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ABSTRACT

This study presents the single-phase heat transfer and pressure drop characteristics of
R1233zd(e) in a Brazed Plate Heat Exchanger (BPHE). Experiments on single-phase, water-to-
water, were initially conducted and a correlation for the convective heat transfer coefficient
of the hot water side was derived by applying the modified Wilson plot method. The experi-
ments covered a range of Reynolds number from 80 to 1600 and Prandtl number from 2.8
to 7.0. Subsequent experiments were conducted with water-to-R1233zd(e) covering a refriger-
ant range of Reynolds number from 700 to 1450 and Prandtl number from 4.5 to 4.9. The
results were used to assess existing correlations in the literature predicting the Nusselt num-
ber and Fanning friction factor in BPHEs. Finally, new correlations for both the hot (water)
and cold (refrigerant) sides are proposed for single-phase heat transfer for this geometry cov-
ering the conditions above. The proposed refrigerant heat transfer correlation predicted 97%

of all data within the = 10% error bands at a mean absolute error value of 5.7%.

Introduction

Plate Heat Exchangers (PHEs) have been used success-
fully in several industries such as oil and gas, refriger-
ation, and energy generation systems, due to their high
surface area to volume ratio. They are particularly
beneficial to the refrigeration industry because the cor-
rugated plate surfaces and small hydraulic diameter
promote turbulence in the flow channels. Such flow
(swirl or vortex flow), as well as the disruption and
reattachment of the boundary layer contribute to
enhanced heat transfer rates [1]. Consequently, they
provide an enhanced thermal-hydraulic performance
with an added feature of miniaturization compared to
the traditional shell and tube heat exchangers.

A literature survey shows that there has been a lot
of experimental work on Plate Heat Exchangers
(PHEs) focused on refrigerant applications. Common
working fluids included the use of both pure fluids
and mixtures. However, the use of such substances
was found to affect the ozone layer and contributed
to greenhouse effects. Consequently, international
environmental regulations promoted the development

of alternative and suitable refrigerants such as
Hydrofluoroolefins (HFOs) with both low Global
Warming Potential (GWP) and Ozone Depletion
Potential (ODP). However, their performance in
energy conversion systems such as the Organic
Rankine Cycles (ORCs) is yet to be determined. ORCs
are particularly well-suited to converting low- to
medium-grade heat (below 100°C to 300-400°C) to
power. Recently, HFOs like R1233zd(e) and
R1336mzz(z) have shown to be a promising replacement
for R245fa; commonly used in ORCs. For example,
Moles et al. [2] evaluated the performance of
R1233zd(e) and R1336mzz(z) as potential substitutes for
R245fa in an ORC for waste heat recovery. Throughout
the range of operating conditions and configurations
examined, the alternative refrigerants consumed lower
pumping power and could therefore achieve higher
values of net cycle efficiency. This study showed that
R1233zd(e) 10.3%—17.3% less pumping
power and produced up to 10.6% higher net cycle

required

efficiencies than R245fa, over the range of cycle con-
ditions examined. The possibility of replacing R245fa
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Nomenclature

Ag flow area, [m?] Re Reynolds number, (Re = GD;,/p)
A effective heat transfer area, [m?] Sx standard deviation
Ap projected heat transfer area, [m?] t plate thickness, [m]
b corrugation amplitude or plates spacing, [m] T temperature, [K]
b; systematic error AT temperature difference, [K]
BPHE Brazed Plate Heat Exchangers ATy, log-mean temperature difference, [K]
Gy specific heat, [J/kg K] U overall heat transfer coefficient, [W/m? K]
Cy,C,, G5 empirical constants in Eq. (8) UA overall thermal conductance, [W/K]
D, equivalent diameter, [m] w plate width, [m]
Dy, hydraulic diameter, [m], (D, = 2b) X parameter defined in Eq. (2)
D, port diameter, [m] Y Arbitrary variable in Eq. (17)
EES Engineering Equation Solver
f Fanr.nng friction factor i Greek symbols
g gravitational constant, [m/s”] .
G mass flux, [kg/m? s] p Corrugatlon/chevron angle, [degree]
GPHE Gasket Plate Heat Exchangers 6’ uncerttalntt.y
GWP Global Warming Potential 3 aspec r? o b
h heat transfer coefficient, [W/m? K] . <c:lorruge.1 ton p1tf:t > [rlx)l]
HFOs Hydrofluoroolefins H dzgzirtmc[zls/c;gl] Y, [Pas]
k thermal conductivity, [W/m K] P V> X8
I characteristic length, [m] ¢ surface enlargement factor, (Aeff /Ap)
Ly core length, [m] Subscripts
Ly plate length, [m] .

a acceleration
L, port to port plate length, [m] c cold
m mass flow rate, [kg/s] cal calculated
MAE Mean Absolute Error x experiment
N number of plates P pe

f frictional
Ny, number of channels .
" number of he gi Auid sid g gravitational

) passes on the given fluid side
. h hot
N, effective number of plates ; inlet
Nu Nusselt number, (Nu = hDy, /k) m mean
ODP Ozone Depletion Potential o outlet
ORC Organic Rankine Cycle ort
p pressure, [Pa] pt plate
AP pressure drop, [Pa] rp Eefri erant
Pr Prandtl number, (Pr = C,u/k) sat sat fatiin
PHE Plate Heat Exchanger " totzl
Q heat transfer rate, [W] w water
R thermal resistance, [K/W]
R? coefficient of multiple determination in regres-
sion analysis

with R1233zd(e) is also supported by the similar
thermo-physical properties as shown in Table 1. The
values reported in Table 1 are based on Engineering
Equation Solver (EES) software and reference [3].
There are several types of PHEs but the most
widely used is the chevron/herringbone pattern with
over 60 different patterns from various manufactures
[4]. These are further categorized into gasketed and
brazed PHEs. The traditional Gasketed Plate Heat
Exchangers (GPHEs) consist of thin rectangular
pressed metal plates assembled between bordering gas-
kets and clamped together in a frame. Brazed Plate
Heat Exchangers (BPHEs) were later developed to
resolve some of the inherent limitations of the
GPHEs, by eliminating the need for frames or gaskets
that were susceptible to leaks. The stainless-steel plates

are brazed together using a brazing material such as
copper, making them able to operate at higher pres-
sures and temperatures. More recently, extensive work
[5-7] has been done to improve the performance of
PHEs through design optimization and numerical
investigation. Although there have been numerous
publications on heat transfer and pressure drop in
GPHEs, there is less work on BPHEs.

A number of studies [8-25] that investigated the
single-phase heat transfer and pressure drop in
BPHEs and some GPHEs, from 1981 to 2017, are
included in Table Al in Appendix A. A total of 28
heat transfer correlations for GPHEs were summar-
ized by Ayub [26], in which most correlations adopted
the form of the Dittus Boelter equation [27] for the
convective heat transfer coefficient in tubes.



Table 1. Thermo-physical properties of R245fa and low GWP
alternative R1233zd(e) based on EES software and values with
* are taken from [3].

Parameters R245fa R1233zd(e)
oDP 0* 0.00034*
GWP 1030* 1-7%
Boling point (°C) 14.08 17.97
Saturation pressure (bar) at 300K 1.59 1.38
Liquid specific heat (kJ/kg K) at 300K 133 1.25
Liquid density (kg/m?) at 300K 1333.5 1258.3
Enthalpy of vaporization (kJ/kg) 189.2 190.8
at 300K
Flammability Non-flammable* Non-flammable*
Molecular mass (kg/kmol) 134 130.5
Critical Pressure (bar) 36.5 35.7

Critical Temperature (°C) 154.01 165.6

For single-phase flow, studies have shown that the
geometric parameters such as the chevron angle (f),
hydraulic (Dy,) or equivalent diameter (D,), corruga-
tion pitch (1) and enlargement factor (¢), have a
strong influence on the thermal and hydraulic per-
formance of the heat exchanger. Of all the parameters
that define the geometry of the plates, the chevron
angle is perhaps the most affecting parameter. It is
widely recognized that both heat transfer and pressure
drop increase with higher chevron angles [10].
However, the improved heat transfer comes at a
higher pressure drop penalty and the increase in the
friction factor with mass flow rate is quicker than that
of the heat transfer coefficient [28]. The correlations
found in open literature are therefore limited and
only applicable to the geometry and operating condi-
tions stated in the study, because of the large number
of geometric parameters that can affect the fluid flow
and heat transfer. However, despite the influence of
the geometry, details of the geometric parameters are
seldom reported due to propriety nature of each plate
design. For example, Palmer et al. [15] measured the
two-phase heat transfer coefficient for R22, R290,
R290/600a, and R32/152a in a BPHE, but the study
did not report values of the corrugation angle, pitch,
enlargement factor and the range for which their
proposed correlations were valid. Additionally, there
is lack of consistent definition of these geometrical
parameters. In particular, the hydraulic diameter, plate
length and the heat transfer area used to evaluate the
heat transfer coefficient and friction factor, which
would have a significant impact on the results.
Therefore, to have a reliable comparison of these cor-
relations, the differences in these definitions need to
be accounted for.

Single-phase heat transfer studies are important
both on their own right, but also as a means to arrive
at relations for two-phase flow in BPHEs. In two-
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phase flow applications, the correlations used, may
include an element of single-phase heat transfer dur-
ing sub-cooled boiling, i.e. before boiling commences,
as reported by Hsieh and Lin [29]. Therefore, a com-
prehensive analysis and understanding of the single-
phase heat transfer process in BPHEs is required.
Furthermore, most single-phase correlations are
reported for water-to-water configurations for which
it was often found that the Nusselt number correl-
ation for the hot and cold side was the same. Hayes
and Jokar [8] conducted experiments with hot water
and chilled dynalene and demonstrated that it is
essential to report correlations for the hot side and
cold side when using two different fluids.

Despite the more recent published correlations, the
conclusion that there is still no agreement between
correlations for the prediction of the heat transfer
coefficient in BPHEs is still valid. Kim and Park [12]
conducted a study using water and two different
BPHEs with the same corrugation angle (f = 65°),
but all other parameters were different. In comparing
their results with correlations in literature, it was
reported that the friction factor was mostly under-
predicted by correlations developed for GPHEs. They
attributed this to the additional flow restriction due
to the brazing points, which resulted in a higher
pressure drop. Other past correlations used in their
comparison that over-predicted the friction factor
were developed for a higher range of Reynolds num-
ber and a different plate pattern. Their data showed
an increase in the pressure drop with a reduced
hydraulic diameter in agreement with Faizal and
Ahmed [30]. The enlargement factor was found to
affect the heat transfer rates and as a result, it was
included in the proposed correlation for the friction
factor and Nusselt number.

Yang et al. [24] investigated the single-phase heat
transfer for nine BPHEs with different geometric param-
eters using an ethylene glycol - water mixture (65 vol %)
for which properties were taken at 0°C — 35°C. Using
just their experimental data, the authors developed a
correlation for the heat transfer coefficient for a limited
range of Reynolds number (50 < Re < 500) and Prandtl
number (50 < Pr < 150). The comparison with others
showed poor agreement, which was attributed to the
geometrical variation. This led the authors to develop a
more generalized correlation using an experimental data
base from 22 different GPHEs (including their own)
and 25 correlations found in literature. This correlation
covered a wide range of geometric parameters and
working conditions, i.e., 50 <Re < 8000; 2 < Pr < 290;
27° < f<63% 1.16 < ¢ < 1.464; 0.557 < y < 1.290.
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However, the authors did not specify the fluids used in
this data set or identify the 25 empirical correlations.
Furthermore, the correlation demonstrated a poor pre-
diction accuracy of + 50% for 95% of the data. The pos-
sible number of combinations of geometric parameters
is very large therefore, most research has focused on
qualitative performance instead of searching for a uni-
versal correlation for the single-phase heat transfer
in PHEs.

As mentioned above, there is still lack of cohesive
design information available in the open literature due
to the proprietary nature of the industry. The brazed
points in BPHEs introduce an additional structure in
the flow channels, which reduces the contact thermal
resistance and enhances turbulence. Therefore, with the
introduction of new low GWP and ODP refrigerants
and the different thermal-hydraulic characteristics of
BPHEs compared to GPHEs, there is a need for the
development of new heat transfer and pressure drop
correlations. Our literature review revealed that there is
only limited work reported on flow boiling heat trans-
fer performance of new low-pressure refrigerants like
R1233zd(e) in BPHEs that could be used in energy
conversion systems, [15, 16] and even less so on the
single-phase pressure drop and heat transfer rates.
Hence, there is a need for further research in this area.

In the present study we investigate single-phase
heat transfer rates and pressure drop for a water-
R1233zd(e) in a BPHE. On the water side, the
Reynolds number ranged from 80 to 1600 and a
Prandtl number from 2.8 to 7.0. The range of
Reynolds number and Prandtl number on the
R1233zd(e) side was from 700 to 1450 and 4.5 to 4.9,
respectively. The fluid properties for these dimension-
less numbers for the water and refrigerant were taken
at the mean temperature (average of inlet and outlet)
for the water and the refrigerant side. For the water
side the mean temperature ranged from 18°C to
63°C and for the refrigerant side from 15°C to 25°C.
This is in agreement with the process used in [10, 31].
Our results were compared with existing correlations
and agreements and deviations were pointed out. A
new correlation predicting the heat transfer coefficient
for the hot water side plus one for the refrigerant side
was developed and recommended.

Experimental facility
Experimental flow loop

A schematic of the experimental facility is shown in
Figure 1 where the tested BPHE has a 1-1 single pass
flow arrangement (1, = 1) and is set up in a counter

! X o l
—0 T
O —=0
Coriolis flow 5 o)
meter ‘ Cooler ’
TEST
SECTION T
o O
| B3
SG }%{
-
Hot water loop
Accumdlator Pre-heater
@
BV - By pass valve N2 gas bottle
SG - Sight glass
T -Temperature
P - Pressure —X
Coriolis —
flow meter
=\
</

Figure 1. Schematic of the experimental facility.




flow direction. The set up consists of three loops,
namely: the hot water, the refrigerant and the cold-
water loop. The refrigerant loop consists of a receiver,
a gear pump (DGS.99EEET2NM from Tuthill®), a
Coriolis mass flowmeter (OPTIMASS 3400 C S04 for
mass fluxes up to 0.125kg/s from Krohne), a tube
pre-heater, the BPHE test section and a BPHE cooler
and subcooler. The refrigerant is pumped by a vari-
able frequency gear pump from the receiver to the
sub-cooler to the pre-heater, where it can be heated to
achieve the desired temperature at the inlet of the test
section. The refrigerant then goes through the tested
BPHE where it is heated and returned to the cooler
and the receiver. A bladder accumulator connected to
a nitrogen cylinder and a pressure regulator is used to
control and damp any pressure fluctuations in this
loop. The cold-water loop is able to supply a propyl-
ene glycol water mixture at temperature ranging
between 8 and 35° C with a stability within + 0.1K to
feed the sub-cooler and the cooler. The hot water
loop supplies water from a 117L tank (heated by a
3kW variable electric heater) at a temperature range
of 20 — 80°C to feed the test section BPHE. The water
mass flow rate is measured by a Coriolis mass flow-
meter (OPTIMASS 7400 C S10 for mass fluxes up to
0.3kg/s from Krohne) and pumped to the test section.
The refrigerant and water temperatures at the inlet
and outlet of the tested BPHE are measured by T-type
thermocouples. The refrigerant pressure at the inlet
and outlet of the tested BPHE are measured by two
pressure transducers (PXM319-010GI), whilst the
refrigerant pressure drop is measured by a differential
pressure transducer (PX2300-5DI). All measurements
are recorded by a data logger (Picolog 6) linked to a
PC. The thermophysical properties of water and
R1233zd(e) were obtained from EES software.

Test brazed plate heat exchanger

Figure 2 depicts the schematic diagram of the BPHE
used in the experiment with the geometric parameters
detailed in Table 2. All the geometric parameters of
the tested unit were doubly confirmed, in addition to
the manufacturer-supplied information. The stainless-
steel BPHE consists of 12 plates and is installed in a
vertical position, with the refrigerant flowing upwards
against gravity. The hot water enters at the top and
leaves at the bottom of the heat exchanger.
Establishing the definition of the geometries of the
plates is crucial to the accurate analysis of the heat
transfer and pressure drop in BPHEs. For example,
calculating the flow hydraulic diameter in the
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Ln
Lo
Leff

Figure 2. Schematic of one of the plates of the tested BPHE.

Table 2. Geometry of the tested BPHE.

Port-to-port length L, = 278.5mm
Plate length Ly = 296.2mm
Core length Less = 260. 8 mm
Plate width W=713mm
Projected area of single plate A, = 0.0186 m?

Aegr = 0.0225 m?
Aetr x N = 0.225m?

Effective area of single plate
Total effective heat transfer area

Corrugation angle p = 65°
Corrugation amplitude b=2.17mm
Surface enlargement factor ¢ =121

Hydraulic diameter Dp=2b=434mm
Corrugation pitch A =6mm

Plate thickness t =0.3mm

Aspect ratio Y

Number of plates N

Effective number of plates N 0

Number of channels Neh = Ny — 1=11

Channels on refrigerant side Nehr =

Channels on hot-water side N

Port diameter

Thermal conductivity of plate
(stainless steel at 25°C)

Single channel flow area

kot = 134 (W/m.K)

A, = bW = 1.55 x 10* m?

channels corresponds to the flow velocity and in turn
can characterize the Reynolds number, which is used
in the correlation of the Nusselt number and fric-
tion factor.

In this paper the hydraulic diameter is defined as:

D, =2b (1)
The corrugations increase the surface area of the

plate compared to a flat plate. The surface enlarge-
ment factor (¢) is a ratio used to express the
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increased area as specified by the manufacturer. ¢ for
a sinusoidal corrugated plate surface is a function of
the corrugation pitch (4), and mean spacing between
the plates (b), as follows, [32]:

1 X2\ A
pr-1+vVIiTX+4/1+42 | =22 ()
6 2) T4,

where X = %b and the projected area (A,), as if there
were no corrugations, can be approximated by Eq.

(3):

Ap=LggW ()

where Lgs = L, — D, in accordance with [32]. It is
difficult to accurately determine the effective area
(Ae)> due to the corrugated surface and therefore it
is often expressed as [5]: Ay = App.

It should be noted that the corrugation pattern is
not always perfectly sinusoidal, and therefore several
manufactures may specify the enlargement factor for
their own atypically shaped surfaces. Typical values
range between 1.1 — 1.4, which indicates an increment
in theheat transfer area of up to 40% due to the cor-
rugated plate surface.

Published summaries [26, 33] of correlations in lit-
erature show that there are different definitions of the
heat transfer area and the hydraulic diameter, and a
comparison of experimental data can only be valid
with identical definition of parameters. The projected
heat transfer area (A,) as opposed to the effective area
(Agf) is used to evaluate the overall heat transfer coef-
ficient (U-value) and to calculate the minimum heat
transfer coefficient in accordance with Longo and
Gasparella [16], Longo et al. [17], and Longo [34]. So
existing correlations that regard A,y as the heat trans-
fer area require modification and similarly so do cor-
relations with D = 2 / 4 Table Al in Appendix A
clearly specifies the diameter and the surface area
used by the different researchers. In the comparisons
that follow with the present results, the equations
given were converted to the hydraulic diameter D, =
2b and the projected area (A,) used in this study as
shown in Appendix B.

Data reduction
Heat transfer

The overall heat transfer coefficient is derived from
the ratio of the heat load Q, to the total projected
heat transfer area of a single plate A, multiplied by
N, and the logarithmic mean temperature AT}, as
suggested by Shah and Focke [32]:

Q
== 4
v N,A,ATy, @

where the logarithmic mean temperature difference is
given by:
T o_Tci — (T i_Tco
oty = The = T = (i “Tee) )

(Th,o_T[,i)
ln (Th,iiTC,D)

The logarithmic mean temperature difference
approach was used, based on the assumption of a
constant heat transfer coefficient throughout the
heat exchanger. However, this assumption is not
valid when the heat transfer coefficient varies with
the heat flux. Claesson [35] developed a correction
factor relating the appropriate mean temperature
difference with the ATj,. He showed that the correc-
tion factor is negligible for moderate to high AT,
(> 4-5K) and that the AT}, approach is sufficiently
accurate for predicting heat transfer in PHEs. At
lower values, a correction factor can range between
0.5 and 0.95. It should be noted that the AT}, in
this study was > 6K and no correction factor was
implemented.

The heat transfer rate is derived from a thermal
energy balance on the water side:

Q= mwcp,wATw (6)

where m,, is the water mass flow rate measured by
the Coriolis mass flow meter, C, ,, is the water specific
heat capacity taken at the average of the inlet and out-
let temperatures and AT, is the temperature differ-
ence measured at the inlet and outlet.

The average refrigerant heat transfer coefficient
(h,) of the BPHE is derived from the overall heat
transfer coefficient as shown below. In this case foul-
ing is assumed to be negligible.

1 ¢t 1\!
(55 w) 7

Water-to-water experiments were first conducted
before the water-to-refrigerant experiments. This
allowed evaluation of the water-side heat transfer
coefficient (h,,), see Eq. (8), and therefore subsequent
evaluation of the heat transfer coefficient on the
refrigerant side (h,). The modified Wilson Plot tech-
nique [36] was used to evaluate h, and the unknown
constants C;, C, and C; in Eq. (8). In each case the
flow rate of the cold water was varied for a fixed flow
rate on the hot water side.

k 0.14
h, = CiRe&Pr& " Hm (8)
h \ Hwall



The exponent of the viscosity ratio was taken as
0.14 according to Kays et al. [37] However, this ratio
is near unity for our experiments and was not
included, see Eq. (9). The single-phase heat transfer
correlations are expressed in terms of the Nusselt
number for the hot side of the heat exchanger where
water is commonly used as the heat transfer fluid.

Nu,, = CiRe&PrS 9)

The heat transfer coefficient is assumed to be the
same on both sides, hot and cold, when the same fluid
flows on both sides with an  identical
Reynolds number.

Pressure drop

The total pressure drop of the refrigerant is measured
by a differential pressure transducer for the required
range of flow rates and inlet pressures. The three-com-
ponent model approach [32, 38] is used to evaluate the
frictional pressure drop and subsequently the Fanning
friction factor. In this case, the total or measured pres-
sure drop (APy) comprises of three components: the
manifolds and ports pressure drop (AP,), the eleva-
tion/gravity pressure drop (APg) and frictional pres-
sure drop (APf) in the flow channels, that is:

APy = AP + AP, + AP, (10)

The pressure drop due to elevation is calculated by:
AP, = pgL, (11)

where p is taken at the mean inlet to outlet tempera-
ture, as with all properties.

A very widely cited equation by Shah and Focke
[32] gives an estimation of the manifold pressure
drop:

(12)

where G, :ﬁ is the fluid mass velocity in the
port, n, is thQ number of passes on the given fluid
side, and p; is the density of the refrigerant at the
inlet as proposed by Shah and Sekulic [39].

The acceleration pressure drop AP,, given by Eq.
(13) below, is negligible for single-phase liquids [38]
and is excluded from the total pressure drop expres-
sion, especially given the small variation in the density

between the inlet and outlet in the single-phase.

1 1
AP, = (———) G* (13)
Po Pi
Accordingly, the frictional pressure drop can be
computed by rearranging Eq. (10) that is:
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The following correlation is commonly applied to
evaluate the Fanning friction factor (f) in the flow
channels of PHEs, [40]:

4fLG?

AP
1 2pDy,

— (15)
where L = L,.

The definition of the characteristic length L in Eq.
(15) is important here. The length L, is used in this
study in accordance with [17, 21, 29]. However it
should be noted that other studies use the effective
length Ly [41]. L, was chosen so as to include the
triangular fluid distribution and collection areas that
would otherwise be excluded in the analysis.

A relation between the friction factor and the
Reynolds number is proposed, based on the experi-
mental data. The Blasius equation cited in [42] is
widely used for single-phase fully developed turbulent
flow in smooth pipes. However, the friction factor in
PHEs is known to be considerably higher compared
to that in tubular exchangers [1], mainly due to the
different flow geometry.

Calibration and uncertainty analysis
Instrument error and calibration

Table 3 gives the main features of the different meas-
uring devices in the experimental rig. The uncertainty
of the thermocouple was obtained using a calibration
procedure with a precision thermometer (ASL F250
MK II) in a constant temperature bath using water.

Uncertainty analysis

The uncertainty of the experimental data was calcu-
lated using the method reported by Coleman and
Steel [43]. The combined uncertainty of a measured
parameter € of the experimental data is composed of
the systematic b; and standard deviation s, as shown
in Eq. (16).

K
=5+ b (16)
i=1

The propagated error on calculated parameters is
evaluated using the Taylor Series Method where:

1/2

k 2
=) ] ©

i

where 7 =f(Y;,....Yx). These results are shown in
Table 4.
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Table 3. Specification of measuring devices in test facility.

Devices Range Accuracy
T- type thermocouples —200 —350°C + 0.1K

Differential pressure transducer 0 — 0.344 bar + 0.01 %
Inlet/outlet pressure transducers 0— 10bar + 0.25 %
Refrigerant Coriolis flow meter 0—0.125kg/s + 0.035 %
Water Coriolis flow meter 0—0.30kg/s + 0.035 %

Table 4. Summary of uncertainty analysis.

Parameter Uncertainty %

Q, 13-4

U 1.6 —-53

h,, 35-46

h, 46—6.9

APy 1.8—-33

APy 42-57
54-73

The uncertainty associated with the use of the
Modified Wilson Plot technique were accounted for in
accordance with Sherbini et al. [44].

2.1. Steady state conditions

A steady-state condition was defined when the tem-
perature, pressure and mass flow rate do not vary by
more than + 0.2 g/s for mass flow rate, + 0.1 K for inlet/
outlet temperatures on both sides and + 0.01 bar for the
inlet/outlet pressure on the refrigerant side over a
period of 10 minutes. The length of time is recom-
mended in [15] and helps to establish truly averaged
data. Note that the heat exchanger was well insulated
and at steady state the thermal balance on the water
and refrigerant side was within + 3%. The average value
during this time is then computed for each parameter
recorded. The time-averaged values were calculated to
evaluate the single-phase heat transfer coefficient and
frictional pressure drop on the refrigerant side.

Single-phase water to water experiments

As mentioned above, the Modified Wilson plot tech-
nique [45] was implemented to analyze the results for
the water-water experiments and determine the heat
transfer coefficient for the hot side. The analysis was
performed according to the procedure described in
Muley and Manglik [31] and Longo and Gasparella
[16]. The method is used to determine the constant
'C,' and the Reynolds number exponent 'C;' in the
heat transfer coefficient correlation of Eq. (8). The
exponent of the Prandtl number was taken as 0.333 in
agreement with [27, 32]. The viscosity ratio was taken
as 1, see below for justification of the assumption. As
mentioned before the overall heat transfer coefficient
can be expressed as:

1

1 + t + 1
U hw,h kpt hw,c

(18)

where h,, , and h,, . are the heat transfer coefficients
for the hot and cold water respectively and it is
assumed that the same expression applies on both
sides. To use linear regression, the expression for the
heat transfer coefficient is rewritten by rearranging
Eq. (8) for both the hot and cold side where:

k

hw = Ci R o pro3s (19)

k
" RegZCPrg,‘i3 (20)
Dh ? >

hw,c = Cl

Given the use of water on both sides of the heat
exchanger, the constants C; is the same on both sides.
Therefore, by substituting the terms of Egs. (19) and
(20) into Eq. (18), we get the expressions:

1 t |

S A 21

(U kpt) TG <hw,c) 2D
Therefore

Kun e 0.33
<i_i>k ReG: pro3 = Ly B RounPru

U ky C %:Re%cPr%ff
(22)
Eq. (22) can be written in a linear from:
y=ax+b (23)

where y and x are co-ordinates XX and YY as shown
in Eq. (24).

YY = (l_ki> [k RCz P033]
U
K, h y & (pr,, 0333 29
XX = ’ nh o
() ()" (6™
A set of values for XX and YY from the experimental
data can be fitted by linear regression for an initial guess
of C, to determine coefficient C;, calculated from the
slope, where a = CL as shown in Figure 3. The best
value for C, resulted from fitting the curve that best fits
the experimental data, which is determined by the
Coefficient of Multiple Determination (R-square). After
successive iterations, the gradient and intercept were
used to calculate; C, = 0.89 and C; = 0.0488. This cor-
relation has a reliable regression result of R*= 0.9958.
Accordingly, the single-phase heat transfer coefficient
on the water side is given by the following equation:

h, = 0. 0488<k )R 089 py0.333 (25)
h

and in terms of the Nusselt number as:
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Figure 3. Modified Wilson Plot results for the calibration of
the hot water side heat transfer coefficient.

0.89 p,0.333
Nu = 0.0488Re,” Pr,, (26)

The above correlation is applicable to a range of
80 < Re, < 1600 and 2.8 < Pr, < 7.0 for the plate
geometry specified in Table 2. The viscosity correction

0.14
factor, (M>

o in Eq. (8) is used to account for the
large temperature differences between the surface/wall
temperature and the mean temperature of fluid. This
is more important in highly viscous fluids as the value
usually deviates from 1. For example, Muley et al.
[46] showed that for viscous fluids such as oil (Pr =

185), a ratio of 0.2 < 4= < 0.8 could result in a

Myl
3 —20% difference in the calculated Nusselt number

and therefore the factor cannot be overlooked. The
relationship in Eq. (27) was used to estimate the wall
temperature (Tya)-

hw(Twall - Tw,h) = U(Tw,c - Tw,h) (27)

The U-value was obtained from Eq. (4). The wall
temperature was found to be only a 3 —4K above the
mean fluid temperature, therefore the correction ratio

. 0\ 014
was ignored as ( . ) ~1

wall

The developed water to water correlation is com-
pared with others found in literature for BPHEs that
are applicable to the experimental range and of a simi-
lar geometry used in this study. The validity of the
comparison is based on the common definition of all
the used parameters. The modification of these param-
eters is conducted through the following procedure in
accordance with [16]. All correlations using the effect-
ive heat transfer area (A5 = A, X ¢) were modified
by multiplying C; by ¢, while those that used the
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Table 5. The statistical assessment of the 11 examined BPHE
correlations.

Correlation Range MAE
Hayes and Jokar [8] - 59.4
Jokar et al. [9] - 65.2
Lee et al. [10] 240< Re < 450; 5<Pr < 10 179
Lee and Lee [11] 300< Re < 4000 73.1
Kim and Park [12] 950 < Re < 1400 74
Bogaert and Boles [13] Re > 30 36.5
Han et al. [14] - 56.0
Palmer et al. [15] - 20.3
Longo and Gasparella [16] 200 <Re < 1200; 5<Pr < 10 6.8
Longo et al. [17] 350 <Re < 1100; 5<Pr < 10 21.9
Yang et al. [24] 50 <Re < 8000; 2 <Pr < 290 17.4

hydraulic diameter %

were modified by multiplying
Cy by ¢'"©. These conversions are shown in
Appendix B in Egs. (B1-B7). However, it should be
noted that in some cases the definition of these param-
eters and the range for which the correlation is applic-
able are not reported [11, 12]. In such cases the range
was taken as that of the current experimental work.
Table 5 summarizes the statistical assessment of the
11 examined correlations, while Figure 4 compares
the experimental Nusselt number with that calculated
using correlations in literature. Longo et al. [17] and
Kim and Park [12] conducted their studies using 65°
BPHEs and reported Nusselt number correlations for
the single-phase experiments, using water as working
fluid. Their results were in good agreement with the
present experiments with the lowest Mean Absolute
Error (MAE) of 6.8% and 7.4% respectively. The gener-
alizedcorrelation proposed by Yang et al. [24] showed a
reasonably good prediction accuracy with a MAE value
of 17.4%. The correlation was developed from a wide
data base and the Nusselt number was a function of
the enlargement factor, aspect ratio and corrugation
angle. Accordingly, the correlation can account for the
effects of these geometric features appropriately.
Conversely, there are also considerably large devia-
tions amongst the predicted values that could possibly
be explained by the differences in geometrical parame-
ters (aspect ratio, chevron angle and overall size),
thermal boundary conditions and flow conditions and
regimes. In many cases, these are not often mentioned
causing for a lot of ambiguity in their applicability.
For example, information regarding the range of the
correlations in Palmer et al. [15] and Han et al. [14]
was not reported. Similarly, Lee et al. [10] only dis-
closed information on the f and the ratio 1/2b for
which their numerical data was validated. Hence, this

should be considered in this comparison.
Nu,, = 0.1449 Re%8414py0-3° (28)

It has previously been demonstrated that some
GPHE correlations could be used to predict the
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Figure 4. Comparison of experimental Nusselt number with calculated value from correlations in literature.

Table 6. Operating conditions for water-refrigerant tests.

Number of Tests my [kg/s] m, [kg/s] P, [bar] T, [°C T.e[°C] Ty, il°Cl QuIkWI
134 0.05 0.038 — 0.078 19-2.1 1427 36 —39 21-50 0.5—2.0
performance of BPHEs [12]. Our experimental Single phase water - refrigerant experiments

Nusselt number was also compared to that calculated
by the Khan et al. [18] correlation developed for a
symmetric 60° chevron GPHE using water as shown
in below.

The Khan et al. [18] correlation under predicts
slightly the experimental data with a good MAE of
3.4%, perhaps because of the slight differences in geo-
metrical parameters. For example, y= 0.72 and ¢ =
1.21 in the plates used in the present case compared
to y = 0.54 and ¢ = 1.117 in that used by Khan et al.
More compact corrugations (corresponding to a
higher aspect ratio) in the present case generate a
greater flowing swirl, resulting in higher heat transfer
rate as previously observed by Kim and Park [12].
This could explain why our data is underpredicted by
the Khan et al. [18] correlation. It is worth mention-
ing that the Khan et al. [18] correlation predicted
their experimental data within + 1.8 —2% in the
Reynolds number range 500 — 2500 and the Prandtl
number range 3.5 — 6.5.

On the other hand, a comparison by Kim and Park
[12] using BPHEs with y = 0.72 and 1.09, showed the
Khan et al. [18] correlation over-predicted their data
by 14.7 and 19.3% respectively. Given the slight vari-
ation in the results it is difficult to determine whether
this is indeed coincidental, as thought by [12], given
what we know of the discrepancies caused by the dif-
ferences in the geometry.

Heat transfer

The heat transfer analysis was conducted with the
heat exchanger under steady state conditions. We
assumed that the fluid flow rate and temperature
remained uniform and undisturbed throughout the
exchanger and that the overall heat transfer coefficient
is constant. The outlet pressure and temperature of
the refrigerant were monitored to ensure single-phase
conditions were maintained. Experiments were carried
out for a Reynolds number ranging from 700 to 1450
and Prandtl number from 4.5 to 4.9. Details of the
experimental conditions are summarized in Table 6.

The refrigerant heat transfer coefficient was calcu-
lated using Eq. (7) while Eq. (25) was used to calcu-
late the heat transfer coefficient on the water side. A
linear increase in the refrigerant heat transfer coeffi-
cient with Reynolds number is shown in Figure 5.
These values were found to be up to four to seven
times larger than that of an equivalent flat plate chan-
nel (flow between two flat plates) predicted by Kakac
and Shah [47] for Re < 2000 given as:

k L -1/3 0.14
h— <—>1.849 (—) Re'/3pp/3 (H (29)
D, D, Ky

The increase is due to the fact that the convective
transport is enhanced substantially by the onset and
growth of vortices in the furrows of the channels,
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Figure 5. Refrigerant and water heat transfer coefficient with increasing Reynolds number.
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Figure 6. Increase in UA value with heat load for water side mass flux of 54kg/m? s and refrigerant side mass flux of 95 kg/m? s.

which encompasses most of the bulk flow of the fluid
[46]. At high corrugation angles such as that investi-
gated here, the generated swirl flows promote a more
uniform temperature distribution with steeper wall
temperature gradients; thereby enhancing the convect-
ive heat transfer. The refrigerant side heat transfer
coefficient was found to be up to 4.25 times lower
than that of the water side making it the controlling
resistance. The large difference is due to the effects of
the thermal conductivity, which is one order of mag-
nitude lower than that of water.

Similar observations were made by Hayes and
Jokar [8] that found that the cold side using dynalene
HC-50 resulted in a greater heat transfer coefficient in
comparison to water due to the differences in fluid
properties such as the Prandtl number (10 < Pr < 250

at temperatures between 50 °C and — 50 °C). It should
be noted that the details of the fluid properties of
dynalene HC-50 and the operating conditions for
which the experiments were conducted were not
reported, but were assumed and calculated from [48]
for the purpose of this study.

Figure 6 indicates a slight increase in the UA value
with the increasing heat load (Q,) for a fixed flow
rate of both fluids based solely on the variation of the
water side inlet temperature. The UA value is a func-
tion of the two heat transfer coefficients and therefore
the corresponding flow rates. However, the indicated
small increase in the UA value could be attributed to
the increased mean temperatures between the inlet
and outlet leading to the decrease in density and vis-
cosity of the refrigerant. As shown in Table 7, a 15K
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Table 7. Results for the increase in the in UA value.

Qu UA AT}, P o, 1 T, Re, Pr

1.05 1218 86 1857 751 1277 3.2x10* 19.3 1270 475

1.94 124.7 156 2200 761 1262 3.0x10* 253 1377 4.50
% change 84 23 80 18.5 12 6.3 31 84 53

increase in the water inlet temperature (a 0.89 kW
increment in the heat load) resulted in a decrease in
the viscosity and density by 6.3% and 1.2% respect-
ively. This increased the Reynolds number by 8.4%
and decreased the Prandtl number by 5.3% resulting
in a small, 1.5%, increase in the refrigerant heat trans-
fer coefficient and hence, the observed 2.3% increase
in the UA value. Accordingly, the UA value is found
to have a weak dependency on the inlet temperatures
of the fluids but more so on the mass flux.

The water-to- water experiments resulted in a U
value of 0.4 — 1.7kW/(m>. K) for a heat load of up to
3kW and the flow rates studied. Similar values were
observed by Huang et al. [23] for a low angle plate
geometry (f=28°) for a heat load of up to 45kW.
Yang et al. [24] who used a similar geometry and
size (A,= 0.13—0.25m”) of BPHEs observed slightly
higher U values of 1 —2.4 kW/(m?. K), which could
be attributed to the use of a 65vol% ethylene glycol-
water mixture on both sides of the heat exchanger.
Despite the slightly lower thermal conductivity, the
glycol-water mixture has higher Prandtl number
(50 <Pr < 150), therefore resulting in higher heat
transfer coefficients. In contrast, the water-to-
refrigerant tests were observed to produce lower U
values (0.45—0.6kW/(m? K)) as a result of the
increased resistance on the cold side with the use
of R1233zd(e).

With the same fluid on both sides of the heat
exchanger, the fluid resistance or heat transfer coeffi-
cient is not dominated by any particular fluid.
However, the use of a different fluid on the cold side
implies that the U value is dependent on the lesser
heat transfer coefficient and therefore on the fluid
properties that determine its heat transfer coefficient,
i.e. the thermal conductivity and Prandtl and
Reynolds numbers. For example, a 30% increase in
the Prandtl number would increase the heat transfer
coefficient by 9%. Given that both the thermal con-
ductivity and Prandtl number of R1233zd(e) do not
vary drastically with pressure or temperature, the U
value in the single phase can increase only as a func-
tion of the Reynolds number.

A linear regression analysis of the experimental
data is used to determine the coefficients, C; and
C, of the heat transfer coefficient and consequently
the Nusselt correlation depicted in Eq. (30) in order

to predict the single-phase heat transfer characteristics
of R-1233zd(E) used in the present BPHE. The devel-
oped correlation predicted 97.2% of the experimental
data within + 10% error bands with a MAE value of
5.7%. A function of geometric parameters such as f3
or ¢ was not included in this correlation as only one
BPHE was used here, and therefore the effect of dif-
ferent geometries cannot be accounted for.

Nu = 0.1381Re%73Pr03%

700 < Re < 1450 45 < Pr <49 (30)

A fair comparison with existing correlations cannot
be conducted as correlations were developed for dif-
ferent fluids, heat exchanger geometry and various
flow conditions. Nevertheless, a comparison is made
with a few existing correlations developed for BPHEs
of equivalent geometry such as f, ¢ and within the
operating range stated. In Figure 7 the current data is
compared with the results (for the hot side) from
Hayes and Jokar [8], Jokar et al. [9], Lee and Lee [11]
and Han et al. [14]. However, it should be noted that
both the Hayes and Jokar correlations for the hot and
cold side (as indicated in the figure) were compared.
Han et al. [14] investigated the boiling heat transfer
and pressure drop of R410A and R22 in three BPHEs
of f = 45°, 35° and 20°. The authors adopted the sin-
gle-phase water-to-water correlation from Kim [49],
which predicted our experimental data with a MAE of
4.45%, despite the fact that the correlation was devel-
oped for lower chevron angles. Single-phase experi-
ments using water-to-water and water-to-dynalene in
three different BPHEs (f= 60/60°, 27/60°, 27/27°)
were conducted by Hayes and Jokar [8]. They pro-
posed correlations for both the hot and cold side of
the heat exchanger. Interestingly, their water-to- water
hot side correlation showed a better prediction accur-
acy than that of the water-to-dynalene cold side with
MAE values of 5.89% and 22.4%, respectively. Lee and
Lee [11] examined the characteristics of pressure drop
and heat transfer for chevron-type plate heat exchang-
ers using unsteady numerical analysis with large-eddy
simulation. Based on their numerical data they pro-
posed a correlation to cover a geometry ranging from
15 < <7520 < % < 4, and an operating range of
200 <Re < 10000 and 30 <Pr < 50 using water (Pr
= 4.07), ethylene glycol (Pr = 13.52) and diesel fuel
(Pr = 47.65). Their numerical results were validated
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Figure 7. Comparison of prediction and experimental data using correlations in literature.

using their own experiments conducted using water
and a plate geometry where = 60° and #=2.8 for
a range of 300 <Re < 4000. Their results compared
well with that of Muley and Manglik [31]. Their cor-
relation also showed a good prediction accuracy of
the present data (£ =3) with a MAE of 16.6%. On
the other hand, the accuracy of the correlation by Lee
and Lee [11] cannot be verified, since almost all the
geometrical parameters were not reported. Similarly,
for that of Hayes and Jokar [8], the Reynolds number
and Prandtl number range of validity was not given.
Unfortunately, there is a limited number of correla-
tions in the open literature applicable to the range of
data presented here. This reflects the lack of general-
ized and inclusive correlations.

Pressure drop

The pressure drop of the BPHE was recorded using a
differential pressure transducer. The results reported
are based on the characteristic length (L,) for the
evaluation of the friction factor as shown in Eq. (15).
Figure 8 shows a linear dependency of the measured
refrigerant pressure drop (APy) with increasing
Reynolds number. While BPHEs are known to
enhance the heat transfer rates, the flow channels pre-
sent a higher flow resistance and consequently higher
pressure drop. For the present set of experimental
data, the frictional pressure drop (APy) ranges from
25% to 65% of the total pressure drop measured. The
pressure drop in the ports and manifolds (AP,) was
found to be less than 1% of the total. This result is

consistent with some studies [19, 31], however Shah
and Focke [32] mention that this could be as high as
10 — 30% in some designs due to the variations in vis-
cous forces of the fluid. Lee et al. [10] reported that
the channel guide and number of channels had a sig-
nificant effect on the port pressure. The channel
guide, which distributes and collects the fluid at the
inlet and outlet ports, induces swirling flow and vorti-
ces thus affecting the port pressure drop. The study
also observed the port pressure drop to increase pro-
portionally with the increase in the number of chan-
nels due to the increased resistance of flow through
the channels guide.

The low pressure drop in the manifolds of the
tested BPHE was attributed to the combination of a
low number of channels on the refrigerant side, chan-
nel guide design, and fluid properties such
as viscosity.

In Figure 9 the experimental results for the friction
factor are compared with the few studies that report
results related to the pressure drop in BPHEs and
other well-known correlations for GPHEs. These cor-
relations were selected for their similarities in geom-
etry and application range. Similar to other studies,
our data was also compared with the friction factor
predicted from Kakac and Shah. [47] for the equiva-
lent flat plate, which showed significant disagreement
and therefore not included in the figure. This is
because the corrugated flow channels significantly
increase the friction losses in PHEs in comparison to
flat plates. The Bond [22] and Huang et al. [23] corre-
lations, obtained for GPHEs, agree with the results of
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Figure 8. Refrigerant total pressure drop versus Reynolds number.
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Figure 9. Comparison of refrigerant friction factor with previ-
ous studies.

the present experiments fairly well, however a general
comparison shows large differences between various
correlations. For example, the highest predicted value
by Focke et al. [20] was up to 17 times higher than
the lowest value predicted by Hayes and Jokar [8].
The Focke et al. [20] correlation has the highest pre-
dicted results because of the large differences in geom-
etry, for example Dj 10mm in the scaled-up
surfaces employed by the authors compered to Dy
2b=4.34mm in the present case. Martin [21]

conducted a theoretical analysis on the flow distribu-
tion and pressure drop in PHEs, based on the
assumption that the pressure losses in the manifolds
is negligible which is a questionable assumption.

The disagreement in the proposed correlations can
be explained by several factors: (i) the plate geome-
tries differ with that used in the present study,
whether it is the chevron angle, the plate spacing,
hydraulic diameter or plate size (ii) the type of work-
ing fluid and (iii) inconsistently defined/used parame-
ters such as the hydraulic/equivalent diameter and
characteristic length used to calculate the friction fac-
tor (Eq. (15)). Despite the wide use of Eq. (15), when
applied to PHEs of different geometries, the friction
factor calculated by the model has been found to vary
by put to 50 —100%. For example, Solotych [50]
reported two different correlations for R245fa and
R236a in turbulent flow using the same PHEs. This
implies that the model does not correctly account for
the strong influence of physical properties of the
working fluid. Consequently, the f - correlation found
for a specific unit, may perhaps be valid for its spe-
cific design and experimental conditions.

It is also worth noting that the transition to turbu-
lent flow is reported to be different by various
researchers. For example, while Muley and Manglik
[31] and Hessami [45] reported transitional range to
occur at 500 <Re < 800 and 600<Re < 1300
respectively, others like Focke et al. [20] and Thonon
[51] considered it to occur at Re < 1000. It should be
noted that with the exception of Thonon, these
authors based their calculations for the Reynolds



number on the equivalent diameter. Perhaps the use
of the hydraulic number in addition to the other geo-
metrical parameters could explain the lack of consen-
sus. The present data does not imply a transition
region and therefore we assumed the flow was entirely
in the turbulent region.

From Appendix A it is evident that the pressure
drop in BPHEs has been studied even less than that
in GPHEs. Kim and Park [12] compared their data
with that of GPHEs reported by authors like Muley
and Manglik [31], Chisholm and Wanniarachchi [25]
and Heavner et al. [52] and found that the correla-
tions under-predicted the friction factor. The brazing
points in BPHEs contribute to further restriction and/
or disruption to the flow and increase the friction
losses along the channel. Therefore, these correlations
developed for GPHEs cannot be regarded as general
solutions for the pressure drop inside BPHEs.

Conclusions

The single-phase heat transfer and pressure drop char-
acteristics of R1233zd(e) using a commercial BPHE
were investigated. Initial water-to-water experiments
were conducted to evaluate the single-phase heat
transfer coefficient on the hot side using the Modified
Wilson plot. The experiments covered a range of
Reynolds number from 80 to 1600 and Prandtl num-
ber from 2.8 to 7.0, where fluid properties were taken
at the mean temperature (average of inlet and outlet).
Subsequent experiments were conducted with a water-
to-R1233zd(e) covering a refrigerant range of
Reynolds number from 700 to 1450 and Prandtl num-
ber from 4.5 to 4.9, again with the properties calcu-
lated at the average on the inlet and outlet
temperatures of the water and the refrigerant.

The experimental data for both data sets were used
to compare and assess the prediction accuracy of the
most relevant correlations in literature. Some correla-
tions provided a good prediction accuracy, within
a+20% error margin, while others showed consider-
able large differences. The lack of agreement was
explained by the complexity of the flow channels, in
terms of the corrugation geometry and the fact that
the heat transfer coefficient could be function of the
large number of combinations of parameters such as
the aspect ratio, chevron angle and surface enlarge-
ment factor. Accordingly, new correlations are pro-
posed, i.e. (Eq. (25)) for the single-phase heat transfer
coefficient for the hot (water) side and the cold
(refrigerant) side (Eq. (30)) for the geometry and
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range investigated. The refrigerant heat transfer cor-
relation predicted 97% of all data within the + 10%
error bands at a MAE value of 5.7%.

It must be mentioned that a general correlation
applicable to all chevron angles, and operating condi-
tions in the single phase is not yet available. Although
there is a widely felt need for such a correlation,
BPHEs continue to be proprietary in nature making it
a very difficult task to summarize a single correlation
valid for different geometries and working fluids.
Therefore, most correlations are still only fitted for a
specific experimental geometry and operating condi-
tions. As previously mentioned, the chevron plate pat-
tern may be the most widely used, but there is no
industry standard with several corrugation patterns
from different manufacturers.
chosen based on plate geometry and range of validity
but used as rough estimates only. Where higher accur-
acy is required, vigorous testing of individual heat
exchangers is preferable. Further work is recom-
mended to reach a more generally accepted correl-
ation both for heat transfer rates and friction factor
prediction. For now, the correlations proposed here
can be recommended based both on carefully vali-
dated
correlations.

Correlations can be

experiments and agreement with past
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