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ABSTRACT

The heat transfer characteristic of supercritical CO, is an essential research topic due to its significant in-
fluence on the performance of heat exchangers and systems. In this paper, the heat transfer and pressure
drop of supercritical CO, in the brazed plate heat exchangers are experimentally researched. The heat
exchangers belong to a tri-partite gas cooler which can simultaneously fulfill the demands of domestic
hot water and space heating. The results demonstrates that the thermal resistance in the CO, side is the
main factor that influences the total heat transfer. The increase of CO, inlet pressure can reduce the heat
transfer coefficients except at the high temperature region. The improvement of heat transfer coefficient
by increasing the CO, mass flow rate is more significant in the space heating (SH) and domestic hot
water (DHW) preheating gas coolers, and is lowest in the DHW reheating gas cooler. The influence of
DHW inlet temperature is more obvious in the DHW preheating gas cooler that connected to the water
inlet. The influence of water mass flow rate is different in the DHW and SH operation modes. Moreover,
the effects of CO, pressure and mass flow rate on the buoyancy force are discussed and the influence
of buoyancy force on heat transfer is verified. The inaccuracy of the correlations from the literature is
proved and then new correlations are established. The mean absolute relative errors of the new correla-
tions are 11.61% and 12.82% for the one-pass and two-pass configurations, respectively. Furthermore, the
frictional pressure drop in the heat exchangers is low (up to 36.51 kPa) and basically increases as the
Reynolds number increases.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

critical point [6]. In the transcritical CO, cycle, the heat absorption
process occurs at the subcritical pressure whereas the heat rejec-

According to the Kyoto Protocol, the HFC refrigerants that are
extensively used have to be replaced due to their negative im-
pact on the greenhouse effect [1]. Natural refrigerants are consid-
ered to be the complete solution for the refrigerant replacement
predicament [2]. CO, is an excellent candidate due to its non-
toxicity, incombustibility, safety, low cost and environmentally be-
nign (ODP = 0, GWP = 1) [3]. It is widely implemented in refriger-
ation and heat pump systems, air conditioning and various indus-
trial uses [4,5]. Given that one characteristic of CO, is the low crit-
ical pressure and temperature, the transcritical cycle is introduced
to solve the inefficiency problem of the subcritical cycle near the
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tion process happens at the supercritical pressure [5]. For the wa-
ter heating application that requires a large temperature lift, the
transcritical CO, cycle shows a special advantage compared with
the traditional refrigerants [7]. The temperature glide of supercrit-
ical CO, can reduce the heat transfer temperature difference, and
decrease the energy loss and entropy generation [8,9].

To demonstrate the merits of transcritical CO, heat pump wa-
ter heater, Saikawa and Koyama [10] studied the coefficient of per-
formance (COP) upper limit of heat pump water heater systems
with different refrigerants and the CO, system obtained the high-
est value. The performance of a commercial CO, system was com-
pared with that of a similar R134a system by Nawaz et al. [11], and
it was discovered that the CO, heat pump water heater showed
comparable efficiency. Regarding the further exploitation of the
performance potential of the transcritical CO, heat pump water
heater, the design of separated gas coolers for domestic hot water
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Nomenclature

Symbols

A Heat transfer area [m?]

b Corrugation depth of plate [m]

Cp Isobaric specific heat [Je(kgeK)™1]
Cp Average isobaric specific heat [Js(kgeK)~1]
D Hydraulic diameter [m]

G Mass flux [kge(m2es)~1]

Gr Grashof number [-]

g Gravitational acceleration [mes ~ 2]
h Heat transfer coefficient [We(mZ2eK)™1]
i Enthalpy [Jekg=1]

k Thermal conductivity [We(meK)~1]
L Port-to-port length of plate [m]

m Mass flow rate [kges ~ 1]

N Number [-]

Nu Nusselt number [-]

P Pressure [MPa]

p Corrugation pitch of plate [m]

Pr Prandtl number [-]

Pr Average Prandtl number [-]

Q Heat transfer rate [W]

Re Reynolds number [-]

T Temperature [ °C]

t Thickness of plate [m]

u Flow velocity [mes — 1]

1% Volumetric flow rate [m3es — 1]

w Width of plate [m]

B Chevron angle of plate [°]

Ap Pressure drop [kPa]

AT Logarithmic mean temperature difference [K]
% Dynamic viscosity [Paes]

0 Density [kgem ~ 3]

0 Average density [kgem ~ 3]

[0) Area enlargement factor [-]

Abbreviations

cop
DHW
GC
HT
GWpP
oDP
PD
SH

Subscripts
ave

b

ch
Cco2
f

£

in

m
meas
mp
out

P
port
tot

water

Coefficient of performance
Domestic hot water

Gas cooler

Heat transfer

Global warming potential

Ozone depletion potential
Pressure drop

Space heating

Average

Bulk
Channel
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Frictional
Gravitational
Inlet

Mean
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Manifolds and ports
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(DHW) production and space heating (SH) has attracted attention
due to the superior combination with the supercritical exothermic
process [12]. Neksa [13] firstly proposed the system design with
two gas coolers that separately fulfill the heating demand of DHW
and SH, and the CO, from the discharge of compressor initially
flows into the DHW gas cooler. Subsequently, the tri-partite gas
cooler design was put forward by Stene [14] and could match the
temperature profiles of water and CO, and improve the energy ef-
ficiency of cycle. According to the flow sequence of CO, from com-
pressor discharge, the three tube-in-tube heat exchangers were de-
ployed for DHW reheating, SH, and DHW preheating. Furthermore,
with the tri-partite gas cooler, the CO, system can be very efficient
when the SH demand is small compared to the DHW heating de-
mand [15,16].

In the previous publications about the combination of DHW
and SH, the heat exchanger type of gas cooler is generally tube-
in-tube. Compared to the tube-in-tube type, the brazed plate heat
exchanger can provide higher heat transfer performance because
of the sinusoidal corrugated pattern, which generates an irregu-
lar flow field coupled with intense turbulence and continuous dis-
ruption of boundary layers [17]. Moreover, the brazed plate heat
exchanger has a compact size, operability at higher pressure, and
lower cost than most other compact heat exchangers [18]. Many
studies have been carried out on the heat transfer and pressure
drop characteristics in brazed plate heat exchangers, and the sum-
mary review is shown in Table 1. The studied objects HT and PD
denote the heat transfer and pressure drop, respectively. It can be
seen that the single-phase, two-phase boiling, two-phase conden-
sation and supercritical fluid in the brazed plate heat exchanger
have been investigated. However, the information about supercrit-
ical CO, has not been published yet. In addition, the existing pub-
lications on supercritical CO, are mostly conducted based on the
research of flowing in channel or tube [5,19,20]. The buoyancy
force is an influential factor that affects the heat transfer perfor-
mance and pressure drop, depending on the operating conditions
and flow orientation [5]. For the flowing in circular tubes, the ef-
fect of buoyancy on the heat transfer of supercritical fluids was
extensively studied by Liao and Zhao [21], Bruch et al. [22], Bae
et al. [23], Liu et al. [24], Kim and Kim [25], Zhang et al. [26], and
Xu et al. [27]. But most of these publications focused on tubes in
the vertical direction, and only Forooghi and Hooman [28] stud-
ied the inclined circular tube. Regarding the non-circular geome-
tries, only a few studies have been reported on the heat transfer
of supercritical fluids in concentric or eccentric annuli [29,30] and
rectangular ducts [31]. Besides, the buoyancy effect in plate heat
exchangers has been rarely studied in the literature [32]. Forooghi
and Hooman [33] numerically investigated the effect of buoyancy
on turbulent convection heat transfer in corrugated channels. They
found that if the wall heat flux was kept constant, the Reynolds
number must be 3-7 times smaller in corrugated channels com-
pared to a vertical tube so that the buoyancy could influence the
heat transfer.

The gas cooler is one of the key components in transcritical
CO, systems, and the heat transfer and pressure drop of the gas
cooler require to be focused [34], which can contribute to the per-
formance improvement of gas cooler and system. The brazed plate
heat exchanger is a promising technology for enhancing the effi-
ciency of transcritical CO, heat pump. Nonetheless, regarding the
application of brazed plate heat exchanger to the tri-partite gas
cooler, the relevant study is still in the blank condition. To fill the
research gap, the experiments are conducted to analyze the heat
transfer and pressure drop of supercritical CO, in the brazed plate
heat exchangers that constitute the tri-partite gas cooler of a tran-
scritical CO, heat pump water heater. The purpose of this paper is
to provide a reference for similar applications and to propose the
heat transfer correlation that can be easily used.
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Table 1
Literature review of the studies on brazed plate heat exchanger.
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Author Year Method Fluid Flow type Studied object  Correlation

Focke et al. [35] 1985 Experimental Water Single-phase HT & PD Frictional factor & colburn
j-factor

Martin [36] 1996 Theoretical Water Single-phase HT & PD Frictional factor & Nusselt
number

Longo [37] 2008 Experimental R134a Two-phase HT & PD Frictional pressure drop

condensation
Khan et al. [38] 2010 Experimental Water Single-phase HT Nusselt number
Huang et al. [39] 2012 Experimental R134a, R507A, R717, R12 Two-phase boiling HT & PD Frictional factor & Nusselt

Forooghi and Hooman 2014 Experimental

98%-pure Perfluoro-butane

number

Supercritical fluid ~ HT Nusselt number

[40]
Huang et al. [41] 2015 Experimental Al,03/water & MWCNT/water  Single-phase HT & PD Frictional factor & Nusselt
nanofluids number
Longo et al. [42] 2015 Experimental R236a, R134a, R410A, R600a,  Two-phase boiling HT Heat transfer coefficient
R290a, R1270, R1234yf
Nilpueng and 2015 Experimental Water Single-phase HT & PD Frictional factor & Nusselt
Wongwises [43] number
Sarraf et al. [44] 2015 Simulation Water Single-phase HT, PD & Flow  Frictional factor & Nusselt
structure number
Amalfi and Thome 2016 Experimental R245fa, R236fa Single-phase HT & PD Frictional factor & Nusselt
[45,46] number
Amalfi et al. [17] 2016 Experimental R245fa Two-phase boiling HT & PD Frictional factor
Barzegarian et al. [18] 2016 Experimental TiO, /water nanofluid Single-phase HT & PD Not available
Longo et al. [47] 2016 Experimental R1234ze(E) Two-phase boiling HT & PD Frictional pressure drop
Desideri et al. [48] 2017 Experimental R245fa, R1233zd Two-phase boiling HT & PD Frictional pressure drop &
heat transfer coefficient
Imran et al. [49] 2017 Experimental R245fa Two-phase boiling HT & PD Frictional factor & Nusselt
number
Nilpueng et al. [50] 2018 Experimental Water Single-phase HT & PD Frictional factor & Nusselt
number
Pourhoseini et al. [51] 2018 Experimental Silver/water nanofluid Single-phase HT Not available
Shon et al. [52] 2018 Experimental R1233zd(E) Two-phase HT & PD Frictional factor & Nusselt
condensation number
Miyata et al. [53] 2018 Experimental R134a R1234ze(E) Supercritical fluid ~ HT Not available
Longo et al. [54] 2019 Experimental R1234ze(Z), R1233zd(E) Two-phase boiling HT & PD Not available
Lee et al. [55] 2020 Experimental R1234ze(E) Supercritical fluid  HT & PD Frictional factor & Nusselt
number
Fazeli et al. [56] 2021 Experimental Water, MWCNT-CuO hybrid Single-phase HT & PD Heat transfer coefficient
nanofluid
2. Experimental setup Table 2
Geometrical characteristics of the three brazed plate heat exchangers.
2.1. System description Parameter Value
Port-to-port length L (mm) 154.0
To investigate the heat transfer performance in the tri-partite Width W (mm) 76.0
gas cooler, a transcritical CO, heat pump water heater system is es- Chevron angle g (°) 60
tablished. The schematic diagram of the system is shown in Fig. 1. Corrugation depth b (mm) 1.38
The system consists of the refrigerant circuit, DHW circuit, and Corrugation pitch p (mm) 27
i ) . A o Thickness t (mm) 0.23
SH water circuit. The refrigerant circuit includes a compressor, a Area enlargement factor ¢ 1.49

tri-partite gas cooler, a high-pressure valve, an evaporator and an
internal heat exchanger. The compressor is a reciprocating type,
which has a rated displacement of 9.48 m3eh — 1. The tri-partite
gas cooler is made of three brazed plate heat exchangers that will
be introduced in the latter paragraph. The high-pressure valve can
control the gas cooler pressure, and the evaporation temperature
can be controlled by the brine inlet temperature of the evaporator
to further control the gas cooler inlet temperature.

The DHW and SH water circuits have water pumps and sev-
eral valves. The valves 2 and 4 can control the return water flow
rates at the DHW and SH outlets and manipulate the water in-
let temperatures (T5 for DHW and T8 for SH). The valves 1 and 2
can control the DHW flow rate, and the valves 3 and 4 can reg-
ulate the SH water flow rate. The system can operate under three
modes: DHW operation, SH operation and DHW+SH operation. The
designing heating capacities of the DHW, SH and DHW+SH oper-
ation modes are respectively 10 kW, 8 kW and 10 kW, which can
provide the DHW outlet temperature of 70 °C and the SH water
outlet temperature of 35 °C. The DHW pump is turned on and the

Total number of plates N, GC1: 34 GC2: 50 GC3: 14
Diameter of inlet/outlet port Dy (mm) 14

SH pump is stopped under the DHW operation mode, while the
status of the pumps is opposite under the SH operation mode. Un-
der the DHW+SH operation mode, both water pumps are turned
on.

2.2. Tested brazed plate heat exchangers

The three brazed plate heat exchangers of the tri-partite gas
cooler, which are represented as GC1, GC2 and GC3 (DHW reheat-
ing gas cooler, SH gas cooler and DHW preheating gas cooler), are
developed by ALFA LAVAL. The used AXP14 model heat exchange
plate has a dimension of 190 mm length by 76 mm width. The
detailed characteristics of the brazed plate heat exchangers are
shown in Fig. 2 and Table 2. The GCs have different functions: for
the DHW heating demand, the inlet tap water is firstly preheated
by the GC3, and then the intermediate temperature water flows
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Fig. 1. Schematic diagram of the studied transcritical CO, heat pump system.
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Fig. 2. The schematic of the heat exchange plate [54].

into the GC1 and is reheated to the required high temperature;
while the GC2 is used for the SH demand which has a moder-
ate temperature level. The supercritical and high-temperature CO,
from the compressor successively flows through the GC1, GC2 and
GC3, and exchanges heat with water in the counter-flow configu-
ration.

It is worth mentioning that the brazed plate heat exchangers
used in this research have two types of internal configuration: one-
pass and two-pass, which is shown in Fig. 3. For the one-pass, it

means that the water and CO, flow between the inlet and outlet
distribution ports without changing the flow direction, and thus
the water and CO, respectively flow upward and downward. While
for the two-pass, the fluids in the heat exchanger deflect once, and
both the water and CO, flow first downward and then upward. In
the experiments, the GC2 is always one-pass, and the GC1 and GC3
are tested both with one-pass and two-pass configurations. The
tests based on the control variable method are conducted with the
one-pass GC2 and two-pass GC1 and GC3. Besides, the experiments
with the one-pass GC1 and GC3 are also carried out but the data is
only used for analyzing the buoyancy force and the pressure drop,
and ultimately fitting the heat transfer correlations.

2.3. Measuring devices

As for the measuring devices, the locations of the applied tem-
perature, pressure and flow rate sensors are displayed in Fig. 1. The
Danfoss data recording software (Minilog) is applied to collect and
process the output from the sensors. The test facility unit is a com-
prehensive test rig with many possibilities of experimental investi-
gations involving testing a large range of system configurations and
conditions. At the beginning of each experiment, the Danfoss data
recording software is switched on, and then the water regulating
valves are opened. The water circulation pumps and compressor
are turned on. All the controllable process parameters are set to
the desired values in the Minilog. The water inlet temperature and
mass flow rates of CO, and water are adjusted manually by regu-
lating the valves to set the heat transfer between water and CO,.
During the experiments, the parameters logged into the Minilog
are continually controlled by following the profiles plotted in the
"Measurement/Graph’ tag.

Once the desired values are reached and after steady-state con-
ditions of all parameters are achieved for more than 20 min, the
values are recorded as a set of steady data. The time-averaged val-
ues of the steady-state are used for this investigation. The charac-
teristics of the measuring devices are shown in Table 3.
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Fig. 3. The (a) one-pass and (b) two-pass internal configurations of the brazed plate heat exchangers.
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Table 3
Characteristics of the measuring devices.

Parameter Device

Accuracy

CO, pressure

Pressure difference
Temperature

DHW flow rate

CO, and SH water flow rates

PT 1000
FLR 1000

Cerabar PMP71 digital pressure transmitter
Deltabar PMD75 differential pressure transmitter

Rheonik RHM 08 Coriolis flow meter

+0.25% of span
+0.25% of span
+0.15 °C

+3% of span
+0.1% of reading

3. Data reduction

In the brazed heat exchangers, the heat transfer rate in the CO,
side (Qcp2) can be expressed as:

Qco2 = Mcoz (ico2,in — ico2,0ut) (1)

Where mcg, is the CO; mass flow rate; icopin and icopour are
the CO, enthalpy at the inlet and outlet of the heat exchangers.
The heat transfer rate in the water side (Quater) can be defined as:

Qwater = mwatercp,water(Twater,out - Twater,in) (2)

Where myqeer is the water mass flow rate; cpwater is the spe-
cific heat of water; Twaterour and Tyygrriy are the water outlet and

inlet temperatures of the heat exchangers. According to the heat
balance, Qcoz and Quaeer are theoretically supposed to be equal. In
the present research, the deviations between these two heat trans-
fer rates are less than 5%. The properties of water and CO, are de-
termined by using REFPROP.

The total heat transfer coefficient (hsy) is calculated based on
the averaged heat transfer rate (Qgv), the heat transfer area (A)
and the actual mean temperature difference (AT):

Qave
hior = 3
o= g 3)
where the averaged heat transfer rate can be expressed as:
_ Qco2 + Qwater

ve — 2
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Fig. 5. Total and CO, heat transfer coefficients versus CO, mean temperature under different pressures.

The commonly used logarithmic mean temperature difference
(LMTD) assumes that both fluids have constant specific heat during
the heat transfer process. As shown in Fig. 4, the physical prop-
erties of supercritical CO, vary significantly with the temperature
around its pseudo-critical point. For example, the specific heat of
CO, reaches a maximum value near pseudo-critical temperature
for all considered pressures. The peak value of specific heat de-
creases as the pressure increases and the variations of the spe-
cific heat with temperature becomes relatively flat at the tempera-
tures away from the pseudo-critical point. The density shows sharp
downward trend with an increase in temperature. At one particu-
lar temperature, small temperature variation causes a sharp drop
in the values, and the curves become nearly vertical for the lower
pressures. Therefore, the LMTD method is not valid for the experi-
mental conditions conducted in this study.

To obtain the actual mean temperature difference in Eq. (3), the
UA is calculated based on its definition :

Aot Qrot dQ
UA =/(; UdA :/0 AT

To obtain the numerically integrated result of Eq. (5), the heat
transfer process is equally divided into N segments with the same
heat transfer rate (§g). In each segment, the temperature difference
is obtained based on the energy balance. Therefore, the UA can be
numerically integrated as:

(5)

N
el
UA:;:A—E
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Fig. 6. Total and CO, heat transfer coefficients versus CO, mean temperature under different CO, mass flow rates.

Using the UA, the actual mean temperature difference (AT) can
be determined:

Qrot
AT = —
UA
where Qo is equal to Qg in this study.
The heat transfer area (A) of the brazed plate heat exchangers

can be calculated as [52]:

A=¢WIN,

(7)

(8)

where ¢ is the area enlargement factor that considers the increase
of area due to the corrugation on the plates; W, L and N, are the
width, port-to-port length and number of the heat exchange plates,
respectively. The area enlargement factor is defined as:

¢~ 1+v/1+X2+4)1+X2/2)/6

(9)

where
wh

X="— 10
» (10)

Similarly, due to the change of specific heat, the CO, tem-
perature would nonlinearly vary during the heat transfer process.
Therefore, to obtain the CO, temperature at which the thermody-
namic properties are defined, the commonly used concept of bulk
temperature that is the average of inlet and outlet temperatures
[22,57] cannot fulfill the requirement. Instead, the concept of CO,
mean temperature (Tp,) is adopted:

N
> Teoni
i=1

T, =
m N
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Fig. 7. Total and CO, heat transfer coefficients versus CO, mean temperature under different water inlet temperatures.

The total heat transfer coefficient comprises the CO, and water
side heat transfer coefficients and the wall thermal resistance. It
can be also expressed as:

1 1 1 t
heot hcoa * hwater  kw
where hcpy and hyger are the heat transfer coefficients in the CO,
and water sides; t is the thickness of the plate; ky, is the thermal
conductivity of the wall. hyqer is calculated by applying the cor-
relation of Huang et al. [41] because the plate geometry and the
range of Reynolds number are similar to those of the studied heat
exchangers.

(12)

Nuwarer = 0.2302Re%78pro4 (13)
hwater = Nu%rkwm (14)

The hydraulic diameter (D) can be defined as:
2
¢

where b is the corrugation depth of the plate. The Reynolds num-
ber (Re) can be calculated as:

D (15)

Re = 24P (16)
w

where u is the flow velocity of fluid and is defined as:
Vv

U= BWN,, (17)

where p and p are the density and dynamic viscosity of the fluid;
V is the volumetric flow rate; Ny, is the number of the channels
for fluid.



A. Zendehboudi, Z. Ye, A. Hafner et al.

International Journal of Heat and Mass Transfer 178 (2021) 121641

4500 80
] —e—h ,GCl——h,, ,GCl T ,GCl
4000 M= R GE3=wish,.... GE3=w=T , GC3 17
< 3500 470
o O
g 1 o N .
3000 i 165 @
= —_ s 1 E
= 1 ¥ £
S 2500+ 1% 8
1 e ]
o 4 g L B £
= e T 455 2
T 2000 AR 2y =
S 1 =)
Q 1 <
= 450
S 1500 2
7] ) <
8 l 145 &
—
3 1000 — | O
3 1 d40
jant . | = 4
3004 pHW operation ‘ 1
7+ 13
0.028 0.030 0.032 0.034 0.036 0.038 0.040 0.042 0.044
DHW mass flow rate [kg-s"]
(a)
3600 80
{ |—e—n, 18=35°C ——n_, 18=35°C T,T8=35°C| |
32004 |-w-h,,T8=25°C —w ‘h,,,T8=25°C ~»- T, T8=25°C| {75
< ] 1. _
o 2800 1705
o ] E
= 2400 4 465 5
= o g
5 2
‘g 2000+ 460 2
& . 1 3
3 2
S 1600 4 455 éo
t
£ 1 1. ¢
£ 12001 450 <,
£ ] ] ©
B | eeEamrETsar . @)
%, 800 e e e R A, » s
1/ SH operation
400 —_— 11—+ 40
0.34 0.35 0.36 0.37 0.38 0.39 0.40 0.41 0.42

SH water mass flow rate [kg-s"]

(b)

Fig. 8. Total and CO, heat transfer coefficients and CO, mean temperature versus water mass flow rates.

The measured pressure drop (Apmess) Of the heat exchang-
ers consists of the frictional pressure drop (Apy), the gravitational
pressure drop (Apg) and the pressure drop of the manifolds and
ports (Apmp) [48,50]. Thus, the frictional pressure drop can be de-
fined as:

Aps = APmeas — APg — APmp (18)
The gravitational pressure drop is determined by:
Apg =gpml (19)

where p m is the density at the CO, mean temperature. The pres-
sure drop of the manifolds and ports is defined as:

2
G port

2pm

where Gpor¢ is the CO, mass flux at the cross section of the port.

Based on the method proposed by Moffat [58], the uncertainty
analysis is conducted. The uncertainties of hiot, hwater, hcoz and Apy
are 8.16%, 4.59%, 11.76% and 2.73%, respectively.

Apmp=15 (20)

4. Results and discussion
4.1. Heat transfer

4.1.1. Effect of CO, inlet pressure

Fig. 5 shows the total and CO, side heat transfer coefficients
(het and hcgy) versus the CO, mean temperature under the in-
let pressure of 9.4 MPa and 10 MPa. The results are obtained un-
der the DHW operation mode at CO, inlet temperature of 97 °C,
CO, mass flow rate of 0.0358 kges — !, water inlet temperature of
13.1 °C and DHW mass flow rate of 0.030 - 0.043 kges — 1. The
dashed rectangles indicate the data groups for each gas cooler that
the data points belong to. The data points with different CO, mean
temperatures are achieved by adjusting the DHW mass flow rate,
and the larger the DHW mass flow rate the lower the CO, mean
temperature.

The averaged hio, hwarer and hcoy from all data are 1380.2,
6094.1 and 2035.0 We(mZeK)~1, which suggests that the thermal
resistance at the CO, side basically dominates the total heat trans-
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Fig. 9. Heat transfer rates and actual mean temperature differences versus water mass flow rate corresponding to the results of Fig. 8.

fer. As shown in Fig. 5(a), given the different heating functions of
GC1 and GC3, the corresponding CO, mean temperatures are di-
vided into two groups. The reheating GC1 has higher CO, mean
temperatures and low heat transfer coefficients due to the low spe-
cific heat in this gas-like supercritical region. Whereas, the pre-
heating GC3 shows an operation near the pseudo-critical temper-
ature (42.04 °C for 9.4 MPa and 45 °C for 10 MPa). The dramatic
increase of specific heat in the vicinity of the pseudo-critical point
leads to the higher heat transfer coefficients of GC3. Moreover,
with the increase of CO, mean temperature, the heat transfer co-
efficients increase and then decrease, and thus peak values appear.
For GC3, at the pressure of 9.4 MPa, the peak values of hy: and
hco, are higher than those at the pressure of 10 MPa.

Fig. 5(b) displays the results under the DHW+SH operation
mode at CO, inlet temperature of 80 °C, CO, mass flow rate of
0.040 kges — !, DHW inlet temperature of 12.8 °C, SH water inlet
temperature of 30 °C, SH water mass flow rate of 0.1917 kges ~ !
and DHW mass flow rate of 0.0167 - 0.0417 kges — 1. The heat

10

transfer coefficients in the GC1 and GC3 show an increasing trend
with the decrease of CO, mean temperature. The reason is that
the decrease of CO, mean temperature is attributed to the increase
of DHW mass flow rate, and the associated increasing water flow
velocity enhances the water side heat transfer coefficient, which
improves the total heat transfer coefficient. Besides, the variation
of thermodynamic properties in the liquid-like supercritical region
is also small and accordingly has an unimportant impact on GC3
under DHW+SH operation. As for GC2, the CO, mean tempera-
tures are close to the pseudo-critical temperature (Tpc= 34.63 °C
for P = 8 MPa and Tpc= 40 °C for P = 9 MPa), and the pressure sig-
nificantly influences the thermodynamic properties including spe-
cific heat and thermal conductivity. For both h¢y and hcg, in GC2,
the maximum values at 8 MPa are greater than those at 9 MPa.
In addition, with the increase of pressure, the temperature corre-
sponding to the maximal heat transfer coefficient in GC2 increases
because of rising pseudo-critical temperature.
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The effects of parameters on the averaged Reynolds number and heat transfer coefficients.

Variable Item Condition DHW operation Condition DHW-+SH operation
GC1 GC3 GC1 GC2 GC3
CO, pressure (P;;) Rem 9.4 MPa 36729  4979.8 8 MPa 4389.2 941.1 3855.6
10 MPa 34748  4350.9 9 MPa 4007.7 678.2 3320.8
Variation —5.4% —12.6%  Variation -8.7% —27.9% -13.9%
hiot,ave 9.4 MPa 941.4 2058.7 8 MPa 859.6 1755.4 1594.5
10 MPa 977.8 1870.5 9 MPa 909.1 1187.4 1416.0
Variation 3.9% -9.1% Variation 5.8% —32.4% —-11.2%
hcozave 9.4 MPa 1163.5  2860.4 8 MPa 1097.5 2429.2 2173.8
10 MPa 1220.5 2521.1 9 MPa 1187.1 1465.9 1876.2
Variation 4.9% —-11.9%  Variation 8.2% —39.7% —13.7%
CO, mass flow rate (m.) Ren 0.036 kges — ! 34748  4350.9 0.028 kges — ! 2758.8 420.4 22773
0.040 kges -~ ' 39772 53436 0.040 kges ~ ! 4007.7 678.2 3320.8
Variation 14.5% 22.8% Variation 45.3% 61.3% 45.8%
hiot,ave 0.036 kges ~ ! 977.8 1870.5 0.028 kges — ! 827.9 721.5 11321
0.040 kges ~ ! 1003.5 21549 0.040 kges ~ ! 909.1 1187.4 1416.0
Variation 2.6% 15.2% Variation 9.8% 64.6% 25.1%
hcozave  0.036 kges — ! 12205  2521.1 0.028 kges — ! 1072.6 818.1 1429.0
0.040 kges ~ ! 1245.7  2999.2 0.040 kges ~ ! 1187.1 1465.9 1876.2
Variation 2.1% 19.0% Variation 10.7% 79.2% 31.3%
DHW inlet temperature (T5)  Rep 13.1 °C 36729  4979.8 12.8 °C 4007.7 678.2 3320.8
16 °C 3615.8  5553.3 17.8 °C 4032.2 711.4 3462.5
Variation -1.6% 11.5% Variation 0.6% 4.9% 4.3%
Riot.ave 13.1 °C 941.4 2058.7 12.8 °C 909.1 1187.4 1416.0
16 °C 886.5 2160.8 17.8 °C 8129 12274 1327.7
Variation -5.8% 5.0% Variation -10.6%  3.4% —6.2%
hcozave  13.1 °C 1163.5 2860.4 12.8 °C 1187.1 1465.9 1876.2
16 °C 1077.4  3022.7 17.8 °C 1051.3 1523.1 1759.2
Variation —7.4% 5.7% Variation -11.4%  3.9% —6.2%

The impact of pressure on the heat transfer coefficient is due to
the variations of CO, thermodynamic properties caused by chang-
ing pressure. The variations become more dramatic when the pres-
sure is closer to the critical pressure. As seen from Fig. 5, the vari-
ation trend of the heat transfer coefficient is similar to that of spe-
cific heat under different operating pressures. The trend demon-
strates that the heat transfer coefficients are higher in the liquid-
like region for lower pressures, while the values for lower pres-
sure are lower in the gas-like region. The peak value of specific
heat increases significantly near the critical point by decreasing
operating pressure; therefore, the heat transfer coefficient tends to
lift sharply in this region and the heat transfer is the best at the
pseudo-critical point.

To show the influence of parameters quantitively, the results are
summarized in Table 4. Rep, htot.ave and hcpyqve are the averages of
the CO, Reynolds number and the heat transfer coefficients based
on the data points in Fig. 5,Fig. 6 and Fig. 7. The comparisons ig-
nore the influence of CO, mean temperature and only focus on the
numerical values. With the result at the lower value of variables as
the reference value, the variations are determined. From Table 4, it
can be observed that with the increase of pressure, the averaged
heat transfer coefficients decrease except in the GC1, and the re-
ductions reach up to 32.4% and 39.7% for heorave and hcoyqgve, T€-
spectively.

4.1.2. Effect of CO, mass flow rate

Fig. 6(a) shows the results under DHW operation mode with
different CO, mass flow rates at CO, inlet pressure of 10 MPa, CO,
inlet temperature of 97 °C, DHW inlet temperature of 13.1 °C, and
DHW mass flow rate of 0.030 - 0.043 kges ~ 1. It can be observed
that the increase of CO, mass flow rate leads to the increase of hy
and hcg,. The higher CO, mass flow rate generates the increase of
the Reynolds number and the diffusion rate, and then enhances
the heat transfer coefficients.

Fig. 6(b) shows the results under DHW+SH operation mode at
CO, inlet pressure of 9 MPa, CO, inlet temperature of 80 °C, DHW
inlet temperature of 12.8 °C, SH water inlet temperature of 30 °C,

1

and SH water mass flow rate of 0.1917 kges ~ . Increasing the
CO, mass flow rate significantly improves the heat transfer coeffi-
cients. It can be found from Table 4 that the influence of CO, mass
flow rate is the largest. In all conditions, the averaged heat trans-
fer coefficients are enhanced with the increase of the CO, mass
flow rate. Under the DHW and DHW-+SH operation modes, the en-
hancement of heat transfer coefficients in the GC1 is the lowest
while the improvement is much more significant in the GC2 and
GC3.

4.1.3. Effect of water inlet temperature

Fig. 7(a) depicts the heat transfer coefficients under DHW op-
eration mode with different DHW inlet temperature at CO, inlet
pressure of 9.4 MPa, CO, inlet temperature of 97 °C, and CO, mass
flow rate of 0.0358 kges — !. As shown, no significant influence
of the water inlet temperature can be found in the results of GCl1.
However, because the water inlet is directly linked to GC3, the in-
fluence is more obvious and the heat transfer coefficients are in-
creased by the increase of DHW inlet temperature.

Fig. 7(b) shows the results under the DHW+SH operation mode
at CO, inlet pressure of 9 MPa, CO, inlet temperature of 80 °C,
C0, mass flow rate of 0.040 kges ~— 1, SH water inlet temperature
of 30 °C, and SH water mass flow rate of 0.1917 kges — . Simi-
larly, the effect of water inlet temperature is larger when the heat
exchanger is close to the water inlet. The increase of temperature
from 12.8 °C to 17.8 °C results in an ignorable impact on the heat
transfer coefficients in the high temperature state. Compared with
the CO, pressure and mass flow rate, the water inlet temperature
has a relatively small effect. From Table 4, the variations caused by
increase of DHW water inlet temperature are all lower than 12%.

4.14. Effect of water mass flow rate

Fig. 8 shows the effects of DHW and SH water mass flow rates
on the heat transfer coefficients, and the variations of CO, mean
temperatures with the change of water mass flow rates are de-
picted as well. For the DHW operation in Fig. 8(a), the CO, inlet
pressure, CO, inlet temperature, CO, mass flow rate and DHW in-
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Fig. 10. The buoyancy forces in the three GCs.

let temperature are 9.4 MPa, 97 °C, 0.0358 kges — ! and 16 °C,
respectively. As the DHW mass flow rate increases, the heat trans-
fer coefficients of GC1 and GC3 increase, and the CO, mean tem-
perature decreases. The CO, mean temperature in GC3 is closer
to the pseudo-critical point, which leads to larger heat transfer
coefficients. Fig. 8(b) presents the situation under the SH oper-
ation mode at CO, inlet pressure of 9 MPa, CO, inlet tempera-
ture of 76 °C and CO, mass flow rate of 0.040 kges — 1. The CO,
mean temperatures are nearly constant with the change of SH wa-
ter mass flow rate. It can be seen that when the SH water inlet
temperature is 25 °C, the heat transfer coefficients are higher than
those at 35 °C, which results from the higher specific heat caused
by the lower CO, mean temperature. Different from the DHW op-
eration mode, the increase of SH water mass flow rate under the
SH operation mode conduces to the decreasing trend of heat trans-
fer coefficients. This discrepancy is attributed to the different vari-
ations of heat transfer rate and temperature difference under the
DHW and SH operation modes.

Fig. 9 displays the results related to the conditions in Fig. 8. As
can be seen in Fig. 9(a), the heat transfer rates of GC1 and GC3 rise
with the increase of DHW mass flow rate. However, the tempera-
ture differences show different trends. The increase of DHW mass
flow rate slightly affects AT for GC1 but results in the decrease of
AT for GC3. According to Eq. (3), the total heat transfer coefficients
of GC1 and GC3 are enhanced.

Based on Eq. (3), the decreasing trend of heat transfer coef-
ficients under SH operation mode can be explained as well. In
Fig. 9(b), with the increase of SH water mass flow rate, the ac-
tual mean temperature difference presents the increasing trend,
but the increase of AT at the SH water inlet temperature of 35 °C
is relatively small. In addition, the change of heat transfer rates
is marginal. Thus, the reduction of heat transfer coefficients is the
consequence of the increase of actual mean temperature differ-
ence.

4.1.5. Effect of buoyancy force

According to the literature, the heat transfer performance of
the supercritical CO, is also significantly affected by the buoyance
force in some conditions [59]. Based on the effects of buoyancy
force on the flow and heat transfer, the flow of supercritical CO,
can be divided into forced and mixed convections [60]. The buoy-
ancy force has an important influence on the heat transfer in the
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mixed convection, while in the forced convection, the influence
is negligible. The large density gradient caused by a large radial
temperature gradient is an essential condition where the buoyancy
force can affect the heat transfer.

For the in-tube flowing, when the following equation is satis-
fied, the buoyancy force cannot be ignored in the heat transfer of

supercritical CO, [61]:
Gr/Re*” > 107° (21)

Where Gr is the Grashof number and can be defined in this pa-
per as:
Py = Pm)pmgD?
Kin
Where g is the acceleration of gravity and py is the density at
the averaged wall temperature [62]:

; :fTv;” pdT

Gr= (22)

Y T — Ty
However, because of the complex geometry in the brazed plate
heat exchanger, this criterion cannot be applied. Moreover, the
work considering the buoyancy effect in plate heat exchanger is
rare [32], and with our best knowledge, there is no publication that
suggests the criterion for buoyancy effect in plate heat exchanger.

Fig. 10 shows the buoyancy forces in the three GCs. The largest
buoyancy force exists in the GC2, which has the maximum number
of the heat exchange plates and accordingly the largest flow area
and the lowest CO, flow velocity. The GC1 has more plates than
GC3 and thus the CO, flow velocity could be lower in GC1, which
is supposed to result in the higher buoyancy force effect. But the
buoyancy forces in GC1 and GC3 are at a similar level. It is be-
cause the high temperature and low density in GC1 counteract the
influence of plate number on the flow velocity.

To further investigate the buoyancy force, the effects of CO,
pressure and CO, mass flow are shown in Fig. 11. The results in
Fig. 11 are obtained under the conditions of Fig. 5 and Fig. 6. As
Fig. 11(a) shows, the influence of pressure on the buoyancy force
is different according to the temperature. Obviously, the buoyancy
force declines with the lower pressure when the CO, mean tem-
perature is high in the GC1. On the contrary, when the temper-
ature is relatively low in the GC3, the buoyancy force is slightly
improved by the decrease of pressure. In the GC2, both two types

(23)



A. Zendehboudi, Z. Ye, A. Hafner et al.

International Journal of Heat and Mass Transfer 178 (2021) 121641

R
3 ~ GC2 & O P, =9.4 MPa, DHW operation
1 @A : 0O P, =10 MPa, DHW operation
5 v ' A P =9 MPa, DHW+SH operation
10 LI i| v P,=8MPa, DHW+SH operation
HNE J
5
~ 107 4
© 1 i6a P o GCl |
1 ] PLA :
1 " cnofPmm | i T P -
10ty S LV -
] | P v :
107 T T T T T T T T T T T
20 30 40 50 60 70 80
CO, mean temperature [°C]
(a)
]O-I E .'""""""""',
1GC2 y ‘ O m=0.036 kgs", DHW operation
] v AAA 0 m=0.040 kg-s', DHW operation
. : s il A m=0.040 kgs", DHW+SH operation
1 AR | I m=0.028 kg's”, DHW+SH operation
NNE : .................................
X 1 :
S 1073 v GCl!
S : i SR S S e S - :
I eTex) A A - ;
] ' o EPE PA o :
4 (o] m) [ A (o] :
10* < : Vv oo o P A A EUDOO :
] | 4 ¥
10° T T T T T T T T T T T
20 30 40 50 60 70 80

CO, mean temperature [°C]

(b)

Fig. 11. The effects of CO, inlet pressure and CO, mass flow rate on the buoyancy force.

of effects of pressure occur. In comparison, the effect of CO, mass
flow rate is consistent at all temperatures. The lower the CO, mass
flow rate the higher the buoyancy force because of the smaller
flow velocity and weaker turbulence.

To investigate the effect of buoyancy force on the heat trans-
fer, the Nusselt number versus Gr/Re%? is shown in Fig. 12. The re-
sults in Fig. 12 are also obtained under the conditions of Fig. 5 and
Fig. 6. Except the GC3 at 8 MPa under the DHW+SH operation
mode, the Nusselt number generally shows an increasing trend
with the increase of buoyancy force. Therefore, the buoyancy force
has an influence on the heat transfer of supercritical CO, in this
research, which would be considered in the following correlation
development.

13

4.2. Heat transfer correlation development

In the previous publications, the in-tube heat transfer of super-
critical CO, during the cooling and heating process has been ex-
tensively studied [5]. However, the research on the supercritical
heat transfer of CO, in the brazed plate heat exchanger has not
been reported yet. The heat transfer coefficient of supercritical flu-
ids is difficult to be predicted accurately due to the drastic varia-
tion of thermodynamics properties [63]. Moreover, the validity of
published correlations is limited by the experimental data, and the
availability is reliable only within a certain range.

Fig. 13 shows the comparison of experimental Nusselt numbers
and the calculated results based on the correlations from Bruch
et al. [22], Liu et al. [57], Forooghi and Hooman [40], Lee et al.
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Fig. 12. The effect of buoyancy force on the Nusselt number.

[55] and Khan et al. [38]. Table 5 shows the five correlations used
for comparison and their application conditions. Among these five
correlations, two are for supercritical CO, in-tube flow, two are
for supercritical fluids in plate heat exchanger, and one is for sin-
gle phase fluid in plate heat exchanger. The application ranges
of Reynolds number (or mass flux) of these correlations partially
overlap the values in our research.

It can be discovered that the predictions of Bruch et al.’s and
Liu et al’s correlations are basically lower than the experimental
values, and there are massive data points where the relative error
is lower than —60% or even —90%. It indicates that the correlations
established based on the research of in-tube flow are not suitable
for the situation in the brazed plate heat exchanger. The complex
geometry of plate enhances the heat transfer performance. Many
prediction points based on the correlations from Lee et al. and
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Khan et al. have an error larger than 90%. The mean absolute rela-
tive errors of the correlations from Bruch et al., Liu et al., Forooghi
and Hooman, Lee et al. and Khan et al. are 71.6%, 67.9%, 41.1%,
495.3% and 138.1%, respectively. The correlation from Forooghi and
Hooman shows the best accuracy but is still not satisfactory. There-
fore, the specialized correlations are necessary to describe the heat
transfer of supercritical CO, in the brazed plate heat exchanger.

Considering the influence of thermodynamics properties at the
CO, mean temperature and the wall temperature and the effect of
buoyance force, the correlations are proposed based on the least
square method according to the below expression [62]:

) ()
Re;'7

—a3 [ O alc
Nu=a1Re‘,’,§Pr,,f(p—W> (cp

m p.m
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Fig. 13. Comparison of experimental Nusselt numbers and the calculated results based on the five published correlations.

Authors

Correlation

Application condition

Bruch et al. [22]

Liu et al. [57]

Forooghi and Hooman [40]

Lee et al. [55]

Khan et al. [38]

w1 75(Gr/Re2”)’* for Gr/Re2” < 4.2x107°
Nire =% 13.5(Gr/Re2”)™, for Gr/Re2” > 4.2 x 1075
where Nugc = 0.0183Re252Pry” (py/05)">

- 090,05 ( pu 10-906  Cpy 0585
Nu = 0.01Re,;"Pr,,” (£) (c':,,,, )

= 05
Nu = 0.187Re®7PrO38 () (£)%

Nuep = 2.205x107" e Priy
Nityer = 4.062x 10’1°Refé229l’r?€:4
Nuyes = 1.416x10""Re/;}'" Pros;

Nu = 0'1449Re0.84l4pr0.35(ﬁ )0A14

Supercritical CO, in-tube flow

P: 7.4-12 MPa; G: 50-590 kge(m?es)~!; T,: 15-70 °C; Re:3600-1.8 x 10°
Supercritical CO, in-tube flow

P: 7.5-8.5 MPa; G: 74.1-795.8 kge(m2es)~'; T;,: 25-67 °C

Supercritical fluid in brazed plate heat exchanger

Re: 800-4200; Pr: 3.2-4.2; Chevron angle: 60°

Supercritical fluid in brazed plate heat exchanger
Re: 2850-14,300;

Single phase fluid in brazed plate heat exchanger
Re: 500-2500; Pr: 3.5-6.5; Chevron angle: 60°
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Fig. 13. Continued

Through analyzing the experimental data, it is found that the
configuration (one-pass or two-pass) of the brazed plate heat ex-
changers has a great influence on the heat transfer performance.
When the configuration is one-pass, the correlation is expressed

)"(@) " ()

When the configuration is two-pass, the correlation is ex-

pressed as:
0.303
) ( Gr
27
Re;;

Cp Gr

27
Re;,

Pw

Pm (25)

—0.1
Nut = 0.33Re%8%4pr ( S
Cpm

(e

Pw e
Cpm

m

o1 0.222
Nu = 0.23Re%24Pr ( ) (26)
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where ¢, is the average specific heat and Pry, is the Prandtl num-
ber calculated with ¢p:

_ dw—in

Cp - Tw _ Tm (27)

Pr = Cl;cﬂ (28)
m

The application ranges of the proposed correlations are: for
the one-pass configuration, mass flux of 10.8 - 101.8 kge(mZes)~1,
Reynolds number of 377.0 - 7754.3, Prandtl number of 1.2 - 14.2,
CO, mean temperature of 21.3 - 79.9 °C, and pressure of 7.9 -
10.1 MPa; for the two-pass configuration, mass flux of 32.5 - 137.7
kge(m2es)~1, Reynolds number of 2230.0 - 6575.8, Prandtl number
of 1.3 - 5.5, CO, mean temperature of 21.5 - 72.4 °C, and pres-
sure of 7.9 - 10.1 MPa. In terms of the flow regime, as Blomerius
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Fig. 14. Comparison of experimental data and the calculated results based on the proposed correlations.

et al. [64] indicated, the fluid flow in chevron-type plate heat ex-
changers is turbulent, even at low Reynolds numbers, due to the
complex geometry. Moreover, through numerical research, Lee and
Lee [65] found that with different chevron geometry, when the
Reynolds number was less than 170-330, the Strouhal number was
0, which means that the flow was steady-state and laminar. There-
fore, the flow in our research could be considered as turbulent. To
clarify the influence of buoyancy force on the heat transfer, the
correlations not considering Gr/Re?? were established for compar-
ison. The result shows that when Gr/Re2? was considered, the co-
efficients of determination (R?) of one-pass and two-pass correla-
tions were respectively 0.78 and 0.70; while when Gr/Re%? was not
included, the R% consequently decreased to 0.69 and 0.64. There-
fore, the consideration of Gr/Re?7 in these correlations could im-
prove the accuracy, and thus the buoyancy force had an influence
on the heat transfer.
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Fig. 14 shows the comparison between experimental data and
the calculated results based on the proposed correlations. The fit-
ting is well, and 91.4% and 93.7% of the data points fall into the
relative error range of +30% with the one-pass and two-pass cor-
relations, respectively. Regarding the mean absolute relative error,
the value is 11.61% for one-pass and 12.82% for two-pass, which is
much better than the correlations in Table 5.

4.3. Pressure drop

Fig. 15 gives the frictional pressure drop as the function of the
CO, mean temperature under the condition of CO, inlet temper-
ature of 97 °C, CO, mass flow rate of 0.0358 kges — 1, water in-
let temperature of 13.1 °C and CO, inlet pressure of 9.4 MPa and
10 MPa. The pressure drop increases as the CO, mean temperature
increases due to the decrease of the average density which leads
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Fig. 15. Frictional pressure drop versus CO, mean temperature under different pressures.

to an increase in the refrigerant velocity. It can be seen that as
the pressure increases, the pressure drop decreases. The increase
of CO, pressure can result in a higher density and thus a lower
velocity, which makes the pressure drop decreases. By comparing
the values in Fig. 15(a) and (b), it can be discovered that the pres-
sure drop of GC3 is higher than that of GC1. It is because the plate
number of GC3 is less and hence the flow area is smaller. Despite
the larger density caused by the lower temperature in GC3, the
CO, flow velocity is higher, which leads to the increase of pressure
drop.

Fig. 16 shows the variation of CO, frictional pressure drop with
CO, mass flow rate. The results are obtained at CO, inlet pres-
sure of 8.5 MPa, CO, inlet temperature of 80 °C, DHW inlet tem-

18

perature of 12.6 °C, SH water inlet temperature of 30 °C, DHW
mass flow rate of 0.0217 kges ~ ! and SH water mass flow rate
of 0.4133 kges ~ 1. It is demonstrated that the pressure drop in-
creases from 3.29 kPa to 5.90 kPa for the GC1 and from 4.44 kPa to
9.19 kPa for the GC3 while the CO, mass flow rate increases from
0.0316 kges ~ ! to 0.0433 kges ~ 1. As expected, the CO, mass flow
rate has a significant influence on the frictional pressure drop, the
higher mass flow rate can lead to the increase of pressure drop.
Besides, it can also be observed that the slope of pressure drop
in the GC3 is sharper than that in the GC1, and the difference of
pressure drops between the GC3 and GC1 is larger at a higher CO,
mass flow rate.
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Fig. 17. Frictional pressure drop versus Reynolds number at CO, mean temperature.

Fig. 17 depicts all the data points of frictional pressure drop ver-
sus the Reynolds number at CO, mean temperature. Basically, the
pressure drop increases with the increase of Reynolds number, re-
gardless of the heat exchanger locations and the internal configura-
tions. The GC2 shows the lowest pressure drop due to its maximal
plate number and largest flow area. For the two-pass configura-
tion, the pressure drop in the GC3 is obviously higher than that in
the GC1; while for the one-pass configuration, the pressure drops
in the GC1 and GC3 are at a roughly equal level with the same
Reynolds number. It means that in the one-pass configuration, the
effect of the changed plate number is neutralized by the varia-
tion of the density, and consequently the pressure drop scarcely
changes. By contrast, the influence of the plate number dominates
the magnitude of the pressure drop in the two-pass configuration,
and hence the pressure drop of GC3 is higher than that of GC1.
In general, the frictional pressure drop in the brazed plate heat
exchangers is low, and the maximum frictional pressure drop is
36.49 kPa among all the values.
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5. Conclusions

In this research, the heat transfer performance and pressure
drop of three brazed plate heat exchangers serving as the gas cool-
ers in a CO, system are investigated. The heat exchangers respec-
tively function for the DHW reheating, SH heating and DHW pre-
heating. The effects of the CO, inlet pressure, CO, inlet tempera-
ture, water inlet temperature, water mass flow rate and buoyancy
force are analyzed. The experimental Nusselt numbers are com-
pared with the calculated results based on the published correla-
tions, and new heat transfer correlations are proposed to achieve
higher prediction accuracy. Several conclusions can be drawn as
follows.

(1) In the studied brazed plate heat exchangers, the averaged
total, water side and CO, side heat transfer coefficients of
all data points are respectively 1380.2, 6094.1 and 2035.0
We(m2eK)~1, and the thermal resistance at the CO, side ba-
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sically dominates the total heat transfer. The increase of CO,
inlet pressure can reduce the heat transfer coefficients ex-
cept at the high temperature region, i.e., the GC1 in this pa-
per, and this reduction can reach up to 39.7% for CO, side
heat transfer coefficient. The improvement of heat transfer
coefficient by increasing the CO, mass flow rate is much
more significant in the GC2 and GC3, and is lowest in the
GC1.

(2) The influence of DHW inlet temperature on the heat trans-
fer coefficients is not significant in the GC1 and GC2, but is
more obvious in the GC3 that is directly linked to the water
inlet. Under the DHW operation mode, the increase of wa-
ter mass flow rate can enhance the heat transfer coefficient.
However, under the SH operation mode, the increase of wa-
ter mass flow rate conduces to the decreasing trend of heat
transfer coefficients.
The effect of CO, pressure on the buoyancy force depends
on the temperature. The buoyancy force declines with the
lower pressure when the CO, temperature is high in the
GC1; while the buoyancy force is slightly improved by the
decrease of pressure when the temperature is relatively low
in the GC3. The lower CO, mass flow rate results in the
higher buoyancy force. Moreover, except the GC3 at 8 MPa
under the DHW+SH operation mode, the Nusselt number
generally shows an increasing trend with the increase of
buoyancy force.
The heat transfer correlations of supercritical CO, in-tube
flow are unusable because the complex geometry of the
brazed plate heat exchange. The correlation for supercriti-
cal fluid in plate heat exchanger from Forooghi and Hooman
shows the best prediction accuracy but is still not satisfac-
tory with the mean absolute relative error of 41.1%. Thus,
new correlations with higher accuracy are established con-
sidering the effects of thermodynamics properties and buoy-
ancy force. The mean absolute relative errors of new corre-
lations are respectively 11.61% and 12.82% for the one-pass
and two-pass configurations.

(5) The frictional pressure drop in the studied brazed plate heat
exchangers is low, and the maximum value is 36.51 kPa. Re-
gardless of the location and the internal configuration of the
heat exchangers, the pressure drop basically increases as the
Reynolds number increases. The magnitude of the pressure
drops in the GC1 and the GC3 with the one-pass and two-
pass configurations had different behaviors, and the reduc-
tion of plate number had a higher influence in the two-pass
configuration.
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