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Abstract—A loop gravity-assisted heat pipe (LGHP) is characterized by passive heat dissipation and extensive applica-
tion prospect. Dissimilar working fluids give rise to noticeable differences in their working performance (Critical heat
flux (CHF)). Consequently, it is of great significance to evaluate the performance of LGHP working fluid for its design.
In accordance with the basic theories of CHF and hydrodynamics, the pressure drop models of laminar, smooth turbu-
lence, and completely rough turbulence flows were established, and an extensible two-phase composite property parame-
ter was obtained. On this basis, the physical property parameter of transitional rough turbulent flow was also derived.
Finally, as persuasively illustrated by the experimental results, there was almost a linear association between CHFs and
the derived physical parameter. As a result, the physical parameters derived in this paper can be employed as favorable

criteria for the selection of LGHP working fluid.
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INTRODUCTION

With the speed development in the electronics industry, electronic
devices, featured by multiple developmental trends such as minia-
turization and high heat dissipation, are being increasingly used in
a multitude of areas. As a consequence, it is of paramount impor-
tance to design cooling equipment with compact structure, trust-
worthy performance, flexible installation, and high heat transfer
capacity [1-3]. While traditional forced-air cooling is limited and
may be insufficient for meeting the high demands of future elec-
tronics, two-phase cooling is considered to be promising for the dissi-
pation of high heat flux, and is already extensively used in multiple
fields such as electronic cooling, energy recovery systems, aerospace,
solar energy [4-8]. Owing to the latent heat of evaporation dominat-
ing the energy transfer process, two-phase cooling is highly efficient
when compared with single-phase cooling [9,10]. Two-phase cool-
ing devices with higher thermal conductivity (over 200 times) than
that of copper have been proven to be satisfactory heat transfer
devices [11].

Typically, liquid cooling systems require a pump to drive the cir-
culation of the working fluid. The two-phase LGHP system, which is
a type of phase-changing, passive, and indirect liquid cooling design,
has been proven to be both viable and trustworthy in cooling elec-
tronic devices with high heat fluxes [12,13]. As depicted in Fig. 1,
an LGHP system is made up of an evaporator, a rising tube, a con-
denser, and a falling tube. The working fluid evaporates in the evapo-
rator and transfers the heat from the heating component to the
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condenser. Subsequently, the vapor flows through the rising tube
and condenses in the condenser. Ultimately, the condensed liquid
flows back through the falling tube to the evaporator by gravity. The
counter flow of the liquid and the vapor does not exist as a conse-
quence of the loop structure. Owing to the striking difference in
the gravitational force acting upon the liquid and that acting upon
the vapor, the coolant does not require any pump or capillary action;
consequently, the system stability and reliability are tremendously
heightened and the maintenance costs decrease. Nevertheless, a natu-
ral weakness of this type of system is the limited critical heat flux
(CHE), which is limited by the difference of driving force and flow
resistance of working fluid in LGHP. As a result, reinforcing the
flow performance to ameliorate the CHF is extremely paramount
for LGHPs.

In the LGHP, the working fluid is driven by the difference in the
gravitational forces acting upon the liquid and vapor. As a conse-
quence, the height difference between the condenser and the evap-
orator exerts noticeable influences on the heat transfer limit. With
the augment of height difference between the condenser and evap-
orator, the driving force of the LGHP increases, and flow resistance
of the working fluid also increases. Consequently, the heat transfer
performance of the LGHP can only be improved within a certain
height difference [14-16].

The heat transfer performance of the evaporator also affects the
overall performance of the LGHP. Effective methods for reinforcing
the heat transfer performance have been studied, including adopt-
ing working fluids with higher heat transfer efficiency and modi-
fying the evaporating surface. Liu [17] used a water-based carbon
nanotube suspension as the working fluid in a minijature thermo-
syphon. As evidently revealed in the research, the thermal perfor-
mance was strengthened. Liter [18] reported that the pool boiling
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CHF was enhanced nearly three times by applying a modulated
porous-layer coating. Rahmatollah [19] designed a loop thermosy-
phon for electronic cooling. Its evaporator is made of small pieces
of copper, with several vertical channels and a heated area of 9.53
mmx9.53 mm. The CHF of this system reached 268.3 kW/m’ using
isobutane. Nevertheless, on account of its poor pressure resistance,
this system cannot employ a working fluid with high evaporating
pressure and is not suitable for the cooling of large electronic devices.

So far, most studies have focused attention on heat exchangers
in LGHPs, while fewer have discussed the working fluids chosen.
Generally, working pressure is a critical factor in heat transfer and
tlow processes. In line with the pool-boiling mechanism [20-22],
higher boiling pressures are linked to smaller bubble departure diam-
eters [23,24] and better heat transfer. Furthermore, a higher pres-
sure creates a higher vapor density, thereby lessening the vapor flow
resistance, which is of benefit in the gravity-assisted heat pipe sys-
tems. Hence, the working pressure has a paramount role in the circu-
lation of the working fluid [25] and may be a criterion for selecting
the working fluid. Franco et al. [26] conducted experiments with a
loop heat pipe employing dissimilar working fluids, such as water
and ethanol. As clearly demonstrated by their research findings, the
limiting value of the mass flow rate is immensely affected by both
the working pressure and the filling ratio. Chen [27] studied the
heat transfer performance of SLGHP using different working flu-
ids (methanol, ammonia, water) with different diameters and heat
source temperatures and proposed a comprehensive evaluation stan-
dard, but the composite property parameter was not summarized.
Randeep [28] studied the thermal performance of LHP which used
water, ethanol and methanol as working, and proposed that water
was the optimal working fluid by studying the influence of merit
number. Guo [29] proposed a cryogenic loop heat pipe and stud-
ied the start-up characteristics and heat transfer performance by
using different working fluids (nitrogen, neon, hydrogen), but did
not propose a physical parameter to evaluate the working fluids.

Nonetheless, the correlation between working pressure and CHF
has not been strictly proven. Herein, on the basis of the CHF theory
and fluid mechanics, we combined the primary influencing factors
in LGHP systems and established a mathematical model which
outputs a dimensionless number X, and two-phase physical parame-
ters of the working fluid, to estimate the system performance. Aside
from that, the reliability of two-phase physical parameters and work-
ing pressure in choosing the optimal working fluid was tested experi-
mentally.

THEORETICAL ANALYSIS FOR CHOOSING A
WORKING FLUID

1. Flow Force Balance in LGHP

As clearly depicted in Fig. 1, the driving force of the LGHP sys-
tem is generated by the different density between the liquid in the
falling tube and the vapor/liquid mixture in the rising tube, which
is always balanced with the total pressure drop. When the system
reaches the CHF state, the falling tube from the condenser outlet
to the evaporator inlet is filled with liquid, and the rising tube from
the evaporator outlet to the condenser inlet is filled with vapor. The
evaporator tends to dry out with the increment of the heating flux.
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Fig. 1. Two-phase loop gravity-assisted heat pipe.

The temperature of the heating component will augment remarkably.

To study the critical state of an LGHP, the driving force of the
working fluid should first be analyzed. In an LGHP system, the driv-
ing force can be described as the gravitational potential energy formed
by the difference in density between the vapor (0,) and the liquid
(), as depicted in Eq. (1):

Ap,=(p—- pgH €]

where H is the vertical height difference of condenser and evapo-
rator, g is the gravitational factor. In general, the latent heat of the
working fluid plays a paramount role in the heat transfer process
during the phase change process in an LGHP, and the sensible heat
is usually negligible. Hence, the input heat is divided by the latent
heat of evaporation to indicate the mass flow rate. While the system
reaches the CHE the mass flow rate (m ) of the working fluid can
be determined by Eq. (2),

m=2 @
Ve
where Q is the input heat power and yis the latent heat of the work-
ing fluid. As the rising tube was filled with vapor when the system
reached the CHE, the vapor velocity in the rising tube (u,) was cal-
culated using Eq. (3):

4m

®

u= 2
perd
Since the density of the liquid is much greater than that of the
vapor, the flow velocity of the working fluid in the falling tube is
much slower than that in the rising tube. The single-phase pressure
drop (Ap,) is obtained by employing the Darcy-Wesbach formula,
as displayed in Eq. (4) [30]:
_ho
Ape=f3 = @
where [, is the length of the rising tube and d, is the inner diameter
of the rising tube. The Reynolds number (Re) is calculated as dis-
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Table 1. Calculation formulas of friction coefficients

J. Chen et al.

Flow pattern Calculation formula Remark
Laminar flow f=— (6)

Re
Smooth turbulent flow = OI.:’ 1354 7) Blasius formula

e
Transitional rough turbulent flow L =— 2.010g( 2.1 g/d) (8) Cole Brook formula
ﬁ Re J 3.7
Fully rough turbulent flow %ff -2 OIOg(g/d) ©) von Karman formula
played in Eq. (5): Ap_y_(pm pg)gH Jatis!
Ap, [ 2 1L [ aQ
P, lld & 2’1 fl 1 i 2i: _fi_lp
Re= —gﬂ— (5) i, Pt 12714, g(ypg ﬂ'diZ)
4
_ g H P, gp V4

The calculation of the friction coefficient f of an internal pipe flow
can be divided into four cases in line with to the Re of the gaseous
working fluid and listed in Table 1.

Analogous to the Darcy-Wesbach formula, the pressure drop
(Ap,) in the evaporator, condenser and other parts of the LGHP
can be calculated as follows:

Lip

Apy=fig —32— (10)
where i represents the distinct parts of the system (1-rising tube, 2-
condenser, 3-evaporator etc.).
2. Dimensionless Property Quantity

With regard to a given working fluid, the maximum driving force
in the system is equivalent to the total pressure (Ap, as illustrated
in Eq. (1)) and the pressure drop in the system is the same with
total flow resistance (Ap,, as illustrated in Eq. (4)).

A dimensionless number X is defined as the ratio of the total driv-
ing force (Ap,) to the total pressure drop (Ap,) in the system at a
given heat flux:

Ap

Ap =X 11

g
where X represents the flow capability of the loop, which must be
positively correlated with CHE We assumed that the flow resistance
in each component (the evaporator, rising tube, condenser, etc.) can
be calculated by the Darcy-Wesbach formula using vapor density
(liquid flow resistance is neglected). Then, defining u; as velocity,
d, [; as the diameter, length, respectively, in the rising tube, whose
subscript i represent dissimilar components such as the rising tube,
condenser, and evaporator, etc. In diverse ranges of Re, the inter-
nal resistance calculation of the system and the derivation process
of X are as follows.
(I) Laminar flow region

When the heat transfer load is low; we consider the laminar flow
of the gas working fluid in the loop here. On the basis of Eq. (6),
the following series of equations can be derived:
pud; Qd;

Re,= 245G 25 __4Q (12)
Uy VA pymd;
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where C; is a constant to calculate Darcy friction factor. The right

side of Eq. (13) can be divided into two items. Specifically, the

first item is correlated with the structure of the LGHP, written as

n_ﬂ'g,}{4_’ while the other is only associated with to the
Zia(2Cd; Q)

property parameters of the working fluid, namely, —qu— defined
g
as a two-phase composite physical parameter (M):

M=2A7 (14)
Hy

(I1) Smooth turbulent flow region

In most cases, the vapor flow in the loop with critical heat flux
will get into the turbulent flow region. The turbulent flow region can
be divided into three parts: smooth turbulent region, transitional
rough turbulent region, and fully rough turbulent region. The smooth
turbulent region is analyzed here by adopting Eq. (7),

Ap_ (o1 pg)gH ogH
Ap l; n 1. 4Q \2

& _21 lfl—pg i 21 1 fz—pg( Q 2)

2 2°'d;
i N yperd;
~ [”1 75gH PPy 7/1.75 s
- —4.75 175 0.25 )
i= 1(8C d Q lx) /ug
A/—ﬂl 75gH

The right side of Eq. (15) also contains two items:

IL,(8Cd; Q1)

and —gp;T To be specific, the first item is also correlated with

g

the structure, while the other is only bound up with the property
parameters of the working fluid, which we write as a two-phase com-
posite physical parameter (J) [31],

1.75

Y Py

(A

J==—53 (16)
g

(III) Fully rough turbulent flow region
In this region, f can be calculated by adopting Eq. (12) and Eq.
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(17),
gi/d,-) 2

f,-—[21g(-;7-— } (17)
Ap, o (pmpggH pgH
Ap lan i o2 e 10 Q

¢ EZiZIfiapgui zizlzfiapg(@)

2
- 7gH
=—7 PPV (18)

1, (8£d;°Q)
In Eq. (18), the item g0, is represented by N,
N=pp’ (19)

(IV) Transitional rough turbulent flow region

In this region, f is difficult to express directly. As a consequence,
the two-phase physical parameter of the transitional rough turbu-
lent flow will be investigated on the basis of ] and N.

In terms of a given LGHP, the mechanical structure is fixed. In
accordance with Egs. (13), (15) and (18), X will heighten as two-
phase composite physical parameters (M, J, N) rise in the corre-
sponding flow region. To put it in another way, the working fluid
with a higher value of M, J, N can make the system work at a higher

Table 2. Geometric characteristics of experimental LGHP

driving force and have a higher heat transfer limit (CHF).
Concentrating on the turbulent flow region, some experiments
were subsequently carried out to verify the conclusion.

EXPERIMENTAL SETUP

1. Experimental Apparatus
As depicted in Fig. 1, the experimental system consists of an
LGHBP an auxiliary heating system, and a data acquisition system.
The condenser is positioned 1.8 m above the evaporator. Apart from
that, all the pipelines are copper tubes, and other detailed parame-
ters are illustrated in Table 2. The system is covered by 10 mm thick
thermal insulation material and a thermal conductivity of 0.035
W/(m-°C) to lessen heat loss. The system employs a check valve to
ensure the directional movement of the working fluid in the LGHP
to prevent reverse flow. More detailed descriptions of each part are
given below.
(1) Evaporator: The flat evaporator is the core part of the system
that determines the heat transfer performance of the system
[32]. Fig. 2(a) displays the the internal structure of the flat
evaporator. The specific parameters are depicted in Table 2.
The evaporator inlet and outlet are at the bottom of the

Parameter Value/mm Parameter Value/mm
Heating block Inlet tube
Overall dimensions 120x120%50 Diameter (outlet/inlet) 8.5/6.35
Heating rod size 100x 100 Length 53
Heating rod number 12 Outlet tube
Evaporator Diameter (outlet/inlet) 8.5/6.35
Opverall dimensions 140x120x21 Length 65
Top wall thickness 3 Upward tube
Bottom wall thickness 3 Diameter (outlet/inlet) 10/6.5
Side wall thickness 55 Length 2,100
Square column size 3x3x15 Downward tube
Inter-column distance 3 Diameter (outlet/inlet) 10/6.5
Length 1,800
. I T T, 9
Ty Outlet
. T5
Inlet
Ts
I Ty Ty é}
(2) (b)

Fig. 2. (a) Internal structure of the flat plate evaporator, (b) Temperature measurement points of the evaporator.
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Fig. 3. (a) Structure of the falling tube condenser, (b) Cooper heating block.

evaporator. A multitude of square columns are distributed
throughout the evaporator and connected with the top and
bottom surfaces of the evaporator by using a special welding
method. This structure is advantageous in two facets: above
all, it can enlarge the heat transfer area and effectively conduct
heat from the bottom to the top wall. Aside from that, uni-
form temperature across the evaporator can be materialized;
furthermore, this structure can withstand higher pressure.

(2) Condenser: To decrease the pressure drop, a vertical tube
condenser was used [33]. As exhibited in Fig. 3(a), a U-tube
is present at the condenser inlet; the superheated working
fluid vapor flows through the U-tube and is distributed to
60 parallel vertical tubes at the upper header. Subsequently,
the condensed liquid flows down along the vertical tubes and
the liquid sealing device to the falling tube. Tests confirmed
that the pressure drop in this condenser is extremely small.

(3) Heating block: A copper block is employed as the heating
device. As depicted in Fig. 3(b), twelve cartridge heaters are
inserted inside the copper block to provide a heat load of
3,600 W. The copper heating block is directly in contact with
the flat plate evaporator. Apart from that, thermal silicone
grease is used to ensure favorable thermal contact between
the bottom of the evaporator and the upper surface of the
heating block.

(4) Data acquisition system: As described in Fig. 2(b), nine T-
type thermocouples are first placed 1.5 mm below the inter-
nal surface of the evaporator. Subsequently; they are inserted
into the baseboard. Due to the limitation of processing tech-
nology, the temperature measuring hole with diameter of
1 mm can only be drilled to a depth of 15 mm. Afterwards,
two absolute omega pressure sensors were used for the abso-
lute pressure at the evaporator inlet and outlet. The tempera-
ture and pressure signals are monitored and transformed into
voltages, and subsequently collected by the HP 34901A mul-
tiplexer.

2. Data Processing

The heat flux (q) is equal to the ratio of the input heat load (Q) to

the heating area (A) between the evaporator and the heating block:

September, 2023

q= (20)

>0

The average wall temperature (T,) at the measuring point and
the evaporator internal surface temperature (T,,) can be calculated
by adopting Eq. (21) and (22).

T,= ézi”ri @)

7 99
T,=T,~~ (22)

Thermal grease is applied evenly between the evaporator and
the heating block, and the two parts are pressed together tightly
and secured with bolts. Therefore, the contact thermal resistance is
considered to be negligible.

The evaporation of the working fluid in the evaporator can be
regarded as pool boiling; therefore, the pressure drop in the evapo-
rator is small, and the evaporating pressure is assumed to be equal
to the average of the inlet and outlet pressures. Thus, the tempera-
ture of the liquid working fluid is approximately equal to the satu-
ration temperature T,, which can be calculated from the saturation
pressure p,,

_ Pei + Peo
pe - 2 (23)
T, =1(p,) (24)

In this experiment, AT is defined as the difference of tempera-
ture between the internal surface and the working fluid:

_ _T1+T2+'“+T9 Qo Peit Peo
AT=T,-T,= 5 a0 ) (25)
The heat transfer coefficient is defined as:
-9
h AT (26)
3. Uncertainty and Heat Loss

All the pressure sensors and thermocouples were calibrated by
high precision sensor probes. Uncertainty analysis of the experimen-
tal data was performed by adopting the root sum square method
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Table 3. Uncertainties for dissimilar parameters involved in the experimental tests

Parameter Measurement instrument Uncertainty
(confidence coefficient k=2)
T/°C T-type thermocouple (TT-T-30) +0.126 °C
p/Pa Pressure sensor (BST6600) +682 Pa
Filling amount/g Electronic balance (ACS030M/C-D) +20g
QW Power transducer (WBP112S91) +5.18 W

[34]. Table 3 displays the uncertainties associated with the parame-
ters of the experimental apparatus used in this study.

According to the Moffat formula and Eq. (26), the uncertainty
formula Eq. (27) and Eq. (28) were derived:

1

uAT={ZiO(%)uT)2 + (A_iuo)z + [%f'(p)}z(u;“‘Fu;w)}i @7)

1=

e[ ea] ]} @)
P LAAT ? A(AT)Z AT

where u, is the uncertainty of heat transfer coefficient, and u,
and u, are the uncertainty of heating power and temperature dif-
ference of heat transfer. Since the working pressure range of the
experiment is 0.2-1.5 MPa, the relative uncertainty of the heat trans-
fer coefficient of the experiment is 4.24% (confidence probability
95%) by using 0.85 MPa as average pressure.

The evaporator and heat sources were insulated by the thermal
insulation material. The thickness of the thermal insulation mate-
rial was 10 mm, the surface area was 0.08 m’, and the conductivity
coefficient was 0.035 W/(m-°C). When the input heat power was
1,500 W, the temperature difference inside and outside the insula-
tion materiall was 40 °C. The heat loss can be calculated by Eq. (29):
iA%,t 0.035x0.08 x A0,

0.01

Qoss = =0.747% (29)

Q Q 1,500

The heat loss is less than 1%, approximately adiabatic.
4. Experimental Process

In this experimental study, the CHF of the tested working fluids
was measured. To be specific, the ambient temperature tempera-
ture was 23 °C. When the system was stable, the temperature fluc-
tuation at each probe was less than 0.5 °C over 5 min. The tests were
repeated in triplicate to ensure the consistency and reproducibility
of the experiment. The experimental procedure involved multiple
steps as follows:

(1) A leakage check was performed to ensure that the system
maintains consistent performance over time. Initially; at 2 MPa, the
pressure of the closed system was found to lessen by only 0.02 MPa
after 24 h, which is considered to be an acceptable amount of leakage.

(2) The inside of the system was degassed by employing a vac-
uum pump. Afterwards, the volume of the system (V) could be
measured by charging nitrogen. Then, the system was degassed again,
and a steel cylinder for storing the working fluid was inverted and
placed on an electronic scale. Subsequently, the working fluid was
charged into the system. By recording the change in the number of
the electronic scale, the mass of the working fluid charged into the
system can be measured and combined with the pressure of the sys-

tem measured by pressure sensors. The fill ratio () was defined as
the ratio between the volume of the working fluid (V,,) and the
system (V, ), as depicted in Eq. (30),

sys:
a=V,4V,, (30)

for each working fluid, the fill ratio was set as a fixed value.

(3) The evaporator was then gradually heated by adopting the
copper heating block. The input power was adjusted by changing
the input voltage via the voltage regulator. The condenser used forced
air convection to condense the working fluid. The temperature of
the air was about 23 °C. All data were recorded when the system
stabilized.

RESULTS AND DISCUSSION

1. Determination of the CHF and the Optimal Working Fluid
Fill Ratio

To effectively determine the CHE R134a was first selected for
further investigations. Fig. 4 exhibits the temperatures (T,-T,) of the
heated wall. Subsequently; the test proceeded by increasing the heat
input in small increments, each followed by an adequate waiting
period. Temperatures increased gradually to steady-state levels. Even-
tually, when reaching a certain heat flux density, the temperature
near the evaporator outlet of the heated wall (T, and T,) increased
suddenly, which exceeded the safe temperature of electronic equip-
ment (65 °C) [35] and had no sign of temperature drop, which was
more than the safe temperature of electronic equipment. Such cir-
cumstance meant the outlet of the evaporator exhibited signs of
drying up and the heat transfer performance was lessened. As a result,
this heat flux density can be defined as CHE as exhibited in Fig. 4.

100
90 T T, Ty
20 T, T Ty
20l T, Tg Ty
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0 IOIOO 20100 30100 4OIOO 50100 6000
Time (s)
Fig. 4. The wall temperature when adopting R134a.
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Table 4. CHFs and physical parameter of tested working fluids

. 175 0.25 2
ng]‘l:jng (ki/:\/}/Irljlz) P, (kPa) T (°C) Re < i\(/)[—_lio‘(gllo'lsj_drﬁgs) % 101—747(]1.76 {ggﬁsltfin—ws) < II(\)I—Lp(gfz i/n—e)
R245fa 113.750 214.557 35.39 110,343 2.721 2.559 5.400
R600a 128.472 472.144 35.58 100,247 2.661 2.945 6.564
R142b 139.750 494.681 38.01 128,267 4.181 4.097 8.768
R124 143.736 572.751 38.72 164,209 5.207 4.330 8.773
R290 177.431 1,475.480 43.26 125,773 5.009 5.958 13.601
R134a 188.750 984.647 38.81 179,610 7.440 7.097 15.050
R152a 199.132 903.527 39.76 138,218 5.904 7.135 16.373
R22 203.882 1,500.835 39.12 175,992 9.228 9.469 20.577
The insufficient working fluid in the rising tube diminishes the 220

driving force generated by the density difference between the lig- B

uid and vapor forms of the working fluid, and may result in the fail 200

start-up of the system. As a result, tests were conducted to deter- ool R245fa

mine the optimal fill ratio before the principal experiment was car- E e R600a

ried out. The CHF of R134a was measured under distinct fill ratios E 160 1 A+ RI142b

ranging from 10-65%. When the working fluid fill ratio was less = v RI24

than 25%, the loop system failed to start. CHF increases with the 5 140 | ¢ R290

augment of filling rate, with a variation range of 25-40%. Nonethe- < RI34a

less, when the fill ratio was greater than 40%, the CHF no longer 120 - » RI152a

increased with the increased fill ratio. Consequently; an optimal fill ' e R22

ratio existed. In the subsequent experiments, the fill ratio was set 100 3 4 5 6 7 8 9 10 11

to 50% in order to control variables and ensure the redundancy of . 14 22175, 025 575

Two-phase physical parameter Jx107° (J77-s"*-m™")

the system.
2. Evaluation Criterion of Working Fluid in LGHPs
2-1. Evaporation Pressure

Traditionally, it is universally acknowledged that working fluids
with higher evaporation pressure correspond to higher CHFs in
LGHP. The same result holds true for this experiment. Apart from
R134a, some other working fluids are tested to specify the correla-
tion between the working fluid properties and CHE It is notewor-
thy that the experimental processes are the same as the CHF test
method of R134a in section 4.1. Table 4 illustrates the the experi-
mental results of the CHF and evaporation pressure.

As clearly revealed in Table 4, the working fluids with higher evap-
orating pressures (R22, R290, R134a, R152a) generally enable the
system to actualize a higher CHE while the working fluids with
lower evaporating pressures (R245fa, R600a, R142b, R124) give rise
to worse performance. R22 reaches the highest CHF under the high-
est evaporating pressure among the working fluids tested. Never-
theless, R290 displays an exception. Comparing R290 with R134a
and R152a, although the saturation pressure of R290 is the highest
one, the CHF of R290 is the lowest. It turns out that higher evapo-
rating pressure does not always result in a higher CHE As a con-
sequence, it's not a perfect evaluation criterion of working fluids in
LGHPs. On that account, its imperative to identify some more accu-
rate criteria.

2-2. Composite Two-phase Physical Parameters

In accordance with the previous derivation in section 2.2, the
composite two-phase physical parameters (M, J, N) are pivotal param-
eters that can be used to characterize the driving force and CHE
Table 4 compiles the CHF and two-phase physical parameters M,

September, 2023

Fig. 5. Experimental results of CHF versus J.

J, N of the working fluids tested, where M, J, N are calculated at
the saturation temperature of working fluid when the wall tem-
perature of the evaporator reaches nearly 65 °C.

As depicted in Table 4, when the system reaches its CHE the Re
is much larger than the Re of the laminar flow (Re<4,000). Hence,
it is not accurate enough to use M to evaluate whether the working
fluid can reach higher CHF in a certain LGHP. As illustrated in Table
4, there is no obvious linear correlation between M and CHE

While in the smooth turbulent flow region (4,000<Re<10°), the
CHF increases as J increases and follows a linear relationship. The
scatter plot in Fig. 5 depicts the experimental data points, and it is
seen that there is a significant positive correlation between CHF and
J, which corresponds to the theoretical analysis. As a result, the
parameter ] is more dependable than working pressure as a poten-
tial criterion for selecting an appropriate working fluid for LGHPs.

With regard to the rough turbulent flow region, it is difficult to
find the boundary between the transitional rough turbulent flow
region and the fully rough turbulent flow region. By first analyzing
the fully rough turbulent Eq. (18), Re will no longer affect the fric-
tion factor in the flow process. Under this circumstance, parameter
N is merely associated with g,, o, 7. Moreover, the CHF not only
heightens as N increases, but also follows a more conspicuous lin-
ear relationship as exhibited in Fig. 6, which also coincides with the
theoretical analysis. As a consequence, parameter N can also be
employed as a potential criterion for the selection of the working
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Fig. 6. Experimental results of CHF versus N.

fluid in LGHP.

Apart from that, all the Re is slightly larger than 10° when the
system reaches CHF in the experimental results. They may fall into
the transitional rough turbulent flow region. Consequently; it is essen-
tial to conduct further analysis.

In the smooth turbulent flow region and the fully rough turbu-
lent flow region, the composite two-phase physical parameters are
=07 "1 *%, N=p,ay’, respectively. Nevertheless, for most of
the working fluids used in the experiment, their viscosity (z,) is tre-
mendously similar when reaching CHE As displayed in Table 5, the
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Fig. 7. Experimental results of CHF versus N ;5.

itively, a new two-phase physical parameter N, 5 is derived,

Niss=T-tty" = porr” 31
And rewrite N as N,,
N,,=N=p,07 ? (32)

As dlearly exhibited in Table 5, N, 5 still follows an approximately
linear relationship with CHE In summary, it can be assumed that
the two-phase physical parameter N, in the transitional rough tur-
bulent flow region is between N ;5 and N, , which can be written as,

values of 4, "* are almost equal. Consequently, we neglect the effect
of 44;* in ] evaluation parameter. To compare ] and N more intu- N,=N=p,07" (1.75<n<2.0) (33)
Table 5. Physical parameters and viscosity of tested working fluids
Working CHF #gXIOG lu;.ZS I:yuspgg/ﬂgo.zs N1,75=pg,0171'75
ﬂuld (kW/mZ) (Pa-S) (PaO.ZSISO.ZS) X 10— 14 (11.75'50.25'm—5.75) % 10—14 (]1.75.kg0.25_m—6)
R245fa 113.750 10.7826 0.057303 2.559 0.261
R600a 128.472 7.7856 0.052823 2.945 0.277
R142b 139.750 10.8700 0.057419 4.097 0.418
R124 143.736 12.1948 0.059094 4.330 0.455
R290 177.431 9.0475 0.054844 5.958 0.581
R134a 188.750 12.3144 0.059238 7.097 0.748
R152a 199.132 10.6555 0.057134 7.135 0.725
R22 203.882 13.3033 0.060393 9.469 1.017
Table 6. CHFs and composite two-phase physical parameters of tested working fluids
Working CHF Nis=p07 e Ny :,Dg,oﬁ/2 Nigr5=0017 il
ﬂuld (kW/mZ) ><10714 (11475.kg0.25_m76) x 10714 (IZ.mfé) X 10714 (11.875.kg04125.m76)
R245fa 113.750 0.261 5.400 1.187
R600a 128.472 0.277 6.564 1.348
R142b 139.750 0418 8.768 1.915
R124 143.736 0.455 8.773 1.998
R290 177.431 0.581 13.601 2.811
R134a 188.750 0.748 15.050 3.354
R152a 199.132 0.725 16.373 3.445
R22 203.882 1.017 20.577 4575

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 8. Experimental results of CHF versus N, gs.

As displayed in Fig. 7 and Table 6, if adopting N ;5 to select the
working fluid for the system, the CHF of R134a is less than R152a
in experiments while the N, ;5 of R134a is larger than R152a, which
not follows a monotonically increasing relationship. In other words,
N; 5 eliminates the effect of viscosity, which resulted in the N ;; value
of R134a being greater than R152a. To put it in another way, N, ;5
may make something wrong in evaluating CHF of the working fluid
with a higher value of N, ;5.

Moreover, as evidently displayed in Fig. 6 and Table 6, when adopt-
ing N, to select the working fluid for the system, the N,, of R142b
and R124 are considerably close, while there is a certain difference
between their CHE As a result, N,, neither done well enough in
evaluating CHF of the working fluid with a lower value of N, ;.

Since viscosity no longer played a role in the pressure drop cal-
culation formula in the fully rough turbulent flow region, and the
values of £, ** of different working fluids in smooth turbulent flow
region were very close. For the sake of getting a more accurate com-
posite two-phase physical parameter, by considering the character-
istics of both N, ;5 and N, ,, the average value of the upper and lower
limit for n, i.e. n=1.875, is used. Afterwards, the two-phase physi-
cal parameter in the transitional rough turbulent flow region can be
written as,

1.875

Ny g75=0017 (34)

As exhibited in Fig. 8, there is a monotonically increasing cor-
relation between CHF and N g5, and the linearity between Nj ;s
and CHF is more well-distributed by comparing with N, ;5 and N, .
Thus, when Re enters in the turbulent flow region, if we cannot iden-
tify which region the flow state will be, N g5 should be a more trust-
worthy evaluation criterion for working fluid choosing for an LGHP

CONCLUSION

We investigated the correlation between the properties of the work-
ing fluid and the CHF in an LGHP system. A dimensionless num-
ber, X, and some composite two-phase physical parameters were
derived. Experiments were conducted by adopting diverse work-
ing fluids to get the CHFs and study the evaluation criterion of work-
ing fluids in LGHPs. A two-phase physical parameter N, 4,5 was
derived by taking the average value of exponential index n of N, ;5

September, 2023

with N, which exhibits a linear correlation with the CHF measured
in the experiments. Comparing N s with N,,, we recommend N g5
as an evaluation criterion in working fluid choice for LGHP.
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NOMENCLATURE

: temperature [°C]

:velocity [m-s™']

:volume [m’]

M, J, N, N, 75, Ny g75, N : two-phase physical parameter

A :heating area [mm’]

cr  :specific heat at constant temperature [k]-kg '-°C']
d :internal diameter of tube [mm)]
g :acceleration of gravity [m-s’]

f  :Darcy friction factor

H  :height difference [mm]

l : distance [mm]

m  :mass flow rate [kg-s™']

p  :pressure [kPa]

Q  :heatload [W]

q  :heat flux [W-m]

Re  :Reynolds number

T

v

Vv

Greek Symbols

a il ratio

A :increment, standard deviation

A :conductivity coefficient [W-m™'.°C ")

4, :dynamic viscosity [Pa-s]

0  :thickness [mm]

o :density [kgm]

y  :latent heat [J-kg ']

&  :roughness

Subscripts

a : temperature measuring point

e : evaporator

ei  :evaporator inlet

eo :evaporator outlet

g  :gas

I :liquid

sys  :system

t : total

w  cwall

wf  :working fluid
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