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Abstract: Experimental and analytical investigation was carried out m this study to show the effect of surface
tension on the heat transfer coefficient of gases flow inside micropipe heat exchangers during condensation
process. Analytical empirical correlation was formulated for the convectional heat transfer coefficient of two
phase flow inside micropipe heat exchangers. Carbon dioxide (CO;) was used as working fluid. A comparison
between experimental results and that obtained by developed correlation were carried out and a comparison
between these results and literature published correlations were carried out too. The results of this research
showed that the predicted heat transfer coefficient of the proposed correlation was more closely for
experimental results than other correlations results, this is because of considering of the surface tension.
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INTRODUCTION

Experimental and analytical methods were used in
literature to predict heat transfer and fluid flow inside
macro tubes. Two phase flow characteristics inside
micropipes required more studies to predict because of a
very complicated behavior of fluid flow inside very
narrow passages. Micropipes can be used in many
applications; heat exchangers, condensers, evaporators,
boilers, etc.

In fact, through condensation, large heat transfer
rates may be achieved with small temperature differences.
In addition to the latent heat, two other parameters are
mmportant in characterizing the processes, the surface
tension between the liquid-vapor interface and the
density difference between the two phases which is called
the buoyancy force. The surface tension of a liquid, in
general, decreases with temperature decrease.

Suwrface tension of the refrigerants influences
nucleate boiling and two phase flow characteristics. A low
surface tension reduces the super heat required for
nucleation and growth of vapor bubbles which may
positively affect heat transfer as reported by Kim et al.
(2004). The condensation and evaporation of carbon
dioxide (CO,) inside micropipes were studied
experimentally and analytically using dimensional analysis
by Alshgirate (2008). He did not consider the surface
tension effect in the predicted analytical model.

The dimensional analysis technique by Jokar et al.
(2006) was used to correlate a formula for heat transfer

coefficient and Nusselt number during evaporation and
condensation processes of refrigerant R-134a m mim
channel plate heat exchangers.

Works on CO, using macro scale tube heat
exchangers were performed in many recent studies.
Abu-Dhem (2006) considered the surface tension, as a
parameter that affects the heat transfer coefficient of the
refrigerant flowing inside macro-tube heat exchanger
during condensation process.

Literature shows many equations and correlations
formulated for two phase flow (boiling) heat transfer and
validated these correlations by experimental research
inside horizontal mini channels as Choi er al. (2007),
Satish and Mark (2003) and Gungor and Winterton
(1986).

Expernimental and analytical studies of convection
change phase heat transfer coefficient and pressure drop
during flow inside tubes filled with porous media
presented by Tarawneh ef al (2011), they were
considered surface temsion in formulating empirical
equation to calculate heat transfer coefficient.

In this research, an empirical equation will be
formulated for the convectional heat transfer coefficient
of gases condensed inside micro pipe heat exchangers
(two phase flow) by free convection using cold
environment (chest freezer). Experimental research was
carried out for the same purpose using CO, as gas to
condense inside micro pipe heat exchangers with different
diameters. The surface tension parameter will be
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considered and appear as a main parameter that affect the

two phase convectional heat transfer

expressed by Nusselt number (Nu).
The temperature-entropy

coefficient

diagram  for the
condensation process of carbon dioxide gas flows inside
micro pipe heat exchanger was depicted in Fig. 1.

Figure 1 shows a cooling process for CO, from super
heated conditions to saturation conditions then down to
saturated liquid conditions. This process occurred as gas
flows inside micro pipes. This justifies the reasonable
pressure drop shown m Fig. 1. The part of condensation
1s the only part considered in this study. The experimental
and analytical studies in this research covered a domain
of independent parameters as follows:

*  Micro pipe mternal diameter ranged from 0.6 upto 1.6
¢ TInlet saturation temperature ranged from -3.19°C up
to11.74°C

A Critical P = 7380 kPa
Critical T =31.06°C

Sub cooling

Fig. 1. Temperature-entropy diagram of CO, condensation
process

Temperature (°C)

Condensation

v

Entropy (kJ kg ' K)

»  Mass rate of flow ranged from 2.7x107" kg sec™ up
to 10.6x107° kg sec™
»  Pressure ranged from 32 bars up to 47 bars

This study shows an acceptable agreement between
experimental results (for both heat transfer coefficient and
Nusselt number) and predicted values that obtained from
the resulted correlation.

MATERIALS AND METHODS

Experimental set-up: The test apparatus used in this
study and its main components are shown schematically
inFig. 2. The experimental set-up consists basically of:

¢ The pressurized CO, (g) cylinder as a main source of
carbon dioxide gas

¢+ High pressure regulating valve with built-in gas
cylinder pressure gauges

s Chest freezer used as environment to cool, condense
and sub cool the carbon dioxide gas flowing inside
the micropipe heat exchanger by free convection

»  The micropipe condenser

s High pressure cutoff and isolating valves

*  Pressure gauges

s  Sight glasses

¢ The micropipe evaporator

»  Data Acquisition System (DAS)

¢+ Volume flow meter for measuring the volume flow
rate of the gas

Experimental procedures: The outside wall surface
temperatures of the micro pipe heat exchangers during

Condenser

Printer
Computer

Flow meter

Fig. 2: Schematic diagram of the test apparatus
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condensation process, the chest freezer inside air
temperature and the ambient temperature were measured
by means of K-type thermocouples. About 32 temperature
readings, distributed along each micro pipe heat
exchanger were sensed by K-type thermocouples
connected to a module of 32 channels which is in turn
plugged in a data acquisition system of model SCXI-1000,
manufactured by National Instruments Company. The well
known LAB VIEW soft ware was used for processing the
signals from the thermocouples and for changing it to
temperature readings on the screen of a commected
perscnal computer. For each experimental test run, the
variations of the temperature with time were monitored.
The temperature readings were monitored and recorded
until the steady state conditions are achieved.

The pressure was recorded in three positions at
steady state conditions; they were: Before condensation,
after condensation and after evaporation.

Volumetric rate of flow in m’ sec™' was read at the
end outlet flow by a gas flow meter calibrated for CO, (g).
Sight glasses were used to observe a complete
achievement of condensation and evaporation processes
over the whole test runs.

Expermments were conducted for different pipe
diameters, at different pressures and at settings of
different rate of flows.

Experimental conditions: The experimental conditions
that were used in this study are listed in Table 1.

Calculations

Experimental heat transfer calculation: Condensation of
gas flows inside tubes are exposure to different modes of
heat transfer: The first mode 1s convection between the
gas and the mner side of tubes, the second mode is
conduction through the wall of the tubes and the third
mode is convection between the outer surfaces of the
tube to the surrounding.

The total heat transfer rate rejected from carbon
dioxide gas in watts (W) during a complete condensation
process to the swrrounding air, Qe, was calculated as
follows:

Qop, =M, % h, (1

Where:

me, = The mass flow rate of carbon dioxide in kg sec™

hg, = The latent heat of vaporization in kJ kg™

The rate of heat transfer from carbon dioxide to the
mmmer surface of the condenser 1s:

QC02 :hiA1AT1m

where h, is the convective internal heat transfer
coefficient. The logarithmic mean temperature difference
calculation 1s:

AT, =(AT,, — AT, )/In(AT,, / AT, ) (2)
ATout = Tsat,aut - Tsurf (3)
ATm = Tsat,m - Tsurf (4)

Where:

Tiwow = The condenser outlet saturation temperatures at
the outlet condenser pressures

T = The condenser mlet saturation temperatures at
the inlet condenser pressures

T, = The calculated outer surface temperature of the
condenser in °C

The outer surface temperature (T, required for
loganthmic mean temperature difference was calculated by
Tiang et al. (2004) using the Eq. 5

:Z:TSIXAXJ I-LL (s)

] ]

Tsurf L

Where, T, is the thermocouple measured surface
temperature along the condensation part of test section in
°C.

AX, =X, - X, , (6)

Distance along the condenser between two
subsequent thermocouples (m). L 1s the length of the
condensation part of test section in meter.

The complete condensation test section area
{micropipe condenser internal surface area (A)) in m*) can
be calculated as follows:

A =7DL (7)

All these data were calculated and substituted in:

h,, =Qe., {AAT,) (8)

Table 1: Experimnental conditions
Variables Values
Test sections Three micropipe heat exchangers
Process Condensation inside a

chest fieezer of -28°C
Working fluid C0, (g)
Coper micropipe internal 0.6, 1.0

diameter (D;, mim)

Heat exchanger total length (m) 2972

Test section inlet pressure (kPa) 3200, 3700, 4200, 4700
Raturation temperature (°C) -3.19,2.27, 722, 11.74
Volume flow rate (V, 1 min™!) 1-4

Mass flow ratex10~7 (kg sec™!) 2.7,5.3,.8 106
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This equation was used to determine the experimental Where, fis some function. This equation consists of
convection heat transfer coefficient, h,, and the 13 variables with 5 basic primary dimensions needed to
experimental Nusselt number, Nu.. of carbon diexide gas express the variables, these dimensions are: Power (W) in
condensed inside micro pipe heat exchangers for all test  Watt, Mass (M) in kilogram, Length (I.) in meter, time (t)
conditions. 1in second and Temperature (T) in Kelvin

Based on the above, the number of the dimensionless
Empirical heat transfer calculation

Dimensional analysis: The well known Buckingham n
theorem and method of indices were used for finding
dimensionless groups appropriate for this problem and
new empirical correlations were developed using the
Multiple Linear Regression Method.

The results for convection heat transfer coefficient
during condensation process were presented, plotted and

variables applicable to this problem was 8. By using a
step-by-step approach, the 8 prime variables are selected
and another 5 repeated variables are found.

The empirical correlation equation for the carbon
dioxide average convective heat transfer coefficient
through the dimensionless group of the average Nusselt
number can be obtained from the following dimensionless

discussed m this research. groups.
Alshqirate (2008) presented an empirical equation for Average Nusselt number : Nu= h,D, (1)
convectional heat transfer coefficient in the form of k,
Nusselt number as follows:
V. Dp
- R 1d ber: Re, = —2—m (12)
(RGD)l 27(131")“7((3&) o1l € ynold Number . Kep .
Nu=256x(10) x| ¢ y*2 1 (9
o (L] iy o
i Prandtl number: Pr = % (13)

m

The researcher neglected the effect of swface
tension, as a parameter that affects condensation process _ g(pl P, )D?pm a4
(droplets formation) of any gas that internally flows. Galileo number: Ga = ————5———

The convection internal heat transfer coefficient (h)
of any gas during condensation process in micro pipe
heat exchanger is expected to depend on the following
dimensional variables: The difference between the mean
saturation temperature during condensation process and
the test section surface temperature; the buoyancy force
arising from the liquid-vapor density difference, the latent Weber mumber =
heat of vaporization, the surface tension, the micropipe
mternal diameter, the length of the micropipe condenser,
the mean velocity, the pressure drop across the B- L )
condenser, the mean value of the density, the mean D
specific heat and the mean thermal conductivity and the AP
mean dynamic viscosity as presented by Incropera and Euler number = Euzvz—:oml g
Dewitt (2002). The mean values of the properties were nPm
defined by liquid and gas properties:

T

ATC,, %)

Jacob number: Ja =

fz

P, VD, (16)
o

By using these dimensionless groups, the averaged

PP, e Nusselt number can be expressed m terms of:

e, p, = > [T etc.

2 _
Nu = Function{Re,Pr,Ga,Ja,We,B,Eu)

Liqud and gas properties were obtained from CO,

tables published by IIR. It 1s assumed, therefore that: The assumed form of this function can be suggested

or expressed as a nonlinear function as the following:

hl,AT,g(p1 7pg),hfg,D1,L, (10)

g, VmAR:md’pm’Cp,m’Km’l'Lm ﬁ:M(ReD )3 (Pr)b (Ga)c (Ja)d (WG)E (B)f (Eu)n

f
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Where, M-f and n are arbitrary constants that can be
obtained using the Multiple Linear Regression Method by
solving for carbon dioxide data generated by the
experimental research.

Thus, the final form of the empirical correlation of
the average convective heat transfer coefficient in terms
of the average Nusselt number during condensation
process of gases flow inside micro pipe heat exchangers
18!

(ReD )U.?S (Pr)Zl.é (Ga)U4 (Ja)—4 1
(We)* %} (Eu)™"?

i

Nu=2.45x107 (19)

of the
independent parameters, the average Nusselt number will

To perform the correlation in terms
become:

h, =2.45x107°

(v el o)) )0n )02 o2 )2 )2

(AT (AR ) (1 )(s™)

(20)

The calculated values obtained from the resulted
correlation were used to determine the predicted values of
the average Nusselt number (Nu ), then in turn the
predicted values of the convection heat transfer
coefficient, h,,, .

For the purpose of validation of this correlation, a
comparative study was carried out between this research
correlation and literature correlations using the previous
mentioned correlation, Alshqirate (2008) and well known
Chato expression (Incropera and Dewitt, 2002) for the
convection heat transfer coefficient of gas condensed
inside tubes.

RESULTS AND DISCUSION

Figure 3 and 4 show the relation between the
experimental values of heat transfer coefficient and
Nusselt number with values resulted from correlated
equations.

From Fig. 3 and 4, it is clear that the values of this
work correlation enhanced by around 7% to be
closer to the experimental values than the values
predicted by Alshqirate correlation, this i1s because of
using the surface tension as a parameter that affect the
heat transfer.

Figure 5 reveals the effect of swface tension on
experimental and correlated heat transfer coefficient. From
Fig. 5, it 1s noticed that the convection heat transfer
coefficient increases with increasing the surface tension.
The rate of bubble growth depends on convective heat
transfer through the liquid to the Liqud-vapor interface
required to supply the enthalpy of vaporization. The size
of the bubble as it breaks away from a wetted wall (bubble
growth) is an appropriate characteristic length to form a
Nusselt number. This characteristic length depends
mainly on the surface tension and buoyancy force.
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700- —m— h Alshqirate, 2007 =09 b,
600-
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Fig. 3: Experimental heat transfer coefficient, h,, vs.

different correlations calculated values of heat
transfer coefficient

] —=— Nu of this work = 1.04 Nu,,,
7 —— Nu Alshqirate, 2007 =0.94 Nu,,,
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Fig. 4 Experimental Nusselt number, Nu_, vs. different
correlations calculated values of Nusselt numnber

. 350 b exporimental
& 3004 —e— h of this work
‘Eié 150 po
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3 50
s 5.2 54 56 58 6.0
Surface tension (Nm )

Fig. 5: Surface tension vs. heat transfer coefficient at test
section inlet pressure = 3200 kPa and different
volume flow rate
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Fig. 6 Experimental heat transfer coefficient, h_, vs.
correlated heat transfer coefficient, h,,.. at different
test conditions
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Fig. 7: Experimental Nusselt number, Nu,_,, vs. correlated

Nusselt number, Nu,, at different test conditions

Figure 6 and 7 introduce the high conformity between
the experimental and the predicted values for both heat
transfer coefficient and Nusselt number. It is clear from
Fig. 6 and 7 that the agreement of predicted values
reached around 97% with the experimental results for both
quantities.

Figure 8 and 9 present a comparisons between
experimental heat transfer coefficient and experimental
Nusselt number with those calculated using this work
correlation and literature correlations of (Alshgirate
correlation) and (Chato expression).

Tt is clear from Fig. 8 and 9 and for both h and Nu that
the values of this work correlation very close to the
experimental results, than those calculated using literature
correlations. The agreement with experimental values was
as follows: This research correlation results was over
predicted with around 0.97. Alshqirate correlation under
predicted with around 0.89 and for Chato expression over
predicted with around 0.93.

From Fig. 8 and 9, 1t 1s noticed that the results for
both h and Nu values of this work correlation agree with
those calculated using literature correlation of Chato
expression. The agreement reaches around 0.95 with
Chato results.
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Fig. 9: Experimental Nusselt mumber, Nu,_, vs. different
correlations calculated values of Nusselt number

CONCLUSION

In this research, a new correlation was obtained for
calculating heat transfer coefficient for two phase
(condensation process) flow inside micro pipe heat
exchangers.

Using the surface tension, o, affected both h and Nu
to have values more conformal with the experimental
values and in this case the predicted values of both
h and Nu are closer by 70% compared to the Alshqirate
correlation values where the surface tension was not
considered.

By considering of the surface tension as a parameter
that affect the heat transfer coefficient and enhance the
heat transfer process, a high conformity between
predicted and experimental results will be noticed.

Because of very close predicted values to the
experimental results, the proposed model for heat transfer
coefficient can be used easily mstead of complicated and
costly experiment nstallation.
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