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ABSTRACT

The removal of bayonet structures reduces the manufacturing complexity of loop heat pipes (LHPs).
This study investigates the transient characteristics of a newly designed dual compensation chamber loop
heat pipe (DCCLHP) without a bayonet in high acceleration fields and analyzes instability phenomena. This
work was conducted under four typical installation orientations, accelerations of 3~15g, heat loads of
20~450 W, and heat sink temperatures of 15~25 °C. Results demonstrate that the absence of the bayonet does
not significantly degrade DCCLHP performance. Even at the unfavorable Orientation I, the system
successfully starts up at 15g and 20 W while maintaining stable operation at 6g and 450 W. The acceleration
direction significantly influences operational characteristics. Although favorable for liquid return, excessive
acceleration may amplify the temperature difference between the two CCs, thereby elevating the evaporator
temperature. Notably, the DCCLHP may maintain satisfactory performance under high heat loads at the
unfavorable Orientation 1V. Additionally, several instability phenomena are observed. Vapor-liquid
redistribution may induce evaporator temperature rise in a period of time, and the acceleration magnitude
alters the minimum heat load triggering this redistribution. Temperature oscillations occur only under
specific conditions, with higher accelerations causing oscillatory behaviors. Temperature overshoot
manifests mainly under lower heat loads and orientations favorable for liquid return, while increasing
acceleration magnitude tends to weaken the overshoot. These findings provide critical data support and
technical insights for the simplified design of DCCLHPs and their practical applications in aircraft.

Keywords: Aircraft; Thermal management; Loop heat pipe; Acceleration; Transient characteristics

1. INTRODUCTION

Advanced aircraft are equipped with numerous highly integrated electronic devices with high heat
flux. These components generate substantial heat within confined spaces, easily forming localized hot spots
that impair normal operation [1, 2]. Traditional single-phase cooling technologies [3,4] exhibit insufficient
heat dissipation capacity, while two-phase cooling methods such as spray cooling and jet impingement
cooling [5, 6] impose stringent installation requirements. In contract, loop heat pipes (LHPs) offer high heat
transfer efficiency, long-distance heat transport, and flexible design and installation [7—11], demonstrating

unique advantages in thermal management solutions for onboard electronic devices [12, 13].
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However, conventional single compensation chamber (CC) LHPs may fail to operate normally
under unfavorable orientations in gravity field [14, 15], and they face even greater challenges in adapting to
the hyper-gravity environments caused by aircraft acceleration variations during maneuvering flight [16]. To
address the issue of insufficient capillary wick liquid supply due to adverse installation orientations, dual
compensation chamber loop heat pipes (DCCLHPs) have been developed [17, 18].

To date, many researchers have investigated the operational performance of DCCLHPs under
various installation orientations in gravity field. Lin et al. [19-21] early found that the DCCLHP with a
bayonet could start up and operate normally at any orientation but exhibit large temperature overshoots under
low heat loads. Through visualization techniques, they observed phenomena such as bubble formation,
reverse flow, and liquid redistribution in the evaporator core caused by heat leakage during startup, and
revealed unstable behaviors, including temperature oscillations and transient penetration of vapor. Feng et al.
[22] specifically investigated instabilities in a DCCLHP with a bayonet, including temperature hysteresis. It
was indicated that reverse flow was caused by elevated pressure from evaporation or vapor penetration in the
evaporator core. Temperature oscillations occurred more easily when the bayonet-equipped CC was
positioned above the evaporator. Zhao et al. [23] employed visualization methods to investigate the operating
performance of a bayonet-equipped DCCLHP for wing de-icing. Results demonstrated that the angle of attack
significantly affected both operating and condenser temperatures, potentially inducing system temperature
oscillations. To enhance the startup performance of DCCLHPs at different orientations, Bai et al. [24, 25]
designed and tested variants featuring either an extended bayonet or dual bayonets. Their results showed
these designs improved startup under low heat loads (10 W) across various orientations. However,
temperature oscillations and overshoot were observed during startup at favorable orientations with low heat
loads, attributed to liquid presence in the vapor grooves. Yang et al. [26] investigated the operating
performance of a bayonet-equipped DCCLHP featuring an eccentric ceramic wick. The results demonstrated
its successful startup under six different orientations at 2 W, achieving 450 W heat transfer over 2.0 m. And
system performance improved with decreasing temperature difference between the CCs. Fu et al. [27]
developed a bayonet-equipped DCCLHP with dual vapor and liquid lines, it failed to start up under adverse
orientations at heat loads of 40-100 W, and temperature overshoot and oscillations were observed during

startup at all orientations under low heat loads. Subsequently, they proposed a sequential cooling CC design
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that enabled successful startup at all orientations under 0-100 W heat loads [28]. Recently, they also designed
a 1 kW high-capacity DCCLHP featuring three parallel vapor/liquid lines and a bayonet, demonstrating
reliable startup across multiple orientations at 0-300 W heat loads without significant temperature overshoot
[29].

However, acceleration experiments can better simulate the actual maneuvering flight conditions of
aircraft. Thus, Ku et al. [30, 31] conducted pioneering performance tests on a miniature ammonia single CC
LHP under 1.2-4.8g accelerations. It was found that the LHP could normally operate in all tests. However,
acceleration altered operational temperatures and could induce instabilities. Subsequently, they [32, 33]
developed a mathematical model predicting LHP operating temperatures in acceleration fields, attributing
temperature variations to additional flow resistance induced by acceleration. Fleming et al. [34, 35]
investigated the operational performance of a water single CC LHP with a bayonet and secondary wick under
accelerations of 0-10g. It was indicated that dry-out was correlated with both heat load and acceleration. The
evaporator heat transfer coefficient and thermal resistance were minimally affected by acceleration, but at
high heat loads, wall superheat slightly increased with rising acceleration. Yerkes et al. [16, 36, 37]
investigated the effects of steady periodic accelerations (0.5-10g) and phase-shifted periodic variations in
heat load and acceleration on the operating performance of a water single CC LHP. The results demonstrated
that acceleration variations could detrimentally affect LHP performance in many conditions. For DCCLHPs,
Phillips et al. [38] conducted performance tests on a DCCLHP under evaporator-to-condenser acceleration
(10g at the condenser) and demonstrated its stable operation under heat loads up to 620 W. Wang et al. [39,
40] investigated the effects of five different orientations on the operating performance of a 1 kW -capacity
ammonia DCCLHP with a bayonet under both gravity and acceleration conditions (up to 8g). Their results
indicated that mechanical effects altered the condensate film thickness in the condenser, thereby affecting
condenser capacity and the temperature of liquid returning to the CCs. Xie et al. [41-45] conducted a series
of studies on the operational performance of bayonet-equipped DCCLHPs with water or ammonia as working
fluids under stable/varying acceleration fields up to 15g at different orientations. Using visualization
techniques, they observed and explained acceleration-induced instability phenomena. Recently, they also

investigated elevated acceleration effects on the performance of a novel dual-CC flat loop heat pipe [46].
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A synthesis of the aforementioned references reveal that currently designed and studied DCCLHPs
universally incorporate bayonet structures. Both the bayonet structure and secondary wick were originally
developed to ensure effective liquid supply to the central portion of the wick, particularly for microgravity
applications [47]. These designs have been continuously refined or remain in use today, primarily to enhance
the startup performance of DCCLHPs [26,27]. Experimental evidence, however, indicates that bayonet-
equipped LHPs may experience significant capillary force reduction under substantial heat leakage
conditions [48], and could also lead to the CC overheating when operating with excessive working fluid mass
charge, resulting in system failure [49]. On the other hand, removing the bayonet structure can simplify the
manufacturing process of DCCLHPs and moderately reduce system mass.

Therefore, this study designed and fabricated a DCCLHP without a bayonet, aiming to investigate
its operational performance and adaptability under high acceleration conditions, using ammonia as the
working fluid. The research focuses on examining the effects of heat loads, orientations, acceleration
magnitudes, and heat sink temperatures on the transient characteristics of the DCCLHP in acceleration fields,
while analyzing and explaining the instability phenomena induced by acceleration effects. According to
existing references, this work represents the first experimental investigation of the transient characteristics
of a bayonet-free DCCLHP under acceleration conditions. The findings provide critical data support and
technical guidance for both the practical application of DCCLHPs in high-speed aircraft and the design of
simplified configurations.

2. Experimental setup and procedures

Fig. 1 presents the schematic diagram of the experimental system in this study, which primarily
consists of the acceleration regulatory system, the heating control and data acquisition system, the cooling
system, and the DCCLHP testing unit.

In this work, the newly designed DCCLHP comprises a cylindrical evaporator, two cylindrical CCs,
a serpentine condenser, a vapor line, and a liquid line, with helical structure incorporated in the mid-portions
of both transport lines. The schematic diagram of the internal structure of the evaporator and CCs is shown
in Fig. 2. Unlike the conventional DCCLHP, this design eliminates the bayonet structure. The CC1 and CC2
are directly connected through the evaporator core, and the condensed working fluid enters the CC2 directly

via the liquid line, which reduces manufacturing complexity and cost. The condenser tubing is welded onto
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an aluminum plate. All shells are constructed from 316L stainless steel, and the capillary wick is fabricated
by sintering nickel powder. Furthermore, since most onboard electronic devices require operational
temperature below 75 °C, ammonia was selected as the working fluid due to its high Dundar number, large
dP/dT value, and low superheat requirement for boiling [50]. The working fluid charge mass was determined
to be approximately 60 g based on the theoretical analysis in Reference [19]. Both excessively low and high
working fluid charge can lead to difficulties in system startup, potentially resulting in insufficient liquid
supply or temperature overshoot, respectively [19, 49]. The detailed design parameters of this DCCLHP are
listed in Table 1.

As shown in Fig. 1, the DCCLHP is mounted inside the test enclosure at the end of the rotating arm.
The centrifuge can provide a maximum radial centrifugal acceleration of 15g. To ensure the safety and
stability of the experimental system, the test duration for each condition is typically limited to 60 minutes,
which covers the time required for the DCCLHP to reach steady state under any condition in this study. A
thin-film electric heater is attached to the exact center of the evaporator's outer surface. The heat input Q is
regulated by a DC power supply, with its maximum value set to 450 W. The voltage (U) and current (/)
measurement accuracies are +0.1% and +0.5%, respectively. The temperature variations at each measurement
point on the DCCLHP were recorded using PT100 temperature sensors with an accuracy of £0.3 °C and an
Agilent 34970A data logger. The exact positions of all temperature measurement points are shown in Fig. 3.
Specifically, CON_1, CON_3, and CON _5 are located at the bends of the condenser's serpentine tubing. The
condenser was firmly secured to the aluminum cooling plate of the cooling system, with thermal grease
applied at the interface to minimize contact thermal resistance. COLD_IN was used to monitor the cooling
water temperature entering the cooling plate for stable heat sink temperature control. In this experiment, three
heat sink temperature setpoints were adopted for specific operating conditions: 15 °C, 20 °C, and 25 °C.

Fig. 4 presents the schematic diagrams of the four installation orientations of the DCCLHP and the
corresponding internal vapor-liquid distributions in this study. The four orientations are labeled as
Orientation I to IV. Arrows marked with a and g denote the directions of centrifugal acceleration and
gravitational acceleration, respectively. The symbol @ indicates gravitational acceleration directed inward,

perpendicular to the plane of the page. Unless otherwise specified, all accelerations referenced in this text
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refer specifically to centrifugal acceleration. As illustrated in Fig. 4, the vapor-liquid distribution of the

working fluid differs in the two CCs due to the distinct force directions.

3. Results and discussion
3.1 Operating characteristics for different orientations under acceleration
3.1.1 Transient behaviors at Orientation [

Fig. 5 shows the temperature variations of the DCCLHP at Orientation I with the 20 °C heat sink
temperature under different conditions, respectively corresponding to 6g and 20 W, 6g and 450 W, 15¢g and
20 W, 15g and 50 W. The DCCLHP can successfully start up at 20 W under the most unfavorable orientation,
exhibiting operational temperatures of 28.1 °C and 33.0 °C under 6g and 15 g conditions, respectively.
Furthermore, it demonstrated normal operation at 6g and a relatively high heat load of 450 W, maintaining a
stable temperature of 43.3 °C. However, at 15g and a low heat load of 50 W, the evaporator temperature
continuously increased without reaching a steady state. Additionally, system stabilization time increased
significantly at lower heat loads.

In Fig. 5(a), following the application of acceleration and heat load at 170 s, vapor gradually
generated in the evaporator and flowed through the vapor line into the condenser. The temperatures at EVA,
CCl1, CC2, and VL_OUT increased, while all measurement points on the condenser showed gradual

temperature rise. Concurrently, LL IN and LL_OUT temperatures decreased sequentially as subcooled

working fluid slowly entered the CC2, indicating the progressive establishment of a stable forward circulation.

Ultimately, the temperatures of EVA, CC1, and CC2 kept at 28.1 °C, 27.4 °C, and 27.3 °C, respectively. Due
to its proximity to the CC2, LL. OUT maintained a higher temperature than LL._IN. The condenser operated
with only partial utilization, as evidenced by the vapor-liquid interface being located between VL._OUT and
CON 1. Under acceleration effects, vapor accumulation near CON_3 resulted in a locally high temperature.
As illustrated in Fig. 5(c), at 15g and 20 W, the temperature evolution trends at all measurement points
followed patterns similar to those observed in the aforementioned case. However, the stabilized temperatures
of EVA, CCl1, and CC2 reached 33.0 °C, 31.1 °C, and 31.2 °C respectively, exhibiting systematically higher

values compared to the above condition.
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As depicted in Fig. 5(b), upon application of the thermal-mechanical load at 65 s, vapor rapidly
generated and entered the condenser, the temperatures of the evaporator, vapor line, and condenser sharply
increased. The subcooled liquid pushed into the liquid line triggered a sharp sequential temperature drop at
LL IN and LL_OUT. With working fluid returning into the CC2, both CC1 and CC2 temperatures slightly
decreased around 80 s before subsequently rising again. EVA, CC1, and CC2 reached steady temperatures
of 43.3 °C, 40.6 °C, and 38.7 °C, respectively. Although the CC1 and CC2 exhibited similar vapor-liquid
distributions, the direct inflow of condensed working fluid into the CC2 resulted in its slightly lower
temperature compared to the CC1. During stable operation, the condenser was in a complete two-phase state,
with liquid accumulation near CON_1 and CON_5 due to acceleration effects, yielding their comparatively
lower temperatures of 35.9 °C and 35.2 °C.

In Fig. 5(d), after applying acceleration and heat load at 30 s, vapor slowly generated and entered
the vapor line. The condenser temperature exhibited a slight increase, both LL_IN and LL._OUT temperatures
decreased slightly. It was indicated that the condenser was barely utilized, as the vapor failed to undergo
effective condensation, and the working fluid return flow encountered substantial flow resistance. Meanwhile,
the temperatures at EVA, CC1, and CC2 continued to rise, suggesting increasing heat leakage from the
evaporator to the CCs. Consequently, the system failed to reach a steady state. The experiment was terminated
to prevent potential wick breakdown.

For the DCCLHP, the driving pressure Apca, generated by the capillary wick must exceed the total
pressure drop of the loop for normal startup and operation. In this work, the Apca, must satisfy the following

condition.

Alycap 2 Apvg +Apvl +Apcon,v +Apcon,l +A1911 +pr +Apa (l)

Ap, = pal 2

Here, Apy; and Ap. are the vapor pressure drops in the vapor grooves and vapor line respectively,

Apcony and Apcon,1 are the vapor and liquid pressure drops in the condenser, Apy is the working fluid pressure
drop in the liquid line, and Apy, is the liquid pressure drop through the capillary wick. Ap, is primarily the
additional pressure head induced by acceleration on the liquid working fluid. When the flow direction of the
working fluid aligns with the acceleration direction, Ap, assumes a negative value; conversely, it becomes

positive. However, when the flow direction is perpendicular to the acceleration direction, Ap, is negligible.

8
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Where p is the liquid density, a is the magnitude of acceleration, and [ is the effective flow length of the
working fluid along the acceleration direction. In fact, both Ap., and Apy are relatively low and can be
neglected. The total pressure drop in the external loop is primarily governed by Apconi, Api, Apw, and Apa.
Due to the horizontal configuration of the DCCLHP, the gravitational influence is also negligible.

At Orientation I, when subjected to 15g acceleration, Ap, was significantly larger compared to the
6g condition. Consequently, the Apcqp likely failed to meet the requirement of Eq (1) at 50 W, the insufficient
subcooling of the return fluid and persistently increasing heat leakage from the evaporator to the CCs caused
the operation failure. However, as the heat load was reduced from 50 W to 20 W, the mass flow rate decreased,
leading to a reduction in system flow resistance. And the subcooling degree of the returning liquid was
sufficient to balance the heat leakage from the evaporator. Therefore, the DCCLHP can successfully start up
and achieve stable operation at 15g and 20 W. In addition, due to the higher Ap,, the operational temperature
at 15g and 20 W was notably elevated compared to that under 6g and 20 W condition.

The present DCCLHP demonstrated successful startup at low heat loads (20 W) under the adverse
Orientation I even without the bayonet. This capability may be attributed to enhanced wick performance,
system structure, and filling ratio. Moreover, the operating temperature of this DCCLHP for Orientation I at
450 W and 6g was 43.3 °C, which is close to the values for Orientation I at a lower heat load of 300 W with
the accelerations of 5g and 7g in Reference [51]. These results indicate that a rationally structural
simplification does not result in significant performance loss.

3.1.2 Transient behaviors at Orientation I1

Fig. 6 presents the temperature variations of the DCCLHP for Orientation II and 150 W with a heat
sink temperature of 20 °C, comparing the transient behaviors between 3g and 15g conditions. It is seen that
the acceleration magnitude significantly impacts the transient operation of the system. Under the
aforementioned 15g condition, the working fluid distribution within the condenser exhibits a distinct vapor-
liquid interface. The operational temperatures at 3g and 15g are 28.5 °C and 31.8 °C, respectively.

In Fig. 6(a), after applying acceleration and heat load at 90 s, the temperatures of LL IN and
LL OUT exhibited an immediate decline, reaching their minimum values at 110 s and 160 s, which
confirmed the transit of subcooled working fluid through the liquid line into the CC2. The temperature at

CC2 initially increased but subsequently decreased at 110 s under the effect of the returning subcooled liquid,
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before rising again at 170 s. When the system reached steady-state operation, the temperatures of EVA, CCl1,
and CC2 kept at 28.5 °C, 26.8 °C, and 25.1 °C, respectively. Under the acceleration, a significant amount of
vapor accumulated in the CC1, resulting in its temperature being notably higher than that of CC2. During
this process, the condenser operated entirely in a two-phase state, while vapor was also present in the liquid
line, leading to high temperature at LL._IN.

As shown in Fig. 6(b), when the acceleration was increased to 15g, the temperature of the CC2
continuously decreased during system startup until stabilization due to the effect of the returning subcooled
liquid. Meanwhile, the temperatures of CON_4 and CON_3 exhibited abrupt drops at 135 s and 200 s,
respectively, followed by gradual recovery to the steady-state. In the end, the temperatures of EVA, CCl,
and CC2 stabilized at 31.8 °C, 31.2 °C, and 23.1 °C, respectively, while the vapor-liquid interface in the
condenser remained fixed between CON_3 and CON 4.

For Orientation II at 150 W, as the acceleration was increased from 3g to 15g, a distinct vapor-liquid
interface emerged in the condenser, accompanied by a reduction in the two-phase zone length. And the
acceleration-induced pressure head Ap, enhanced liquid return. However, the operational temperature of the
DCCLHP increased by 3.3 °C, while the temperature difference between the CC2 and CC1 surged from
1.7 °C to 8.1 °C. It was demonstrated that under the above operating conditions, while the liquid working
fluid could effectively return to the CC2 under high acceleration, reducing its temperature from 25.1 °C to
23.1 °C, the acceleration effects critically impeded adequate wick wetting near the CC1 side. As a result, heat
leakage from the evaporator to the CC1 intensified sharply, driving the temperature of CC1 rise to 31.2 °C
and likely causing localized wick dry out or breakdown, ultimately degrading the DCCLHP's operating
performance.

3.1.3 Transient behaviors at Orientation 111

Fig. 7 displays the temperature variations of the DCCLHP for Orientation III and 6g with a heat
sink temperature of 20 °C, under the 30 W and 200 W conditions. The DCCLHP exhibits temperature
overshoot at the 30 W condition, with operational temperatures of 25.2 °C and 30.7 °C for the aforementioned
two cases.

In Fig. 7(a), following the application of thermal-mechanical load at 60 s, the temperature at LL._IN

exhibited an immediate decrease, while all other measurement points showed a rapid temperature rise. This

10
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confirmed the entry of subcooled working fluid into the liquid line and CC2. At 195 s, the temperatures of
EVA, CCl1, CC2, VL _OUT, and LL_OUT displayed a sudden and rapid decline. Notably, the evaporator
temperature dropped from a maximum value of 26.1 °C. Meanwhile, CON_1 exhibited a sharp temperature
rise due to the rapid passage of high-temperature vapor. Subsequently, the system gradually reached a steady
state, with the temperatures of EVA, CC1, and CC2 stabilizing at 25.2 °C, 24.8 °C, and 24.7 °C, respectively.
The vapor-liquid interface in the condenser remained positioned between CON_1 and CON_2. Additionally,
the temperature at L. OUT continuously increased prior to reaching its peak of 24.9 °C, indicating that heat
leakage from the evaporator to the CCs was significant during this stage. This sustained heat transfer
prevented cooling at the liquid line outlet near the CC2, keeping LL._OUT's temperature consistently high.
The specific causes of the aforementioned temperature overshoot will be detailed in Section 3.4.

As illustrated in Fig. 7(b), after the application of acceleration and heat load at 55 s, the sequential
temperature drops at LL_IN and LL._OUT again signified the progressive inflow of subcooled liquid into the
CC2. Around 60 s, the temperatures of EVA, CC1, and CC2 slightly decreased before resuming their ascent
until system stabilization. Ultimately, the temperatures of EVA, CC1, and CC2 kept at 30.7 °C, 29.4 °C, and
29.5 °C, respectively. High-temperature vapor entered the liquid line, while the condenser operated entirely
in a vapor-liquid two-phase state. Under the acceleration, CON_3 exhibited the lowest temperature of 27.1 °C
due to the accumulation of liquid working fluid.

Under the 30 W condition, the mass flow rate of the working fluid was relatively low, only a small
portion of the condenser was utilized. Due to the limited subcooling of the returning liquid and heat leakage
from the evaporator to the CCs, the temperatures of the CCs remained elevated, approaching that of the
evaporator. When the heat load was 200 W, the mass flow rate increased significantly, and the condenser
was fully utilized. However, the higher flow resistance in the external loop caused the evaporator temperature
to rise. According to Eq (3), the average temperature difference between the evaporator and the CCs

(approximately 1.4 °C) was also greater than that observed at 30 W.

Ap:AT(d—pj :AT< A 3)

dr vg—vl)T

11
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Where, AT is the mean temperature difference between the evaporator and CCs, 4 is the latent heat
of the liquid, v, and v are the specific volumes of vapor and liquid respectively, T is the average temperature
of the evaporator and CCs, and Ap is the total pressure drop in the external loop.

3.1.4 Transient behaviors at Orientation IV

Fig. 8 depicts the temperature variations of the DCCLHP for Orientation IV and 6g with a heat sink
temperature of 20 °C, under heat loads of 50 W, 100 W, 150 W, and 200 W. The DCCLHP exhibited
continuous evaporator temperature escalation at 50 W, ultimately leading to operation failure. However, the
system maintained stable operation at higher heat loads, with corresponding operational temperatures of
25.4 °C, 27.9 °C, and 30.3 °C for the aforementioned conditions.

In Fig. 8(a), upon application of the thermal-mechanical load at 15 s, the temperatures at all
measurement points increased gradually. At 400 s, the temperatures of LL._ IN, CON_4, and CON 1 started
to decline sequentially. By approximately 700 s, the temperature at VL. OUT began to drop rapidly, while
LL_IN increased slowly. At 820 s, the temperature at LL._IN surged abruptly. It was indicated that high-
temperature vapor from the CCs back flowed into the liquid line, simultaneously pushing subcooled liquid
into the vapor line. At approximately 880 s, the temperatures of EVA, CC2, and LL_OUT had elevated to
46.0 °C, 43.9 °C, and 39.6 °C, respectively, with no signs of stabilization. For safety, the experiment was
terminated.

Under conditions of higher acceleration and lower heat loads at Orientation 1V, the DCCLHP
frequently failed to maintain stable operation. This was likely because the acceleration generated a significant
Apa. in the condenser, while the Apc,p cannot overcome the high flow resistance in the external loop. As a
result, the CCs failed to receive sufficient subcooled liquid, causing the temperatures of both the evaporator
and CCs to rise continuously. The capillary wick broke down, allowing high-temperature vapor from the
CC2 to backflow into the liquid line, resulting in operation failure.

As shown in Fig. 8(b), the system successfully started up with the return of subcooled liquid. Due
to the acceleration effects of Orientation IV, the CC1 accumulated a significant volume of liquid working
fluid, resulting in a noticeably lower temperature compared to CC2. Under heat loads of 100 W, 150 W, and
200 W, the steady-state temperatures of CC1 kept at 22.4 °C, 23.5 °C, and 24.4 °C, respectively, while the

temperature difference between the CC1 and CC2 progressively increased to 2.2 °C, 3.5 °C, and 4.9 °C.
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Similar to the operating characteristics observed at Orientation II, a larger temperature difference between
the two CCs correlated with a higher evaporator temperature, indicating intensified thermal imbalance under
these conditions. In addition, when the heat load exceeded 100 W, the condenser became fully utilized, and
the liquid line inlet also exhibited a vapor-liquid two-phase state.

It was noteworthy that for 6g and 200 W, the system operational temperature at Orientation IV was
slightly lower than that at Orientation III. Under the two conditions, both the condenser and liquid line entered
a two-phase state, and the acceleration-induced Ap. of the working fluid in the condenser may exhibit
minimal variation. However, for Orientation IV, the condensed liquid entering the CC2 rapidly flowed
through the evaporator core under acceleration, effectively wetting the capillary wick. This behavior may
contribute to a reduction in operational temperature to some extent, thereby enhancing the system's thermal
performance.

Furthermore, although compared to References [51, 52], this DCCLHP has difficulty in startup for
Orientation IV at low heat loads, its operating temperatures under 6g and heat loads of 150 W and 200 W
were 27.9 °C and 30.3 °C, respectively, which are even lower than those for Orientation IV at 5g with 150
W and 200 W in Reference [51]. These results collectively indicate that the bayonet-free DCCLHP did not
exhibit significant performance loss in acceleration field.

3.2 Vapor-liquid redistribution

For Orientation II, vapor-liquid redistribution occurs under specific operating conditions.
Specifically, after system startup, the external loop transitions from an entirely two-phase state to one with a
clear vapor-liquid interface, until reaching steady-state operation. Fig. 9 presents the temperature variation
curves of the DCCLHP for Orientation II at 12g and 150 W with heat sink temperatures of 15 °C, 20 °C, and
25 °C. The corresponding operational temperatures under these conditions are 28.7 °C, 32.6 °C, and 35.7 °C,
respectively.

In Fig. 9(a), after the application of acceleration and heat load at 230 s, vapor rapidly generated and
drove the subcooled liquid sequentially through LL IN and LL._OUT before entering the CC2, causing a
successive temperature drop in all three points. After 350 s, all measurement points exhibited a rising
temperature trend, with the external loop operating in a two-phase state. Approximately 635 s later, LL _IN,

CON_6, LL_OUT, and CON_5 began to decline sequentially. At 1500 s, the vapor-liquid interface retreated
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to between CON_4 and CON_5, with EVA at 30.2 °C. After 1600 s, the temperature at CON_4 also began
to decrease, while that of CON 3 first declined and then gradually increased. During this process, the
temperature at EVA continuously increased. When the system reached steady-state operation, the
temperatures of EVA, CC1, and CC2 were 32.6 °C, 31.2 °C, and 23.6 °C, respectively. The vapor-liquid
interface in the condenser stabilized between CON_3 and CON_4. The DCCLHP achieved its final stable
operation only after multiple adjustments of the vapor-liquid interface in the external loop.

When the heat sink temperature increased to 25 °C, as shown in Fig. 9(b), the temperatures of all
measurement points rose upon the application of acceleration and heat load, with the external loop
transitioning into a vapor-liquid two-phase state. After 470 s, the temperatures of LL IN, CON_6, CON_5,
and LL_OUT began to decrease sequentially, the vapor-liquid interface retreated to between CON_4 and
CON 5. By approximately 630 s, the temperatures of CON_4 and CON 3 also started to decline successively,
further pushing the vapor-liquid interface back to between CON_2 and CON_3. At 810 s, the temperature at
CON 2 also began to decrease. During the aforementioned process, the temperatures of EVA, CC1, and
VL _OUT continued to rise, while the utilization efficiency of the condenser gradually decreased. Heat
leakage from the evaporator to the CC1 persistently increased, leading to a continuous temperature rise in
both EVA and CCl1. The maximum temperature recorded at EVA reached 39.1 °C. After 1085 s, the
condenser's utilization efficiency improved, leading to temperature rises in CON_2, CON_3, and CON 4,
while the temperatures of EVA, CC1, VL_OUT, and CON_ 1 began to decline. Upon reaching a steady state,
the evaporator temperature kept at 35.7 °C, with the vapor-liquid interface in the condenser located between
CON 3 and CON 4.

However, when the heat sink temperature was reduced to 15 °C, as illustrated in Fig. 9(c), the vapor-
liquid redistribution disappeared, and the system operated normally until reaching steady state. The lower the
heat sink temperature, the stronger the condenser's cooling capacity becomes, making it difficult to be fully
utilized at 150 W. However, as the heat sink temperature increases, the condenser may experience a complete
transition to a vapor-liquid two-phase state during operation. This phenomenon demonstrates that vapor-
liquid redistribution may be directly related to the condenser's heat transfer.

Based on the comprehensive experimental results, it has been determined that the occurrence of

vapor-liquid redistribution is not random but follows certain predictable patterns. Fig. 10 illustrates the vapor-
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liquid distribution states in the external loop under different conditions for Orientation II with a heat sink
temperature of 20 °C. For this DCCLHP, the external loop tended to transition entirely into a two-phase flow
under conditions of high heat loads and low accelerations. Conversely, under low heat loads and high
accelerations conditions, a distinct vapor-liquid interface became clearly observable in the external loop. The
vapor-liquid redistribution in the external loop emerged with increasing heat load, typically occurring when
the condenser approached full utilization. Furthermore, higher acceleration elevated the minimum heat load
required to achieve complete condenser utilization.

For Orientation II, the acceleration acts as a driving force for liquid flow in the condenser and a
resisting force in the evaporator core, with the overall effect being a resistance. According to Eqgs (1) and (2),
the Apcap rises as the acceleration increases from 3g to 15g. Consequently, the A7 between the evaporator and
the CCs increases according to Eq. (3), causing in the higher operating temperature. Meanwhile, the
condensation temperature rises, decreasing the temperature difference for condensation heat transfer. When
the heat dissipation is constant, the required condensation area or the condensation length decreases, the
vapor-liquid redistribution occurs. During the redistribution process, high transient operating temperature
may occur, as shown in Fig. 9(b).

3.3 Temperature oscillation

Fig. 11 displays the temperature oscillation curves of the DCCLHP for Orientation III at 9g and 50
W with a heat sink temperature of 20 °C. Upon applying acceleration and heat load at 60 s, vapor rapidly
generated and entered the condenser, causing immediate temperature increases at all measurement points
except LL_IN, along with a sharp rise in condenser utilization efficiency. Approximately 300 s later,
temperature decreases were observed at the evaporator, CCs, vapor line, liquid line outlet, and condenser
inlet sections, while other measurement point temperatures increased. This indicated further improvement in
condenser utilization efficiency, resulting in increased subcooling of the returning working fluid. The
enhanced subcooling effectively mitigated heat leakage from the evaporator to the CCs, thereby suppressing

further temperature rises in both the evaporator and CCs. Subsequently, the system began to exhibit periodic

temperature oscillations, with operating temperatures fluctuating between approximately 24.4 °C and 24.8 °C.

The temperature oscillations are intrinsically linked to heat leakage from the evaporator to the CCs

under acceleration effects, which induces periodic oscillations of the vapor-liquid interface within the
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external loop. Under sustained heat load, the temperature at EVA increases, elevating the temperatures of
VL _OUT, CON 1, and CON_2 with high-temperature vapor entering the condenser. Simultaneously, heat
leakage from the evaporator increases the temperature of the CCs, where high-temperature vapor forces the
working fluid back into the condenser. This shifts the vapor-liquid interface toward the condenser inlet,
reducing temperatures of CON_3 to CON_5 while increasing those of LL IN and LL OUT. However,
elevated pressure in the vapor line drives the vapor-liquid interface toward the condenser outlet, raising
temperatures of CON_3 to CON_5, while subcooled working fluid reduces liquid line temperature. When
the subcooled liquid returns to the CCs, the temperatures of the CCs and evaporator decrease, lowering the
generated vapor temperature. This cycle repeats periodically. Notably, Orientation III facilitates working
fluid return, further preventing excessive temperature rise in the evaporator. Therefore, while temperature
oscillation manifests instability, it also represents a self-regulating behavior of the DCCLHP under certain
operating conditions.

Fig. 12 shows the temperature variation curves of the DCCLHP for Orientation IV at 150 W with a
heat sink temperature of 20 °C, tested under acceleration conditions of 3g, 9g, 12g, and 15g. The
corresponding operational temperatures are approximately 27.8 °C, 27.8 °C, 28.0 °C, and 28.5 °C,
respectively. This indicates that as acceleration increases, the return flow resistance of the liquid working
fluid rises, leading to a slight elevation in operational temperature. Moreover, the external loop maintains a
two-phase state across these conditions without a distinct vapor-liquid interface.

When the acceleration increased from 9g to 12g, temperature oscillations with a period of
approximately 290 s occurred across all measurement points except the CC1, which was nearly filled with
liquid. The amplitude was about 0.4 °C at EVA, while LL_IN exhibited the largest fluctuation of 2.2 °C. A
distinct phase shift was observed between LL._IN and other measurement points, and periodic movement of
the vapor-liquid interface occurred between CON 4 and LL_OUT. When the acceleration further increased
to 15g, the temperature oscillations intensified, exhibiting a reduced period of 240 s. The amplitude reached
about 0.5 °C at EVA, while LL_IN still showed the most pronounced fluctuation of 3.4 °C. The vapor-liquid
interface moves between CON_5 and L OUT. At 15g, a larger additional resistance is generated, which
requires a greater capillary force than at 12g to balance the external loop resistance. As a result, the operating

temperature at 15g is higher. Due to the larger subcooling of the returning liquid from the condenser at 15g,
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the amplitude of temperature oscillation at LL IN is greater than at 12g. Simultaneously, the additional
resistance caused by the acceleration slightly reduces the period of system oscillations. For Orientation IV,
while increased acceleration has a minimal impact on the system's operational temperature, it induces
significant temperature oscillations. Such fluctuations are detrimental to electronic devices requiring
stringent thermal stability.

3.4 Temperature overshoot

In this study, temperature overshoot predominantly occurs under low heat load conditions at
Orientation II and III. Fig. 13 depicts the temperature variation curves of the DCCLHP for Orientation 11
under 30 W low heat load and 3g, 12g, and 15g acceleration conditions with a heat sink temperature of 20 °C.
It can be observed that under the 3g and 12g conditions, the system exhibits significant temperature overshoot
during startup. The operational temperatures for the three conditions are 23.2 °C, 23.8 °C, and 24.2 °C,
respectively. The sharp increase in acceleration for Orientation II still raises the evaporator temperature,
consistent with the conclusions in Section 3.1.2.

In Fig. 13(a), after the application of acceleration and heat load, vapor rapidly formed and entered
the vapor line, causing a sharp temperature rise in VL_OUT. At approximately 230 s, the temperatures of
EVA, CCl1, CC2, and LL_OUT all reached their peak values of 24.6 °C, 24.1 °C, 23.4 °C, and 23.5 °C,
respectively. This indicated significant heat leakage from the evaporator to the CCs, particularly to the CCI1.
After 230 s, the temperatures of these five points began to decline. The temperature rise rates at CON_1 and
CON 2 accelerated, while the temperature difference between CON_2 and CON_3 significantly increased.
This enhancement in condenser utilization led to improved subcooling of the returning working fluid.
Consequently, the temperatures of both the evaporator and CCs decreased. When the system reached steady-
state operation, the temperatures of EVA, CC1, and CC2 kept at 23.2 °C, 23.0 °C, and 22.8 °C respectively,
with a temperature overshoot of 1.4 °C observed during the transient phase. Finally, the temperature at
LL OUT decreased to approach that of the condenser. The vapor-liquid interface in the condenser stabilized
between CON_2 and CON_3.

Fig. 13(b) demonstrates similar temperature evolution characteristics in the DCCLHP to those
observed in Fig. 13(a). At approximately 325 s, the temperatures of both EVA and CC1 peaked at 24.0 °C

and 23.8 °C respectively. Subsequently, the temperatures of EVA, CC1, CC2, VL_OUT, and LL._OUT began
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to decline, while CON 1 and CON 2 exhibited a rapid temperature rise. The condenser utilization efficiency
increased sharply. At steady-state operation, the temperatures of EVA, CC1, and CC2 kept at 23.8 °C, 23.6 °C,
and 23.3 °C, respectively, with a temperature overshoot of 0.2 °C. As shown in Fig. 13(c), when the
acceleration increased to 15g, the operating process remained similar to the aforementioned scenario, but
temperature overshoot was nearly negligible. At steady state, the temperatures of EVA, CC1, and CC2 kept
at 24.2 °C, 23.8 °C, and 23.3 °C, respectively.

It is indicated that the temperature overshoot is closely related to the heat leakage of the evaporator
and thermal equilibrium of the CCs at low heat loads. For Orientation II at the same heat load, the increase
in acceleration promotes the return flow of subcooled working fluid, thereby supplying more cooling capacity
to the CCs. It reduces the temperature rise caused by heat leakage from the evaporator to the CCs,
consequently diminishing the temperature overshoot. Simultaneously, higher acceleration leads to a slight
increase in operational temperature, accompanied by an enlarged temperature difference between the two
CCs.

As shown in Fig. 14, for Orientation IIT at 30 W and 12g with a heat sink temperature of 20 °C, the
temperature variation trend of the DCCLHP is similar to that of the 6g condition corresponding to Fig. 7(a).
Under 12g acceleration, when the system reached steady-state operation, the EVA temperature stabilized at
24.9 °C with a temperature overshoot of approximately 0.1 °C, which was significantly lower than the 0.9 °C
under the 6g condition. It is evident that for both Orientation II and III, favorable for working fluid return,
higher accelerations consistently reduce the system's temperature overshoot. This mitigation effect decreases
the adverse impact of excessive startup overshoot on precision electronic devices.

4. Conclusion

This study investigates the effects of heat loads, installation orientations, acceleration magnitudes,
and heat sink temperature on the transient operational characteristics of a newly designed DCCLHP without
a bayonet. It further examines the impact of acceleration on vapor-liquid redistribution, temperature
oscillation, and temperature overshoot, yielding several key conclusions.

(1) This DCCLHP demonstrates competent performance despite the absence of a bayonet structure.
It achieves successful startup at 15g and 20 W while maintaining stable operation at a relatively lower

acceleration of 6g combined with a higher heat load of 450 W under the unfavorable Orientation I.
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(2) Acceleration direction significantly influences operational characteristic. For Orientation II,
increasing acceleration enhances working fluid return but may lead to wick end dry-out and greater heat
leakage. For Orientation IV, the system exhibits startup difficulty with reverse flow at low heat loads but
stable operation at higher heat loads, where the bayonet-free design may improve wick wettability, achieving
performance comparable to Orientation III.

(3) The operating temperature increases with heat load or acceleration rising, accompanied by a
greater temperature difference between the two CCs, at Orientation II and IV.

(4) The vapor-liquid redistribution occurs during the transitional phase when the condenser
approaches full utilization with increasing heat load, during which elevated operating temperature may arise.
This phenomenon results from thermodynamic instabilities under acceleration effects. Furthermore,
increasing acceleration raises the minimum heat load required to achieve complete condenser utilization.

(5) Temperature oscillation occurs only at low heat loads for Orientation III and at relatively high
heat loads for Orientation IV. For Orientation IV at 150 W, elevated acceleration induces temperature
oscillations. The fluctuation period decreases from 290 s at 12g to 240 s at 15g, while the temperature
amplitude at LL_IN increases from 2.2 °C (12g) to 3.4 °C (15g). Notably, the evaporator temperature
amplitude remains nearly identical under the two acceleration conditions.

(6) At orientations favoring working fluid return (e.g., Orientations II and III), the system exhibits
temperature overshoot at low heat loads, primarily attributed to heat leakage from the evaporator to the CCs.
However, appropriately increasing acceleration magnitude effectively reduces the temperature overshoot,
thereby mitigating its adverse effects on electronic devices. To illustrate, for Orientation II at 30 W, the

overshoot values at 3g, 12g, and 15g are 1.4 °C, 0.2 °C, and nearly 0 °C, respectively.
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NOMENCLATURE

Greek symbols

Subscripts

cap

con,]

con,v

Current, [A]

Heat load, [W]

Temperature, [°C]

Voltage, [V]

Centrifugal acceleration, [m/s?]

Gravitational acceleration, [9.81 m/s?]

Length, [m]

Pressure, [Pa]

Specific volume of working fluid, [m*/kg]

Density, [kg/m?]

Latent heat, [kJ/kg]

Centrifugal acceleration

Capillary pressure

Liquid pressure drop in the condenser

Vapor pressure drop in the condenser

The specific volume of vapor

20

620z Joquualdas gz uo Jasn Aysianiun Bueyied Aq Jpd"/6€ L-GZ-BOSYYZS L ¥G2/896690 L/S | L L 0L/10p/jpd-ajoie/uoneslddeasusios|ewiayy/Bio awse: uoios|joofeBipawsey/:djy Lol papeojumoq



531
532

ASME 'Journal of Thermal Science and Engineering Applications

11

sat

Vg

vl

Abbreviations

cc

DCCLHP

D

LHP

OD

The specific volume of liquid

Liquid line

Saturation

Vapor groove

Vapor line

Wick

Compensation chamber

Dual compensation chamber loop heat pipe

Inside diameter

Loop heat pipe

Outside diameter
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Fig. 1 The schematic diagram of the experimental system
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Fig. 13 Temperature variation curves of the DCCLHP for Orientation Il at 30 W with a
heat sink temperature of 20 °C under different acceleration magnitudes
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Fig. 14 Temperature variation curves of the DCCLHP for Orientation Ill at 30 W and 12g

with a heat sink temperature of 20 °C
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Table Caption List

Table 1 Main design parameters of the DCCLHP
Table 1 Main design parameters of the DCCLHP
Components Material Design parameters Dimensions
Pore radius (pum) 0.5
Wick Nickel Porosity 48.5%
Permeability (m?) 1.3x10°14
OD/ID/Length (mm) 23/10/156
Evaporator Stainless steel 316 L OD/ID/Length (mm) 25/23/156
CCs Stainless steel 316 L OD/ID/Length (mm) 27/25/60
Liquid pipe Stainless steel 316 L OD/ID/Length (mm) 6/4/500
Vapor pipe Stainless steel 316 L OD/ID/Length (mm) 6/4/500
Condenser Stainless steel 316 L OD/ID/Length (mm) 6/5/1100
Working fluid Ammonia
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