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Data base for evaporation of flowing isobutane and propylene in compact internally enhanced surfaces is
extended by experimental tests in two microfinned tubes and a smooth tube. The outer diameter for all of the test
tubes was 5 mm. Heat transfer coefficient and pressure drop were compared for both fluids in all tubes in
comparable working conditions. Test conditions were saturation temperatures of 5, 10 and 20 °C, heat fluxes
ranging between 15 and 34 k W m~2 and mass fluxes between 200 and 515 kg m~2 s~1. Results show that

propylene has a higher heat transfer coefficient and lower pressure drop compared to isobutane. Furthermore,
propylene is nucleate boiling dominant while convective heat transfer is dominant for isobutane. The tested
microfinned tubes tend to have a maximum heat transfer coefficient. While for smooth tube correlations were
found to reliably predict both heat transfer coefficient and pressure drop, the accuracy of correlations for
microfinned tubes is shown to be greatly dependent on the testing conditions and tubes.

1. Introduction

Currently the majority of the working fluids used in refrigeration
industries have a particularly high global warming potential (GWP).
Meanwhile, a progress towards a more environmentally friendly
refrigeration industry requires transitioning to working fluids that not
only have a low GWP and zero Ozone Depletion Potential (ODP) but are
also more energy efficient. Thus, reducing both the direct and indirect
impact of refrigeration industry on environment. Historically hydro-
carbons have long been used as working fluids in various applications.
Propane (R290), isobutane (R600a) and propylene (R1270) are the most
used hydrocarbons in small capacity refrigeration units as they offer a
favorable saturation curve for different use cases while they have low
GWP and zero ODP. However, the use of hydrocarbons in refrigeration
systems have been long limited by the concerns about their flamma-
bility. One of the most effective ways to decrease potential risk of
flammability with hydrocarbons has been to reduce the charge in the
system. It has been shown that in the refrigeration systems the majority
of charge accumulates in heat exchangers [31] where the fluid is in
liquid phase and therefore with a higher density. Therefore, minimizing
the volume of a heat exchanger with methods such as the use of
microfinned tubes with a high number of fins is essential to increase the
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capacity of refrigeration systems using hydrocarbon as the working
fluid.

Thonon [39] reviewed the literature on hydrocarbon heat transfer in
compact heat exchangers noting that there is a need for more experi-
mental data on in-tube flow boiling of hydrocarbons, especially in the
case of microfinned tubes. In a more recent review of evaporation and
convective condensation of hydrocarbons by Moreira et al. [25], flow
characteristics in convectional and micro sized channels from multiple
sources are gathered. The authors concluded that essential parameters
for system design such as HTC and pressure drop have been studied by a
small number of independent laboratories and data for them is scarce,
thus a broader experimental database for assessment of hydrocarbon
two phase behaviour becomes essential. Prior research on evaporation
of hydrocarbons has mainly focused on tubes of around 10 mm
[35,17,28]. Lillo et al. [20] studied the vaporization of R290 in a tube
with an internal diameter (d;) of 6 mm at high saturation temperatures.
They noted that the main heat transfer mechanism seems to be nucleate
boiling, while correlations of Bertsch et al. [2] and Friedel [10] pre-
dicted their results for Heat Transfer Coefficient (HTC) and pressure
drop most accurately. Longo et al. [22] studied the characteristics of
evaporation of R290 and R1270 while comparing them to R404A in a
smooth tube with d; of 4.0 mm, showing that while R404A has a higher
HTC, R1270 and R290 enjoy a lower frictional pressure drop. Longo
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Nomenclature

Greek

p Spiral angle

830 Percentage of predicted values with less than 30% error

y Fin angle

Roman

d; Fin tip diameter for MF tubes, internal diameter for smooth
tube [mm]

d, Outer diameter [mm]

E Enhancement Factor [-]

G Mass flux [kg m2s 1

HTC Heat Transfer Coefficient [k Wm 2 k1]

I Efficiency index [-]

irg Enthalpy of vaporization [k Wm™2 K]

Iy Fin height [mm]

m Mass flow [kg s

MARD  Mean Absolute Relative Deviation [-]

MRD Mean Relative Deviation [-]

n Number of fins [-]

p Penalization Factor [-]

p Pressure [Pa]

P, Reduced pressure [-]

Q Heat input [W]

q Heat flux [kJ kg’l]

: Heat exchange area ratio to a smooth tube [-]
S Heat exchange area [m?]
T Temperature [°C]

tw Wall thickness [mm]

x Vapor quality [-]
Subscripts

amb Ambient condition

element Heating Element

in Inlet conditions

l Liquid phase

lg Liquid to gas phase change
loss Heat loss to environment
pre Preheater section

sat Saturated condition

test Test section

w Wall

et al. [23] compared their previous results with evaporation of R600a in
the same tube showing that the HTC of R600a is significantly lower than
R1270 and R290. Yang et al. [43] performed similar tests for R600a in
conjunction with flow visualization in a smooth tube with d; of 6.0 mm.
More recently, de Oliveira et al. [29] studied evaporation of R1270 in a
tube with d; of 1.0 mm noting a dominance of churn and annular-wavy
flow, while correlation of Bertsch et al. [2] best predicted the experi-
mental data.

Multiple studies have researched the effect of internally enhanced
tubes on evaporation characteristics of different working fluids. Cho &
Kim [5] compared the evaporation characteristics of CO3 in smooth and
microfinned tubes with outer diameters (d,) of 9.52 and 5 mm showing
that the HTC in microfinned tubes increased by up to 210%, whilst the
pressure drop increase was up to 1.9 times. Celen et al. [4] investigated
evaporation of R134a in smooth and microfinned tubes, showing that
the pressure drop is increased by up to 3 times while the HTC is
increased by 1.9 times. Colombo et al. [8] observed the flow patterns,
characteristics of evaporation and condensation of R134a in one smooth
and two microfinned tubes showing that in evaporation both micro-
finned tubes increase the HTC compared to the smooth tube and found
no differences among them. Jiang et al. [14] compared evaporation
characteristics of R22, R134a, R407C and R410A in a 9.52 mm outer
diameter smooth and microfinned tube showing the highest relative
increase in HTC to be 1.86 for R22 while highest increase in pressure
drop was 1.45 for R407C.

There are few studies dealing with the effect of enhanced surfaces in
evaporation of hydrocarbons. Nan & Infante Ferreira [27] studied
evaporation and condensation of propane in a smooth, microfinned, and
crosshatched tube with d, of 9.52 mm. Their results showed the increase
in HTC seems to be more noticeable at higher mass fluxes and correla-
tions for internally enhanced tubes considerably over predicted their
experimental data. Furthermore, Wen et al. [41] studied the boiling of
R600a in a tubes with porous inserts showing that while HTC increases
compared to a smooth tube, the relative increase of pressure drop is
much higher. More recently, Allymehr et al. [1] studied the evaporation
of R290 in smooth and two microfinned tubes demonstrating the prev-
alence of the nucleate boiling heat transfer mechanism. Moreover, the
results showed that with the increase of mass flux in microfinned tube,
HTC increase is limited while the pressure drop continues to rise,
therefore disincentivizing the use of microfinned tubes in high mass

fluxes. Correlations for smooth tube predicted HTC and pressure drop
reliably, while the correlations for microfinned tubes showed a signifi-
cant dependency on the type of tube.

Consequently, while there is a number of studies that published
experimental data on characteristics of evaporation of refrigerants, there
is limited data available for hydrocarbons. Additionally, almost none of
the previous experimental works have studied the influence of internally
enhanced surfaces. As microfinned tubes are becoming increasingly
common due to the potential in volume and charge reduction in hy-
drocarbon heat exchangers, reliable experimental data are required to
properly design and size heat exchangers in applications such as air to
air heat pumps or domestic refrigerators. This study contributes to
completing the database on characteristics of flow boiling of R600a and
R1270 in both smooth and microfinned tubes by experimentally
measuring HTC and pressure drop values. The effectiveness of internally
enhanced surfaces in different working conditions was studied by
comparing flow characteristics of two microfinned tubes with dissimilar
internal geometries to a smooth tube at similar working conditions. The
two microfinned tubes are supposed to represent a more conventional
internally enhanced geometry and a more aggressive increase in internal
surface area. All three tested tubes have an outer diameter of 5 mm, they
were tested at mass fluxes ranging from 200 to 515 kg m 2 s~ ! and the
heat flux ranged from 15 to 34 kW m 2. The experimental results were
further compared with relevant correlations to analyze the accuracy of
available prediction methods.

2. Experimental setup

The experimental test rig has been previously used for determination
of evaporation characteristics and thus documented in Allymehr et al.
[1]. A short description of the test rig is given here for the sake of clarity
and ease. Fig. 1 shows the schematic of the test rig, where the test fluid is
circulated through the system by a gear pump. Mass flow is measured
downstream of the pump. By measurement of the pressure and tem-
perature before the preheater and temperature after preheater, the en-
ergy required to vaporize the fluid to the desired inlet quality is
calculated. This energy is provided to the fluid in the preheater by means
of electrical heating controlled by pulse wave modulation. In order to
minimize the heat loss, the test section was insulated using perlite and
then contained by hard insulation. Before the test section there is an
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Fig. 1. Test rig schematic.

adiabatic calming section of 75 mm. An electrical heating cable is used
as the heating source in the test section. For uniform distribution of heat
to the test tube a larger diameter tube is used and the space between the
outer tube and the test tube is filled with molten tin. Heat input for both
the preheating section and test section is controlled using Pulse Wave
Modulation (PWM). The pressure drop is directly measured by a dif-
ferential pressure transducer via pressures taps 547 mm away from each
other at the inlet and outlet of the test section. The wall temperature is
obtained from the two pairs of thermocouples brazed to the tube wall
located 100 mm from the inlet and outlet of the heated test section.
These thermocouples are attached to the outer wall of the test tube by
silver brazing. Contact between the thermocouples and the tube is
ensured by use silver brazing as it has a higher melting temperature than
tin. At each location, one thermocouple is in contact with the top and the
other with the bottom part of the test tube. The length of the heated
section of all the tested tube is 500 mm. Two pressure sensors are con-
nected to the test section using the same pressure taps for the differential
pressure transducer. Average value of these two pressure sensors pro-
vides the saturation pressure at test section, and the fluid saturation
temperature is determined from this saturation pressure..A photograph
of one of the test sections is shown in Fig. 2.

The sight glass located at the exit of the test section does not have the
same diameter as tube and therefore is only used for visual inspection of
flow. The setup is designed with valves upstream and downstream of the
test section, enabling its rapid change without the need to vacuum the
whole test rig. At the start-up and with changing of fluids, the test rig is
purged with nitrogen and vacuumed before introducing a new fluid. The
condenser and the subcooler are each plate heat exchangers. Two

separate thermal baths utilizing a secondary fluid are connected to the
subcooler and the condenser to ensure a liquid flow to the pump.
Moreover, the condenser is located at the lowest point and has the
lowest temperature in the system, thus the saturation pressure of the
system can be controlled by the temperature of thermal bath connected
to the condenser.

2.1. Tested tubes

One smooth tube and two internally enhanced tubes were studied.
All three tubes have an d, of 5 mm. Geometrical parameters are reported
in Table 1, and the physical representations of the parameters are pre-
sented in Fig. 3. The fin dimensions for the two microfinned tubes, MF1
and MF2, are roughly the same. The MF2 tube has a higher number of
fins and spiral angle, which results in a higher available area for heat
transfer compared to the other tested tubes. A cross sectional view of the
two tested microfinned tubes is shown in Fig. 4.

2.2. Working conditions
Table 2 summarizes the working conditions for both of the fluids.

Furthermore, the most differing fluid properties that seem to affect the
evaporation characteristics are reported.

2.3. Uncertainty analysis and validation

Uncertainty analysis was carried out by the method elaborated in ISO
[13] with a confidence level exceeding 95% (coverage factor of 2).

Fig. 2. Photograph of a test section.
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Table 1
Geometrical parameters of the test tubes.
Unit Smooth MF1 MF2
tube
Outer diameter (d,) mm 5 5 5
Fin tip diameter; Internal diameter for mm 4.1 432 426
smooth tube (d;)
Wall thickness (t,) mm 0.45 0.22 0.22
Actual cross sectional area mm? 13.2 157 148
Fin height (I5) mm - 0.12 0.15
Fin number (n) =) - 35 56
Fin angle (y) ° - 35 15
Spiral angle () ° - 15 37
Heat exchange area ratio (Ry) (O] 1 1.51 2.63
Heated test section length mm 500
Pressure drop measurement length mm 547
Test section length mm 1005

Fig. 3. Physical presentation of the geometrical parameters.

MF1

Fig. 4. Cross sectional view of the microfinned tubes.

Utilized instruments are listed in Table 3 with their respective uncer-
tainty. The calibration process and formulation used for uncertainty
propagation is documented in Al-lymehr et al. [1]. The average values of
the uncertainty of measurement for each studied case are reported in
Table 4. The increase of uncertainty for HTC values in microfinned tubes
is caused by the smaller temperature differences between the saturation
temperature and wall temperature. Furthermore, the higher values of
average vapor quality uncertainty for R1270 is caused by the higher
random error in the measurement of the mass flow in the highest mass
flow. Finally, it can be said that the uncertainty of measurement of
pressure drop for R600a is lower, this is because, as it will be seen later,
R600a generally has a higher pressure drop and since the differential
pressure sensor has a systematic uncertainty of the set span, this will be

Table 2
Operating conditions for experimental setup.
Unit Range/Value
R1270 R600a

Operating conditions
Saturation Temperature [Tsq] °C 5,10 5,10, 20
Heat flux [q] kW m 2 15, 24, 33 15, 24, 34
Mass flux [G] kgm 25! 200-515 250-500
Vapor quality [x] - 0.13-1 0.11-1
Quality change [Ax] - 0.06-0.14 0.07-0.15
Fluid properties
Reduced pressure [P,q] - 0.148-0.171 0.051-0.083
Liquid Viscosity at 10 °C pPas 110.4 177.5
Surface Tension at 10 °C mNm™! 8.5 11.8
Vapor Density at 10 °C kgm~3 16.3 5.9

Table 3
List of instruments and their respective uncertainties.
Type Range Uncertainty
Flow meter Coriolis 0-5 kg min~! +0.1% *
Absolute pressure sensor Strain gauge 0-10 bar +0.16%
Differential pressure sensor Strain gauge 0-0.5 bar +0.15% °
Thermoucouples Type T - + 0.05K
Preheater Electrical 3450 W +0.44% *°
Test section heater Electrical 620 W +0.55% *°

2 Of the reading.
b Of the set span.

Table 4
Average relative total uncertainty of measurement with a confidence level
exceeding 95% for each tested tubes and fluid.

R600a R1270

Smooth ~ MF1 MF2 Smooth MF1 MF2

HTC uncertainty [%] 3.5 6.6 9.0 4.3 8.9 8.7

Pressure drop uncertainty 1.5 0.9 1.0 4.8 4.4 4.1
[%]

Average Vapor quality 1.1 1.2 1.2 4.5 4.6 5.3

uncertainty [%]

percentage-wise smaller for R600a.

The test rig was validated using single phase gas flow of propane
flowing through a smooth tube. Pressure drop and HTC were calculated
based on Darcy Weisbach formula and the correlation by Gnielinski V.
[11], showing an average absolute deviation of 3.7% and 2.6% for
pressure drop and heat transfer coefficient, respectively. Vacuum heat
leakage tests were performed to account for the heat loss to the envi-
ronment. Heat loss was taken into account in the data reduction process
by a linear relationship based on the difference of ambient and heating
element temperature formulated by 1.

Qlasx = 0'2075'(Telement - amb) —0.2925 [W] (1)

This heat loss was on average 2.1% of heat input and the maximum
value never exceeded 4.3% in highest heat fluxes.

2.4. Data reduction

The four wall temperatures in the last 15 samples should have an
standard deviation of less than 0.1 °C for the system to be considered in
steady state. If this condition is not met, the system would be considered
to be unstable and the data would not be included in the data reduction
process. The data from the sensors was recorded for over 120 s to obtain
50 samples, which were then averaged. The average vapor quality value
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is calculated by Eq. (2):

Ax re —
X=Xjpp+—5 = Qe —
2 1H1-lig(Ppre)

- (i:ax,l - i‘) + Orest = Oloss

2-1-i1g(Psar)

(2)

i; is the enthalpy of subcooled fluid before entering the preheater while
Py is the pressure at the preheater section and Py is the arithmetic
average of the inlet and outlet pressure in the test section.

Heat transfer coefficient is calculated using Eq. (3):

Qte:t - Ql()xs
S(To ~ T

Where Ty is derived from the saturation pressure, Py;. T, and S are
defined as:

HTC = 3

_ 1 d
Tw = ij 4
S = nd,L (5)

The parameters depending on d; for the microfinned tubes such as mass
flux and heat flux, are calculated based on a smooth tube with internal
diameter equal to the fin tip diameter. Thermodynamic properties are
evaluated using REFPROP V10 [18].

The total pressure drop AP, is calculated by addition of the mo-
mentum pressure AP, drop with frictional pressure drop APy. The void
fraction in the momentum pressure drop calculation was determined
using Rouhani & Axelsson [33] correlation. Although this correlation
was originally developed for vertical tubes, it takes into account several
parameters that are important in mini and micro channels. Therefore it
has been used in multiple sources for calculation of the void fraction in
horizontal tubes [20,29].

3. Results and discussion
3.1. HTC and Pressure drop

Fig. 5 presents the effect of saturation temperature on HTC. The re-
sults for the smooth tube show no discernible change for R1270 and
R600a. The results for the microfinned tube show a similar pattern,
albeit the higher uncertainty levels at higher vapor quality make the
comparison less clear.

Fig. 6 depicts the effect of mass flux on HTC in the smooth tube for
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Fig. 6. Effect of mass flux on HTC in smooth tube with q = 24 kW m™2, Ty, = 5
°C for R1270 and R600a, mass flux (G) in the legend reported in kg m 2 s 1.

both of the fluids. The results indicate that R1270 has higher HTC in all
the test conditions, although the increase is more pronounced in lower
vapor quality. This can be indicative of a more influential convective
heat transfer mechanism in R600a, while heat transfer in R1270 is
mainly carried out by nucleation boiling process, thus having a rela-
tively milder increase in HTC with increasing vapor quality. This claim
can be further supported by thermophysical properties of fluids. Table 2
shows that the surface tension of the R600a is considerably higher than
R1270, this is known to suppress the nucleate boiling by increasing the
smallest radius for onset of nucleate boiling [36].

Fig. 7 compares HTC of R1270 and R600a in microfinned tubes in
different mass fluxes. Tube MF1 exhibits a clear distinction between
fluids, as R1270 has a higher HTC compared to R600a and this increases
with the vapor quality. This can be explained by arguing that the
microfinned tubes enhance the convective heat transfer regime for
R1270, while R600a is already benefiting from a convective energy
transport, thus not enhancing the HTC in the same way. As for the MF2,
it seems that the HTC is relatively higher for both of the fluids compared
to MF1 in similar conditions, this increase is more noticeable at higher
vapor qualities and for R600a. The effect of mass flux on HTC seems to
be minute for both of the fluids. This upper limit in increase of HTC with
mass flux for microfinned tubes was also observed in previous tests for
R290 [1]. It can be speculated that the independence of HTC values from
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Fig. 5. Effect of saturation temperature on HTC for R1270 and R600a, G = 250 kg m 2 s 1,q = 15 kW m~2
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Fig. 7. Effect of mass flux on HTC on MF1 and MF2 with q = 24 kW m~2, Ty, = 5 °C for R1270 and R600a, mass flux (G) reported in the legend in kg m~2s~1.

mass flux is caused by the high spiral angle. With increasing mass flux
the velocity of the gas core increases, but the increased longitudinal
vapor flow cannot increase the swirl motion in liquid film between the
fins, as the speed vectors of the phases are notably different from each
other. The increased mass flux for isobutane caused the two phase in-
stabilities to happen in lower vapor qualities. Maximum reported values
of vapor quality for R600a are lower for higher mass fluxes, this is
because unstable points are not reported.

The effect of heat flux on HTC of both fluids in smooth tube is pre-
sented in Fig. 8. As expected, since the nucleate boiling effect is domi-
nant for R1270, the HTC increases dramatically with higher heat fluxes
in lower vapor quality region, while R600a does not seem to benefit
from an increase in the heat flux in a noticeable way.

Fig. 9 shows the effect of heat flux on the HTC of microfinned tubes.
HTC values for evaporation of R600a in the MF1 tube seem to be in-
dependent of the heat flux. As for R1270 in MF1 tube, there is a
considerable increase in HTC going from the lowest heat flux to the
average heat flux in all vapor quality ranges. For the highest heat flux,
the HTC increased in low vapor quality regions, while in higher vapor
quality regions, the HTC is lower than the average heat flux. This trend is
remarkable and can be seen in the MF2 tube for R1270 as well, albeit to
a lesser extent. While the underlying reason for this remains unclear and
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Fig. 8. Effect of heat flux on HTC on smooth tube with G = 300 kg m 2571, Ty
= 10 °C, reported heat flux (q) in kW m2

would require flow visualization tests, it is probable that the high heat
fluxes at relatively low vapor qualities are able to create local dryout in
the tube, while other parts of the tube are still in contact with liquid
phase. This trend has also been reported for R290 [1]. Finally, the results
for the MF2 tube seem to be somewhat independent of the applied heat
flux or the fluid used. It could be speculated that the increase of the HTC
decreases the wall temperature, suppressing nucleate boiling and elim-
inating the effect of heat flux in heat transfer. Seemingly the same
mechanism controls the evaporation of R600a in MF1 tube. This results
indicate again the limitations for increase of heat transfer by use of
microfinned tubes.

The pressure drop is strongly dependent on the mass flux. This can be
seen in Fig. 10, which presents the data for the pressure gradient in the
smooth tube. R1270 has a lower pressure gradient for all the tested
conditions compared to R600a. This is unsurprising as the liquid vis-
cosity of R600a is considerably greater than R1270, meanwhile the
vapor density for R600a is lower compared to R1270, creating a higher
gas velocity that contributes to a higher shear stress. Furthermore, the
results show that R600a is slightly more sensitive to the increase of the
mass flux. Finally, R600a is influenced more by the higher vapor quality
in higher mass fluxes. (see Fig. 11).

In order to compare the effect of MF tubes, three parameters are
defined, Enhancement factor E, Penalization factor P, and efficiency
index, I, which are formulated as:

hMF
E= (6)
hSmrmlh
APMF
p= M @)
APSmoalh
E
==
» ©)

These factors are visualized in Fig. 12 for both of the fluids. The data
could not be obtained for all the mass fluxes because of difficulties in
accurate control of mean vapor quality or limitations of instruments
specially for R1270 flowing in MF2 tube, nevertheless the figures pre-
sent a clear pattern for all the three parameters apart from R1270 in
MF2. Enhancement factor, E, decreases with mass flux for all the tested
cases. As mentioned earlier this happens mainly because of the increase
in HTC of smooth tube in higher mass fluxes while MF tubes present a
more or less constant HTC with mass flux. It is also interesting to
compare the value of E with the increase in heat exchange area, R,, it
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seems that for MF1 tube E is higher than R, in lower mass fluxes, while in
higher mass fluxes E moves asymptotically towards R,. In MF2 tube E is
lower than R, and it further reduces in higher mass fluxes. This can be
explained by arguing that in low mass fluxes the turbulence caused by
the fins would affect the thermal boundary layer at the wall and increase
the HTC, while in the higher mass fluxes the turbulence at smooth tube
would compensate for this. Nevertheless the increase in the heat transfer
area enables more heat to be transferred from the fluid in MF tubes in
this condition. The results for MF2 tube also indicate that while a higher
increase in the heat transfer area is beneficial for HTC, this increase is
not linear and diminishing. Value of E for R1270 in MF2 seems to be an
outlying point, as the increase of HTC is lower than expected. While the
number of available data points is too small to make a verdict, it could be
argued that although the increased turbulence would increase the HTC,
the higher spiral angle, f, could suppress the nucleate boiling which is
the dominant heat transfer mechanism for R1270. As for penalization
factor, P, it is higher for MF2 tube. This was expected because of the
higher fin number and spiral angle of the MF2 tube. Furthermore, P does
not seem to be a function of mass flux. Finally regarding the efficiency
index, I, there is a clear decrease with mass flux. If efficiency index were
to be considered as how advantageous is the use of an internally
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increase shown with Ry.

enhanced tube, it could be concluded that the microfinned tubes are
most beneficial in low mass fluxes. Interestingly with a higher E and P
value, the efficiency index of MF2 tube is close to MF1 tube. Thus from
this point of view, there is no difference between these internally
enhanced tubes. Nevertheless, if the goal of heat exchanger design were
to minimize the charge, it would still be favorable to use a tube with a
higher number of fins and spiral angle, such as MF2 tube.

3.2. Correlations

The experimental data for HTC and pressure drop for all tested
conditions are compared with applicable predictive correlations by
values of Mean Relative Deviation (MRD) and Mean Absolute Relative
Deviation (MARD), defined as:

MRD = 100 z”: Predicted; —.Experimentali ©
i1 Experimental,
MARD = @ i Predicted; *.EXperimenzali w0
[ — Experimental;

Furthermore, 830 is defined as the percentage of the predicted values
having less than 30% deviation from the experimental data. Table 5
shows the values of MRD, MARD and §53¢ of the selected correlations for
the smooth tube.

Special care was taken to choose correlations that are most appli-
cable to the experimental condition of this study, for example, all the
studied correlations for the evaluation of pressure drop in smooth tube
use dimensionless quantities such as Laplace or Weber number to ac-
count for the effect of surface tension, except Miiller-Steinhagen & Heck
[26]. The selection of HTC correlations was focused either on correla-
tions developed for hydrocarbons such as Mohd-Yunos et al. [24] or
those considering smaller-diameter tubes such as Bertsch et al. [2].
Furthermore, well known correlations such as Kandlikar [15] and Liu &
Winterton [21] were also analyzed. Table 5 summarizes the results of
comparison for both of the fluids in smooth tube.

Apart from Sun & Mishima [37], the selected correlations for pres-
sure drop in smooth tube show a high degree of reliability in predicting
experimental results, data was most accurately predicted by Xu & Fang
[42] confirming the prior results for pressure drop in R290 [1]. In Xu &
Fang [42] authors studied correlations and experimental data of 15
different fluids in tubes with hydraulic diameters between 0.81 and
19.1 mm and developed a correlation improving the accuracy especially
for micro-channels. Notably this correlation did not have any hydro-
carbons in it’s database. The parity plot for this correlation is shown in
Fig. 13.

As for the HTC, correlation of Mohd-Yunos et al. [24] and Lillo et al.

Table 5
Comparison between experimental results and correlations for HTC and pressure
drop in smooth tube.

R600a R1270
MRD MARD 830 MRD MARD 830
% % % %
Pressure Drop
Correlations
Miiller-Steinhagen & -13.1 15.6 100 -16.7 19.4 97
Heck [26]
Sun & Mishima [37] -33.0 33.0 28.6 -33.4 33.4 20.9
Cavallini et al. [3] 3.0 12.7 90.0 -10.6 20.6 92.5
Xu & Fang [42] 1.8 6.6 100 -5.3 9.9 100
Friedel [10] -20.1 20.4 94.3 -17.1 18.6 100
HTC Correlations
Choi et al. [7] 1.2 15.2 88.1 0.9 24.8 80.6
Liu & Winterton [21] 15.3 15.3 90.0 6.8 8.5 100
Kandlikar [15] 19.8 19.8 90.0 -3.2 9.2 100
Tran et al. [40] —59.0 59.0 1.4 —48.5 48.5 1.5
Gungor & Winterton 9.8 12.5 94.3 4.3 9.4 97.0
[12]
Shah [34] 1.7 6.4 100 -17.5 18.5 88.1
Li & Wu [19] —-52.3 52.3 4.3 -36.1 36.1 28.4
Kim & Mudawar [16] —29.4 29.4 51.4 -16.8 17.7 89.6
Bertsch et al. [2] —42.3 42.3 14.3 —40.2 40.2 31.3
Mohd-Yunos et al. —52.7 52.7 5.7 —46.0 46.0 7.5
[24]
Lillo et al. [20] 30.1 30.7 71.4 92.2 92.2 55.2
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Fig. 13. Comparison between experimental data and correlations of Xu & Fang
[42] for prediction of pressure drop of R600a and R1270. in smooth tube.
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[20] which were explicitly developed for hydrocarbons using genetic
algorithms and flow pattern observation respectively, were surprisingly
the least reliable correlations. Correlation of Lillo et al. [20] is intriguing
as it shows a sound agreement with experimental results in lower vapor
qualities, while at higher vapor qualities over predicts the experimental
data. Therefore it seems that Lillo et al. [20] emphasizes the effect of
convective heat transfer, and consequently it can follow R600a experi-
mental data more closely as the heat transfer mechanism for R600a is
convection dominated.

Correlations of Liu & Winterton [21], Kandlikar [15], Gungor &
Winterton [12] performed best in predicting the HTC, being able to
predict more than 90% of data points with less than 30% error for both
of the fluids. Almost all of these correlation are relying on the principle
of dividing the boiling heat transfer in two parts, nucleate boiling and
convective boiling, thus the difference between them arises from how
some factors are defined based on the database used for their develop-
ment. This is again similar to the results obtained for R290 in Allymehr
etal. [1].

Microfinned tube correlations were calculated using the formulation
provided in their respective papers. If the formulation used for micro-
finned correlations utilized parameter definitions other than the ones
used in this study, experimental data was converted to match the cor-
relation’s definition. This point is crucial in choice of internal diameter
as it affects other parameters such as mass flux, G and heat transfer area,
S.

Table 6 shows the comparison data for MF1 tube for pressure drop
and HTC. While Diani et al. [9] predicts R1270 data the best and Roll-
mann & Spindler [32] does so for R600a data, it can be said that both are
capable of accurately predicting the pressure drop for both of the fluids.

As for HTC, the correlation of Padovan et al. [30] is the most accurate
in both fluids, albeit the reliability is less for R1270 compared to R600a.
This is even more notable for the correlation of Rollmann & Spindler
[32] where &3¢ drops from 95.5% for R600a to 3.5% for R1270. This can
be explained by arguing that the Prandtl number of R1270 in tested
condition is close to the range of validity declared in Rollmann &
Spindler [32] to be higher than 2.28, while R600a fits better in the range
of validity.

Results for MF2 tube portrayed in Table 7 show that while Diani et al.
[9] reliably predicts the pressure drop, other correlations perform
significantly worse compared to MF1 tube data. Furthermore, none of
the correlation seem to be able to follow the HTC of MF2 tube. While the
correlation of Tang & Li [38], Rollmann & Spindler [32] show the lowest
values of MRD and MARD, their predictive ability is far lower for R1270
compared to R600a. The lower availability of data for R1270 as a
working fluid might be the a contributing factor for this inconsistency.
The parity plot in Fig. 14 visualizes the comparison between the corre-
lations of Rollmann & Spindler [32], Diani et al. [9] and the experi-
mental data for MF1 and MF2.

Table 6
Comparison between experimental data and correlations for prediction of HTC
and pressure drop for microfinned tube MF1.

R600a MF1 R1270 MF1
MRD MARD 30 MRD MARD 830
% % % %

Pressure Drop

Correlations
Choi et al. [6] -15.9 15.9 100 28.7 28.8 41.4
Rollmann & Spindler -3.8 5.7 100 -9.6 13.2 96.6

[32]
Diani et al. [9] 13.9 13.9 100 -3.3 5.2 100
HTC Correlations
Tang Li [38] —36.9 36.9 31.8 -28.1 29.4 53.4
Rollmann & Spindler 1.7 12.0 95.5 —58.8 58.8 3.5

[32]
Diani et al. [9] —35.4 35.4 11.4 -286 28.9 56.9

Padovan et al. [30] 1.0 5.4 100 19.6 23.4 74.1
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Table 7
Comparison between experimental data and correlations for prediction of HTC
and pressure drop for microfinned tube MF2.

R600a MF2 R1270 MF2
MRD MARD 530 MRD MARD 830
% % % %

Pressure Drop

Correlations
Choi et al. [6] 29.5 29.5 47.2 18.9 18.9 85.4
Rollmann & Spindler -30.3 30.3 41.5 -32.6 32.6 33.3

[32]
Diani et al. [9] —-4.0 4.4 100 —-14.8 14.8 100
HTC Correlations
Tang & Li [38] 23.4 23.4 73.6 41.4 41.4 25.0
Rollmann & Spindler —25.6 25.6 69.8 —65.6 65.6 0

[32]
Diani et al. [9] 56.6 56.6 3.8 85.2 85.2 4.2
Padovan et al. [30] 113.2 113.2 0.0 168.1 168.1 0.0

Finally, a cross examination of Tables 6 and 7 shows that the pre-
dictive ability for HTC of Padovan et al. [30], Diani et al. [9] is signif-
icantly worse for MF2 data. A closer analysis of these correlations shows
that the heat exchange area multiplier in these correlations were
designed for tubes with a low increase in heat exchange area ratio, such
as in MF1 tube, hence over predicting HTC data for MF2.

4. Conclusion

While microfinned tubes have the potential to reduce volume and
charge in heat exchangers, lack of data for key design elements makes
system design challenging. This paper contributes to the available
literature on flow characteristics of hydrocarbons by presenting exper-
imental data on evaporation of isobutane (R600a) and propylene
(R1270) in one smooth and two microfinned tubes with an outer
diameter of 5 mm. The increased heat exchange area for microfinned
tubes are 1.51 and 2.63 for MF1 and MF2, respectively. The character-
istics of flow in two microfinned tubes and the smooth tube are
compared in similar working conditions. Experimental data was recor-
ded at saturation temperatures 5, 10 and 20 °C, heat fluxes ranging
between 15 and 34 kW m ™2 and mass fluxes from 200 to 515 kg m 25",

The results are critically compared, noting that saturation tempera-
ture does not strongly affect the HTC. In similar test conditions, R1270
has a higher HTC and a lower pressure drop than R600a. With increasing
heat flux, HTC of R1270 increases in smooth tube and MF1 tube,
specially at lower vapor qualities indicating a prevalence of nucleate
boiling regime, while R600a is not affected. With increasing mass flux,
HTC in smooth tube for both R600a and R1270 increases at higher vapor
qualities. As for the MF2 tube, HTC values remain the same with
increasing mass flux and heat flux, showing a maximum heat transfer
capability. As for the pressure drop, the most decisive parameter for all
fluids and tubes is the mass flux. Comparison of data between MF tubes
and smooth tube showed a maximum increase of 2.4 and 2.0 for HTC of
R600a and R1270, respectively. Increase of pressure drop in MF tubes
were 1.15 and 1.4 for MF1 and MF2 tube, respectively. Since by
increasing mass flux the relative increase in pressure drop between
microfinned and smooth tubes is greater than the relative increase in
HTC, the use of microfinned tubes in higher mass fluxes is discouraged.

Finally, the experimental data has been compared with several pre-
dictive correlations available in the literature. For smooth tube, corre-
lations of Xu & Fang [42] and Liu & Winterton [21] reliably predict
pressure drop and HTC, respectively. For microfinned tubes, accuracy of
the prediction methods varied based on the tested tube and the fluid.
Correlation of Diani et al. [9] reliably predicted all pressure drop
experimental data. Correlation of Rollmann & Spindler [32] best pre-
dicted the HTC data for R600a, while there were no reliable correlation
found for HTC of R1270.
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