor quality, mass velocity and heat flux

independently.

Figs. 3 and 4 show the details of the test section and

the instrumented tube, respectively. The enhanced tubes

were specially made from thick-walled copper tubes of

18.8 mm outer diameter and 13.5 mm inner diameter.

The length was 170 mm. Cartridge heaters of 13.45 mm

diameter and 180 mm long were inserted into the test

tubes. The heaters were specially manufactured to con-

tain 170 mm long heated section (same length as that of

the test tubes) and two 5 mm long unheated end sec-

tions. To minimize the heat loss, the unheated sections

were covered with Teflon caps and Teflon rings as il-

lustrated in Fig. 4. Before insertion, the heaters were

coated with thermal epoxy to enhance the thermal

contact with the tubes. The heaters were screwed into

the back flange of the test section to form a staggered

array of an equilateral triangular pitch of 23.8 mm. For

that purpose, the heaters were specially manufactured to

contain a male screw at one end. Heat was supplied to

all the tubes except for those at the bottom row – its role

was to develop flow in the tube bundle.

The instrumented tube was located at the center of the

fifth row from the bottom. Fig. 4 shows the cross-section

of the instrumented tube. The same tubes as those used

by Kim and Choi [9] for the pool boiling test were used in

the present study. The tubes have four thermocouple

holes of 1.0 mm drilled to the center of the tube. Copper-

constantan thermocouples of 0.3 mm diameter per wire

were inserted into the holes to measure the tube wall

temperature. Before insertion, the thermocouples were

coated with a thermal epoxy (Chromalox HTRC) to

provide good thermal contact with the tube wall. The

thermal conductivity of the epoxy is close to that of

aluminum. The steady state heat conduction equation

was used to correct for the conduction temperature drop

between the thermocouple and the boiling surface.

Saturation temperatures were measured at the top

and the bottom of the tube bundle. Calibrated pressure

transducers were also used to measure the saturation

pressure at the same location. During the experiment,

the saturation temperature calculated from the mea-

sured pressure was compared with the measured tem-

perature, and they agreed within 0.2 �C. The measured

Fig. 2. Schematic drawing of the experimental apparatus.

Fig. 3. Detailed drawing of the test section.

Fig. 4. Detailed sketch of the instrumented tube.
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temperatures were used for data reduction. For con-

vective boiling, the saturation temperature decreases

along the flow passage due to the pressure loss. For the

present experiment, the decrease was on the order of

0.5 �C. The saturation temperature at the instrumented

tube was determined by linear interpolation of the top

and bottom temperatures.

4. Experimental procedures

Before beginning the experiment, the apparatus was

checked for possible leakage. The apparatus was kept

under vacuum for 24 h, and the pressure rise was less

than 10 kPa. While charging the system, a small amount

of refrigerant was first introduced into the system. The

system was then evacuated by a vacuum pump. This

procedure was repeated several times before charging

the system. Liquid refrigerant was introduced into the

system from an inverted refrigerant drum to prevent any

trapped gas in the drum entering the system. The ab-

sence of non-condensable gases was further confirmed

by noting the agreement between the saturation tem-

perature and the measured pressure in the test section.

Convective and pool boiling data were taken using

R-123 and R-134a. For R-134a, data were taken at two

saturation temperatures, 4.4 and 26.7 �C. For R-123, we
could not steadily maintain 4.4 �C due to the limitations

of the test facility, and only 26.7 �C data were taken. The

mass flux was varied from 8 to 26 kg=m2 s, heat flux

from 10 to 40 kW=m2 and vapor quality from 0.1 to 0.9.

Data were taken first varying the vapor quality, and

then heat flux, and then mass flux, all in a decreasing

manner. The vapor quality at the instrumented tube

location was determined from Eq. (1):

x ¼ Qp þ NQH

_mmr

�
� cprðTp;sat � Tp;inÞ

�
: ð1Þ

Here, Qp is the heat supplied to the pre-heater, QH is the

heat supplied to a single heater in the test section, andN is

the number of active heaters upstream of the instrumen-

ted tube. The test section and the pre-heater were heavily

insulated to minimize the heat loss to the environment.

The heat transfer coefficient (h) was determined by

the heat flux ðq00Þ over wall superheat (Tw � Tsat). Cal-
culations of q00 and h were based on the envelope area,

defined by the heated length (170 mm) multiplied by the

tube outside perimeter. The input power to the heater

was measured by a precision watt-meter (Chitai 2402A)

and the thermocouples were connected to the data log-

ger (Fluke 2645A). The pressure transducers were also

connected to the data logger. The thermocouples and

the transducers were calibrated and checked for re-

peatability. The calculated accuracy of the temperature

measurement was �0:1 �C, heat flux measurement

�0:5%, mass velocity measurement �1% and vapor

quality measurement �2%. An error analysis was con-

ducted following the procedure proposed by Kline and

McClintock [10]. The uncertainty in the heat transfer

coefficient was estimated to be �2% at the maximum

heat flux (40 kW=m2) and �8% at a low heat flux

(10 kW=m2).

5. Results and discussion

5.1. Pool boiling in the bundle

Before running a convective boiling test, pool boiling

tests were conducted for one heated tube in a bundle. To

maintain the pool at a saturation condition, small

amount of heat (0.2 kW) was supplied to the pre-heater.

Increasing the pre-heater power to 0.5 kW did not affect

the pool boiling results for the present bundle geometry.

The present data (hnbb) are compared with the single tube
pool boiling data (hnbs) by Kim and Choi [9], and the

results are shown in Fig. 5. In the legend, the first nota-

tion denotes the pore size, the second one denotes the

refrigerant, and the last one denotes the saturation

temperature. The agreement is within �20% for most of

the data. Only one set of data (dp ¼ 0:20 mm, R-134a,

Tsat ¼ 4:4 �C) show approximately 25% difference. Gupte

and Webb [6] compared their bundle pool boiling data

with the single tube pool boiling data by Webb and Pais

[11], and reported �25% agreement for most of the data.

For certain cases (GEWA-SE for R-123 and Turbo-B for

R-11), however, they noticed 20–50% discrepancy.

5.2. Convective boiling in the smooth tube bundle

Prior to the tests on enhanced tube bundles, tests

were conducted on a smooth tube bundle. To obtain

Fig. 5. The present pool boiling data (one heated tube in a

bundle) compared with those by Kim and Choi [9] (single tube

in a pool).
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consistent results, the same smooth tube as that used by

Kim and Choi [9] for the pool boiling test was used as

the instrumented tube. In Fig. 6, boiling heat transfer

coefficients are plotted against vapor quality for three

different mass fluxes. Refrigerant used was R-134a and

the saturation temperature was 4.4 �C. Each figure

contains dotted lines, which represent the pool boiling

heat transfer coefficients at the same heat flux. The pool

boiling data shown in the figures are those obtained

from the present apparatus. The maximum vapor

quality that could be achieved in each experiment was

limited by the experimental facility. For example, when

the mass velocity was high, the maximum vapor quality

obtained was approximately 0.5. If the heat input to the

pre-heater had been increased, the saturation tempera-

ture would have increased, due to the limitations on the

condenser of the present facility.

Fig. 6 shows that the heat transfer coefficient in-

creases as the heat flux increases, and is almost inde-

pendent on the vapor quality. Only at the high mass flux

(G ¼ 26 kg=m2 s) combined with low heat flux

ðq00 ¼ 10 kW=m2Þ, is the heat transfer coefficient affected
by the vapor quality. The independency of the heat

transfer coefficient on the vapor quality is different from

the general trend observed in an in-tube convective

boiling. For in-tube boiling, the heat transfer coefficient

increases as the vapor quality increases up to

x ¼ 0:8 to 0:9, mainly due to the thinning of the annular
film on the tube wall. The flow regime of the present

study was checked using the flow regime map by Ulbrich

and Mewes [12], which was developed from the air–

water data in a tube bundle. The data were in a bubbly

or in an intermittent flow regime. The photos taken

during the tests also supported the finding. One notable

thing from Ulbrich and Mewes’ study is that an annular

flow, which prevails over the quality for an in-tube flow,

was not observed for the tube bundle flow. The inde-

pendency of the heat transfer coefficient on the vapor

quality is believed to be related with the flow pattern in

the bundle. Inspection of Fig. 6 shows that the effect of

mass velocity is not significant. The mass velocity effect

is known to be significant only at a low heat flux com-

bined with a high mass velocity [13]. The range of the

present mass velocity (8–26 kg=m2 s) was chosen con-

sidering the operation range of a refrigeration chiller [6].

Data taken at 26.7 �C saturation temperature are

compared with those taken at 4.4 �C in Fig. 7. The mass

flux is 26 kg=m2 s. Data show approximately same

Fig. 6. Convective boiling heat transfer coefficients of the smooth tube bundle for R-134a at Tsat ¼ 4:4 �C: (a) G ¼ 8 kg=m2 s;

(b) G ¼ 17 kg=m2 s; (c) G ¼ 26 kg=m2 s.
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trends on vapor quality and heat flux except that the

heat transfer coefficient is higher at 26.7 �C. A higher

pool boiling heat transfer coefficient at 26.7 �C [9] is

believed to be responsible for the higher convective

boiling heat transfer coefficient. The R-123 data are

shown in Fig. 8. For R-123, data were taken at 26.7 �C
because of the limitation on the condenser capacity.

Similar trend – weak dependency on vapor quality and

mass flux – is noticed except at a low mass flux, where

the heat transfer coefficient slightly increases as the

vapor quality increases.

The enhancement by convective effect in a bundle

was defined by the bundle factor (hb=hnbb: convective
boiling heat transfer coefficient divided by the pool

Fig. 8. Convective boiling heat transfer coefficients of the smooth tube bundle for R-123 at Tsat ¼ 26:7 �C: (a) G ¼ 8 kg=m2 s;

(b) G ¼ 17 kg=m2 s; (c) G ¼ 26 kg=m2 s.

Fig. 7. Convective boiling heat transfer coefficients of the smooth tube bundle for R-134a at G ¼ 26 kg=m2 s: (a) Tsat ¼ 4:4 �C;
(b) Tsat ¼ 26:7 �C.
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boiling heat transfer coefficient), and is tabulated in

Table 3. The hb has been averaged on vapor quality, and
hnbb was obtained from the pool boiling test. Table 3

shows that, for the smooth tube bundle, most of the

bundle factors are larger than 1.0, which indicates the

importance of the convective contribution. The con-

vective effect is seen to be more prominent at lower heat

fluxes. The average bundle factors listed in the last col-

umn indicate that the effect of mass velocity is not sig-

nificant. Comparing the bundle factors of R-134a and

R-123, one may conclude that the convective effect is

stronger for R-123. This trend is reversed for the en-

hanced tube bundle. Possible explanation will be pro-

vided in Section 5.3.

5.3. Convective boiling in enhanced tube bundles

The convective boiling data for the bundle of en-

hanced tubes were obtained for two different refrigerants

(R-123, R-134a) at two different saturation temperatures

(4.4 �C, 26.7 �C). Tubes having different pore size

(dp ¼ 0:20, 0.23, 0.27 mm) were tested, and the results

are shown in Figs. 9–13. Fig. 9 shows the data taken for

the tube having the largest pores (dp ¼ 0:27 mm). The

saturation temperature is 4.4 �C, and the refrigerant is

R-134a. A similar trend to the smooth tube bundle –

weak dependency on vapor quality and mass flux – is

noticed. Only at low heat flux, does the heat transfer

coefficient slightly increase as the vapor quality in-

creases. Data taken at 26.7 �C are compared with those

taken at 4.4 �C in Fig. 10. The mass flux is 26 kg=m2 s.

Both figures show a similar trend except that the heat

transfer coefficients are higher at 26.7 �C. The R-123

data are shown in Fig. 11. For R-123, data were taken at

26.7 �C. Similar trend – weak dependency on vapor

quality and mass flux – is noticed.

Figs. 12 and 13 show the effect of pore size. In Fig. 14,

R-134a data at 4.4 �C and 26 kg=m2 s are shown. Fig.

12 indicates that the highest heat transfer coefficient is

obtained for the tube bundle having the largest pore

diameter (dp ¼ 0:27 mm). The geometry also yielded the

highest pool boiling heat transfer coefficient [9]. In

Fig. 13, R-123 data are compared. The saturation tem-

perature is 26.7 �C and the mass flux is 26 kg=m2 s.

Different from R-134a, the highest bundle heat transfer

coefficient is obtained for the interim pore size

(dp ¼ 0:23 mm). The pore size also yielded the highest

pool boiling heat transfer coefficient for R-123 [9]. This

point is more clearly illustrated in Fig. 14, where the

heat transfer coefficients are plotted as a function of

pore diameter. Both the bundle and the pool boiling

heat transfer coefficients show a similar trend. For R-

134a, the heat transfer coefficient increases as the pore

diameter increases, which suggests that optimum pore

diameter may be larger than 0.27 mm. More investiga-

tion is needed to clarify this.

The bundle factors are calculated from the data, and

are listed in Table 3. Table 3 indicates that the bundle

Table 3

Summary of bundle factors of the present study

Tube Refrigerant Tsat
ð�CÞ

G

(kg=m2
s)

Bundle factor (hb=hnb) kW=m2

10 20 30 40 Avg.

4.4 8 1.27 1.10 1.07 1.98 1.11

17 1.29 1.09 1.07 1.00 1.11

R-134a 26 1.27 1.09 1.07 1.02 1.11

Smooth 26.7 26 1.15 1.15 1.15 1.13 1.14

8 2.00 1.42 1.30 1.24 1.49

R-123 26.7 17 1.87 1.40 1.19 1.15 1.40

26 1.86 1.32 1.18 1.45

dp ¼ 0:27 mm 4.4 8 1.09 1.13 1.10 1.04 1.09

17 1.08 1.02 1.01 1.04

R-134a 26 1.21 1.14 1.11 1.06 1.13

26.7 26 1.19 1.14 1.17 1.17

8 1.16 1.07 1.03 1.09

R-123 26.7 17 1.19 1.09 1.02 1.10

26 1.18 1.09 1.05 1.05 1.09

dp ¼ 0:23 mm 4.4 26 1.30 1.14 1.05 1.07 1.14

R-134a 26.7 26 1.28 1.13 1.05 1.09 1.14

R-123 26.7 26 1.02 1.03 1.01 1.03 1.02

dp ¼ 0:20 mm 4.4 26 1.26 1.15 1.13 1.16 1.17

R-134a 26.7 26 1.33 1.25 1.33 1.26 1.29

R-123 26.7 26 1.15 1.09 1.06 1.01 1.08
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factors of the enhanced tubes are larger than 1.0. As

discussed previously, the present tubes have pores and

connecting gaps. For the pore-only tube such as Turbo-

B, Gupte and Webb [6] obtained the bundle factor not

larger than 1.0. The gaps of the present tubes may have

served routes for the passage of two-phase mixtures, and

enhanced the boiling heat transfer.

Comparing the bundle factors at 26.7 and 4.4 �C, one
may conclude that higher the saturation temperature

goes, larger the bundle factor becomes. The reason may

Fig. 9. Convective boiling heat transfer coefficients of the enhanced tube bundle (dp ¼ 0:27 mm) for R-134a at Tsat ¼ 4:4 �C:
(a) G ¼ 8 kg=m2 s; (b) G ¼ 17 kg=m2 s; (c) G ¼ 26 kg=m2 s.

Fig. 10. Convective boiling heat transfer coefficients of the enhanced tube bundle (dp ¼ 0:27 mm) for R-134a at G ¼ 26 kg=m2
s:

(a) Tsat ¼ 4:4 �C; (b) Tsat ¼ 26:7 �C.
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be attributed to the improved pool boiling heat transfer

performance at a higher saturation temperature [9]. More

bubbles will be generated at a higher saturation temper-

ature, which will lead to enhanced convective contribu-

tion. Table 3 shows that, for enhanced tube bundles,

bundle factors for R-123 are smaller than those for R-

134a. For the smooth tube bundle, the trend is reversed.

The implication of bundle factor is the convective con-

tribution, and will be strongly related with the bubble

behavior on thewall.Generally, bubbles get smaller as the

reduced pressure gets larger. The reduced pressure of R-

123 is much smaller than that of R-134a, and the bubble

size will be larger for R-123. Calculation using Cole’s [14]

model yielded that the bubble departure diameter

(db ¼ 0:3 mm) forR-123 is approximately six times larger

than that (db ¼ 0:05 mm) for R-134a at Tsat ¼ 26:7 �C.
The bubble generation frequency for R-134a is approxi-

mately five times larger than that for R-123. It is likely

that a bubble diameter has more influence to the bundle

factor than a bubble frequency. Larger bubbles will in-

duce stronger convection currents, and thus yield larger

bundle factor. This may explain why the bundle factor is

larger for R-123 for the smooth tube bundle.

Different from the smooth tube, where bubbles are

generated on the tube wall, bubbles are generated from

the pores for enhanced tubes. The pore-generated bub-

bles are reported to have approximately the same size

irrespective of refrigerants [15]. In addition, for a pored

tube, the latent heat flux ratio (latent heat flux to the

total heat flux) for R-134a is much greater than that for

R-123 [16]. Greater latent heat will yield more bubbles.

These will lead to larger bundle factors for R-134a for

enhanced tube bundles. One more thing to note from

Table 3 is that the pore diameter (or the corresponding

gap width) does not have a discernable effect on the

bundle factor. The range of gap width of the present

tubes is from 0.04 to 0.1 mm.

In Fig. 15, the heat transfer coefficients of the pre-

sent tubes are compared with those of other enhanced

tubes [6]. The GEWA-SE is a gapped tube having 1062

fins/m, and Turbo-B is a pored tube having 1654 fins/m.

The gap size of GEWA-SE or the pore size of Turbo-B

is not provided in the paper [6]. The present enhanced

tubes have 1654 fins/m. Fig. 15 indicates that the pre-

sent tubes yield higher convective boiling heat transfer

coefficients.

Fig. 11. Convective boiling heat transfer coefficients of the enhanced tube bundle (dp ¼ 0:27 mm) for R-123 at Tsat ¼ 26:7 �C:
(a) G ¼ 8 kg=m2 s; (b) G ¼ 17 kg=m2 s; (c) G ¼ 26 kg=m2 s.
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5.4. Correlation of data

Contrary to the convective boiling in tubes, where a

wide choice of correlations is available, the choice of

correlations for tube bundles is very limited. Gupte and

Webb [9] suggested that two models – the modified Chen

model and the asymptotic model – are applicable to the

convective boiling in a bundle. The modified Chen

model adds the convective evaporation coefficient and

the nucleate boiling coefficient to obtain the convective

boiling coefficient:

h ¼ Shnb þ Fhl: ð2Þ

Here, hl is the liquid-phase heat transfer coefficient, hnb
is the nucleate boiling component, F is the two-phase

convective multiplier and S accounts for the suppression

due to forced convection. The hl term was calculated

using the Zukauskas et al. [17] correlation as follows:

Nul ¼ 0:675Re0:5l Pr0:36l ðPrl=PrwÞ0:25: ð3Þ

The constant 0.675 and the Reynolds number expo-

nent 0.5 are recommended by Zukauskas et al. for the

present Reynolds number range. The hnb term was ob-

tained from the curve-fits of the pool boiling data at the

same wall super-heat. For the F factor, Gupte and Webb

[6] suggest the Bennet and Chen [18] expression modified

for tube bundles:

F ¼ /2
l ðPrl þ 1Þ

2

� �C2

; ð4Þ

where C2 is given by

C2 ¼
m

2� b
ð5Þ

in which, m is the Reynolds number exponent in the

Nusselt number correlation (Zukauskas et al. correla-

tion) and b is the Reynolds number exponent in the

Blasius-type correlation for the friction factor. For the

present test range, m ¼ 0:5, b ¼ 0:474, which yield

C2 ¼ 0:327. The /2
l is the two-phase friction multiplier

given by Ishihara et al. [19] as follows:

/2
l ¼ 1þ 8

Xtt
þ 1

X 2
tt

: ð6Þ

Fig. 12. Convective boiling heat transfer coefficients of the enhanced tube bundle for R-134a at Tsat ¼ 4:4 �C;G ¼ 26 kg=m2 s showing

the effect of pore size: (a) dp ¼ 0:27 mm; (b) dp ¼ 0:23 mm; (c) dp ¼ 0:20 mm.

N.-H. Kim et al. / International Journal of Heat and Mass Transfer 45 (2002) 2449–2463 2459



In Eq. (6), Xtt is the Martinelli parameter given by

Xtt ¼
1� x
x

� �0:9 qg

ql

� �0:5 ll

lg

 !0:1

ð7Þ

For the suppression factor S, Gupte and Webb [9]

suggest S ¼ 1 (no suppression) for enhanced tube

bundles. They claimed that the nucleate boiling ac-

tivity is governed by the sub-surface cavities for en-

hanced tubes, and thus these tubes are less likely to be

Fig. 13. Convective boiling heat transfer coefficients of the enhanced tube bundle for R-123 at Tsat ¼ 26:7 �C;G ¼ 26 kg=m2 s showing

the effect of pore size: (a) dp ¼ 0:27 mm; (b) dp ¼ 0:23 mm; (c) dp ¼ 0:20 mm.

Fig. 14. Graphs showing the effect of pore diameter: (a) convective boiling; (b) pool boiling.
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susceptible to external flow conditions. For a smooth

tube bundle, however, the thermal boundary layer on

the tube will get thinner as the vapor quality increases,

and the boiling is likely to be suppressed. Webb and

Chien [20] suggested the suppression factor by Bennet

et al. [21] for the smooth tube bundle, which is as

follows:

S ¼ kl
FhlX0

� �
1

�
� exp

�
� FhlX0

kl

��
; ð8Þ

X0 ¼ 0:041
r

gðql � qgÞ

" #0:5
: ð9Þ

Fig. 16 shows that the modified Chen model predicts

the present data reasonably well. The mean deviation

(MD) is )9.9% with 44.5% of data predicted within

�10%, and 75.8% of data predicted within �20%. The
root mean square error (RMSE) is 14.3%. The MD and

RMSE are defined as

MD ¼
PN

1 ½ðhpred � hexpÞ=hexp	
N

; ð10Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
1 ½ðhpred � hexpÞ=hexp	2

N

s
; ð11Þ

where hpred and hexp are the calculated and the experi-

mental heat transfer coefficients, respectively.

The asymptotic model is given by the following ex-

pression:

h ¼ Fhlð Þn
�

þ hnnb
1=n

; ð12Þ

where n is called the order of the asymptotic model. The

asymptotic model is generally used assuming S ¼ 1,

since the exponent n, which best fits the data, is chosen.

The F factors are backed out from all the data using the

following equation:

F ¼ ðhn � hnnbÞ
1=n

hl
: ð13Þ

Fig. 15. Convective boiling heat transfer coefficients of the present enhanced tubes compared with those from other sources:

(a) R-134a; (b) R-123.

Fig. 16. The present data compared with existing models.
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These F factors are then correlated in the following form:

F ¼ C1

/2
l ðPrl þ 1Þ

2

� �C2

: ð14Þ

The F factor correlation is then used to calculate the

MD and RMSE. This procedure has been repeated for

several values of n. The best correlation was obtained for
n ¼ 1 yielding C1 ¼ 2:70 and C2 ¼ 0:202. Gupte and

Webb [6] obtained n ¼ 3 for the GEWA-SE and Turbo-

B bundles. If n ¼ 1, the asymptotic model has the same

form as the modified Chen model. However, F factor

correlations are different. For the modified Chen model,

C1 ¼ 1:0 and C2 ¼ 0:327. For the asymptotic model, C1

and C2 are backed out from the experimental data.

Therefore, better correlation is expected for the asymp-

totic model. In Fig. 16, the present data are compared

with the predictions by the asymptotic model with n ¼ 1.

The MD is )0.4% and RMSE is 12.7%. The model

predicts 55.6% of data within �10%, and 91.0% of data

within �20%.

6. Conclusions

In this study, convective boiling tests were conducted

for enhanced tube bundles. The surface geometry con-

sists of pores and connecting gaps. Tubes with three

different pore size (dp ¼ 0:20, 0.23 and 0.27 mm) were

tested using R-123 and R-134a for the following range:

8 kg=m2 s6G6 26 kg=m2 s, 10 kW=m2
6 q6 40 kW=

m2 and 0:16 x6 0:9. Listed below are major findings:

1. The convective boiling heat transfer coefficients are

strongly dependent on heat flux with negligible de-

pendency on mass flux or quality.

2. The convective effect is apparent for the present en-

hanced geometry. The gaps of the present tubes

may have served routes for the passage of two-phase

mixtures, and enhanced the boiling heat transfer.

3. At a higher saturation temperature, the convective ef-

fect is more pronounced. More bubbles will be gener-

ated at a higher saturation temperature, which will

lead to enhanced convective contribution.

4. The pore size where the maximum heat transfer coef-

ficient is obtained is larger for R-134a

(dp ¼ 0:27 mm) compared with that for R-123

(dp ¼ 0:23 mm). This trend is consistent with the pre-

vious pool boiling results.

5. For the enhanced tube bundles, the convective effect

is more pronounced for R-134a than for R-123.

The trend is reversed for the smooth tube bundle.

Possible reasoning is provided based on the bubble

behavior on the tube wall.

6. The present enhanced tubes yield higher convective

boiling heat transfer coefficients compared with exist-

ing enhanced tubes.

7. Both the modified Chen and the asymptotic model

predict the present data reasonably well. The RMSEs

are 14.3% for the modified Chen model and 12.7% for

the asymptotic model.
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