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Abstract

This paper investigates a novel micro-channel flat separated loop heat pipe system for cooling the informa-
tion technology equipment in the data centres through theoretical and experimental analysis and by assessing
the impact of the inlet water temperature on system performance. A computer model is developed to simulate
the steady-state performance of the micro-channel flat separated loop heat pipe system. After comparing the
experimental and modelling results, the new and conventional system under the same working conditions,
the model is validated yielding high accuracy in predicting the performance of the micro-channel flat
separated loop heat pipe system with recorded error being limited to 2.16-8.97%. The new system has
better performance than the conventional system. Under the operating conditions of heat load intensity
of 1,000 W/m?, water flow rate of 0.28 m3/h, refrigerant filling rate of 30%, ambient air temperature of 26°C,
and evaporator and condenser height difference of 0.8 m, the performance of the system has been explored
at inlet temperature from 15 to 24°C with increments of 3°C. The system’s averaged heat transfer efficiency
was found to decrease with the increase in inlet temperature. This research provides valuable insight into the
data centre information technology equipment cooling, which is of great significance for energy saving and
environmentally friendly operation of data centres.
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1. INTRODUCTION

Information technology (IT) is now playing a prominent role in
changing human life, e.g. smart transportation and smart com-
munication, which has resulted in increasing interest in more
advanced and energy-efficient data centres and HVAC (Heating,
Ventilating and Air Conditioning) systems. However, the existing
data centres consume a huge amount of energy in China and
worldwide [1, 2]. In 2016, the total energy consumed by data cen-
tres around the world amounted for 416.2 billion kWh majority
of which (30-40%) was consumed by the cooling systems in data
centres [3, 4]. Thus, reducing cooling energy consumption and
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improving cooling efficiency in data centres to achieve the zero
or near-zero carbon buildings have been investigated by various
research and technical works.

In traditional data centres, the cooling is achieved by directly
pumping outdoor air into the data centre (free cooling) to main-
tain the indoor environment under required conditions, e.g. tem-
perature in the range of 18-23°C [5, 6]. The indoor environments
cooled in this way have shown to be capable of preserving the
IT devices operating in the superior condition. The ‘free cooling’
method could avoid the use of a refrigeration unit and improve
the service life of the cooler [7]. Mahdi et al. [8] proposed a
combined free cooling and waste heat recovery system which
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contained an air-side economizer and a water-side economizer to
reduce the energy consumption of a data centre, which showed
that the novel system had the annual natural gas and electricity
saving potentials of 15,000 m’ and 250 MWh respectively, and
267 t of annual CO, emission reduction. Yang et al. [9] studied the
design and operation mode of different air conditioning systems,
including free cooling mode, combined cooling mode and power
failure and supply continuous cooling mode. The advantage of
free cooling mode in energy saving was clearly observed that
the reduced annual cost can be achieved than the conventional
refrigeration system, and it was found that such cooling method
can be used around 49.1% of the year. However, the shortcomings
were also explicit, e.g. the gaseous and particulate contamination
to the IT devices due to direct air blow to the indoor environment
could endanger the reliability of the IT devices [10], local hotspot
creation due to the uneven and low thermal distribution across
the IT rooms and overcooling due to lack of an appropriate airflow
control system [11].

The liquid cooling method has been applied to the data centre
to resolve the local hotspot and overcooling problems. The work-
ing fluid (liquid) flowing across the I'T devices is capable of trans-
ferring high-density dissipated heat energy and improving the
heat transfer efficiency, which is also called ‘self-cooling method’
[12,13]. Wu et al. [14] developed and tested an immersed jet array
impingement-cooling device with the minimum total thermal
resistance of 0.05 K/W and volume flow rate of 35 m’/s achieving
the maximum effective heat transfer coefficient and found that
the proposed system had better performance than the traditional
cooling methods. Li et al. [15] proposed a cooling method using
liquid-cooled servers to replace the selected air-cooled servers in
data centres, which could effectively achieve up to 26.7% power
consumption saving, which could help a data centre gain a full
return on the capital investment in <3 years. However, liquid
leakage can be a possible issue to the safe operation and security
of data centres [13]. In addition, the noise and increased thermal
resistance from the pump are other problems associated with the
liquid cooling method.

With higher reliability and cooling efficiency demands in data
centres, the heat pipe technology has been proposed by many
studies. The heat pipe is an efficient heat transfer device trans-
porting a large amount of heat from the evaporator to the con-
denser through a long distance within the desired operating tem-
perature range, which can increase cooling efficiency by 3-5
times and decrease the PUE through integration with IT racks
[5, 16, 17]. Sun et al. [18] tested a cooling system consisting of
a separated heat pipe unit in which the cooling capacity reached
nearly 200 kW, and the energy efficiency ratio changed from
21.2 to 3.1 under the outdoor temperature increasing from —5
to 45°C. Wang et al. [19] studied the integrated cooling system
combining the heat pipe cooling cycle and vapour compression
cooling cycle. The thermodynamic analyses showed that the PUE
of the data centre using this type of system could be 30% lower
than the traditional air-cooling systems in cold areas. Tian et al.
[20] proposed the new cooling system consisting of the internally
cooled racks with two-stage heat pipe loops and combined water
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loop with serially connected multi-cold sources, which effectively
improved the reliability of data processing devices and reduced
cooling energy cost by 46%. However, both the condenser and
the evaporator of the heat pipe were positioned inside the data
centre room, leading to the additional heat generation in the IT
services that requires secondary cooling processes of the room
air. Another issue was the installation of the heat pipe which was
complicated due to modification of the IT racks, leading to a costly
and time-consuming installation process.

In summary, air cooling, liquid cooling and heat pipe cooling
have their own advantages and disadvantages, and the comparison
of the three methods of cooling is shown in Table 1.

In this paper, a novel micro-channel flat separated loop heat
pipe (MCSLHP) system has been proposed and investigated using
numerical and experimental analyses. The proposed system con-
sists of indoor and outdoor modules. The indoor module could be
pre-fabricated and directly attached to the inside panels of the IT
racks, while the outdoor module is placed outside the data centre,
receiving the heat discharged from the IT devices and reducing
the cooling load in the data centre for further use. The perfor-
mance of the system was numerically studied under different inlet
water temperatures. Under the specified condition, the tests were
conducted, and the test results were used to validate the numerical
model. This study provides a novel and efficient solution for data
centre cooling, which is low-cost, has easy installation and is very
effective in achieving zero or near-zero carbon data centre.

2. SYSTEM DESCRIPTION

Based on the analysis of various types of heat pipe cooling systems,
which was studied by other researchers and to overcome the
above addressed difficulties, a novel micro-channel flat separated
loop heat pipe system was designed. The proposed system, as
shown in Figure 1, consists of three parts: (1) indoor module
which is the micro-channel heat pipe evaporator of MCSLHP
placed in the IT rack; (2) outdoor module which is the micro-
channel heat exchanger including the micro-channel heat pipe
condenser of MCSLHP, the water tank and the water pump as
shown in Figure 2; and (3) vapour/liquid refrigerant pipe. In order
to improve the heat transfer performance, the system could be
charged with different refrigerants like R134a or R410a [21]. It
should be mentioned that the optimal filling ratio was different
with different refrigerants, and the compatibility of the refrigerant
with the heat pipe wall should also be considered.

The working principle of the system is illustrated as follows.
In the indoor module, the micro-channel heat pipe evaporator is
placed directly under the bottom surface of the IT equipment and
closely attached by using the thermal grease. When the evaporator
receives heat from the IT equipment, the heat will be absorbed
by the refrigerant inside, and the remaining is dissipated into
the surroundings due to the temperature difference between the
evaporator surface and ambient. As a result, the refrigerant within
the micro-channel evaporator is converted into vapour, and this
vapour gathers at the vapour refrigerant pipe by the buoyancy
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Table 1. Comparison of three methods of cooling.

Cooling methods Advantages

Disadvantages

Air cooling
protection.
Liquid cooling

Low initial cost, short payback period, energy saving and environmental

Decreasing the occurrence possibility of local hotspot and problem of
overcooling, being capable of quickly transmitting high-density heat

Particle pollution, uneven cooling distribution, possible
influence to the reliability of the IT devices.

Possible liquid leakage, and high noise and thermal
resistance due to the pump.

radiation and improving heat transfer efficiency comparing with air cooling.

Heat pipe cooling

Long-distance and effective heat transfer, high heat transfer efficiency.

High installation cost.

Pressure Transmitters o
N Injection port
Vapour refrigerant oA e
Microchannel heat pipe| .__Condenser
Pressure Transmitters Liquid refrigerant
Thermocouple R w7
ing point

IT Server

‘emperature
controller

T

== Microchannel
T LT |____|[heat pipe
7 ——

Evaporator

Figure 1. The schematic of the MCSLHP cooling system.

Thermal grease

"\._Vapor refrigerant

Condenser

Heat exchanger

Liquid refrigerant

Q

Figure 2. The connection of the micro-channel heat exchanger.

effect. In the vapour pipe, the vapour flows to the condenser
(outdoor module) due to the high-temperature vapour pressure.
Within the condenser, the vapour in the interior channel transfers
heat to the water by the heat exchanger, leading to the gradual
condensation of the vapour. The condensed liquid will fall into the
liquid refrigerant pipe where the vapour is completely condensed
at the end of the channels. In the liquid pipe, the refrigerant
liquid will flow to the evaporator (indoor module) by gravity and
capillary force. At the same time, the tank water is heated and
driven by pump to the building for hot water supply.

The characteristics of the proposed novel cooling system could
be summarized in the following five aspects.

100 International Journal of Low-Carbon Technologies 2021, 16, 98-113

(1) The specialized MCSLHP combined a number of inno-
vations, e.g. micro-channel structure, flat structure and
separated loop structure, leading to increased vapour
pressure and improved heat absorption area.

(2) The micro-channel flat heat exchanger is closely adhered
to the condenser, which can have sufficient contact area
enabling full condensation of the refrigerant.

(3) Using refrigerant as the working fluid can avoid the high-
pressure operation of the heat pipe and minimize the risk of
leakage.

(4) The indoor and outdoor module ensures the remote oper-
ation of transferring heat generated from data centre IT
equipment, leading to reduced data centre air conditioning
energy consumption and potentially improve the heat utili-
sation of the waste heat.

(5) The novel system provides a simple and flexible structure
of the separated cooling system, which means that the two
modules can be positioned according to the actual situation
on site. For the data centres employing traditional cooling
systems, the system can be re-fabricated without changing
the original pattern of the data centre and occupying addi-
tional space for the new system.

3. MATHEMATICAL ANALYSIS AND
COMPUTER-MODELLING SET-UP

3.1. Determining the heat transfer capacity of the
MCSLHP

The heat transfer capacity of the MCSLHP should be determined
as it governs the maximum amount of heat transferring. Since the
MCSLHP is a particular type of loop heat pipe, the heat transfer
capacity is the least of the capillary, entrainment, viscous, boiling,
sonic and filled liquid mass limits.

Qmin = (Qcr> QEL> QBL> QsL> QFL) min )]

The capillary limit indicates the capability of the micro-channel
groove to carry liquid flow for heat transfer. During the operation,
the sum of the capillary force and gravity will be higher than or
equal to the total amount of flow resistances from the liquid and
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vapour [22].
KojpthgAy ( 2 pigLnp cos@) 2
L= —— = TP
MiLef Tef o]

Entrainment limits happen only in the evaporator and con-
denser caused by vapour flow entraining with the liquid, which
will reduce the amount of liquid evaporation and eventually result
in the ‘dry-out’ problem [23]. Therefore, the smaller value of the
entrainment limits in the evaporator and condenser will be the
entrainment limit of the system.

Ne (De_zae)z
0.5 >
s |3
Nc (Dc_zac)
DY%

T
QEL = (QEL,e: QEL,c) min = Zthg (avpv)O'S'

min

Viscous limits happen mainly in the vapour phase flow, i.e.
evaporator, vapour pipe and condenser. High vapour viscosity
leads to reduced amount of heat carried by the vapour flow
[24]. Therefore, the smallest value of the viscous limits in the
evaporator, vapour pipe and condenser will be the viscous limit
of the system.

Qvr = (QvLe> QuLwb QVLe) iy

Ne(De—250)*
7 zhy¢, P Le .
_ TRy | Ny (Dy—26)*

2564y No(D- 25,

L. min

, (4)

Boiling limits happen in the evaporator and condenser caused
the high operational temperature of the refrigerant. In this case,
the refrigerant may evaporate leading to a ‘dry-out’ problem, and
then the heat pipe stops working [24, 25]. It should be mentioned
that P¢max in Eq. (5) is the maximum capillary power, which can
be ignored by comparing with the value of 20, /rp, [26]. Therefore,
the smaller value of the boiling limits in the evaporator and
condenser will be the boiling limit of the system.

QsL = (QBLe> QbLe)

277 TeAwLeNez 200 _ P
hfgﬂvln(De/(De*Z(Se)) 42 6:max >

2n TeAwLcNez 20y P
» ¢,max

g pyIn(De/(De—250)) min

4 A' TeLeNe
= TEZ0Vw | DD 2500 )
- h r chNc
fg PvTb D/ Dc—25) | min

Sonic limits happen in the evaporator, vapour pipe and
condenser where the vapour velocity is close to the sonic or
supersonic level due to the high-temperature operation of the
refrigerant. Then, the operation will accompany with noise, and
even worse, the heat pipe is blocked leading to vibration and
breakdown [24]. Therefore, the smallest value of the sonic limits
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in the evaporator, vapour pipe and condenser will be the sonic
limit of the system.

Qst. = (QsLes QsLvi QsLe) i

0.5 _ 2

nzpvhfgcg.Syo.S ’1(;?5 Ne(De 286) i

= 4\/5—105 Tvl Nyi(Dyp — 28,1)%, (6)
v+ TOSN.(D, — 25)>

min

Filled liquid mass limits happen in the liquid refrigerant pipe
and condenser which describe the limitation of the refrigerant
mass charged into the system owing to the influence of gravity
[24]. Therefore, the smaller value of the filled liquid mass limits in
the liquid refrigerant pipe and condenser will be the filled liquid
mass limit of the system.

3

my
ghfg D2N2L3 >
Qrr = (QrLib QFL) yin = 735 — | B (7)
emippr | e
Dw,ch Lw,c min

3.2. Analysing the heat transfer processes of the
MCSLHP

Heat transfer occurring in the MCSLHP involves three processes,
i.e. heat absorption by the evaporator Q,, heat transfer from the
evaporator to the condenser via evaporation and condensation
of the refrigerant Q,-. and heat output from the condenser Q..
These processes are interrelated and dependent, until a balanced
condition is achieved [24]. To simplify the heat transfer analysis,
the temperatures of the evaporator surface (T,) and condenser
surface (T,) are assumed to be stable.

Qe = Qefc = Qc (8)

It must be noted that the steady-state heat transfer from the
evaporator to the condenser via evaporation and condensation
of the refrigerant Q,_. should compare with the heat transfer
capacity of the MCSLHP Qpin as in Eq. (9) and Eq. (10). If Qe
is less than or equal to Qmin, it means that the MCSLHP has the
ability to transfer sufficient amount of heat that the MCSLHP can
work properly, while if Qe_c is larger than Qp;n, a large amount of
heat would be accumulated since the system should work under
the limitation of the heat transfer capacity, leading to the dry-
out problem of the heat pipe, and finally the MCSLHP will stop
working.

If Qe—c < Qmin> the MCSLHP works properly. 9)
If Qe—c > Qmin> the MCSLHP stops working. (10)

The heat absorbed by the evaporator of the MCSLHP (Q,)
equals to the heat absorbed at the IT equipment (Q;) minus the
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heat losses from the surface of the evaporator to the ambient
(Qloss,e) (27, 28].

AeNeetehamp (To — T 1)

Qe = Qi—Qoss.e = @Prr—
e i 0ss,e 0¢€e (Te + Tamb) (Te2 + Tfmb) + Pamb

11)

The heat transferring from the evaporator to the condenser via
evaporation and condensation of the refrigerant (Q,-) equals the
heat absorbed by the evaporator of the MCSLHP (Q,) [26]. In this
process, several thermal resistances are involved to determine the
effectiveness of the heat transfer in the MCSLHP, i.e. evaporator
wall resistance (R,), groove resistance (R,,) and vapour flow resis-
tance (R,) [27, 29, 30].

T.— T,
Qe =——7——
R.+ Ry +R,

T,—T,
1 In(Deo/Dei) In(Dei/(Dei—23¢))
27 [[ LoheN; ] + [ LyiwNyy, ]] +
T, . 2my + 128uyLy; + 8m, i|

p2hg’ | (Dei=28w)'Ne 7Dy 72(Dy—25)"Ne
(12)

The heat output from the condenser (Q.) will be partially
dispersed to the ambient due to the high condenser temperature
(Qioss,c)> and the remaining will be transferred to water (Qo)
[27, 28].

Qo =Q; — Qloss,c
_T,-T. B AcNcocechamp (Tf - T:mb)
le + R, 0c&c (Te + Tamb) (Tcz + Timb) + hamb
27 (Ty — Te) - LiphiyNi- LehoNe
[In(Dci/ (Dei — 281))- LeheNe] + [In (Deo/Dei) - Liphie Ny
AcNcocechamp (T? - T:mb)

_ (13)
occ (Te + Tamp) (Tc2 + Tfmb) + hamb

3.3. Calculating the heat transfer efficiency of the

MCSLHP

The heat transfer efficiency of the proposed MCSLHP system
is calculated from the heat output transferred to the water (Q,)
divided by the heat absorbed at the IT equipment (Q;) [31].

n= & x 100%
Q‘

1

(14)
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3.4. Computer modelling set-up
The algorithm used for the modelling set-up is presented in a flow
chart as shown in Figure 3, which can be summarized as follows:

1) Input operating conditions, e.g. ambient temperature, heat
source power, water flow rate and water inlet temperature;
and structural parameters, e.g. height difference between
evaporator and condenser of MCSLHP, width and length of
each micro-channels and length and diameter of refrigerant
pipes.

2) Input refrigerant parameters, e.g. working temperature, fill-
ing ratio.

3) Calculate the six heat transfer limits (Qvr, Qsr, QgL, QcL,
QgL Qrr) using Egs. (2)-(7) and determine the heat transfer
capacity of the MCSLHP (Qmin) using Eq. (1).

4) Determine the heat generated from the IT equipment (Q;)
and heat losses from the surface of the evaporator to the
ambient (Qjoss,e)> and calculate the initial heat absorbed by
the evaporator (Q,) using Eq. (11).

5) Compare Q. and Qmin using Egs. (9) and (10). If (Q.-
Qmin)/Qe > 0.001, then return to step 1) for recalculation,
while if (Q,—Qmin)/Qe < 0.001, then determine the heat
absorbed by the evaporator (Q,).

6) Compare Q. and Q.. If (Q,~Q,-¢)/Q. > 0.001, then return
to Step 1 for recalculation; while if (Q.-Q,.-c)/Q, < 0.001,
then determine the heat transferring from the evaporator
to the condenser via evaporation and condensation of the
refrigerant (Q,-c) by Eq. (12).

7) Compare Q.- and Q. If (Qe-c — Q¢)/Qe-c > 0.001, then
return to Step 1 for recalculation, while if (Qe-c — Q;)/Qe-c <
0.001, then the whole system reaches stable, and the heat
output from the condenser (Q.) could be determined by
Eq. (8).

8) Calculate the heat losses from the surface of the condenser
to the ambient (Qloss,c), and determine the heat output
transferred to water (Q,) using Eq. (13).

9) Calculate the thermal efficiency of the system using Eq. (14).

10) Stop program.

Since the vapour refrigerant will be completely liquefied in the
condenser, the sub-program has been set up for determining the
optimal length of the condenser of the MCSLHP.

1) Assuming initial values of length of the condenser L = 0,
input outlet water temperature Twa,out, vapour refrigerant
temperature T, and dryness of the refrigerant at the inlet of
the condenser X0 = 1.

2) Assuming the length of the condenser L = L + 0.01.

3) Assuming dryness of the refrigerant at the outlet of the
condenser XN = X0-10"°.

4) Calculate the latent heat exotherm Q; = rya#ywa (X0—XN).
Assuming the heat transferred to water Q2 = Q1 — Qioss,c>
calculate the inlet water temperature Twain = Twaout —
2[Ty — (Rc + Ry + Ry) * Q1] and the total heat absorbed
by water Q3 = cwawa(Twa,out — Twa,in). Compare Q, and
Q3. If (Q2 — Q3)/Qz > 0.001, then assuming X0 = XN and
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Program Start

Input operating conditions and structure
parameters

Input refrigerant parameters

N

Calculate the heat transfer limits (Q ;.0
20 ¢rs O17,Qr;, 05 ), and determine the heat
transfer capacity of the MCSLHP (O ;)

2

Determine the heat absorbed at the IT equipment (Q;)
and the heat losses from the surface of the evaporator
to the ambient(Q ;. ). and calculate the initial heat
absorbed by the evaporator of the MCSLHP (Q.)

2 'Q min ) Qe >0.001
NO

Calculate the initial heat transferring from the evaporator
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Determine the heat transferring from the
evaporator to the consender via evaporation
and condensation of the refrigerant (0, )

Determine the heat output from the
condenser (Q,)

i

Calculate the heat losses from the surface of the
condenser to the ambient (Q,,.. . ). and determine
the heat output transferred to the water (Q,)

to the consender via evaporation and condensation of the Call subprogram
refrigerant (Q ... ) and determine the heat absorbed by the v
evaporator of the MCSLHP (Q,) Assuming the length of the condenser
N7 L=L-0.01
Determine the optimal length of the condenser Assuming dryness of the refrigerant
of the MCSLHP at the outlet of the condenser

XV=x0-10°%
N2

Calculate the latent heat exotherm (Q 1)
N4

The heat transferred to water O

=9, -9 Josz.c
A4

Calculate the total heat absorbed by water (Q_)
N7

Calculate the inlet water temperature (T i)

X0=XN

Tvaou=Tsain

Calculate the heat transfer efficiency of the
MCSLHP

Results output

Figure 3. Flow chart for the modelling set-up.

Output the optimal length of the condenser

Back to main program
- Stop
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go to Step 2 of the sub-program for recalculation; while if
(Q2 — Q3)/Qy < 0.001, then determine if XN < 0.

5) IfXN <0, then return back to the main program and output
the optimal length of the condenser; while if XN > 0, then
assume X0 = XN and Ty, out = Twa,in> and return to Step 1
of the sub-program for recalculation.

4. TEST RIG CONSTRUCTION AND
EXPERIMENTAL ANALYSIS

4.1. Test rig construction

Based on the system design from the established program and to
validate the system’s performance, a test rig was established at the
laboratory of the Guangdong University of Technology, China.

The indoor module shown in Figure 4 was placed inside the
data cabinet positioned in the Environmental Control Chamber,
which consisted of the evaporator of MCSLHP including four
micro-channels flat plates (as shown in Figure 5), vapour col-
lecting pipe (25 mm in diameter and 484 mm in length) and
liquid dividing pipe (20 mm in diameter and 500 mm in length).
The size of the evaporator of the MCSLHP is 800 mm in length,
440 mm in width and 3 mm in thickness. Each micro-channel
flat plate of the evaporator has 28 micro-channels with width and
thickness of 3 mm, and each micro-channel contains 8 micro-
grooves with width and thickness of 0.7 mm. The outdoor module
shown in Figure 6 was placed outside the Environmental Control
Chamber, which included two parts, i.e. heat exchange part and
water flow temperature control part. The heat exchange part
shown in Figure 6a and b includes the condenser of the MCSLHP,
heat exchanger, vapour dividing pipe (20 mm in diameter and
624 mm in length) and liquid collecting pipe (25 mm in diameter
and 654 mm in length). The condenser of the MCSLHP and heat
exchanger had similar structures as the evaporator, and the only
difference was that the length of the condenser was 500 mm, and
the length of the heat exchanger 900 mm. The heat exchanger was
connected to the water tank through the water pump and water
inlet/outlet pipe. The condenser and heat exchanger were closely
attached using the thermal grease as shown in Figure 6b. As for
the water flow temperature control part in Figure 6¢, the inlet
water temperature was controlled by the temperature controller
(KL-003F model) to make sure the system is operating stably.
All the pipes were insulated to minimize the heat losses to the
ambient. The indoor and outdoor modules were then connected
by the vapour refrigerant pipe (length and diameter of 1,800 mm
and 20 mm, respectively) and liquid refrigerant pipe (length and
diameter of 2,000 mm and 20 mm, respectively). The main param-
eters of the system components are shown in Table 2.

Since one CPU rack-mount server possesses the server heat
load at 1,000-1,200 W [32], one heat source made of cast alu-
minium heating plate was used as the replacement of the IT equip-
ment (e.g. server). A voltage regulator adjusted the simulated heat
radiation, and an electric power detector was used to monitor the
operating status of the heat source in real time. The vapour pres-
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Figure 4. Schematic of the indoor module.
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Figure 5. Inner structure of the micro-channel flat plate.

sure of the refrigerant in the MCSLHP was measured using the
pressure sensor, and the flow rate and temperature of the water in
the heat exchange part were measured using the water flow meter
and temperature controller, respectively. The temperatures of the
evaporator, the condenser of the MCSLHP and the heat exchanger
were measured and recorded using the multi-channel tempera-
ture recorder (measuring points are shown in Figure 7). During
the testing period of 1.5 h, the test data were recorded every 30 s.
The main parameters of the test equipment are shown in Table 3.

4.2. Experimental steps
The experimental steps were as follows:

1) Set the ambient temperature of the environmental control
chamber.

2) Vacuum the MCSLHP using the vacuum pump, and then
charge the refrigerant (R134a with the filling ratio at 30%)
[26].

3) Turn on the temperature controller, water pump and water
flow meter.
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(c) water flow temperature control part

Figure 6. Schematic of the outdoor module: (a) front view of heat exchange part, (b) side view of heat exchange part, (c) water flow temperature control part.

Table 2. Parameters of the system components.

Components Length (L) (mm) Width (wi) (mm) Thickness (§) (mm) Diameter (D) (mm) Quantity (N)
Evaporator 800 440 3 — 1
Condenser 500 440 3 — 1
Heat exchanger 900 440 3 — 1
Vapour collecting pipe 484 — — 25 1
Liquid dividing pipe 500 — — 20 1
Liquid collecting pipe 654 — — 25 1
Vapour dividing pipe 624 — — 20 1
Vapour refrigerant pipe 1,800 — 2 20 1
Liquid refrigerant pipe 2,000 — 2 20 1

International Journal of Low-Carbon Technologies 2021, 16, 98-113
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Table 3. Parameters of the testing equipment.

No. Item Model

Parameters

1 Multi-channel temperature recorder JK-8/16 AT4532

2 Water flow meter LFS100

3 Pressure sensor MIK-PX300

4 Voltage regulator

7 Electric power detector ZJXED

KL-003F

8 Temperature controller

9 Water pump BJZ037-B

TDGC2-5000VA

Sensor: nickel chromium-nickel silicon (Type K);
Size of the sensor: 1 cm*1 cm;
Temperature test range: —50-1,000°C;
Measurement accuracy: 0—=0.5%;
Power supply: 220 V & 10%, 50 Hz £ 2%;
Temperature signal input channel: 64.
Accuracy (at 25°C): 0—= (4%);

Test range: 100-1,000 L/h.

Test range: —0.1—2.5 MPa.

Power supply: 220 V;

Voltage output: 0-250 V;

Maximum power: 5,000 W.

Power supply: 220 V;

Maximum current: 10 A;

Maximum power: 2,200 W.

Power supply: 220 V;

Maximum power: 2,250 W.

Power supply: 220 V/50 Hz;

Power: 370 W;

Rated flow: 1.5 m*/h

Measuring points EE
s .?//: A /:/:/:/I'“
a0 Y 1l
D,://./,./D DZ/:/:/:/:D
Condenser
.Evap;rato.r

Heat exchanger

Figure 7. Temperature measuring points.

4) Install the temperature sensor to the system, and turn on the
multi-channel temperature recorder.

5) Turn on and adjust the simulated heat source using the
voltage regulator to the set value.

6) Observe the heat source power displayed on the electric
power detector until it stabilizes.

7) The system starts to work.

8) Record the data shown in the multi-channel temperature
recorder.

9) Turn off the system after operation period.

10) Process the recorded data.

5. RESULTS AND DISCUSSIONS

By varying the inlet water temperature from 15 to 24°C at every
3°C increment and keeping other parameter data unchanged (i.e.
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simulated heat source at 1,000 W, water flow rate at 0.28 m’/h,
ambient temperature at 26°C, refrigerant filling ratio at 30%, and
the height difference between evaporator and condenser of the
MCSLHP at 0.8 m), the temperature distribution and heat transfer
efficiency of the MCSLHP system was investigated. Then, the
results from the simulation and tests are compared under the same
operating conditions for the system.

5.1. Temperature distribution

Figures 8-19 show the temperature variations of the heat
exchanger, condenser and evaporator surfaces during the sable
operating period. As to the heat exchanger, the temperature
difference between the bottom and centre levels was higher
than that between the top and centre levels (0.8-1.5°C) because
the water entered from the bottom of the heat exchanger and
absorbed the thermal energy directly from the condenser of
the MCSLHP. The temperature of the heat exchanger surface
increased with the increase in inlet water temperature. It was
also found that when the inlet water temperatures were 15, 18,
21 and 24°C, the evaporator surface average temperatures were
23.1, 26.1, 29.5 and 31.0°C, and the condenser surface average
temperatures were 23.7, 26.2, 29.5 and 31.0°C, respectively.
The temperatures in the top, centre and bottom levels of the
evaporator surface were in the difference range of <0.8°C,
meaning that the heat generated from the heat source was evenly
distributed on the surface of the evaporator. The temperature
of the evaporator and condenser surfaces increased with the
increase in inlet water temperature. This happened because of
the condenser being closely attached to the heat exchanger,
there is sufficient contact area for the refrigerant to completely
condense (i.e. the calculated length of 420 mm is less than the
experimental length of 500 mm for the condenser) and the
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Figure 8. The variation of the average heat exchanger surface temperature with time for the system operated under the inlet water temperature of 15°C.
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Figure 9. The variation of the average condenser surface temperature with time for the system operated under the inlet water temperature of 15°C.
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Figure 10. The variation of the average evaporator surface temperature with time for the system operated under the inlet water temperature of 15°C.

condenser surface temperature was directly influenced from the
water flowing across the heat exchanger surface. In the meantime,
since the MCSLHP operated under little pressure/temperature
drop, the evaporator surface temperature will eventually rise up.
It was also obvious that the temperatures of the heat exchanger,
condenser and evaporator surfaces were fluctuating since the
MCSLFP operated in the slow response from the evaporator to
the condenser.

5.2. Heat transfer efficiency
Figures 20-23 present the variation of the instantaneous heat
transfer efficiency with time during the operating period, and

Figure 24 summarizes the relationship of the average heat transfer
efficiency with the inlet water temperature. The trend of the
variation of the heat transfer efficiency with time was similar to
that of the operating temperatures of the MCSLHP with time
since it was affected by the operating temperature of the MCSLHP.
When the inlet water temperature was at 15°C, the instantaneous
heat transfer efficiency of the system ranged from 78.4 to 98%.
From Figure 24, when the inlet water temperatures were 15, 18,
21 and 24°C, the average testing heat transfer efficiencies were
79.94, 77.46, 69.45 and 65.90%, respectively, and the average
simulated heat transfer efficiencies were 82.56, 79.17, 75.78 and
72.39%, respectively. The linear relation of the average heat trans-
fer efficiency with the inlet water temperature indicated that both
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Figure 11. The variation of the average heat exchanger surface temperature with time for the system operated under the inlet water temperature of 18°C.
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Figure 12. The variation of the average condenser surface temperature with time for the system operated under the inlet water temperature of 18°C.
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Figure 13. The variation of the average evaporator surface temperature with time for the system operated under the inlet water temperature of 18°C.

average heat transfer efficiency from the tests and simulation
results decreased with the increase in the inlet water temperature.
When the inlet water temperature increased, the temperature
difference between the water and refrigerant within the con-
denser decreased, leading to a reduced amount of heat transfer
within the heat exchanger section and eventually the heat transfer
efficiency.
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5.3. Comparison of the simulation and testing results

From Figure 25, it was found that the error between the simula-
tion and test results ranged from 2.16 to 8.97%, suggesting that
the experiments and simulation results had a good agreement.
It also indicated that the established model could predict the
performance of the system with a good accuracy within the
error range less than £10%, which can be used in practical
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Figure 14. The variation of the average heat exchanger surface temperature with time for the system operated under the inlet water temperature of 21°C
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Figure 15. The variation of the average condenser surface temperature with time for the system operated under the inlet water temperature of 21°C.
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Figure 16. The variation of the average evaporator surface temperature with time for the system operated under the inlet water temperature of 21°C.

applications. The occurrence of the errors could have been
caused from the experimental and simulation aspects. From the
experimental aspect, it may be cause by heat losses occurring
in the vapour/liquid refrigerant pipes during the tests due to
the temperature difference between the pipes and the ambient,
and the measurement error from the test equipment. From
the simulation aspect, it may be cause by the simplified heat
transfer calculation between the MCSLHP and surrounding air,

missing the effect of the slow volume response of refrigerant in
the MCSLHP.

5.4. Comparison of the proposed system with the

conventional heat pipe cooling system
Zhou et al. [33] designed a heat pipe cooling system for data centre
as shown in Figure 26. The evaporator and the condenser of the
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Figure 17. The variation of the average heat exchanger surface temperature with time for the system operated under the inlet water temperature of 24°C.
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Figure 18. The variation of the average condenser surface temperature with time for the system operated under the inlet water temperature of 24°C.
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Figure 19. The variation of the average evaporator surface temperature with time for the system operated under the inlet water temperature of 24°C.

system developed by Zhou et al. [33] were made of ordinary heat
pipes, and the evaporator was placed indoor next to the wall of the
data centre, while the condenser was placed outdoor. Compared
with the proposed system using the micro-channel flat loop heat
pipe as the evaporator and the condenser, the energy consumption
of the conventional heat pipe cooling system developed by Zhou
et al. [33] was found at 2.20 kWh, while the energy consumption

110 International Journal of Low-Carbon Technologies 2021, 16, 98-113

of the proposed system was calculated at 0.56 kWh by using
Eq. (15) [28] when both systems operated under the ambient
temperature of 26°C and operating period of 1.5 h. As to the
system COP, the conventional heat pipe system developed by
Zhou et al. [33] reached 1.54, while the proposed system was at
2.7. There was a 74.77% increase in the COP of the proposed
system. This increase can be explained from two aspects. First,
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Figure 20. The variation of the instantaneous heat transfer efficiency with time for the system operated under the inlet water temperature of 15°C.
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Figure 21. The variation of the instantaneous heat transfer efficiency with time for the system operated under the inlet water temperature of 18°C.
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Figure 22. The variation of the instantaneous heat transfer efficiency with time for the system operated under the inlet water temperature of 21°C.
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Figure 23. The variation of the instantaneous heat transfer efficiency with time for the system operated under the inlet water temperature of 24°C.
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Figure 25. The error between the experimental and simulation results.

the micro-channel flat loop heat pipe of the proposed system
contained micro-channels that increased the capillary pressure,
and the condenser was placed vertically in the outdoor module
that increased the gravity pressure, leading to increased driv-
ing force of the MCFLHP and eventually the increased vapour
pressure. Second, the design of the flat evaporator was based
on the IT equipment of the proposed system, which increased
the heat absorption area comparing with the round shape of the
conventional heat pipe.

W = Ppymp X t (15)

6. CONCLUSIONS

This paper presented the experimental and numerical investi-
gations of a novel micro-channel flat separated loop heat pipe
(MCSLHP) system for cooling in the data centres. It was con-
cluded that under the same operating conditions, the optimal
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Figure 26. Schematic of the heat pipe cooling system investigated by Zhou et al.
[33].

water inlet temperature was 15°C leading to the maximum aver-
age heat transfer efficiency of 79.94%. The average heat transfer
efficiency decreased with the increase in inlet water temperature.
The comparison between the test and simulation results meant
that the experiment and simulation results had a good agreement
and that the established model can predict the performance of the
system with good accuracy. In this case, the proposed MCSLHP
system can be potentially used to remove the heat generated from
the IT equipment in the rack, reduce the cooling load in the data
centre room and realize the energy savings in data centre.
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