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Experimental study on the evaporation heat transfer
and pressure drop characteristics of Carbon Dioxide
at low temperatures(-30C ~ -50T)

Hwan Jo

Department of refrigeration & Air—Conditioning Engineering,

Graduate Shcool, Pukyong National University

Abstract

Due to the environmental.concerns of HFC and HCFC refrigerants on
global warming, intense research has been ‘focused on the
environmentally benign natural refrigerants. CO; is emerging as one of
the most ‘promising environmentally friendly and energy-efficient
refrigerants. Lately, cascade “refrigeration are becoming popular in the
food and refrigeration -industry. Such systems -can typically be used in
the temperature range-from-30C to -50°C for applications in food,
pharmaceutical, chemical, and other industries.

The test rig is composed of compressor, mass flow meter, pre-heater,
test section, condenser and liquid receiver. Test section was made by
cooper tube. Inner and outer diameters of the test section are 11.48 mm.
An 8 m long test section was constructed to eliminate entry length

effects.



Experiments were conducted for various mass fluxes, heat fluxes and
saturation temperature of refrigerant. Heat fluxes were 20 ~ 40 kW/m?,
mass fluxes were controlled at 200 ~ 400kg/m?s by a variable speed
compressor. The saturation temperatures were adjusted at -50C ~ 30TC.
The test results showed the evaporation heat transfer of CO. has
greater effect on convective boiling than nucleate boiling. The
evaporation heat transfer coefficients of CO, are highly dependent on
the vapor quality, mass flux and saturation temperatures. In comparison
with test results and existing correlations;-the best fit of the present
experimental data is“obtained with the correlation of-Kandlikar.

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

of CO, in a horizontal tube:
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SYMBOLS

A
B
Bd

p,l

ZzB 20 T e T O®R 3T T g U
0 — jons] =

NOMENCLATURE

Area [m?*]
Parameter in Chisholm’s correlation
Parameter in Jung et al’s correaltion
Parameter in Kandlikar’s correaltion

Constant defined equation

Specific heat at constant pressure [ kJ/kgK ]
Specific heat at constant pressure [J/kg°C]
Diameter [m]
Hydraulic diameter [m]

Enhancement factor
Friction factor
Constant in shah and chen’s correlation

Fluid dependent parameter in kandlikar’'s' correlation

Geavity -acceleration [m/s?]
Mass velocity [ kg/m?s]
Heat transfer coefficient [kW/m?K]
Latent heat of-vaporisation [J/kg]
Enthalpy [k]/kg]
Latent heat [k]/kg]
Thermal conductivity [kW/mK]
Tube length [m]
Mass flow rate [kg/hl

Number of local tube

constant in shah’s correlation



Q Heat capacity (kW]
P Pressure [kPal
q Heat flux [ kW /m?]
S Supperssion factor
T Temperature [TC]
X quality
Xia Vapor quality at transition from intermittent to annular flow
z Tube length [m]
Z Parameter in shah’s correlation
(%) Pressure drop due to friction

f
(%) Pressure drop due to acceleration

a
(%) Pressure .drop due to gravitation

g

DIMENSIONLESS NUMBERS

Bo Boiling number

Co Convection number

Fr Froude number

Nu Nusselt-number

Pr Prandtl number

Re Reynolds number

We Weber number

Bd Bond number

hip Dimensionless vertical height of liquid

Ayp Dimensionless cross—sectional area occupied by vapor—-phase
Ap Dimensionless cross—sectional area occupied by liquid-phase
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GREEK SYMBOLS

A Diffenence

« Void fraction

€ Cross—sectional vapor void fraction

i Dynamic viscosity [Paxs]
v Specific volume [m?/kg]
P Density [ ke/m?]
o Surface tension [N/m]
P Parameter in shah’s correlation

X Lockhart-Martinelli parameter

P Two phase multiplier

0 angle [rad]
SUBSCRIPTS

abs Absdute

avg Average

b Brine

bottom Bottom

cal Calculated

cb Convective boiling

cr Critical, Dryout quality

crit Critical point

dry Dry
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dryout

eq

exp

frict

g0

lo
loc
mist
mom

nb

out

Pool
re
right
sat
Sp
Start

Dryout

Evaporation

Equivalent

Experimental, Exponent

Fluid

Frictional

Gas

Total flow having the gas properties
Inner

Liquid

Total flow having the liquid properties
Local

Mist flow

Dynamic pressure

Nucleate boiling

Outer

Outlet

Pool boiling

Pool boining

Refrigerant

Right

Saturation

Single—phase heat transfer coefficient

Startified flow
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static Static pressure

top Top

tp Two phase

v Volumetric, Vapor

VO Total flow having the vapor preperties
w Wall

wavy Wavy
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Saturation pressure, [MPa]

R-12
R-134
R-410

Saturation temperature, [°C]

Fig. 1.2.1.1 Comparison of saturation pressure of R744(CQO;) with that

of some refrigerants

Table. 1.2.1.1 Comparison of saturation pressure of R744(CQO,)
with that of some refrigerants

[MPa] R22 R12 R134a R410 R744 R711 R290

-30 [TC] 0.1639 0:1003 0.0844 0.2709 1.4260 0.1194 0.1677

-40 [TT]  0.1052 0.0641 0.0512 04763 1.0040 0.0717 0.1110

-50 [TC]  0.0645 0.0391 0.0295 0.1098 0.6826 0.0408 0.0705
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Fig. 1.2.1.2 Comparison of volumetric refrigeration capacity of
R744 (CO3) with that of some refrigerants

Table. 1.2.1.2 Comparison of volumetric refrigeration ‘capacity of
R744 (CO3) with that of some refrigerants

[k]/m*] R22 R12 R134a R410 R744 R711 R290

-30 [C]  1409.69 1167355 1035.09 1594.38 2669.98 11230.1  971.50

-40 [C] 89412 1136.38. 699.59  1114.28 183721 8401.99 625.51

-50 [C]  399.15 61781~ 37533 | 64794 1031.19 563224 293.11
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Fig. 1.2.2.1 Liquid-to-vapor density ratio with that of some
refrigerants

Table. 1.2.2.1 Liquid—-to-vapor density ratio of some refrigerants

[ kg/m?] CO; R717 R134a R22
Liquid density 1076 1367 1389 677.7
Vapor density 371 7.332 4.4729 1.04

% 29.0027 186.4430 313.6148 651.6346
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Fig.'1.2.3.1 Comparison of surface tension-of CO,

saturated liquid

Table. 1.2.3.1 Comparison of surface tension of CO, with some

refrigerants
[N/m] CO, R22 R134a R717
-30 [C] 0.0101 0.0164 0:0160 0.0327
-40 [TC] 0.0122 0.0181 0.0176 0.0352
-50 [TC] 0.0143 0.0197 0.0192 0.0377
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Fig. 1.2.3.2 Comparison of viscosity of €O,
saturated liquid

Table. 1.2.3.2 Comparison of viscosity of CO:; with some

refrigerants
[ kg/ms] COs R22 R134a R717
-30 [C] 0.0001694 0.0002818 0.0003997 0.0002438
-40 [TC] 0.0001979 0.0003186 0.0004656 0.0002808
-50 [TC] 0.0002320 0.0003646 0.0005492 0.0003283
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Fig. 2.1.2 Schematic diagram of evaporator diameter

&

400 400 400 400 \ 400
200 ‘ 200 200 | 200 200 | 200 200 ‘ 200 ‘ 200 | 200
\ | |
Ethylene glycol
P ® i ¢
co,*— ] = | | | =
Ethylene glycol q‘D q‘z q‘D q‘v J H‘
7 ? 3 ?
Ethylene glycol %
i, ? ? ? 7 )
c02 - — >
Ethylene glycol

Fig. 2.1.3 Schematic of the evaporator
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Tab. 2.1.1 Specifications of the CO, evaporator

Evaporator

Inside diameter (mm) 11.48

Inner tube | Extermal diameter (mm) 12.7
Material Cooper tube

Inside diameter (mm) 33.27

Outside tube | Extermal diameter (mm) 34.92
Material Cooper tube

The length of the evaporator (mm) 8000

Tab. 2.1.2 Design conditions of CO2 evaporator

Heat capacity [kW] 9.6
Direction of flow Counterflow
RefrigdOt Type of refrigerant CO2
side Temperature of the o5
refrigerant [C]
(RAD4A) Flowdtate fkejs 0.034
Coolant Type of fluid Ethylene glycol (51%)
side Inlet remperature [C] 20
(Ethylene Outlet temperature [TC] -21
Al Flow rate [kg/s] 0.075

- 16 -
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Table. 3:1 Parameters and estimated uncertainties of CO,

evaporation heat 'transfer test

Parameters Uncertainty
Length, width and thickness [m] +0.005 m
Inner diameter [mm] +0.05 mm
Temperature [C] +0.2 C
(K, O Nl £04°C
Pressure [kPal +1.5.27 kPa
AP (Pressure. drop) [kPal £ 0.01 kPa
Mass flow rate of coolant:[kg/h] +-753 kg/h
Mass flux of refrigerant [kg/m?s] + 15 kg/m’s
Heat flux [kW/m?] + 0.15045 kW /m*
Heat transfer coefficient [kW/m2<C ] + 0597 kW/m?*C
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Mass flux [kg/mzs]

CarbonDioxid, D= 11.48 mm, G= 200 ~ 400 kg/m?s, T,=-40°C,q=30 kW/m?

800 5 N
I O G:200kg/m?s || T :-30°C \
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600 I . :
LA \\ D \
\
\
_ A \ \
200
. ; . . .
0.0 0.2 0.4 0.6 0.8 1.0
Quality [-]

Fig. 3.1.1 Flow pattern map for carbondioxide

with respect to different mass fluxes at constant

heat fluxes and saturation temperature(-407C)

Mass flux [kg/mzs]

CarbonDioxid, D= 11.48 mm, G= 300 kg/m°s, T,=-30~-50°C,q =30 KW/m?
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Fig. 3.1.2 Flow pattern map for carbondioxide
with respect to different saturation temperature

at constant heat fluxes and heat fluxes
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CarbonDioxid, D= 11.48 mm, G= 300 kg/m’s, T,=-40°C,q=20~40 KW/m?

800
I | —  20kW/M? O  G:200kg/m’s
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Fig. 3.1.3 Flow pattern map for carbondioxide
with respect to different heat fluxes at constant

heat fluxes and saturation temperature
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D :0.01148 m, G : 200 ~ 400 kg/m’s, T_,, : -40 °C, q : 30 kW/m®
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Vapor quaility x-[/]
Fig 3.2.1.1 Variation of heat transfer coefficients with respect to
different mass fluxes at constant heat fluxes and saturation
temperature(-40°C) in the evaporator of inner diameter tube of

11.48mm
10
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Fig 3.2.1.2 Variation of heat transfer coefficients with respect to

different mass fluxes at constant heat fluxes and saturation
temperature(-30C) in the evaporator of inner diameter tube of
11.48mm
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Fig 3.2.2.1 Variation of heat transfer coefficients with different
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Fig 3.2.2.2 Variation of heat transfer coefficients with different
saturation temperature for constant heat and mass fluxes(200 kg/m?s)
in the evaporator of inner diameter tube of 11.48 mm
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Fig 3.2.3.1 Variation of heat transfer coefficients with different heat

flux for constant heat and mass fluxes(300 kg/m?s) and saturation
temperature in the evaporator ofrinner diameter tube of 11.48 mm
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Fig 3.2.3.2 Variation of heat transfer coefficients with different heat
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temperature in the evaporator of inner diameter tube of 11.48 mm
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Fig 3.2.4.1 Comparison of experimental data with-the calculated heat

transfer coefficients using existing correlations

D:/0.01148 m, G* 200 kg/m®s, T, =40 C, g 30 kW/m”

sat®

Table 3.2.4.2 The comparisons between calculated and
experimental heat transfer coefficients in the evaporator of inner

diameter tube of 11.1 mm

Authors Gungor - : Kenning -

o Chen ! Kandlikar Yoon
Deviation Winterton Cooper
Average

o 31.05 -35.72 19.36 7.573 -22.2
deviation (%)
Absolute
m e a n| 31.05 35.772 19.36 26.04 24.26
deviation (%)
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Fig 3.2.4.2 Comparison of experimental data with-the calculated heat

transfer coefficients using existing correlations
D: 0.01148 m, G* 300 kg/m?s, T..,:

sat®

08

1.0

30 C, g: 30 kW/m”

Table 3.2.4.3 The comparisons between calculated and

experimental heat transfer coefficients in the evaporator of inner

diameter tube of 11.1 mm

Authors

Gungor - - Kenning -

o Chen ; Kandlikar Yoon
Deviation Winterton Cooper
Average

o 25.71 -30.27 22.21 1.65 -19.31
deviation (%)
Absolute
m e a n 25.71 30.86 22.21 23.88 21.19
deviation (%)
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Vapor quaility x [/]
Fig 3.2.4.3, Comparison of experimental data with the calculated heat

transfer coefficients using existing correlations
D: 0.01148 m, G: 300 kg/m?s, T..: -40 C,q: 20 kW/m?*

Table 3.2.4.4 The comparisons between calculated and
experimental heat transfer coefficients in the evaporator of inner

diameter tube of 11.1 mm

Authors Gungor — : Kenning -

o Chen - Kandlikar Yoon
Deviation Winterton Cooper
Average

o 20.43 -19.85 17.44 -5.74 -12.28
deviation (%)
Absolute
m e a n 20.43 22.50 17.44 22.94 16.09
deviation (%)
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Fig 3.2.4.4 Comparison of experimental data with the calculated

heat transfer coefficients using existing correlations

Table. 3.2.4.1 Correlations for evaporation heat transfer of

several researchers

Researcher Correlation
htp - S * h%b+F L hnb
Chan(1963)
(16)

Gungor-Winterton h,=Eh,+Sh, (17)
hygp = (0.6683Co "% +1058B0""Fr;)h,  (18)

Kandilikar
hepp = (1.1360Co™ *? 4+ 667.2B0" Fr))h,  (19)
Kenning—-Cooper hy, = (1+1.8X "*)h,, (20)
Yoon hy, = [(S + hy2+(E « h)2]"? (21)
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Fig 3.2.5.1 Comparison of experimental data withthe calculated

heat transfer coefficients using developed correlations

Table 3.2.5.1 Coefficients and exponents for new proposed

correlations in a horizontal of inner diameter tube of 11.48 mm

Quality Average

o 00 01 02 03 04 05 06 0.7 08 0.9 1.0
Deviation (%)
Average

o 6.0 55-79 75 66 b3 36 12 -23 . 83 -309 0.2
deviation (%)
Absolute
m e a n| 84 78 83 78 69564233 37 8.3 30.9 8.65

deviation (%)
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Table 3.3.1.1 Variation

viscosity,
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Table 3.3.1.2 Variation of properties(liquid density, vapor density,
density ratio) with respect to different saturation temperature

3 p

T.[T] pilkg/m?] p.lkg/m’] p—l[/]
-30 1076 37.1 29
40 1117 26.1 42.74
50 1155 17.92 64.42

T, © -40 °C,’q = 30 kW/m®, G : 200 ~ 400 kg/m’s
14 -
124
£ [0y
o
=
Q 8 v
<
6 -
® G :200kg/m?s
4 - o ! 2
v G:300kg/m°s
® . G: 400 kg/m?®s
2

150 2(I)0 2%0 3(I)0 3%0 4(I)O 450
G [kg/m’s]
Fig 3.3.1.1 Variation of pressure drop with
respect to different mass fluxes in the evaporator
of inner diameter tube of 11.48mm
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Fig 3.3.1.2 Variation of pressure drop - with
respect to different saturation temperature in the
evaporator of inner diameter tube of 11.48mm

14
T...:-40 °C, g =20 ~ 30 kW/m’, G : 300 kg/m’s
12 -

E

®

o

2,

2 10 []

<

v
[ ]
® =20 kW/m?
8 1 v Q=30 kW/m?
m g =40 kW/m?
150 200 250 300 350 400 450
G [kg/m’s]

Fig 3.3.1.3 Variation of pressure drop with
respect to different heat flux in the evaporator of
inner diameter tube of 11.48mm
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Experimental Data { A

20
184 _
16 -

14 1 9

A p [kPa/m]

CarbonDioxid, D = 11.48 mm, q = 30 kW/m?, T,=-40°C

0 T
250

300 350

400
G [kg/m’s]

Fig 3.3.2.1 Comparison of the experimental
pressure drop with those predicted by variation
correlation in the evaporator of inner diameter

tube of 11.48 mm

Table 3.3.2.3 The comparisons between calculated and
experimental pressure drop in the evaporator of inner diameter

tube of 11.48 mm at saturation temperature ~307C

Authors Lockhart Muller-St
o Chisholm-. | Gronnerud Friedel and ein Hagen Jung
Deviation Martinrli | and Heck
Average
L -0.70 -30.53 -8.99 0.06 20.40 -29.10
deviation (%)
Absolute
mean 0.70 30.53 8.99 0.06 20.40 29.10
deviation (%)
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Fig3.3.2.2 Comparison between measured and
calculated frictional pressure drop

Table: 3.3.2.1 Correlations for pressure drop of several

researchers
Researcher Correlation
P .
Chisholm (i—z)f ~ (%)l P, (29)
i P\ N7EN) Bhlp G
Friedel ( : )f —( i )loqﬁlo =T T & (30)
@) ()
Jung ( dZ )f Qlo dZ o (31)
LI I (E)
Gronnerud ( & )f—égd i (32)
Py (E)
( dZ )f QLH dZ | (33)
Lockhart-Martinelli
L (E)
(dZ )f_é\u dZ v (34)
Muller_Steinhagen-Heck (i—i) =G« (1—-x)"*+Bx* (35)
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