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Abstract—As electronics advance and require higher power 

densities, the demand for efficient cooling methods 

increases. Due to high heat flux capability, two-phase 

cooling systems may be applied to cool a wide variety of 

newly emergent technologies such as power electronics seen 

in electric-drive vehicles. In this work, the experimental 

results of the cooling performance of a pump-assisted and 

capillary-driven two-phase loop, which utilizes a unique 

planar evaporator are discussed. Water was used as the 

working fluid. The evaporator was fed liquid by both 

mechanical and capillary pumping, while the vapor and 

liquid phases in the evaporator are separated by capillary 

force to prevent it from flooding. The experimental results 

of the two phase loop system with a single evaporator 

handling a single heat source shows the proper boiling 

condition under a stepwise heat load with sudden power 

variation. The effects of various operation variables of the 

two-phase cooling loop, such as dynamic and stepwise heat 

input, liquid flow rate, high heat flux, on the cooling 

performance of the two-phase loop are discussed. 
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I. INTRODUCTION 

Two-Phase heat transfer (boiling) is superior to the single-

phase heat transfer as it uses sensible heat of the fluid for 

heat acquisition. The latent heat of vaporization of water is 

two orders-of-magnitude larger than the typical sensible heat 

of a given water flow rate. The large latent heat of the two-

phase system translates into the ability of the liquid to 

absorb large amounts of heat, meaning only a small liquid 

flow rate and less pumping power are needed. The boiling 

heat transfer also results in much larger heat transfer 

coefficients. This decodes to high heat flux removal with 

minimal wall superheat. Another appealing attribute of the 

two-phase systems is the isothermal heat transfer that occurs 

in the evaporator. As a result, less thermal stresses are 

placed on heat sources, which can be extremely important 

when dealing with fragile materials such as silicon chips. 

Two-phase cooling systems utilize various boiling 

conditions (e.g., pool, flow, and thin-film wick boiling) in 

the evaporator. Pool boiling is a common design but the 

most vulnerable scheme to micro/reduced-gravity conditions 

found in space applications and non-horizontal gravitational 

orientations for terrestrial applications because of its 

buoyancy-driven boiling process[1].Although flow boiling 

schemes may reduce the influence of gravity on boiling by 

using high flow rates and low local vapor content, this 

scheme would cause a high pump head due to the large flow 

resistance of the two-phase mixed flow.The thin-film 

evaporation and nucleate boiling in porous media (e.g., wick 

of heat pipes) reduces the influence of gravity thanks to the 

capillary-driven process[3,4,5].  

 In fact, various capillary-driven systems such as 

heat pipes, loop heat pipes and capillary-pumped loops have 

been widely used for spacecraft applications because of their 

reliable and superior thermal performance[6].The liquid 

pumping in the passive two-phase systems is due to 

capillary pump head, which is created in the porous wick of 

the evaporator. Many passive systems such as heat pipes and 

loop heat pipes, can run solely on this capillary action. 

These designs, however, have limits to their capabilities. 

Such as the length used, amount of heat applied etc. These 

limits were overcome with the addition of mechanical 

pumping, which was used in this pump-assisted two-phase 

loop design[2]. 

 A key component of this two-phase loop, not seen 

in many other active two-phase systems, such as micro-

channel systems, is that the liquid and vapor phases are 

passively separated inside the evaporator by capillary action. 

The separation of the vapor and liquid flows into different 

lines helps to prevent large flow resistances that would be 

created by the two-phase flow, thus decreasing the liquid 

pumping power. To create the passive phase separation in 

this loop, a specially-designed evaporator was used[2].A 

simplified diagram of this evaporator is shown in Figure 1. 

The sub-cooled water enters the evaporator, warm water 

leaves at the top, and the resulting vapor that is created from 

the wick of the evaporator exits at the side. Even though the 

two-phase loop uses a mechanical pump, there is no need to 

control the pump for different heat inputs because the self-

regulating capillary pumping in the evaporator helps to 

balance the system pressure and liquid supply under 

different heat input conditions due to the self-adjusting 

menisci that exist in the wick structure[3]. Two other types 

of active cooling systems that exist are micro-channels and 

evaporative spray cooling. Each of these two-phase systems 

has their own benefits and limitations.  

 Two-phase micro-channels share similar benefits 

such as high heat flux removal and temperature uniformity. 

Because of the nature of using micro-channels for two-phase 

cooling, vapor forms in the channels, creating two-phase 

mixture flow, which can restrict flow through the channel. 

This leads to large pressure drops in the system, which can 

also be experienced with single-phase flow because of the 

narrow channels. A micro-channel system must also be 

carefully designed to avoid flow instability associated with 

the two-phase flow. These instabilities could cause large 

changes in wall temperatures as well as large changes in 

pressure conditions across the channels[7]. With wetting and 

dry out conditions, these pressure oscillations increase with 

higher vapor quality. Interestingly, the shorter the wetting 

periods are, the better heat flux becomes[8]. 

 Although many micro-channel systems are placed 

on flat surfaces, micro-channels are not limited to this 

design. Micro channels can be etched into the inside surface 

of horizontal pipes to accommodate heat sources that are not 
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always flat[9].Another limitation of this loop is its 

scalability associated with the long micro-channel of a high-

aspect ratio. Too large system would not run or cool 

efficiently. All these scaling problems are avoided in this 

pump-assisted two-phase cooling loop. The evaporator does 

not have large pressure drops or instability due to the phase 

separation evaporator design. It is also proven to be scalable 

by the previous work using a much larger evaporator. 

Evaporative spray cooling has the advantage of being able to 

cool very high heat fluxes. 

 
Fig. 1: Cross-sectional view of the evaporator used for the 

two-phase loop. 

 Spray cooling has been seen to be able to remove 

heat fluxes as high as 1000 W/cm2, but this has only been 

for small areas. Real world applications, however, will 

require much larger areas of cooling. This drastically 

changes evaporative cooling systems operations because 

spray interaction becomes an issue in these larger systems. 

Fluid management becomes a concern to help improve the 

system performance.90% of fluid used becomes excess 

liquid run off and only 10% of the fluid is evaporated[10]. 

Having excess fluid alone is not the main concern, but how 

it affects heat transfer is major concern. Fluid stagnation 

zones are created, which causes a reduction in heat flux 

removal by up to 30%[11]. To reduce flooding, siphons can 

be added to remove excess fluid[10]. Challenges also exist 

for spray cooling in microgravity situations, since the 

separation of vapor from liquid no longer occurs naturally 

creating problems of vapor blocking liquid flow to areas 

needing cooling. Solutions involving porous structures are 

being researched[11].These larger systems are still effective 

for cooling, but are now limited to remove heat fluxes of the 

order of 500 W/cm2. Another concern with two-phase spray 

cooling is entry of vapor into the pumping system, which 

can lead to improper sub-cooling. This vapor can reduce 

pumping of the fluid or stop it altogether. An ejector must 

be added to help prevent this problem.  

II. EXPERIMENTAL SETUP 

The heart of the cooling loop is in the design of the 

evaporator. As mentioned earlier, the evaporator provides 

the cooling loop with a passive method of phase separation 

between the incoming liquid and vapor created inside.               

 This phase separation is possible due to the use of a 

porous wick made of a copper foam as shown in Figure 

2.The regularly spaced and porous columns made of copper 

tube of diameter 1mm were built on the copper plate as 

shown in Figure 2 .The heater block made of copper has a 

rectangular surface with heat transfer area of 153 cm2.This 

porous structure pulls down the entering liquid into the 

evaporator wick by capillary action. The liquid then 

evaporates in the wick of the evaporator, which is heated by 

cartridge heaters. When the system is properly running and 

no longer flooded, steam will occupy the entire lower 

section (called ‘vapor chamber’)as shown in Figure 1 of the 

porous wick structure, while liquid remains on top. This 

phase separation is maintained by ensuring that the vapor 

pressure PV in the vapor chamber is greater than the liquid 

pressure PL in the liquid chamber. Another important 

constraint is the pressure difference between the vapor and 

liquid, which should stay below the ideal capillary pumping 

head. This is similar to the capillary limit found in heat 

pipes. If the pressure difference between vapor and liquid 

does not exceed the capillary limit, the separating porous 

wick structure will be able to keep the vapor from 

penetrating the liquid line. As a result, only the vapor will 

exit from the evaporator to the condenser and the excess 

liquid will return to the reservoir. Thus, less pressure drop 

due to the single-phase flows of vapor and liquid in separate 

lines exist. 

 
Fig. 2: Porous Wick Structure, Evaporator, Copper Plate 

with Porous Post. 

To fabricate this evaporator, four parts to be 

machined are the copper porous wick structure frame, 

heating block, copper evaporator body and enclosure frame. 

The parts are sintered together to create a single body part. 

The evaporator body was used in the furnace for the final 

sintering for proper arrangement. The sintered structure was 

assembled with the evaporator body and brazed together. 

The porous wick structure should be able to hold pressure 

inside the vapor chamber. When enough pressure was 

applied to the vapor chamber, bubbling eventually occurred 

on the surface of the porous wick structure.  

            A schematic of the two-phase loop setup is shown in 

Figure 3.The loop consists of an evaporator, pump and 

liquid reservoir. The evaporator was constructed of a 

unibody design consisting of an evaporator and electrical 

heaters. A heat source using four cartridge heaters was 

applied to the evaporator. Liquid was transferred from the 

reservoir to the evaporator by a mechanical pump. The 

excess liquid returning from the evaporator to the reservoir 

was slightly heated in the liquid chamber of the evaporator. 

A small amount of the liquid that was brought to the 

evaporator was pulled by capillary action to the evaporator 

wick, where it vaporized. This vapor traveled in a separate 

line back to the reservoir where it condensed inside. It was 

important to maintain pure capillary pumping inside the 

evaporator by keeping the pressure of the vapor in 

evaporator greater than the liquid pressure in the top section 

of the evaporator. A fill port was used to fill the system with 

water. Air was completely replaced by water in the fill port 

line. Once the air was displaced, the line to the system 
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opened up to pull water in. After a pre-determined amount 

of water added to the system, the line was closed.  

 
Fig. 3: Schematic of the Two-Phase Loop Showing the 

Instrumentation and Liquid and Vapor Flows. 

III. RESULTS AND DISCUSSION 

It is important to calculate the evaporator thermal resistance 

Rt for two reasons: to determine the effectiveness of the 

design and to understand the boiling conditions in the 

evaporator. Assuming one-dimensional heat conduction, 

these recorded heater block temperatures were used to 

estimate the evaporator base surface temperature Te using 

the following equation 

Te =Th - (Qh×Ln/KAS) 

where Te - Temperature at the base surface of wick of the 

evaporator. 

Th-  Average temperature in the evaporator heater block. 

Ln-  Depth in the heater block from the base surface of the 

wick. 

Qh - Amount of the heat transferred to the evaporator. 

Rt=(Te-Th)/Qh 

where Tv - Vapor temperature measured in the evaporator. 

The amount of the heat removed from the loop by the 

cooling loop, was determined by: 

Qc = m c pl  ∆T 

Qc  - Heat removed by cooling loop. 

m  - Mass flow rate of refrigerant. 

cpl - Specific heat of liquid refrigerant. 

∆T –Temperature difference of refrigerant in and out from 

the condenser. 

 The heat loss Ql to environment is determined by 

the energy balance of the system as below:  

QL = Qh  -Qc 

 The cooling loop was tested in a horizontal 

position. A baseline test was first conducted to examine how 

the system reacts when exposed to varying operating 

variables such as heat input, system pressure, liquid flow 

rate, and heat sink temperature. For the baseline test, the 

pump was set to a constant flow rate of 30LPH. A stepwise 

heat load was applied to the evaporator from zero to a 

determined maximum and back down to zero. Low pumping 

power was needed to keep the baseline liquid flow rate in 

the loop.  

A. Base line test: 

Figure 4 shows the temperatures of the two-phase loop using 

a stepwise heat input. The system was initially flooded, 

which can be seen by the larger differences between the 

temperatures ‘Te’ and ‘Tv’. Proper boiling without flooding 

reached at a heat input of 250 Watts, indicated by the drop 

in heater block temperatures. Boiling was maintained until 

the decline in power up to 200 Watts. The temperatures 

began to fluctuate as the lower heat input caused flooding 

back into the evaporator. As shown in Figure 5, when the 

system first turns on, a spike in thermal resistance was seen. 

This spike was due to flooding in the evaporator. But as the 

system quickly warmed up at the correct heat input, liquid in 

the evaporator changed from liquid to vapor and the thermal 

resistance dropped. Again, boiling occurred at 250 Watts, 

which was indicated here by the drop in thermal resistance. 

With increase in heat input, vapor will be created in the 

liquid chamber, causing vapor to flow into the liquid line. 

There is increase in thermal resistance. The temperatures in 

the heating block spiked, with only a small increase in vapor 

temperature. The liquid line temperature was become closer 

to the vapor line temperature because of the poor thermal 

resistance. Eventually there was vapor escaping into the 

liquid line. This condition was observed at high heat input 

during the low flow rate test. 

The vapor pressure should be greater than the 

liquid pressure inside the evaporator for the proper operation 

of the two-phase loop and passive phase separation in the 

evaporator due to the capillary action. When the system was 

flooded or was generating enough vapors, could be 

determined by looking at the thermal resistance in the 

system. Generally, when the thermal resistance is 0.65 K-

cm2/W or higher, the system is flooded. But when the 

resistance in the system is at 0.35 K-cm2/W or lower, the 

system is not flooded and it is better to determine the 

pressure inside the evaporator by using the vapor 

temperature. When the heat input to the system is too high 

creating dry-out conditions and raising the thermal 

resistance. Vapor is still filling the lines. 

 
Fig. 4: Temperatures profiles of the two-phase loop of the 

baseline test. 

 
Fig. 5: Evaporator thermal resistance and flow rate of the 

two-phase loop of the baseline test. 
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Fig. 6: Energy balance of the two-phase loop of the baseline 

test. 

B. Effect of Liquid Flow Rate 

The liquid flow rate reduced to a level where the vapor 

pressure would be greater than the liquid pressure to 

examine how the loop would respond. The new flow rate of 

10 LPH. Figures 7 and 8 show the results for this low flow 

rate. When liquid flow rate was lower, the liquid flow 

cannot effectively cool the liquid chamber in the evaporator. 

Due to this vapor formed in the liquid chamber blocking the 

liquid supply in the boiling area below the porous wick 

structure. It is observed from Figure 8 that the thermal 

resistance drops at the power input of 90 Watts, indicating 

proper boiling. The desired thin film boiling condition could 

be achieved when no vapor was in the liquid line and no 

liquid was in the vapor line, low thermal resistance and 

higher vapor pressure than the liquid pressure were 

observed. The evaporator should be separated the liquid and 

vapor flows to create the ideal thin film boiling like one 

found in capillary-driven heat pipes. The thermal resistance 

was low indicating proper boiling. It is good to emphasize 

that looking at the thermal resistance should be the source to 

check for proper boiling.  

              The lowest thermal resistances in this test occur 

between 90 to 130 Watts heating up and between 130 and 70 

Watts heating down. The heat input of 150 Watts was too 

high for the set liquid flow rate and can be seen by the 

increased thermal resistances at this heat input indicating a 

dry-out condition. The liquid flow rate in the system plays a 

pivotal role in the operation of this loop. Comparing this test 

with the baseline, it was evident that by increasing the flow 

rate, a much larger heat input can be applied. A higher heat 

input was needed to purge the flooding condition. This test 

illuminates that the ideal state was dependent upon high 

enough liquid flow rates in the system, which creates high 

liquid pressures. Because the water was warmer at the 

higher heat inputs and the low pumping pressure, 

cavitations. It was essential to have high enough power 

inputs to handle the liquid flow rate.  

 
Fig. 7: Temperature profiles of the two-phase loop of the 

low flow rate test 

 
Fig. 8: Evaporator thermal resistance and flow rate of the 

two-phase loop of the low flow rate test. 

C. Effect of Dynamic Heat Input 

This test is to understand how the two-phase system behaves 

under sudden changes to heat inputs. Many systems are not 

always running at full power but can have periods of peak 

loading. It is important for a system to be able to handle 

periods of idling and drastic changes in heat input. The 

results can be viewed in Figure 9 and 10 Three heat inputs 

were tested at 200, 300, and 400 Watts, each with three 

timed periods of 100, 200, and 300 seconds with idle times 

of 200 seconds in between. Two short periods of 200 

seconds for powers of 300 and 200 Watts follows the 400 

Watt testing period. When the system is initially flooded, 

using a flow rate of 30LPH short heat inputs of 200 Watts 

are not enough to purge the evaporator of flooding liquid. A 

brief period was needed to get rid of the flooding condition 

and starting up boiling. During the 100 seconds period, the 

flooding condition is removed and can be seen by the drop 

in thermal resistance. Initially, large spikes can be seen in 

temperatures for this period at around 30 and 50 minutes 

into the testing. Because of the system being flooded, and 

with the suddenly-increased heat input, vapor pressures 

quickly build up inside of the evaporator and the entire 

vapor line was instantly cleared of liquid by the pushing 

vapor. During the 200 and 300 seconds periods, the proper 

condition remains even after the short idle period. Once the 

system was started, even after an idling period, it was easy 

to keep the vapor generation during the next heat load. 

When changing back down from 400 to 300 Watts, proper 

boiling condition remains, but the evaporator was again 

flooded when going back to 200 Watts. 

The flow rate to the evaporator seems to be too 

high and will need to be lowered so that the lower heat input 

of 200 Watts can generate the proper boiling condition. The 

lower permeability of porous wick, caused sudden rise in 

vapor pressures and pushed back the boiling interface. 

Where vapor and liquid meet in the porous structure. This 

new boiling interface had a smaller boiling area, thus 

increasing the heat flux going to this area. This increases the 

temperatures and the thermal resistance of the evaporator. 

This could not be a dry out, runaway condition, since steady 

state was still reached. The sudden vapor pressure that is 

caused by changing heat input. This pressure increase limits 

the distance liquid can travel in the wick structure. The 

increased pressure in the system. This raises the saturation 

temperature, which means the vapor temperatures are higher 

in the evaporator, causing the liquid traveling through the 

posts to heat up and boil sooner. The increased heat input to 

the system and the limitations of the condenser. The 

condenser is not able to keep the liquid in the reservoir at 
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the same temperature, which also contributes to it boiling 

sooner. If the liquid boils sooner, this means that it is not 

traveling far enough to saturate the entire wicking structure 

and a smaller boiling area will result. 

D. Effect of High Heat Flux 

A test was conducted to see what heat flux the evaporator 

could handle. A starting flow rate of 50LPH was used for 

this test. A stepwise heat input was also applied up to 600 

Watts.The results are similar to the baseline, flooding was 

shown at low heat inputs, and good boiling condition is seen 

at higher heat inputs, which was noted by the lower thermal 

resistances. Even at the highest input of 600 Watts, low 

thermal resistance of 0.17 K-cm2/W was found as shown in 

Figure12.From Figure11, it was seen that at the highest heat 

input, heater block temperatures are around 90 degrees 

Celsius. Figure 1.13 shows that the system has a good 

energy balance with only ~7% loss in heat at the highest 

power input. 

 
Fig. 9: Temperature profiles of the two-phase loop using 

dynamic power cycles. 

Fig. 10: Evaporator thermal resistance and flow rate of the 

two-phase loop using dynamic power cycles. 

 
Fig. 11: Temperatures profiles of the two-phase loop of the 

high heat flux test. 

 
Fig. 12: Evaporator thermal resistance and flow rate of the 

two-phase loop of the high heat flux test. 

 
Fig. 13: Energy balance of the two-phase loop of the 

baseline test. 

IV. CONCLUSION 

A pump-assisted, capillary-driven two-phase loop was 

constructed and tested using various operation variables 

such as heat input (stepwise and dynamic), liquid flow rate 

and multiple evaporators. The two-phase loop using water as 

the working fluid was tested up to 600 Watts. In the tests, 

the evaporator’s thermal resistance was found as low as 0.12 

K-cm2/W, By changing the liquid flow rate in the system, it 

was seen that the heat input operating range can change 

significantly. The two-phase loop can be set to operate for 

specified range of heat inputs by raising and lowering the 

liquid flow rate. It was found that the system pressure 

increase caused flooding of the evaporator if the power input 

was too low. 

              If the power input was large enough, however, 

boiling can be maintained with low thermal resistance, but 

the increased system pressure causes higher heater block 

and vapor temperatures, sometimes exceeding the maximum 

temperature for electronic chips, since the fluid saturation 

temperature increases. For a specified liquid flow rate, it 

was found that the system can handle dynamic power cycles 

and create vapor generation, given that the heat input was 

large enough for the liquid flow rate. It was also found that 

using the evaporator thermal the boiling condition in the 

evaporator can be determined.  

A. Recommendations for Future Research 

1) Using Stainless Steel Wall: 

The entire evaporator was made from copper, which has a 

large thermal conductivity of about 400 W/m-K. Despite the 

thin walls of the evaporator, heat would travel through these 

walls to the liquid chamber and create vapor. Two methods 

were considered to remedy this problem. The first was to try 

to make the copper walls even thinner. The second was to 

consider using a different material of low thermal 

Conductivity for the enclosure of the evaporator, such as 
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stainless steel ( k =16.3 W/m-K ).Changing the walls to a 

low-thermal conductivity material such as stainless steel 

might be the best choice while considering 

manufacturability and chemical compatibility with water as 

the working fluid.  

2) Using Ceramics: 

Future evaporator designs may experiment with changing 

the evaporator construction materials. One option is 

ceramics. Ceramics are very unique materials that are 

receiving more attention. Despite their poor conductivity, 

ceramics are being looked at for heat transfer applications 

involving porous structures. They can serve many different 

purposes because of their material properties. One 

application for ceramics is their use for high temperature 

superconductors. They can handle much higher temperatures 

than many metals. Ceramics also have a high resistance to 

corrosive fluids. They can handle environments that other 

materials could not. Last, these materials are also very hard 

and have high wear resistance. It makes them ideal for use 

in systems that require longevity future evaporators. 

3) Optimization of Wick Structure: 

An ideal situation would be to have the porous membrane 

allow just enough water to get through to the heater block, 

but maintain good separation of vapor and liquid phases. 

The porous wick posts should be optimized to have much 

higher permeability so that water can quickly move through 

them and not experience premature boiling. Particle size, 

pore size, permeability, along with material interaction with 

working fluid are all properties that can be optimized in 

future work. 
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