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Condensation Heat Transfer Correlation
for Smooth Tubes in Annular Flow Regime
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Condensation heat transfer coefficients in a 7.92 mm inside diameter copper smooth tube were
obtained experimentally for R22, R134a, and R410A. Working conditions were in the range of
30-40°C condensation temperature, 95-410 kg/m? mass flux, and 0.15-0.85 vapor quality. The
experimental data were compared with the eight existing correlations for an annular flow re-
gime. Based on the heat-momentum analogy, a condensation heat transfer coefficients corre-
lation for the annular flow regime was developed. The Breber et al. flow regime map was used
to discern flow pattern and the Muller-Steinhagen & Heck pressure drop correlation was used
for the term of the proposed correlation. The proposed correlation provided the best predicted
performance compared to the eight existing correlations and its root mean square deviation was
less than 8.7%.
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Nomenclature

A Heat transfer surface area [m?] . Thermal conductivity of fluid [W/mK]

k
¢» : Specific heat of fluid at constant pressure L - Test section length [m]
[J/kg K] m . Mass flow rate [kg/s]
N

D Tube diameter [m] . Total number of data [dimensionless]

dP : Pressure drop [N/m?] Nu : Nusselt number [dimensionless]

dz ' Distance along the flow direction [m] Pr [ Prandtl number [dimensionless]

G Mass flux [kg/m?] Pr, : Turbulent Prandtl number [dimensionless]

h  Heat transfer coefficients [W/m?*K] €  Heat transfer rate [W]

/ . Enthalpy [J/kg] Regq: Equivalent Reynolds number [dimension-
less]

* Corresponding Author, T : Temperature [C]

E-mail : kjlee@korea.ac.kr

TEL : +82-2-3290-3359; FAX : +82-2-928-9768
Department of Mechanical Engineering, Korea Uni-
versity, Seoul, 136-701, Korea. (Manuscript Received x . Vapor quality [dimensionless]

December 14, 2005; Revised April 25, 2006) y . Distance measured from the duct wall [m]

. Fluid average axial velocity [m/s]
u: . Turbulent friction or shear velocity [m/s]
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+

y* . Wall coordinate [dimensionless]

Greek symbols
@ . Thermal diffusivity [m?/s]

B Void fraction [dimensionless]

0 : Liquid film thickness [m]

A . Difference [dimensionless]

&n . Eddy thermal diffusivity for turbulent flow
[m?/s]

eém . Eddy kinematic viscosity for turbulent flow
[m?/s]

¢ . Viscosity [kg/m s]

v . Kinematic fluid viscosity [m?/s]

o . Density [kg/m®]

T . Shear stress [N/m?]

Subscripts

¢ ! Critical

exp . Experimental

. Refrigerant
g . Gas phase
i . linside
in  Inlet

1 > Liquid phase
0o Outside

out : Outlet

pre . Pre-heater
pred . Predicted value
ts . Test section

w . Wall or water

1. Introduction

Due to the substitution of traditional refri-
gerants and the development of compact size heat
devices, existing heat transfer correlations must
be modified or new correlations should be pro-
posed for new refrigerants with consideration of
the characteristics of millimeter scale tubes. For
smaller tubes, relative magnitudes of gravity, shear,
and surface tension forces are significantly differ-
ent from larger tubes and these differences play an
important role. Most of promising alternatives
are the mixture of two more refrigerants. General-
ly, the existing correlations do not show reliable
prediction performances for the alternative refri-
gerants. According to recent studies, the Kosky &
Staub correlation (1971) and the Dobson & Chato

model (1998) were recommended by Cavallini et
al.(2001) and Smit et al.(2002), respectively.
Jung et al.(2004) compared six different models
to their own experimental data and reported that
those correlations showed similar predicted re-
sults. Above recent results show that it is needed
to evaluate the existing correlations for alterna-
tive refrigerants in millimeter scale tubes. In this
work, condensation heat transfer coefficients in a
7.92 mm inside diameter smooth tube were ob-
tained experimentally for R22, R134a, and R410A.
Acquired experimental data in the annular flow
regime were compared with the eight existing cor-
relations. A new condensation heat transfer cor-
relation for the annular flow regime was proposed
with the heat-momentum analogy.

2. Experiment

2.1 Experimental apparatus and procedures

Figure 1 shows the schematic diagram of the
whole system. The experimental system was made
up of two independent loops, i.e., a low tempera-
ture cooling water loop in annulus and a high
temperature refrigerant loop inside the tube. The
refrigerant loop was composed of a magnetic gear
pump, a mass flow meter, a vapor quality control
heater, and a chiller. The mass flow rate of the re-
frigerant was controlled by a magnetic gear pump
and valves. A mass flow meter was located be-
tween a filter and a vapor quality control heater
and measured the mass flow rate of the subcooled
refrigerant. The subcooled refrigerant was heated
by the vapor quality control heater to acquire a
predetermined inlet vapor quality before entering
the test section. Through the pre-tests with water,
the amount of heat gained from the vapor quality
control heater was correlated to the voltage input.
The two-phase refrigerant entered the test section
and was condensed. Afterwards, the refrigerant
was subcooled by the chiller and went into a li-
quid receiver. The condensing pressures and tem-
peratures of the refrigerants in the system were
determined by adjusting the flow rates and the tem-
peratures of the water in the chiller. Finally, the
subcooled refrigerant was re-circulated through
the refrigerant loop.
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The cooling water loop was composed of a cool-
ing water bath, a volumetric flow meter, and a
pump. The cooling water was pumped to the cir-
cular-tube annulus. The heat of condensation was
removed by constant temperature water from the
temperature controlled water bath. The difference
of temperature between the refrigerant and cool-
ing water (averaged value of inlet and outlet tem-
peratures) was maintained as a specific value (15+
0.5°C) during the experiments. The volumetric flow
meter was used to measure the flow rates of the
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cooling water.

The test section is shown in Figure 2. The test
section was a horizontal double-pipe heat ex-
changer. The refrigerant flowed in the inner tube
and the cooling water flowed counter currently in
the annulus removing the condensing heat of the
refrigerant. The inner tube material is copper. The
effective heat transfer length was 1000 mm. A 7.92
mm inside diameter copper tube and a 19 mm
inner diameter acryl tube was used as a circular-
tube annulus. A straight tube of 1700 mm in
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Fig. 1 Schematic diagram of test facility
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length was placed to stabilize the flow before
the refrigerant entered the test section. The inlet
and outlet temperatures of working fluids in the
tube-in-tube heat exchanger were recorded by 4
T-type thermocouples. Another 4 T-type thermo-
couples were soldered on top, bottom, right and
left sides of copper tube to measure the copper
tube wall temperature. The location of 4 thermo-
couples was in the center of test section. The heat
exchanger was well insulated with the glass fiber
and rubber material of 15 cm radial thickness.
For the pretest runs, the heat loss calculated from
the energy balances between the inner side and
the annulus narrows within 3% of the total heat
transfer rate. The sight glasses were mounted at
the inlet and outlet of the test section to visualize
the flow. R22, R134a, and R410A were used as
working fluids. Experimental data were obtained
in the range of 95-410 (kg/m?%), 0.15-0.85 vapor
quality, and 30-40°C condensation temperature.
Uncertainties were +2.6% for the mass flow rate
of water, £2.3% for the mass flux of refrigerant,
+3.3% for the heat flux of the test section, =4.1%
for the vapor quality, and £10.3% for the local
Nusselt number. Detail description for experi-
mental apparatus and procedures can be found in
reference (Han and Lee, 2005).

2.2 Heat transfer data reduction

By measuring the temperature and pressure in
front of the vapor quality control heater (pre-
heater) in subcooled state, enthalpy in front of the
vapor quality control heater, 75 (J/kg), could be
obtained. Then, test section inlet enthalpy, 7,
(J/kg), could be calculated from the heat input of
the vapor quality control heater, Qpre (W), and
refrigerant mass flow rate, me, (kg/s).

~

lis,n=1Lpre T Qpre/ my ( 1

The condensing heat transfer rates in the test sec-
tion, @:;s (W), were obtained by the temperature
difference in the cooling water, A T3, and specific
heat of fluid at constant pressure, ¢p,» (J/kg K).

Qts:mLucp,wA Tw (2)

Enthalpy at test section outlet, 7,0 (J/kg), was
calculated from Eq. (3).

Uis,out = lts,in— Qts/ my (3>

With the calculated enthalpy, test section inlet
vapor quality, Xs,n, Was given by

Xts,in— (izs,in—il>/izg (4>

where, 7; is liquid phase enthalpy and 7, is the
enthalpy difference between liquid and vapor
phase.

The change of refrigerant quality inside the
tube, Ax, was evaluated from Eq. (5).

AX =X 15, Xts,0ut = Qts/mf' l.lg (5>

Then, the average of the quality in the test section,
X, Was given by

thZth,m_Ax/z (6>

Average tube outside wall temperature, 73,0, Was
obtained by taking the mean of the left, Tuw,er:
(K), right, T, rigne (K), top, Tw,op (K), and bot-
tom, Tuw,sottom (K), wall temperatures.

Tw,a: ( Tw,top‘l' Tw,battam"’ Tw,left + Tw,right> /4 (7>

Tube inside wall temperature, Ty,; (K), could be
obtained as follows

Tw,z’: Tw,o + Qts In (Do/Dz‘) /zﬂkL (8>

where, D, (m) is the tube outside diameter, D;
(m) is the tube inside diameter, 2 (W/m K) is the
thermal conductivity of fluid, and L is the test
section length.

Heat transfer coefficients, # (W/m? K), were
calculated from heat transfer rate, the averaged
value of inlet and outlet refrigerant temperature,
T, (K), and tube inside surface area, A (m?).

h=Qus/A(Ty— Tuw.) 9)
3. Results and Discussion

3.1 Evaluation of the existing correlations

Breber et al.(1980) proposed the simplest flow
regime map which was dependent on the di-
mensionless vapor mass velocity and Lockhart-
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Martinelli parameter (X;,). With the Breber et al.
flow regime map (Breber et al., 1980), heat trans-
fer data in the annular flow regime were selected.

Table 1 shows the deviation of existing corre-
lations. The r.m.s. means the root mean square
deviation and the m.d. means the arithmetic mean
deviations. Those deviations are defined as fol-

lows.
_ | < dataprea—dataexo
m.d.= N 2 ddtaexp <10>
_ /1 «( dataprea—dataexy >2
r.m.s.—\/N 2( dataes (11)

Generally, the Tandon et al.(1995), the Dobson
and Chato (19988), the Cavallini & Zecchin
(1974), the Shah (1979), the Fujii (1995) corre-
lations over predicted more than 15%. On the
other side, the Akers et al.(1959) and the Kosky &
Staub (1971) correlations slightly under predict-
ed. The Kosky & Staub correlation (1971) show-
ed the best predicting results among correlations.
The Akers et al.(1959) correlation also showed
relatively good predicting performance within
20% r.m.s. deviations.

Table 1 also shows the deviation for refrigerants.
The Traviss et al. correlation (1972), Shah (1979),
and Akers et al. (1959) showed the best results for
R22, R134a, and R410A, respectively. For R22,
The Cavallini & Zecchin (1974), the Dobson and
Chato (1998), and the Tandon et al.(1995) cor-
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relations showed over predicted performance over
20%. The Akers et al.(1959) and the Kosky &
Staub (1971) correlations under predicted more
than 10% for R134a. The most accurate model
was different as refrigerant. Therefore, reliable
condensation heat transfer correlation should be
proposed.

3.2 Development of condensation heat
transfer correlation

The annular flow regime is dominant flow pat-
tern in condensers. Therefore, the prediction of
heat transfer in the annular flow regime is signif-
icant to design heat exchangers. In this section, a
semi-empirical condensation heat transfer corre-
lation will be developed with the heat-momentum
analogy. To apply the momentum-heat transfer
analogy to the liquid layer, some reasonable as-
sumptions were needed.

Assumptions

(1) The liquid film thickness is uniform around
the tube periphery in the annular flow regime
because of the greater influence of shear force.

(2) Since the vapor core is very turbulent, ra-
dial temperature gradients are neglected, and the
temperatures in the vapor core and at the liquid-
vapor interface are assumed to be equal to the
saturation temperature.

(3) The flow in liquid phase is incompressible.

(4) The flow is steady.

Table 1 Deviation of correlations

Refrigerants R22 R134a R410A C?;;élll)n‘ Total
Deviations (%) md. rms. | md. rms. | md. rms. | md. rms. | md. rms.
Akers et al.(1959) —-179 9.7 |—14.8 15.3 0.4 58| —5.0 159 =55 15.9
Shah (1979) 13.7 15.1 0.8 73| 239 257 18.1 27.4 169 274
Traviss et al.(1972) 5.1 78| —4.6 8.8 12.3 17.0 11.6  23.1 9.9 231
Cavallini & Zecchin (1974) 219 233 8.5 122 337 348 254 330| 246 33.0
Dobson & Chato (1998) 26.1 27.6 15.3 1771 395 404| 267 326 269 326
Kosky & Staub (1971) —3.7 69 |—11.6 13.3 3.7 78| —6.2 12.7 | —5.5 12.7
Tandon et al.(1995) 552 569 50.3 516 | 432 440 51.6 539| 510 539
Fujii (1995) 204 252 7.7 13.7| 35.1 37.6 18.9  28.0 19.7  28.0
This work —0.7 54| —09 7.1 1.1 59| —1.2 85| —09 8.5
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(5) The liquid-vapor interface is smooth.

(6) Liquid droplet entrainment is neglected.

(7) The universal velocity distribution deve-
loped for steady and single-phase pipe flow is
applicable to the annular film.

(8) Turbulent Prandtl number (Pr.) is equal
to 0.85.

In the higher vapor velocity, there is apprecia-
ble entrainment of liquid. Physically this occurs
because the vapor has a sufficiently high velocity
to pick liquid up off the wall and transport it as
droplets in the vapor core. At these high mass
fluxes, the thickness of the liquid layer decreases
due to entrainment, and consequently the heat
transfer coefficient increases. According to Traviss
et al. (1972), this effect is not as large as one might
expect, because the main resistance to heat trans-
fer occurs in the laminar sub-layer, and liquid
removed from the turbulent zone does not in-
crease the heat transfer coefficient in direct rela-
tion to the amount of liquid removed.

With the exception of high qualities and high
mass fluxes, the liquid annulus is usually thicker
at the bottom of the tube than at the top. If the
flow is not too stratified, the overall effect of this
asymmetry on heat transfer is nullified by the
compensation effect of increased heat transfer in
the upper half of the tube and decreased heat
transfer in the lower half of the tube.

It is assumed that the momentum-heat transfer
analogy is applicable to the liquid layer.

From the definition of eddy kinematic viscosity
for turbulent flow, &, (m?/s), and the viscosity
v (m%/s),

stress, 7 (N/m?), molecular plus turbulent, can be

coefficient, the total apparent shear

expressed as

i=(y+em)% (12)

where, o (kg/m® is the density, # is the fluid
time average axial velocity (m/s), and v is the
distance measured from the tube wall (m).

Heat flux can be written with temperature gra-
(m?/s), and eddy ther-
mal diffusivity for turbulent flow, &, (m?/s).

oT
9 (13)

dient, thermal diffusivity, a

fq? ocpla+teh)=—

Then, introduce the non-dimensional liquid film
thickness, 07 (=
flow velocity, u* (=

u:/v) and the non-dimensional
u/u:) where,

urz\/% (14)

(%), as)

Where, pressure gradient along the flow direc-
tion, (dP/dz) sr is obtained by using the Muller-
Steinhagen & Heck pressure drop correlation (1986).
Recently, Ould Didi et al.(2002) recommended the
Muller-Steinhagen & Heck pressure drop correla-
tion (1986). The liquid film thickness, & (= (1—
B) D;/4) (m), was obtained from the Baroczy
void fraction, (3, correlation (1966). Koyama et

Tw—

al.(2004) recommended the Baroczy void fraction
correlation (1966) by comparing with their ex-
perimental observation.

Then, Eq. (13) can be written as

1 _ Tf_Tw,i:‘/()‘5+ ( V dy* (16)

T QA a+en) pCptts
After the rearrangement of the Eq. (16) and Prandtl
number,
s+
L: f dy (17)
h o (1/Pr+en/v) ocpu:

Split the integral of Eq. (17) into two parts cor-
responding to the viscous sub-layer and fully
turbulent region.

PCplUr _

Ye
h _l (Pr~ 1-I-eh/u v (18)

Pr_1+6h/u

In the viscous sub-layer, €,/v can be neglected
and 1/Pr also be neglected in the fully turbulent
region. &, can be expressed using the turbulent
Prandtl number

5h:5m/Prr (19)

Eq. (12) can be rearranged for the fully turbulent
region (e,>V).

T__ Ou
Then,
_T 0y _ 1T v 0y
=0 U o Wl out (21)
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For the fully turbulent flow, following universal

velocity distribution which is called as the law of

the wall can be used.
ut=25Iny*+5 (22)
Thus du™/dy* can be obtained as

|

Then, Eq. (19) becomes

En_ Em _ T 1 y* 1

v UPr: p 2 2.5 Pre

(24)

Because the liquid layer is very thin, assume that
TR 1 in the liquid layer, and then Eq. (24) can
be reformed with Eq. (14) for the fully turbulent
region.

En__&m _ ¥ 1
v  yPr; 25 Pr;

(25)

With Eq. (25) for the fully turbulent region, Eq.
(18) could be expressed as

— OCpUz
k Pryd+2.125In(8%/v3) (26)

Kays and Crawford (1993) suggested that turbu-
lent Prandtl number is 0.85 for the fully turbulent
region.

Finally, y& was correlated by using Prandtl
number, Pr, as follows

y$=2.855245.608 1/In Pr (27)

Deviations of proposed correlation were shown
in Table 1. Regardless of refrigerant, this newly
proposed correlation predicted well within £10%
r.m.s. deviation. Except R410A, this correlation
showed the best predicting results. Total r.m.s. de-
viation was 8.5%. In Fig. 3, experimental Nusselt
numbers and corresponding predicted values by
the proposed correlation at specific flow condi-
tion are shown in terms of equivalent Reynolds
number in annular flow regime. As stated above,
experimental data in annular flow regime were
selected by using Breber et al.(1980) flow pat-
tern map. The definitions of Nu and Regq are as
follows

Nu=—— (28)

_ GD[(1—=x) +x(0./05) *°]

RCEq 1

(29)

Because Regq increases with vapor quality and
mass flux, it can be found that heat transfer co-
efficient (Nu) increases with vapor quality and
mass flux in Fig. 3. Figure 3 also shows the pre-
dicted values by the proposed correlation at the
identical experimental condition. By the compari-
son of the experimental data and the predicted
values, it can be noticed that the correlation works
properly according to variables like physical pro-
perties, refrigerants, mass flux, and vapor quality.

Figure 4 shows the comparison between pre-
dicted condensation heat transfer coefficients by
this proposed correlation and experimental data.
Nearly all data were placed within =20%. Addi-
tionally, recent experimental data from Cavallini
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Fig. 3 Nu versus Regq in annular flow regime
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Fig. 4 Comparison between experimental data and
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et al.(2001) were compared to correlations. The
present correlation shows the best predictability

4. Conclusions

Condensation heat transfer coefficients in a
7.92 mm outside diameter smooth tube were ob-
tained experimentally. R22, R134a, and R410A
were used as working fluids. Experimental data
were obtained in the range of 30-40°C condensat-
ion temperature, 95-410 kg/m? mass flux, and
0.15-0.85 vapor quality. Experimental data were
compared with the eight existing correlations for
the annular flow regime.

Based on the heat-momentum analogy, a con-
densation heat transfer coefficients correlation in
the annular flow regime was proposed. The Breber
et al. flow regime map (1980) was used to classify
the flow pattern and the Muller-Steinhagen &
Heck pressure drop correlation (1986) was used
to predict the pressure drop term in the correla-
tion. Suggested correlation in this work was com-
pared to experimental data and it showed im-
proved predicting performance than the existing
correlations. Its root mean square deviation was
less than 8.5%.
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