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Abstract
We present a new configuration of concentric annular heat pipe (CAHP). A CAHP consists of two
concentric tubes, with the smaller diameter tube positioned inside the larger one so that an annular
space is created by sealing the ends whilst the inner space of the smaller tube is open to the
surroundings. Evaporation and condensation take place along the length of the annular space.
Unique to our CAHP design, the entire inner space of the central tube was designated as the
condenser where wet ceramic slurries were to be conveyed through for moisture reduction. A 515
mm-long stainless steel CAHP was constructed for the present study with 76.2 and 38.1 mm outer
and inner tube diameters, respectively. A screen wick was attached only to the inner wall of the
outer tube. Several experimental parameters were investigated for their effects on axial
temperature profile and thermal resistance: 11 to 43% filling ratios (a measure of fluid inventory
inside the annular space), 0 to 90 angular orientations and 272 to 302 W heat inputs. An 11% filling
ratio was found to be optimum, giving sufficient fluid inventory for wick saturation and compatible
with all orientations and heat inputs. For the 11% filling ratio, vapour temperature differentials
between heat pipe extremities were 0.4 to 1.3 K, showing an excellent isothermal condition. Global
thermal resistances were calculated to be 0.08 – 0.31 K/W. As the wet loads were conveyed through
the inner tube, vapour was condensed all along the outside surface of the inner tube, releasing
thermal energy to the loads through radial heat transfer. The moisture content of the ceramic
slurries was reduced from 33 wt. % to 21 wt. %, at the highest CAHP heat input of 302 W within 35
seconds residence time, demonstrating the promising potential of the CAHP as an efficient moisture
removal technology.
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Nomenclature/Abbreviations
CAHP
CHP
PPI
Tevp
Tcon

Concentric annular heat pipe
Conventional heat pipe
Pores per inch
Average temperature on the evaporator wall (°C)
Average temperature on the condenser wall (°C)

1 Introduction
The heat pipe is a passive heat transfer device with a very high thermal conductance, which is similar
to a thermosyphon in some respects. In a thermosyphon (Figure 1(a)), a small quantity of working
fluid (e.g. water) is inserted in a tube. Air is then evacuated, and the tube is sealed. The bottom end
of the tube is heated (the “evaporator”), resulting in the liquid to vaporise and the vapour to move
to the top end of the tube, where it is then condensed (the “condenser”). The condensate is then
returned via gravity to the bottom end and the evaporation/condensation cycle is repeated as long
as heat is applied. Because the latent heat of evaporation is large (e.g. water = 2260 kJ/kg at
standard pressure (Datt, 2011)), a huge amount of heat can be transported with a very small
temperature difference between the either ends of the tube i.e. a very high thermal conductance.
However, a limitation for the thermosyphon is that gravity is required for the return of the
condensate to the evaporator, therefore the evaporator must be located at the lowest point of the
tube. A heat pipe differs from a thermosyphon by the inclusion of a wick (e.g. a few layers of fine
gauze) which is fixed on the inside surface of the tube and saturated with the working fluid. This
develops the capillary forces necessary to carry the condensate back to the evaporator. This also
means that the evaporator is less sensitive to orientation, unlike in a thermosyphon. Figure 1(b)
shows that the evaporator is placed at the top end of the tube so that the condensate is returned
against gravity to the evaporator via capillary forces in the wick (Reay, 2006). The vacuum condition
inside the tube enables the working fluid to boil and take up latent heat at well below its boiling
point at atmospheric pressure. For instance, water will boil at just above 0°C under vacuum and start
to effectively transfer latent heat at this temperature (Thermacore, 2017). One of the prime
advantages for thermosyphons and heat pipes is that they operate passively i.e. no external fluid
pumping power is required. Temperature differences between heat source and sink provide the
driving forces for the fluid flow inside them (Ku, 2015).
Conventional heat pipes (CHP) offer excellent effective thermal conductivities of the order of 5000200000 W/mK compared to 250-1500 W/mK for other solid materials such as graphite, copper,
diamond, solid aluminum (Thermacore, 2017). Heat pipes have been applied in many demanding
applications such as cooling of electronic chips and thermal control of spacecraft instrument etc.
(Jouhara et al., 2017). However, the integrated heat pipe concept termed the concentric annular
heat pipe (CAHP), where the cross section of the vapour space becomes annular to accommodate
for example, reactors in the central tube for chemical processes is limited (McDonough et al., 2016).
This is mostly likely because the use of jackets allowing recirculation of heat transfer fluids for heat
input/removal and for temperature control is very well established in such applications and is
perceived to be relatively maintenance free with the added flexibility of varying the rate of heat
transfer easily. However, the additional pumping power involved in operating such recirculation
jacket is often ignored. Replacing such established technologies with a novel concept such as the
CAHP requires detailed characterization and understanding of the annular design so that the
advantages of the heat pipe can be fully explored. Design parameters affecting the performance of
annular heat pipe include type and quantity of working fluid, wick structure, material etc. The design
comparison between CHP and CAHP is shown in Figure 2 below.

Figure 1. The general operating principles of (a) thermosyphon and (b) heat pipe, which is based on
the evaporation/condensation cycle (Reay, 2006).

A CAHP consists of two concentric tubes, with the smaller diameter tube positioned inside the larger
one so that an annular space is created by sealing the ends. Usually, wicks are attached on both the
inner surface of the outer tube as well as on the outer surface of the inner tube, to aid condensate
return. The space inside the inner tube is exposed to the surroundings. According to Faghri and
Thomas (1989), an increase in performance compared to a CHP is expected as a result of the
increase in surface area exposure for heat transfer. Compared to the CHP, for a similar outer tube
diameter, the CAHP has more surface available for radial heat flux, which results in a large increase
in heat transport capacity (Figure 3). To date, only a limited number of studies have investigated the
CAHP in a great detail. Faghri and Thomas (1989) studied a CAHP and compared the thermal
performance of copper/water (shell material/working fluid) CAHP and CHP of a similar outer tube
diameter. Their CAHP was superior to their CHP as the stable operating limit for the former was 1300
W, compared to 700 W for the latter, before the onset of dry-out. Dry-out in heat pipes occurs when
the wick can no longer supply liquid to the evaporator section at a rate equal to the rate of
evaporation in that section, indicating that the capillary limit in that section has been reached. As
more heat is supplied, the evaporator temperature increases dramatically until it is no longer safe to
operate the heat pipe. For the CAHP, the two layers of wick on the internal walls provide twice as
much wick cross-sectional area for pumping of condensate compared to a CHP, thereby the capillary
limit is expected to increase significantly. Boo and Park (2005) later studied the effects of the CAHP
outer tube to inner tube ratio (2.31 to 4.23) and working fluid filling charge ratio (20 to 100%) on the
isothermal characteristics and transient thermal response. At best, the axial temperature difference
was only about 1 K compared to 6 K for a copper block of the same outer dimension. No time lag
was observed in the temperature response between the heat source and CAHP, whereas there was a
25 minutes lag for the copper block. They concluded that in general, increasing outer to inner
diameter ratio resulted in better thermal performance, but the effect of fill ratio was more
prominent than the diameter ratio. Most recently, Vijra and Singh (2015) studied a stainless

steel/water CAHP under various conditions of heat input (50 to 300 W) and angle of orientation (0°,
45° and 90° against horizontal). Their best operating conditions resulted in a 3 K minimum
temperature difference between the evaporator and condenser.
Working fluid filling ratio is an important parameter to be optimised for any heat pipe. This is
because heat pipes are usually kept under vacuum and welded in after filling a certain amount of
working fluid inventory. It is not possible to change the amount after these processes unless a valve
is fitted, which is only practical for test heat pipes. The fluid could be underfilled or overfilled. For
example, at low heat inputs, a small amount of fluid will be sufficient to fully wet the wick as the rate
of evaporation is slow. At higher heat inputs, the similar amount of fluid will not be able to fully wet
the wick as the rate of evaporation is overpowering, which means the pipe is underfilled. At this
condition, the heat transfer will be conduction dominant, and resistance will be high. As the amount
of working fluid is increased, better performance will be obtained for the higher heat input cases
and the heat transfer limit of the heat pipe is increased. However, an excess of fluid inventory or
overfill will flood the evaporator and hinders the function of the heat pipe. This is why for a range of
operational heat inputs, an optimum amount of fluid inventory must be found (Mahdavi et al., 2018).
Table 1 lists the studies described and their respective CAHP design configurations. There have also
been other works which utilised the CAHP for chemical reaction thermal control such as Parent et al.
(1983), Richardson et al. (1988) and McDonough et al. (2016) but these studies focused on the
application of the CAHP instead of detailed characterisation of the device.

Figure 2. General configuration of concentric annular heat pipe (CAHP) compared to the
conventional heat pipe (CHP). Insert figure on the right shows surface configurations for the CAHP.
Refer Figure 4 for further information on the CAHP configurations.

Figure 3. The difference in configuration for the CAHP (top) and the CHP (bottom), showing the heat
transfer direction (red arrow: heat input and blue arrow: heat output). Notice the larger surface for
heat transfer for the CAHP compared to the CHP.

It is apparent that there are many gaps in CAHP research that can be addressed. Due to the presence
of the centre space of the inner tube, many configurations can arise. For example, in the work of Boo
and Park (2005), the entire axial length of the centre space was designated as the evaporator for the
heating of drum or roll in laser printers or copy machines, where an isothermal heating, as well as
rapid response was desired (Figure 4(a)). In the work of Faghri and Thomas (1989), only a part of the
pipe length was designated as the evaporator, and it was heated from both surfaces (Figure 4(b)),
whereas in the work of Vijra and Singh (2015), using a similar configuration, heat input was located
only on the surface of the outer tube (Figure 4(c)). From these configurations, it is apparent that the
performance of the CAHP configuration with regard to the evaporator/adiabatic/condenser
specification is not as predictable or straight forward compared to conventional heat pipes due to
the presence of the centre space and hence, the extra heat transfer interface.
Wet ceramic slurry is currently dried in energy-intensive spray dryers typically operating in batch
mode to remove water from above 35% to below 10% (Euroatomizado, 2016). Therefore, an
alternative, highly energy efficient continuous drying technology, which could provide similar
requirements in the context of a continuously operated ceramic processing application, is of great
interest. In the present work, a new CAHP was designed for the drying of wet ceramic slurry,
conveyed through the centre space via a rotating screw, so that the entire centre space was
designated as the condenser (Figure 4(d)). Due to this configuration, it was decided not to place the
wick on the outer surface of the inner tube, in contrast to the practice described in the other studies,
to reduce the resistance imposed on the radial heat transfer from the vapour space to the wet
material. The design overview of the device is shown in Figure 5 with the test rig is shown in Figure 6.
The CAHP was wrapped with insulation material to prevent heat loss to the environment. A number
of thermocouples placed in the vapor space, central spaces and wall surface are shown in Figure 8

below. The objectives for the present work therefore, are to design the CAHP based on the
established CAHP studies and to characterise and analyse its heat transfer performance in order to
provide the ideal conditions for the continuous drying of the ceramic slurry. Three design factors
were investigated: heat pipe orientation (against horizontal), working fluid filling ratio and heat input
at
the
evaporator.

Table 1. Selected studies carried out the concentric annular heat pipe characterisation and their main design specifications.

Publication
Faghri and
Thomas (1989)

Boo and Park
(2005)

Vijra and Singh
(2015)

Present work

Shell
material/working
fluid
Copper/water

Copper/water

Stainless steel
SS302/water

Stainless steel
SS316/water

CAHP
length

Outer tube
diameter

Inner tube
diameter

mm

mm

mm

973

50

29.7

200

900

515

25.4

53

76.2

11
8
6

15.9

38.1

Ratio of
outer/inner
tube
diameter
1.68

2.31
3.18
4.23

3.33

2.00

Heat input
Wick structure
Watt


Axial groove wick.




Double layers.
Stainless steel screen wick
with mesh bridges in
between mesh on the
internal walls.
80 pores per inch.
Single layer.
Stainless steel screen wick
SS302.
Double layers.
Stainless steel screen wick.
200 pores per inch.
No wick placed on the outer
surface of the inner tube.









400 – 1300

30 – 180

50 – 300

272 – 302

Figure 4. The CAHP evaporator/adiabatic/condenser configurations for (a) Boo and Park (2005), (b) Faghri and Thomas (1989), (c) Vijra and Singh (2015) and
(d) the CAHP designed in present work, with wick on the outer surface of the inner tube for liquid return to the evaporator.

Figure 5. The CAHP developed in present work was designed for the drying of ceramic slurry through
the centre space, displaced axially via a screw conveyor. Detailed specifications can be found in
Figure 7 and Figure 8.

Figure 6. The CAHP rig with all ancillary equipment attached.

2 Material and Methods
2.1 Design of the concentric annular heat pipe
The outer tube of the CAHP was specified as 76.2 mm and the inner tube as 38.1 mm (outer/inner
tube ratio = 2.0). The size of the tested CAHP was chosen for a laboratory-scale device which
enables to continuous operation at mass flow rate of up to 20g/s, the chosen throughput in this
project. This size is used for characterization to fully understand the effects of individual
components in the design and their interactions and for drying tests. In addition, the size of the
outer tube was chosen due to the required ease of access to insert the wick along the inner surface
of the outer tube. Figure 7 shows the cross-sectional view of the CAHP. The material of construction
was 316-grade stainless steel. It was welded with end plates to create a vacuum-tight container. It
contained a pre-defined amount of water as the working fluid, based on filling ratio. A hydraulic
pressure test had rated the vessel to be 40-bar proof (carried out in Thermacore, Ashington), which

conformed to the recommended rating of 2.5x maximum saturated vapour pressure (for 200°C
maximum heat pipe operation, 2.5*16 bar = 40 bar). Prior to the welding of the container parts, a
pre-cleaned and deoxidised stainless steel screen mesh (200 mesh size i.e. 200 pores per linear inch,
double layers) was spot-welded to the inner wall of the outer tube to function as capillary wick. Spot
welding ensured a close contact with the wall, thereby maximizing thermal conductivity and
minimizing local hot spots (Nouri-Borujerdi and Layeghi, 2005). A degassing valve was welded to the
outside of the outer tube to facilitate working fluid injection as well as to evacuate air via a pump to
create a vacuum environment within the vessel. Deionized water was used as the working fluid due
to its ease of handling, proven operating temperature range of 1 to 325°C and compatibility with
stainless steel 316 (Thermacore, 2017). A glass fibre heating tape (Electrothermal HT9, 244 cm
length) was wrapped around the outer tube to create an evaporator section of 345 mm in length
and the remaining length from 345 to 515 mm was designated as the adiabatic section (Figure 8).
The entire length of the centre space was designated as the condenser. Type-K thermocouples (TC
Direct, 1.5 mm diameter, accuracy ±0.75%) were placed along the axial length of the outer tube wall,
inside the annular vapour space and the centre space. Temperature was continuously recorded
using a data logger (Picolog TC-08, accuracy ±0.5°C or ±0.2%, 1 second interval) and stored in a
computer. The locations of thermocouples, relative to the evaporator end plate are shown in Figure
8. To minimize heat loss to the environment, a three-layer fibreglass insulation (Fortaglas GW304,
borosilicate E glass, 3mm thickness, specific thermal resistance 20 m.K/W) was wrapped around the
entire outer tube.

Figure 7. A cross-sectional view of the CAHP, showing the important dimensions.

Figure 8. A profile view of the CAHP, showing the important dimensions and configurations. All axial
thermocouple locations (in vapour/centre spaces or wall surface) are relative to the evaporator end
plate (0 mm).

2.2 Start-up procedure
The start-up of the CAHP involved injecting a pre-determined amount of water as the working fluid
by a syringe, through the degassing valve, depending on the chosen filling ratio. The air in the
annular space was drawn by a vacuum pump (KNF Neuberger VP Series, pressure rated as 0.3 bar) to
create a vacuum environment and the valve was close shut. Subsequently, the heat input was
adjusted by a controller (Ascon Technologic K39) until a steady state temperature was reached.
Temperature data were logged continuously throughout the experimental runs.
It is important to note that for the characterisation experiments, the centre space at the inner heat
pipe had natural convection heat transfer. For the drying application, the centre space was filled
with ceramic slurries, conveyed by a screw conveyor. In both cases, the entry of air and slurries were
at room temperature and pressure (approx. 20°C and 1 atm). The ceramic slurries entered with 33
wt. % moisture content (average), conveyed by a screw conveyor rotating at 5 – 40 rpm. The data for
the ceramic slurries drying by using the CAHP have been published in Mustaffar et al. (2018).

2.3 Definition of filling ratio and thermal resistance
Filling ratio describes the volume of working fluid present in a heat pipe per available unit volume of
the evaporator, defined in Equation 1. The evaporator volume for the CAHP was calculated as 1047
ml (345 mm of 515 total pipe length). Based on previous studies (Barua et al., 2013, Mozumder et al.,
2012), the filling ratio was recommended to be approx. 30%. Based on a study by Mahdavi et al.
(2018), an optimum ratio was 10%. Using these values as guidelines, three filling ratios were tested:
11% (110 ml), 27% (280 ml) and 43% (450 ml).
Equation 1

Global heat pipe thermal resistance is defined as the overall heat pipe temperature difference at a
given design power. Despite the unique configuration of the CAHP designed in present work,
thermal resistance is still defined as per convention in Equation 2 (Reay, 2006) i.e. based on the axial
length of heat pipe wall. This enables comparison with other works. In general, heat pipe thermal
resistance takes into account the resistances due to conduction through the wall and wick,
evaporation or boiling, axial vapour flow, condensation and conduction losses through the
condenser wick and wall (Garner, 1996). Heat input to the heat pipe was measured by Energenie
ENER007 Power Meter (accuracy ±2%).
Equation 2

2.4 Experimental design
Three factors with three levels were investigated and a full factorial design was carried out
(Level^factor = 3^3 = 27 runs). Table 2 lists the experimental factors and levels. From tests carried
out, the heat input at 302 W gave a vapour temperature of 200°C and pressure of 16 bar (refer to
Figure 9). The CAHP was rated to be operated up to 40 bar vapour pressure from tests carried out at
Thermacore, Ashington (a major manufacturer of heat pipes). They recommended the rating based
on 2.5 times maximum saturated vapour pressure, in this case for 200C: 2.5*16 bar = 40 bar.
Therefore, 200°C was the designated limit. The uncertainty analysis in this paper arises mainly from
experimental errors. Each condition was repeated at least three times to obtain average and
standard derivation.
Table 2. The high (+1), low (-1) and standard (0) settings for the experimental factors.
Factor

Low (-1)

Standard (0)

High (+1)

Unit

Filling ratio

11

27

43

%

Angle of
orientation
Heat input

0
(Horizontal)
272

45
(Inclined)
280

90
(Vertical)
302

Degrees from horizontal ()
W

3 Results and Discussion
The results and discussion are divided into three parts. Firstly, vapour temperature analysis is
presented to discuss the effects of filling ratio, angular orientation and heat input. Secondly, axial
temperature profiles of the wall, vapour and centre spaces are discussed with a focus on the
horizontal orientation, for which the CAHP is going to be applied in practice. Finally, the effect of
thermal load on CAHP behaviour is analysed.

3.1 Vapour temperature analysis.
Vapour temperature analysis is representative of heat pipe performance as it indicates the core of
its operation i.e. the behaviour of evaporation and condensation cycle. A properly designed heat
pipe must operate at a quasi-uniform temperature (isothermal) as it is based on the liquid/vapour
phase change phenomenon, which dictates that the temperature difference of vapour between the
two extremities of the pipe is linked to pressure difference. This pressure difference is usually very
small (Blet et al., 2017). In Figure 9, plots of steady state vapour temperature along the axial length
of the CAHP are presented for all conditions, categorised into angular orientations: horizontal (0°),
inclined (45°) and vertical (90°).

The plots show that in general, the most isothermal profiles are found for the horizontal orientation,
at the highest heat input of 302 W and applicable for all filling ratios at these conditions. They also
show that when the CAHP started to incline to 45° and 90°, all 43% filling ratio profiles show
negative thermal gradients i.e. higher temperatures at the condenser relative to the evaporator. For
instance, at 30 mm from the end cap, the temperature is much lower than at 250 mm and then
reduces slightly at 485 mm. At 45° and 90° orientations, the 11 and 27% filling ratio profiles are more
isothermal than 43%. At 302 W, all profiles are more isothermal compared to lower heat inputs.
Table 3 shows the conditions of filling ratio, angle and heat input that resulted in the most
isothermal profiles whereas Table 4 shows the conditions for the least isothermal profiles. 11% filling
ratio and 0° orientation resulted in the most isothermal profiles by four out of seven cases. Whereas
43% filling ratio and 45° and 90° orientations dominated the least isothermal profiles. In general,
higher heat inputs of 280 and 302 W also resulted in favourable conditions. As previously mentioned,
higher heat inputs and higher fluid inventory usually increase heat transfer limits of heat pipes
(Mahdavi et al., 2018).
The negative values that dominate Table 4 indicate that the 30 mm thermocouple was measuring
the temperature of liquid when the CAHP contained a higher amount of working fluid (27 and 43%
ratios) as well as when the pipe was inclined (45° and 90°). At these conditions, even though
evaporation occurred (as evident by the vapour temperature logged by the 485 mm thermocouple),
the return of condensate replenished the accumulated liquid at the bottom of the pipe. This explains
why when oriented vertically and with the most amount of water at 43% filling ratio, temperature
differentials were the largest. When positioned horizontally, the water, regardless of amount,
spread evenly along the bottom length of the pipe and evaporated once heat input started. That is
why at horizontal orientation, for 11, 27 and 43% filling ratios, the temperature differentials were
only 1.3, 1.1 and 0.3 K, respectively; such values are acceptable for normal heat pipe operation (Reay,
2006).
Because heat pipes are generally welded in i.e. permanently enclosed after being evacuated of air
except for test heat pipes, a fixed inventory of working fluid must be placed in and the pipe must
then be flexible with any conditions of orientation or heat input. Therefore, for this design of the
CAHP, 11% filling ratio is considered an optimum fluid inventory to adequately saturate the wick and
prevent the adverse accumulation of liquid at the bottom end when positioned at angles beyond
horizontal. The amount is also compatible for the range of heat inputs examined in this paper (272
to 302 W) and possibly more.

Table 3. The seven conditions for the most isothermal profiles between two extremities of the CAHP.
Filling ratio

Angle

Heat input

(%)
43

(Degrees)
0

(W)
280

Vapour temperature differential
(T30 mm – T485 mm), ± 1.1%
(K)
0.3

11
43
11
11
27
11

90
0
45
45
0
0

280
302
272
280
302
280

0.4
0.7
0.7
-1.0
1.1
1.3

Table 4. The seven conditions for the least isothermal profiles between two extremities of the CAHP.
Filling ratio

Angle

Heat input

(%)
43
43
43

(Degrees)
90
90
90

(W)
280
302
272

43

45

302

43
43
27

45
45
45

280
272
302

Vapour temperature differential
(T30 mm – T485 mm), ± 1.1%
(K)
-53.4
-47.5
-42.1
-29.3
-22.3
-14.2
-10.0

Figure 9. Steady state vapour temperature profiles for all levels investigated, categorised into angular orientations (0°, 45° and 90°).

3.2 CAHP with 11% filling ratio at horizontal orientation
Here, analysis is carried out on the temperatures of the wall i.e. outer surface of the outer tube and
the vapour and centre spaces. From this point onward, the discussion will also focus on the optimum
filling ratio of 11%, as established previously, and horizontal orientation, the configuration to be
applied during the loading of ceramic slurry. Figure 10(a) shows the temperature profiles along the
axial length of the pipe. The wall temperatures at 120 to 255 mm (from endcaps) are high because of
the presence of the heating band i.e. the heat input location. The wall temperature profile from 345
to 475 mm are stable as expected (178.3 to 177.0°C). The vapour temperature along the pipe are
also stable, ranging from 184.6 to 182.9°C, from 30 to 485 mm. The centre space temperatures are
also excellently stable, ranging from 184.9 to 177.5°C, from one end to the other. One important
design factor to note is that the centre space was opened to atmosphere, therefore heat transfer to
the centre space was via natural convection in the radial direction. From the temperature profiles,
radial heat transfer (i.e. heating band -> wall -> vapour -> centre) based on the current design, is
excellent. The small temperature difference between the vapour and centre spaces (e.g. at 485 mm,
the difference was 5.4 K) also confirmed that the absence of any wick on the outer surface of the
inner tube did remove the unnecessary resistance to the radial heat flow.
In Figure 10(b), the same tube was then positioned vertically. Similar temperature profiles were
observed i.e. excellently stable axial temperatures, with the exception of the slightly larger
temperature difference between the vapour and centre spaces. At 30 mm (bottom end), the
difference was 23.6 K whereas at 485 mm (top end), the difference was reduced to 6.5 K. Because
the tube was now vertical, and the centre space was opened to the atmosphere, hot air originating
from the bottom pipe end moved upward to the top end and out of the tube due to differing
densities (i.e. higher density at the bottom, lesser density at the top). This could explain the larger
temperature difference at the bottom end. Should this CAHP to be used vertically for any
applications, the centre space could be closed off to prevent the escape of the heat.
For comparison purposes, temperature profiles for the 43% filling ratio and vertical orientation are
plotted in Figure 11. At these conditions, it was established previously that accumulation of excess
liquid at the bottom end of the pipe caused a massive axial temperature difference in the vapour
space. It appears that the wall temperature profile follows the same trend. At 120 mm, the
temperature was 174.6°C, whereas at 255 mm, it was raised to 199.0°C, before stabilising at 156.1°C
toward the end of the pipe at 475 mm. Temperatures in the centre space also follow the same trend
as in Figure 10(b), in which the temperature difference between the vapour and centre spaces was
bigger at the bottom end compared to the top end (23.8 vs. 3.8 K, respectively). In addition, due to
the liquid accumulation in the vapour space at the bottom end, the temperature was lower here
than the top end (115.0 vs. 162.5°C, respectively). Consequently, the centre space also registered a
similar trend, 91.2°C at the bottom end and 158.7°C at the top end. It shows the importance of radial
heat transfer as well as establishing normal evaporation/condensation cycle prior to deployment of
CAHPs. As evident at these “adverse” conditions, any load conveyed through the centre space would
experience different temperature exposure along the axial length of the pipe.
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Figure 10. Temperature profiles on the wall and in the vapour/centre spaces for 11% filling ratio, at
302 W heat input and oriented (a) horizontally and (b) vertically.
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Figure 11. Temperature profiles on the wall and in the vapour/centre spaces for 43% filling ratio, at
302 W heat input and vertical orientation.

The most favourable conditions of the CAHP have been established i.e. 11% filling ratio and
horizontal orientation. Figure 12 shows the wall temperature profiles at these conditions under
various heat input levels. The temperatures at the evaporator (120 to 255 mm) were higher due to
the heat supply from the heating band, attached onto the outer tube surface. As the distance from
345 to 475 mm was designated as the adiabatic section (refer Figure 8), the temperatures here are
isothermal. The profiles therefore, conformed to acceptable heat pipe temperature profiles.
Temperature profiles changed uniformly with the addition of power, from 272 to 302 W, therefore
the CAHP was operating satisfactorily based on current design (Nouri-Borujerdi and Layeghi, 2005).

Figure 12. Steady state wall temperature profiles for 11% filling ratio and horizontal orientation
under various levels of heat input. The top insert figure shows the thermocouple locations. This
figure has been adapted from our earlier publication, Mustaffar et al. (2018).

Global thermal resistances of the CAHP, as a function of temperature evolution along the axial
length of the wall, were calculated and plotted in Figure 13. It shows that the resistance was smallest
at 0.08 K/W (horizontal, 272 W) and largest at 0.31 K/W (inclined, 272 W). It also shows that the
different trends in resistance profiles vs. heat input were obtained depending on the orientation of
the heat pipe. The resistances reduced with heat input for the inclined and vertical orientations,
whereas it increased with heat input for the horizontal orientation. In general, thermal resistance in
heat pipes should reduce with heat input because higher heat input increases heat transfer
effectiveness due to the improvement in nucleate boiling activity in the evaporator, which reduces
thermal resistance in this region and hence, improving the overall resistance along the pipe (Vijra
and Singh, 2015). The thermal resistance trends in present work are not comparable to literature
due to the bigger range of heat inputs e.g. Boo and Park, 2005 (150 W) and Vijra and Singh, 2016
(250 W). Whereas in present work, the range was only 30 W (refer Table 1 for the heat input data
from literature). The increase in thermal resistance with heat input for the horizontal orientation in
contrast to the other two orientations of inclined and vertical necessitates further study via
increasing the heat input range. However, at 302 W heat input, the vapour temperature reached the
threshold of the vapour pressure safety limit (200°C and 16 bar), whereas heat inputs lower than
272 W (< 100°C) were deemed too small for useful CAHP operation as a continuous dryer. Designing
a mechanically stronger CAHP device that can withstand higher vapour pressures is our current
endeavour to enable studies with a larger range of heat input.

In general, the CAHP in the present work with 11% filling ratio performed within normal parameters
because as a general guideline, the global heat pipe resistance should be less than 1.00 K/W (Blet et
al., 2017).
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Figure 13. Global thermal resistance of the CAHP plotted against heat input levels for different angle
of orientations for 11% filling ratio. Error bars show mean ± standard deviation for the heat input
data. This figure has been adapted from our previous publication, Mustaffar et al. (2018).

In Table 5, the lowest thermal resistance achieved for the reviewed CAHP studies in the literature
(refer Table 1) are presented. Faghri and Thomas (1989) however, did not provide their thermal
resistance data. The lowest value achieved from present work, 0.08 K/W, is on a par with previous
works, showing a promising prospect for the new CAHP configuration presented in this paper.

Table 5. The lowest thermal resistance value achieved from a select CAHP studies.
Publication
Present work
Boo & Park (2005)
Vijra & Singh (2015)

Lowest axial thermal
resistance
(K/W)
0.08
0.04
0.05

Heat input
(W)
272
180
300

Inclination
Horizontal
Horizontal
Vertical

3.3 The CAHP with thermal loads of wet ceramic slurries
So far, the condenser (the centre space) was cooled via natural convection and the vapour and wall
profiles at various conditions have been plotted and studied. The effect of thermal loads of wet
ceramic slurries, entering at ambient conditions (room temperature and atmospheric pressure) has
been studied and presented in our earlier publication [Ref]. The entering slurry moisture content
was measured to be 33 wt. % (wet basis, average) and conveyed through the centre space via a
screw conveyor rotated at 40 rpm. With the screw in place, the centre space thermocouples were
removed due to spatial constraint. The temperature profiles for the wall and vapour for two
different cases of “no load” i.e. natural convection cooling and “with load” i.e. with the presence of
the slurry, are reproduced in Figure 14.
The CAHP contained 11% filling ratio and oriented horizontally, which were the established optimum
conditions. It has been established that radial heat transfer dominated the heat transfer process in
the CAHP. The direction of radial heat transfer therefore, should be from the heating band to the
CAHP wall, through the vapour space and finally to the centre space. Therefore, once a load is
introduced in the centre space, the heat would be transferred firstly from the vapour space to the
centre space and toward the load, in this case, to increase the temperature of the wet slurry for its
moisture reduction. By referring to the vapour temperature profiles (right-hand side profiles),
without any load, the temperatures were almost isothermal at steady state. With the load present,
the decrease in vapour temperature was apparent, indicating a transfer of heat energy to the wet
material, and was found to be uniform from one pipe extremity to another. For example, at 272 W,
the vapour temperature decrease was 25.6, 26.5 and 24.4°C at 30, 250 and 485 mm, respectively.
For 302 W, the decrease was 38.4, 39.3 and 39.5°C at 30, 350 and 485 mm, respectively. The change
in vapour temperature means that as the material entered the centre space, the vapour started to
condense on the outside wall of the inner tube, releasing thermal energy to the centre space, and
which is then transferred to the wet material. This process was driven by the large temperature
differences between the entering wet material (room temperature) and the vapour. From the
uniform temperature change, it means that condensation occurred along the outer wall of the inner
tube, releasing a similar amount of thermal energy to the wet material from one pipe extremity to
the other, not just at one far end of the pipe. With these data, we can confirm that the entire centre
space can be considered as the “condenser” region of the heat pipe device.
The wall temperatures are plotted on the left-hand side profiles. For the 272 W heat input, the
changes in temperature between the no load and with load cases are: 3.7, 3.1, 15.0, 20.8, 19.3 K at
120, 255, 345, 410 and 475 mm, respectively. The lower changes at the initial part of the pipe i.e.
120 and 255 mm, was due to the presence of the heating band here. The higher changes from 345 to
475 mm correlated with the changes in vapour temperature under load. Similar trends can also be
observed for both 280 and 302 W heat inputs.
The drying process of ceramic slurries in the CAHP and the moisture reduction data have been
described in our previous publication, Mustaffar et al. (2018). Table 6 lists the final moisture content
of the slurries after the drying process. At similar screw speed of 40 rpm, higher heat inputs resulted
in higher moisture reductions, from 30 wt. % product for 272 W to 21 wt. % for 302 W. The
residence time for the 272 W case was 27 seconds, whereas for 302 W, it was 35 seconds.

Figure 14. The temperature profiles for the wall (left-hand side) and vapour (right-hand side) at
steady state for the CAHP with 11% filling ratio and horizontal orientation with increasing heat input
levels. The plots compare the “no load” case, in which the condenser was cooled with natural
convection and “with load” case, in which the wet ceramic slurry (entered at ambient conditions)
was conveyed through the centre space via a screw conveyor. This figure was produced in our
previous publication, Mustaffar et al. (2018).

Table 6. The results for the drying of ceramic slurries via the CAHP.
Heat input

Screw speed

Initial moisture

Final moisture

Watt
272
280
302

Rpm
40
40
40

Wt. % (average)
33
33
33

Wt. % (average)
30
27
21

Residence
time
(seconds)
27
30
35

4 Conclusions
In the present work, a new configuration of concentric annular heat pipe (CAHP) was designed for
the drying of wet ceramic slurry through its centre space, conveyed by a screw conveyor. Unique for
this CAHP, its entire centre space was designated as the condenser and a part of the outer tube as
the evaporator. Another unique design element was the absence of a wick from the outer surface of
the inner tube, in order not to impose unnecessary resistance to the heat flow from the vapour
space to the wet material to be dried.
The following conclusions can be drawn from this study:









11% filling ratio was sufficient for an adequate saturation of the wick for a heat input range
of 272 to 302 W, and from 0 to 90°C (horizontal to vertical) orientations.
27 to 43% filling ratios created an adverse condition, whereby excess liquid was
accumulated at the bottom of the pipe as it inclined beyond horizontal, effectively
obstructing radial heat transfer to the centre space. Circumferential and axial temperature
distributions were non-ideal in these orientations. These conditions would not be used in
practice.
Radial heat transfer from the heater to vapour and to the centre space was dominant in
CAHP performance. At 11% filling ratio and horizontal orientation, the difference in
temperature between the vapour and centre spaces (due to natural convection) was at most
5.4 K (at 302 W). This shows that the removal of the unnecessary inner tube wick was
successful in reducing resistance to radial heat transfer.
The axial temperature profiles conformed with normal heat pipe operation. At 11% filling
ratio, the global thermal resistances were 0.08 to 0.31 K/W for all angles and heat input
levels, lower than the threshold guideline set for heat pipes: 1.00 K/W.
With thermal loads, energy was transferred from the vapour space to the load. A uniform
decrease in temperature along the pipe extremities confirmed that vapour did condense on
the wall from one pipe extremity to the other, transferring thermal energy to the wet
material along its flow path. The moisture of the slurries was reduced from 33 wt. % to 21
wt. %, at the highest heat input of 302 W.

The CAHP characterisation has confirmed that this uniquely designed CAHP with 11% filling ratio
would be able to perform with excellent thermal efficiency for the drying of wet material conveyed
through its centre space.
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Highlights:








A new configuration of concentric annular heat pipes was characterised.
The entire inner space of the central tube was the condenser for ceramic drying, via screw
conveyance.
11% filling ratio was optimum, giving sufficient fluid inventory for wick saturation.
Excellent isothermal conditions were achieved: 0.4 – 1.3 K.
Excellent global thermal resistances were acheived: 0.08 – 0.31 K/W.
At 302 W heat input, ceramic moisture was reduced from 33 to 21 wt. % within 35 seconds.

