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Abstract

Evaporation heat transfer characteristics of carbon dioxide (CO2) in a horizontal tube are experimentally investi-

gated. The test tube has an inner diameter of 6.0 mm, a wall thickness of 1.0 mm, and a length of 1.4 m. Experiments are

conducted at saturation temperatures of 5 and 10 �C, mass fluxes from 170 to 320 kg/m2 s and heat fluxes from 10 to 20

kW/m2. Partial dryout of CO2 occurs at a lower quality as compared to the conventional refrigerants due to a higher

bubble growth within the liquid film and a higher liquid droplet entrainment, resulting a rapid decrease of heat transfer

coefficients. The effects of mass flux, heat flux, and evaporating temperature are explained by introducing unique

properties of CO2, flow patterns, and dryout phenomenon. In addition, the heat transfer coefficient of CO2 is on av-

erage 47% higher than that of R134a at the same operating conditions. The Gungor and Winterton correlation shows

poor prediction of the boiling heat transfer coefficient of CO2 at low mass flux, while it yields good estimation at high

mass flux.

� 2003 Elsevier Science Ltd. All rights reserved.

Keywords: CO2; Evaporation heat transfer; Boiling; Dryout; Horizontal smooth tube

1. Introduction

Due to environmental concerns and corresponding

regulations, hydrofluorocarbon (HFC) refrigerant mix-

tures such as R410A have been considered as the pri-

mary replacements for R22, by far the most commonly

used refrigerant for air-conditioning applications. In

recent years, carbon dioxide (CO2) has been reintro-

duced as a possible R22 replacement because CO2 nat-

urally exists in the atmosphere and has a lower global

warming potential (GWP) than HFCs. The potential

applications of CO2 include heat pump water heaters,

mobile air conditioners and heat pumps, and military

environmental control units.

Recent research related with CO2 heat exchangers

has been focused on the acquisition of heat transfer data

and the development of a heat transfer correlation

during the evaporation and gas cooling processes. Bre-

desen et al. [1] measured the boiling heat transfer coef-

ficients of CO2 in a 7.0 mm inner diameter tube by

varying heat flux, mass flux, and saturation temperature.

They observed that dryout occurred only at an evapo-

ration temperature of 5 �C. They also found that the

heat transfer coefficient significantly increased with a rise

of heat flux in the low-quality region, but the effects of

mass flux were relatively small as compared to those of

heat flux. Zhao et al. [2] measured the evaporation heat

transfer coefficients of CO2 by varying mass fluxes from

160 to 320 kg/m2 s, heat fluxes from 10 to 20 kW/m2, and

at an evaporating temperature of 10 �C in a 6.0 mm

inner diameter tube. They showed that the influence of

heat flux on the heat transfer coefficient was relatively

significant at all qualities, while it was relatively small at

high mass flux. Hwang et al. [3] proposed a boiling heat

transfer correlation for CO2 by modifying the Bennett–

Chen correlation. Their correlation was consistent with

Bredesen et al.�s [1] data within a deviation of 14%.
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Due to a high operating pressure of CO2, recently

microchannel and small diameter tubes had received

significant interest as a possible replacement of the

conventional fin-tube geometry. Pettersen et al. [4] and

Zhao et al. [5] investigated the evaporation heat transfer

of CO2 in microchannels. They found that prior to

dryout quality, the effects of heat flux on the heat

transfer coefficient were relatively larger than those of

mass flux. The variation of heat transfer coefficients with

respect to quality was very small. In addition, the dryout

quality decreased with an increase of mass flux. These

are consistent well with the test results of Tran et al. [6]

and Peter and Keith [7] in small diameter tubes.

Even though many evaporation heat transfer data of

CO2 are available in the open literature, only few studies

have addressed the fundamental boiling phenomena of

CO2 and the effects of dryout and its prediction method.

The objective of this study is to explain the fundamental

heat transfer characteristics of CO2 in a horizontal tube

by using unique properties of CO2, flow patterns and

dryout phenomenon. In addition, the heat transfer co-

efficients of CO2 are compared with those of R134a.

2. Experimental setup and test conditions

A schematic of the experimental setup is shown in

Fig. 1. The test loop consists of a liquid pump, a mass

flow meter, a preheater, a test section, and a condenser.

The inlet quality of the test section is adjusted by an

electric power input to the preheater. The refrigerant

having a high quality at the exit of the test section is

completely condensed and subcooled by the condenser.

The magnetic gear pump circulates the refrigerant

passing through the test section. The control tank that is

kept inside of a constant temperature bath is connected

to the suction side of the pump to allow easy regulation

of refrigerant charge. Varying charge amount of CO2 in

the system controls operating pressure in the system.

The test tube is made of stainless steel with a heated

length of 1400 mm, and outside and inside diameters of

8.0 and 6.0 mm, respectively. Applying a direct current

heating method provides heat flux to the test section.

Since the electrical resistance of the tube is approxi-

mately 0.058 X, a high-current transformer with a

maximum current and voltage of 120 A and 20 V, re-

spectively, is used to supply heat flux. Thermocouples

are placed at the top, the bottom, and the sides at each

location, which is equally located along the test section

with an interval of 200 mm. The junctions are electri-

cally insulated from the tube using a very thin Teflon

tape. The test section is insulated using a rubber with a

thermal conductivity of 0.04 W/mK to minimize heat

loss to the ambient. The heat loss is estimated by com-

paring electric heat input with actual heat transfer to the

refrigerant. The heat loss is within 5% of the electric heat

input at an average refrigerant temperature of 10 �C,
and it is taken into account in the experiments and

Nomenclature

D tube diameter (m)

F ; Fr modified Froude number

G mass flux (kg/m2 s)

g acceleration due to gravity (m/s2)

h heat transfer coefficient (W/m2 K)

hle heat transfer coefficient for entire liquid flow

(W/m2 K)

hlv latent heat of vaporization (J/kg)

k thermal conductivity (W/mK)

LH heated length (m)

_mmlfc; �_mm_mmlfc critical film flow rate at the onset of entrain-

ment (kg/m2 s), averaged

q00 heat flux (W/m2)

T temperature (�C, K)

U velocity in x-direction (m/s)

we; �wwe entrained mass flux (kg/m2 s), averaged

x vapor quality

Greek symbols

a angle between the pipe axis and the hori-

zontal, positive for downward flow

q density (kg/m3)

c dimensionless number

l dynamic viscosity (N s/m2)

d liquid film thickness (m)

dL liquid level

si interfacial shear stress (N/m2)

r surface tension (N/m)

n diameter ratio, dimensionless

Subscripts

crit critical

g vapor

l liquid

o outside

s superficial

sat saturation

ss stainless steel

sup suppression

w inner tube wall
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analysis of the test data. Using dielectric fittings before

and after the test section prevents an electric leakage to

the other parts of the test setup.

The refrigerant flow rate is measured using a Coriolis

effect flow meter with an uncertainty of �0.2% of

reading. The pressures of the refrigerant at the inlet and

outlet of the test section are monitored using a pressure

transducer with an uncertainty of �2.1 kPa, while the

pressure drop across the test section is measured using

a differential pressure transducer. Wall temperatures of

the test section and refrigerant temperatures are mea-

sured by T-type thermocouples with a calibrated accu-

racy of �0.1 �C. The temperature differences among the

thermocouples during single-phase runs are less than

�0.2 �C.
Evaporation heat transfer coefficients are measured

with a variation of mass flux, heat flux, and saturation

temperature. The mass flux is varied at 170, 240, and 320

kg/m2 s, while the heat flux is altered at 10, 15, and 20

kW/m2 with evaporating temperatures of 5 and 10 �C.

3. Data reduction

The local heat transfer coefficient, h, inside a smooth

tube is determined from the measured heat flux, q00, the
refrigerant temperature, Tr, and the calculated inside

wall temperature, Tw.

h ¼ q00=ðTw � TrÞ ð1Þ

The inside wall temperature, Tw, is calculated from the

measured outside wall temperatures, Tw;o, using both the

equation of steady state radial heat conduction through

the tube and heat generation within the tube wall [8].

Tw ¼ Tw;o þ
q00

4pkssLH

� �
nð1� ln nÞ � 1

1� n

� �
ð2Þ

where n ¼ ðDO=DÞ2.
The corresponding bulk temperatures of CO2 at each

axial position are determined by using an interpolation

method with an assumption of a linear temperature

gradient in the bulk fluid over the heated length. The

estimated uncertainty of heat transfer coefficient is

�8.0% at average conditions with a heat flux of 20 kW/

m2 [9].

4. Results and discussion

Fig. 2 shows the heat transfer coefficients and ex-

pected flow patterns of CO2 with respect to mass flux

and heat flux. Generally, the heat transfer coefficients of

CO2 decrease with an increase of quality. However, the

conventional refrigerants such as R134a, R410A, and

R22 show an increment of the evaporation heat trans-

fer coefficient with a rise of quality. The drop in heat

Fig. 1. Schematic of the test setup.
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transfer coefficient with quality in Fig. 2 is due to both

partial dryout of liquid film at a lower quality and

dominance of nucleate boiling at low qualities. The

partial dryout of CO2 that is represented by a rapid drop

of heat transfer coefficients with respect to quality

occurs at a lower quality as compared to that for the

conventional refrigerants. Thermophysical properties of

CO2 such as a lower surface tension and a lower density

ratio of liquid to vapor cause the dominance of nucleate

boiling at low qualities.

Generally, CO2 includes much more liquid in the

early stage of the evaporation process with a lower va-

por velocity because the density ratio of ql=qg is rela-

tively low. Therefore, the ratio of liquid level, dL, to tube

diameter, D, may be greater than 0.5 during the evap-

oration process of CO2 at low qualities, which leads to

an intermittent flow [10]. As the evaporation proceeds

with a rise of quality, the flow pattern can be changed

from intermittent to annular flow with a gradual de-

crease of dL.

Kefer et al. [11] explained the effect of tube orienta-

tion on a boiling crisis in terms of F as given in Eq. (3)

[10]. For F P 10, the tube orientation shows hardly any

influence on the boiling crisis, while for F < 7, the

evaporation process is in unstable, asymmetric annular

flow, which yields significant influence of tube orienta-

tion on the boiling crisis. As shown in Table 1, since the

value of F in this study, which slightly increases with a

rise of mass flux, is less than 3, unstable asymmetric

annular flow may occur dominantly. Due to liquid

droplet entrainment from the liquid film, the flow pat-

tern in this case exists in unstable annular mist flow.

Inoue and Lee [12] showed that the existence of unstable

annular mist flow increased the possibility of the oc-

currence of critical heat flux (CHF). Generally, liquid

entrainment flux is significantly higher at the bottom of

the tube than at the top [13]. As shown in Fig. 2, since

the liquid film becomes thicker with an increase in mass

flux, the slope of the heat transfer coefficient vs. quality

changes significantly with respect to mass flux.

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qg

ðql � qgÞ

s
Us;gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dg cos a
p ð3Þ

Bubble growth in the liquid film and liquid droplet

entrainment cause the occurrence of dryout patches

Fig. 2. Effects of flow patterns on heat transfer coefficients.
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[12,14]. A lower surface tension of CO2 accelerates

bubble growth in the liquid film. Since CO2 has much

lower surface tension than the conventional refrigerants,

more active nucleation sites at a specified heat flux exist.

This would also increase the probability of liquid droplet

entrainment resulted from bursting of bubbles [15].

Furthermore, the suppression of the nucleate boiling will

be delayed due to a lower vapor velocity. When the

suppression quality, xsup, at which the nucleation is

suppressed, is determined by using Eqs. (4) and (5) [16],

the xsup of CO2 is twice as much as that for the con-

ventional refrigerants. Therefore, the formation of dry-

out patches during the evaporation of CO2 becomes

easier due to a higher bubble growth rate and a higher

suppression quality as compared to the conventional

refrigerants.

xsup ¼
c

1þ c
ð4Þ

c ¼
qg

ql

� �0:56 ll

lg

 !0:11
q00klhlvqg

98rTsath2le

 !1:11

ð5Þ

A higher liquid entrainment of CO2 in an annular

flow would also accelerate the formation of dryout

patches. The mass flux of entrained liquid droplet for

CO2 during the convective evaporation process is higher

than that for the conventional refrigerants due to a

relatively thick liquid film. As shown in Eq. (6) sug-

gested by Stevanovic and Studovic [17], the entrained

mass flux, we, is proportional to the exponent of liquid

film thickness, d. The liquid film thickness of CO2, which

is estimated by using an annular flow model [18], is

approximately twice as large as that for R22.

we ¼ 1:1	 104 	 d2:25 	 ql ð6Þ

The critical film flow rate of CO2 that determines the

onset of liquid droplet entrainment is smaller than that

of other conventional refrigerants. In Eq. (7) correlated

by Hewitt and Govan [19], _mmlfc depicts the critical film

flow rate. As the _mmlfc decreases, the possibility of early

dryout during the evaporation process increases.

_mmlfc ¼ ll 	 exp 5:8504

 
þ 0:4249	

lg

ll

ffiffiffiffiffi
ql

qg

r !
ð7Þ

Fig. 3 shows the effects of heat flux on the heat

transfer coefficient at a given mass flux. As the heat flux

increases, the heat transfer coefficient is significantly

Table 1

Effects of tube orientation on a boiling crisis in terms of F

Mass flux (kg/m2 s)

170 240 340

Evaporating temperature (�C) 5 10 5 10 5 10

F [10] 1.17 1.12 1.66 1.58 2.34 2.24

Fig. 3. Effects of heat flux.
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improved at low qualities due to an increase of active

nucleation site. However, after the partial dryout occurs

at the quality of 0.3–0.4, the effects of heat flux decrease.

Fig. 3 includes the data of Zhao et al. [2] that were

measured using the water heating method in a 6.0 mm

ID tube at the similar test conditions as this study. Zhao

et al. [2] showed that the heat transfer coefficient in-

creased with a rise of heat flux at all qualities, which

results in some difference from the present data at high

qualities. The heat transfer coefficients observed by

Zhao et al. [2] linearly decreased with an increase of

quality, but a distinct dryout quality was not observed.

It is noticeable that the partial dryout at all heat fluxes

occurs at the qualities from 0.3 to 0.4, because the dry-

out quality is determined by the liquid film thickness

that is strongly dependent on mass flux.

Fig. 4 shows the variation of heat transfer coefficients

with respect to mass flux. For qualities from 0.2 to 0.5,

the heat transfer coefficient is independent of mass flux

because the nucleate boiling is dominant in this region.

Hihara and Tanaka [20] and Pettersen et al. [4] also

observed this trend in their experiments. For qualities

above 0.5, the heat transfer coefficient increases with a

rise of mass flux due to an enhancement of convective

evaporation. As the mass flux increases at high qualities,

dry patches are rewetted and the dryout quality becomes

higher.

Fig. 5 shows the effects of evaporating temperature

on heat transfer coefficients based on the data from this

study and Cho et al. [21]. Although the heat flux of this

study is higher than that of Cho et al. [21], the trends of

heat transfer coefficients can be compared each other

due to the similarity on the effects of evaporating tem-

perature. In the present data, the heat transfer coefficient

at low quality increases with a rise of evaporating tem-

perature, while for high quality it decreases with an in-

crease of evaporating temperature. These trends were

also observed in the test results of Pettersen et al. [4].

Besides, as shown in Fig. 5(b), Cho et al. [21] showed the

same trends as the evaporating temperature increases

from )10 to 5 �C, but the heat transfer coefficients in-

creases at all qualities as the evaporating temperature

increases from )25 to )10 �C.
As the evaporating temperature increases at low

qualities, not only the nucleate boiling becomes more

active but also the liquid film thickness becomes thinner,

reducing its thermal resistance and thereby enhancing

heat transfer coefficient. However, as the evaporating

temperature increases at high qualities, the heat transfer

coefficients are more rapidly reduced with respect to

quality due to the formation of dryout patches in an-

nular mist flow. Table 2 represents the results of Eqs.

(4)–(7) evaluated by using the annular flow model [18]

with a variation of evaporating temperature. As a result,

it can be concluded that the formation of dryout patches

becomes easier with an increase in evaporating temper-

ature.

Fig. 6 shows the comparison of the heat transfer

coefficients for CO2 with those for R134a. For qualities

less than 0.5, the heat transfer coefficient of CO2 is on

average 56% higher than that of R134a, while for all

qualities tested, it is higher by 47% on average. Besides,

the effect of heat flux on heat transfer coefficients of CO2

is much more pronounced than that of R134a. For low

qualities, the nucleate boiling of CO2 is more active than

that of R134a due to its lower vapor velocity and higher

suppression quality of nucleate boiling. For medium and

high qualities, the liquid film of CO2 is relatively thin,

which is alternately dried and rewetted. On the contrary,

R134a shows a stable annular flow pattern and a lower

Fig. 4. Effects of mass flux.
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Fig. 5. Effects of evaporating temperature.

Table 2

Results of Eqs. (4)–(7) at q00 ¼ 15 kW/m2, G ¼ 300 kg/m2 s, and D ¼ 6:0 mm

Temperature (�C) r (N/m) xsup �wwe, Eq. (6) (kg/m
2 s) sid=ra �_mm_mmlfc (kg/m

2 s)

0 4:55	 10�3 0.98 0.28 1.93 7.30

10 �C 2:77	 10�3 0.99 0.32 3.03 6.07

awe / ðsid=rÞn ðn > 0Þ [22].

Fig. 6. Comparisons of heat transfer coefficients for CO2 with those for R134a.
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liquid droplet entrainment as compared to CO2. The

liquid film for R134a can be retained much longer on the

tube wall. Therefore, the heat transfer coefficient of CO2

decreases while that of R134a increases with a rise of

quality.

Table 3 shows the deviations between the Gungor

and Winterton correlation [23] and the present data. The

Gungor and Winterton correlation [23] assumed that the

convective boiling becomes dominant with an increase

of quality due to the suppression of the nucleate boiling.

In addition, their correlation was developed for stable

annular flow. However, CO2 at low mass flux represents

relatively wide nucleate boiling dominant region. Be-

sides, CO2 at low mass flux exists alternately in inter-

mittent flow, unstable annular flow and dryout

conditions with an increase of quality. Therefore, the

Gungor and Winterton correlation [23] shows large de-

viations at a mass flux of 170 kg/m2 s. However, as the

mass flux increases, not only the suppression quality

becomes smaller but also stable annular flow becomes

a dominant flow pattern. Therefore, for high mass

flux, the Gungor and Winterton correlation yields good

agreement with the data of this study, [1,2,21].

The dryout qualities (or critical qualities) in a hori-

zontal and an inclined tube predicted by the Ahmad

method [24] and Kefer et al. [11], respectively, are given

in Table 3. The term of xcrit;upper indicates a critical

quality including the effects of tube orientation in an

inclined tube. Generally, the critical qualities decrease

with a rise of mass flux. Comparing Fig. 2 with xcrit in
Table 3 shows some deviations between the measured

and the predicted values. However, the Ahmad method

well estimates the existence of dryout for the data in the

literature: this study, [1,2,21].

5. Conclusions

Boiling heat transfer characteristics of CO2 in a

horizontal tube are investigated as a function of mass

flux, heat flux, and evaporating temperature. Generally,

the heat transfer coefficient of CO2 decreases with an

increase of quality due to both a lower dryout quality

and dominance of nucleate boiling as compared to the

conventional refrigerants. The dryout of CO2 is accel-

erated by bubble growth in the liquid film and liquid

droplet entrainment in unstable annular or annular mist

flow because of a lower surface tension, a higher sup-

pression quality, and a lower critical film flow rate. As

the heat flux increases, the heat transfer coefficients are

significantly enhanced at low qualities, while the effects

of heat flux decrease after the dryout occurs. The effects

of mass flux on the heat transfer coefficient are relatively

small at low and moderate qualities, but the mass flux

plays an important role in determining dryout quality.
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with a rise of evaporating temperature because of a thin

liquid film on the wall, while the heat transfer coeffi-

cients at high qualities are rapidly reduced with respect

to quality due to an easy formation of dryout patches. In

addition, the Gungor and Winterton correlation shows

large deviations from the present data at low mass flux,

but it yields good agreement with the data at high mass

flux.
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