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Abstract:  14 

In this article, an experimental investigation was carried out to explore the steady-state 15 

operational behavior of a newly designed nickel-water dual compensation chamber loop heat 16 

pipe (DCCLHP) under elevated acceleration fields. Glass windows were fabricated and 17 

embedded on a condenser and two compensation chambers (CCs) for the purpose of visual 18 

observation of vapor and liquid distribution. The steady-state operational behaviors and any 19 

new phenomena were discussed. The heat load from 30 W to 110 W and the acceleration 20 

magnitude from 1g to 13g as well as four different acceleration directions were taken into 21 

account. Experimental results indicate that: (i) as the heat load increases, the steady-state 22 

operational temperature of the DCCLHP increases, while thermal resistance may increase or 23 

decrease, also depending on both the acceleration direction and magnitude. (ii) The thermal 24 

resistance at both direction A and D is significantly larger than that at both direction B and C. 25 

The minimum thermal resistance with 0.78 K/W at 11g with 70 W and operational temperature 26 

with 72.7 oC at 3g with 30 W are achieved at direction C. (iii) as the acceleration magnitude 27 

increases, both operational temperature and thermal resistance tend to decrease for both 28 

direction B and C, whereas an opposite tendency is observed for both direction A and D. (iv) 29 

both the vapor column and liquid column alternatively distribute in the condenser channel that 30 

could increase or decrease the loop pressure drop. Inclined vapor-liquid interface and different 31 

liquid amount in both CCs are formed at different accelerations. Stratified flow or annular flow 32 

could lead to the film condensation heat transfer in the condensation channel. 33 

Keywords: Electronic cooling; Loop heat pipe; Operational behavior; Dual compensation 34 

chamber; Acceleration; Visualization 35 
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Nomenclature 39 

a     Radial acceleration        [m/s2] 40 

g     Gravitational acceleration      [9.81 m/s2] 41 

h     latent heat of vaporization      [J/kg] 42 

I     Current of DC supply       [A] 43 

L     Length           [m] 44 

∆p     Pressure difference        [Pa] 45 

Q      Heat load          [W] 46 

R      Thermal resistance        [K/W] 47 

T      Temperature         [K] 48 

U     Voltage of DC supply       [V] 49 

v    Specific volumes        [m3/kg]   50 

x    Independent vary 51 

y    Physical quantity 52 

Greek symbols   53 

ρ     Density          [kg/m3] 54 

Subscripts 55 

a    Acceleration 56 

b    Bayonet 57 

cp     Water-cooling plate 58 

con    Condenser 59 

e    Evaporator 60 

i     Inlet 61 

lp    Liquid pipe  62 

o     Outlet 63 

sat    Saturation 64 

total   Total pressure drop 65 

v    Vapor  66 

vp    Vapor pipe 67 

w    Wick 68 

Acronyms 69 

CC    Compensation chamber 70 

DCCLHP   Dual compensation chamber loop heat pipe 71 

ID    Inner diameter 72 

LHP    Loop heat pipe 73 

OD    Outer diameter 74 

 75 



1. Introduction 76 

Loop heat pipe (LHP) is a very efficient, reliable and passive phase change heat transfer 77 

device, which has attracted significant attention due to its advantages of large heat transfer 78 

capacity, strong anti-gravity capability, long heat transport distance, flexible installation, and 79 

active and precise temperature control [1-4]. LHPs have been widely applied to various fields 80 

such as space vehicle temperature control [5-7], aircraft anti-icing [8-10], working station 81 

cooling [11-14], battery thermal management [15-18], solar energy recovery [19-22], 82 

electronics devices cooling [23-26]. Nowadays, LHP becomes a very promising solution to the 83 

comprehensive thermal management issue of advanced aircraft [27-29].  84 

It should be noted that on the advanced aircraft the acceleration is introduced, the airborne 85 

electronic equipment and its cooling device cannot operate properly due to complex and 86 

variable acceleration forces [30]. Recently, it is proved that the dual compensation chamber 87 

loop heat pipe (DCCLHP) with a compensation chamber (CC) on both sides of evaporator 88 

possesses potential to better adapt to the elevated acceleration environment [31]. Xie et al. 89 

carried out a series of experimental studies on the steady-state and transient operational 90 

performance of the DCCLHP under constant acceleration conditions [32-33], operational 91 

behavior in periodic acceleration field [34], operational characteristics with the assistance of 92 

thermoelectric cooler [35, 36]. Compared with the effect of gravitational force, the acceleration 93 

effect can remarkably affect the vaporization, condensation, heat transfer and flow pattern in 94 

the wick, CCs and condenser. The two-phase flow and heat transfer in the DCCLHP coupled 95 

with the acceleration force becomes much more complex. It is noted that the temperature 96 

changing or operational performance of the DCCLHP can only be conjectured due to be lack 97 

of direct observing the internal flow pattern. 98 

More recently, it is recognized that visualization is considered to be one of the most effective 99 

methods to investigate the internal flow and heat transfer mechanism of LHP [37-39]. In order 100 

to fill the research gap and highlight the novelty of the current study, only important published 101 

results on visualization of the LHP reported by references were selected for comparative 102 

analysis. The purpose of the following literatures intends to review the important published 103 

articles on visualization study on the conventional single CC LHP in terrestrial gravity. 104 

Okamoto et al. [40] employed neutron radiography to observe the flow behavior of the working 105 

fluid at startup and the liquid distribution at steady state. It was found that the liquid in the 106 

evaporator core only gathered on the lower side and the liquid level changed with heat load. 107 

The dryout resulted from the vapor with high pressure remained in evaporator core which 108 

impeded the liquid supply from CC. Chuang et al. [41] experimentally studied the steady-state 109 

operational behavior by neutron radiography and proposed a theory of LHP operating with 110 

gravity-assisted. It was clearly seen that two-phase flow occurred in the vapor pipe when the 111 

LHP operated under gravity-controlled mode. Nishikawara et al. [42] conducted visual 112 

experiments on the evaporator and CC of a quartz wick-acetone LHP. It was clearly observed 113 



that boiling occurs in CC and menisci oscillated at the three-phase contact line within the wick, 114 

shell, and grooves. Yamada et al. [43] experimentally explored the effect of the meniscus in 115 

evaporator on the operating characteristics with glass tube evaporator. Their results showed that 116 

the size of menisci and the vapor-liquid phase states at the contact surface between the wick 117 

and shell could affect the heat transfer coefficient of the LHP. Wang et al. [44] visualized a set 118 

of evaporators for a novel flat LHP and studied their startup characteristics under different heat 119 

loads. They stated that higher heating power could lead to the faster startup. Zhang et al. [45] 120 

designed a LHP with a special half-sectioned cylindrical evaporator and CC covered by a glass 121 

window and investigated the effect of different heat loads and tilt angles on the operational 122 

performance. It was clearly observed that the temperature oscillation was closely connected 123 

with the periodical vibration of vapor-liquid interface in evaporator. Liu et al. [46] explored the 124 

relationship between the internal flow and temperature oscillations of a novel set of LHPs with 125 

a vapor-driven injector by visualization. Their findings suggested that intermittent fluid supply 126 

in the CC was responsible for the high-amplitude temperature oscillations of the LHP. Song et 127 

al. [47] designed and fabricated a set of silicon-based ultra-thin LHP for microscale heat 128 

dissipation. It was observed that the evaporator was in a state of coexistence of vapor and liquid 129 

at low heat flux density, while the evaporator is full of vapor at high heat flux density. Yan et 130 

al. [48] experimentally studied the heat transfer coefficient and internal flow characteristic of a 131 

propylene LHP at heat sink temperature between 153 K and 283 K by visualization. They stated 132 

that when the heat sink temperature decreased, the slug flow in the condenser disappeared and 133 

changed into wavy-annular flow. Zhang et al. [49] studied the startup characteristics of a LHP 134 

through visualizing the evaporator and condenser. They pointed out that several key impact 135 

factors such as heat power, charging ratio, tilt angle and working fluid could play a remarkable 136 

role on the startup performance and the vapor-liquid distribution. Wang et al. [50] performed 137 

an experimental study on the operating performance of the visual evaporator and condenser of 138 

a flat LHP under different heat loads and heat sink temperatures. They clearly observed the slug 139 

flow and annular flow in the evaporator and condenser.  140 

Compared to the above studies with single CC LHP, there are only quite few visualization 141 

studies on the DCCLHP. Lin et al. [51] studied the startup and steady-state behaviors of a 142 

DCCLHP through visualization experiments and explored the effects of initial vapor-liquid 143 

distribution and relative orientations between CCs and evaporator on the performance of 144 

DCCLHP. It was observed that different orientations could lead to different initial vapor-liquid 145 

distributions, which could play a significant impact on the startup performance. Zhao et al. [52] 146 

designed a DCCLHP for aircraft anti-icing and investigated its operational performance under 147 

different angles of attack and heat loads. Their experimental results indicated that the quality of 148 

the working fluid in the CCs would increase after startup. Xie et al. [53] visually investigated 149 

the transient operational characteristics of DCCLHP under acceleration fields. It was found that 150 

bubbles generated in the CCs, the vapor-liquid interface waving in the CC and moving in the 151 

condenser. 152 



Although the visualization studies of LHP have been investigated from several different 153 

aspects throughout the years, the authors believe that the comprehension of the two-phase flow 154 

and heat transfer mechanisms with visualization study has been far from completion and there 155 

is still much room to be enhanced in this area. To the best of the authors’ knowledge, little 156 

research has been reported to explore the steady-state operational behavior and internal flow 157 

and heat transfer mechanism of the DCCLHP by visualization under elevated acceleration fields. 158 

Thus, the main objective of the current study is to visually study the internal vapor and liquid 159 

distribution and flow pattern of the DCCLHP at steady state under elevated acceleration fields, 160 

and any new relevant phenomena. The effects of several key impact factors such as various 161 

acceleration magnitudes, acceleration directions and heat loads on the steady state behavior will 162 

be discussed in a systematic manner. In addition, the comparison of visualization results under 163 

acceleration and gravity conditions between current work and previous studies will be carried 164 

out. The outcome of the current study could play significant role in promoting the application 165 

of the DCCLHP on advanced aircraft in the future.  166 

 167 

2. Experimental apparatus and conditions 168 

2.1 Experimental setup 169 

In order to visually determine the DCCLHP operational characteristics under elevated 170 

acceleration fields, a new DCCLHP test apparatus was established, as shown in Fig. 1. The 171 

experimental system mainly comprised four systems: (1) the constant acceleration simulating 172 

and control system, (2) the data acquisition system, (3) the water cooling and heating control 173 

system and (4) the visual DCCLHP testing unit.  174 

⚫ The required constant acceleration simulating and control system mainly includes a 175 

Y53100-3/ZF centrifugal constant acceleration test machine, a frequency converter and 176 

a remote PC controller. When the centrifuge test machine operated, the radial 177 

acceleration up to 13g could be generated at the end of the spiral arm. 178 

⚫ The data acquisition system consists of an Agilent 34970A data acquisition unit, 179 

temperature sensors (PT100), three connection boxes, and a remote PC. The 180 

temperature of each measured point on the DCCLHP was recorded automatically 181 

through a remote PC.  182 

⚫ A cold water chiller (Sanffo HK-30/20L), a coriolis flowmeter (DMF-1-2), a magnetic 183 

drive pump, an adjustment valve, and a water-cooling plate (type 6061 aluminum), a 184 

stabilized voltage and current DC supply, and a thin film electric heater are connected 185 

to establish the water cooling and heating control system. Its main function is to provide 186 

the required heat sink for the condenser and the required heat source for the evaporator 187 

of the DCCLHP.  188 

⚫ The testing unit includes a visual DCCLHP, an installation enclosure, two LED lights, 189 

two video cameras (GoPro HERO9). The vapor-liquid distribution inside the DCCLHP 190 



can be captured by the cameras. The stainless-steel installation enclosure was bolted 191 

on the spiral arm of the centrifuge. In the current work, aluminum foil thermal 192 

insulation materials are used to wrap the loop in order to reduce the heat leakage. The 193 

frame up to 60 fps of a video camera was fixed and the video frame up to 1520 × 2704 194 

pixels was set for the CCs and the condenser. Two LED lamps were utilized as fill light 195 

for two cameras to lighten the picture. 196 

 197 

 198 

(a) Illustrative diagram of the visual DCCLHP test apparatus 199 

 200 

(b) Photograph of experimental setup 201 

Fig. 1. The illustrative diagram of the visual DCCLHP test apparatus. 202 

2.2 Specifications of Visual DCCLHP 203 

In the current work, in order to visually capture the distribution of the vapor, liquid and flow 204 
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pattern inside the DCCLHP, one visual condenser and two visual compensation chambers were 205 

designed and fabricated with a nickel-water DCCLHP [53]. Fig. 2 depicts the assembly drawing 206 

of the visual DCCLHP system, which comprises evaporator with nickel wick, CCs with visual 207 

window, condenser with visual window, vapor and liquid pipe. Borosilicate glass was used for 208 

fabricating the visual window. As discussed earlier, two CCs were applied in order to ensure 209 

that the liquid working fluid could be fed to the wick under any orientation conditions, 210 

especially in the acceleration fields. Seal gaskets (Ethylene propylene diene monomer, EPDM) 211 

were used to prevent leakage between the glass windows, threaded end connections and the CC 212 

shell. A cutaway diagram of the wick and CCs is demonstrated in Fig. 2(a). A bayonet was 213 

designed for connecting the liquid pipe crosses through the CC2 to the center of the evaporator 214 

core. Part of the bayonet could be observed from the CC2 glass window. The sintered nickel 215 

porous capillary wick (average pore diameter=1.1 μm) was prepared by powder metallurgy. In 216 

addition, eight vapor channels and one vapor collecting chamber were machined on the outside 217 

of the nickel wick. The size of the vapor channel was 177 mm × 1.0 mm × 1.0 mm. 218 

 219 

(a) Cutaway diagram of the wick and CCs 220 

 221 

(b) Photograph of the DCCLHP 222 

Fig. 2. Cutaway diagram of wick and CCs and photograph of the DCCLHP. 223 
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For the visual condenser of the DCCLHP, as shown in Fig. 2(b), the rectangular cross-224 

section serpentine channel was machined on a copper substrate. The channel size was 1000 mm 225 

× 3.0 mm × 3.0 mm. The serpentine channel was covered tightly by a transparent glass window 226 

to capture the working fluid flow pattern inside the channel. In order to prevent the cross flow 227 

of the working fluid between the channels, two seal grooves with 1.5 mm in width were 228 

processed on both sides of the channel and the EPDM sealing strip was placed in the seal 229 

grooves. Finally, the copper cover plate was compressed on the glass window, and the EPDM 230 

seal gasket between the glass window and cover plate was utilized to seal the channel. 231 

Table 1 provides the main specifications of the visual DCCLHP. Since the water has the 232 

maximum latent heat of the vaporization and the low vapor pressure among commonly used 233 

working fluids [54], the deionized water was utilized as the working medium in the current 234 

work.   235 

Table 1 Main specifications of the visual DCCLHP. 236 

Components Material Specification Dimensions 

Evaporator 316L 
ID/OD/Length (mm) 18/20/210 

ID/OD/Length (mm) 8/18/189.5 

Wick Nickel 

Porosity 48.5% 

Permeability (m2) 1.3×10-14 

Pore radius (μm) 1.1 

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   

 237 

2.3 Experimental conditions 238 

In the current work, the impact of various heat loads and accelerations on the operational 239 

behavior of the DCCLHP were experimentally investigated in detail. Considering the 240 

requirement of the maximum acceleration magnitude up to 13g, seven different acceleration 241 

magnitudes, i.e. 1g, 3g, 5g, 7g, 9g, 11g and 13g were selected. The acceleration magnitude 242 

would range from 90% to 130% compared to the value at the center over the test section 243 

according to GB/T 2423.15. Four acceleration directions, i.e. A, B, C and D were defined, and 244 

the corresponding sketch map is shown in Fig. 3. The heat load for directions A, B and D was 245 

from 30 W to 90 W with 10 W interval, whereas for direction C was from 30 W to 110 W with 246 

20 W interval, respectively.  247 

In the present study, the whole DCCLHP system mainly including the evaporator, the CCs 248 

and the condenser was placed horizontally. For directions A and C, the acceleration direction 249 



was parallel to the vapor pipe axis. Direction A represents that the condenser was far from the 250 

axis of the centrifuge, while direction C was opposite to direction A. For the purse of 251 

comparison, for directions B and D, the acceleration direction was parallel to the evaporator 252 

axis. For the case of direction B, the CC2 was close to the axis of the centrifuge, while direction 253 

D was opposite to direction B. It is noted that the gravitational acceleration always existed and 254 

was vertically downward. In the present experiment, simultaneous application of the heat and 255 

force load was used. For the purpose of safety, the centrifuge operated continuously for no more 256 

than 1 hour and the test time for each condition was controlled within 1 hour. The inlet 257 

temperature of the water-cooling plate was kept from 20 oC to 22 oC. The laboratory 258 

temperature was maintained from 25 oC to 26 oC by air-conditioning. 259 

In order to achieve the temperature profile, total nine temperature measuring points were 260 

arranged along the whole loop, as indicated in Fig. 3. Two measuring points CC1_T and CC2_T 261 

were located on the top surface of the CC1 and CC2. While CC1_B and CC2_B were located 262 

at the bottom surface of the CC1 and CC2, respectively. There was a measuring point EVA on 263 

the middle region of the evaporator shell surface to monitor the shell temperature, which was 264 

considered as the operational temperature of the loop. A measuring point VL was placed close 265 

to the middle of the vapor pipe, while a measuring point LL_OUT was placed close to the outlet 266 

of the liquid pipe. There were two points CON1 and CON2 attached on the copper cover plate 267 

of the condenser. The CP_IN and CP_OUT measuring points were utilized to monitor the inlet 268 

and outlet water temperature of the water-cooling plate.  269 

 270 

Fig. 3. The acceleration directions and location of temperature measurement point. 271 
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2.4 Data uncertainty 272 

If a variable y is a given function of several independent parameters x1, x2, …, xn, the general 273 

relational expression between combined standard uncertainty δy/y and the uncertainty of the 274 

independent parameters can be expressed as follows [55]: 275 
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where δy/δxi is the sensitivity coefficient, δxi/y is the uncertainty in y resulted from the 277 

uncertainty in xi.  278 

In the current work, thermal resistance R, as a significant index standing for the operational 279 

behavior of the loop, can be determined by Eq. (2) [56]. 280 

e

cpe

Q

TT
R

−
=           (2) 281 

where Qe is the heat load obtained by the evaporator, Te represents the shell temperature of the 282 

evaporator, Tcp indicates the surface temperature of the water-cooling plate, which can be 283 

obtained by Eq. (3). 284 

( )iocp TTT +=
2

1
              (3) 285 

where Ti and To are the inlet and outlet cooling water temperature of the water-cooling plate, 286 

respectively.  287 

In the current experiment, the uncertainty was primarily introduced by the data acquisition 288 

system. The calibration accuracy of the PT100 temperature sensor was approximately ±0.5 oC. 289 

Considering the effect of the data acquisition unit, connection terminates, electric wires, 290 

electrical slip rings and temperature sensor, the maximum uncertainty of the measured 291 

temperature was 3.31%. For the current and voltage, the uncertainty was 2.63% and 0.62%, 292 

respectively. The heat load could be obtained by multiplying voltage and current. Consequently, 293 

the uncertainty of the heat load was 2.66%. Finally, the uncertainty of the thermal resistance 294 

was 3.02% by Eqs. (1) and (2).  295 

3. Results and discussion 296 

3.1. Effect of different heat loads 297 

Fig. 4 plots the variation of the steady operational temperature and thermal resistance of the 298 

loop versus the heat load at direction A with 1g and 3g, and at direction C with 1g, 3g, 5g and 299 

7g. It can be found from Fig. 4 that the steady-state operational temperature at both direction A 300 

and C went up as the heat load increased. For direction A with 3g, the DCCLHP could not be 301 

able to reach a steady state as the heat load exceeded 40 W with the evaporator temperature 302 

close to 150 oC. For the cases of 1g and 3g at direction C, a steady-state operation could not be 303 

acquired as the heat load was higher than 70 W. However, at both 5g and 7g, a steady-state 304 

operation could be obtained as the heat load increased to 110 W. The thermal resistance at 305 



direction A with 1g decreased as the heat load increased. But the thermal resistance at direction 306 

A with 1g was smaller than that at direction A with 3g. At direction C, the thermal resistance 307 

at both 1g and 3g obviously decreased with the heat load increase. While it firstly decreased at 308 

5g and 7g and then increased as the heat load exceeded 90 W. The thermal resistance at direction 309 

A was not less than 1.78 K/W. But it did not exceed 1.53 K/W at direction C. 310 

In Fig. 4(a), the steady operational temperature at 30 W was 92.3 oC for direction A with 311 

1g, and it reached up to 129.9 oC as the heat load increased to 60 W. If the heat load was more 312 

than 60 W, a steady-state operation would fail to reach and the operational temperature would 313 

exceed 150 oC. Under 3g condition, the loop could normally work at only 30 W and 40 W, and 314 

the operational temperature at 40 W was 126.2 oC. In Fig. 4(b), the DCCLHP at both 1g and 3g 315 

could operate normally only at 30 W, 50 W and 70 W. While at both 5g and 7g, the maximum 316 

heat load could be up to 110 W. The lowest operational temperature was 71.6 oC at 30 W and 317 

5g, and the highest operational temperature was 142.8 oC at 110 W and 5g. Compared to the 318 

cases shown in Fig. 4(a), it can be clearly seen that the operational temperature at direction C 319 

was less than that at direction A under the same acceleration and heat load conditions. 320 

     321 

(a) Operational temperature for direction A    (b) Operational temperature for direction C 322 

     323 

(c) Thermal resistance for direction A        (d) Thermal resistance for direction C 324 

Fig. 4. Operating characteristics versus heat loads for cases of directions A and C. 325 



In Fig. 4(c), the thermal resistance at 1g and direction A decreased from 2.31 K/W to 1.78 326 

K/W with heat load of 30 W to 60 W. While the thermal resistance at 3g was 2.45 K/W and 327 

2.58 K/W at 30 W and 40 W, respectively. It was at 1g and 60 W that the minimum thermal 328 

resistance at direction A reached 1.78 K/W. In Fig. 4(d), the minimum thermal resistance was 329 

0.60 K/W at 90 W and 7g for the case of direction C. The maximum thermal resistance at 1g 330 

and 30 W was 1.52 K/W, which was obviously less than that at direction A shown in Fig. 4(c). 331 

For 110 W, the thermal resistance at 5g and 7g was 0.79 K/W and 0.72 K/W, respectively, 332 

which was larger than that at 90 W 333 

The reason for the change of operational temperature as above can be explained as follows. 334 

If the heat load received by evaporator increases, the evaporated mass of the liquid increases. 335 

As a consequence, the flow resistance through each component of the DCCLHP increases, and 336 

the total pressure loss of the whole loop increases. In order to balance the pressure drop of all 337 

the loop, the capillary force will increase by decreasing the radius of curvature of the meniscus. 338 

The decrease of the radius of the meniscus can further lead to an increase in the distance 339 

between the meniscus and the evaporator shell, which can increase the local thermal resistance 340 

of the evaporator. Moreover, the increase of the total pressure loss of the loop can also produce 341 

the increase of the saturation pressure difference between the meniscus and the interface of the 342 

vapor and liquid in the CCs. According to the Clausius-Clapeyron Eq. (4) [57], the temperature 343 

difference between evaporator and CC also increases. Finally, the heat leak from evaporator to 344 

CC increases. Both evaporator temperature and CC temperature rise. 345 
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where h denotes the latent heat of the liquid vaporization, vv represents the vapor specific 347 

volume neglecting the liquid specific volume, Δp denotes the total pressure drop of the loop 348 

except for the pressure drop of the wick, ΔT denotes the temperature difference between 349 

evaporator and CC. 350 

3.2. Effect of different acceleration directions 351 

Fig. 5 shows the steady-state operational temperature and thermal resistance at four 352 

different directions A, B, C and D. The corresponding acceleration magnitude and heat load are 353 

1g and 30 W, 3g and 30 W, 11g and 30 W, as well as 11g and 70 W, respectively. It should be 354 

noted that the DCCLHP could only reach a steady state at 1g, 3g and 30 W at direction A. The 355 

steady state could not be acquired at 11g with 70 W at direction D. For the cases of the same 356 

acceleration magnitude and heat load shown in Fig. 5, it can be seen that the DCCLHP at 357 

direction C could achieve the minimum operational temperature and thermal resistance. It is 358 

observed that the highest operational temperature occurred at direction B and the maximum 359 

thermal resistance achieved at direction A. Whereas the lowest operational temperature at 360 

direction C was 72.7 oC under 3g with 30 W, while the smallest thermal resistance at direction 361 

C was 0.78 K/W under 11g with 70 W. 362 



In Fig. 5(a), for the cases of 1g with 30 W, the operational temperature at directions A, B, 363 

C and D was 92.3 oC, 89.4 oC, 85 oC and 89.6 oC, respectively. For the case of 11g with 30 W, 364 

the operational temperature at directions B, C and D was 81.8 oC, 81.2 oC and 101.1 oC, 365 

respectively. At direction A, the temperature exceeded 150 oC and a steady state was not 366 

possible. For the case of 11g with 70 W, the operational temperature at direction B was 116.4 367 

oC, which is the peak value in Fig. 5(a). It can be concluded that the directions A and D could 368 

lead to much higher operational temperature than that at both direction B and C. It is implied 369 

that the acceleration force at both directions B and C can play a positive effect on the operation 370 

of the DCCLHP.   371 

 372 

(a) Operational temperature                 (b) Thermal resistance 373 

Fig. 5. Operational characteristics versus four acceleration directions for different cases. 374 

In Fig. 5(b), the thermal resistance at both directions A and D could be significantly larger 375 

than that at both directions B and C. For the cases of 1g, 3g with 30 W, the thermal resistance 376 

at direction A was larger than that at direction D. The thermal resistance at 1g and 3g with 30 377 

W at direction A was 2.45 K/W and 2.31 K/W, while the thermal resistance at directions B and 378 

C was 0.97 K/W and 0.79 K/W at 11g with 70 W, respectively. It is noted that the thermal 379 

resistance at direction B was slightly higher than that at direction D for 1g with 30 W, while it 380 

was slightly lower than that for 3g with 30 W.  381 

From Fig. 5 it can be found that the DCCLHP at direction C has the smaller operational 382 

temperature and thermal resistance compared to the values at other directions. It means that the 383 

acceleration effect at direction C could further improve the operational behavior of the loop. 384 

The physical mechanism behind this could be that the pressure loss of all the loop was decreased 385 

by the additional pressure derived from the acceleration force. For the vapor and liquid in the 386 

loop, the acceleration effect at different acceleration directions would generate different 387 

additional pressure heads, which can be expressed by Eq. (5).  388 

△pa =ρaL                                 (5) 389 

where a is the acceleration magnitude, ρ is the density of the vapor and liquid working fluid, L 390 



is the length of the working fluid along with the acceleration direction. 391 

If the direction of the acceleration force was consistent with the fluid flowing direction, the 392 

additional pressure head became a driving force. While if conversely, the additional pressure 393 

head could change to a flow resistance. If the direction of the acceleration force was 394 

perpendicular to the flowing direction, the acceleration effect on the pressure drop could be 395 

neglected. When the whole loop was in the same horizontal plane, the pressure head caused by 396 

gravity could also be ignored. The total pressure drop of the whole loop can be determined by 397 

Eq. (6): 398 

awblpconconvpvgtotal ppppppppp +++++++=
 12

     (6) 399 

where ∆pvg and ∆pvp are the pressure drop of the vapor in vapor groove and vapor pipe. 2

conp   400 

and 1

conp  are the two-phase and single-phase pressure drop in the condenser. ∆plp and ∆pbay 401 

are the pressure drop of the liquid through liquid pipe and bayonet. ∆pw is the pressure drop in 402 

the wick.  403 

Under the acceleration field, since the density of the vapor was much smaller than that of 404 

the liquid, the acceleration effect on the pressure drop of the vapor groove and vapor pipe could 405 

be ignored. For the pressure drop of the wick, it could also be negligible due to very small flow 406 

length. Therefore, the acceleration effect could remarkably affect the pressure drop of the 407 

condenser, liquid pipe and bayonet. It could further change the total pressure drop of all the 408 

loop in terms of Eq. (6). In order to sustain the operation of the DCCLHP, the radius of the 409 

meniscus was self-regulated to change the capillary force to balance the total pressure drop. For 410 

the cases of direction A, as shown in Fig. 4, the liquid flowing direction in the liquid pipe was 411 

opposite to the acceleration direction, thus the additional pressure head could lead to the 412 

increase of the total pressure loss of the whole loop. The larger the total pressure loss, the higher 413 

the operational temperature of the DCCLHP. Therefore, the operational temperature could 414 

easily exceed the safe temperature. At direction B, there was a driving force in the bayonet and 415 

part liquid pipe, whereas it became a resistance in the condenser. Since the length of the bayonet 416 

and part liquid pipe along direction B was more than that of the condensation channel, the total 417 

pressure loss could decrease by the combined acceleration effect. The small total pressure loss 418 

could result in the good operational behavior. For direction C, the whole loop sustained the 419 

acceleration effect opposite to direction A. Thus, the additional pressure head became a driving 420 

force and decreased the total pressure loss of the loop. Moreover, the liquid length in the loop 421 

at direction C was more than that at direction B. Hence the additional pressure head at direction 422 

C was larger than that at direction B, which could result in much smaller operational 423 

temperature and thermal resistance. At direction D, the whole loop sustained the acceleration 424 

effect opposite to direction B. The additional pressure head at direction D would lead to the 425 

increase of the total pressure loss of the loop. It could even worsen the loop operation. Therefore, 426 

a steady-state operation could not be reached for the DCCLHP at 11g with 70 W.  427 

In addition, the acceleration effect of directions A and C on the pressure loss of the loop 428 



could be analyzed through the visualization of the condenser. Fig. 6 presents the flow pattern 429 

in the condenser at 3g with 30 W for both directions A and C. It can be clearly seen from Fig. 430 

6 that the vapor column and the liquid column alternatively distribute in the channel, and they 431 

were distributed on both sides of the condenser, respectively. It was obviously different with 432 

the common form of vapor phase, vapor-liquid two-phase and liquid phase. Moreover, it was 433 

also different with the flow pattern observed by Yan et al. [48] and Wang et al. [50] in terrestrial 434 

gravity experiment. Yan et al. [48] observed that wavy flow, stratified flow and slug flow 435 

occurred in the condenser channel when the condenser temperature was 273 K. They stated that 436 

there was a slug flow at the end of the two-phase region. Wang et al. [50] observed the slug 437 

flow and annular flow in the channel. In the current work, the flow pattern in the vapor region 438 

would be a stratified flow or annular flow. It is difficult to distinguish the flow pattern directly 439 

from the graph. It is believed that the film condensation would be the chief mechanism to 440 

conduct heat transfer performance. 441 

   442 

(a) 3g and direction A for 30 W           (b) 3g and direction C for 30 W 443 

Fig. 6. Flow pattern in the condenser at 3g and 30 W for directions A and C. 444 

In Fig. 6(a), the acceleration force at direction A could result in the liquid column gathering 445 

near the right U-bend and the vapor column is normally located near the left U-bend. The net 446 

length of the acceleration effect on each liquid column in the condenser was LA, as demonstrated 447 

in Fig. 6(a). Thus, the total length of the acceleration effect was the sum of the length of the 448 

liquid pipe and LA. The corresponding additional pressure head could be calculated according 449 

to Eq. (4). But in Fig. 6(b), the distribution of the vapor and liquid under direction C was reverse 450 

to that under direction A. The vapor column mainly gathered near the right U-bend and the 451 



liquid column mainly distributed near the right U-bend. The net length of all liquid column in 452 

the condensation channel could be expressed by LC presented in Fig. 6(b). Therefore, the total 453 

length of the acceleration effect was the sum of the length of the liquid pipe and LC. The 454 

corresponding additional pressure head decreased the total pressure drop of the loop. 455 

3.3. Effect of different acceleration magnitudes 456 

Fig. 7 reveals the operational temperature and thermal resistance of the loop for a steady 457 

state at direction B as the acceleration magnitude changes from 1g to 13g and the heat load 458 

alters from 30 W to 90 W. It can be concluded from Fig. 7 that both the operational temperature 459 

and the thermal resistance are generally decreased as the acceleration magnitude increased from 460 

1g to 13g for each heat load. It is believed that the total flow resistance of the loop decreased 461 

as the acceleration magnitude increased. For a given acceleration magnitude, the operational 462 

temperature increased when the heat load rose, while the thermal resistance decreased. The 463 

maximum temperature was 149 oC under the condition of 3g with 90 W, while the minimum 464 

temperature was 77.3 oC under the condition of 13g with 30 W. The maximum thermal 465 

resistance was 1.63 K/W at 1g with 30 W, while the smallest thermal resistance was 0.92 K/W 466 

at 13g with 90 W. 467 

When the heat load was 30 W and 40 W in Fig. 7(b), the thermal resistance decreased more 468 

obviously than that for the cases of heat load varied from 50 W to 90 W. It can be explained by 469 

the fact that the mass flowrate of the working fluid was low at small heat load and total flow 470 

resistance for the whole loop. Moreover, the mass flowrate would not have impact on the 471 

additional pressure head introduced by the acceleration by Eq. (5). As a result, as the 472 

acceleration magnitude increased at low heat load, the proportion of the additional pressure 473 

head to the total flow resistance gradually increased. Especially compared to the cases of large 474 

heat load, the corresponding ratio was much larger. Therefore, the smaller total flow resistance 475 

could lead to the smaller thermal resistance. 476 

 477 
(a) Operational temperature                     (b) Thermal resistance 478 

Fig. 7. Operational behavior at direction B for different acceleration magnitudes and heat loads. 479 



Fig. 8 shows the profiles for both the operational temperature and thermal resistance of the 480 

loop at direction D as the acceleration magnitude changes from 1g to 11g with heat load varies 481 

from 30 W to 70 W. It can be clearly seen from Fig. 8 that both the operational temperature and 482 

thermal resistance increased as the acceleration increased. Based on the above analysis, the 483 

acceleration increased at direction D could cause the increase of the total flow resistance of the 484 

loop, which could further result in the increase of the operational temperature and thermal 485 

resistance. The highest temperature was 141 oC at 7g and 60 W, while the lowest temperature 486 

was 90 oC at 1g and 30 W. The maximum thermal resistance was 1.92 K/W at 11g with 30 W, 487 

while the smallest thermal resistance was 1.05 K/W at 1g with 70 W.  488 

When the heat load rose, the maximum acceleration magnitude decreased, thus a steady-489 

state operation could be obtained for the loop. For the case of 30 W, as illustrated in Fig. 8(a), 490 

the maximum acceleration was 11 g while the loop could operate to a steady state. However, 491 

the corresponding maximum acceleration decreased to 5g for the case of 70 W. The main reason 492 

could be that the mass flowrate was large at a large heat load, therefore, the total flow resistance 493 

of the loop was large that could cause the loop to operate at a high temperature. In this case, the 494 

increasing acceleration could further increase the total flow resistance, which could easily make 495 

the loop to fail to operate. 496 

   497 
(a) Operational temperature                   (b) Thermal resistance 498 

Fig. 8. Operational behavior versus acceleration magnitude for direction D. 499 

The above analysis shows that the DCCLHP operation could be improved by the 500 

acceleration effect at direction B and the operational temperature was smaller than that at 501 

direction D. At the same acceleration, the DCCLHP could operate at much larger heat load than 502 

that at direction D. For the cases of 3g with 50 W, as shown in Fig. 7 and Fig. 8, the operational 503 

temperature at direction B was 108 oC, while it was 111.3 oC at direction D. For the cases of 7g, 504 

the greatest heat load was 90 W at direction B, while it was 60 W at direction D.  505 

Fig. 9 presents the temperature of each measured point on the loop at four different cases 506 

when a steady state reached. The four cases were 7g with 70 W and 90 W at direction B, as 507 

well as with 60 W at 3g and 7g, respectively. It can be clearly seen from Fig. 9 that the 508 

temperature at both the evaporator and the inlet of the condenser was obviously higher than that 509 



of the CCs, liquid pipe and condenser.  510 

Under direction B at 7 g, as shown in Fig. 9, the temperature of the EVA, CON_IN, CC2_T 511 

and CC2_B at 90 W was much higher than that at 70 W. The evaporator temperature was 122.6 512 

oC and 138.5 oC at 70 W and 90 W, respectively. The CC1 temperature was lower than that of 513 

the CC2 at both 70 W and 90 W. Moreover, the upper surface temperature CC2_T was evidently 514 

higher than the lower surface temperature CC2_B. But the upper and lower surface temperature 515 

of the CC1 was almost the same. For the case of 7g with 70 W, the CC2_B and CC2_T 516 

temperature was 35.3 oC and 50.4 oC, respectively. While the CC1_B and CC1_T temperature 517 

was 20.6 oC and 21.5 oC. The reason could be addressed from the distribution of the vapor and 518 

liquid in both CCs shown in Fig. 10. Under the action of the acceleration force at direction B, 519 

the liquid gathered in the CC1 and the vapor accumulated in the CC2. Consequently, a small 520 

amount of liquid accumulated in the down-right area of the CC2 and the vapor-liquid interface 521 

is inclined with around 45o angle to the horizontal plane, as illustrated in Fig. 10(a). Therefore, 522 

the temperature of CC2_T was high because of the high-temperature vapor, whereas the 523 

temperature of CC2_B was low due to the low-temperature liquid. Since the liquid almost filled 524 

the CC1, as shown in Fig. 10(b), the whole CC1 temperature was low and almost the same. 525 

 526 
Fig. 9. Steady-state temperature of monitoring points under directions B and D. 527 

For direction D with 60 W, as shown in Fig. 9, the evaporator temperature was 120.8 oC and 528 

140.5 oC at 3g and 7g, respectively. The temperature of the CC1 was evidently higher than that 529 

of the CC2 at both 3g and 7g. Moreover, the temperature of the CC1_B was much lower than 530 

that of the CC1_T. But the temperature of the CC2_T was close to that of the CC2_B. For the 531 

case of 7g with 60 W, the temperature of the CC1_T and CC1_B was 74.5 oC and 59.0 oC. 532 

While the temperature of the CC2_T and CC2_B was 31.5 oC and 22.1 oC. According to the 533 

vapor-liquid distribution in the CCs at 7g with 60 W illustrated in Fig. 11, it was easy to 534 

understand the temperature distribution of the CCs. Being opposite to that at direction B shown 535 



in Fig. 10, the liquid almost filled the CC2 and the vapor almost filled the CC1 in Fig. 11. The 536 

vapor located in the up-right area of the CC2, whereas the liquid located in the down-left area 537 

of the CC1. As a result, the temperature of the CC1_B was lower than that of the CC1_T, while 538 

the temperature of the CC2_B was lower than that of the CC2_T.  539 

In addition, for the above vapor and liquid distribution shown in Fig. 10 and Fig. 11, an 540 

obvious difference was observed compared with the study of Lin et al. [51] and Zhao et al. [52]. 541 

In terrestrial gravity, the vapor-liquid interface was always horizontal for the DCCLHP under 542 

each orientation, and the height of the liquid level in both CCs may be different. Under both 543 

directions B and D, the interface was at certain angle to the horizontal plane due to the 544 

acceleration force. Moreover, the acceleration force could also increase or decrease the height 545 

of the liquid level in the CCs, which further changed the heat leakage from the evaporator to 546 

the CCs. As a result, the acceleration force would affect the loop operational characteristics.  547 

     548 
(a) CC2                         (b) CC1 549 

Fig. 10. Observing vapor-liquid distribution in CCs at 7g and 70 W for direction B. 550 

     551 
(a) CC2                     (b) CC1 552 

Fig. 11. Observing vapor-liquid distribution in CCs at 7g and 60 W for direction D. 553 

 554 



4. Conclusions 555 

In this study, a visual nickel-water DCCLHP was proposed to investigate the steady-state 556 

operational behavior under acceleration fields. The effect of several key impact factors such as 557 

acceleration direction, acceleration magnitude and heat load was discussed systematically. 558 

Several major conclusions are obtained as follows: 559 

(i) Increasing heat load could lead to the steady-state operational temperature increase. 560 

While the thermal resistance may increase or decrease, which depends on the acceleration 561 

magnitude and direction.  562 

(ii) The acceleration force at directions B and C plays a positive effect on the loop operating. 563 

But it is opposite at directions A and D. Especially at direction C, the minimum operational 564 

temperature and thermal resistance can be achieved, which are 72.7 oC at 3g and 30 W and 0.78 565 

K/W at 11g and 70 W, respectively.  566 

(iii) As the acceleration magnitude increases, both operational temperature and thermal 567 

resistance generally decrease for both directions B and C. But it is opposite for directions A and 568 

D. Moreover, the maximum heat load that the loop can operate to a steady state decreases for 569 

directions A and D.  570 

(iv) Inclined vapor-liquid interface with different angles and different liquid amounts in 571 

both CCs are caused by the acceleration effect. Stratified flow or annular flow forms in the 572 

condenser and the film condensation shall be the chief mechanism. The vapor column and liquid 573 

column alternatively distribute on both sides of the condenser for directions A and C. 574 

In this work, we proposed the flow and heat transfer mechanism of the DCCLHP under 575 

elevated acceleration fields by visualization experiment for the first time, which pave a 576 

foundation for the DCCLHP design and practical applications. Investigating the steady-state 577 

performance prediction model will be the focus of our future research. 578 
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