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Abstract: Due to its low global warming potential (GWP) and good environmental properties, CF31
can be a suitable component of refrigerant mixtures in the field of refrigeration and air conditioning. In
this work, the local condensation heat transfer characteristics of CF3I were experimentally investigated
in a plate heat exchanger (PHE). The condensation heat transfer experiments were carried out under
conditions of vapor qualities from 1.0 to 0.0, at saturation temperatures of 25-30 °C, mass fluxes of
20-50 kg/ m?2s, and heat fluxes of 10.4-13.7 kW /m?2. Local heat transfer coefficients were found to
vary in both the horizontal and vertical directions of the plate heat exchanger showing similar trends
in all mass fluxes. In addition, the characteristics of local heat flux and wall temperature distribution
as a function of distance from the inlet to the outlet of the refrigerant channel were explored in detail.
The comparison of the experimental data of CF3I with that of R1234yf in the same test facility showed
that the heat transfer coefficients of CF3;I were comparable to R1234yf at a low vapor quality and a
mass flux of 20 kg/m?s. However, R1234yf exhibited a transfer coefficient about 1.5 times higher at
all vapor qualities and a mass flux of 50 kg/m?s. The newly developed correlation predicts well the
experimentally obtained data for both CF3I and R1234yf within £30%.

Keywords: condensation; low GWP; CF;zI; heat transfer coefficient; plate heat exchanger

1. Introduction

Plate heat exchangers (PHEs) are nowadays extensively being used in several indus-
trial applications such as dairy processing, paper/pulp, refrigeration, heating, ventilation,
and air conditioning. PHEs are superior to other kinds of heat exchangers in several ways.
They are useful for energy and space-saving because they generally have a higher heat
transfer area to volume ratio and have less weight, flexible designs, and good thermal
efficiency. Their adaptable design gives them an advantage in changing the heat transfer
area since it makes it easy to add or remove plates without disrupting the pipe connections.
Plate-type heat exchangers have been widely used as two-phase heat exchangers in heating
and refrigeration systems due to their advantages.

Yan et al. [1] conducted experiments to measure the condensation heat transfer co-
efficient and frictional pressure drop of R134a in a vertical plate heat exchanger. Their
investigation of the effect of refrigerant mass flux, imposed heat flux, and system pressure
on condensation heat transfer showed that with the imposed heat flux, refrigerant mass
flux, and vapor quality, both the heat transfer coefficient and pressure drop increased.
Additionally, the increase in pressure drop caused by the vapor quality was higher than
the heat transfer coefficient. It was also observed that the heat transfer coefficients were
somewhat lower at a greater system pressure. Correlations for the experimentally measured
heat transfer coefficient and frictional pressure drop were developed.
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Han et al. [2] carried out experiments to determine the condensation heat transfer
coefficient and the pressure drop of R410A and R22 in brazed plate heat exchangers (BPHEs)
with different chevron angles, such as 45°, 55°, and 70°. They determined the condensa-
tion heat transfer coefficients and pressure drop by varying the mass flux, condensation
temperature, and refrigerant vapor quality. The pressure drop and heat transfer coefficient
both increased proportionately as the refrigerant mass flux and vapor quality increased,
but inversely with the condensation temperature. The heat transfer coefficient was also
found to increase with chevron angles. For the tested BPHEs, correlations of the Nusselt
number and the friction factor with the geometrical parameters were proposed.

Jokar et al. [3,4] also experimentally measured the heat transfer coefficients and pres-
sure drop during condensation of HFC-134a inside BPHEs and applied dimensional analy-
sis to develop new correlations of heat transfer and pressure drop.

Longo et al. [5] conducted an experimental investigation on the use of a “cross-
grooved” surface and the vaporization and condensation of the refrigerant HCFC-22
within a BPHE with herringbone macro-scale corrugation. Compared to conventional her-
ringbone plates with a smooth surface, herringbone plates with a “cross-grooved” surface
demonstrated a 30% to 40% increase in evaporation and a 60% increase in the condensation
heat transfer coefficient.

Kuo et al. [6] presented empirical correlations for heat transfer and pressure drop and
reported experimental results on HFC-410A condensation within a BPHE. The friction
factor was shown to be substantially impacted by the mass flux and vapor quality, whereas
the heat transfer coefficient was found to depend mainly on the heat flux and the mass flux.

Longo and Zilio [7] illustrated the heat transfer coefficient and pressure drop of
HFC1234yf in condensation heat transfer and also compared the results with HFC134a
under the same operating conditions. According to their findings, the heat transfer coeffi-
cient of HFO1234yf shows weak sensitivity to saturation temperature and strong sensitivity
to the mass flux of the refrigerant. They also showed that the condensation heat trans-
fer coefficients of superheated vapor are almost 8-11% higher than those of saturated
vapor. Furthermore, HFO1234 exhibits a heat transfer coefficient almost 10-12% lower
and a pressure drop about 10-20% lower than those of HFC134a under similar thermal
conditions.

Longo et al. [8] investigated HFO1234ze(E) condensation inside a brazed plate heat
exchanger at various mass fluxes and condensation temperatures. According to their
studies, for low refrigerant mass fluxes (G < 20 kg/m?s), condensation is indeed caused
by gravity, however, for higher refrigerant mass fluxes (G > 20 kg/m?s), forced convective
condensation occurs. HFO1234ze(E), in comparison to HFC134a, displays lower (4—-6%)
heat transfer coefficients and a higher (10%) frictional pressure drop.

Table 1 summarizes some of the previous research work dedicated to condensation
heat transfer (HT) and pressure drop (PD) in plate heat exchangers.

Many researchers have studied the heat transfer properties of various refrigerants in
different types of plate heat exchangers, particularly for condensation and evaporation,
over the years. The use of refrigerants with low global warming potential (GWP) has
received more attention in recent years due to concerns about global warming [9].

Table 1. History of condensation heat transfer and pressure drop research on PHE.

Saturation
Author Types of Working Chevron Angle gzlr?é)eerf::tlil;frll Mass Flux G Heat Flux q
Analysis Fluid BI°] [kg/m?s] [kW/m?]
Temperature
Tsat [°Cl
Yan et al., 1999 [1] HT and PD R134a 60 26.7-35.5 60-120 10-16
Han et al., 2003 [2] HT R410A, R22 45,55 and 70 20-30 14-34 47-5.3
Longo et al., 2004 [5] HT and PD R22 65 39.5-44.4 23.5-40.9 15.8-27.8
Kuo et al., 2005 [6] HT and PD R410A 60 20-31.5 50-150 5-20
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Table 1. Cont.
Saturation
Author Types of Working Chevron Angle gzls;):;:::il:i Mass Flux G Heat Flux q
Analysis Fluid BI°] [kg/m?s] [kW/m?]
Temperature
Tsat [°Cl
Djordjevic’ et al.,
2008 [10] HT and PD R134a 60 26-29 30-65 11-17
Mancin et al., R407,
2012 [11] HT RA10A 65 36.5-41.8 15-40 -
Lor‘%gla;‘;]zlho HT and PD R1234yf 65 24.9-40.2 11.0-40.8 53-232
Longo et al., 2014 [8] HT and PD R1234ze(E) 65 24.8-40.2 10.7-39.9 5.3-26.0

The CFsl refrigerant is gaining interest for use in refrigeration and air conditioning
applications due to its low GWP (<1), low ozone depletion potential (ODP = 0.019), and
ability to suppress flammability [12]. CFsI has good environmental, safety, and flamma-
bility characteristics, as well as good oil solubility and material compatibility. Therefore,
it is also being considered as a promising alternative, especially as a component in mix-
tures [13], to replace high-GWP refrigerants. The molecule CFsl, or trifluoro iodomethane,
has three fluorines, one iodine, and one carbon in a tetrahedral structure, as illustrated in
Figure 1 [12]. REFPROP 10.0 [14] and other literature [12,15] contain extensive detail on the
thermophysical characteristics of CF3l.

Figure 1. 3D structure of CF3I [12].

The characteristics and properties of CF3l are provided in Table 2.

Table 2. Characteristics of CF3l.

Parameter Value Source
ASHRAE 34 name R13I1

ASHRAE safety class Al ASHRAE [16]
Chemical name Trifluoroidomethane

CAS number 2314-97-8

Appearances Colorless odorless gas

GWP <1 Wuebbles [17]
oDr 0.019 Zhang et al. [18]

Molecular weight

195.91 kg/kmol
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Table 2. Cont.

Parameter Value Source

Normal boiling point —21.859 °C REFPROP 10.0 [14]

Flash pomt. Incomobushblhty Tosoh Finechem Corporation
Melting point —110°C [19]

Specific gravity 2.096 g/mL @25 °C

Critical temperature 123.345 °C

Critical pressure 3971 £ 3 kPa

Critical density 865 + 5 kg/m’ Perera et al [20]

Critical molar volume 226.5 + 1.3 cm3/mol

Much research on various refrigerants in plate heat exchangers has been carried out
over the years, which can be found reported by Amalfi et al. [21,22], Eldeeb et al. [23], and
Tao and Ferreira [24]. However, CFzl is a working fluid whose heat transfer characteristics
are still to be investigated.

Additionally, most of the literature discusses the overall heat transfer coefficient, and
very few papers have discussed local heat transfer characteristics inside the brazed plate
heat exchanger. To further understand the heat transfer characteristics from the information
on local heat transfer, a specially designed test section was constructed for the present
study to measure the local heat transfer coefficient obtained from local wall temperature
and heat flux.

In this experimental work, the condensation local heat transfer coefficients of the
refrigerant CF3l in a vertical brazed plate heat exchanger were measured and analyzed as a
function of the mass flux, saturation temperature, vapor quality, and heat flux. In addition,
the obtained data were compared with R1234yf experimental data from the same test facility.
Along with the results that are described, the measurement methods and experimental
procedures are also explained. This work investigated the heat transfer characteristics of
CF3I with a newly developed prediction method. Although CFsl is not used as a pure
refrigerant, the reported data and proposed correlation will contribute to the design of PHE
with a refrigerant mixture such as R466A (39.5% CFsl, 49% R32, and 11.5% R125).

2. Experimental Apparatus and Procedures

The experimental setup comprised five different loops and a data acquisition system
to investigate the condensation heat transfer of the refrigerant CF3l in a vertical brazed
plate heat exchanger. It included a refrigerant loop, three water loops for the preheater, a
test section and condenser, and a cold-water brine loop for the subcooler. The refrigerant
CF31 was circulated through the refrigerant loop as shown in Figure 2.

To achieve the various test conditions of CF3l, such as imposed mass flux, saturation
temperature and inlet vapor quality in the test section, it was necessary to regulate the flow
and control temperature in the other loops. The desired vapor quality at the test section
inlet was provided by the preheater circuit. The heating circuit provided the heating of the
test section as well.
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Figure 2. Schematic diagram of the refrigerant flow loop.

2.1. Refrigerant Flow Loop

A refrigerant pump, a refrigerant mass flow meter, a preheater, a test section “the
plate heat exchanger”, a condenser, a subcooler, three mixing chambers, and three sight
glasses comprised the refrigerant loop. The refrigerant pump was a Shimpo pump powered
by a DC motor that was controlled by a variable DC output motor controller. A rotating
DC motor controlled the fluctuation of the liquid CF3l flow rate by changing the DC
current. A mass flow meter (MASSMAX), positioned between the pump and preheater,
was used to monitor the refrigerant flow rate. The preheater transferred heat from hot
water to CF3l to evaporate the refrigerant to a specific vapor quality at the inlet of the test
section. The saturated vapor then entered into the test section and the CF3I condensed
there. The vapor-liquid two-phase refrigerant from the outlet of the test section was finally
condensed in the condenser. Then the refrigerant was subcooled by controlling the flow
rate of a low-temperature water brine mixture in the subcooler. The system pressure of
the refrigerant loop could be controlled by adjusting the temperature in the condenser.
The purpose of the filter was to remove any solid particles that may have been present
in the loop. The refrigerant coming from the exit of the test section was maintained in a
subcooled condition to prevent cavitation at the pump inlet. Three mixing chambers were
installed before and after the test section, as well as before the preheater, to monitor the
absolute pressure and temperature of the refrigerant. The state of the refrigerant flowing
through the refrigerant loop of the experimental apparatus could be observed through the
sight glasses. The entire pressure drop across the refrigerant side of the vertical PHE was
measured using a differential pressure transducer. K-type and T-type thermocouples were
used after calibration to measure all the temperatures in the loop.



Fluids 2023, 8, 150

6 of 27

2.2. Test Section

The specially designed test section [25] used in this study, as shown in Figure 3, was
constructed with 8 stainless steel plates (material SUS303) brazed to each other. Among
these, two were processed chevron plates with a 60° angle.

G

Figure 3. Photograph of the test section [26].

The flow of the refrigerant occurs in the channel created by the space between these
two chevron plates. Two flat plates were set for heat transfer measurements next to
the chevron-shaped plates. The other four plates were dedicated to forming two water
flow channels. The red and blue regions, shown in Figure 4b, indicate, respectively, the
refrigerant and cooling water channels.

Table 3 shows the geometrical characteristics of the test section. The dimensions of the
plates were 186 mm, 84 mm, and 5 mm, respectively. The chevron plates had a corrugation
pitch of 5.6 mm, a depth of 1.5 mm, and a chevron angle of 60°. The length between the
inlet and outlet port centers was 136 mm, with each connection port having a diameter of
18.5 mm. The two processed chevron plates forming the refrigerant channel had a height
and width of 117.5 mm and 64 mm, respectively. Five straight grooves were machined at
both outsides of the plate (dedicated to measuring heat flux) perpendicular to the flow
direction. A stainless-steel tube with an outer diameter of 1.6 mm was inserted into each
groove and brazed. Sheath K-type thermocouples with a diameter of 0.5 mm were inserted
in the small tubes for the measurement of wall temperatures and heat fluxes.
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Figure 4. Detailed view of (a) thermocouple measurement points and (b) cross-section of the
test plate.

Table 3. Geometrical characteristics of the test section [27].

Parameters Value
Fluid Flow plate length (mm) 117.5
Plate width (mm) 64
Plate thickness (mm) 5
Area of the plate (m?) 0.0075
Corrugation type Chevron
Chevron angle (°) 60
Corrugation pitch(mm) 5.6
Corrugation depth (mm) 1.5
Number of plates 8
Number of channels on the refrigerant side 1
Number of channels on the water side 2

Thermal conductivity of the plate (W/m-K) 16.7

The locations of the temperature measurement points were set vertically at 14.75, 36.75,
58.75, 80.75, and 102.75 mm from the bottom port of the plate. The horizontal arrangements
of the measurement points were 4, 12, 20, 28, 36, 44, 52, and 60 mm from the end face of
the cross-section, shown in Figure 4a. The wall temperatures were measured at a total of
160 points during the experiment, with 4 sets of 5 points in the vertical direction and
8 points in the horizontal direction of the test section. The heat flux across the plate and the
local heat transfer coefficients were calculated by the values of the set thermocouples on
the surface of the plates in Figure 4b.
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2.3. Water Loop for Preheater

The preheater was a brazed PHE. Hot water flowing through the outer passageways
heated the liquid CF3l flowing through the inner passage in the preheater to achieve the
desired conditions at the inlet of the test section. The test section, the preheater, and the
connecting pipe between them were all thermally insulated. A 34 L hot water thermostatic
bath with 6.0 kW heaters made up the hot water loop for the preheater. The hot water was
then sent to the preheater using a water pump with an inverter at a certain water flow rate.
A bypass water valve was also used to adjust the flow rate.

2.4. Water Loop for Test Section

A constant temperature water bath with a 3.6 kW heater was included in the water
loop in the system to precisely control the water temperature intended for circulating cold
water through the test section. Cold water was driven at a predetermined flow rate to the
plate heat exchanger using a pump with an inverter. The water flow rate could also be
adjusted using a different bypass valve.

2.5. Water Loop for Condenser

The condenser that had the role of adjusting the pressure of the entire experimental
setup included a water loop as well. By changing the temperature of the refrigerant in the
condenser, the pressure could be set to the experimental conditions.

2.6. Water Brine Loop for Subcooler

A water brine loop was designed for subcooling the CF3I refrigerant coming from the
condenser. A pump drove the water brine to the subcooler at a predetermined flow rate.
The flow rate of the water brine was also adjustable by using a bypass valve.

2.7. Data Acquisition

A Keithley 3700 system switch data logger was combined with a personal computer
in the data acquisition unit. Temperature and voltage data were recorded using the data
logger. The water flow meter and differential pressure transducer required a power supply
as a driver to output an electric current. The Kickstart® 2020 interface was used to link
the data logger to the computer, allowing all measured data from the data logger to be
transmitted to the computer and subsequently analyzed using a spreadsheet.

2.8. Experimental Procedure

In each experiment, the system pressure in the experimental setup was first maintained
at a specified level by adjusting the temperature in the condenser. The temperature and
flow rate of the hot water loop for the preheater was then adjusted to obtain the desired
vapor quality of CF3l at the inlet of the test section. Finally, the heat transfer rate between
the counter flow channels in the test section could be varied by changing the temperature
and flow rate in the water loop for the test section. The temperature and pressure of the flow
fluctuated with any change to the system variables. The time it took to attain a statistically
stable state condition was between 20 and 100 min. The data acquisition unit was then
started, and it scanned every data channel 10 times in 40 s. To determine the heat transfer
coefficient, the mean values of the data for each channel were collected. To ensure that the
corresponding heat transfer occurs, the water flow rate in the test section should be high
enough to provide a turbulent flow on the water side. Furthermore, the flow velocity of
water in the test section should be high enough to provide a turbulent flow on the water
side, allowing the related heat transfer to balance the condensation heat transfer on the
refrigerant side.
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3. Data Reduction and Uncertainty Analysis
3.1. Data Reduction for Local Heat Transfer Coefficient

A data reduction analysis is needed for the current measurement to determine the
local heat transfer rate between the refrigerant flow and the water flow in the test section.
The local heat flux was measured using the thermocouples located in the test plates shown
in Figure 5.

O sheath K type thermocouples tube
for wall temperature measurement

|<—11—>| I, |€¢—

O c Q
—

=g 0

O =4

= —

=5 | &

508 7

£ a°

-

@ =)

X / 1°
/

Twaf Lw Twaﬂ) r Twaf Ix

Figure 5. Thermocouple position details in the test section.

With the assumption that the local heat flux g, can be estimated from one-dimensional,
steady-state heat conduction, g, can be expressed by Equation (1) as follows.

T, - T
gx = )\( wall,r ll wall,w) (1)

where A is the thermal conductivity of stainless steel (SUS303), [; is the distance between
each thermocouple on the water side and the refrigerant side, Ty, and Ty 4, are the mea-
sured temperatures of the wall surface on the refrigerant side and water side, respectively.
The wall temperature of the working fluid side (T, ») is calculated by Equation (2):

I
Twall,x = Twull,r + <q3\2> (2)

where [, is the distance between the wall surface and the thermocouple. The local heat
transfer coefficient a, is calculated by Equation (3):

Jx
Ny = ——— 3
g Tsat - Twall,x ( )

Tsqt is the saturation temperature of the working fluid side that is derived by using the
saturation pressure at the inlet of the test section.

Also, since a plate’s inside has a pressure drop, it should be considered when deter-
mining the local saturation pressure and temperature along the flow.
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The horizontal average values for the front and back heat transfer coefficients, o, r
and &, g, respectively, are determined as follows.

= 1¢8

O‘h,F = 8 Zi:l o (4)
e = 1Y% 4.

Xn,B = 3 Y1

where «; is the local heat transfer coefficient measured at different horizontal positions
from Equation (3)
The average value of the heat transfer coefficient is calculated by Equation (5)

_ 1, _
X = E(“h,l—“ +ay,p) )

The local specific enthalpy (;) on the test plate is derived using the following proce-
dure. The subcooled working fluid first flowed into the inlet of the preheater. The specific
enthalpy (h) at the preheater was then determined from the temperature and pressure of
the fluid by using the REFPROP 10 [14]

h= f(T,P) (6)
The amount of heat exchange in the preheater (Qu,re) is calculated by Equation (7):
Qw,pre - mw (hw,pre,out - hw,pre,in) (7)

where m,, is the mass flow rate of water and i, pre,in @nd gy, pre iy are the specific enthalpies
of the preheater outlet and the inlet of the water, respectively.

The specific enthalpy at the inlet of the test section (/1 ;,) was obtained from the amount
of heat exchange (Qu,pre) for the preheater, mass flow rate (171,) of the refrigerant, and heat
loss (Qjyss) from the outlet of the preheater to the inlet of the test section:

Qw,pre
ht,in = hr,pre,in + " - Qloss (8)
r

The heat loss Qs is calculated from the steady state heat conduction equation of the
multilayer cylinder. Here, the increase in the stock of specific enthalpy between neighboring
thermocouples is calculated using the heat flow Q; between two neighboring thermocouples
and the mass flow rate (1), similar to the calculation shown in Equation (1). Here, Q; is
obtained from the local heat flux gy and the heat transfer area A;. The local specific enthalpy
is calculated as follows:

Qi1

m

B = i = 2y = = ©)
The local vapor quality (x;) is determined by specific enthalpy as follows:

_hi—hy
R

(10)

where h; and h, are the specific enthalpies of the saturated liquid and saturation vapor,
respectively, which are calculated from REFPROP using the pressure obtained from the
pressure transducer at the inlet of the test section.

3.2. Uncertainty Analysis

The experimental uncertainty (U) was determined using measurement error (B) and
random error (R), as shown in Equation (11). [28]

U =/2(B2+R2) (11)
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Uncertainty in temperature, pressure, and flow rate monitoring instruments is known
as measurement error (B). On the contrary, the arithmetic mean of the data group determines
one experimental point, and the random error (R) is computed based on the standard
deviation of the data group (c), as stated in Equation (12).

o= [xr & (X-%)?
N=1 n=1 (12)
_ _ 20
R= VNxX

where X is the individual value of the data group and X is the average value. N is the
number of data in each data group. The estimated uncertainty of the heat transfer coefficient
is 7.48%. Table 4 provides an overview of the outcomes of the uncertainty analysis.

Table 4. Summary of the uncertainty analysis in the present study.

Uncertainty [%]

Parameters B R U
Pressure 1 0.07 141
Pressure (differential) 1 0.98 1.97
Temperature (RTD) 1 0.11 1.42
Flow rate (water) 1 0.18 1.44
Flow rate (refrigerant) 0.5 0.15 0.74
Heat transfer coefficient, h - - 7.48

4. Results and Discussion

The heat transfer coefficients (both local and average) of the plate heat exchanger
were determined for the condensation experiment with CF3l refrigerant. The condensation
heat transfer experiments were carried out at mass fluxes of 20 kg/m?s and 50 kg/m?s,
saturation temperatures of 25-30 °C, and heat fluxes of 10.4-13.7 kW / mZ2. The flow direction
of the refrigerant was downward and the flow direction for the water side of the test section
was counter to the refrigerant flow, i.e., the water was flowing upwards at both sides
of the only refrigerant channel, as if sandwiched. The experimental conditions for the
condensation heat transfer in the plate heat exchanger are shown in Table 5.

Table 5. Experimental conditions for the condensation heat transfer experiments.

Vapor
. Flow Mass Flux, o . Heat Flux,
Refrigerant Direction G [kg/m?s] Tar [°C] Qu[?]l ity q [kW/m?K]
CFsl downward 20,50 25-30 1.0-0.0 10.6-13.7

The results for the heat transfer coefficients at the corresponding measurement points
are described with respect to the horizontal distance for both the front sides and back sides
of the plates. These plates formed the refrigerant flow channel in the test section. The
measured results are provided to show how the local condensation heat transfer coefficient
changes with the vapor quality in the test section for different flow and thermal conditions.
The local heat flux and the local wall temperature distribution inside the test plates are also
shown. The experimentally obtained average heat transfer coefficients of CFzI are compared
with those of R1234yf in the same test facility and with available correlations from the
literature. A newly proposed correlation is considered to predict all the experimental data
reported in the work.
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4.1. Condensation at Mass Flux G = 20 kg/mzs

Figure 6 explains the variation of the local heat transfer coefficient on the front
and back sides of the plate for the condensation experiment with the CF;l refrigerant at
x=0.92,0.71, 0.53, and 0.34, respectively, for the mass flux of 20 kg/ mZs, an inlet saturation
temperature of 25 °C and a maximum heat flux of 12.8 kW /m?.

8 T T T T T : T 8 T T T T T T T
=5 o front e ’ o front |
G=20 [kg/m‘s] A back G=20 [k{::fm s} A back
ol Tei25 €] ] oL Tsa=23 ['C] §
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3 £
£ E
54 = T 54 i T
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& m ® % 53 F B = . = N =
u A i ® =
o >
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Figure 6. Variation of local condensation heat transfer coefficients with horizontal distance of PHE
for various vapor qualities (a) x = 0.92, (b) x = 0.71, (¢) x = 0.53 and (d) x = 0.34 for mass flux
G =20 kg/m?s.

These data indicate that the local condensation heat transfer coefficient is greater for
the higher vapor qualities of x = 0.92 and 0.71. However, there were some significant
differences in the local heat transfer coefficients from the front and back side plates at
horizontal distances of 28 mm and 36 mm and a vapor quality of 0.92. For a vapor quality
of 0.71, the heat transfer coefficient of the back side of the test section plate was higher
than that of the front side at horizontal distances from 36 mm to 54 mm. As shown in
Figure 4a, the chevron direction is different on the front and back sides of the plate. On the
front side plate, the chevron corrugations act to collect condensate to the center part of the



Fluids 2023, 8, 150

13 of 27

plate. On the back side plate, the chevron corrugations act to diverge the condensate on
the center part of the plate. Because a thinner condensate film gives a higher heat transfer
coefficient, the back side plate tends to give a higher heat transfer coefficient. Of course,
the condensate flows on the front and back side plates interact with each other, and the
heat transfer coefficients show opposite values or similar values downstream. The values
of the local heat transfer coefficient in the horizontal direction show similar trends in the
condensation experiment, with minimum values at the edges and maximum values in the
middle [29].

Figure 7 illustrates the horizontal average condensation heat transfer coefficient for
a mass flux of 20 kg/m?s and a maximum heat flux of 12.8 kW/m? in relation to vapor
quality at the front and back sides of the PHE. These heat transfer coefficients were obtained
from the average heat transfer coefficient data at various positions in horizontal distances
for the front and back side, respectively, at a certain vapor quality.
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Figure 7. Horizontal average condensation heat transfer coefficients for mass flux G = 20 kg/m?s.

The results show that the heat transfer coefficient decreased with decreasing vapor
quality because, in condensation experiments, lower vapor quality results in a thicker
liquid film that reduces the heat transfer efficiency. The heat transfer coefficient of the
back side of the PHE is slightly higher than that of the front side at higher vapor qualities.
Specifically, a significant difference was observed in the vapor qualities of 0.71 and 0.92.
The condensation heat transfer coefficient at the vapor quality of 0.92 is about 30% higher
than that at 0.13 for the front side of PHE. Also, the condensation heat transfer coefficient
at the vapor quality of 0.71 is about 40% higher than that at 0.35 for the back side of PHE.
This difference between front heat transfer coefficient and back heat transfer coefficient is
due to the effect of plate geometries of the test section, as explained in Figure 6.

Figure 8 indicates the variation of local heat flux with distance from the inlet to
the outlet of the PHE, i.e., along the vertical cross-section of the PHE at a mass flux of
20 kg/m?s, a saturation temperature of 30 °C, and a horizontal position of 12 mm from the
end face of the cross-section of the test plates. There is no significant difference in the local
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heat flux found for the front and back sides of the PHE except at the inlet (117.5 mm from
the bottom port of the test section) where the back side heat flux is slightly higher than that
of the front side. This also signifies that the heat transfer coefficients in the condensation
inlet and the very next measurement point of the back side of the PHE (at vapor quality
0.92 and 0.71) are higher than those of the front side, which has already been discussed in
Figures 6 and 7. Hence, it is observed that the heat flux follows a similar trend with the
local heat transfer coefficient and vapor quality in a certain mass flux. The local heat flux
varies from 10.4 kW /m? to a maximum of 12.8 kW /m? in the PHE for condensation heat
transfer for the mass flux of 20 kg/m?s.
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Figure 8. Variation of local heat flux as a function of distance from the inlet of the test section for
mass flux G =20 kg/mzs.

Figure 9 shows the variation of the local wall temperature with the distance from
the inlet to the outlet of the test section for a mass flux of G = 20 kg/ m?s, saturation
temperature of 25 °C, a maximum heat flux of 12.8 kW/ m?2, and at a horizontal position of
12 mm from the end face of the cross-section of the test plates. The measured local wall
surface temperatures of the water side and the refrigerant side are plotted for both the
front and back side of the PHE. The wall surface temperatures were observed to decrease
gradually toward the distance downstream of the condensation process, similar to the
observation of Mahmud et al. [27]
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Figure 9. Variation of the local wall temperature as a function of distance from the inlet of the test
section for a mass flux of G = 20 kg/m?s.

4.2. Condensation at Mass Flux G = 50 kg/mzs

Figure 10 explains the variation of local heat transfer coefficients on the front and
back sides of the plate for the CF3;I condensation experiment at x = 0.97, 0.89, 0.49 and 0.43,
respectively, for a mass flux of 50 kg/m?s, at an inlet saturation temperature of 30 °C, and
a maximum heat flux of 13.7 kW/m?. These data indicate that the local condensation heat
transfer coefficient increases with the vapor quality. There is also a significant difference in
the local heat transfer coefficient on the front and back sides of the test section, at horizontal
distances from 12 mm to 28 mm, and at a high vapor quality of 0.97. Also, at a vapor quality
of 0.89 the heat transfer coefficient of the back side of the plate of the test section is higher
than that of the front side at the horizontal distances of 44 mm to 52 mm. The front and
back sides of the plate have distinct chevron directions, as shown in Figure 4a. The chevron
corrugations on the front side plate act to direct condensate to the center part of the plate,
whereas the chevron corrugations on the back side plate act to diverge the condensate
on the center part of the plate. Because a thinner condensate film gives a higher heat
transfer coefficient, the back side plate tends to give a higher heat transfer coefficient. The
condensate flows on both the front and back side plates simply interact with one another,
and the heat transfer coefficients in the downstream region exhibit opposing values or
comparable values. An almost similar trend is observed as for a mass flux of 20 kg/m?s.
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Figure 10. Variation of local condensation heat transfer coefficients with horizontal distances of
PHE for various vapor qualities (a) x = 0.97, (b) x = 0.89, (c) x = 0.49 and (d) x = 0.43 for mass flux
G =50 kg/m?s.

Figure 11 illustrates the horizontal average condensation heat transfer coefficient for
a mass flux of 50 kg/m?s and a maximum heat flux of 13.5 kW /m? in relation to vapor
quality on the front and back side of the PHE. These heat transfer coefficients are obtained
from the average heat transfer coefficient data at various positions in horizontal distances
for the front and back sides, respectively, at a certain vapor quality. The heat transfer
coefficients for the back side of the plate do not have significant differences for lower vapor
qualities. However, the heat transfer coefficients on the back side of the PHE is significantly
higher at higher vapor qualities (x > 0.85) due to the plate geometric effect of the test
section, as has already been discussed in Figure 10. Moreover, the refrigerant mass flux has
little impact on the condensation heat transfer coefficient in the low vapor quality regime
(x <0.40). The condensation heat transfer coefficient affected by the mass flux is observed
as the vapor quality exceeds 0.4. In addition, the heat transfer coefficient for the larger mass
flux increases with vapor quality more quickly than it does for the lower mass flux. The
condensation heat transfer coefficient at the vapor quality of 0.81 is about 1.8 times higher
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than that at 0.24 for the front side of the PHE and the condensation heat transfer coefficient
at the vapor quality of 0.96 is about 1.9 times higher than that of 0.13 for the back side of
the PHE. The findings in Figure 11 also show that, mainly due to the convective effect, an
increase in the refrigerant mass flow always results in a large increase in the condensation
heat transfer coefficient at a high vapor quality. A high convective effect is caused by a
high vapor quality and high mass flux of the refrigerant, in a similar observation to Kuo

etal. [6].
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Figure 11. Horizontal average condensation heat transfer coefficients for mass flux G = 50 kg/m?s.

Figure 12 indicates the variation of local heat flux with distances from the inlet to
the outlet of the PHE, i.e., along the vertical cross-section of the PHE for a mass flux of
50 kg/ m?s, a saturation temperature 30 °C, and at a horizontal distance of 12 mm from the
end face of the cross-section of the test plates.
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Figure 12. Variation of local heat flux as a function of distance from the inlet of the test section for
mass flux G = 50 kg/m?s.
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The front and back sides of the plate heat exchanger do not have significant differences
in local heat flux at the corresponding measurement point. The local heat flux on the back
side is also high, as similarly observed for a mass flux of 20 kg/m?s. The local heat flux
varies from 11.6 kW /m? to a maximum of 13.7 kW /m? in the PHE for condensation heat
transfer at the mass flux of 50 kg/m?s.

Figure 13 shows the variation in the local wall temperature in relation to distance
from the inlet to the outlet of the test section for a mass flux of G = 50 kg/ m?Zs, saturation
temperature of 30 °C, a maximum heat flux of 13.6 kW/ m2, and at a horizontal position of
12 mm from the end face of the cross-section of the test plates. The measured local wall
surface temperatures of the water side and the refrigerant side are plotted for both the front
and back sides of the PHE. The wall surface temperatures were observed to decrease along
the condensation path similar to the observation for the mass flux of 20 kg/m?s.
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100 | G=50 [kg/m’s] A Tyan, back -
T, =30 [°C] ©  Tyany front
E u Tsat
S 60 =P A .
8
£
© i ]
40 N -
20 - =
~ A
O 1 | | | | m | |
0 5 10 15 20 25 30 35 40 45

Wall temperature [°C]

Figure 13. Variation of local wall temperature as a function of distance from the inlet of the test
section for mass flux G = 50 kg/m?s.

The results of heat transfer coefficient for mass flux 50 kg/m?s was not possible to
obtain in our specified test section in one time between vapor quality 1.0 to 0.0 because of
high mass flow rate. The local heat flux distribution and local wall temperature distribution
reported for 50 kg/m?s were measured for vapor quality 1.0 to 0.50.

4.3. Comparison of Heat Transfer with Another Refrigerant

Figure 14 shows the comparison of experimentally measured heat transfer coefficient
for R1234yf and CF;] refrigerant for a mass flux of 20 kg/m?s in the same test facility. The
condensation heat transfer experiments for CF;I and R1234yf were conducted at saturation
temperatures of 25 °C and 30 °C respectively. These heat transfer coefficient data are the
average of the front and back side heat transfer coefficients for both refrigerants. The heat
transfer coefficient for CFsl is approximately identical to R1234yf with a low mass flux
and low vapor quality (x < 0.45). Gravity-controlled condensation occurs under low mass
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flow and low vapor quality conditions, and the shear stress effect has little impact on the
condensation heat transfer coefficient. However, the heat transfer coefficient for R1234yf
is significantly higher than CF;I in the high vapor quality region (x > 0.50). For instance,
in the plate heat exchanger, the heat transfer coefficient for R1234yf was almost 1.5 times
higher than that for CFzI at a vapor quality of 0.92.
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Figure 14. Comparison of average heat transfer coefficients of CF3;I and R1234yf for mass flux
G =20 kg/m?s.

Figure 15 shows the comparison of experimentally measured heat transfer coefficients
for R1234yf and CF;l refrigerants for a mass flux of 50 kg/m?s in the same test facility.
The condensation heat transfer experiments for both CF3I and R1234yf were conducted
at saturation temperature of 30 °C. The front and back side heat transfer coefficients for
both refrigerants were averaged to provide these heat transfer coefficient statistics. The
findings demonstrate that the condensation heat transfer coefficient gradually increases
with vapor quality in PHE for a certain imposed mass flux and saturation temperature.
This increase is rather significant. This can be simply understood from the fact that in
the high vapor quality region, the vapor and liquid shear stresses are substantially higher
on the plate surface, while the liquid film is relatively very thin. This, consequently,
reduces the heat transfer resistance from the plate surface to the refrigerant and results in
an increase in the heat transfer coefficient of the plate heat exchanger. The heat transfer
coefficients for R1234yf are all larger than those for CF;l in all vapor quality regions in
a high mass flux. For instance, at the vapor quality of 0.37, the heat transfer coefficient
for R1234yf is approximately 50% higher than that for CF3l. The heat transfer coefficient
for R1234yf is about 60% higher than that for CFsI in the plate heat exchanger at a vapor
quality of 0.96. Given the thermophysical characteristics of R1234yf and CFs], this result is
quite significant.
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Figure 15. Comparison of average heat transfer coefficients of CF3;I and R1234yf for mass flux
G =50 kg/m?s.

The liquid thermal conductivity of R1234yf and CF;lI are 62.0 and 52.8 mW/m-K,
respectively, at a saturation temperature of 30 °C [14]. Generally, greater liquid thermal con-
ductivity results in a greater heat transfer coefficient because the liquid thermal conductivity
affects the thermal resistance of the refrigerant.

The thermophysical properties of CF3l and R1234yf at 30 °C derived from REF-
PROP [14] are shown in Table 6.

Table 6. Thermophysical properties of CF3I and R1234yf at 30 °C.

. M m p1 Po Ap Cpl 4
Refrigerant 1 o flemol] [4Pa s] [kg/m?] [kg/m3] [mW/mK] [J/kgKI [N/m]
CFsl 19591 27431 2007.96 50.62 52.80 565.79 0.009
R1234yf 114.04 143.97 1073.30 4373 62.02 1416.63 0.006

4.4. Comparison with Heat Transfer Correlations

The experimental data obtained in the current work were compared with the previous
correlations of Yan et al. [1], Longo et al. [5], Shon et al. [28], and Zhang et al. [30] and a
newly developed correlation in the present study. The development of the new correlation
is described later. The experimental conditions and refrigerants used for their correlations
are shown in Table 7.
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Table 7. Literature of HT correlations.

Author Refrigerant E)(Cp:;gﬁ?g;al Correlation
Toat = 26.7-35.5 °C
= 60— 2
Yan et al., 1999 [1] R134a i‘: 61(())—11260k1;/%]§$28 Nu = 4.118Re04Pr333

and B = 60°
Tsat = 20-40 °C
G =5.3-41.4kg/m?s
q =5-25kW/m?
And B = 65°
Toat = 38.6-51.5 °C

Longo etal., 2015 [31] ~ R134a, R410A, R600a, Nu = 1.8750Rel*°Pr33

Shon et al,, R290, * 5
2018 R1270, R1234yf, G =130-238 kg/m's Nu = 2.337ReL024 Re~0294 p;0.333 g ,0.361
q=25-45kW/m eq lo l eq
[28] R1234ze(E) and f = 60°
Ri34a Toot =29.7-710°C
Zhang et al., 2019 [30] R1234z¢(E) O 41‘5‘//\]“/1 ) Niu = 43375Re0535 R 0254 prd 3w p 03672
R245a and R1233zd(E) q==b7 m

and B = 65°

Figure 16 presents a comparison of the experimental data with available correlations in
the open literature and a proposed correlation for the mass flux of 20 kg/m?s. It is observed
that all the correlations underestimate the experimental heat transfer coefficient data for
CF3l condensation in the plate heat exchanger at all the vapor qualities. The prediction
of Shon et al. [28] is closer to the present data compared to the other correlations of Yan
etal. [1], Longo et al. [31], and Zhang et al. [30]. The newly developed correlation shows
good agreement with the experimental data.

3
F;roposed correllation [Eq. (18|)] '
® current experimental data CF,1,G=20[kg/m?s]T,,=25[°C]
—-— Yan et al (1999) [1]
te++++ Longo et al (2015) [31]
L - - -Shon et al (2018) [28]
EZ — — -Zhang et al (2019) [30] .
£
=
=
®)
|_
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vapor quality [-]

Figure 16. Comparison of experimental data with correlations in the literature and the proposed
correlation for a mass flux of 20 kg/m?s.
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Figure 17 presents a comparison of the experimental data with available correlations
in the open literature and a proposed correlation for the mass flux of 50 kg/m?s. The
trend is almost similar to that observed for the mass flux of 20 kg/m?s, except for Shon
et al., 2018 for the vapor quality x = 0.54. The predictions of Shon et al. [24] are closer to
the present data compared to the other correlations of Yan et al. [1], Longo et al. [31], and
Zhang et al. [30]

4 I I I 1
Proposed correlation [Eq. (18)]
® current experimental data CF31,G=50[kg/mzs]Tsal=30[°C]
—-— Yan et al (1999) [1]
Y S Longo et al (2015) [31] i
- - - - Shon et al (2018) [28]
< [~ -Zhang et al (2019) [30]
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vapor quality [-]

Figure 17. Comparison of experimental data with correlations in the literature and the proposed
correlation for a mass flux of 50 kg/m?s.

4.5. Development of a New Heat Transfer Correlation

Based on the experimental results for CFzl, a correlation for the Nusselt number
was developed. Additionally, by comparing the Nusselt number with the experimental
results, the precision of the correlations is confirmed. Three nondimensional numbers are
considered in the correlation for the prediction of the Nusselt number, and the empirical
correlation is developed in a power form of those dimensionless parameters as shown in
Equation (13)

- 0(Dh
A

where « is the heat transfer coefficient, Dy, is the hydraulic diameter of the test section, A,
is the thermal conductivity of the refrigerant, C is the coefficient, and 1, 15, and n3 are
the exponents for the Reynolds number Re,;, Prandtl number Pr;, and Boiling number
Bo, respectively.

The Reynold equivalent number defined in Equation (14) includes the equivalent mass
flux expressed in Equation (15) in the concept of compensating the effect of vapor quality
proposed by Akers et al. [32].

Nu = CRej; Pri*Bo™ (13)

GegDyy
Hi

where G, is the equivalent mass flux, y; is the liquid viscosity, and Dj, is the hydraulic
diameter of the test section.

Reeg = (14)
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Geg =G =
eq pv
where G is refrigerant mass flux, p; and p, are the liquid and vapor density, respectively,
and x is the vapor quality of the refrigerant.
The Boiling number is added to the correlation to reflect the effect of heat flux in the
heat transfer even in condensation heat transfer [28].

(1—x)+x(pl)m] (15)

q
Bo = 16
°=Gir (16)
where g is heat flux, G is refrigerant mass flux, and ifg is the latent heat. The liquid Prandtl
number is also defined by Equation (17)

o Vlcp,l
Pri == (17)

where C, is the specific heat capacity for the liquid phase and A, is the liquid thermal
conductivity. Keeping the exponents 11 and 1, of Re,q and Pr;, rounding off to two decimals
(as proposed by Zhang et al. [30]), and only fitting the exponent n3 of newly introduced Bo
and coefficient C in a nonlinear curve fitting analysis, the following results are obtained
(Table 8).

Table 8. Coefficient and exponents of the correlation for the Nusselt number.

Correlation for C ny 1y ns3

Nu 16.1 0.54 0.33 0.37

The newly developed correlation equation is shown in Equation (18).
Nu = 16.1Re(;>* Pr{**Bo"% (18)

The average deviation and mean deviation are applied for the evaluation of the
predicted correlation for condensation heat transfer in respect of the experimental data and
are defined as follows.

1 "/ Nuyre—Nitex
AD = | ¥ (St ) 100
1l=”1 Nupre—Nu (19)
MD — n Z ’}\]Tpp X 100

1

It is observed from the graphical representation of Figure 18 that all the data for CF3l
and R1234yf are within +30% with a mean deviation of 7.03% and an average deviation of
—6.70% for the CF3l refrigerant and a mean deviation of 9.35% and an average deviation of
—4.51% for the R1234yf refrigerant, respectively. The prediction formula shows an overall
mean deviation of 8.48% and an average deviation of —5.33% for all the experimentally
obtained data. The new correlations enable significantly better prediction accuracies for the
experimental results in this study than existing correlations.
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Figure 18. Comparison of the developed correlation with the experimental data for the condensation
heat transfer coefficient.

5. Conclusions

The local condensation heat transfer coefficient of a vertical brazed plate heat ex-
changer with the refrigerant CF3I was studied experimentally. The effect of mass fluxes,
saturation temperature, and heat fluxes on the condensation heat transfer were analyzed
using the results of the heat transfer coefficient, local heat flux distribution, and local
wall temperature distribution under various thermal conditions. The experimental data
obtained for CF3;I were compared with R1234yf in the same test facility. Comparisons of
the CF3I data with the available correlations in the literature were also carried out. The
findings are summarized as follows.

e  The heat transfer coefficients were found to be independent of the low mass flux of
20 kg/m?s, possibly due to gravity-controlled condensation. For a high mass flux of
50 kg/m?s, the heat transfer coefficient is dependent on mass flux and forced convec-
tion condensation takes place. The increase in the heat transfer coefficient value is
notable at a higher vapor quality on the same flux.

e  The local surface wall temperature distributions were observed to decrease down-
stream of the test section in the direction where condensation progresses.

e  The CFl experimental data is comparable to R1234yf for a low mass flux (20 kg/m?s)
in only low vapor qualities. However, the heat transfer coefficient of CF;l is lower
than that of R1234yf for a high mass flux (50 kg/ m?s) in all vapor qualities.
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e  The data of CF3l and R1234yf obtained from the experimental thermal conditions
show great agreement with the predicted correlation for heat transfer of all the data
within £30% with a mean deviation of 8.48% and an average deviation of —5.33%.
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Abbreviations

The following abbreviations are used in this manuscript.

HT Heat Transfer GWP Global Warming Potential

PD Pressure Drop oDr Ozone Depletion Potential

AD Average Deviation HFC Hydrofluorocarbon

MD Mean Deviation HFO Hydrofluoroolefin

RTD Resistance Temperature Detector HCFC Hydrochlorofluorocarbon

PHE Plate Heat Exchanger HTC Heat Transfer Coefficient

BPHE Brazed Plate Heat Exchanger ASHRAE  American Society of Heating, Refrigeration and Air Conditioning Engineers
CAS Chemical Abstracts Service LHTC Local Heat Transfer Coefficient

Nomenclature

symbols

B Measurement error

Bd Bond number [-]
Boiling number [-]
specific heat [J/kgK]
hydraulic diameter [m]
gravitational constant [m/ s2]
mass flux [kg/ m? s]
Enthalpy [J/kg]
Distance [m]

Mass flow rate [kg/s]
Molecular weight [kg/kmol]
Number of data
Nusselt number [-]
pressure

Prandtl number [-]
heat flux [W/m?]

Heat [W]

Reynolds number [-]
temperature [°C]
Random error
uncertainty

individual value

vapor quality [-]
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Greek symbols
« heat transfer coefficient (W/m?K)
B chevron angle [°]
A Difference [-]
() Surface enlargement factor [-]
A Thermal conductivity (W/m-K)
1 Dynamic viscosity [Pa s]
v Specific volume [m3/ kg]
0 Density [kg/ m3]
o Surface tension [N/m)]
Subscripts
F front
B back
eq equivalent
h horizontal
loss heat loss
r refrigerant
w water
pre preheater
in inlet
out outlet
t Test section
i Local point
sat saturation
) liquid
lo Liquid only
8 gas
exp experimental
pred predicted
v vapor
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