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Abstract:

In this article, an experimental investigation was carried out to explore the steady-state
operational behavior of a newly designed nickel-water dual compensation chamber loop heat
pipe (DCCLHP) under elevated acceleration fields. Glass windows were fabricated and
embedded on a condenser and two compensation chambers (CCs) for the purpose of visual
observation of vapor and liquid distribution. The steady-state operational behaviors and any
new phenomena were discussed. The heat load from 30 W to 110 W and the acceleration
magnitude from 1g to 13g as well as four different acceleration directions were taken into
account. Experimental results indicate that: (i) as the heat load increases, the steady-state
operational temperature of the DCCLHP increases, while thermal resistance may increase or
decrease, also depending on both the acceleration direction and magnitude. (ii) The thermal
resistance at both direction A and D is significantly larger than that at both direction B and C.
The minimum thermal resistance with 0.78 K/W at 11g with 70 W and operational temperature
with 72.7 °C at 3g with 30 W are achieved at direction C. (iii) as the acceleration magnitude
increases, both operational temperature and thermal resistance tend to decrease for both
direction B and C, whereas an opposite tendency is observed for both direction A and D. (iv)
both the vapor column and liquid column alternatively distribute in the condenser channel that
could increase or decrease the loop pressure drop. Inclined vapor-liquid interface and different
liquid amount in both CCs are formed at different accelerations. Stratified flow or annular flow
could lead to the film condensation heat transfer in the condensation channel.

Keywords: Electronic cooling; Loop heat pipe; Operational behavior; Dual compensation
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Nomenclature

a Radial acceleration
g Gravitational acceleration
h latent heat of vaporization
1 Current of DC supply
L Length
Ap Pressure difference
0 Heat load
R Thermal resistance
T Temperature
U Voltage of DC supply
v Specific volumes
X Independent vary
y Physical quantity
Greek symbols
p Density
Subscripts
a Acceleration
Bayonet
cp Water-cooling plate
con Condenser
e Evaporator
1 Inlet
Ip Liquid pipe
0 Outlet
sat Saturation
total Total pressure drop
A Vapor
vp Vapor pipe
w Wick
Acronyms
CC Compensation chamber
DCCLHP Dual compensation chamber loop heat pipe
ID Inner diameter
LHP Loop heat pipe
OD Outer diameter

[m/s?]
[9.81 m/s?]
[J/kg]
[A]

[m]
[Pa]
[W]
[K/W]
[K]

[V]
[m3/kg]

[kg/m”]
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1. Introduction

Loop heat pipe (LHP) is a very efficient, reliable and passive phase change heat transfer
device, which has attracted significant attention due to its advantages of large heat transfer
capacity, strong anti-gravity capability, long heat transport distance, flexible installation, and
active and precise temperature control [1-4]. LHPs have been widely applied to various fields
such as space vehicle temperature control [5-7], aircraft anti-icing [8-10], working station
cooling [11-14], battery thermal management [15-18], solar energy recovery [19-22],
electronics devices cooling [23-26]. Nowadays, LHP becomes a very promising solution to the
comprehensive thermal management issue of advanced aircraft [27-29].

It should be noted that on the advanced aircraft the acceleration is introduced, the airborne
electronic equipment and its cooling device cannot operate properly due to complex and
variable acceleration forces [30]. Recently, it is proved that the dual compensation chamber
loop heat pipe (DCCLHP) with a compensation chamber (CC) on both sides of evaporator
possesses potential to better adapt to the elevated acceleration environment [31]. Xie et al.
carried out a series of experimental studies on the steady-state and transient operational
performance of the DCCLHP under constant acceleration conditions [32-33], operational
behavior in periodic acceleration field [34], operational characteristics with the assistance of
thermoelectric cooler [35, 36]. Compared with the effect of gravitational force, the acceleration
effect can remarkably affect the vaporization, condensation, heat transfer and flow pattern in
the wick, CCs and condenser. The two-phase flow and heat transfer in the DCCLHP coupled
with the acceleration force becomes much more complex. It is noted that the temperature
changing or operational performance of the DCCLHP can only be conjectured due to be lack
of direct observing the internal flow pattern.

More recently, it is recognized that visualization is considered to be one of the most effective
methods to investigate the internal flow and heat transfer mechanism of LHP [37-39]. In order
to fill the research gap and highlight the novelty of the current study, only important published
results on visualization of the LHP reported by references were selected for comparative
analysis. The purpose of the following literatures intends to review the important published
articles on visualization study on the conventional single CC LHP in terrestrial gravity.
Okamoto et al. [40] employed neutron radiography to observe the flow behavior of the working
fluid at startup and the liquid distribution at steady state. It was found that the liquid in the
evaporator core only gathered on the lower side and the liquid level changed with heat load.
The dryout resulted from the vapor with high pressure remained in evaporator core which
impeded the liquid supply from CC. Chuang et al. [41] experimentally studied the steady-state
operational behavior by neutron radiography and proposed a theory of LHP operating with
gravity-assisted. It was clearly seen that two-phase flow occurred in the vapor pipe when the
LHP operated under gravity-controlled mode. Nishikawara et al. [42] conducted visual

experiments on the evaporator and CC of a quartz wick-acetone LHP. It was clearly observed
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that boiling occurs in CC and menisci oscillated at the three-phase contact line within the wick,
shell, and grooves. Yamada et al. [43] experimentally explored the effect of the meniscus in
evaporator on the operating characteristics with glass tube evaporator. Their results showed that
the size of menisci and the vapor-liquid phase states at the contact surface between the wick
and shell could affect the heat transfer coefficient of the LHP. Wang et al. [44] visualized a set
of evaporators for a novel flat LHP and studied their startup characteristics under different heat
loads. They stated that higher heating power could lead to the faster startup. Zhang et al. [45]
designed a LHP with a special half-sectioned cylindrical evaporator and CC covered by a glass
window and investigated the effect of different heat loads and tilt angles on the operational
performance. It was clearly observed that the temperature oscillation was closely connected
with the periodical vibration of vapor-liquid interface in evaporator. Liu et al. [46] explored the
relationship between the internal flow and temperature oscillations of a novel set of LHPs with
a vapor-driven injector by visualization. Their findings suggested that intermittent fluid supply
in the CC was responsible for the high-amplitude temperature oscillations of the LHP. Song et
al. [47] designed and fabricated a set of silicon-based ultra-thin LHP for microscale heat
dissipation. It was observed that the evaporator was in a state of coexistence of vapor and liquid
at low heat flux density, while the evaporator is full of vapor at high heat flux density. Yan et
al. [48] experimentally studied the heat transfer coefticient and internal flow characteristic of a
propylene LHP at heat sink temperature between 153 K and 283 K by visualization. They stated
that when the heat sink temperature decreased, the slug flow in the condenser disappeared and
changed into wavy-annular flow. Zhang et al. [49] studied the startup characteristics of a LHP
through visualizing the evaporator and condenser. They pointed out that several key impact
factors such as heat power, charging ratio, tilt angle and working fluid could play a remarkable
role on the startup performance and the vapor-liquid distribution. Wang et al. [50] performed
an experimental study on the operating performance of the visual evaporator and condenser of
a flat LHP under different heat loads and heat sink temperatures. They clearly observed the slug
flow and annular flow in the evaporator and condenser.

Compared to the above studies with single CC LHP, there are only quite few visualization
studies on the DCCLHP. Lin et al. [51] studied the startup and steady-state behaviors of a
DCCLHP through visualization experiments and explored the effects of initial vapor-liquid
distribution and relative orientations between CCs and evaporator on the performance of
DCCLHP. It was observed that different orientations could lead to different initial vapor-liquid
distributions, which could play a significant impact on the startup performance. Zhao et al. [52]
designed a DCCLHP for aircraft anti-icing and investigated its operational performance under
different angles of attack and heat loads. Their experimental results indicated that the quality of
the working fluid in the CCs would increase after startup. Xie et al. [53] visually investigated
the transient operational characteristics of DCCLHP under acceleration fields. It was found that
bubbles generated in the CCs, the vapor-liquid interface waving in the CC and moving in the

condenser.
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Although the visualization studies of LHP have been investigated from several different
aspects throughout the years, the authors believe that the comprehension of the two-phase flow
and heat transfer mechanisms with visualization study has been far from completion and there
is still much room to be enhanced in this area. To the best of the authors’ knowledge, little
research has been reported to explore the steady-state operational behavior and internal flow
and heat transfer mechanism of the DCCLHP by visualization under elevated acceleration fields.
Thus, the main objective of the current study is to visually study the internal vapor and liquid
distribution and flow pattern of the DCCLHP at steady state under elevated acceleration fields,
and any new relevant phenomena. The effects of several key impact factors such as various
acceleration magnitudes, acceleration directions and heat loads on the steady state behavior will
be discussed in a systematic manner. In addition, the comparison of visualization results under
acceleration and gravity conditions between current work and previous studies will be carried
out. The outcome of the current study could play significant role in promoting the application
of the DCCLHP on advanced aircraft in the future.

2. Experimental apparatus and conditions

2.1 Experimental setup

In order to visually determine the DCCLHP operational characteristics under elevated
acceleration fields, a new DCCLHP test apparatus was established, as shown in Fig. 1. The
experimental system mainly comprised four systems: (1) the constant acceleration simulating
and control system, (2) the data acquisition system, (3) the water cooling and heating control
system and (4) the visual DCCLHP testing unit.

o The required constant acceleration simulating and control system mainly includes a

Y53100-3/ZF centrifugal constant acceleration test machine, a frequency converter and
a remote PC controller. When the centrifuge test machine operated, the radial
acceleration up to 13g could be generated at the end of the spiral arm.

e The data acquisition system consists of an Agilent 34970A data acquisition unit,
temperature sensors (PT100), three connection boxes, and a remote PC. The
temperature of each measured point on the DCCLHP was recorded automatically
through a remote PC.

o Acold water chiller (Sanffo HK-30/20L), a coriolis flowmeter (DMF-1-2), a magnetic
drive pump, an adjustment valve, and a water-cooling plate (type 6061 aluminum), a
stabilized voltage and current DC supply, and a thin film electric heater are connected
to establish the water cooling and heating control system. Its main function is to provide
the required heat sink for the condenser and the required heat source for the evaporator
of the DCCLHP.

e The testing unit includes a visual DCCLHP, an installation enclosure, two LED lights,
two video cameras (GoPro HERQ?9). The vapor-liquid distribution inside the DCCLHP
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can be captured by the cameras. The stainless-steel installation enclosure was bolted
on the spiral arm of the centrifuge. In the current work, aluminum foil thermal
insulation materials are used to wrap the loop in order to reduce the heat leakage. The
frame up to 60 fps of a video camera was fixed and the video frame up to 1520 <2704
pixels was set for the CCs and the condenser. Two LED lamps were utilized as fill light
for two cameras to lighten the picture.

Data acquisition system

Acquisition unit ‘
EL cocion o —
BT :
PC controller Transducer
- controller
Remote PC Constant acceleration
simulating and control system
= . .
gﬂm : DC supply Balancing Rotational
- - Coriolis i direction
Adjustment flowmete
valve  Filter Eos r

X Connection box
Magnetic

drive pump

Cold water chiller
Water cooling and heating control system

Testing unit

(a) Mlustrative diagram of the visual DCCLHP test apparatus

45

Connection box

- Testing unit

(b) Photograph of experimental setup

Fig. 1. The illustrative diagram of the visual DCCLHP test apparatus.

2.2 Specifications of Visual DCCLHP

In the current work, in order to visually capture the distribution of the vapor, liquid and flow
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pattern inside the DCCLHP, one visual condenser and two visual compensation chambers were
designed and fabricated with a nickel-water DCCLHP [53]. Fig. 2 depicts the assembly drawing
of the visual DCCLHP system, which comprises evaporator with nickel wick, CCs with visual
window, condenser with visual window, vapor and liquid pipe. Borosilicate glass was used for
fabricating the visual window. As discussed earlier, two CCs were applied in order to ensure
that the liquid working fluid could be fed to the wick under any orientation conditions,
especially in the acceleration fields. Seal gaskets (Ethylene propylene diene monomer, EPDM)
were used to prevent leakage between the glass windows, threaded end connections and the CC
shell. A cutaway diagram of the wick and CCs is demonstrated in Fig. 2(a). A bayonet was
designed for connecting the liquid pipe crosses through the CC2 to the center of the evaporator
core. Part of the bayonet could be observed from the CC2 glass window. The sintered nickel
porous capillary wick (average pore diameter=1.1 pm) was prepared by powder metallurgy. In
addition, eight vapor channels and one vapor collecting chamber were machined on the outside
of the nickel wick. The size of the vapor channel was 177 mm ><1.0 mm ><1.0 mm.

Visual window  Evaporator corg

The glass window
of visual CCs

» ;~..—w
'* 'é

Visual condenser

(b) Photograph of the DCCLHP
Fig. 2. Cutaway diagram of wick and CCs and photograph of the DCCLHP.
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For the visual condenser of the DCCLHP, as shown in Fig. 2(b), the rectangular cross-
section serpentine channel was machined on a copper substrate. The channel size was 1000 mm
x%3.0 mm x3.0 mm. The serpentine channel was covered tightly by a transparent glass window
to capture the working fluid flow pattern inside the channel. In order to prevent the cross flow
of the working fluid between the channels, two seal grooves with 1.5 mm in width were
processed on both sides of the channel and the EPDM sealing strip was placed in the seal
grooves. Finally, the copper cover plate was compressed on the glass window, and the EPDM
seal gasket between the glass window and cover plate was utilized to seal the channel.

Table 1 provides the main specifications of the visual DCCLHP. Since the water has the
maximum latent heat of the vaporization and the low vapor pressure among commonly used
working fluids [54], the deionized water was utilized as the working medium in the current
work.

Table 1 Main specifications of the visual DCCLHP.

Components Material Specification Dimensions
ID/OD/Length (mm) 18/20/210
Evaporator 316L
ID/OD/Length (mm) 8/18/189.5
Porosity 48.5%
Wick Nickel Permeability (m?) 1.3x10%
Pore radius (um) 11
CCs 316L Volume (ml) 50
Vapor pipe 316L ID/OD/Length (mm) 2/3/300
Liquid pipe 316L ID/OD/Length (mm) 2/3/380
Condenser channel 316L Length/Width/Height (mm) 1000/3/3
Working fluid Deionized water

2.3 Experimental conditions

In the current work, the impact of various heat loads and accelerations on the operational
behavior of the DCCLHP were experimentally investigated in detail. Considering the
requirement of the maximum acceleration magnitude up to 13g, seven different acceleration
magnitudes, i.e. 19, 39, 59, 79, 99, 11g and 13g were selected. The acceleration magnitude
would range from 90% to 130% compared to the value at the center over the test section
according to GB/T 2423.15. Four acceleration directions, i.e. A, B, C and D were defined, and
the corresponding sketch map is shown in Fig. 3. The heat load for directions A, B and D was
from 30 W to 90 W with 10 W interval, whereas for direction C was from 30 W to 110 W with
20 W interval, respectively.

In the present study, the whole DCCLHP system mainly including the evaporator, the CCs
and the condenser was placed horizontally. For directions A and C, the acceleration direction
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was parallel to the vapor pipe axis. Direction A represents that the condenser was far from the
axis of the centrifuge, while direction C was opposite to direction A. For the purse of
comparison, for directions B and D, the acceleration direction was parallel to the evaporator
axis. For the case of direction B, the CC2 was close to the axis of the centrifuge, while direction
D was opposite to direction B. It is noted that the gravitational acceleration always existed and
was vertically downward. In the present experiment, simultaneous application of the heat and
force load was used. For the purpose of safety, the centrifuge operated continuously for no more
than 1 hour and the test time for each condition was controlled within 1 hour. The inlet
temperature of the water-cooling plate was kept from 20 °C to 22 °C. The laboratory
temperature was maintained from 25 °C to 26 °C by air-conditioning.

In order to achieve the temperature profile, total nine temperature measuring points were
arranged along the whole loop, as indicated in Fig. 3. Two measuring points CC1_Tand CC2_T
were located on the top surface of the CC1 and CC2. While CC1_B and CC2_B were located
at the bottom surface of the CC1 and CC2, respectively. There was a measuring point EVA on
the middle region of the evaporator shell surface to monitor the shell temperature, which was
considered as the operational temperature of the loop. A measuring point VL was placed close
to the middle of the vapor pipe, while a measuring point LL._OUT was placed close to the outlet
of the liquid pipe. There were two points CON1 and CON2 attached on the copper cover plate
of the condenser. The CP_IN and CP_OUT measuring points were utilized to monitor the inlet

and outlet water temperature of the water-cooling plate.

cc2.T CCLT

cc2 gt cCl_|
CC2 | Evaporator CC1

Liquid VL\/apor
pipe pipe

Condenser

CPIN 1 cpnp ! CPOUT

Cooling water
B

Fig. 3. The acceleration directions and location of temperature measurement point.
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2.4 Data uncertainty

If avariable y is a given function of several independent parameters xi, X, ..., Xn, the general
relational expression between combined standard uncertainty Jy/y and the uncertainty of the

independent parameters can be expressed as follows [55]:

2 1/2
: X
¥ — Z (ﬂ _IJ (D)
y iz \OX Y
where 0y/ox; 1s the sensitivity coefficient, dx;/y is the uncertainty in y resulted from the
uncertainty in Xx;.
In the current work, thermal resistance R, as a significant index standing for the operational
behavior of the loop, can be determined by Eq. (2) [56].
Te - Tcp
=@ ()
Q.
where Qe is the heat load obtained by the evaporator, Te represents the shell temperature of the
evaporator, Tcp indicates the surface temperature of the water-cooling plate, which can be
obtained by Eq. (3).

R

T, =50 +T) G)

cp
where Ti and T, are the inlet and outlet cooling water temperature of the water-cooling plate,
respectively.

In the current experiment, the uncertainty was primarily introduced by the data acquisition
system. The calibration accuracy of the PT100 temperature sensor was approximately 0.5 °C.
Considering the effect of the data acquisition unit, connection terminates, electric wires,
electrical slip rings and temperature sensor, the maximum uncertainty of the measured
temperature was 3.31%. For the current and voltage, the uncertainty was 2.63% and 0.62%,
respectively. The heat load could be obtained by multiplying voltage and current. Consequently,
the uncertainty of the heat load was 2.66%. Finally, the uncertainty of the thermal resistance
was 3.02% by Eqgs. (1) and (2).

3. Results and discussion

3.1. Effect of different heat loads

Fig. 4 plots the variation of the steady operational temperature and thermal resistance of the
loop versus the heat load at direction A with 1g and 3g, and at direction C with 1g, 3g, 5g and
79. It can be found from Fig. 4 that the steady-state operational temperature at both direction A
and C went up as the heat load increased. For direction A with 3g, the DCCLHP could not be
able to reach a steady state as the heat load exceeded 40 W with the evaporator temperature
close to 150 °C. For the cases of 1g and 3g at direction C, a steady-state operation could not be
acquired as the heat load was higher than 70 W. However, at both 5g and 7g, a steady-state
operation could be obtained as the heat load increased to 110 W. The thermal resistance at



306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

321
322

323
324
325

direction A with 1g decreased as the heat load increased. But the thermal resistance at direction
A with 1g was smaller than that at direction A with 3g. At direction C, the thermal resistance
at both 1g and 3g obviously decreased with the heat load increase. While it firstly decreased at
5g and 7g and then increased as the heat load exceeded 90 W. The thermal resistance at direction
A was not less than 1.78 K/W. But it did not exceed 1.53 K/W at direction C.

In Fig. 4(a), the steady operational temperature at 30 W was 92.3 °C for direction A with
19, and it reached up to 129.9 °C as the heat load increased to 60 W. If the heat load was more
than 60 W, a steady-state operation would fail to reach and the operational temperature would
exceed 150 °C. Under 3g condition, the loop could normally work at only 30 W and 40 W, and
the operational temperature at 40 W was 126.2 °C. In Fig. 4(b), the DCCLHP at both 1g and 3g
could operate normally only at 30 W, 50 W and 70 W. While at both 5g and 7g, the maximum
heat load could be up to 110 W. The lowest operational temperature was 71.6 °C at 30 W and
59, and the highest operational temperature was 142.8 °C at 110 W and 5g. Compared to the
cases shown in Fig. 4(a), it can be clearly seen that the operational temperature at direction C
was less than that at direction A under the same acceleration and heat load conditions.

150 150
130 F 125+
o e
2 b £ 100}
5 g
=1 =
£ 5
= g0l = 75 m/ e Ig
e lg ¥ —A—}g
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—r't
70 L 1 ! L 50 I L ! |
20 30 40 50 60 70 20 40 60 80 100 120
Heat load (W) Heat load (W)

(a) Operational temperature for direction A (b) Operational temperature for direction C

2.8 1.6
— lg —— ]}:
—a—3g 14 e -}5&
~ ——5g
2 241 =12t
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g 2
= =
= 0.6
1.6 L 1 L L ()‘4 1 1 1 1 1 | 1 1 1
20 36 40 30 60 0 30 40 50 60 70 80 90 100 110
Heat load (W) Heat load (W)
(c) Thermal resistance for direction A (d) Thermal resistance for direction C

Fig. 4. Operating characteristics versus heat loads for cases of directions A and C.
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In Fig. 4(c), the thermal resistance at 1g and direction A decreased from 2.31 K/W to 1.78
K/W with heat load of 30 W to 60 W. While the thermal resistance at 3g was 2.45 K/W and
2.58 K/W at 30 W and 40 W, respectively. It was at 1g and 60 W that the minimum thermal
resistance at direction A reached 1.78 K/W. In Fig. 4(d), the minimum thermal resistance was
0.60 K/W at 90 W and 7g for the case of direction C. The maximum thermal resistance at 19
and 30 W was 1.52 K/W, which was obviously less than that at direction A shown in Fig. 4(c).
For 110 W, the thermal resistance at 5g and 7g was 0.79 K/W and 0.72 K/W, respectively,
which was larger than that at 90 W

The reason for the change of operational temperature as above can be explained as follows.
If the heat load received by evaporator increases, the evaporated mass of the liquid increases.
As a consequence, the flow resistance through each component of the DCCLHP increases, and
the total pressure loss of the whole loop increases. In order to balance the pressure drop of all
the loop, the capillary force will increase by decreasing the radius of curvature of the meniscus.
The decrease of the radius of the meniscus can further lead to an increase in the distance
between the meniscus and the evaporator shell, which can increase the local thermal resistance
of the evaporator. Moreover, the increase of the total pressure loss of the loop can also produce
the increase of the saturation pressure difference between the meniscus and the interface of the
vapor and liquid in the CCs. According to the Clausius-Clapeyron Eqg. (4) [57], the temperature
difference between evaporator and CC also increases. Finally, the heat leak from evaporator to
CC increases. Both evaporator temperature and CC temperature rise.

dp h
Ap = (d—Tj AT = v AT 4)
where h denotes the latent heat of the liquid vaporization, vy represents the vapor specific
volume neglecting the liquid specific volume, Ap denotes the total pressure drop of the loop
except for the pressure drop of the wick, AT denotes the temperature difference between
evaporator and CC.

3.2. Effect of different acceleration directions

Fig. 5 shows the steady-state operational temperature and thermal resistance at four
different directions A, B, C and D. The corresponding acceleration magnitude and heat load are
1g and 30 W, 3g and 30 W, 11g and 30 W, as well as 11g and 70 W, respectively. It should be
noted that the DCCLHP could only reach a steady state at 1g, 3g and 30 W at direction A. The
steady state could not be acquired at 11g with 70 W at direction D. For the cases of the same
acceleration magnitude and heat load shown in Fig. 5, it can be seen that the DCCLHP at
direction C could achieve the minimum operational temperature and thermal resistance. It is
observed that the highest operational temperature occurred at direction B and the maximum
thermal resistance achieved at direction A. Whereas the lowest operational temperature at
direction C was 72.7 °C under 3g with 30 W, while the smallest thermal resistance at direction
C was 0.78 K/W under 11g with 70 W.
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In Fig. 5(a), for the cases of 1g with 30 W, the operational temperature at directions A, B,
C and D was 92.3 °C, 89.4 °C, 85 °C and 89.6 °C, respectively. For the case of 11g with 30 W,
the operational temperature at directions B, C and D was 81.8 °C, 81.2 °C and 101.1 °C,
respectively. At direction A, the temperature exceeded 150 °C and a steady state was not
possible. For the case of 11g with 70 W, the operational temperature at direction B was 116.4
°C, which is the peak value in Fig. 5(a). It can be concluded that the directions A and D could
lead to much higher operational temperature than that at both direction B and C. It is implied
that the acceleration force at both directions B and C can play a positive effect on the operation

of the DCCLHP.
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Fig. 5. Operational characteristics versus four acceleration directions for different cases.

In Fig. 5(b), the thermal resistance at both directions A and D could be significantly larger
than that at both directions B and C. For the cases of 1g, 3g with 30 W, the thermal resistance
at direction A was larger than that at direction D. The thermal resistance at 1g and 3g with 30
W at direction A was 2.45 K/W and 2.31 K/W, while the thermal resistance at directions B and
C was 0.97 K/W and 0.79 K/W at 11g with 70 W, respectively. It is noted that the thermal
resistance at direction B was slightly higher than that at direction D for 1g with 30 W, while it
was slightly lower than that for 3g with 30 W.

From Fig. 5 it can be found that the DCCLHP at direction C has the smaller operational
temperature and thermal resistance compared to the values at other directions. It means that the
acceleration effect at direction C could further improve the operational behavior of the loop.
The physical mechanism behind this could be that the pressure loss of all the loop was decreased
by the additional pressure derived from the acceleration force. For the vapor and liquid in the
loop, the acceleration effect at different acceleration directions would generate different
additional pressure heads, which can be expressed by Eq. (5).

Apa=pal (5)
where a is the acceleration magnitude, p is the density of the vapor and liquid working fluid, L
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is the length of the working fluid along with the acceleration direction.

If the direction of the acceleration force was consistent with the fluid flowing direction, the
additional pressure head became a driving force. While if conversely, the additional pressure
head could change to a flow resistance. If the direction of the acceleration force was
perpendicular to the flowing direction, the acceleration effect on the pressure drop could be
neglected. When the whole loop was in the same horizontal plane, the pressure head caused by
gravity could also be ignored. The total pressure drop of the whole loop can be determined by

Eq. (6):

Aptotal = Apvg + Apvp + Ap2¢ + Ap:w + Aplp + Apb + pr + Apd (6)
where Ap,q and Apyp are the pressure drop of the vapor in vapor groove and vapor pipe. ApZ?

con

and ApY are the two-phase and single-phase pressure drop in the condenser. Apjp and Appay

are the pressure drop of the liquid through liquid pipe and bayonet. Apw is the pressure drop in
the wick.

Under the acceleration field, since the density of the vapor was much smaller than that of
the liquid, the acceleration effect on the pressure drop of the vapor groove and vapor pipe could
be ignored. For the pressure drop of the wick, it could also be negligible due to very small flow
length. Therefore, the acceleration effect could remarkably affect the pressure drop of the
condenser, liquid pipe and bayonet. It could further change the total pressure drop of all the
loop in terms of Eq. (6). In order to sustain the operation of the DCCLHP, the radius of the
meniscus was self-regulated to change the capillary force to balance the total pressure drop. For
the cases of direction A, as shown in Fig. 4, the liquid flowing direction in the liquid pipe was
opposite to the acceleration direction, thus the additional pressure head could lead to the
increase of the total pressure loss of the whole loop. The larger the total pressure loss, the higher
the operational temperature of the DCCLHP. Therefore, the operational temperature could
easily exceed the safe temperature. At direction B, there was a driving force in the bayonet and
part liquid pipe, whereas it became a resistance in the condenser. Since the length of the bayonet
and part liquid pipe along direction B was more than that of the condensation channel, the total
pressure loss could decrease by the combined acceleration effect. The small total pressure loss
could result in the good operational behavior. For direction C, the whole loop sustained the
acceleration effect opposite to direction A. Thus, the additional pressure head became a driving
force and decreased the total pressure loss of the loop. Moreover, the liquid length in the loop
at direction C was more than that at direction B. Hence the additional pressure head at direction
C was larger than that at direction B, which could result in much smaller operational
temperature and thermal resistance. At direction D, the whole loop sustained the acceleration
effect opposite to direction B. The additional pressure head at direction D would lead to the
increase of the total pressure loss of the loop. It could even worsen the loop operation. Therefore,
a steady-state operation could not be reached for the DCCLHP at 11g with 70 W.

In addition, the acceleration effect of directions A and C on the pressure loss of the loop
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could be analyzed through the visualization of the condenser. Fig. 6 presents the flow pattern
in the condenser at 3g with 30 W for both directions A and C. It can be clearly seen from Fig.
6 that the vapor column and the liquid column alternatively distribute in the channel, and they
were distributed on both sides of the condenser, respectively. It was obviously different with
the common form of vapor phase, vapor-liquid two-phase and liquid phase. Moreover, it was
also different with the flow pattern observed by Yan et al. [48] and Wang et al. [50] in terrestrial
gravity experiment. Yan et al. [48] observed that wavy flow, stratified flow and slug flow
occurred in the condenser channel when the condenser temperature was 273 K. They stated that
there was a slug flow at the end of the two-phase region. Wang et al. [50] observed the slug
flow and annular flow in the channel. In the current work, the flow pattern in the vapor region
would be a stratified flow or annular flow. It is difficult to distinguish the flow pattern directly
from the graph. It is believed that the film condensation would be the chief mechanism to
conduct heat transfer performance.

Inlet

(a) 3g and direction A for 30 W (b) 3g and direction C for 30 W
Fig. 6. Flow pattern in the condenser at 3g and 30 W for directions A and C.

In Fig. 6(a), the acceleration force at direction A could result in the liquid column gathering
near the right U-bend and the vapor column is normally located near the left U-bend. The net
length of the acceleration effect on each liquid column in the condenser was La, as demonstrated
in Fig. 6(a). Thus, the total length of the acceleration effect was the sum of the length of the
liquid pipe and La. The corresponding additional pressure head could be calculated according
to Eq. (4). Butin Fig. 6(b), the distribution of the vapor and liquid under direction C was reverse
to that under direction A. The vapor column mainly gathered near the right U-bend and the
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liquid column mainly distributed near the right U-bend. The net length of all liquid column in
the condensation channel could be expressed by Lc presented in Fig. 6(b). Therefore, the total
length of the acceleration effect was the sum of the length of the liquid pipe and Lc. The
corresponding additional pressure head decreased the total pressure drop of the loop.

3.3. Effect of different acceleration magnitudes

Fig. 7 reveals the operational temperature and thermal resistance of the loop for a steady
state at direction B as the acceleration magnitude changes from 1g to 13g and the heat load
alters from 30 W to 90 W. It can be concluded from Fig. 7 that both the operational temperature
and the thermal resistance are generally decreased as the acceleration magnitude increased from
19 to 13¢g for each heat load. It is believed that the total flow resistance of the loop decreased
as the acceleration magnitude increased. For a given acceleration magnitude, the operational
temperature increased when the heat load rose, while the thermal resistance decreased. The
maximum temperature was 149 °C under the condition of 3g with 90 W, while the minimum
temperature was 77.3 °C under the condition of 13g with 30 W. The maximum thermal
resistance was 1.63 K/W at 1g with 30 W, while the smallest thermal resistance was 0.92 K/W
at 13g with 90 W.

When the heat load was 30 W and 40 W in Fig. 7(b), the thermal resistance decreased more
obviously than that for the cases of heat load varied from 50 W to 90 W. It can be explained by
the fact that the mass flowrate of the working fluid was low at small heat load and total flow
resistance for the whole loop. Moreover, the mass flowrate would not have impact on the
additional pressure head introduced by the acceleration by Eq. (5). As a result, as the
acceleration magnitude increased at low heat load, the proportion of the additional pressure
head to the total flow resistance gradually increased. Especially compared to the cases of large
heat load, the corresponding ratio was much larger. Therefore, the smaller total flow resistance

could lead to the smaller thermal resistance.
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Fig. 7. Operational behavior at direction B for different acceleration magnitudes and heat loads.
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Fig. 8 shows the profiles for both the operational temperature and thermal resistance of the
loop at direction D as the acceleration magnitude changes from 1g to 11g with heat load varies
from 30 W to 70 W. It can be clearly seen from Fig. 8 that both the operational temperature and
thermal resistance increased as the acceleration increased. Based on the above analysis, the
acceleration increased at direction D could cause the increase of the total flow resistance of the
loop, which could further result in the increase of the operational temperature and thermal
resistance. The highest temperature was 141 °C at 7g and 60 W, while the lowest temperature
was 90 °C at 1g and 30 W. The maximum thermal resistance was 1.92 K/W at 11g with 30 W,
while the smallest thermal resistance was 1.05 K/W at 1g with 70 W.

When the heat load rose, the maximum acceleration magnitude decreased, thus a steady-
state operation could be obtained for the loop. For the case of 30 W, as illustrated in Fig. 8(a),
the maximum acceleration was 11 g while the loop could operate to a steady state. However,
the corresponding maximum acceleration decreased to 5g for the case of 70 W. The main reason
could be that the mass flowrate was large at a large heat load, therefore, the total flow resistance
of the loop was large that could cause the loop to operate at a high temperature. In this case, the
increasing acceleration could further increase the total flow resistance, which could easily make
the loop to fail to operate.
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Fig. 8. Operational behavior versus acceleration magnitude for direction D.

The above analysis shows that the DCCLHP operation could be improved by the
acceleration effect at direction B and the operational temperature was smaller than that at
direction D. At the same acceleration, the DCCLHP could operate at much larger heat load than
that at direction D. For the cases of 3g with 50 W, as shown in Fig. 7 and Fig. 8, the operational
temperature at direction B was 108 °C, while it was 111.3 °C at direction D. For the cases of 7g,
the greatest heat load was 90 W at direction B, while it was 60 W at direction D.

Fig. 9 presents the temperature of each measured point on the loop at four different cases
when a steady state reached. The four cases were 7g with 70 W and 90 W at direction B, as
well as with 60 W at 3g and 7g, respectively. It can be clearly seen from Fig. 9 that the
temperature at both the evaporator and the inlet of the condenser was obviously higher than that
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of the CCs, liquid pipe and condenser.

Under direction B at 7 g, as shown in Fig. 9, the temperature of the EVA, CON_IN, CC2_T
and CC2_B at 90 W was much higher than that at 70 W. The evaporator temperature was 122.6
°C and 138.5 °C at 70 W and 90 W, respectively. The CC1 temperature was lower than that of
the CC2 at both 70 W and 90 W. Moreover, the upper surface temperature CC2_T was evidently
higher than the lower surface temperature CC2_B. But the upper and lower surface temperature
of the CC1 was almost the same. For the case of 7g with 70 W, the CC2_ B and CC2_T
temperature was 35.3 °C and 50.4 °C, respectively. While the CC1_B and CC1_T temperature
was 20.6 °C and 21.5 °C. The reason could be addressed from the distribution of the vapor and
liquid in both CCs shown in Fig. 10. Under the action of the acceleration force at direction B,
the liquid gathered in the CC1 and the vapor accumulated in the CC2. Consequently, a small
amount of liquid accumulated in the down-right area of the CC2 and the vapor-liquid interface
is inclined with around 45° angle to the horizontal plane, as illustrated in Fig. 10(a). Therefore,
the temperature of CC2_T was high because of the high-temperature vapor, whereas the
temperature of CC2_B was low due to the low-temperature liquid. Since the liquid almost filled
the CC1, as shown in Fig. 10(b), the whole CC1 temperature was low and almost the same.
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Fig. 9. Steady-state temperature of monitoring points under directions B and D.

For direction D with 60 W, as shown in Fig. 9, the evaporator temperature was 120.8 °C and
140.5 °C at 3g and 7g, respectively. The temperature of the CC1 was evidently higher than that
of the CC2 at both 3g and 7g. Moreover, the temperature of the CC1_B was much lower than
that of the CC1_T. But the temperature of the CC2_T was close to that of the CC2_B. For the
case of 7g with 60 W, the temperature of the CC1 T and CC1_B was 74.5 °C and 59.0 °C.
While the temperature of the CC2_T and CC2_B was 31.5 °C and 22.1 °C. According to the
vapor-liquid distribution in the CCs at 7g with 60 W illustrated in Fig. 11, it was easy to
understand the temperature distribution of the CCs. Being opposite to that at direction B shown
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in Fig. 10, the liquid almost filled the CC2 and the vapor almost filled the CC1 in Fig. 11. The
vapor located in the up-right area of the CC2, whereas the liquid located in the down-left area
of the CC1. As a result, the temperature of the CC1_B was lower than that of the CC1_T, while
the temperature of the CC2_B was lower than that of the CC2_T.

In addition, for the above vapor and liquid distribution shown in Fig. 10 and Fig. 11, an
obvious difference was observed compared with the study of Lin et al. [51] and Zhao et al. [52].
In terrestrial gravity, the vapor-liquid interface was always horizontal for the DCCLHP under
each orientation, and the height of the liquid level in both CCs may be different. Under both
directions B and D, the interface was at certain angle to the horizontal plane due to the
acceleration force. Moreover, the acceleration force could also increase or decrease the height
of the liquid level in the CCs, which further changed the heat leakage from the evaporator to
the CCs. As a result, the acceleration force would affect the loop operational characteristics.

V. =
Bayonet

Vapor-liquid
interface

Vapor-liquid
interface

(a) CC2 (b) CCl1
Fig. 10. Observing vapor-liquid distribution in CCs at 7g and 70 W for direction B.

Vapor-liquid
interface

Vapor-liquid
- interface
(a) CC2 (b) CC1

Fig. 11. Observing vapor-liquid distribution in CCs at 7g and 60 W for direction D.
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4. Conclusions

In this study, a visual nickel-water DCCLHP was proposed to investigate the steady-state
operational behavior under acceleration fields. The effect of several key impact factors such as
acceleration direction, acceleration magnitude and heat load was discussed systematically.
Several major conclusions are obtained as follows:

(i) Increasing heat load could lead to the steady-state operational temperature increase.
While the thermal resistance may increase or decrease, which depends on the acceleration
magnitude and direction.

(i) The acceleration force at directions B and C plays a positive effect on the loop operating.
But it is opposite at directions A and D. Especially at direction C, the minimum operational
temperature and thermal resistance can be achieved, which are 72.7 °C at 3g and 30 W and 0.78
K/W at 11g and 70 W, respectively.

(iii) As the acceleration magnitude increases, both operational temperature and thermal
resistance generally decrease for both directions B and C. But it is opposite for directions A and
D. Moreover, the maximum heat load that the loop can operate to a steady state decreases for
directions A and D.

(iv) Inclined vapor-liquid interface with different angles and different liquid amounts in
both CCs are caused by the acceleration effect. Stratified flow or annular flow forms in the
condenser and the film condensation shall be the chief mechanism. The vapor column and liquid
column alternatively distribute on both sides of the condenser for directions A and C.

In this work, we proposed the flow and heat transfer mechanism of the DCCLHP under
elevated acceleration fields by visualization experiment for the first time, which pave a
foundation for the DCCLHP design and practical applications. Investigating the steady-state
performance prediction model will be the focus of our future research.
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