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Influence of magnetic ficld on two-phase flow convective
boiling of some refrigerant mixtures
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SUMMARY

In this paper, an experimental study on the influence of magnetohydrodynamic (MHD} on heat transfer
characteristics of two-phase flow boiling of some refrigerant mixtures in air/vefrigerant horizontal
enhanced surface tubing is presented.

Correlations were proposed to predict the impact of MHD on the heat transfer characteristics such as
average heat transfer coefficients, and pressure drops of R-507, R-404A, R-410A, and R-407C in two-phase
flow boiling inside enhanced surface tnbing. In addition, it was found that the refrigerant mixture’s
pressure drop is a weak function of the mixture’s composition.

It was also evident that the proposed correlations for predicting the heat transfer characteristics were
applicable to the entire heat and mass flux, investigated in the present study. The deviation between the
experimental and predicted value using new and improved correlations for the heat transfer coefficient and
pressure drop were less than 4 20%, for the majority of data. Copyright © 2005 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The effect of magnetism and magnetic field on fluids is still considered as a not well known
subject. However, it is well established that there are major changes caused by the passage of
fluid through magnetic field.

Several studies reported in the literature demonstrated the magnetic field and its capabilities
as well as its impact on the thermodynamic characteristics. However, as the electrical
hydrodynamic (EHD) technique has shown an improvement of the heat transfer rate on
refrigerant side (8ami and Aucoin, 2003), it is believed that magnetic field could have an
enhancement effect on heat transfer properties.

The literature revealed that in addition to what has been reported by Sami er af. (1996, 1998,
2000, 2003), Wang er al. (1998) investigated nucleate boiling on several commercially available
enhanced and smooth tubes using working fluids R-22, R-123, R-134a, R-407C and R-410A in
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water/refrigerant geometry. His work concluded that heat transfer coefficients of R-410A and
R-22 are comparable. Other results have been reported on two-phase flow characteristics inside
smooth tube by Wijaya and Spatz (1995) using R-22 and R-410A.

Numerous studies on the fluid flow and heat transfer of refrigerant mixtures inside horizontal
smooth tubes by Sami and Aucoin (2003) and Khartabil es al. (1988), Heide and Schenk (1996),
Krauss et al. (1996), Tanka and Sotani (1998), Webb et al. (1971) reported no remarkable effect
of the mixture’s composition on the flow pattern of condensation. However, none has been cited
in the literature on influence of Magnetic Hydrodynamic (MHD) field on the heat transfer
characteristics of refrigerant mixtures (Yata, 1998; Sami and Kita, 2005).

The present research work has been undertaken to better understand the impact of magnetic
field on the boiling fluid flow and heat transfer characteristics of some new alternative
refrigerant mixtures inside enhanced micro-fins surface tubing under various levels of magnetic
flux: R-410A (R-32/R-125:50/50%), and R-407C (R-32/R-125/R-134a:23/25/52%). All
percentages of the aforementioned blends are based on weight.

2. EXPERIMENTAL APPARATUS AND MEASUREMENTS

Figure 1 shows a schematic diagram of the experimental set-up, which is composed of an air/
refrigerant vapour compression heat pump with 3 kW compressor.

Various magnetic elements with gauss level of 4000 each have been employed in this study.
These magnets were clamped at the refrigerant lines, single-type with two brackets strapped
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Figure 1. Schematic diagram of air/air heat pump test facility.
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TWO-PHASE FLOW CONVECTIVE BOILING OF SOME REFRIGERANT MIXTURES 1373

around the pipe. They were clamped on the refrigerant liquid line at the post condenser outlet at
various distances, before the capillary tube/thermal expansion valve used as flow control device
and at the low vapour pressure line leading to the compressor. The permanent magnets were
placed at different locations of the outlet of post condenser. This was necessary to ensure that
the magnets are placed on the refrigerant full liquid line. The full liquid line is defined as a
section of the pipe where the flow is sub-cooled liquid. At each position, experiments were
conducted with one, two and three or more magnets placed at 0.01 m spacing between each
other. Figure | depicts the set up flow diagram and magnet positions.

2.1. Test facility

A test facility was constructed to study the refrigerant mixture boiling under liquid injection
conditions. The facility was capable of producing saturated vapour at the evaporator outlet for
boiling studies. The experimental set-up is an air/refrigerant vapour compression heat pump and
is composed mainly of a 3kW compressor, oil separator, condenser, pre-condenser, pre-
evaporator, adjustable expansion device equipped with a series of capillary tubes with control
valves, and a test evaporator. The oil content in the refrigerant loop was estimated to be about
1% using gas chromatography.

2.2. Test section

The experimental set-up test section was composed of a micro-fin finned evaporator coil. The
geometry of the coils is presented in Tables I and II, whereas Table I gives details of the micro-
fins geometrical parameters. Furthermore, Table II1 gives the test conditions and information
on the key parameters of the system. Pressure, temperature and flow rate measuring stations are
also shown in Figure 1.

The accuracy of the pressure transducers was 4+ 2.5%. Differential pressure transducers were
employed to measure the refrigerant pressure drop. Temperatures were measured by RTD
sensors with an accuracy of 4+ 0.5% of full scale.

Table I. Air coils specification.

Tube outer diameter 0.375in (0.9325cm)
Rows deep 4

Fins per inch 12

Fins depth 3.6in (8.884cm)

Fins height
Fins length

Fins thickness
Rifled tubes

20in (50 cm)
30in (76cm)

0.045in (0.114.cm)

Micro-fins

Table II. Geometry of micro-fin tubes (round tip geometry).

Qutside diameter
Root diameter
Tip diameter
Fins height
Pitch

0.75in (0.525cm)

0.441in (0.738 cm)

0.31in (0.407 cm)
0.0741n (0.0188 cm)
0.016in (0.0406 cm)

Copyright © 2005 JTohn Wiley & Scns, Ltd.
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Table TT1. Test conditions.

1 Temperature of air at the condenser inlet 21°C

2 Temperature of air at the evaporator inlet -15°Cto +8°C

3 Air flow rate 7.07 % 1077 t0 9.4 x 1072 m’ s~
4 Refrigerant mass flow rate 840gs™!

5 Condenser pressure 6001800 kPa

6 Evaporator pressure 170450 kPa

7 Standard relative humidity at condenser inlet 45%,

The accuracy of the mass flow measurements was + 3% of the nominal flow. Air
temperatures data at inlet and outlet of the evaporator and condenser were stable experienced
no fluctuations and therefore, a typical response time of RTD was sufficient and considered
accurate for such an application.

In order to close the energy balance power supplied to the compressor and fans was measured
with an accuracy of + 2.3%.

2.2.1. Water loop. Water was circulated through the inside of the condenser tube to cool down
the superheated refrigerant entering the condenser. The water loop was composed of pump,
control valves, flow meter, and heat exchangers. The heat exchangers were used to provide
accurate control of the water temperature before entering the condenser.

2.2.2. Anti-freeze loop. The anti-freeze solution was employed to remove heat from the
refrigerant mixtures under investigation. The flow of anti-freeze was circulated through various
components; subcooler, reservoir with immersed heater, water heat exchanger. The anti-freeze
loop was capable of producing 3 ton of refrigeration at —18°C.

2.2.3. Data collection. Data collection was carried out using a P-130 equipped with a data
acquisition system having a capacity of 112 channels. This enabled us to record with a single
scan, local properties such as pressure drops, pressures, temperatures, flow rates, heat flux and
power. All tests were performed under steady state conditions. The channels were scanned every
second and stored every 10s. The measured values were averaged over a period of 10s.

In order to develop the proposed correlations describing the two-phase flow boiling heat
transfer characteristics, the thermodynamic properties as well as transport properties of pure
and zeotropic refrigerant mixtures should be known. The REFPROP version 6.01 Reid ef al.
{1987) and McLinden (1998) was used to evaluate the characteristics during phase change of the
mixtures under investigation. On the other hand, interaction parameters were selected
with caution to aveid influencing the transport properties of refrigerant mixtures (Sami and
Poirier, 1998).

2.2.4. Test procedure. The results of the various refrigerant mixtures with no liquid injection
were used as baseline for this study. Upon completion of the baseline results of each refrigerant
mixture, under the aforementioned conditions, the compressor and the system were drained and
evacuated. Following this step, the system was then recharged with the preferred refrigerant
mixture. This procedure was repeated before conducting the series of tests for every single
alternative mixture, Same type oil was used during experimentation.

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Energy Res. 2005; 29:1371-13384
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During the experimentation, the sink air temperature was kept constant at 21°C, and relative
humidity was also kept at 45%. The source coolant temperature varied from —15 to 5°C, at the
evaporator inlet. The dry and wet bulb temperatures of the source and sink were within the
ASHRAE and ARI Standards.

2.2.5. Saturated refrigerant conditions. The anti-freeze temperature at the test section was
adjusted until the desired saturation conditions are achieved. The saturation temperature is
controlled by the inlet anti-freeze temperature and flow as well as the immersed heater in the
anti-freeze tank.

During the boiling testing the refrigerant mixture saturation temperature was compared with
two temperatures refrigerant mixture probes in the test section. Saturation condition was
considered achieved if the temperatures agree within 4+ 0.5%.

2.2.6. Uncertainty of the results. The convective boiling heat transfer coefficient is determined
from the test section heat balance, temperature difference and other thermal resistances. Earlier
experience with our instrumentation and current study showed that the uncertainty in the
refrigerant side heat transfer coefficient was + 7.5% and overall heat transfer coefficient was
+ 10.8%. For further details the reader is advised to consult references Sami and Poirier (1998)
and Sami and Grell (2000).

3. MODELLING OF HEAT TRANSFER CHARACTERISTICS

In the following sections, the results of the heat transfer characteristics such as pressure drops,
heat transfer coefficients at different conditions will be presented and discussed.

3.1. Heat transfer

The following equations have been employed to calculate the heat transfer coefficients from the
data stored during each particular test at equilibrium conditions.

The heat transfer rate in the evaporator test section can be determined from the heat balance
of the airflow;

Qa = 1, (Hain - Haou) (

where H,,, and H,, are the total enthalpies of airflow leaving and euterins the evaporator,
respectively,
The vapour quality at the exit of the test section was calculated from an energy balance of

& (2)

Xout = Xin T =
¥ hig

the system and the refrigerant properties were determined at saturation conditions in the test
section.
The total heat transferred to the refrigerant is

Qr = MhchgAx (3)

where Ax is the quality change in the test section.

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Energy Res. 2005; 29:1371-1384
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The overall heat transfer coefficient based on the outside surface area of the test section is

O @

U= A, LMTD

where LMTD is the logarithmic mean temperature difference based on the inlet/outlet of air/
refrigerant flows. The calculation of the LMTD is based on the nonlinear enthalpy variation
with temperature. Furthermore, the LMTD was calculated for one straight section of the test
sectton. No integration of LMTD values was needed, since only one section of the heat
exchanger was considered in this study.

Assuming no fouling and R, is the thermal resistance in the copper wall of the tube, the
refrigerant heat transfer coefficient A, can be calculated as follows:

1 1 l
- - Rwa
he—A;  UA, (I:aAO + ‘) )

where A, 1s the air heat transfer coefficient and is calculated using the Wilson plot technique as
described in Khartabil et al. (1988). Ry, is the wall resistance evaluated using the actual
thickness and the outside diameter of the tube.

During the course of this study for data resolution purposes, the enhanced surface tube has
been treated as a plain tube with an equivalent diameter. Using the equivalent diameter is
consistent with the approach suggested by Sami and Poirier (1998) and Khartabil er al. (1988)
for the enhanced surface tubing heat exchangers.

The reliability of the testing facility has been checked out by comparing the correlations
reported by Collier (1981). Excellent agreement was obtained. Interested readers are advised to
consult Sami and Desjardins (2000) for similar results on single phase, and two-phase flows of
pure and/or refrigerant mixtures.

4. RESULTS AND DISCUSSION

4.1. Boiling characteristics

Samples of the experimental boiling data have been plotted in Figures 2-5, where the boiling
heat transfer coefficient is plotted versus mass flow rate and the Reynolds number for various
refrigerant mixtures. As expected, the data showed that the boiling heat transfer coefficient
increases with the increase in the Reynolds number and the mass flow rate. The data clearly
indicated that the boiling heat transfer coefficient was significantly influenced by the application
of magnetic field. The heat transfer coefficient was enhanced using the magnetic field with some
refrigerant mixtures as shown in Figures 2 and 3. However, some refrigerant mixtures did not
respond to magnetic treatment equally. This is quite evident for certain flows and Reynolds
number was less than 80 000. The impact of magnetic field on the heat transfer coefficient as well
as the thermophysical properties was demonstrated via the various plots of Reynolds number
and heat transfer coefficients.

It also appears from the data presented in Figures 2-5 that the magnetic field had a positive
effcct on the heat transfer coefficient of refrigerant mixtures with less gliding temperatures and
moderate boiling temperatures such as R-404A and R-410A. In particular Figure 4 has shown
that the magnetic field was insignificant at lower mass flow rates less than 0,02kgls™'. On the

Copyright € 2005 John Wiley & Sons, Ltd. Int. J. Energy Res, 2003, 29:1371-1384
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other hand, the results demonstrated that as flow rates increased the magnetic impact became
evident.

The data displayed in the above-mentioned figures showed that the heat transfer coefficient
was influenced by the Reynolds number, magnetic field power and the boiling point of the
refrigerant mixture.,

After detailed analysis of the convective boiling two-phase flow data, the following form
proposed by Sami and Song (1996) is considered. Figure 7 showed the proposed correlation for
R-410A:

Nu, = A(Re? - K¢)** + B (6)
where
_ hDy _ GDy o Ath‘g
Nu, == Re = y ,Kp = T

And finally, Equation (6) takes the following form:
Nu. = AY + B (7)

Figure 7 had been constructed in an attempt to validate the proposed correlation, where values
of measured heat transfer coefficients and nondimensional heat transfer coefficient predicted by
the proposed correlation were compared with experimental ones for R-407C as a sample of the
experimental data. The data plotted in these figures showed that the correlation is applicable to
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Figure 6. R-410A HTC versus mass flow rate.
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the entire heat and mass flux, investigated in the present study for the proposed blends under
question. The average deviation between the experimental and predicted values was less than
+ 20%, for the majority of data. Similar deviations have been observed with the other
refrigerant mixtures under investigation.

Another attempt has been made to validate the experimental data for R-410A and was
presented in Figure 8. Other samples of R-507 are shown in Figure 9 where it appears that the
average deviation between the experimental and predicted values was less than + 20%, for the
majority of data.

No attempts have been made to compare the proposed boiling correlations to existing ones,
since to the authors” knowledge, none were reported in the literature under liquid injection test
conditions.

Equation (7) clearly showed as presented in Figure 10 that there was a functional dependence
of boiling heat transfer on the transport properties; and particularly thermal conductivity and
viscosity of the refrigerant mixtures as well as other parameters. However, a sensitivity analysis
demonstrated that the thermal conductivity and viscosity were the most crucial to the prediction
of the boiling characteristics (Sami and Desjardins, 2000; Sami and Grell, 2000). Those
thermophysical properties were significantly influenced by the MHD (Sami and Kita, 2004).

The proposed correlations in Equation (6) and their inherent dependence on the magnetic
power have been plotted in Figures 6-10, where as the Nusselt numbers calculated after the
experimental data obtained for the refrigerant mixtures in question was plotted against various
numbers of magnets with different Gauss power. The comparison between the measured forced
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convection boiling heat transfer coefficients showed that the data displayed was applicable to
the entire heat and mass flux range for the proposed blends under question.

5. CONCLUSIONS

The boiling heat transfer coefficient characteristics of some alternatives refrigerant mixtures
such as R-404A, R-407C, R-307, and R-410A have been studied in air/refrigerant under
magnetic field conditions. The data revealed that magnetic treatment is beneficial to the heat
transfer coefficient depending upon the Reynolds number and the boiling point as well as the
type of refrigerant.

In addition, the proposed heat transfer coefficient correlations were found to be applicable to
the entire heat and mass flux, in the present study under the gas/liquid injection conditions. The
deviation between the experimental and predicted under liquid injection was less than + 20%
for the majority of data.

NOMENCLATURE

A = heat transfer area (m°)
D = diameter of tube (m)

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Energy Res. 2005; 29:1371-1384
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I = refrigerant

Tt = transferred to refrigerant
tp = two-phase

v = yapour

wal = wall
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