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Effect of Sintering Temperature Curve in Wick
Manufactured for Loop Heat Pipe
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Abstract—This investigation examines the effect of the sintering
temperature curve in manufactured nickel powder capillary structure
(wick) for aloop heat pipe (LHP). The sintering temperature curve is
composed of aregion of increasing temperature; a region of constant
temperature and aregion of declining temperature. The most important
region is that in which the temperature increases, as an index in the
stage in which the temperature increases. Thewick of nickel powder is
manufactured in the stage of fixed sintering temperature and the time
between the stage of constant temperature and the stage of falling
temperature. When the slope of the curve in the region of increasing

temperature is unity (equivaent to 10 °C/min), the structure of the

wick is complete and the heat transfer performance is optimal. The
result of experiment test demonstrates that the heat transfer
performance is optimal at 320W; the minimal total thermal resistance
is approximately 0.18°C/W, and the heat flux is 17W/cn?; theinternal
parameters of the wick are an effective pore radius of 3.1 um, a
permesbility of 3.25x10"*m? and a porosity of 71%.

Keywords—Loop heat pipe (LHP), capillary structure (wick),
sintered temperature curve.

|. INTRODUCTION

EVELOPED and patented by Maidanik et al. [1], the loop

heat pipe (LHP) has severa engineering applications,
including the thermal management of advanced space platforms
and military spacecraft, as well as the cooling of electrical and
electronic devices. An LHP is composed of an evaporator, with
afine pored capillary structure (wick), and a condenser section
that is connected to a separated vapor and liquid flow lines. It
exploits latent heat of evaporation and condensation to transfer
heat, and depends on the capillary pressure that is generated by
thewick structureto circul ate the working fluid around the loop.
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Based on the principle of inverted menisci, the LHP can
achieve a high heat transfer capacity, long transport distance
and low thermal resistance, with self-adjustment. Researchers
worldwide have investigated various operating characteristics
and the design architectures of LHPs[2-8], and have identified
the features of these devices as high heat capacity, reliability of
operation at adversetiltsin agravitationa field and heat transfer
over long distances.

Based on the above literature, an LHP has a high heat transfer
capacity, alarge transport distance, low thermal resistance, and
the capacity to self-adjust. The key determinant of LHP
performance is the capacity of the wick. The method by which
the wick is manufactured can influence the heat transfer
performance of the LHP. Unfortunately, research on
manufacturing awick for usein an LHP is still lacking. Tracey
[9] reported that the method of regulating sintering temperature
and time can increase the porosity and strengthen the structure
of the sintered nickel powder. However, investigations of the
regulation of sintering temperature and time are lacking.

Based on the above discussion, the main objective of this
investigation is to study the regulation of the sintering
temperature curve of the manufactured wick. Wu et al. [10]
suggested a fixed sintering time of 45 min and a constant

temperature of 600 °C. Thisinvestigation also studies the effect

of the slope of the sintering temperature curve of a fabricated
wick. Finaly, aheat transfer performancetest isperformed in an
LHP.

II. EXPERIMENTAL METHOD

A.Wick fabrication

An LHP is composed of an evaporator section, a condenser
section, vapor and liquid lines, and a compensation chamber
(Fig. 1). The evaporator is equipped with a special wick and
joined to a compensation chamber, which receives the working
fluid that is displaced from the vapor line and the condenser
during the start-up and from the condenser during the operation
of the device. By definition of its function, the LHP is a
heat-transfer  device that operates in a closed
evaporation-condensation cycle, using capillary forces to pump
aworking fluid.
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Fig. 1 LHP

To study the effect of regulating the sintering pemature
curve of a manufactured wick, various wicks areitsdted from
pure Icon type 255 nickel powder with a particleesiof

2.2-2.8m, as in Tracey [11]. The nickel powder is then 60

weighed and a stainless steel mold is filbgchammering. After
the sintering temperature curve is regulated, tic& ig sintered
in (a high-temperature air sintering oven. Follogvsintering,
the mold is stripped off, yielding a wick of nickgbwder (Fig.

2).
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Fig. 2 Wick manufacture

B. Sintering Temperature Curve

Regulating the parameters of the manufacturingge®of a
wick is rather difficult. Hence, in this investiga, the wick
parameters are determined form the regulative rangte
temperature curve. The sintering temperature cuive
determined by sintering temperature and time. Basedhe
experimental experience of the authors, varioudesimg
temperature curves can be obtained. The sintesimperature
curve is composed of (1) a region of increasingpiemrature, (2)
a region of constant temperature, (3) a region aifing
temperature. The sintering temperature curve obthliirerein is
similar to that obtained by Wet al. [10] (Fig. 3). The most

important is the region of increasing temperatwrbjch is
closely related to the mutual bonding of powdetipkas.

Based on the effect of the sintering process ifouarstages
of sintering, the sintering temperature curve axedi
temperature and time is anticipated. This invetitigais to
study the regulation of the sintering temperatureve of the
manufactured wick.

Temperature(C) x (101)
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Fig. 3 Typical temperature curve

To show the sensitivity that regulated of increased
temperature curve slope which in transition temjueea
coordinates is constricted 10 times. Therefore teheperature

change is 18C/min. However, based on the experimental

experience of the authors and the range of qualitiye wick on
which the thermal test can be conducted, the stépiee rising

temperature curve is 0.7 (equivalent to°G/min) to 1.3

(equivalent to 13°C/min) (Fig. 3). As the slope of the
temperature curve increases, the rate of increeaisgriperature
increases, arrivedpecified temperature in a short time. When
the slope of the temperature curve is 0.7 (equitaie 7 °C
/min), the wick is too dense to be usable. Wherstbpe of the
temperature curve is 1.3 (equivalent to°CAmin), the wick is

too loose to be used. This investigation examihesstope of
rising temperature curve from type Il to VI. Talilpresents the
durations of the increase in temperature for variourve

slopes.

TABLE |
DURATION OF INCREASE IN TEMPERATURE
type slope time
I 0.7 85
I 0.8 75
Il 0.9 65
v 1 60
Y, 1.1 55
VI 1.2 50
Vil 1.3 45

To study the effect of the slope of the curve efiticrease in
temperature on the performance in LHP, wicks are
manufactured with various slopes to test their hemtsfer
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performance. The external diameter, internal diemetnd
length of the wick are 12.5mm, 9mm, and 60mm, retbpely.
Table 1 shows the external dimensions of the preghdsHiP
system.

TABLE Il
LHP SYSTEM PARAMETERS
Evaporator Liquid line
Lengtt 40 mn Lengtt 580 mn
Material Aluminum Compensation chamber
Vapor line Lengtt 118 mn
Lengtt 470 mn Working fluid
Condenser Ammonia
Heatload  50-~350(W)
Length 800 mm Operating 0
temperature 10-85(C)

C.Evaluation of Internal Parameters of Wick

The internal parameters of a sintered wick aretedl#o its
heat transfer performance. The most important mader
parameter is determined by evaluating the qualith@sintered
wick test pieces. The three main parameters thagt rhe
evaluated in the evaluation of a wick are permési(lK, ),
maximum effective pore radiug/), and porosity €). These
parameters are given by Egs. (1), (2), and (3)akgns (1), (2),
and (3) are not described in detail because ofdiions of
space. Figure 3 presents the device for measunmgnternal
parameters of a wick. This device is designed aadufiactured
according to the aforementioned equations and ASTA8E61
[12].

Pressure gauge

— kg

= Valve

1 Valve

Air pump

" Water pumps

Filter

Fig. 4 Device for measuring internal parametersiok

K, = m/2mAP L, In(D,/D,) )
r =20/AP )
e=(W -w,)/(W,/™m,,) ©

D.Test of Heat Transfer Performance of LHP

The performance of all wicks was tested in an atraowient
environment, with the condenser sink temperaturiataiaed at

10 + 2°C using a water cooler. A heater, connected to aepow

supply, is adopted to simulate the heat sourcenguthe

operation of the LHP. The evaporator on the LHP imgpose a
heat load and generate an initial power of 50W. &raporator
does not stop operating until either the tempeesaipproaches

85°C or drying occurs. Thermocouple measurements warem

and transferred to a computer through a data atiquislevice.
Additionally, the K-type thermocouple (with a mee=ment

error of £ 0.2C) is calibrated, and the variation of its measured

temperature in the experiment is monitored clodghsed on an
analysis of error, Kline and McClintock [13] estited the
overall thermal resistance in Eq. (4) (with an eobt 5.24%),
the permeability in Eq. (1) (with an error of + 2%), the
effective pore radius in Eq. (2) (with an erroed3.9%) and the

porosity in Eq. (3) (with an error of + 3.9%).

I:iotal = (Te _Tc )/Q (4)

1. Vacuum pump
3.Refrigeration

5.Power Supply

4. Flowmeter

6. Thermocouple

L
—
7.Dataacquisition 8.PC

Fig. 5Device for thermal testing of LHP

Il RESULTS ANDDISCUSSION

A. Effect of sintering temperature curve on performance of
wick

Table Il shows the internal parameters of the wikkvick
that is looser cannot be formed when the slopdeftcurve of

increase in temperature is 1.3 (equivalent t8C18in). The

ranges tested by Maidanik [6] were an effectiveep@adius of
0.7 ~ 10um, porosity of 60 ~ 75% and permeability of 0.20- 2
x 10" m?. The most important internal parameter is
permeability.
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TABLE Il load is electronically cooled, which process isudated using a
INTERNAL PARAMETERS OF WICK . . o
5 3 heat sink at 1T in an evaporator whose temperature is limited
Slope £ (%) y(um) K, (mx10%)

0.7 dens: to 85C (at a room temperature of ZL). Thermal testing
0.8 64 0.8 64 systems are normally operated a 20 times atmosppesssure.

0.9 66 0.9 66 Figure 7 plots the relationship between the evapora
1 71 1 71 temperature (on vertical axis) and the heat loach(izontal
1.1 69 1.1 69 axis). When the heat source is connected to theoeator, the
1.2 61 1.2 61 temperature of the evaporator increases. At a psibhe

1.3 loose

To investigate the effect of the slope of the cuofethe
increase in temperature on the wick, which intepsabmeters
of the wick are evaluated. The permeability of iins
parameters is as an index. In Fig. 6, as the sddfiee curve of
the increase in temperature increases,
increases. When the slope of the increase in teahyeris unity

the perlingab

temperature of 8®, the high heat load corresponds to

favorable heat transfer performance. The heat feans
performance of the wick in the LHP varies with #hepe of the
curve of the increase in temperature. This slopgeaissformed
into an index in the manufacture of the wick. Ag tflope

.increases, the rate of increase of temperatureases, but the

loosening of the wick detrimentally affects perfamse, mainly
because a higher slope corresponds to a shorteiredq

(equivalent to 1&/min), the wick performance is better. Whensintering time, and therefore a weaker mutual bugdimong
the slope of the curve of the increase in tempegdtuless than powder particles, finally to an extent so greatt ttee wick

0.8 (equivalent to 8C/min), a long sintering time is required, €@NNot even be formed. As the slope decreases;atbeof

making the wick dense, affecting performance. Whenslope
of the curve of the increase in temperature excekds

increase of temperature decreases, and the inogedsnsity of
the wick affects performance, primarily becauséa@ter slope
corresponds to the need for a longer sintering ,timed

(equivalent to 12C/min), the required sintering time is short,inerefore a stronger mutual bonding of powder plastj and a

making the wick loose, affecting performance. Acddogly, the
results obtained using the wick that was manufactdor LHP
within revealed three zones of the curve of thedase in
temperature. The three zones are (i) a dense notteg slope
of less than 0.9), (ii) a good zone (with a slopbeiween 1 to
1.1), and (iii) a loose zone (with a slope of mitwien 1.2). When
the slope of the curve of the increase in tempegais 1.3

(equivalent to 13C/min), the wick is so loose which cannot beZ ™ -

formed.

Increased Temperature Curve Slope

0.0 " L " L n ! " ! " 1 s
0.7 08 0.9 10 L1 12 13

Pernwublin'(llzzx 1013)
Fig. 6 Relationship between slope of curve of inseein temperature
and permeability

B. Analysis of heat transfer performance

All wicks are set into the LHP to test their heainsfer
performance, and thereby determine how the slopleeoturve

denser wick. At a slope of 0.9 (equivalent t6GImin), the
optimal heat load is about 320W (as displayed in 8).

90

I All symbol is increased temperature curve

80 |  —®—slope 0.8
— @ — slope 0.9
— A —slope 1

— & —slope 1.1

—® —slope 1.2

&
T

Evaporator Temperature,
@
T
L3
\
N

200 250 N 300 N\
Heat Load(W) 270W 320W

Fig. 7 Relationship between evaporator temperatndeheat load

150 350

Figure 8 plots the relationship between the totermal
resistance of the system (as a function of the lueat. The
wicks are manufactured with curves of the increade
temperature with various slopes, and these are inskHPs,
whose operating mode is consistent the same asothat
traditional LHP. As the heat load increases, therrtal
resistance declines. A lower thermal resistanceesponds to a
greater heat transfer performance. A heat loadafral 150W
causes a shift from the zone of variable thermsiktance into
the zone of constant thermal resistance. The chamghe

of the increase in temperature affects that perdoa. The heat thermal resistance is responsible for the changkeirslope of
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the curve of the increase in temperature, makiagnilck looser IV. CONCLUSION

or denser, affecting the heat transfer performandbe LHP. This investigation examined the effect of changebé slope

The results indicate that the heat transfer perdoge is optimal ¢ the curve of increasing temperature in the mactufe of

at a slope of unity (equivalent to 20/min), and the optimal wicks for LHPs by thermal testing. The followingnmusions

are drawn.

1. A curve of sintering temperature for nickel peawd
manufactured wick is obtained. The curve considta o
region of increasing temperature, a region of aontst
temperature and a region of falling temperaturee Th
densities of the wicks that were manufactured aioua
points on the curve fell into three zones. The dhzenes

045 were (i) a dense zone, (ii) a good zone, andgiigose zone.

thermal resistance is approximately GG/8V. The thermal test
was carried out at a heat transfer of 320W, a titafmal
resistance of 0.F8/W and a heat flux of 17W/cinthe internal

parameters of the wick were an effective pore mdi3.1um,
a permeability of 3.25xI8m? and a porosity of 71%.

* All symbol is inereased temperature curve 2. In the stage of the curve of the increase inptrature in
—®—slope 0.8 i i i H H i H
0| = eiileionmil ool e 0t which its slope increases, the optimal capabilityvizk is
'\ TOSRCeROnT | TESTICCIONE o —A—slopel slope unity (equivalent to 1T/min). From the test results,
— V¥ slope 1.1 . . .
0.35 —e—siopel2 the internal parameters of the wick are an effecipore

radius of 3.1um, a permeability of 3.25x16m? and a

3
3
Sox /’ porosity of 71%.
ks e 3. The results of the thermal test of the wick libtP indicate
o /:/ & that the heat transfer performance is optimal &V82the
§ e // —A minimum total thermal resistance is about 0Q/8V, and the
) i heat flux is 17Wi/crh
0.20 ot - A
NOMENCLATURE
0.15 L L L
! " T e ’”” » D, external diameter of porous material
Fig. 8 Relationship between thermal resistancehead load ; ; ;
9 P D, internal diameter of porous material
L, length of wick

C.Sintered temperature curve

From the wick capacity and the results of the tlztest, the m
optimal slope of the sintering temperature curveuisty Ap
(equivalent to 10°C /min). The stages of the sintering o)
temperature curve are one of increasing temperature of
constant temperature and one of falling temperatkig 9).

The stage of increasing temperature involves atijyari 600

ratio of flow of fluid mass to flow of fluid time
capillary force in wick

input “Watt”

oa  total thermal resistance of LHP

surface temperature of evaporator

Te

° i f i tively. The st .

C and a duration of 60 min, respectively. The stefgmastant T temperature of thermal sink

temperature involves a sintering temperature of°60@nd

p_ ) 9 ) P ) W weight of wick infused with test fluid

duration of 45 min. The stage of falling temperatinvolves a

sintering temperature of 3D and duration of 495 min. W, net weight of wick
ag surface tension coefficient of fluid

Temperature(T) x (107) o) density of fluid

H viscosity coefficient of fluid

60
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