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Study on Evaporation Heat Transfer and Pressure Drop
of Carbon Dioxide in a Horizontal Tube

Sun-Mook Choi

Department of Refrigeration & Air-Conditioning Engineering,

Graduate School, Pukyong National University

Abstract

The natural refrigerants are naturally occurring substances, namely, carbon
dioxide(CO3), nitrogen(Ns), helium(He) and water(H20) represent a further
‘natural’ alternative. Among these natural refrigerants, CO: is not a new
refrigerant and has a successful history of the use as a refrigerant. It has
many advantages as a working fluid. For instance, the most attractive
characteristics of COgz include non-toxicity, inflammability, negligible ODP
and GWP, economically efficient if CO: is recovered. The purpose of this
study is to offer the heat transfer and pressure drop during evaporation
process of COo.

The test rig i1s composed of magnetic gear pump, mass flow meter,
sub-cooler, pre-heater, test section, condenser and liquid receiver. Test
section was made by seamless stainless steel tube. Inner and outer

diameters of the test section are 4.57 mm and 6.35 mm, respectively. An 4
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m long test section was constructed to eliminate entry length effects. In
order to reduce heat gain and loss from the surroundings, the test section
was thermally insulated by a fiber glass wool.

Experiments were conducted for various mass fluxes, heat fluxes and
saturation temperature of refrigerant. Heat fluxes were 10~40 kW/mZ, mass
fluxes were controlled at 200~ 1000 kg/mzs by a variable speed gear pump.
The saturation temperatures were adjusted at 0~20 T.

The test results showed the evaporation heat transfer of CO2 has greater
effect on nucleate boiling than convective boiling. The evaporation heat
transfer coefficients of CO: are highly dependent on the vapor quality, heat
flux and saturation temperature. The evaporation heat transfer coefficient of
CO2 is very larger than that of R-22 and R-134a. In comparison with test
results and existing correlations, the best fit of the present experimental
data is obtained with the correlation of Jung et al.

The measured pressure drop during evaporation process of CO» are
increases with increasing mass flux and decreases as saturation temperature
increases. When comparison between the pressure drop obtained with
experimental data and the various existing correlations. But existing
correlations failed to predict the evaporation pressure drop of COs. Therefore,
it is necessary to develop reliable and accurate predictions determining the

evaporation pressure drop of CO2 in a horizontal tube.
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A
B

Bo
bd
C

NOMENCLATURE

Area

Parameter in Chisholm’s correlation
Boiling number

Parameter in Jung et al’s correlation
Parameter in Kandlikar's correlation
Convection number

Diameter

Enhancement factor

Friction factor

Froude number

Fluid dependent parameter in Kandlikar’'s correlation

Mass flux

Gravity acceleration
Heat transfer coefficient
Enthalpy

Latent heat

Thermal conductivity
Tube length

Molecular weight
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kg/m’s
m/s”
kW/m®- K
kJ/kg
kJ/kg
kW/m K

m

kg/kmol
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Pressure MPa

Reduced pressure

Heat capacity kW
Heat flux KW/m”
Volumetric heat generation KW/m’

Reynolds number

Radius m
Suppression factor

Temperature K
Quality

Martinelli’ parameter

Parameter in Chisholm’s correlation

Length

Pressure drop

GREEK SYMBOLS

b ™ 0

=

Void fraction
Contact angle
Difference

Viscosity kg/ms
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P Density kg/m’

o Surface tension kg/m’
P Two phase multiplier

SUBSCRIPTS

abs Absolute

avg Average

bottom Bottom

cal Calculated

ch Convective boiling

crit Critical point

e Evaporation

erp Experimental

frict Frictional

g Gas

go Total flow having the gas properties
7 Inner

wm Inlet

/ Liquid

left Left

lo Total flow having the liquid properties
Joc Local
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pool
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right
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lop

tp

Nucleate boiling
Outer

Outlet

Pool hboiling
Reduced property
Refrigerant
Right
Saturation

Top

Two phase
Volumetric

Wall
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Table 1.1 Comparison of some refrigerants with CO»

R-410A
Refri t Rz2 R-13a ppcwF R717 R290  R-744
rigeran - - - -
elrigera HCFC  HFC .
. . . . § CHFo/ . .
Chemical Formula CHC]FQ CHzFCFg . NH3 CgHg COQ
CHF-CF3
Natural Substance? No No No Yes Yes Yes
ODP 0.05" 0 0 0 0 0
GWP"” 100a 1,500 1,200 1,730 0 3 1(0°)
20a 4,100 3,100 - 1(0°)
TLVghd) [ppm] 1,000 1 ,000“) 1,000 25 1,000 5,000
Flammable or Explosive? No” No” No Yes Yes No
Toxic / irritating Yes Yes - No No No
Relative price
. 1 3-5 5 0.2 0.1 0.1
(approximately)
Reduced pressureg) 0.10 0.07 0.16 0.04 0.11 0.47
Reduced temperatureg) 0.74 0.73 0.79 0.67 0.74 0.90
Refrigeration capacity 4,356 2,368 6,763 4,382 3,907 22,545
Molar mass [kg/kmol] 86.48 102.03 72.6 17.03 44.1 44.1
Critical teritl T1 96.2 101.2 72.5/84.9 132.3 96.7 31.1
parameters Peritbar] 499 40.7 495 113.3 424 73.8
NBP tn[TC 1] -40.8 -26.2 -52.7 -333 -42.1 -785"
First commercial use as a
. 1936 1990 ? 1859 ? 1869
refrigerant
Last production date” 2029 open open open open open

a) Somewhat higher value have been suggested by recent studies.
b) Global warming potential in relation to COz, with 20 and 100 years integration time.
c¢) COs is recovered from waste gas.

d) Threshold limit value: time weighted average concentration to which one may be

repeatedly exposed for 8h per day or 40h per week without adverse effect.

e) Suggested by ICI etc.

f) Although considered to be non-flammable, both R-22 and R-134a are combustible in

certain mixtures with air at elevated pressures, but ignition may be difficult.

g) Ratio of saturation pressure and temperature at 0C to critical value.

h) Sublimation temperature(triple point -56.6°C at 5.18bar).

i ) By a montreal protocol, developed countries
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Fig. 1.1 Phase diagram of COs..
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Photo. 1.1 Conventional (left) and prototype (right) CO- evaporator for mobile air-conditioner.
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Fig. 1.4 Volumetric refrigeration capacity for refrigerants.
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Fig. 1.5 Vapor pressure for refrigerants.
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Fig. 1.6 Slope of saturation pressure curve 8T/SP for refrigerants.



AlRdAE

400
—e— R-744
— 300
™
€
()]
X
P
£ 200
c
]
©
o]
Q.
3
> 100
own
-40
Temperature [C]
Fig. 1.7 Vapor density for refrigerants.
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Fig. 1.8 Ratio of liquid to vapor density at saturation for refrigerants.
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Fig. 1.9 Surface tension and viscosity for refrigerants.
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Fig. 1.10 Thermal conductivity for refrigerants.
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Table 1.2 Summary of studies on CO: evaporation heat transfer

. Mass flow Saturation
. Material and Heat flux
Investigator . (KW /m?) rate temperature  Remarks
eometr, m
& Y (kg/m’s) (T)
Aluminium
Bredesen et al. .
horizontal tube 6 200~ 5
(1997)
ILD 7 mm
Aluminium
Hwang et al. .
horizontal tube 3~9 200~400 -25 ~ 5
(1997)
LD 7 mm
Stainless steel )
Sun and Groll . Quality
horizontal tube 10~50 500~ 1670 -2 ~ 10
(2000) 0~0.95
I.D 46 mm
Hihara Stainless steel .
. Quality
and Tanaka micro-channel 9~36 360~ 1440 15 01~09
(2000) I.D 1 mm ) )
Aluminium
Pettersen .
micro-channel 5~20 190 ~570 0~ 25
(2000)
LD 0.81 mm
Stainless steel )
Zhao et al. . Quality
horizontal tube 10~20 160~ 320
(1990) 0.05~0.6
ILD 6 mm
Stainless steel
Yoon .
horizontal tube 12.3~189 212~530 -4 ~ 20
(2002)

LD 7.75 mm
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Fig. 2.3 Schematic diagram of measurement system.
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Table 2.3 Specifications of measuring instruments.

Multi channel hybrid recorder

Model

Yokogawa, DR232, DT300
/Subunit DS600/Module DU200

Maximum input channel

360ch.

Measurement accuracy

Absolute pressure transducer

Model

Druck, PTX611
Range

0 ~ 160 bar
Accuracy

+ 004 % F.S

Differential pressure transmitter

Model

Druck, STX2100
Range

0 ~ 5 bar
Accuracy
£ 01 %

Refrigerant pump

Model

Micropump, Series 5000

Flow rate range
0~13.5 LPM

Maximum system pressure

103 bar

Mass flow meter
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Model
OVAL, CN006-CT9401
Range
0~6 kg/min
Accuracy
£0.1%
Power supply

Model Xantrex, XPR 30-200 o et I 100 Q \.J EEES
e 0=, 0=z, oo | |||ll|||l|||||||IIIIIIHIHIIHIHIIIIIIIIIlIIIllIIIllII
Meter accuracy 0.25V, 2.0A L.

Sheathed thermocouple & thermocouple wire
Type T
Grade KS-0.4 class

Type of hot junction ungrounded

Dielectric fitting

Model SS-4-DE-6 “
Electric resistance 10x10°Q
Pressure rating max 344 bar
Temperature rating -40~93T
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Table 2.2 Experimental conditions.

Refrigerant

CO2(R-744)

Test section

Horizontal stainless steel tube

Inner diameter of tube(mm) 4.53
Tube length(m) 4
Mass flux(kg/m’s) 200~ 1000
Heat flux(kW/m?) 10~40
Saturation temperature(T) 0~20
Quality 0~1
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Fig. 3.4 Variation of the local heat transfer coefficients.
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Fig. 3.5 Variation of circumferential inner wall temperature.
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Fig. 3.10 Variation of the heat transfer coefficients for different mass fluxes.(continued)
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Fig. 3.10 Variation of the heat transfer coefficients for different mass fluxes.
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(b) Gre=600 kg/m’s, Tsx=15 C, Di=4.57 mm

Fig. 3.11 Variation of the heat transfer coefficients for different heat fluxes.(continued)
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Fig. 3.11 Variation of the heat transfer coefficients for different heat fluxes.
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coefficients for

saturation temperature.(continued)
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Fig. 3.12 Variation of the heat transfer coefficients for different
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Table 3 The deviations between measured and calculated heat transfer coefficient.

Absolute

Average RMS
deviation averase deviation
deviation
(%) (%) (%)
(s]
Gungor and
Winterton -28.18 28.28 3.09
(1987)
Liu and Winterton
102.93 102.93 11.26
(1991)
Kandlikar
21.14 37.40 4.44
(1990)
Jung ct al 578 16.77 1.99
(1989) ' ' '
N h@ ca _I—l/(J ex
Average deviation (%) = “E%}/N}X 100
i=1 €,exp
N —
Absolute average deviation (%) = HE % }/N}X 100
i1=1 e,exp
N h’e cal he ex ?
RMS deviation (%) = E hip /N <100
i=1 e,exp
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Fig. 4.1 Variation of pressure drop with different saturation temperature
for constant heat flux.
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Fig. 4.3 Comparison between measured and calculated frictional pressure drop.
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Table 4 The deviations between measured and calculated frictional pressure drop.

A Absolute RMS
verage
devi t.g average deviati
eviation eviation
deviation
(%) (%) (%)
o
Friedel
132.08 132.08 14.02
(1979)
Gro d
ronnert 144.91 14491 1553
(1979)
Chisholm
122.56 122.56 13.22
(1973)
N h? Cca _hP ex
Average deviation (%) = {[E#}/N}X 100
i=1 e,exp
N _
Absolute average deviation (%) = HE % }/N}X 100
i=1 e,exp
N (R, —h, o\
RMS deviation (%) = E(h—p) /N (<100
i=1 e,exp
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