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Abstract

This work presents a model of a shell-and-tube evaporator using R1234yf and R134a as
working fluids. The model uses the effectiveness-NTU method to predict the
evaporation pressure and the refrigerant and secondary fluid temperatures at the
evaporator outlet, using as inputs the geometry of the evaporator, the refrigerant mass
flow rate and evaporator inlet enthalpy, and the secondary fluid volumetric flow rate
and evaporator inlet temperature. The model performance is evaluated using different
two-phase flow heat transfer correlations through model outputs, comparing predicted
and experimental data. The output parameter with maximum deviations between the
predicted and experimental data is the evaporating pressure, being the deviations in
outlet temperatures less than 3%. The evaporator model using Kandlikar’s correlation
obtains the highest precision and the lowest absolute mean error, with 4.87% in the
evaporating pressure, 0.45% in the refrigerant outlet temperature and 0.03% in the
secondary fluid outlet temperature.

Keywords: R1234yf; R134a; shell-and-tube heat exchanger; evaporator model; two-
phase flow heat transfer correlations.

Nomenclature

m mass flow rate (kg/s) k thermal conductivity (W/m K)
h enthalpy (kJ/kg) Re Reynolds number

T temperature (K) Pr Prandtl number

P pressure (kPa) Bo boiling number

v volumetric flow rate (m°/h) Co  convective number

€ specific heat capacity at constant S suppression factor

el
pressure (kJ/kg K)
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heat capacity (kW/K)
number of heat transfer units
heat capacity rate

heat transfer surface (m?)

fouling resistance (m* K/W)

overall heat transfer coefficient (W/m?

diameter (m)

thermal power (kW)

Greek symbols

p density (kg/m°)

€ heat exchanger effectiveness
o heat transfer coefficient (W/m* K)
o surface tension (N/m)
Subscripts

r refrigerant

b brine

out output

in input

int intermediate

1 boiling zone

2 superheating zone

min  minimum

max  maximum

i inside

x

var

nb

cb

sat

fg

Reynolds number factor
Martinelly parameter
molecular mass (kg/mol)
heat flux (W/m?)

friction factor

vapour quality

variable

reduced pressure

error
standard deviation

error bandwidth

wall

turbulent
two-phase

liquid

vapour

nucleate boiling
convective boiling
total flow as liquid
saturated

vaporisation
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1. Introduction

In recent years, chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)
refrigerants have been replaced by hydrofluorocarbons (HFCs) refrigerants, due to their
ozone depletion potential (ODP), according to the Montreal Protocol [1]. However,
HFC refrigerants (such as R134a, R410A, R407C and R404A), which are entirely
harmless to ozone layer, have high global warming potential (GWP) and they are
considered as greenhouse gases under the Kyoto Protocol [2]. Moreover, the European
Parliament established a ban for F-gases with a GWP of more than 150 for new models
coming out of factories in 2011 and for all cars in 2017 [3]. As a result of all this
process, efforts are made to search for refrigerant replacements for the actual fluids.
One of those refrigerants to be replaced is R134a, with 100 years GWP of 1430, and
extensively used in refrigeration and air conditioning, especially in mobile air
conditioning (MAC). The possible refrigerants considered to replace R134a in vapour
compression systems are natural refrigerants like ammonia, carbon dioxide or
hydrocarbons (HC) mixtures; low GWP HFCs, highlighting R32 and R152a; and
hydrofluoroolefins (HFO), specifically R1234yf, recently proposed as an alternative
refrigerant for R134a in automotive air conditioning systems [4].

Focusing on R1234yf, this refrigerant has an ODP of zero [5] and its GWP is as low as
4 [6,7]. Hence, it can be accepted by the recent environmental requirements and polices.
The thermophysical properties of R1234yf have been reported to be similar to those of
R134a [8], thereby offering an opportunity as a drop-in replacement for R134a in
current mobile air conditioners. The main thermophysical properties of R1234yf are
summarized in Table 1 compared with those of R134a. About security characteristics,
R1234yf has low toxicity, similar to R134a, and mild flammability, significantly less
than R152a [9]. Analysing the case of R1234yf would be released into the atmosphere,
it is almost completely transformed to the trifluoroacetic acid (TFA), and predicted
consequences of some studies of using R1234yf [10,11] show that future emissions
would not cause significant increase in TFA rainwater concentrations. Several works
can be found in the literature presenting theoretical and experimental studies to
determine the feasibility of direct substitution (or with slight modifications) using
R1234yf in vapour compression facilities working with R134a in mobile air
conditioning [12], air conditioning [13] and refrigeration systems [14,15]. These works
show a reduction in the coefficient of performance (COP) and the cooling capacity
when using R1234yf as drop-in alternative.

Table 1. Main thermophysical properties of R1234yf and R134a.

For optimizing the system performance, both in its design and its operation, it is
interesting to model the heat transfer processes that take place in vapour compression
systems. Information about the two-phase heat transfer coefficient in heat exchangers
(condenser and evaporator) has an important role in the performance of heat exchangers
models. Park and Jung [16] reported that R1234yf and R134a have very similar nucleate
boiling transfer coefficients. Del Col et al. [17] revealed that R1234yf exhibits slightly




lower heat transfer coefficients during condensation. Focusing on the evaporation,
numerous correlations have been proposed for predicting the heat transfer coefficient of
two-phase flow. The evaporator model could be developed using the most appropriate
two-phase flow heat transfer correlations. However, limited information is available on
evaporator models with R1234yf as working fluid.

So, in the present work a shell-and-tube evaporator model with different two-phase flow
heat transfer correlations is presented, experimentally analysing the performance of the
model when using R1234yf and R134a. The rest of the paper is organized as follows. In
Section 2, the refrigerant test facility used to obtain the experimental data is described.
In Section 3, the presented model is developed and explained. In Section 4, the
experimental and predicted results are presented and discussed. Finally, in Section 5, the
main conclusions of the paper are summarized.

2. Experimental setup

The experimental tests are carried out in a monitored test bench that consists of a
refrigeration vapour compression system, shown in Fig. 1, using R1234yf and R134a as
working fluids.

Fig. 1. Schematic diagram of the test bench.

The main components of the vapour compression plant are a reciprocating open type
compressor, driven by a variable-speed 5 kW electric motor (using an inverter) and
using POE oil as lubricant with both refrigerants; a shell-and-tube condenser (1-2), with
refrigerant flowing along the shell and water as cooling fluid inside the tubes; an
electronic expansion valve; and a shell-and-tube evaporator (1-2), where the refrigerant
flows inside the tubes and a brine water-propylene glycol (65/35% by volume) is used
as secondary fluid flowing along the shell.

The test bench is completed with two secondary circuits, a condensing water loop and a
load simulation system, which allow varying the heat load as well as the evaporating
and condensing conditions. The condenser water loop consists of a closed-type cooling
system, which allows controlling the temperature of the water and its mass flow rate.
The load simulation system also regulates the secondary coolant (water/propylene
glycol brine) temperature through a set of immersed PID controlled electrical
resistances; meanwhile its mass flow rate can be adjusted using a variable speed pump.

Focusing on the shell-and-tube evaporator, Fig. 2 presents the ONDA TE-17 evaporator
and Table 2 summarizes its main characteristics. The evaporator tubes have internal
micro fins used to increase the heat transfer area and to generate turbulence in the
refrigerant flow. In addition, the evaporator is fully isolated by Armaflex® neoprene
foam 25 mm thick shells, which make negligible heat losses to the environment (as it
can be seen in Fig. 3, showing the cooling capacity measured at the refrigerant side and
at the secondary fluid side).



Fig. 2. ONDA TE-17 evaporator.

Fig. 3. Cooling capacity at the evaporator (comparing refrigerant side and brine side).

Table 2. Main characteristics of the ONDA TE-17 evaporator.

The thermodynamic states of the refrigerant are calculated using REFPROP [18]
measuring pressure and temperature at the inlet and outlet of the evaporator, using K-
type thermocouples and piezoelectric pressure gauges. The refrigerant mass flow rate is
measured by means of a coriolis effect mass flow meter and the secondary fluid flow
rate is measured with electromagnetic flow meter. All the measurements are gathered
with a National Instruments data acquisition system and monitored through a Personal
Computer. In Table 3, a summary of the measured parameters and the sensors used in
this work is presented, indicating the uncertainty associated with each measurement.

Table 3. Measured parameters and equipment uncertainty.

The experimental data consists of 100 steady-state tests obtained in a wide range of
operating conditions and using R1234yf and R134a as working fluids. The ranges of all
the control parameters for the evaporator are summarized in Table 4. The process of
selecting a steady state consists of taking a time period of twenty minutes, with a
sample period of 0.5 seconds, in which the evaporating pressure is within an interval of
+2.5 kPa. Furthermore, in these tests all the temperatures are within +0.5 K and
refrigerant mass flow rate is within £0.0005 kg/s. Then, once a steady state is achieved
(with 2400 direct measurements), the data used as a steady state test are obtained
selecting and averaging over a time period of five minutes (600 measurements).

Table 4. Test conditions.
3. Model development

The general structure of the proposed model is presented in Fig. 4, where it can be seen
that the model inputs are the refrigerant flow rate, refrigerant enthalpy at the evaporator
inlet and the secondary fluid input variables. Using these inputs and the geometry of the
evaporator, the model predicts the evaporating pressure (neglecting pressure drops) and
the refrigerant and secondary fluid temperatures at the evaporator outlet. The model
computes the refrigerant properties using dynamic libraries of REFPROP [18]. Finally,
the thermal analysis of heat exchange is based on the e-NTU method.



Fig. 4. Model scheme.
3.1. Governing equations

The evaporator behaviour is modelled considering a pure counter-current heat
exchanger for simplicity [19] and dividing the heat exchanger into two zones: the
evaporating zone and the superheated vapour zone, as shown in Fig. 5. The overall heat
exchanger is then modelled with two energy balances: an energy balance between the
two fluids (Eg. 1) and an equation with the efficiency concept (Eq. 2), where the
efficiencies are estimated using Eq. 3 and Eq. 4 [20], and the NTU are evaluated as
shown in Eq. 5 and Eq. 6.

Fig. 5. Temperature profile in the evaporator.
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The overall heat transfer coefficient is estimated using Eq. 7. It includes the thermal
resistance associated to the fouling in the heat exchanger (R = 0.000086 m* K/W,
manufacturer data for water/propylene glycol brines with less than 40% of propylene

glycol),
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where e; is the refrigerant heat transfer coefficient and is different for each zone, and
@, is the heat transfer coefficient for the brine and is the same for both zones.



To complete the characterization of the evaporator a closure equation related to the
areas of heat exchange is used, as shown in Eq. 8.

Ar =4, + 4, (8)

The heat transfer coefficient for the brine and the refrigerant single-phase heat transfer
coefficient are computed using correlations previously proven to give good results in
the test bench [21]. The heat transfer coefficient for the brine, with external forced
convection on an array of tubes, is computed using the Zukauskas’ correlation [22],
shown in Eq. 9,

pr. \*"* /k
a, = Clﬂzﬂegfmﬂx F'T;E 36 (—b ) (d—b) (9)
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where coefficient C; depends on the number of tube lines, and coefficients C, and m can
be estimated according to the magnitude of the Reynolds number.

The refrigerant single-phase heat transfer coefficient is computed using the Gnielinski
[23] correlation, presented in Eqg. 10,

_ (f/2)(Re— 1000)Pr k,
Y T T 127(F/ D)V (PR — 1) (E) (10)

where
f =(0.79InRe — 1.64) 72 (11)
3.2. Refrigerant two-phase flow heat transfer coefficients

The two-phase flow heat transfer coefficient of the refrigerant inside the tube is one of
the most important issues. Various heat transfer correlations have been proposed in the
recent decades. However, most of them have not been tested with experimental data
using R1234yf. So, different correlations have been selected for analyse the
performance of the evaporator model using R1234yf and R134a. The correlations
selected are widely accepted in the study of in-tube heat transfer previously for other
refrigerants. Table 5 summarizes the correlations used for the two-phase flow heat
transfer coefficient of the refrigerant.

Table 5. Refrigerant two-phase flow heat transfer correlations.
3.3. Calculation procedure

The flowchart of the evaporator model is presented in Fig. 6. To start the calculation the
model needs some initial values for the evaporating pressure, the brine temperature and
the refrigerant enthalpy at the evaporator outlet, the evaporator boiling zone area, the
secondary fluid intermediate temperature between both zones of the evaporator and the
wall tube temperatures (needed for the calculus of the brine side heat transfer



correlation). These initial values are updated using the governing equations as show in
the flowchart of the evaporator model. The selected initial values are calculated as
indicated in Eq. 12.

Fig. 6. Flowchart of the evaporator model.
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4. Results and discussion

In this section the performance of the evaporator model developed with different two-
phase flow heat transfer correlations is analysed using R1234yf and R134a as working
fluids and using experimental data from the test facility presented in section 2. The
individual error, mean error, absolute mean error and standard deviation for each output
variable of the model are calculated as indicated in Eq. 13, Eq. 14, Eq. 15 and Eq. 16,
respectively.

(13)
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In addition, the maximum deviation 6. and the percentage of points predicted within
an error bandwidth of £10%, A1y IS also calculated.

The comparison between the predicted results from the model and the experimental
results is shown in Fig. 7, Fig. 8 and Fig. 9 for the evaporating pressure, the refrigerant
temperature at the evaporator outlet and the brine temperature at the evaporator outlet,
respectively. The results of the comparison are also summarized in Table 6.



Attending to the different variables, the evaporating pressure presents the biggest
deviation between the predicted and experimental results. Kandlikar’s correlation
presents the best agreement with the experimental results. The absolute mean error of
the model with Kandlikar’s correlation is 4.87%, with 93.94% of data points below 10%
of error. Chen’s correlation presents the largest deviations, with an absolute mean error
of 10.04% and 57.58% of data points below 10% of error. The rest of correlations
present similar results, with absolute mean errors between 6.05% and 7.5%, and
between 75.76% and 86.87% of data points below 10% of error.

Focusing on the refrigerant temperature at the evaporator outlet, Kandlikar’s correlation
obtains the best predictions. The absolute mean error of the model with Kandlikar’s
correlation is 0.45%. The rest of the correlations present similar results, with absolute
mean errors between 0.64% and 0.71%, except for the Chen’s correlation, that presents
the larger deviations with an absolute mean error of 1.1% and a maximum deviation of
2.8%. Regarding the brine temperature at the evaporator outlet, all the correlations
present absolute mean errors below 0.1%.

Fig. 7. Comparison of the evaporating pressure between the calculated and experimental
results.

Fig. 8. Comparison of the refrigerant temperature at the evaporator outlet between the
calculated and experimental results.

Fig. 9. Comparison of the brine temperature at the evaporator outlet between the
calculated and experimental results.

Table 6. Summary of the comparison between the calculated and experimental results.
5. Conclusions

In the present study, a model for a shell-and-tube evaporator using R1234yf and R134a
is developed. The input parameters of the model are the refrigerant mass flow rate, the
secondary fluid volumetric flow, the refrigerant enthalpy at the evaporator inlet, and the
secondary fluid temperature at the evaporator inlet. The model outputs are the
evaporating pressure, the refrigerant enthalpy at the evaporator outlet, and the secondary
fluid temperature at the evaporator outlet.

The suitability of several two-phase flow heat transfer correlations in calculating the
heat transfer coefficient of the refrigerant is analysed comparing the calculated
parameters with experimental results. The model with Kandlikar’s correlation has the
higher precision and the lowest absolute mean deviation (4.87% for the evaporating
pressure) for all the parameters.



Hence, the developed evaporator model can be used for the performance analysis and
design of a shell-and-tube evaporator working with R1234yf and R134a.
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Fig. 7. Comparison of the evaporating pressure between the calculated and experimental
results.
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Fig. 9. Comparison of the brine temperature at the evaporator outlet between the
calculated and experimental results.



FIGURE CAPTIONS

Fig. 1. Schematic diagram of the test bench.
Fig. 2. ONDA TE-17 evaporator.

Fig. 3. Energy balance in the evaporator.

Fig. 4. Model scheme.

Fig. 5. Temperature profile in the evaporator.
Fig. 6. Flowchart of the evaporator model.

Fig. 7. Comparison of the evaporating pressure between the calculated and experimental
results.

Fig. 8. Comparison of the refrigerant temperature at the evaporator outlet between the
calculated and experimental results.

Fig. 9. Comparison of the brine temperature at the evaporator outlet between the
calculated and experimental results.



Table 1. Main thermophysical properties of R1234yf and R134a.

Thermophysical property R1234yf R134a
Chemical formula CF;CF=CH, C,HF,
Boiling point (K) 244.15 247.15
Critical point (K) 368.15 375.15
Liquid density at 298.15 K (kg m™®) 1094 1207
Vapor density at 298.15 K (kg m™) 37.6 32.4
ODP 0 0
GWP 4 1430




Table 2. Main characteristics of the ONDA TE-17 evaporator.

Number of tube passes
Bundle tube count for pass
Number of baffles

Tube inside diameter (m)
Tube outside diameter (m)
Shell inside diameter (m)
Tube length (m)

Centre distance of tubes (m)

Distance of tubes (m)

38

3

0.00822

0.00952

0.131

0.92

0.01142

0.0019




Table 3. Measured parameters and equipment uncertainty.

Measured parameters Sensor Uncertainty
Temperatures K-type thermocouples +0.3K
Pressures Piezoelectric pressure transducers +1kPa
Mass flow rate Coriolis mass flow meter +0.22%
Compressor power consumption Digital wattmeter +0.15%
Compressor rotation speed Capacitive sensor +1%
Pressure drops in the IHX Differential pressure transducers +0.01kPa




Table 4. Test conditions.

Control parameters

Range values

Evaporating pressure (kPa)

Refrigerant mass flow rate (g s™)

Refrigerant temperature at evaporator inlet (K)
Refrigerant temperature at evaporator outlet (K)
Secondary fluid volumetric flow rate (m* h™)
Secondary fluid inlet temperature (K)

Secondary fluid outlet temperature (K)

215.99 - 413.89

26.4—-97.73

266.41 — 284.57

266.96 — 293.13

1.1439 —1.2429

290.75 - 327.83

297.31 - 329.49




Table 5. Refrigerant two-phase flow heat transfer correlations.

Authors Correlation
Chen [24] a., = Fa,+5Sa,,
1 1 <01
F= 0736 Mps
2.35 (0.213 + —) 1
X, X, = 0.1
1

5=
1+ ﬂ.ﬂﬂﬂﬂﬂEEERe#ﬂ

k,
a, = 0.023ReFPr]* (E)

e = 0.00122 (kf”""ﬂ-‘é’j?g'ﬂ:“"""‘ﬂT;E;‘E“ﬁP;L?)
nb .

o5 by )"

Shah [25] a,, = maxia,,, ad.;)

tp
a_, = 1.8NEq,
e, = (230B0%)a, Bo>3x107* N=1
a,, =(1+46B0™)a, Bo<3x107™* N> 1
a,, = a;FBo*exp(2.74N —0.1) Bo<3x107* 0.1<N=<1

a,, = a,FBo"exp(2.74N —0.15) Bo<3x107* N< 0.1

N { Co Fr, =004 _ { 147 Bo=11x107*
~ 0.38CoFr,** Fr, <004 1543 Bo<11x107*
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Table 6. Summary of the comparison between the calculated and experimental results.

Correlation d ‘5" a.. q ! 100
Evaporating pressure
Chen [24] 10.04% 10.04% 29.21% 541%  57.58%
Shah [25] -6.74% 7.11% -18.07% 430%  75.76%
Kandlikar [26] -3.18% 4.87% -15.15% 4.92%  93.94%
Gungor and Winterton [27] -6.60% 7.07% -17.72% 4.61%  77.78%
Liu and Winterton [28] 5.87% 6.05% 23.62% 4.95%  85.86%
Panek [29] -7.46% 7.50% -13.09%  2.61%  86.87%
Refrigerant temperature at the evaporator outlet
Chen [24] 1.10% 1.10% 2.80% 0.50% 100%
Shah [25] -0.57% 0.64% -1.84% 0.48% 100%
Kandlikar [26] -0.20% 0.45% -1.52% 0.53% 100%
Gungor and Winterton [27] -0.55% 0.64% -1.80% 0.51% 100%
Liu and Winterton [28] 0.70% 0.71% 2.32% 0.49% 100%
Panek [29] -0.65% 0.66% -1.17% 0.28% 100%
Brine temperature at the evaporator outlet

Chen [24] -0.06% 0.06% -0.17% 0.04% 100%
Shah [25] -0.01% 0.03% -0.12% 0.04% 100%
Kandlikar [26] -0.02% 0.03% -0.12% 0.04% 100%
Gungor and Winterton [27] -0.01% 0.03% -0.12% 0.04% 100%
Liu and Winterton [28] -0.05% 0.05% -0.16% 0.04% 100%
Panek [29] -0.01% 0.03% -0.10% 0.03% 100%






