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Characteristic Analysis of Evaporation Heat
Transfer of Carbon Dioxide at Low Temperature in

a Double Pipe Heat Exchanger

Dong-i1l Yang

Department of refrigeration & Air—Conditioning Engineering,

Graduate School, Pukyong National University

Abstract

Carbon dioxide is odorless, non-toxic, non-corrosive, non-combustion
and non-explosive. It is possible to be released and have superior
compatibility ‘with general lubricant. Furthermore, minimizing the system
size is obtainable ‘due to high freezing capacity per unit volume. For
these advantages of carbon-dioxide above, carbon dioxide has been
receiving more attention in automobile/residential air-conditioners, hot
water heat pumps —and “food preservation  systems nowadays.
Accordingly, cascade refrigeration systems using carbon dioxide as a
working fluid at low temperatures are already being commonly used in
the market. The accurate measurements of boiling heat transfer
coefficients and the Dbetter understanding of the heat transfer
mechanisms are essential to develop compact heat exchangers and

system designs.
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The test devices consist of mass flow meter, pre—heater, magnetic gear
pump, test section, condenser and liquid receiver. Test section is made
of cooper tube. Inner and outer diameters of the test section are 8 mm
and 9.52 mm, respectively.

The analysis is conducted at mass fluxes from 100 kg/mZS to 300
kg/m’s, saturation temperature from -40 C to -20 C and heat flux
of from 20 kW/m’ to 40 kW/m’.

The main results are summarized as follows: In case that the mass
flux of carbon dioxide is 100 kg/mZS, the heat transfer coefficient is
constant regardless.-of wvapor quality. In case of 200 kg/mZS and 300
kg/mzs, the heat transfer coefficient increases steadily following to
increase of wvapor quality. However, the heat transfer coefficient is
constant regardless of mass flux at low vapor quality (0O =~ 0.2).
Meanwhile, the heat transfer coefficient decreases as the heat flux of
carbon dioxide increases.

In comparison of heat transfer correlations with the experimental result,
the heat transfer correlations do not predict them .exactly. Therefore,
more accurate heat transfer correlation than the previous one 1is

required.
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SYMBOLS

A
c

C

S e T OB 2 e w

Collection @

NOMENCLATURE

Area [ m?]
Specific heat at constant pressure [kJ/kgK]
Parameter in Kandlikar’'s correaltion

Constant defined equation
Diameter [m]
Hydraulic diameter [m]

Enhancement factor
Friction factor

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
Heat capacity (kW]
Pressure [kPal
Heat flux [ kW /m?]
Supperssion factor
Temperature [TC]
quality

- X -
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Vapor quality at transition from intermittent to annular flow
Tube length [m]

DIMENSIONLESS NUMBERS

Bo
Co
Fr
Nu
Pr
Re
We
Bd

Boiling number

Convection number

Froude number

Nusselt number

Prandtl number

Reynolds number

Weber number

Bond number

Dimensionless vertical height of liquid

Dimensionless cross—sectional area occupied by vapor—phase

Dimensionless cross—sectional area occupied by liquid-phase

GREEK SYMBOLS

A

«

Diffenence
Void fraction

Cross—sectional vapor void fraction

Dynamic viscosity [Paxs]

Specific volume [m®/kg]

Density [kg/m’]

Surface tension [N/m]
- X -
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P Parameter in shah’s correlation
X Lockhart-Martinelli parameter
P Two phase multiplier

0 angle
SUBSCRIPTS

A Annular flow

abs Absdute

avg Average

b Brine

bs Brine section

bottom Bottom

cal Calculated

CBD Convective boiling

cr Critical, Dryout quality
crit Critical point

dry Dry

D Dryout

e Evaporation

eq Equivalent

exp Experimental, Exponent
f Fluid

frict Frictional

g Gas

- Xi -
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go Total flow having the gas properties

1 Inner

I Intermittent flow

1 Liquid

le left

lo Total flow having the liquid properties
loc Local

M Mist flow

mom Dynamic pressure
NBD Nucleate boiling

0 Outer

out Outlet

) Pool boiling

pool Pool boining

r Refrigerant

11 Right

sat Saturation

sp Single-phase-heat transfer coefficient
S Startified flow

SW Startified—-wavy flow
SLUG slug flow

static Static pressure

top Top

tp Two phase

- Xii -
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v Volumetric, Vapor

VO Total flow having the vapor preperties
wi Wall inner

WO Wall outer

wavy Wavy

- Xiii -
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2.5

——— R4
. [ 4

Saturation Pressure [MPa]

0.0 L 1 i 1

Saturation Temperature [°C]

Fig. 1.2.1.1 Comparison of saturation pressure of
R744 with that of some refrigerants

Table. 1.2.1.1 Comparison of saturation pressure of R744 with
that of some refrigerants

[MPa] R744 R22 R134a R717 R290 R12

-20 [C] 1.9696 0.2453 0.1327 0.1901 0.2445 0.1507

-30 [C] 1.4278 0.1639 0.0844 0.1194 0.1678 0.1003

-40 [C] 1.0045 0.1052 0.0512 0.0717 0.1111 0.0641
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60

20

Vapor Density [kg/ma]

10

Temperature [°C]

Fig. 1.2.1.2 Comparison of vapor density of R744 with

that of some refrigerants

Table. 1.2.1.2 Comparison of vapor density of R744 with that of

some refrigerants

[kg/m”] R744 R22 R134a R717 R290 R12

-20 [C] 51.7 10.7 6.8 1.6 5.5 9.2

-30 [C] 37.1 73 44 1.0 3.9 6.3

-40 [C] 26.1 4.8 2.8 0.6 2.6 41
-6 -
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Volumetric refrigerating capacity [kJ/mS]

Temperature [°C]

Fig. 1.2.1.3 Comparison of volumetric refrigeration
capacity of R744 with that of some refrigerants

Table. 1.2.1.3 Comparison of volumetric refrigeration capacity of
R744 with that of some refrigerants

[k]/m"] R744 R22 R134a R717 R290 R12

-20 [CT]  14602.2 2374.0 1444.6 2131.0 2206.1 1476.1

-30 [T] 112585 1673.5 971.6 1410.6 1594.8 1035.5

-40 [C] 8421.9 1136.6 625.5 894.0 11145 699.7
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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

[-] R744 R22 R134a R717 R290 R12
-20 [C] 19.961 124.627 200.236 413.362 100.764 158.898
-30 [C] 29.003 186.443 313.615 651.635 146.546 237.321
-40 [C] 42.764 283.192 511.360  1071.262  219.681 366.981

-8 -
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Fig. 1.2.3.1 Comparison of surface tension of R744
saturated liquid

Table. 1.2:.3.1 Comparison of surface tension of R744 with some
refrigerants

[N/m] R744 R22 R134a R717 R290 R12

-20 [C] 0.0086 0.0148 0.0145 0.0399 0.0128 0.0145

-30 [C] 0.0108 0.0163 0.0160 0.0435 0.0141 0.0159

-40 [C] 0.0131 0.0179 0.0176 0.0473 0.0155 0.0174
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Photo. 2.1.1 Photo-graph of R744 liquid pump system
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Table. 2.1.1 Specifications of instruments.

Refrigerant Liquid pump
vy Micropump, Series
5000
Wl H 4 0~13.5 L/min
Hd & ¢F | 103 bar (1500 psi)
Mass flow meter
2dg Oval, CT9401
A9 H 144 kg/cm?2
Alad &9 4~20 mA
frEE 4 0~12 kg/min
DC power supply
Xantrex, XPR
=g
30-200
H 4 0730 V, 07200 A
&% 6 kW
Pressure relief valve
Swageloc, SS
2d high-pressure relief
valve
Ay & 2% 148 C
Hd L& ¢¥ | 103 bar (1500 psi)

- 18 -
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Constant low temperature bath
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Photo. 2.2.1 Thermocouple Photo. 2.2.2 Pressure gauge

Table. 2.2.1 Operating conditions of the experimental device

Z: w DELT
Inside diameter (mm) 952
Inner tube
Extermal diameter (mm) 8
Inside diameter (mm) 33.27
Outside tube
Extermal diameter (mm) 34.92
The length of the evaporator (mm) 8000
Refrigerant CO,

Test section

Horizontal smooth tube

Material Cooper
Tube length (m) 8
Mass flux (kg/m’s) 100, 200, 300
Evaporation temperature(C) -40, -30, -20

- 21 -
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Fig 3.2.2.1 Variation of heat transfer coefficients with different
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—— Kenning-Cooper gat .
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[e]
1

Heat transfer coefficient h, . , (KW/m™°C)

Vapor quality x [/]

Fig 3.3.2.1 Comparison of experimental data with the
calculated heat transfer coefficients using existing correlations
D: 8 mm, G: 100 kg/m?s, T..: -30 C
Table 3.2:2.1 The comparisons between calculated and
experimental heat transfer coefficients in the evaporator of inner

diameter tube of 8 mm

Authors Gungor - ) Kenning -
o Chen ) Kandlikar
Deviation Winterton Cooper
Average
-30.854 7.447951 9.593014 —-24.71692

deviation (%)

Absolute  mean

deviation (%)

30.854 '7.909466 15.23379 29.45081
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Fig 3.3.2.2 Comparison of experimental data with the
calculated heat transfer coefficients using existing correlations
D: 8 mm, G: 200 kg/m?s, T.,: -30 C

<at®

Table 3.3.2.2-The comparisons between calculated and
experimental heat transfer coefficientsin the evaporator of inner

diameter tube of 8 mm

Authors Gungor - ) Kenning -

o Chen ) Kandlikar
Deviation Winterton Cooper
Average

o -26.2714 21.13085 14.17133 -24.5473
deviation (%)
Absolute  mean

o 26.27138 21.13085 14.47129 2454731
deviation (%)
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Fig 3.3.2.3 Comparison of experimental data with the
calculated heat transfer coefficients using existing correlations
D: 8 mm, G: 300 kg/m?s, T.,: -30 C

«at ®

Table 3.3.2.3.The comparisons between calculated and
experimental heat transfer coefficients in the evaporator of inner

diameter tube of 8 mm

Authors Gungor - ) Kenning -

o Chen ) Kandlikar
Deviation Winterton Cooper
Average

o -20.1117 35.76495 18.64605 -20.0738
deviation (%)
Absolute  mean

o 20.11168 35.76495 18.64605 20.07378
deviation (%)
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