Flow condensation heat transfer of CO2 in a horizontal tube at
low temperatures

Peihua Li?, J.J.J. Chen®, Stuart Norris®
aDepartment of Mechanical Engineering
bDepartment of Chemical and Materials Engineering

The University of Auckland, Auckland 1142, New Zealand

*Corresponding author.
Tel.: +6499239625
Fax: +6493737479

Email: s.norris@auckland.ac.nz

Address: Engineering Block 1, Level 7, Room 401-703, 20 Symonds Street, Auckland, New Zealand
Abstract

This study presents experimental data of CO, flow condensation heat transfer for mass fluxes
ranging from 100 to 500 kg/m?-s inside a 4.73 mm inside diameter, smooth horizontal copper
tube, at saturation temperatures between -10 to 0°C under a wide range of vapour quality
conditions. Experimental data were obtained from an open-loop test rig which discharged high-
pressure CO; liquid from bottles to the atmosphere. Experimental results showed that when the
test mass flux was greater than or equal to 300 kg/m?-s, for vapour qualities greater than 0.4, the
rate of heat transfer increased with increasing mass flux and vapour quality, and increased with
decreasing saturation temperature. The flow regimes under these working conditions were
predicted as annular from the values of the Soliman Froude number (Frs,> 14). Three recently
proposed CO; flow condensation models from the open literature were evaluated against the data
from the current experiment. The model of Li and Norris [2016] had the best overall prediction
but under-predicted the low Nusselt number heat transfer data. This model was modified and re-
evaluated against experimental data from the current and other experiments, and was found to
have a mean absolute percentage deviation of 7%.
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1. Introduction

Carbon dioxide (R744, COy) is a natural refrigerant that is increasingly being used in the low-
temperature circuit of cascade and secondary refrigeration systems. Its main advantage over
existing synthetic refrigerants is its environmental friendliness, having a low greenhouse warming
potential, being non-toxic and non-ozone depleting. In addition, CO, has been stated as the most
efficient and effective volatile secondary refrigerant, due to the significantly reduced primary
refrigerant charge required, resulting in a high system efficiency and a low required pumping
power [2]. A number of experimental studies have been conducted to date so as to better
understand the heat transfer characteristics of CO; flow boiling and condensation, and to provide
engineers with suitable models for the design of evaporators and condensers used in cascade or
secondary systems [3-10].

While there have been numerous studies of flow boiling [9, 10], information about CO, flow
condensation is still limited. A recent review by the current authors showed that there are
inconsistencies in the experimental data of CO, flow condensation from different studies at
similar working conditions [11]. More specifically, the dependency of the measured heat transfer
coefficient (HTC) on changes in the vapour quality x, mass flux G and saturation temperature Tsat,
differed among the experimental studies, as listed in Table.1. In addition, existing generic models
of flow condensation developed from data of other refrigerants typically over-predict the
experimental heat transfer coefficients for CO,, due to its unique thermophysical properties at
high reduced-pressure conditions. The high thermal conductivity, enthalpy of vaporisation and
specific heat of CO; are outside of the range of validity for the existing correlations. There is a
need to be able to accurately predict the rate of heat transfer in CO, flow condensation, since
inside cascade condensers, CO, flow condensation has a heat transfer resistance of similar
magnitude to the resistance on the other side of condensers, which correspond to the flow boiling
of the high-temperature stage refrigerant.

Effects of variation

of working Zilly et al.[3] Kimet al. [5] |gbal and Kang et al. [12]
conditions on heat Jang and Hrnjak [4] (i.d. 3.48mm) Bansal [7] (i.d. 5.15mm)
(i.d.” 6.1mm) e (i.d. 6.52mm) R
transfer
HTC increase of HTC increase of HTC increase of HTC increase of
x (range from 0.2 to 115% at 103% at 40% at 7% at
0.8) G=400kg/m?-s G=400kg/m?-s G=200kg/m?-s G=600kg/m?-s
Tsat=-15°C Tsat=-15°C Tsat=-15°C Tsat=-10°C
HTC increase of 63% HTC increase of HTC increase of HTC increase of
G (x=0.8) from 150% from 32% from 4% from
: 200 to 400kg/m?-s 200 to 800kg/m?-s 50 to 200kg/m?-s 600 to 1000kg/m?-s
at Tsat:'15°C at Tsat:'lsoc at Tsat:'15°C at Tsat:'IO°C
HTC increase of 17% HTC increase of HTC increase of HTC increase of
Teat (x= 0.8) from 15% from 19% from 6% from
st : -25t0 -15°C at -251t0-15°C at -15t0 -5°C at -10to 0°C at
400kg/m?-s 800kg/m?-s 200kg/m?-s 600kg/m?-s

Corresponding mass
flux for HTC from
2000 to 6000W/m?-K

200 to 400kg/m?-s
at Tsa=-15°C

200 to 400kg/m?-s
at Tsat=-15°C

50 to 200kg/m?-s
at Tsa=-15°C

600 to 1000kg/m?-s
at Tsa=-15°C

*i.d.: Inside diameter

Table 1. A comparison of the dependence of heat transfer on mass flux and saturation temperature, as found
from different experimental studies[11]



To supplement the limited and inconsistent data in the open literature, this study reports
measurements of CO. flow condensation heat transfer inside a horizontal, 4.73 mm inside
diameter smooth copper tube for mass fluxes ranging from 100 to 500 kg/m?-s at low saturation
temperatures of -10 to 0°C. The heat transfer characteristics were analysed in terms of the effects
of the mass flux, vapour quality and saturation temperature on the heat transfer coefficient.

The present experimental data were used to evaluate three flow condensation models which have
been specifically proposed for CO- [1, 13, 14]. The accuracy of the models is presented in terms
of the mean percentage deviation o, and the mean absolute percentage deviation op, as used by
other authors [15, 16],
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Heo and Yun [13] proposed a model which they compared against seven different sources of
experimental data with a mean absolute percentage deviation of 44.8%. However, the mean
percentage deviations between the predictions and different experimental studies are inconsistent.
Shah [14] examined one of his own flow condensation correlations [17] and found it performed
satisfactorily for CO, flow condensation for mass fluxes less than 300 kg/m?-s with a mean
absolute percentage deviation of 22.7%. Shah also noted that existing correlations poorly
predicted the heat transfer data for mass fluxes greater than 300 kg/m2-s. Li and Norris [1]
developed a model using published data sources [3-6] selected on the repeatability and
consistency of the data for each study. Their total prediction was acceptable with a mean absolute
percentage deviation of 7.7%. Based on a comparison against the experimental data presented in
this study, the Li and Norris model is modified to improve its accuracy for the prediction of CO;
flow condensation heat transfer.

2. The experimental test rig

A schematic of the open-loop test rig used is shown in Fig.1, with the main components listed in
Table.2. High pressure (55 bar) liquid CO; is initially drawn from the storage bottles (1) and is
eventually discharged into the atmosphere (1 bar). The mass flow rate of the CO- fluid, which is
measured by a Coriolis mass flow meter (3), is controlled by the flow coefficient of a throttling
valve (4) and the set pressure of a back pressure regulator (8). There are two baths (9 and 11)
which stabilise the temperature of the low-temperature e-glycol water mixture provided by the
chiller (10).
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Figure 1. A schematic drawing of the open-loop experimental rig

Index Description Supplier Part Number Main parameters
1 CO: Storage bottle BOC Gas GE169 Quantity:3
2 9 30 kg/bottle liquid CO,
2 Shutoff valve Swagelok SS-4PDM4-F4 69 bar at 121°C
3 Coriolis mass flow meter Yokogawa RCCS31 Uncertainty: 0.1%
4 Metering valve Swagelok SS-4AMG Flow coefficient up to 0.03
Refer to Fig.4
5 Preheater i ] Heating capacity: 3 kW
6 Test section - - Refer to Fig.3
7 Post-heater - - -
8 Back pressure regulator Swagelok KPB“O‘S(')A(‘J“SPZ Flow coefficient: 0.2
9 Internal circulating bath  Thermo Fisher  AC200, 1560021  Temperature stability: +0.01°C
. . . . . ULTO95, Temperature stability: £0.2°C,
10 Main refrigeration unit ~ Thermo Fisher 179104241600  Cooling capacity: 750 W at -30°C

11 External circulating bath

Thermo Fisher

AC200, 1560021  Temperature stability: +0.01°C

Table 2. The main components of the open-loop experimental rig

After being discharged from the bottles, the CO; fluid is initially pre-cooled inside the internal
circulating bath (9), where the internal temperature is maintained at -25°C. This pre-cooling
process is illustrated in the pressure-enthalpy (P-h) diagram Fig.2a, with the frictional pressure
drop of CO; fluid ignored for reasons of clarity. The pre-cooled liquid CO:; is then throttled by the
metering valve (4) and changes to two-phase flow as its saturation pressure P, drops to the set
pressure (26.5 bar in Fig.2) of the back pressure regulator (8), shown in Fig.2b. Due to this
throttling process, the CO; two-phase flow obtains sufficient kinetic energy to flow through the
rest of test rig. After valve (4), the two-phase CO; enters into the constant temperature bath (9) to
be sub-cooled, shown in Fig.2c. This process is to allow the determination of the enthalpy of the
CO:; fluid before the preheater (5) from the measured temperature T, and pressure P of the fluid.
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Figure 2. Changes in the state of the CO: fluid at a saturation pressure Psat of 26.5 bar inside the test rig
illustrated on the Pressure-Enthalpy diagram. For clarity the frictional pressure drop has been neglected.

The preheater (5) works by applying an adjustable low-voltage and high-amperage electric
current to a stainless steel pipe coil, which works as a resistance heater. The preheating process
enables the setting of the desired vapour quality of the CO, two-phase flow at the inlet of the test
section (6). In Fig.2d, the preheating process is represented with a starting point determined by T,
and P1, on the P-h diagram. A 1.5-meter long pipe after the preheater (5) serves as a calming
section to stabilise the two-phase CO; fluid before it enters the test section for the measurement
of condensation.

The test section (6) is a double-tube counter-flow heat exchanger with the coolant flowing
through the outer annulus and the CO fluid flowing inside the inner copper tube. The coolant is



pumped by the external circulating bath (11) to the test section, and its temperature increases
from T4 to Ts by absorbing heat from the flowing CO- two-phase fluid. Fluctuations in the inlet
temperature, and flow rate of the coolant, are minimised by use of the tempering bath (11) which
ensures stable operating conditions. The state change of the CO, two-phase flow during the
condensation measurement is illustrated in Fig.2e.

Downstream of the test section, the two-phase CO- enters the post-heater (7) and is super-heated.
The super-heated CO, vapour then passes through the back pressure regulator (8) and is
ultimately discharged into the outdoor ambient air. The post-heating and discharging processes
are shown in Fig.2f. Because the static pressure of CO, drops below the triple-point pressure after
the regulator (8), dry ice may form, represented by a vertical red dash-line (as indicated by line 1)
intersecting the solid-vapour region in Fig.2f. Formation of dry ice blocks the pipework and can
affect the stability of mass flow rate and the system pressure. To avoid the formation of dry ice,
the end point of the post-heating process is kept sufficiently far from the saturated vapour line (as
indicated by line 2) in Fig.2f. Therefore, the resulting pressure drop process from the system
pressure P,; to the atmosphere pressure occurs without intersecting the solid-vapour zone. This
is done by using a sufficiently long section of pipework as a post-heater (7).

3. Data reduction
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Figure 3. a. The double-tube heat exchanger test section. b. Detailed drawing of the temperature measurement
location on the external tube wall.

The CO; condenses inside the inner tube of the double-tube heat exchanger test section labelled

(6) in Fig.1, with the coolant flowing through the annulus formed with the outer tube, as shown in

Fig.3a. The inner tube is made of copper, and has an inside diameter of 4.73 mm as shown in

Fig.3b. The heat transfer coefficient for the CO, flow condensation in the test section is defined as,
Q'co2

h= )
Ac,in (Tsat - Tw,in)

where QCOZ is the rate of heat transfer from the two-phase CO; flow to the coolant, A. ;, is the
inside surface area of the inner tube in the test section, and T, ;;, and T4, are the inside surface
temperature of the inner tube and the saturation temperature of the CO,, respectively. As T,, ;,
cannot be measured directly, it is calculated from,



Tw,in = QCOZ Riype + Tw,out (3)

where Ry,pe is the conductive resistance of the inner tube and T, o, is the average surface
temperature of the exterior surface of the inner tube. This temperature is measured using four
thermocouples located in grooves evenly cut into the surface of a short sleeve tube, which is a
snug fit to the outside of the inner tube in the test section (shown in Fig.3b). This ensures the
thermocouples do not protrude into the thermal boundary layer of the coolant flowing in the outer
tube, ensuring that the temperature of the external tube wall is accurately measured.

The rate of heat transfer to the coolant is calculated from the change in enthalpy of the coolant
passing through the test section,

Qcoolant = mcoolantcp,coolant(TS - T4 ) (4)

An energy balance on the test section requires that the heat transfer to the coolant, Qzooiqnes IS
equal to the sum of the heat transferred from the condensing CO., QCOZ, the axial conduction
along the tube containing the CO; into the test section, Q.,nq. and the heat gain from the
surroundings through the test section insulation anin_test.

Qcoolant = QCOZ + Qcond + anin,test (5)

An estimate of the magnitude of the axial conduction showed that its relative magnitude
decreased with an increasing mass flow rate of the CO,. Neglecting the axial conduction was
estimated to introduce a maximum error of 5% at the lowest mass flux conditions, and s0 Q o4
was ignored in the data reduction. However, anin,test was included in the analysis, and its
measurement is discussed below in section 4.

The temperature and pressure of the sub-cooled liquid CO; flow are measured to determine the
initial enthalpy of the fluid, i;. The fluid is then preheated before entering the test section. The
vapour quality of the two-phase CO; flow at the inlet of the test section x;,, is determined from
the static pressure P, and the enthalpy i, calculated from an energy balance performed on the
preheater,

I = (Epre + anin,pre)/mcoz +i (6)

The electric power input into the preheater Epre is measured in real-time by a clamp meter, and
o, IS the measured CO, mass flow rate. The measurement of the heat gain of the flowing CO
from the surroundings in the preheater, anin,prev is described in section 4 below.

The representative vapour quality x for the quasi-local heat transfer coefficient h is defined as the
average value of vapour qualities at the inlet and outlet of the test section. The outlet vapour
quality x,,,; is calculated from,



Qco,

Mceo, iy

(7

Xout = Xin —

where iy, is specific enthalpy of vaporization of CO,. Only partial condensation takes place and
the maximum change in the vapour quality in the test section was 0.064 for the lowest mass flux
(100 kg/m?-s), so any possible subcooling of CO, may be ignored in this expression.

4. Determination of heat gain from the surroundings
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Figure 4. The schematic drawing of the preheater, labelled (5) in Fig.1

i f#"‘\\
WAV
\ \\(,f W, \

I
(VRVARVERVERY

A detail of the preheater is shown in Fig.4. It consists of a 6-meter long stainless steel pipe coil
with two dielectric fittings electrically isolating it from the rest of the rig. The pipe wall is used as
a resistance heater, and is contained inside a vacuum cabinet, which is filled with nitrogen gas to
avoid possible condensation within the cabinet. The use of a non-conducting cabinet ensures
electrical isolation from the surroundings, to maintain electrical safety. An adjustable low-voltage,
high-amperage current is applied to the pipe wall to heat the subcooled liquid CO; to a two-phase
state.

The heat gain of the CO; flowing through the preheater from the surroundings, anin,prev was
determined through the measurement of a heat gain coefficient (UA),,.. This measurement was
determined from the heat transfer to sub-cooled single-phase liquid CO; flowing through the
preheater when no electrical power was applied. The rate of heat gain was assumed to vary as,

anin,pre = (UA)preATlogm,pre = mCOZ Cp,COZ (TZ - Tl ) (8)

Measurement of the mass flow rate of the liquid COx, the inlet and outlet temperatures of the sub-
cooled ligquid CO; through the preheater, T, and T,, knowledge of the specific heat of the liquid
CO,, and the calculation of the log-mean temperature difference between the CO and the
surroundings, AT, gm,pre:

ATlogm,pre = ((Tamb - Tl ) - (Tamb - TZ ))/ln((Tamb - Tl )/(Tamb - TZ )) (9)

allow the determination of (UA) pr.



The total heat transfer resistance between the surroundings and the subcooled liquid CO; through
the preheater insulation is,

1

AN Rconv,in + Rcond,tube + Rcond,ins + Rconv,out (10)
(UA)pre

The resistances Rcony,in » Reondtube » Reondins @A Reonyoue are the internal single-phase
convection resistance of the CO, stream, the conduction resistance of the tube wall of the
preheater, the conduction resistance of the insulation, and the convection resistance between the
external insulation surface and the surroundings, respectively.

The Dittus-Boelter equation has that the convection heat transfer coefficient for single-phase
turbulent flow in smooth tubes is related to the fluid velocity by h o< u%8. Therefore, given that
all the resistances remain unchanged, except R.ony,in, Which will vary with the CO, mass flow
rates, EQ.10 can be reduced to,

1 a

)T a5

This linear relationship can be validated by determining (UA),,. for different mass flow rates. In
Eq.11, (UA)py. is calculated from Eq.8 and u is from the measurement of the mass flow rate. The
data points with Reynolds numbers of 2388, 4459 and 10316, are plotted in Fig.5, and Eq.11 was
determined to be 1/(UA)e = 0.04/u®® 4+ 1.35(K/W).
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Figure 5. The linear relationship between 1/(UA),,e and 1/u®8 from Eq.11

It should be noted that the determination of the heat gain coefficient, (UA) ., has been made for
single-phase liquid CO,, and so an error can be assumed in applying the equation to a liquid
undergoing phase change as will happen in the preheater. However, Fig.5 shows that the
resistance of the heat gain from the preheater is dominated by R opnq ins @Nd Reony outs SiNCe the
intersection of the vertical axis much greater than zero, and so the value of (UA),,, from Eq.11



can be applied to the case when the heating of the liquid CO; involves heat transfer to both single
and two-phase flow inside the preheater.

It should be pointed out that, the heat gain coefficient estimated above will no longer be accurate
when the tube wall is heated, since as the electric power is increased, the temperature difference
between the tube wall and the CO, fluid will increase, while that between the tube and the
surroundings will decrease, thereby decreasing the heat gain from the surroundings. This will
result in an overestimation of the heat gain from the ambient, with the error increasing as the
power applied to the wall is increased. However, the correction has been used for the data
processing, since for low values of electric heating the error in the correction is small, and the
heat gain from the surroundings is significant, being approximately 10% of that provided by the
electric heating. In contrast, for high values of electric heating, while the error in the estimation
of the heat gain from the surroundings can be in error by approximately 30%, the heat gain from
the surroundings is small in comparison with the electric heating, being on the order of 1% of the
total heat gain of the CO», and so the error in using the above correction is minimal.

For the test section, the heat gain from the surroundings, anin,test was assumed to vary as,

anin,test = (UA)testATlogm,test (12)

where (UA)¢es: is the heat gain coefficient and ATj,gmcese IS the log-mean temperature
difference between the coolant temperature in the test section heat exchanger, increasing from T,
to Ts, and the ambient temperature of the surroundings, T,,,,p- In order to determine the value of
(UA)es: Tor test conditions, the flow rate of the coolant supplied to the test section was set to a
fixed value for both the calibration and the experimental test runs. During the calibration, no CO;
fluid passed through the test section. The inlet temperature of the coolant T, was set to different
values, and the corresponding outlet temperatures Ts were recorded after a settling time. The rate
of heat gain was calculated from,

anin,test = mcoolantcp,coolant (TS - T4 ) (13)

Different calibration points are plotted in Fig.6, and a fit to Eq.13 is anin,test = 0.075+
0.48AT;gm test(W). The heat gain coefficient of the test section (UA),,s; at the fixed coolant
flow rate was therefore determined to be 0.48 + 0.085 W/K.
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Figure 6. Determination of the thermal conductance of the test section at a fixed coolant mass flow
rate

5. Estimation of experimental uncertainty

The uncertainty propagation analysis for the experimentally determined heat transfer coefficients
and vapour qualities was performed using the Taylor Series Method. This relates the unknown
error of calculated variables to the estimated error of measured quantities through the relationship,

- [P

i

Here, Uy, represents the unknown uncertainty of the calculated variables Y, and Uy is the
uncertainty for the measured variables X, which include the measurements of the temperature,
pressure, mass flow rate and the electrical input to the preheater. Original readings of
thermocouples and pressure transducers from the data logger were calibrated against reference
values to reduce reading errors. The uncertainty after the calibration for the temperature
measurement was determined to be +0.015 K for all thermocouples, and uncertainties for the
pressure measurement were +4 kPa, +3 kPa and +7 kPa for P;, P, and Ps, respectively. The
measurement uncertainty of the Coriolis mass flow meter was stated by the manufacturer to be
+0.1% of the measured flow rate. The measurement uncertainties of the real-time voltage and
current applied to the preheater by the clamp meter were £1.2% and £1%. The uncertainty
propagation analysis determined that the uncertainties in the experimental heat transfer
coefficient varied between +7.8% and +23.7%, and that the uncertainty in the vapour quality was
between +1.6% and +£2.5%.

6. Experimental results and discussions

6.1 Prediction of the flow regime



Since the experimental test rig did not allow for the visual observation of the flow regimes of the
CO; two-phase flow inside the test section, the flow regime of all measurement points was
determined using the transition criteria proposed by Li and Norris [1]. This is based on the
experimental observations by Jang and Hrnjak [4], and uses the value of the Soliman Froude
number, Frg,, with values of Fry, = 14 and Fry, = 6 signifying the transition from annular-to-
wavy and wavy-to-stratified flow for CO, flow condensation in smooth tubes. In Fig.7, the
experimental data points for this study are plotted in terms of mass flux and vapour quality, with
the predicted flow regime being denoted by the symbol as e: annular, m: wavy, and A: stratified.
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Figure 7. The flow regimes of the experimental data points, predicted with the Soliman Froude
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6.2 Effects of mass flux and vapour quality on heat transfer

In Fig.8, the experimental heat transfer coefficients (HTCs) are plotted over the full range of
vapour quality for mass fluxes ranging from 100 to 500 kg/m?-s and saturation temperatures of -
10°C, -5°C and 0°C. It can be seen that for all saturation temperatures, the HTCs increased with
increasing mass flux and vapour quality. At low mass fluxes of 100 and 200 kg/m?-s, the
variation of HTC with increasing mass flux and vapour quality was moderate. For mass fluxes of
300 kg/m?2-s, when vapour qualities exceeded 0.4 the HTCs increased more significantly with
increasing vapour quality. A similar trend was found for the higher mass fluxes of 400 and
500 kg/m2-s, but occurred at a lower vapour quality of approximately 0.2. Therefore, it can be
concluded that the dependence of the HTC upon vapour quality is weak for mass fluxes less than
300 kg/m?2-s, but is much stronger for mass fluxes above 300 kg/m?2-s. Quantitatively, under a
saturation temperature of -5°C, as the vapour quality increased from 0.2 to 0.8, HTCs increased
by 71%, 81% and 77% for mass fluxes of 300, 400 and 500 kg/m?-s, respectively. However, for
mass fluxes of 100 and 200 kg/m?-s, as the vapour quality increased from 0.2 to 0.8, HTCs only
increased by 38% and 48%.

The flow regimes of the measurement points are illustrated with different symbols in Fig.8,
corresponding to the predictions shown in Fig.7. It can be seen that the HTCs of the annular flow
data points are much more strongly dependent on the mass flux and vapour quality than those for
stratified flow. This trend agrees with the convective and film condensation mechanisms for
annular and stratified flows discussed in Thome et al. [18]. In annular flow, the HTC is limited by
the heat transfer rate through the annular layer of liquid condensate. An increase in the vapour
quality reduces the thickness of the annular layer, and for a given vapour quality, an increase in
the mass flux increases the velocity of the vapour, increasing the shear stress in the turbulent
annular layer. In both cases, the effect is to increase the temperature gradient in the layer, thereby
increasing the HTC. For stratified flow, the heat transfer is dominated by the conduction through
the film of condensate on the upper surface of the tube. Due to the low two-phase velocities, the
flow in the condensing film is dominated by gravity [19]. Therefore, variations in mass fraction
and vapour quality have a lower effect than for annular flows. It should be noted that the
hypothesis that these phenomena can be related to single-phase flow convection and Nusselt film
condensation is not a new one, and is the basis for several successful models [19-21].



6.3 Effect of saturation temperature on heat transfer
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Figure 9. Experimental heat transfer coefficients at saturation temperatures of -10°C, -5°C and 0°C
for different mass fluxes

The experimental HTCs at saturation temperatures of -10°C, -5°C and 0°C are plotted versus
vapour quality for different mass fluxes in Fig.9. The general trend is that heat transfer increased
with a decrease in the saturation temperature.

In Fig.9, the dependency of heat transfer on saturation temperature becomes greater with
increasing mass flux. At low mass fluxes of 100 and 200 kg/m?-s, for vapour qualities less than
0.6, heat transfer was insensitive to saturation temperature. But for high mass fluxes ranging from
300 to 500 kg/m?-s, for vapour qualities less than 0.4 there was no apparent dependency upon
saturation temperature. Using the predictions of the flow regime shown in Fig.9, it can be
concluded that decreasing saturation temperature has a much more significant effect on the
annular flow condensation than the stratified flow condensation.

Examining the effect of saturation temperature on the thermophysical properties of the refrigerant,
the vapour density of CO; at -10°C and -5°C is 73% and 85% of the value at 0°C, respectively.
For heat transfer in annular flows, for a given mass flux and vapour quality, the lower vapour
density of CO. will result in a higher vapour velocity, and thus a higher vapour shear stress will
be exerted on the liquid film. The mean velocity within the liquid film is increased and so the
increased turbulence will lead to a higher heat transfer rate. For stratified flow, the property
differences caused by the decreasing saturation temperature had a minor effect in determining the
liquid film thickness, and so a minor effect on the HTC.



6.4 Predictions using the existing CO; flow condensation models

The specifically proposed flow condensation models for CO, by Heo and Yun [13], Shah [14]
and Li and Norris [1] were evaluated against the current experimental data, and the comparison is
shown in Fig.10. The Heo and Yun model under predicts the low Nusselt number data points, and
over predicts the experimental results in the high Nusselt number range. The Shah model over
predicts the data points at high Nusselt numbers, but it makes acceptable predictions for the low
and medium Nusselt number data. The Li and Norris model predicts most of the experimental
data points within £20% but underpredicts the data at low Nusselt numbers.
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Figure 10. Comparison between the experimental heat transfer coefficients and predictions by CO:
flow condensation models [1, 13, 14]

6.5 Modification to the Li and Norris flow condensation model
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Figure 11. Prediction errors of the Li and Norris model versus a. vapour quality, and b. Soliman’s
modified Froude number Frs



In Fig.11a and 11b, prediction errors of the Li and Norris model are plotted versus vapour quality
and Soliman’s Froude number Fry,. In Fig.11a, the data points with the highest prediction errors
are seen to be concentrated between vapour qualities of 0.6 and 0.8. In Fig.11b, the transition
values of Fry, = 14 and Fry, = 6, are highlighted with red lines. It can be seen that prediction
errors over Fry, = 14 are evenly distributed within +20%. When Fry,is approaching 14, errors
start to increase, and the largest errors are approximately -40%. For Soliman Froude numbers less
than 10, the Nusselt numbers are predicted within £20%. This suggests that data points in the
annular-to-wavy transition boundary are not correctly predicted by the Li and Norris model, and
examination of the data showed that they were for mass fluxes of 100 and 200 kg/m?-s.

The Li and Norris model calculated heat transfer through the annular-to-stratified transition by
linear interpolation between the boundary values of annular (Fry, = 14) and stratified (Frg, = 6)
flow heat transfer coefficient based on the actual Froude number. This procedure incorrectly
predicted the wavy flow condensation data experimentally measured in this study. In addition, it
incorrectly leads to a lower heat transfer coefficient at the end of annular flow than the start of
stratified flow because of the interpolation procedure. Therefore, it was proposed to ignore the
wavy regime, and transition the heat transfer mechanisms directly between the annular and
stratified regimes.

In Fig.12, the annular and stratified flow heat transfer coefficients predicted by the Li and Norris
model are plotted for the full vapour quality range, for mass fluxes ranging between 100 to
800 kg/m?2-s. For each value of mass flux, the predicted annular (solid line) and stratified (dashed
line) heat transfer coefficients intersect (red dot), which corresponds to a vapour quality point
Xint- These intersection vapour quality points can be used as the boundary values for transition
from annular to stratified flow, with no interpolation through the wavy regime. The correlation
between x;,, and mass flux G was calculated to be,

— —-2.23
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Figure.12 The heat transfer coefficients predicted by the Li and Norris model for stratified and
annular flow



The modified Li and Norris model is given in Table.3.
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Table.3 The modified model of Li and Norris [1] for CO:2 flow condensation heat transfer
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Figure.13 Comparison between the experimental data sets including Zilly et al. [3], Jang and Hrnjak
[4], Kim et al. [5], Park and Hrnjak [6] and the current study, and predictions by the modified Li and
Norris model.

A new data bank for in-tube flow condensation of CO, was created including the current
experimental data, and the experimental data of Zilly et al. [3], Jang and Hrnjak [4], Kim et al. [5]
and Park and Hrnjak [6]. The databank includes a total of 282 data points of CO; flow



condensation heat transfer with mass fluxes of 100 to 800 kg/m?-s, at saturation temperatures of -
25 to 0°C, inside tubes with inner diameter of 0.89 to 6.1 mm. Comparison between these
experimental data points and the predictions by the modified Li and Norris model is shown in
Fig.13. It exhibits a good agreement with the experimental data, having a mean absolute
percentage deviation of 7%.

7. Conclusions

In this study, the heat transfer coefficient of CO, flow condensation inside a 4.73 mm inside
diameter horizontal tube was measured for a wide range of vapour qualities, for mass fluxes of
100 to 500 kg/m?-s, at saturation temperatures of -10, -5 and 0°C.

The experimental results showed that the dependency of the heat transfer coefficient upon vapour
quality varied with mass flux. At low mass fluxes the heat transfer coefficient did not vary with
vapour quality. However, at high mass fluxes the heat transfer coefficient increased linearly with
increasing vapour quality. In addition, at low vapour qualities (less than 0.4) the heat transfer
coefficient was approximately constant (between 3 and 4 kW/m?2-K) for all mass fluxes. These
findings agree with the heat transfer mechanisms in the flow regimes of the experimental data.

For annular flows, a decrease in the saturation temperature increased the heat transfer coefficient.
This was particularly true at higher mass fluxes. This phenomenon was due to the lower vapour
density of CO; for low saturation temperatures.

Comparison between the current experimental data and existing flow condensation models for
CO, showed that the Li and Norris model was the most accurate but under-predicted the heat
transfer coefficient at low Nusselt numbers. An improved version of the Li and Norris model was
developed that correctly predicts a total of 282 heat transfer data points, from this and other
experimental studies, with a mean absolute percentage deviation of 7%.

Nomenclature

A preheater current, A Xt turbulent-turbulent Lockhart-

Ac cross-sectional area, m? Martinelli number

D diameter, m UA heat conductance, W/K

E electric power, W v preheater voltage, V

Frso Soliman’s modified Froude number Greek symbols

Reis superficial liquid Reynolds number, u velocity, m/s

GD(1-x)/w

Revs superficial vapour Reynolds number, u dynamic viscosity, kg/m-s

GDX/IJV

Rei the liquid Reynolds number, GD/p o surface tension, N/m

Cp specific heat at constant pressure, e) angle

J/(kgK)

G mass flux, kg/(m?s) Oq the mean percentage deviation

h heat transfer coefficient, W/(m?2K) Ob the mean absolute percentage
deviation

i enthalpy, J/kg Subscripts

ity enthalpy of vaporisation, J/kg amb ambient



l

k
m
P
Pr
Q
T
R
X

Xi

preheater current, A h homogenous
thermal conductivity, W/(mK) / liquid

mass flow rate, kg/s logm log-mean difference
Pressure, KPa gain heat gain

Prandtl number pre preheater

heat transfer rate, W s stratified
temperature, K sat saturation

thermal resistance, K/W test test section

vapour quality v vapour
laminar-laminar Lockhart-Martinelli w tube wall

number
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