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Abstract: High voltage direct current converters require efficient cooling of thyristors via heat sinks.
Currently, infrastructures use deionised water as a means of cooling the high voltage direct current
converters; however, recent research has shown that other fluids have potential to offer more efficient
cooling. Phase change dispersions are a new class of heat transfer fluids that employ the latent
heat of phase change, thus offering isothermal cooling during melting. For cooling applications,
the temperature increase during operation is thus lowered when using phase change dispersions
(compared to water) and consequently, the heat sink and thyristors surface temperatures are reduced.
In this investigation, a phase change dispersion with non-conductive components, high stability,
high capacity and low viscosity has been developed and tested. An experimental setup of a real size
heat sink has been installed and the heat transfer behaviour of both the formulated phase change
dispersion and water have been investigated and a comparison has been presented. Using water
as the heat transfer fluid, the temperature increase from inlet to outlet of the heat sink was 4 K
and with the formulated phase change dispersion (at the same mass flow rate and heat input) the
temperature increase was 2 K. The phase change dispersion caused a 50% reduction in the heat sink
surface temperature. Furthermore, the global heat transfer coefficients obtained for the phase change
dispersion were found to be independent of the heating input applied, unlike the trend found for
water, additionally, the global heat transfer coefficients were found to be similar to those obtained for
water at the same mass flow rates and reached a maximum value of 6100 W m? K~!. Despite this,
the pressure drops and viscosities obtained for the phase change dispersion were higher than for
water. Overall, the current investigation demonstrates the ability of using a phase change dispersion
as a cooling fluid for the cooling of electronic components, which thus far is limited to using air and
water cooling and cannot reach the cooling capacity achieved by phase change dispersions.

Keywords: phase change dispersion (PCD); heat transfer; cooling; heat sink; phase change

1. Introduction

For the generation of electricity from renewable sources, such as wind and photo-
voltaics, two technical topics need to be addressed: the time shifted production and the
consumption, which can be diurnal or seasonal [1]. This issue will be part of seasonal
storages, Power-to-X and multi energy grid scenarios. The availability of renewables in
secluded regions demands electrical energy to be transported over potentially thousands
of kilometres. Future, long-distance electrical grids will use high voltage direct current
(HVDC) transmission to minimise the energy losses as discussed by May et al. [2] and
Nguyen and Saha [3]. Nguyen and Saha discuss the benefits of using HVDC, particularly
at the power transfer level and as the interconnection length increases [3]. Usually, how-
ever, the production of renewable energies at remote locations, such as wind farms in the
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North Sea or in Northern China, is performed using alternating current (AC) and therefore
thyristors and high voltages are required for the alternating current/direct current ACDC
conversion [4]. On top of this, transformers are required for the high voltage, and the
working of thyristor devices leads to a high heat generation rate and if the heat cannot be
dissipated then the thyristor will accelerate ageing. As discussed by Bhandari et al. [5],
the thermal management of thyristors is of the essence.

Oftentimes the cooling of sensitive components in power electronics is performed
with air [6-8]; however, in cases that have higher heat loads to dissipate and smaller
sized geometries, the cooling is generally done by liquids [9]. The intrinsic compactness,
the reduced noise and the low power consumption has made liquid cooling the most
suitable solution in a large number of cases [10]. Sparrow et al. [11] extensively studied
the thermal management of electronic equipment using thermal fluids with cold plates.
The authors found that a proper design of a compact cold plate is achieved by solving the
combined problem of fluid flow, convective heat transfer and wall heat conduction [11].
The interaction of these three problems is solved in regards to the number of sequential
fins in a periodic structure showing the heat transfer benefits of a periodically deviated
flow [11]. The presence of fins and pore geometries, although beneficial for improving the
cooling performances, present the draw back of being difficult and costly to manufacture
(machining and brazing) and structural issues when the cold plate is clamped at high force
in an array [11,12].

New cooling fluids, with enhanced heat densities, have also been proposed, but they
might present difficulties on the design of a real implementation [12]. The Slatt-Buckley
500 kV line used a water/glycol mixture to cool the thyristor valves and the 500 kV line
used in Fengtun, Northeast China Grid Co. Ltd., used a pure water cooling system with
ethylene glycol mixed in to improve the cooling efficiency of the controller [13]. Whilst
deionised water offers good heat dissipation and electrical insulation, its cooling ability
relies on sensible heat storage, and thus large quantities of water are needed for effective
cooling. Recently, the direction of two-phase fluids using the liquid-vapour phase change
has been looked into for the cooling of electronics [14]. In the report by Darin et al. [14],
different thermal management fluids for use in electrical component cooling are compared.
Amongst the best are ethylene glycol, propylene glycol and water. Whilst water can exhibit
the best cooling ability, the evaporation and boiling of water can render it unviable for many
applications. An alternative class of heat transfer fluids, which have gained recent traction
in cooling systems and use phase change materials incorporated into a base fluid, exploit
the latent heat of phase change and thus offer high cooling capacities around a narrow
temperature range [15-18]. These fluids are called phase change slurries (or phase change
dispersions (PCD)) and to the author’s knowledge have not previously been used in the
cooling of HVDC components. Despite this, over recent years, PCD have been extensively
studied in terms of their heat transfer performance [19-22], rheological performance [23,24],
thermophysical properties [25,26].

In this work, an investigation will be performed into the heat transfer and rheolog-
ical performance of a PCD for application into the cooling of thyristor converter valves.
The temperature level of the system is determined by the re-cooling system and therefore
by the local climate conditions and in this experimental investigation, the application for
operation in Southern China has been chosen. In Southern China, the summers are warm,
and free cooling with ambient air, or with hybrid cooling systems, is performed at about
40 °C. The temperature level of the converter valves is approximately 10 K higher than this,
at approximately 50 °C. The aim of this paper is to propose a large increment of the heat
transfer in the cooling of a sensitive component of HVDC converters such as the thyristor,
by proposing a new cooling fluid that can be implemented without any structural change
of the cooling system. This cooling fluid consists of a PCD, which is discussed in [27].
In this investigation, the PCD’s heat transfer and rheological behaviour is compared to
water, which is the current industrial standard for cooling such components, at different
mass flow rates and electrical heating inputs.
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2. Technical Requirements
2.1. Phase Change Dispersion Requirements

Currently, deionised water is the standard in the cooling of HVDC thyristors, and for it
to be replaced with another HTF (e.g., PCD) the following requirements need to be fulfilled:

1.  The PCD needs to be stable against phase separation. Generally, this is achieved
through a good surfactant system and a small particle size.

2. The PCD needs to have a small degree of supercooling as the heat absorption within
the heat sink needs to be considered. The heat needs to be removed from the system by
the re-cooling system and supercooling would mean that the temperature difference
within the re-cooling unit would decrease and consequently so would the cooling
power. To reduce the degree of supercooling, nucleating agents need to be added to
the PCD. The PCD used in this investigation had nucleating agents added to it and
the supercooling degree was lowered to 2 K. For further details, see the discussion
in [27].

3. Since the HVDC system operates at 800 kV it is required that the PCD has a low
electrical conductivity of approximately 0.3 S cm ™!, this low electrical conductivity
needs to be continually maintained through deionising. The PCD therefore needs
to be compatible with ion exchange resins, meaning that there cannot be surface
wetting of the resin surface by the organic PCM dispersed phase. Furthermore, no
ionic surfactants and no electrically conductive PCM can be accepted.

4. From the PCD known in the literature, most use paraffin as the PCM dispersed
phase due to existing know-how of the interactions between paraffin and classical
surfactant systems. However, on the industrial-scale, paraffin show partial freezing
out, which forms thin layers of the PCM on the surface of heat exchangers and piping.
Additionally, removal, maintenance and cleaning of paraffin systems requires very
strong solvents at high temperatures. Therefore, it is necessary for the PCM to be
from another organic class other than paraffin. The PCD used in this investigation
has two fatty acid esters as the PCM, as described in [27].

5. PCD are known for their high specific heat capacities within the desired melting range.
In [28], it is shown that this may be up to a factor of two or three compared to water
at the same pressure drop.

6. The PCD needs to have a low pressure drop and low viscosity to ensure that it is
pumpable. However, low pressure drops (low viscosities) will make it technically
unfeasible to make a PCD that can last for years in such a system (small particle sizes
ensure greater stability, but also increases the viscosity). Therefore, a re-dispersing
step will need to be inserted. This re-dispersion will occur when the PCD is flowing
and ensure a small and narrow particle size is continuously achieved.

7.  The global heat transfer coefficients (/) for the PCD should be at least the same as
those for water under the same operational conditions.

The requirements 1-5 were discussed in the first paper of the series [27] and this paper
will focus on requirements 6 and 7; investigating the heat transfer behaviour and the
pressure drop of the PCD in comparison to water.

2.2. Standard HVDC Cooling System Requirements

Large varieties of HVDC systems exist worldwide and some general assumptions
need to be made for an experimental investigation. In this investigation, the authors have
defined specific requirements for a set of two heat sinks in series, which are shown in
Figure 1. Figure 1 shows a typical heat sink and thyristor stack with the inlet and outlet
of the cooling fluid highlighted. Whilst the schematic in Figure 1 shows a stack of heat
sinks and thyristors, for the experiments presented in this work, only one heat sink was
considered, with a calculated temperature increase of 3.94 K with water at standard flow-
rates, as shown in Table 1. In this investigation, different experimental conditions were
conducted by variation of the mass flow rate and electrical power inputs to cover the
desired total temperature range and the optimum range for the phase change of the PCM
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within the PCD. Table 1 shows the requirements in terms of typical operating conditions

for a standard thyristor cooling system.

1. Heatsink
2. Thyristor
3. Inlet

4, Outlet

Figure 1. Schematic of a typical thyristor and heat sink stack.

®

Table 1. Specifications for standard industrial high voltage direct current (HVDC) cooling system requirements.

Specification of Industrial Installation Unit Value
Inlet temperature of the cooling liquid into the heat sink °C 46
Specified outlet temperature of the cooling liquid from the entire converter valve °C 55.3
Temperature increase of water as HTF K 9.3
Definition of optimum temperature for the phase change °C 47.5-50
Considered flow rate of the cooling liquid water L min~! 8
Pressure drop of water (8 L min~!, 25 °C) mbar 390
Thyristor core temperature °C 90
Thyristor surface temperature °C 65
Heat sink surface temperature °C 62
Diameter of the heat exchange surface at the heat sink (cylindrical) m 0.134
Thyristor dimension inch 5

Heat transfer surface area (both sides together) m? 0.0282
Thyristor heat source W 1700-2200
Specific heat flux (for 2200 W, 1100 W from each side) W m—2 78,000
Mass of the heat sink kg 32
Temperature increase with 8 L min~! and 1100 W from each side (2.2 kW in total) K 3.94

3. Materials and Methods
3.1. Phase Change Dispersion

The PCD used in this investigation is made from a 50:50 ratio of two fatty acid esters,
Crodatherm-47 and Crodatherm-53, as the phase change material (PCM), dispersed into
deionised water. The PCM mixture is stabilised in the water with the aid of ethoxylated fatty
alcohols as emulsifiers. The formulation details and choosing of appropriate surfactants
can be found in [27]. The measured thermophysical properties can be observed in Table 2.

Table 2. Thermophysical properties of the phase change material (PCM), water and the phase change dispersion (PCD)

used in this investigation from [27].

Property and Conditions Symbol Unit PCM Water PCD
Specific heat capacity @ 25 °C cp kg 1K! 1.17 4.185 3.69
Specific heat capacity @ 60 °C cp kg T K! 2.2 4.183 3.78
Density @ 25 °C o kgm™3 902 997 988
Density @ 60 °C 0 kgm™3 830 983 980
Phase change enthalpy during melting AH K kg! 202 333 34
Thermal conductivity @ 25 °C A Wm-1K! 0.231 0.608 0.529
Thermal conductivity @ 60 °C A Wm K 0.206 0.651 0.561
Viscosity at 100 1/s and @ 25 °C U mPa s - 0.89 4.2
Viscosity at 100 1/s and @ 60 °C U mPas - 0.47 2.1
Thermal diffusivity @ 25 °C a m?s~1 1.50 x 10 =7 1.46 x 10 =7 1.50 x 10 =7
Thermal diffusivity @ 60 °C a m?s71 1.10 x 10 7 1.58 x 10 =7 1.50 x 10 =7
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3.2. Heat Sink Design

The investigated heat sink was produced from the company Mersen and an explosion
model of the heat sink and heating blocks used as the measuring section in this investigation
can be seen in Figure 2a, and a photograph can be seen in Figure 2b. Internally, the heat
sink has a corrugated fin structure and the technical and geometrical data of the heat sink
can be seen in Table 3, which shows the technical and geometrical data for the heat sink
used in this experimental investigation.

Figure 2. (a) An explosion view of the heat sink and heating blocks used in this investigation and
(b) a photograph of the heat sink and heating blocks used in the experimental investigation.

Table 3. Technical and geometric data for the heat sink used in this experimental investigation.

Material of the Heat Sink AlMgSiOs
Thermal conductivity of the heat sink material (1) 185 Wm~—1 K1
Electrical conductivity of the heat sink material ((2) 28.6 x 6Sm 1
Web thickness 2.65 mm
Channel width 3.6 mm
Angle of the webs to the side 75
Angle of the webs with respect to each other 30
Channel height of the centre side 1.6 mm
Channel height of the surface side 2.4 mm
Length of the cooling field (inlet to outlet) 118 mm
Width of the cooling field 130 mm
Porosity 0.576
Free cross sectional area 299.5 mm?

3.3. Experimental Setup
3.3.1. Test-Rig

To measure the heat transfer characteristics within the heat sink, electrical heating
of the surface has been chosen. Figure 3 shows the schematic of the experimental setup.
Figure 3 highlights the relative components used in this experimental investigation for
measuring the heat transfer characteristics of the PCD cooling the converter valve and
the necessary components to ensure the fluid is not electrically conductive (deionisation)
and kept stable (re-dispersing unit). The overall goal of this project is to reduce the
temperature within the thyristor. The specifications of the measuring section used in
this investigation (the thyristor), including the geometrical data, are illustrated in Table 4.
Therefore, temperature profiles close to the heat sink surface were measured within the
heating block. A drawing of the heat sink with the two electrical heating blocks, including
the framework, is shown in Figure 2. The heating blocks are made from copper. Electric
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heating cartridges (6 on each side) were installed to obtain the boundary condition of
constant heat flux, similar to the real situation of a thyristor. One of the two blocks
is equipped with 4 temperature sensors, PT100 to measure the temperature at 2.5 mm
distance to the surface of the heat sink. The heat sink and heating block are attached
by a strong framework and bolts are used. The clamping force was secured by a torque
wrench and was 150 kN. The whole measuring section is thermally insulated with PIR
shells (Swisspor) and with a thermal conductivity of 0.027 W m~! K~! at 273 K. The heat
losses at conditions of 50 °C were determined by energy balances to be lower than 20 W. All
12 heating cartridges are powered in parallel by one single-phase thyristor power controller,
which allows a precise regulation of the heat input to copper blocks. An impeller pump
(Zuwa, Type NIROSTAR/V 2000-B/PT) with a frequency converter as well as a bypass
valve enables the fine control of the mass flow rate. The filter has a mesh size of 200 micron.
The deionisation unit was filled with the resin Amberjet UP 6150 from Rohm and Haas.

Deionisation

Filter Pel Pe
Converter é @ é Y Y Y T

Redispersing unit

Re-cooling unit

Pump

Bypass valve i

Zobe 8o 8 ok B

Throttle valve

1@ ®_9

©

X @ b ®
(8) FC
g e o glo

Figure 3. Flow sheet and instrumentation diagram of the experimental test setup used in the investi-

gation.

Table 4. Specifications of the measuring section (heating block as shown in the picture in Figure 4)
used in the experimental investigation.

Block material Copper EN CWO004A

Thermal conductivity @ 50 (A) 390 Wm 1K!

Diameter of the heat transfer area (d) 135 mm

Thickness of the block (e) 65 mm

Number of heating cartridges 6 per side (12 in total)

Dimensions of heating cartridges x=10mm L =40 mm, 230 V
Maximum heating power (P ;4x) 250 W per cartridge, 1.5 kW per side, 3 kW in total

Temperature sensor position from inlet (1/L) 0 =inlet, 0.07, 0.36, 0.64, 0.93 and 1 = outlet
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Figure 4. Comparing the temperatures of the PCD and water for an electrical heating input of 2.2 kW
and at three different mass flow rates (4, 6 and 8 kg min~!) as a function of the dimensionless position
for (a) the wall temperatures and (b) the bulk fluid inlet and outlet temperatures.

3.3.2. Sensors and Data Acquisition

Detailed information of the used sensors are summarised in Table 5 and a schematic
of the placement of the temperature sensors is illustrated in Figure 5. The fluid (T101
and T102) and wall temperatures (1103, T104, T105 and T106) were measured with PT100
four-wire sensors. The four wires are directly attached to the sensor and thus prevent any
measurement error due to temperature variations. The mass flow of the pumped fluid was
measured with a Coriolis flow meter (Type Promass F 83). The electrical heating power
input was measured with thyristor power controller JUMO,Type TYA-201). Temperatures,
pressures and mass flow rate were recorded by NI 9216, module. The electrical power
input was captured by the proprietary software of the power controller.

Table 5. Specifications and details of all the sensors used in the experimental investigation.

Equipment Manufacturer Type Range Uncertainty
Fluid temperature sensor (T101, T102) Roth + Co AG PT100 1/3 DIN —50—+200 °C +0.03°C
Wall temperature sensor (T103, T104, T105 and T106) Roth + Co AG PT1001/3 DIN —50-+200 °C +0.03 °C
Differential pressure (Ap) Endress + Hauser Deltabar S PMD75 0-40 bar 40.0025 bar
Coriolis flowmeter (F101) Endress + Hauser Promass F 83, Type 4x 0-6500 kg h! +9.0kgh!
Electrical power (P,) Jumo GmbH TYA 201 0-4 kW +0.02 kW
Data acquisition National instruments NI 9126 Sampling rate: 1 Hz 14 bit precision
(a) (b)
= S0 PCD 4 kg min” :
—— g min- - .
~=- PCD 6 kg min’! 58 = PCD 6 kg min’ Et’l": ;resnl';\framres |
65/ ~* PCD8kgmin® ~#-PCD 8 kgmin’! ’
-o- Water 4 kg min"’ 56 -o- water 4 kg min 1
- Water 6 kg min’' - Water Fluid 6 kg min™!
G 6or Water 8 kg min’’ G sdr Water Fluid 8 kg min”' 1
(35 G = 52} 4
e ¢ P
5] @ et i
g £ 48}
Q @
= S0 T aep
44
45
Wall Temperatures a2k J
Pel = 1.5 kW
40 : : : 40l : ‘ ‘ : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1:

Paosition, I/L (-) Position, I/L (-)

Figure 5. Comparing the temperatures of the PCD and water for an electrical heating input of 1.5 kW
and at three different mass flow rates (4, 6 and 8 kg min~!) as a function of the dimensionless position
for (a) the wall temperatures and (b) the bulk fluid inlet and outlet temperatures.
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3.3.3. Quantities of Interest

The temperature difference between the inlet, T101 and the outlet, T102 allow for
measurements with water to validate the energy balance of the system, to calculate the
heat losses, and allow for the comparison of temperature increase along the flow when
using PCD and water. The heat losses are calculated according to:

Qlosses = Lel — mcp<Tout - Tin) (1)

The temperatures T103, T104, T105 and T106 represent the wall temperatures within
the heating block in the direction of the flow through the heat sink. The six heating
cartridges and the high thermal conductivity of the copper ensured a good temperature
distribution throughout the heat sink. The HTF (either water or PCD) has high radial
mixing within the heat sink due to the corrugated arrangement of the webs, which act as
thermal fins. To understand the temperature difference between the position of the sensors,
T103 to T106 and the interface, an assumption of equal heat flux is helpful. For example,
at a heating power of 1.1 kW (on each side), with an interface surface area of 0.0141 m~2,
the specific heat flux is, 4 = 78,000 W m 2. The temperature difference, AT, between the
measured position (T103 to T106) and to the interface on the heating block side T can be
calculated according to Equation (2):

' h
AT = Tr103/T104/T105/T106 — Is = a5 2

where s =24 mm, A = 390 W m~! K~1. This results in AT being 0.5 K, which is small
enough that it is possible to detect the influence of position on temperature if there is one.

The heat flux depends on the driving temperature difference between the heat sink
(centre) and the heat source (surface). It is defined as:

O = hAAT,, 6)
where AT is calculated according to:
AT, — AT,
ATy = ATy, = ———L )
Inz+
AT,

where AT, is the temperature difference between the heat sink and heating block surface at
the inlet and AT is the temperature difference between the heat sink and heating block
surface at the outlet.

The thermal resistances were also calculated with varying mass flow rates and heating
power inputs. The thermal resistance, Ry, is defined as:

ATy, 1

Ry

Finally, for analysing the rheological behaviour of the PCD in the geometry, the pres-
sure drop was calculated according to:

Ap = pin — Pout (6)

3.3.4. Experimental Procedure

All measurements are recorded at steady state conditions. To ensure the validity of
PCD measurements, and for comparison, the setup was first tested with water at different
mass flow rates and electrical power inputs. After that, the PCD measurements were
conducted under the same conditions. For all experiments, the inlet temperature to the
measurement section was kept around T101 = 46 °C, which is slightly below the point
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where the PCM starts to melt. Each measurement is the average of 100 samples recorded at
1 Hz after steady state operation was reached.

4. Results and Discussion
4.1. Heat Losses

Since all experiments were performed at 50 °C, the heat losses at 50 °C were calculated
to be less than 20 W according to Equation (3).

4.2. Heat Transfer Performance

Figures 4 and 5 show the temperature versus dimensionless position for the wall tem-
peratures (T, = T103, T104, T105 and T106) (Figures 4a and 5a) and the bulk temperatures
(T, =T101 and T102) (Figures 4b and 5b) for water and the PCD with a heating input of
1.5 and 2.2 kW and mass flow rates of 4, 6 and 8 kg min~—!. From Figures 4 and 5 it is
evident that the temperature distribution along the heating block was the same for water
and for the PCD. In Figure 4, where an electrical heat input of 2.2 kW was used, the bulk
fluid outlet temperatures were higher for both the PCD and water than in Figure 5, where a
heating input of 1.5 kW was used. Furthermore, from Figures 4 and 5, it is evident that for
both the PCD and for water, at both electrical heating inputs, that a higher mass flow rate
resulted in a lower bulk outlet temperature than when a lower mass flow rate was used.

When comparing the temperature profiles between water and PCD it is obvious to see
that in all cases the temperature difference between the bulk inlet and outlet temperatures
for PCD is more than 50% less than for water. For example, in Figure 4b, at 4 kg min~?,
the temperature difference from the inlet to the outlet for water is over 8 K, but for the
PCD it is approximately 2 K. This is because of the larger storage capacity of the PCD
than water. The storage capacity or the apparent heat capacity (¢,) can be calculated in
accordance with:

Cp = AT (7)

The apparent heat capacity for each experiment for the PCD can be seen in Figure 6.

The apparent heat capacity increases with the increasing degree of melting that occurred

in the PCD, and therefore as discussed by Fischer et al. [28] it can be used to qualitatively

distinguish how much melting occurred under different operational parameters. As the

apparent specific heat capacity of water is 4200, in all cases the apparent specific heat is
higher for the PCD, but it is twice the value at 4 kg min~! at both electrical heat inputs.

12000

m22kW m1.5kW

—~

. 10000

-1 K1

8000

Apparent heat capacity, ¢ p, (J kg

6000

4000

N
o
o
o

4 6 8
Mass flow rate, m, (kg min-)

Figure 6. The calculated apparent heat capacities of the PCD at the three different mass flow rates (4,
6 and 8 kg min~!) and the two heating inputs (2.2 and 1.5 kW).
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The global heat transfer coefficients, &, according to Equation (3) are illustrated in
Figure 7a for both water and the PCD at 1.5 and 2.2 kW for the three different mass flow
rates (4, 6 and 8). Firstly, it is evident to see that the evolution of & with the mass flow rate
is the same for water and for the PCD; and that is that / increases with an increase in the
mass flow rate. The rate of this increase is different, however, for both the PCD and for
water with the PCD showing a higher rate of increase with an increase in mass flow rate
than water. Interestingly, the global heat transfer coefficient for water appears to be heavily
dependent on the electrical heat input, with a larger electrical heat input resulting in a
lower h, but for PCD the values of h are almost identical for both 1.5 and 2.2 kW heat inputs.
The global heat transfer coefficients for the PCD for both heat inputs are approximately the
same as water at 1.5 kW reaching a maximum of approximately 6000 W m~2 K~1.

The thermal resistances, as calculated using Equation (5), for both water and PCD at
1.5 and 2.2 kW for the three different mass flow rates (4, 6 and 8) can be seen in Figure 7b.
For both water and the PCD, the thermal resistance decreases with an increase in the mass
flow rate. As with the global heat transfer coefficient, the thermal resistances for water
shows a dependence on the electrical heating input, with a higher electrical heating input
(2.2 kW) showing larger thermal resistances. This is not the case for the PCD. Furthermore,
as with &, the thermal resistances for the PCD are approximately the same value as for
water at a heating input of 1.5 kW for all mass flow rates.
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Figure 7. (a) The global heat transfer coefficients for water and the PCD against the mass flow rate,
calculated with Equation (5) for electrical heating inputs of 1.5 and 2.2 kW, (b) the thermal resistances
for water and the PCD against the mass flow rate as calculated by Equation (8) for electrical heating
inputs of 1.5 and 2.2 kW.

4.3. Pressure Drop

The aforementioned positive results obtained for the PCD, reduced temperature
increases and higher heat transfer coefficients and lower thermal resistances, need to be
evaluated against the potential increase of the pressure drop. The pressure drop depends
on the geometry of the structure and the effective viscosity of the fluid used. From Table 2,
the viscosity of the PCD is five times higher than for water when the PCM within the PCD
is fully crystallised and 4.4 times higher when fully melted. Figure 8 shows the pressure
drop measurements for water and for the PCD. From Figure 8, it is evident that the pressure
drop is higher for the PCD than for water at all mass flow rates, which becomes more
noticeable at higher mass flow rates.
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Figure 8. The pressure drop versus mass flow rate for the investigated PCD at 50 °C, and for water
at 40 and 60 °C.

5. Conclusions

Overall, the test setup was deemed appropriate for testing and evaluating the effects
of PCD in thyristor cooling. This was demonstrated through validation and comparison
with water testing using energy balances. The results highlight that the use of the PCD in
the system reduced the temperature increase in comparison to water by 50%. This was
found to be due to the increased apparent heat capacity of the phase change dispersion
compared to water, as at certain mass flow rates it reached almost twice that of water.
Additionally, global heat transfer coefficients of up to 6100 W m~2 K1, were achieved for
mass flow rates of 8 kg min~!. Furthermore, it is interesting to note that the global heat
transfer coefficients were the same, or higher than water at the same mass flow rates and
electrical heating input. Additionally, it was found that the global heat transfer coefficients
of water were dependent on the electrical heat input applied at the wall, but this was not
the case for the phase change dispersion, which appeared to be independent of the wall
electrical heat input. However, due to an increased viscosity of the PCD compared to water,
higher pressure drops were found for the PCD than for water. This higher viscosity of
the PCD could possibly lead to excessive heating of the HVDC thyristor, due to higher
pumping power requirements. Additionally, further investigation should be carried out in
determining whether the PCD is Newtonian or non-Newtonian. Whilst still at the initial
testing phase, it is acknowledged that future testing would involve verification of stress-
testing and longer term cycling to demonstrate the feasibility of introducing PCD into
HVDC cooling technologies. Furthermore, numerical testing is ongoing to obtain models of
pressure drop and rheology of the PCD in the system. Overall, the investigation highlights
the application of cooling of electrical components with phase change dispersions in a real
application, which to the author’s knowledge has not previously been done.
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Abbreviations

The following abbreviations are used in this manuscript:

HVDC High Voltage Direct Current

AC Alternating Current

HV High Voltage

MOSFET  Metal Oxide Semiconductor Field Effect Transistor
IGBT Insulated-gate Bipolar Transistor

CFD Computational fluid dynamics

DC Direct Current

HTF Heat transfer fluid

PVDF Polyvinylidene fluoride

PTFE Polytetrafluoroethylene

PCD Phase Change Dispersion

PCM Phase Change Material

PCM Phase Change Material

PCD Phase Change Dispersion

Total Total

Water Water

Melting Melting

el Electrical

max Maximum

losses Losses

in Inlet

out Outlet

PCM Phase Change Material

wall Wall

bulk Bulk

calc Calculated

exp Experimentally obtained

a Temperature difference at the inlet between heat sink and source
b Temperature difference at the outlet between heat sink and source

Mass flow rate (kg s~

Heat flux (W m~2)

Heat transfer rate (W)
Electrical conductivity (S m1)
Density (kg m~3)

h Global heat transfer coefficient (W m~2 K1)
cp Specific heat capacity (J kg~! K™1)
a Thermal diffusvitiy (m~2)

m Mass (g)

d Diameter (m)

P Heat input (W)

L Length (m)

e Thickness (m)

X Height (m)

R, Thermal resistance (K W—1)

A Area (m?)

1

19

Q

Q

0
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A Thermal conductivity (W m- 1K1
U Viscosity (Pa s)

AT Temperature difference (K)

Ap Pressure drop (Pa)

AH Phase change enthalpy (k] kg—1)

P Mass content (-)
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