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Abstract 

Pulsating heat pipes (PHPs) have been studied since the 1990s and are potential replacements for 

copper thermal buses or standard heat pipes. Currently there is not a well-defined process for PHP 

design for a particular heat load or application.  This is partially because of the number of variables 

that affect the performance of a PHP.  PHP’s that operate using cryogenic fluids have been studied 

even less than those that operate at near room temperature and higher.  In this work we endeavor 

to expand the understanding of the performance and behavior of cryogenic PHPs including 

conductance and maximum heat load capacity (load at dry out) with respect to operating 

temperature, fill ratio and working fluid properties.   This study focuses on exploring the operating 

regions not previously explored in cryogenic pulsating heat pipes at UW Madison. An 

experimental device (pulsating heat pipe) has been built, consisting of a single evaporator and a 

single condenser separated by an adiabatic length. The main purpose of this study is to characterize 

the effective conductivity of the device for a range of condenser temperatures and increase the heat 

load until dry-out is achieved. This test procedure was conducted for a range of fill ratios.  The 

data were analyzed to obtain optimal parameters that can be used in the design of a pulsating heat 

pipe using Nitrogen as a working fluid. The second purpose of this experimental study was to 

explore dry-out phenomena. Because the PHP is a cryogenic device it is non-optical, so the flow 

pattern cannot be visually observed, but some information about near dry-out behavior can be 

obtained from the temperature fluctuations observed in the condenser, evaporator, and adiabatic 

sections. Additional experiments with Argon and a mixture (Air) as the working fluid were run. 

The results of these studies and the Nitrogen results are compared with respect to conductance and 

dry-out behavior. 
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Nomenclature    
 

PHP pulsating heat pipe 

CHF critical heat flux 

ID inner diameter 

OD outer diameter 

RTD resistance temperature detector 

PRT platinum resistance thermometer 

HTC heat transfer coefficient  

D diameter 

V volume or voltage 

x mass quality 

k thermal conductivity 

T temperature 

M molar mass 

h specific enthalpy or heat transfer coefficient  

𝑈∞ average/freestream velocity 

�̇� heat load 

�̇�" heat flux 

∆T temperature difference 

∆P pressure difference 

𝜌 density 

𝜎 surface tension 

𝜇 dynamic viscosity 

𝛿𝑡 thermal film thickness 

𝛾 specific heat ratio 

�̅� accommodation coefficient 

g gravitational constant (9.8 m𝑠−1) 
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R universal gas constant (8.3145 J 𝑚𝑜𝑙−1 𝐾−1)      

Subscripts      

crit critical  

sat saturated 

avg average 

eff effective 

w wall 

c condenser or cold 

e  evaporator  

h hot 

f fluid 

l liquid 

g gas 

v vapor  
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1 Introduction 

 

1.1 Motivation 

Since the discovery of pulsating heat pipes (PHPs), there has been a focus to extend operation to 

cryogenic temperatures. Some of the earliest work done on a cryogenic PHP was by G. R. 

Chandratilleke et al [1,2]. The PHP’s self-sustaining two-phase heat transport capability means 

that a relatively small device can transport thermal energy without an external driving device such 

as a pump. PHPs have a range of potential applications. PHPS are of interest to NASA because 

they could potentially enable lightweight space missions while simultaneously reducing space 

flight thermal control system cost [3]. Closed looped PHPs have been tested as an alternative for 

cooling superconducting magnets in magnetic resonance imaging devices (MRIs) [4]. A study by 

Lu Qianyi & Jia Li was done to determine the effectiveness of PHPs for cooling a server rack. [5]. 

The advantages of a pulsating heat pipe compared to metal bus bars are lighter weight.  

Additionally, PHPs are easier to construct than standard heat pipes because they do not require a 

wick structure.   

A large body of work has been published on the performance of room temperature pulsating heat 

pipes, however, the data for cryogenic pulsating heat pipes is much more limited. Optical 

observation of the physical behavior of room temperature PHPs is much easier than for cryogenic 

PHPs because optical access can be installed without the worry of heat leak. Cryogenic PHPs are 

not easily observed or controlled because of the large heat leaks that are inherently driven by large 

temperature differences between the low saturation temperatures of cryogens and the environment. 

Although optical observation is impractical for cryogenic PHPs, these cryogenic PHPs show more 

dynamic phenomena due to the discrete or measurable pressure or temperature changes even with 
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a relatively small heat load, as a result of the low latent heat and heat capacity of some of the 

cryogenic working fluids. This allows the observation of temperature and pressure in the PHP on 

relatively short time scales.  This information can be used to give some information about the flow 

inside the PHP. 

 

1.2 Objective 

The objective of this research is to experimentally investigate and quantify the conductance of the 

Nitrogen, Argon and Air Pulsating Heat Pipes and analyze the effect of condensing temperatures 

and varying heat loads on the performance of the PHPs.   In effect, a 3-D map of the performance 

can be analyzed so that optimal performance regions can be identified. The 3-D map can be useful 

for off-design analysis as well, when the system operates outside the original design parameters. 

The adjustable parameters of interest in this experiment are fill ratio, condenser temperature and 

heat load.  The performance is characterized using the effective conductivity or conductance. In 

addition to conductance, the maximum heat transport capacity of the PHP, the evaporator dry-out 

power or critical heat flux (CHF), as a function of operating parameters was also investigated. In 

general, due to the unstable or uncertain nature of CHF, PHPs are typically designed to operate far 

from the CHF. However, understanding what goes on at the approach to CHF may shed light on 

the performance of PHPs when operating near the CHF zone or give indications of the onset of 

CHF behavior.  
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2 Background 

 

2.1 Introduction to the concept of Pulsating Heat Pipes 

Pulsating heat pipes are passive two-phase heat transfer devices that transport energy via the 

oscillation or movement of alternating liquid slugs and vapor plugs. It was first proposed by Akachi 

H. in the 1990s [6] as an alternative to traditional heat pipes. Its construction differs from the 

traditional heat pipe because there is not a porous wick structure.  Instead, the pipe is sized small 

enough that surface tension becomes a dominant force in the system without the need for a porous 

wick.  Rather than using capillary pumping action to move liquid from the condenser to the 

evaporator section as in a tradition heat pipe, the PHP works by the induced oscillatory motion of 

the alternating vapor bubble and liquid slugs.  PHPs can have one or more condensers and one or 

more evaporators separated by an adiabatic length. The length is the effective distance that heat is 

moved from the evaporator to the condenser.  The device is typically filled with a working fluid 

so that a saturated two-phase liquid-vapor mixture fills the tubes. PHPs are constructed to have a 

diameter small enough that the capillary forces are significant in the tubes. The capillary tube 

ensures somewhat even distribution of vapor plugs and liquid slugs during a filling process; 

however, such distribution is stochastic, and cannot be exactly replicated. In a perfectly 

constructed PHP, the initial state (no heat load) typically has negligible temperature gradient 

between the evaporator and condenser and the flow is assumed to be static. As heat load is applied 

to the evaporator plate, the temperature of the fluid at the evaporator rises until it reaches the 

saturation temperature of the working pressure at the evaporator. At this point nucleate boiling 

begins at local sites and the formation of bubbles may combine to form new vapor plugs. The 

imbalanced temperatures (between neighboring slugs) and capillary shape of the tubes form liquid 

contact angles. The temperature effect on contact angle comes the direct relationship between 
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Liquid Slug 

Vapor plug Thin Liquid film 

Tube wall 

contact angle and surface tension (which is a temperature dependent property). Pressure 

differences in the tubes induce fluid movement.  As vapor reaches the condenser, its vapor pressure 

can drop to the saturation temperature of the condenser, causing vapor regression or liquid 

condensation and releasing energy into the cold sink.  

There are primarily two main forms of energy transport in the PHP. The first is the latent energy 

transport, due to evaporation and condensation at saturation temperatures. Second, the sensible 

heat transport which occurs as a liquid slug rises in temperature until the saturation temperature 

associated with the heat load or as a vapor plug fall in temperature until the saturation temperature 

of condensation is achieved. This mode of heat transfer occurs by wall convection to either the 

liquid slug or conduction through the thin liquid fluid left behind at the wall when a vapor plug 

tails a liquid slug and vice versa. The thin liquid then contributes to convection at the liquid-vapor 

interface as well as any phase change energy that may occur. 

 

 

 

 

Fig 2-I. Schematic of Slug-Plug Formation 

 

 

       

 

                         

 

Fig 2-II . Schematic of an Ethanol PHP [7] 
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2.2 Critical diameter of a PHP 

As was stated earlier PHPs are constructed to have a maximum diameter to enhance capillary 

effect. This maximum diameter is known as critical diameter of a PHP and its value is determined 

from an analysis on a free-floating bubble up a vertical static liquid column. The common way to 

determine the critical diameter in the PHP community is by the experimental relationship between 

three chosen non-dimensional numbers that govern a Taylor bubble’s rise in a vertical stagnant 

liquid column as reported by White and Beardmore (1962). The non-dimensional numbers are the 

Froude number (Fr) which relates flow inertia force to gravitational force, E�̈�tv�̈�s number 

(E�̈�) also called the Bond number (Bo) which relates gravitational force to surface tension force 

and the Poiseuille number (Ps) which relates viscous force to gravitational force: 

𝐹𝑟 =  
𝜌𝑙𝑈∞

2

𝑔𝐷(𝜌𝑙 − 𝜌𝑣)
                                                              (2.1) 

𝐸�̈� =  
𝑔𝐷2(𝜌𝑙 − 𝜌𝑣)

𝜎
                                                              (2.2) 

𝑃𝑠 =  
𝑈∞𝜇𝑙

𝑔𝐷2(𝜌𝑙 − 𝜌𝑣)
                                                              (2.3) 

where 𝜌𝑙 and 𝜌𝑣 are the liquid density and vapor density respectively, D is the inner diameter of 

the tube, 𝜎 is the surface tension, g is the gravitational constant, 𝜇𝑙 is the viscosity of the liquid 

and 𝑈∞ is the free stream velocity. 

The three non-dimensional numbers above can be further correlated to produce a fourth number 

called the property number (Y): 

𝑌 =  
𝑃𝑠4𝐸�̈�3

𝐹𝑟2
                                                              (2.4) 
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The graph below shows the experimental results by White and Beardmore (1962). The root of the 

Froude number is plotted versus the E�̈�tv�̈�s number for different fluid or property numbers: 

 

Fig 2-III. Experimental result showing the root of Fr versus E�̈� for different fluids [8] 

As the capillary tube diameter is reduced, bringing the terminal velocity to zero and hence the 

Froude number to zero, the surface tension force becomes more dominant and the E�̈�tv�̈�s number 

is observed to collapse to a critical value (of 4) for all the fluids tested. The E�̈�tv�̈�s number can 

then be used to calculate a critical tube diameter: 

𝐸�̈�𝑐𝑟𝑖𝑡 =  
𝑔𝐷𝑐𝑟𝑖𝑡

2 (𝜌𝑙 − 𝜌𝑣)

𝜎
≤ 4                                                              (2.5) 

Fig 2-IV shows the critical diameter of a nitrogen PHP as a function of temperature. Since PHPs 

can often operate at temperatures far above its sink temperature (sometimes close to the critical 

temperature of the working fluid), it is better to use the lower limit (higher temperatures) in 

choosing the critical diameter.  
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Fig 2-IV. Critical diameter as a function of temperature for a Nitrogen PHP 

2.3 Design parameters of a PHP  

The following list are some of the important parameters to consider when designing a PHP: 

Inner diameter: The inner diameter plays a key role in the performance of a PHP. The diameter 

should be chosen such that surface tension is adequate to overcome unfavorable gravitational pull 

but not strong enough to subdue pressure inertia or cause high frictional forces. Results such as 

those of Fabliha Islam et al [9] suggests that the optimum diameter is closer to the critical diameter 

and further reducing the diameter, drops the performance of the PHP. This may be because surface 

tension or viscous forces begin to damp oscillations, limiting the bubble velocities. In that work 

the critical diameter was reported to be 3.32[mm]. Fig 2-V shows that those diameters larger than 

the critical diameter have the worst performance. This is apparently due to a lack of distinct liquid 

plugs and vapor slugs. 
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Fig 2-V. Effect of tube diameter of PHP on heat transfer coefficient [9] 

Number of turns: The number of capillary-turns also influences the performance of a PHP. 

Khandikar showed that in his experiment [10], the higher the number of turns, the better the 

performance of the PHP.  There have been other studies that show that there may be an optimum 

number of turns. In a study by Niti Kammuang-Lue et al [11], an optimum number of tubes was 

identified for the three fluids tested as shown in Fig 2-VI. 

 

Fig 2-VI. Effect of number of turns on heat flux [11] 
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Orientation of the PHP: The angle of the PHP with relation to the gravity also affects 

performance. Not only does it affect the gravitational force involved but also affects the contact 

angle of the fluid, which in turn alters the pressure force necessary to sustain motion. 

 

Fig 2-VII. Maximum heat flux versus inclination angle [10] 

Fill Ratio: At low fill ratios there is liquid mass inventory which results in lower latent capacity 

and hence a lower performance and at high fill ratios there is less vapor plugs and hence lower 

circulation capacity leading to lower performance. It has been shown in multiple experiments that 

there tends to be an optimum fill ratio for a given set of conditions. Fig 2-VIII shows the effective 

conductivity for a Helium PHP in an experiment carried out by Fonseca at the University of 

Wisconsin - Madison [12]. The effective conductivity is a performance property analogous to the 

conductivity of a metal. It relates the amount of heat removed by the device to some temperature 

difference and a length scale that separates this difference as defined in chapter 5.3  
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Fig 2-VIII. Effective conductivity of a He PHP as a function of fill ratio [12] 

 

Working fluid: There have also been experiments carried out on different types of fluids to see 

how fluid properties affect the performance of a PHP. PHPs have been shown to operate with a 

wide range of fluids, from room temperature water to ethanol, down to cryogenic fluids such as 

Nitrogen, Neon and Helium. Fig 2-IX shows results of some room temperature experiments using 

a variety of working fluids. 
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Fig 2-IX. Effect of working fluid on thermal resistance of a PHP [13] 

 

There are other parameters that can influence a PHP’s performance, although they have not been 

studied or reported in the literature.  Some other parameters include condenser temperature, 

structure or geometry of the capillary tubes, orientation (horizontal/vertical or mixed sections), 

length of condenser, evaporator and adiabatic sections and capillary tube material.  Some of these 

parameters are difficult to change because they require that a new PHP be built to change the 

physical configuration. 
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3 Literature Review 

 

3.1 Nitrogen PHPs 

There have been a few studies of cryogenic PHPs and most of these studies used Nitrogen as a 

working fluid. The literature includes studies that have explored the effect of variables including 

the number of turns, working fluid, and fill ratios on the performance of the PHP.  Four of the 

studies have been found to have significance to the present work. 

One of such study done by Romain Bruce et al [14] in 2018 was on a meter-long horizontal 

nitrogen PHP with 36 capillary tubes or 18 turns. The condenser, evaporator and adiabatic sections 

were 330[mm] long. The ID of the tubes was 1.5[mm] with a calculated critical diameter of 

1.7[mm]. The evaporator and condenser were 400[mm] wide and made of copper. The experiment 

was done at a 50[%] initial liquid fill ratio and the heat load was varied from 5[W] to 30[W], with 

dry-out occurring at 30[W]. The results are shown in Fig 3-I. The maximum effective conductivity 

calculated was 85[
𝑘𝑊

𝑚−𝐾
  ]at a heat load of 15[W]. Bruce et al also reported that all pressure sensors 

in the PHP (two located at the adiabatic section close to the condenser and two at the adiabatic 

section close to the evaporator) gave similar readings and hence concluded that this is the 

saturation pressure of the PHP. Fonseca [12] had also noticed this negligible pressure drop in his 

helium pulsating heat pipe at a vertical orientation. Bruce et al also reported stability issues (rapid 

and relatively extreme rise in temperature and a sudden fall to a new steady state) when a high flux 

was immediately imposed on the evaporator section. While Bruce et al, noted the performance and 

stability issue of a horizontally oriented PHP, this work will evaluate the performance of a PHP 

that is oriented vertically including stability issues might be present in the vertical orientation. This 

work also explores the performance of the PHP at different fill ratios, not just 50[%].  
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Fig 3-I. Effective conductivity versus Heat load [14] 

 

 Another study by Yi Li et al [15] investigated the dry-out phenomena in a horizontally 

oriented nitrogen PHP with 5 turns operating at 50[%] initial liquid fill ratio. The capillary tubes 

were 0.9[mm] in inner diameter. The evaporator, condenser and adiabatic lengths were 

35[mm],35[mm] and 100[mm] respectively. The evaporator and condenser blocks were 100[mm] 

wide and made of copper. They reported a sharp rise in temperature at the evaporator during dry-

out accompanied by a sharp drop in pressure, which they attribute to the non-oscillation of the 

PHP. Yi Li et al also reported a maximum effective conductivity of 16[
𝑘𝑊

𝑚−𝐾
] when tested vertically 

with bottom heating mode (evaporator under the condenser). Even though Yi Li et al ran loads 

until dry-out, the dry-out phenomenal was not investigated in detail. This work investigates the 

characterization of dry-out behavior as it relates to fill ratios, which was not investigated by Yi Li, 

as well as pressure and temperature behaviors at dry-out in a vertical orientation.  
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Fig 3-II. Dry-out behavior in a Nitrogen PHP [15] 

 

Fonseca [16], at the University of Wisconsin-Madison, did a study on the effect of filling ratio on 

a vertically oriented Nitrogen PHP with a cylindrical evaporator having an ID of 50[mm] and a 

cylindrical condenser section with ID of 25.4[mm]. Both sections had an OD of 65[mm], height 

of 70[mm] and made from copper 110. The adiabatic length was 80[mm]. The capillary tubes 

where stainless steel 304 with 1D of 0.5[mm] and 20 turns. The PHP ran at a horizontal orientation 

had an effective thermal conductivity that ranged from 5[
𝑘𝑊

𝑚−𝐾
]  at 46[%] liquid fill ratio to 35[

𝑘𝑊

𝑚−𝐾
] 

at 27[%] liquid fill ratio. There are some improvements made to the result by Fonseca that have 

been carried out in this study. First, the Nitrogen fill valve in Diego’s study was left open during 

heat load changes and as such the mass varied during the heatload changes. This study investigates 

the effect of a closed/constant mass and varying heat load on the PHP performance. Second, the 

actual condenser temperature in Diego’s study drifted from the desired sink (cold source or 

condenser) temperature because of thermal response on the fluid. In this study the condenser 

temperature, which is effectively used in calculating the effective thermal conductivity of the PHP, 
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is held constant and so the effect of the load is not influenced by a drifting sink temperature. 

Because the heat load and condenser temperature could be controlled independently in this work, 

the effects of the condenser temperature can be separated from the effects of heat load. 

 

Fig 3-III. Nitrogen PHP steady state operation [16] 

 

  Finally, Kyohei Natsume et al [17] investigated the possible use of PHPs for cooling 

superconducting magnets. Natsume et al tested the effect of working fluids, He, 𝐻2 and 𝑁2 on the 

performance of the PHP. Also tested, was the effect of fill ratio and heat load in each case. The 

PHP had 10 turns of stainless tubes with ID of 0.78[mm]. The copper evaporator and condenser 

blocks had lengths of 30[mm] separated by a 100[mm] length adiabatic section. Table 1 shows the 

result of their experiment with 𝑁2 having the highest effective conductive over the range of fill 

ratio tested. The study in this paper investigates one more parameter, the condenser temperature, 

to quantify the effect it has on the behavior of the effective thermal conductivity.   
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Table 1. Summary of the experiment results by Natsume et al [17] 

 

 In addition to the small-scale test carried out on a PHP, a large-scale Nitrogen PHP has 

been tested by the Commission for Atomic Energy and Alternative Energies (CEA) in France. The 

PHP had a lateral length of 3.6[m] and comprised of 36 tubes, with an inside diameter of 1.5[mm]. 

Though the PHP did have a short quasi-steady state time of 33[mins] with the temperature run-off 

afterwards, they reported an effective conductivity of 100 [
𝑘𝑊

𝑚−𝐾
].  Quasi-steady performance, 

before temperature run-off, for a period of about 10 mins at dry-out power has sometimes been 

observed in current work and may be investigated in future work.   
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Fig 3-IV. Temperature plot (Top) and test section (Bottom) of a 10W Nitrogen PHP at CEA [18] 
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3.2 Some other Cryogenic PHPs 

There has been one reported case where the condenser temperature was used as a performance 

criterion. Qing Liang et al [19] investigated the effects of condenser temperature in a Neon PHP, 

vertically oriented with 10 parallel tubes or 5 turns. The tubes had an ID of 1[mm]. The evaporator 

and condenser copper blocks had a length of 100[mm] each while the adiabatic length was 

280[mm]. The figure below shows the effect of condenser temperature at an initial fill ratio of 

35.9[%]. This research aims to see the effect of changing condenser temperature and the magnitude 

of such effect on the performance of a Nitrogen PHP. Also, while Liang et al focused on the effect 

of fill ratio on Neon PHPs with a few condenser temperatures, this work focuses on more intervals 

of condenser temperature in addition to a number of fill ratios to create a complete 3D map of the 

effect of condenser temperature and fill ratio on the effective conductivity of a Nitrogen PHP.  

 

Fig 3-V. Effect of condenser temperature on Thermal Conductivity of a neon PHP [19] 
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Monan Li et al [20] carried out an experiment on a helium PHP to capture the effect of number of 

capillary tube-turns on the performance of the PHP. The initial liquid fill ratio was approximately 

70.5[%] in both cases. The length of the evaporator and condenser were 50[mm] each, while the 

adiabatic section was 100[mm]. The experiment was used to test 8-turns and 24 turns of same size 

and dimensioned stainless tubes. The results showed that the 8-turn performed better (in terms of 

effective thermal conductivity) at lower heat loads reaching a maximum at a heat load of 271[mW]. 

As heat load was increased, the performance depreciated and the 24-turn performed better, 

reaching a maximum at a heat load of 1100[mW]. The maximum effective conductivity at the fill 

ratio operated was 15652[
𝑊

𝑚−𝐾
] for 8-turn and 12328[

𝑊

𝑚−𝐾
] for 24-turn leading to the presumption 

that a parallel configuration of the three 8-turn PHPs to make 24-turns would be more efficient 

that a single 24-turn loop, at least in a vertical orientation. While not directly related to current 

research, future work on a new PHP with fewer turns may build on such information.  

 

Fig 3-VI. Effective thermal conductivity versus heat load [20] 
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This research paper aims to address some areas of cryogenic PHPs that have not been investigated. 

Such areas are summarized below: 

a. The effects of condenser temperature on effective thermal conductivity of both pure fluids 

and mixture PHPs in a vertical orientation. This is done while simultaneously looking at 

effects of heat load and fill ratio in order to create a 3D performance map. 

b. Analyzing dry-out behaviors in those PHPs with respect to condenser temperature and fill 

ratio. 
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4 Experimental Setup and Calculations  

 

4.1 Main Equipment Construction/Setup  

4.1.1 Cryocooler  

The PHP is cooled by a Cryomech AL-25 GM Air-cooled Cryocooler with a CP820 Cryomech 

Compressor. It is a single stage cryocooler providing a cooling load of 22[W] at 70[K].  The 

Cryocooler is attached to a circular aluminum block, to which the PHP is attached.  

4.1.2 Dewar 

The dewar is a stainless-steel cylindrical container with OD of 9.5[in] and a height of 24.5[in]. The 

top plate of the dewar is made from aluminum with a diameter of 12.5[in] and 1.16[in] thick. The 

top plate has three active 19 pins Amphenol connectors, one carrying current to the temperature 

sensors (2 pins for each temperature sensor), one returning the voltages to the controlling 

instruments (2 pins for each temperature sensor), and one designated for heat loads and control (4 

pins for each heater). The top plate also serves as the entry point of the cryocooler into the dewar 

as well as that of the gas supply line. The dewar is pumped to high vacuum (≤ 10−5torr) to 

eliminate convective heat transfer.  

 

Fig 4-I. Top plate of dewar with mounted cryo-head 

Amphenol Connector Ports 

GM Cryocooler head 

Top Plate 
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4.1.3 Pulsating Heat Pipe 

The pulsating heat pipe, shown in Fig 4-II and Fig 4-III, is made up of 40 stainless steel capillary 

tubes or 20 serpentine turns. The tubes have an ID of 0.5[mm] which is about half the critical 

diameter at 115[K]. This diameter was chosen based on available laboratory material and with the 

intent of running helium as the working fluid. The evaporator and condenser are identical copper 

circular hollow blocks with one closed end.  The ID, OD, and height of 55[mm], 63.8[mm] and 

50[mm] respectively. The length of the adiabatic section is 265[mm]. The condenser and 

evaporator have forty 0.25[mm] deep grooves that run the height of the copper block to which the 

capillary tubes are soldered on for good thermal contact. The capillary pipe was bent with a pitch 

size of about 5[mm]. Each pair of tubes is connected at the top and the bottom with bent copper 

extensions soldered to the tubes. These extensions are originally designed to make it possible to 

alter the number of working turns. However, this area of research was abandoned because of the 

difficulty in creating a leak tight seal in multiple solder joints. The PHP fill line is connected to 

two of the capillary lines from the evaporator via a copper tee-block. The PHP assembly is 

connected to the circular aluminum block via the condenser block, which in turn is fixed to the 

cryocooler head. A copper thermal jacket is attached with screws to circular supports around the 

PHP and this provides good thermal contact between the PHP condenser and the cryocooler. 

Around this thermal jacket are layers of multilayer insulation, MLI, to reduce the radiation 

parasitic heat leak.  
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Fig 4-II. PHP Core Assembly 

 

4.2 Auxiliaries 

There are two auxiliary DC current/voltage producing boxes connected to the experiment. One is 

a Lakeshore 120 Current Source box providing 1[mA] DC current to the lakeshore PT100 

temperature sensors. The other is a BK Precision 1698 Power supply box providing the voltage to 

power the chassis resistor connected to the evaporator and hence provide a known heat load. This 

power supply has a variable voltage setting and hence the heat load to the evaporator can be 

controlled.  
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4.3 Measurement Devices 

4.3.1 Temperature sensors 

There are five (5) PT100 Lakeshore temperature sensors used in the experiment. One placed on 

the condenser block, one on the evaporator block and three on the stainless capillary tubes in the 

adiabatic section. One of the adiabatic section sensors (T2) is located 7.9[cm] above the evaporator 

sensor (T6). The next adiabatic section sensor (T4) is 1[cm] above T2 and finally the last adiabatic 

section sensor (T5) is 2[cm] above T4.  All three (3) adiabatic section sensors are relatively closer 

to the evaporator than to the condenser. All the sensors are attached at their individual locations 

with VGE-7031 varnish [22] and their leads also varnished to ensure parasitic heat to the sensors 

are grounded to the measuring temperature. The sensors were connected using the 4-wire 

technique with a pair of wires carrying the current to and from the sensor and the second pair acting 

as the voltage leads. The PRTs are sensitive to resistance changes especially at low temperature, 

therefore a small change in resistance could correspond to a sensible change in temperature. Since 

wire leads are significantly long, their resistances begin to have meaningful impact on actual 

measurements. This technique eliminates any voltage drop due to the resistance of the wire leads 

and the voltage drop measured is only because of the resistance of the sensors, ensuring higher 

accuracy. 
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(a)  

 

 

 

 

 

 

 

 

 

 

 

  (b) (c) 

Fig 4-III. (a) Schematic location of PRTs (b) mounted adiabatic section PRTs (c) location of evaporator 

heater 
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Evaporator Heater 
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4.3.2 Pressure sensors 

There are two Endevco 8530B pressure sensors used in the experiment. One (0-500psig) is placed 

at the end of the Buffer Tank, used in the calculation of the initial fill ratio in the PHP device. The 

other (0-500psia) is located on the gas line just before the safety valve and is connected to the 

adiabatic section of the PHP. That sensor is used to measure the working or saturation pressure of 

the PHP. The pressure sensors were excited with 10[V] from a DC power supply. The sensors have 

sensitivity of 0.6±0.2 [
𝑚𝑉

𝑝𝑠𝑖
] with a full-scale output of 300±100[mV]. The sensors were calibrated 

with a Endress+Hauser (EH) pressure gauge (absolute) having a 0.05% accuracy. The voltage 

readings from the sensor were recorded in LabVIEW via the DAQmx (Refer to 4.6.2 Pressure 

DAQs).  

4.4 Heaters 

Two chassis resistors, each 50 Ω, are used with the PHP setup. One is located under the evaporator 

block and is used to provide the heat load to the device. The other is located on the aluminum 

block attached to the condenser. That is used, along with the temperature controller, to maintain a 

desired condenser temperature. Both heaters are wired using the 4-wire measurement technique. 

The relationship between voltage and a given resistance produces the necessary current to achieve 

a given power according to Ohm’s law:  

𝐼 =  
𝑉

𝑅
                                                                        (4.1) 

𝑃 = 𝐼𝑉                                                                        (4.2) 

The voltage, V for both the evaporator heater and condenser heater can be varied via the BK 

Precision 1698 Power Supply and Lakeshore 332 Temperature controller, respectively. The BK is 

a 1-60[V], 0-3.3[A] Power Supply capable of delivering a maximum of 200[W]. It has a ±1% 
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relative error for both its current and voltage measurements plus 2 counts or 0.02 for voltages 

above 5[V] and currents above 0.5[A].  

4.5 Vacuum System 

The vacuum in the dewar is provided by an oil free Pfeiffer vacuum station consisting of a 

diaphragm pump and a turbo unit. The vacuum pressure registered with the device after leak checks 

was ≅ 10−5torr. The current device used to monitor the vacuum pressure is a Kurt J. Lesker 

convective gauge with a minimum read out of 10−4torr. This gauge was zeroed at vacuum with a 

turbo pump. Throughout the experiment, the vacuum pump remained on to ensure that vacuum 

pressure is maintained.  

4.6 Data Acquisition Systems (DAQs) 

4.6.1 Temperature Controllers 

A Lakeshore 332 Temperature Controller is used to control and maintain a preset setpoint 

temperature of the condenser. The condenser (T1) PT100 sensor is wired directly to the Lakeshore 

controller. The Lakeshore controller is designed to supply 1µA at low temperatures to the sensor 

to reduce parasitic heat load due to ohmic generation in sensor leads, although for positive 

temperature coefficient RTDs, it supplies 1mA. The default read rate is 10 samples per second. 

The standard temperature curves for platinum RTDs were used with all the sensors. The 

temperature control is via the internal variable DC current source to the condenser heater, which 

is controlled by a PID (Proportional-Integral-Derivative) controller integral to the Lakeshore box. 

It is designed to produce 1A at 50W, which translates to 100% full power at High setting for a 

50Ω resistor. The controller, via feedback loop, then varies the percentage of full-scale current and 

hence full-scale power necessary to maintain a setpoint temperature. The PID coefficients were 

picked based on trial-and-error method as described by [23]. Throughout the course of the 

experiment, these coefficients had to be constantly optimized because of their sensitivity to the 
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set-point temperature chosen. Initially a large P-Gain of 22 and I-Reset of 4 were chosen. It was 

later discovered that two-phase instabilities could cause a ripple effect in control instability and 

lead to large temperature swings that took a long time to stabilize. Also, during changes in setpoint, 

the entire PID history is reset, and the system starts from scratch to build its stability at steady 

state. For this reason, in later experimental runs, a high baseline manual output coefficient of 15 

was set. A small variable P-Gain of 2 and I-Reset of 0.2 were chosen. This ensured that the system 

always keep this baseline memory and could adjust slowly around this baseline for more stable 

operation. This produced the best results in terms of temperature stability in the condenser.  

The second temperature controller is a Cryocon 24C Temperature controller. The evaporator (T6) 

PT100 temperature sensor, as well as the three adiabatic section temperature sensors T2, T4 and 

T5 are connected to this controller. The controller is used as a reading device rather than a 

controlling device. It supplies a current of 1mA to the sensors and directly converts the resulting 

voltage to a temperature read out. The sample rate on each of the inputs to the Cryocon is 15Hz. 

4.6.2 Pressure DAQs 

The voltage leads of the two pressure sensors are connected to an NI 9201 Module that is plugged 

into a cDAQ instrument. The 8 channel NI Module is rated at ±10V with a sample rate of 500kS/s 

and a resolution of 12bits. As mentioned before, the two pressure sensors were calibrated using an 

Endress+Hauser pressure gauge and a linear fit between pressure (from the EH gauge) and voltage 

(from the sensors) was used in the LabVIEW program. The EH gauge readings were also compared 

to pressure readings from an attached compound gauge. To keep up with the CPU processing, 10 

samples at a rate of 10Hz was chosen. This is adequate, since we are most interested in steady state 

performance and pressure data at intervals shorter than 1 sec is identical to data sampled at 1 sec. 

The RMS (Root Mean Squared) error from the Fill Tank pressure sensor and the PHP pressure 
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sensor were 0.999 and 1 respectively. Though the uncertainty of the sensors is low, the accuracy 

is not very low. The calibration curves in section 12.4 ( 12.4 Pressure calibration curves.) shows 

the linear fit of two different calibration done on the PHP sensors, spaced 9 months apart. The 

accuracy of the sensor at zero voltage was calculated to be 18%. This might be due to the inevitable 

drift of pressure sensors over time.   

4.6.3 Data Acquisition Software Interface and Control (LabVIEW) 

The functionality of the experiment is mostly controlled and read by the LabVIEW program. This 

includes condenser temperature control (PID settings), evaporator heat load adjustments, 

temperature value readouts and storage, pressure value readouts and storage, condenser, and 

evaporator heater power calculations. Each LabVIEW run is automated and can be controlled 

remotely. The BK Precision 1698 (Power Supply), Cryocon 24C (Temperature Controller) and 

Lakeshore 332 (Temperature Controller) have LabVIEW VIs associated with their hardware. 

Some of these VIs’ were used to setup the main LabVIEW program that runs the PHP real time 

data collection and control. National Instrument’s internal VIs were used to set up logging for 

pressure data.  

 

 

 

 

 

 

 

 

Fig 4-IV. Auxiliary Devices and Controllers 
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4.7 Heat Leaks/Parasitic loads 

4.7.1 Heat Generations & Solid conduction 

In the PRT and heater wire leads, heat generation is calculated to be larger than conduction through 

the leads because of the long length as well as the small cross-sectional area. Therefore, the heat 

leaks due to the presence of the PRT, and heater wires is based on the ohmic heating:  

�̇�𝑙𝑒𝑎𝑑𝑠 =  𝐼𝑐
2𝑅𝑒                                                                         (4.3) 

𝑅𝑒 =  
𝜌(𝑇)𝐿

𝐴𝑐
                                                                        (4.4) 

 

where 𝜌(𝑇) is the temperature dependent electrical resistivity of the wire,  𝐿 is the total length of 

each wire, 𝐴𝑐 is the cross-sectional area of the wire and 𝐼𝑐 is the current sent by the controllers, 

which for the PRT wires is 1mA standard and for the heater wires is a maximum of 1A. The result 

is a maximum heat load through the leads, �̇�𝑙𝑒𝑎𝑑𝑠, of 0.75W with the generation in the heater leads, 

the dominant source. The PID limits the maximum current to less than 50% or a �̇�𝑙𝑒𝑎𝑑𝑠 of 0.19W 

4.7.2 Molecular Gas Conduction 

A good vacuum is desired to ensure that residual gas conduction is minimized. The residual gas 

conduction can be calculated by Corruccini equation [24]: 

�̇�𝑟𝑒𝑠 =  �̅�
(𝛾 + 1)

(𝛾 − 1)
(

2𝑅

𝜋𝑀�̅�
)

1
2

𝑃𝐴𝑠,𝑠(𝑇ℎ − 𝑇𝑐)                                         (4.5) 

where P is the vacuum pressure, �̅�is the inner temperature of dewar wall, 𝛾 is the ratio of specific 

heat and 𝐴𝑠,𝑠 is the surface area of the copper shield.  This leads to a �̇�𝑟𝑒𝑠 approximately equal to 

0.3W.  
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4.7.3 Radiation Shield/MLI Parasitic 

Radiation is an important mode of heat transfer in cryogenics. Since vacuum pressures are typically 

kept low, radiation becomes a dominant source of heat transfer and steps must be made to reduce 

it. Two common methods of doing this are: including a thermal shield between the dewar 

surrounding and the test device and wrapping the thermal shield with a non-conductive reflective 

material, the most common being multilayer insulation (MLI). MLI is typically made up of 

alternating layers of Mylar or Kapton and Aluminum or Silver. The former acts as an insulating 

material between the highly conductive metal and the later acts as a reflective material with low 

emissivity to reduce irradiation. During MLI construction the following factors are worth noting: 

i. The heat flux scales as  (𝑁 + 1)−1 

ii. The axial heat transfer down the length of the MLI is much greater than the heat transfer 

through the layers of the MLI 

iii. Exposed areas of MLI can lead to significant radiation leaks 

iv. Contaminants such as oil, even from human hands, can adversely affect the 

performance of the MLI 

The plot in Fig 4-V is used as a reference for MLI radiation calculation. This includes the radiation 

and well as conduction effect through the MLI. 
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Fig 4-V. (Left) Heat flux as a function of number of MLI layers [25], (Right) Velcroed edges of MLI 

The current PHP experiment uses 30 layers of MLI and so from the plot above a heat flux of 

300
𝑚𝑊

𝑚2  is assumed to be incident on the copper thermal shield. This results in �̇�𝑟𝑎𝑑 of 0.07[W]. 

4.7.4 Modified Residual leaks through MLI 

The heat transfer rate has been found experimentally to be a function of the vacuum pressure 

showing that both molecular gas conduction, radiation heat transfer and conduction through the 

MLI are happening at the same time. One such empirical equation to predict the heat flux is by the 

“Lockheed equation” [26] & [27]: 

𝑞′′ =  
𝐶𝑠�̅�2.63(𝑇ℎ

2 − 𝑇𝑐
2)

2(𝑁 + 1)
+  

𝐶𝑅휀(𝑇ℎ
4.67 − 𝑇𝑐

4.67)

𝑁
+  

𝐶𝐺𝑃(𝑇ℎ
0.52 − 𝑇𝑐

0.52)

𝑁
              (4.6) 

The first term accounts for solid conduction heat transfer (The temperature squared term falls from 

a fit for the temperature dependent conductivity incorporated to ∆𝑇), the second for the radiative 
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heat transfer and the last for the gaseous conduction heat transfer. The above equation was later 

modified by McIntosh [28] and given as: 

𝑞′′ =  
𝐶2𝑓𝐾(𝑇ℎ − 𝑇𝑐)

∆𝑥
+  

𝜎(𝑇ℎ
4 − 𝑇𝑐

4)

1
휀ℎ

+
1
휀𝑐

− 1
+ 𝐶1𝑃𝛼(𝑇ℎ − 𝑇𝑐)                             (4.7) 

where 𝐶1 is 1.1666 for air and 𝐶2 is an empirical coefficient. The above equation is not easily 

computed because of unknowns such as 𝐶2  and so experimental data by Jeffrey Robert Feller et 

al [29] helps in the calculation of heat transfer through MLI. The equation provided by [29] is 

given below: 

�̇�′′ =  𝑘𝑎𝑝𝑝 (
𝐶

1 + 𝑘𝑎𝑝𝑝
)

𝑑

𝑡
𝑃(𝑇ℎ − 𝑇𝑐) +  �̇�0′′                                        (4.8) 

𝑑

𝑡
≅  

1

𝑁 − 1
                                                                              (4.9) 

𝐶 =  �̅�
(𝛾 + 1)

(𝛾 − 1)
√

𝑅

8𝜋𝑀𝑇ℎ
                                                             (4.10) 

𝑑 =  
1

�̅�
                                                                              (4.11) 

𝑘𝑎𝑝𝑝 = 𝑎(𝑃𝑑)𝛽                                                                     (4.12) 

where a and β are fit coefficients,  �̅� is the layer density, �̇�0
′′ is the experimental residual heat at 

zero pressure, �̅� is the accommodation coefficient and 𝛾 is the ratio of specific heat. Using the 

above expressions, and an �̅�  of 0.8, the heat transfer through the MLI, �̇�𝑀𝐿𝐼 was calculated to be 

0.14W. 
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In conclusion the two major parasitic heat loads are summarized as �̇�𝑙𝑒𝑎𝑑𝑠 = 0.19W and �̇�𝑀𝐿𝐼 = 

0.14W 

4.8 Experiment Assembly and Methodology 

(Refer to Fig 4-VII for the schematics that accompanies this section). The PHP fill line is connected 

via a gas line to the buffer tank as well as the high-pressure tank. There are three needle valves 

and one safety valve on the gas line train. The safety valve was tested to 80psig which is its 

setpoint. The first valve (valve 1) is a vent valve and is used to empty the system before any fill 

gas from the buffer tank is released into the assembly. The second valve (valve 2) is in front of the 

buffer tank and third valve (valve 3) is located before the safety valve. This is the valve that would 

be used to isolate the PHP system from the room temperature gas line. Before each fill, the buffer 

tank may be filled from the high-pressure tank to a sufficient pressure (must be below 80psig to 

prevent safety valve from opening) by opening the main valve on the High-pressure tank with 

valve 1 and 3 closed and valve 2 open. When the desired high pressure-tank regulator pressure 

equals that of the buffer tank, the main valve and valve 2 is closed. The end of valve 1 houses a 

KF fitting that is connected to a vent pumping station (Roughing & Turbo pumps). Valves 1 and 

3 are then opened and entire system is vented to produce a vacuum after which the valves are 

closed. Now valve 2 is opened (with valves 1 and 3 closed) and the buffer tank steady state pressure 

at this point is being read and recorded on the LabVIEW program. This is known as the start 

pressure 𝑃𝑠𝑡𝑎𝑟𝑡. Valve 3 is then slowly opened until the pressure required to achieve a preset fill 

ratio is achieved and then the valve is closed. A few minutes is allowed for equilibrium of the 

buffer tank gas content with the surrounding. The new pressure of the buffer tank is read and 

recorded from LabVIEW. This pressure is known as 𝑃𝑒𝑛𝑑. These pressures are then used in an EES 

(Engineering Equation Solver) script to calculate the initial fill ratio of the run.  
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Fig 4-VI. Complete Experimental Setup 
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Fig 4-VII. Schematic of gas train showing valve locations 
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5 Methods and Results 
 

5.1 Condenser Temperature intervals & Heat Loads 

The condenser temperature was varied from 71K to 83K in intervals of 2K. The Lakeshore 332 

temperature controller was used to maintain the set condenser temperature to within ≤ 0.3𝐾 of the 

setpoint. The heat load is normally varied from 0W to the onset of dry-out in interval of 1W and 

then increased by 0.2W after the onset of dry-out (onset of dry-out is taken to be when there is a 

largest temperature gradient with the next 1W increment). The duration of each applied input 

depends on various factor such as how long until the evaporator reaches steady state (steady state 

is defined by temperature oscillations about a mean value, with amplitudes typically ≤ 1K), how 

long from an instability point to a new steady state or unattended period. However, the typical 

length of each heat input run is ≥ 30mins.  

5.2 Data Averaging and Processing Software (MATLAB & Excel) 

Real time data of the pressure and temperatures in the system is taken at least once every second, 

therefore these large sets of data need to be averaged at steady state condition. The temperatures 

and pressure data are stored by LabVIEW measurement file (.lvm), which is a text-based file. This 

was found to be the most compressed form for such a large data and one that resulted in little to 

no output problems. A MATLAB script was written, which uses an external function created by 

M. A. Hopcroft [30] to read the file, and then graphically process and average the data. The 

averaged data for each heat load at a given condenser temperature was then exported to an Excel 

sheet that computed the effective thermal conductivity and registered the critical heat load for that 

condensing temperature.  
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Fig 5-I. (Top) An example of a post-processed graphical result in the MATLAB script file, (Bottom) 

Excel Macro calculating the effective thermal conductivity for a given condenser temperature 

 

LabVIEW control is set to turn off load 

if 𝑇𝑒𝑣𝑎𝑝 > 𝑇𝑐𝑟𝑖𝑡, where 𝑇𝑐𝑟𝑖𝑡 is the 

critical temperature of the fluid 
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5.3 Thermo-analysis of the condenser and evaporator states 

The tools available in this project for measuring the states in the PHP are the temperature and 

pressure sensors. Since the PHP must be in a cold controlled environment with reduced heat leaks, 

no optical observation techniques were used in this experiment. Fig 5-II shows the states of the 

condenser, evaporator, and adiabatic sections, as well as a hypothetical equilibrium state based on 

the temperature and pressure measurements. The pressure sensor is attached to the gas line 

connected to the fill line of the adiabatic section.  

 

Fig 5-II. Thermodynamic states of the PHP at an initial liquid FR of 40% and 𝑇𝑐𝑜𝑛𝑑 = 77K 

The condenser is maintained at a constant temperature with respect to time, using a Lakeshore 332 

controller. The blue dot represents the condenser, which is predominantly in the liquid state, 

though as observed in room temperature PHP’s [7], some vapor plugs can temporarily move into 
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the condenser from the evaporator. The red dot represents the evaporator, which is in a superheated 

state, suggesting that it is mostly occupied by vapor though cold liquid can move into the region 

being transported from the condenser. The temperatures measured are those of the copper block 

which would represent wall superheat. The adiabatic section follows the evaporator section closely 

which is reflective of the fact that the PRTs in the adiabatic section are much closer to the 

evaporator. The green dot represents a two-phase equilibrium situation where the entire content is 

at a conserved initial specific volume and the steady state pressure for each load input. The steady 

state pressure for a given load is assumed to the uniform throughout the PHP. Experiments like 

the one carried out by M. Barba et al [31], where the mean temperature difference of all the pressure 

sensors in the PHP was ≤ 0.05bar, suggests that this is a reasonable assumption. The fact that the 

PHP in this current work shows the thermal behavior in the T-v diagram in Fig 5-II is consistent 

with the experimental result obtained by P. Gully et al [32] shown in Fig 5-III. The mean 

temperature of the evaporator wall being an average of the bulk temperature of the vapor inside 

the evaporator region of the PHP.  

 

Fig 5-III. Pseudo-steady state temperature in the evaporator, reservoir, and condenser [32] 
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5.4 Initial Liquid Fill Ratio 

In the Experimental Assembly section at the end of the last chapter, some steps, and variables are 

defined that help in determining the initial fill ratio of each run. This section aims to expand on 

that and use the First Law of Thermodynamics to analyze the theoretical liquid fill ratio in the PHP 

based on properties of the gas in the buffer tank. The ideal gas law, 𝑃𝑣 = 𝑚𝑅𝑇 is used to determine 

the initial and final gas inventory in the low-pressure buffer tank. While all valves except valve 2 

are closed, the start pressure, 𝑃𝑠𝑡𝑎𝑟𝑡, of the buffer tank is measured. The inlet valve (valve 3) to the 

PHP section is then opened and when the pressure reaches a valve equal to a pre-determined mass 

necessary to give a required initial fill ratio in the PHP section, the inlet valve is closed and after 

a few minutes, the pressure of the buffer tank is measured again as 𝑃𝑒𝑛𝑑. It is assumed that there 

is good heat transfer between the buffer tank wall and that the temperature at the beginning is the 

small as the temperature at the end and thus: 

 

𝑚𝑜𝑢𝑡 =  
(𝑃𝑠𝑡𝑎𝑟𝑡 − 𝑃𝑒𝑛𝑑)𝑉𝑡𝑎𝑛𝑘+𝑏𝑢𝑓𝑓𝑒𝑟−𝑙𝑖𝑛𝑒

𝑅𝑇𝑎𝑚𝑏
                                        (5.1) 

                

 The unknowns right now are 𝑚𝑜𝑢𝑡 and 𝑃𝑒𝑛𝑑 and as such one more equation is needed. The 

second equation comes from a two-phase mass balance on the PHP section at an assumed liquid 

fill ratio. The PHP section is divided into two zones: Zone 1 is the section enclosed in the thermal 

shield and MLI and Zone 2 is from that point up until the PHP inlet valve (Valve 3). The ideal gas 

law is used to determine the mass in Zone 2 with the assumption that this mass is to the right of 

the vapor dome i.e., gaseous state and thus does not contribute to the fill ratio calculation:  
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𝑚𝑧,2 =  
𝑃{𝑇𝑠𝑎𝑡}𝑉𝑧,2

𝑅𝑇𝑎𝑣𝑔
                                                            (5.2) 

where 𝑇𝑠𝑎𝑡 is assumed to be the condenser temperature which is known (∆𝑇 in the PHP at 0W is 

typically ≤ 2𝐾), 𝑇𝑎𝑣𝑔 is the mean temperature between the saturation temperature and room 

temperature, R is the specific gas constant of Nitrogen and 𝑉𝑧,2 is the volume of Zone 2 of the 

PHP. 

Zone 1 is assumed to be in two phase equilibrium and for a known liquid fill ratio, the mass in 

Zone1 can be calculated according to: 

𝐹𝑖𝑙𝑙𝑟𝑎𝑡𝑖𝑜 =

(1 − 𝑥𝑝ℎ𝑝 {𝑇𝑠𝑎𝑡,
𝑉𝑧,1

𝑚𝑧,1
}) . 𝑣𝑠𝑎𝑡{𝑇𝑠𝑎𝑡, 𝑥 = 0}. 𝑚𝑧,1

𝑉𝑧,1
                         (5.3) 

 

where x is quality. From the above equation, the only unknown is 𝑚𝑧,1. The total mass leaving the 

buffer tank can then be computed by: 

𝑚𝑜𝑢𝑡 = 𝑚𝑧,1 + 𝑚𝑧,2                                                              (5.4) 

Revisiting equation 5.1, 𝑃𝑒𝑛𝑑 can thus be calculated.  
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Fig 5-IV. T-v diagram for Nitrogen 

5.5 Effective conductivities versus condenser temperature at select fill ratios 

One of the goals of this project is to estimate the effective thermal conductivity of the PHP device 

so that the performance can be compared to conventional passive devices such as a copper bar or 

heat pipes. For a given load at the evaporator, during steady state condition, the condenser and 

evaporator temperatures are recorded and averaged as �̅�𝑐 and �̅�ℎ respectively. The heat transfer is 

theoretically modelled as conduction through the liquid-vapor content of the capillary tubes such 

that:  

𝑘𝑒𝑓𝑓 =  
�̇�𝐿𝑒𝑓𝑓

𝑁𝐴𝑐∆𝑇
                                                                   (5.5) 

where �̇� is the applied heat load at the evaporator, N is the total number of capillary turns, 𝐿𝑒𝑓𝑓 is 

the normal distance between the condenser sensor and evaporator sensor (middle of condenser to 

middle of evaporator), 𝐴𝑐 is the inside cross-sectional area of the capillary tube (i.e., using the 
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inner diameter) and ∆𝑇 is the steady state temperature difference between the evaporator and 

condenser.  
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Fig 5-V. Effective thermal conductivity versus heat load for at different condenser temperatures 

The effective conductivity is the parameter of interest used to compare a PHP to other heat transfer 

devices of similar category such as a copper bar or a heat pipe. From the experiment, the effective 

conductivity of this PHP can be quantified as well as some behavior documented. Fig 5-V show 

the effective conductivity of the PHP as a function of the evaporator heat load for different 

condenser temperature and initial liquid fill ratios.  

One feature to note is the behavior of the effective conductivity with increase in heat load. Initially, 

the effective conductivity goes up with an increase in load at the evaporator. This behavior can be 

linked to an increase in nucleate boiling, which transfers energy from the inner surface of the 

capillary tube to the center to form vapor plugs. The amount of nucleation reduces as the velocity 

increases and the heat transfer is dominated by the boundary layer heat transfer. Vapor plugs are 

surrounded or coated with a thin layer of liquid film. As the heat flux on the surface of the tube 

increases, this liquid film becomes smaller or thinner. 
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Fig 29. Reduction of thin liquid film layer with the increased heat flux 

The growth of the thin film layer 𝛿𝑡, can be inferred from the simulation done by Mauro et al [33], 

which shows the liquid film thickness reducing as the vapor quality goes up. This behavior of 

liquid film thickness with increasing heat flux was also experimentally verified by P Srikrishna et 

al [34]. 

 

 

 

 

 

 

 

 

 

 

Fig 5-VI. Vapor mass quality vs liquid film thickness for different fluid temperature [33] 
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Fig 5-VII. Liquid film thickness experiment of a methanol PHP [34] 

Consider conduction heat transfer through the thermal boundary layer is given by: 

𝑞" =  
𝑘∆𝑇𝑠

𝛿𝑡
                                                                   (5.6) 

and the convective heat transfer can be represented by: 

𝑞" =  ℎ∆𝑇𝑠                                                                   (5.7) 

the heat transfer coefficient h, can then be related to the thermal conductivity of the fluid k, and 

the boundary layer thickness, 𝛿𝑡 as: 

ℎ ≈
𝑘

𝛿𝑡
                                                                        (5.8) 

and so, for a finite value of 𝛿𝑡, the heat transfer coefficient becomes bigger as the boundary layer 

thickness becomes smaller and hence the effective thermal conductivity behaves just like the heat 
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transfer coefficient. Fig 5-VIII shows that as evaporator temperature goes up (due to a higher heat 

load), the velocities or oscillation of the liquid slugs sensible and latent heat also increases.  

 

Fig 5-VIII. Influence of evaporator temperature on oscillatory flow and heat transfer [35] 

 

At the interface between the vapor and liquid, the wall heat flux must balance the heat flux of 

vaporization. The thinner the boundary layer, the less mass available for vaporization. Further 

increasing the heat flux can result in the onset of dry-out, where the liquid film is completely 

evaporated and there is a jump in the wall temperature (Fig 5-IX) because of a dip in heat transfer 

coefficient (HTC) from a two-phase HTC to a single vapor phase HTC (Fig 5-X). Fig 5-XI 

supports this hypothesis. After this, there are two possible scenarios. One, a recovery from dry-
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out, where there is intermittent rewetting of the wall to with a large reduction in heat transfer 

coefficient due to the large jump in wall temperature. This results in the maxima, displayed by 

most of the effective conductivity plots in Fig 5-V . In a few cases recovery is not possible and 

there is immediate dry-out. This is the case where the maximum effective conductivity occurs at 

the maximum heat input. The rewetting phenomena is a complex two-phase behavior that would 

require optical access at cryogenic temperatures and for experimental investigation is therefore 

outside the scope of this project. However, in room temperature PHPs (Fig 5-XII & Fig 5-XIII) 

the progression from nucleation to slug flow through annular flow has been observed. Mist flow 

occurs at the on-set of dry-out or at dry-out itself depending on the rewetting condition. 

 

Fig 5-IX. Temperature difference between condenser and evaporator vs heat load (present study) 
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Fig 5-X. Dry-out seen at the oscillating heat pipe heating section [36] 

 

Fig 5-XI. Flow regime and convective heat transfer coefficient as a function of position in a microchannel 

[37] 

 

   Fig 5-XII. Flow pattern in methanol PHP [38]      Fig 5-XIII. Flow pattern single-loop ethanol PHP [39] 
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Another feature to note is that, as the condenser temperature is increased, at a given load, the 

effective thermal conductivity increases (Note that in some cases, especially at high fill ratios, the 

onset of dry-out can cause slight variation to this behavior). Consider the simple analysis below 

where the heat flux 𝑞" is constant and known and the wall temperature 𝑇𝑤 is also constant and 

known: 

𝑞" = ℎ(𝑇𝑤 − 𝑇𝑣)                                                               (5.13) 

As the vapor temperature, 𝑇𝑣 increases, the temperature difference goes down. If the heat flux is 

to remain constant, the heat transfer coefficient h, must go up. This explains why there is higher 

performance at higher condenser temperature as seen in Fig 5-XV. The gain in effective thermal 

conductivity because of higher condenser temperature becomes more prominent with higher 

condenser temperature gap. For example, the benefit of running the condenser at 77K instead of 

71K is much greater than running at 79K versus 77K. However, the experiments show that as we 

go to higher condenser temperature, the effective conductivity lines start to collapse on one 

another.  

One more feature to note is the behavior of the effective conductivity as a function of the fill ratio. 

Below is a plot of the maximum effective conductivity at a condenser temperature of 77K as a 

function of fill ratio:  
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Fig 5-XIV. Maximum effective conductivity versus initial liquid fill ratio 

 

Fig 5-XV. Effective conductivity versus initial fill ratio for three different condenser temperatures 

when the fill ratio is low, there is little liquid inventory or high vapor quality and so reduced heat 

transfer coefficient on the other hand, when the fill ratio is higher, there is less bubble formation 

and hence reduced total wall shear which translate to reduced heat transfer coefficient. The 

optimum tends to reduce these two effects. 
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5.6. Flow regimes 

Using temperature data and knowledge of the boiling process in room temperature PHP we can 

attempt to decipher flow regimes in non-visual cryogenic PHPs. Fig 5-XVI shows a typical pool 

boiling curve, a flow boiling curve in a microchannel based on experiments by A. Kalani and S. 

Kandlikar [40] and flow regimes in a capillary tube [41]. Pool boiling usually starts with a single-

phase liquid and progresses through nucleate boiling to annular boiling. Flow boiling does include 

some of the flow pattern of pool boiling such as bubbly flow, slug flow and annular flow, although 

the slug flow in flow boiling is confined by the wall of the tube. The flow boiling curve will be 

used for comparison to the current research data.  
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Fig 5-XVI. (A) Pool boiling curve [42], (B) Flow boiling curve [40], (C) Flow boiling flow pattern [41] 
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The start condition in a PHP is often a two-phase condition with some vapor plugs and often long 

liquid slugs owing to the surface tension effect of a properly sized PHP. As heat is added, 

nucleation comes into effect at the liquid sites (long liquid columns/slugs). As the heat flux is 

increased, larger nucleate bubbles form bubbly flow. As the heat flux is further increased, since 

the PHP is a microchannel, these bubbles become confined by the micro-diameter and coalesce or 

join to divide large slugs into smaller liquid slugs with the creation of more vapor plugs. Nucleation 

is also often suppressed in the vapor plug sections at these loads (though some nucleation can still 

occur at the liquid slugs at the evaporator).  Most of the flow regimes that have been observed at 

room temperature fall into this flow pattern. At higher heat flux, annular flow has been observed 

to occur, where vapor plugs burst through a liquid slug and separates the liquid from the core. 

During long annular flow, thin film evaporation can occur at the wall, where a layer of vapor may 

separate the liquid film from the wall. This begins the onset of dry-out and dry out occurs at the 

critical heat flux.  

 

Fig 5-XVII. Flow boiling curve in the Nitrogen PHP (FR 24.8%, 𝑇𝑐 77K) 
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The heat transfer coefficient or slope in the above figure increases as nucleation starts. This slope 

becomes larger when bubble formation begins to create more vapor slugs because of the 

enhancement in HTC due to thin film conduction and the creation of more two-phase regime. 

There is a drop in this heat transfer coefficient as we enter annular regime due to vapor conduction 

at the wall. There may be variants of the curve depending on fill ratio, two-phase instabilities, and 

condenser temperature but distinct zones can most times be identified and the trend is fairly 

consistent. Since the contents of the PHP cannot be visualized, this acts as a basis to predict flow 

regimes in cryogenic PHPs and future detailed measurements would need to be carried out to at 

least predict with higher certainty these flow regimes. Fig 5-XVIII show examples of curves from 

other fill ratios and condenser temperatures. These curves show similar trend to Fig 5-XVI-B. 
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(b) 

 

(c) 

Fig 5-XVIII. Boiling curve for (a) FR 30%, 𝑇𝑐 75K (b) FR 40%, 𝑇𝑐 83K (c) FR 45%, 𝑇𝑐 79K 
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5.7 Thermodynamic Process 

There are two type of thermodynamic steady state process that has been observed with the Nitrogen 

PHP. One is an isobaric or almost isobaric process which occurs at low fill ratios (fill ratios with 

specific volumes to the right of the critical volume) and the other is a baric (changing pressure) 

process occurring at high fill ratios (fill ratios with specific volumes to the left of the critical 

volume). 
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(b) 

Fig 5-XIX. T-v states for (a) FR 24.8%, 𝑇𝑐 77K (b) FR 45%, 𝑇𝑐 77K 
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the state towards saturated and superheated vapor at higher temperatures. On the other hand, at 

high fill ratios, the equilibrium state corresponds to the liquid side so an increase in temperature 

drives the state towards saturated and compressed liquid at comparably lower temperatures.  

5.8 Dry-out Flux 

The dry-out heat flux has two set of behaviors. One occurring at low fill ratios and the other at 

high fill ratios. At low fill ratios the pressure in the PHP remains almost constant even at the dry-

out heat load. The temperature on the other hand continues to increase and sees a sharp exponential 

increase towards the critical temperature at the dry-out heat load. At high fill ratios, both 

temperature and pressure increase significantly. At the dry-out heat load, the system experiences 

a sharp and continuous increase in temperature, accompanied by a sudden and sharp increase in 

pressure. The condenser temperature at this point is observed to drop too. This could mean that 

there is a stop in the motion of the working fluid and a disconnect between the cold liquid at the 

condenser and hot vapor at the evaporator. 

5.8.1 Low Fill Ratios Dry-out Load versus condenser temperature 

At low fill ratio (specific volume to the right of the critical specific volume) the critical heat load 

exhibits a parabolic behavior with a maximum occurring between the low and high condenser 

temperatures. The value of the critical heat load also increases with increasing fill ratio. This is to 

be expected since increasing the fill ratio increases the heat transfer capacity associated with 

increased liquid mass inventory in the system.  
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Fig 44. Dry-out load versus condenser temperature for different low fill ratios 

The thermodynamic conditions that affect the behavior of the dry-out heat load are the heat of 

vaporization and the liquid fill ratio. As the condenser temperature is reduced, the liquid fill ratio 

at a constant fluid mass, also decreases and so there is less mass inventory to support high heat 

loads. On the other hand, as the condenser temperature is increased, the heat of vaporization of the 

system is reduced resulting in a lower critical heat flux. These two effects counter each other to 

produce a maximum.  
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Fig 5-XX. Liquid Fill ratio and Heat of Vaporization as a function of condenser temperature 

The pressure peaks in Fig 5-XXI represent a transitional pressure measurement. The system 

pressure returns to the average value during steady state conditions (the period when the load is 

held constant, and temperature of the evaporator remains constant) which remains constant as the 

heat load is increased. Also notice that the evaporator is thermally disconnected from the 

condenser, but the adiabatic section is still partially thermally connected to the condenser. The 

steadiness of the condenser temperature at the critical heat load and small changes in adiabatic 

section at that point suggest that the PHP is still operational (moving fluid) and so the cryocooler 

control can still maintain the temperature of the condenser at that point since thermal energy is still 

transferred into it, but the liquid heading toward the evaporator completely evaporates as it gets 

into the evaporator resulting in a highly reduced heat transfer coefficient of a hot gas and an ever 

increasing wall temperature. 
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Fig 5-XXI. Temperature and Pressure measurement in PHP at Initial Fill Ratio of 24.8% 

 

5.8.2 High Fill Ratios Dry-out Load versus condenser temperature 

At high fill ratio (specific volume to the left of the critical specific volume) the critical heat load 

exhibits a decreasing value with increasing condenser temperature with the maximum occurring 

at the lowest temperature. In this case the critical heat load appears to decrease with increasing fill 

ratio.  

  

Fig 5-XXII. Critical heat load versus condenser temperature for different high fill ratios 
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The change in the critical heat flux behavior could be explained by the thermodynamic process 

during heat load addition. For low fill ratios, the pressure remains almost constant and so there is 

little liquid recovery at the evaporator to be used for rewetting the wall. However, at high fill ratios, 

there is a large pressure gradient at the onset of heat flux which will increase the two-phase liquid 

fill ratio and hence there will be liquid recovery that could be used for rewetting the evaporator 

wall. Hence while low condenser temperature would not have the benefit of more liquid production 

as heat is increased at the evaporator for low fill ratio, it would have this benefit at high fill ratio. 

(Rewetting occurs when a passing liquid slug, replaces the thin liquid film normally seen in annular 

flow at high heat flux, after complete evaporation of this film). 

 

             Fig 5-XXIII. Saturation pressure versus heat load for different condenser temperature 
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Perhaps a clearer way of understanding the transitional behavior of the critical heat flux at higher 

fill ratio, is that of liquid slug velocity. The rewetting process is bolstered by the ability of liquid 

slugs to make it to the evaporator (increased velocity). In general, as the fill ratio is increased the 

liquid velocity is reduced and so the advantage higher condenser temperature, gains from having 

more liquid fill ratio, is reduced by the reduction in pumping speed at higher fill ratios. For 

instance, in this experiment, the maximum velocity for an initial fill ratio of 24.8% and condenser 

temperature of 83[K] is double that of the case with an initial liquid fill ratio of 45% and the same 

condenser temperature. (Refer to  

 Table 12.1 Polynomial fit tables for performance maps 

 

12.7 Velocity estimate for fluid inside PHP, for the calculation used in estimating the velocity). 

 

Fig 5-XXIV. Liquid velocity for different fill ratio: Experiment by K Rama Narashima et al [43] 
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Fig 5-XXV. Temperature and Pressure measurement in PHP at Initial Fill Ratio of 45% 

Fig 5-XXV shows that unlike in the case shown in Fig 5-XXI, pressure is not constant with 

increasing load and there is both a temperature run-off and pressure run-off at the critical heat flux. 

Also note that unlike in the case of low fill ratio, there is energy that goes into heating the adiabatic 

section as well since the fill ratio presents the possibility of long liquid slug that could act like a 

thermal link to the evaporator (solid conduction). The immediate and steep drop in the temperature 

of the condenser at the critical heat load suggest a separated flow (non-moving fluid) where cold 

liquid congregates at the condenser carrying no energy and so the cryocooler control at this point 

cannot maintain the temperature while the hot gas congregates at the evaporator increasing its wall 

temperature. The thermal contact of the gas with the adiabatic section also causes a rise in 

temperature at that location. 

5.9 Summary (Performance Maps) 

3D plots can be made showing how condenser temperature and heat load affects the effective 

conductivity for different fill ratios. The effective conductivity data is fitted with the highest order 

polynomial fit that does not result in unphysical behavior or does not produce multiple minimums 

or maximums. The effective conductivity is forced to zero at critical heat power. The z-axis (red) 
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legend represents the effective conductivity 𝐾𝑒𝑓𝑓 in units of 
𝑊

𝑚−𝐾
, the x-axis (blue) is the condenser 

temperature 𝑇𝑐𝑜𝑛𝑑  in units of K and the y-axis (green) represents the heat load, P in units of W. 

This performance maps will be further analyzed in future work to determine optimal operating 

regions and to see the relative effect of operating perturbations in condensing temperature or heat 

load on the performance of the PHP. 

 

 

  

 



69 
 

 

 

(a)  

 

P
o

w
er

 (
W

) 

Condenser Temperature (K) 70 84 

0 

4 



70 
 

 

 

(b)  

 

P
o

w
er

 (
W

) 

Condenser Temperature (K) 70 84 

0 

6.2 



71 
 

 

 

(c)  

 

P
o

w
er

 (
W

) 

Condenser Temperature (K) 70 84 

0 

6.2 



72 
 

 

 

(d)  

 

P
o

w
er

 (
W

) 

Condenser Temperature (K) 73 83 

0 

7.8 



73 
 

 

 

(e)  

 

P
o

w
er

 (
W

) 

Condenser Temperature (K) 70 84 

0 

7.8 



74 
 

 

 

(f)  

Fig 5-XXVI. (a) FR 15.5% (b) FR 24.8% (c) FR 30.8% (d) FR 40% (e) FR 45% (f) FR 52% 

An optimally sized PHP should be designed to operate in regions not too close to CHF. This 

criterion would avoid the penalty (effective thermal conductivity either drops drastically or the 

system completely dries out at the heat source) in thermal performance as a result of small 

perturbations in operating parameters. In this case, those operating parameters are condenser (or 

heat sink) temperature and heat load. The performance maps help identify optimal range of 

operating parameters.  
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Fig 5-XXVII. Examples of performance maps showing optimal and non-optimal areas of operation 

 

Although the PHP should be designed to work in the optimal region, it can also be designed to 

work in the non-optimal area that is close to the optimal region. 

From the Nitrogen data, it can be observed that the optimal area increases as we get to higher fill 

ratios, spreading from higher temperatures as seen in Fig 5-XXVIa to lower temperatures as seen 

in Fig 5-XXVIb through Fig 5-XXVIf. However, at higher fill ratios (Fig 5-XXVIe &Fig 

5-XXVIf), there is less range to work with, especially at higher temperatures and/or higher heat 

loads.  
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6 Other Pure Fluids in PHPs 

 

6.1 Argon as a working fluid 

There is a need for cooling Liquid Natural Gas (LNG) inside tankers during transportation. When 

these tankers are at rest, heat transfer into the sides results in locally elevated temperatures. After 

sufficient time, the resulting temperature stratification and buoyant instability results in a sudden 

‘roll-over’ bringing the warm fluid to the top of the liquid and leading to a rapid and dramatic 

pressure rise. The rise in the pressure typically triggers the pressure relief valves designed to 

maintain the pressure within a safe range, thereby venting gas into the environment. This has both 

an economical and environmental impact. PHPs as heat spreaders could have a practical 

application in this case.  Heat can be removed from the hotter bottom liquid and transported to the 

cooler upper liquid using a PHP operating with Argon as the working fluid.  

Argon has a boiling point of 87.3[K] at standard atmosphere, a triple point of about 83[K], and a 

critical point of 150.7[K], giving a wide working temperature range for an argon PHP. Methane, 

the primary component of natural gas has a boiling point of 111.6[K] at atmospheric pressure, 

triple point of 90.7[K] and critical temperature of 190.55[K] so a PHP charged with Argon should 

work as a heat transfer device in this temperature range typical for LNG tanks.  

Argon was chosen a working fluid for further PHP tests for two additional reasons.  First, the 

similarity in working temperature (in terms of range), and property behavior like T-v (temperature-

volume) relationship make Argon a good choice for a PHP working fluid that can be compared to 

PHPs operating with Nitrogen as the working fluid.  The performance data from the Argon PHP 

can be compared to that from the Nitrogen PHP tests to explore potential advantages of Argon 
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PHPs.   Secondly, there are existing data sets available for Nitrogen, Helium and even some Neon 

PHPs but little work has been done on Argon PHPs.  

Fig 6-Ia shows the specific heat capacity of Argon compared to Nitrogen from 300[K] to 90[K]. 

Argon has a smaller heat capacity than Nitrogen throughout that range and should thermally 

respond faster. However, since the PHP comprises copper blocks that have masses much greater 

than the working fluid, the thermal response time would be governed by those solids. The smaller 

heat capacity of Argon compared to Nitrogen also means that Nitrogen should be able to pick up 

more sensible heat per unit mass than Argon. 

  

         (a) (b) 

Fig 6-I (a) Specific Heat versus Temperature (b) Heat of Vaporization versus Temperature 

Fig 6-Ib shows the enthalpy of vaporization for both fluids over a working temperature range of 

84[K] to 120[K]. At the lower temperatures, nitrogen will carry more latent heat per unit mass but 

as temperature rises above 107[K], argon becomes more advantageous in terms of latent heat 

transfer.  One of the major advantages of Argon as a working fluid, especially in pressure vessels, 

is its lower operating pressures. Fig 6-IIa shows the working pressures of Nitrogen and Argon 
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across the temperature range stated earlier. Another advantage is that for the same liquid fill ratio, 

the mass inventory inside the PHP would be larger for Argon than for Nitrogen. That difference 

gets bigger as you increase fill ratio as shown in Fig 6-IIb. Such property comparison, as well as 

behavior of other thermodynamic properties like surface tension should be explored in future work.  

  

     (a) (b) 

Fig 6-II(a) Saturation pressure vs temperature (b) PHP fluid mass vs liquid fill ratio 
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6.2 Experimental results for Argon at Low Fill ratios 

6.2.1 Effective conductivities versus condenser temperature for low fill ratio 

 

Fig 6-III. T-v diagram for Argon 

Two low fill ratio runs were completed for Argon. One at 20% initial fill ratio and the other at 30% 

initial fill ratio at 86K. The range of condenser temperature runs for Argon was 86K to 101K with 

a temperature interval of 3K. The results of the effective thermal conductivity as a function of heat 

load for various condenser temperatures are shown in Fig 6-IV.  
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Fig 6-IV. Effective thermal conductivity versus heat load for different condenser temperatures 

 

The effective thermal conductivity as a function of heat load is consistent with the behavior seen 

in Nitrogen. As heat load is increased, the effective thermal conductivity goes up, possibly due to 

smaller thin film layer, up until the point close to dry-out where the wall temperature goes up as 

the heat is convected to a single-phase gas. The behavior of effective thermal conductivity with 

increase in condenser temperature is also consistent with that of Nitrogen. i.e., as condenser 

temperature goes up, so does the value of effective thermal conductivity (except at regions where 

intermittent dry-out occurs i.e., regions after the maximum effective conductivity).  
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6.2.2 Dry-out versus condenser temperature for low fill ratio 

 

Fig 6-V. Argon Dry-out load versus condenser temperature for low fill ratios 

 

The dry-out power as a function of condenser temperature for Argon at the fill ratio tested behaved 

differently than that of Nitrogen. The dry-out power was maximum at the temperature of initial fill 

(86K) and drops off as temperature goes up. For both 20 and 30 percent fill ratio, Argon exhibited 

the ability to maintain the same heat transfer coefficient after the point of maximum effective 

conductivity. This is clearly seen at 86K in the 20% fill ratio and 86K and 89K in the 30% fill ratio 

as seen in Fig 6-IV. Recall from the nitrogen chapters, there are two possible scenarios after the 

onset of dry-out. One of those scenarios was a rewetting ability of the flow which sustains 

operation for a bit. It is postulated that Argon has a higher rewetting effect since it is able to 

maintain operations after maximum effective conductivity (Fig 6-IV) when the performance drops. 

If we look at the load at the maximum effective thermal conductivity instead (Fig 6-VI), to 

eliminate the effect of sustained wall rewetting, then the behavior seen is like the behavior in the 

Nitrogen PHP.  
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Fig 6-VI. Power at Maximum Effective Conductivity for Argon PHP 
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(b)  

Fig 6-VII. Temperature and Pressure data for (a) FR = 30%, Tc = 86K (b) FR = 20%, Tc = 88K 

 

Fig 6-VII shows the temperatures and pressure data for two low fill ratio cases for Argon. As with 

the case for the Nitrogen PHP, the pressure remains fairly constant, even at the dry-out load. At 

heat load approaches the dry-out load, there is thermal disconnection between the condenser and 

the evaporator. The constant condenser temperature and much lower adiabatic section temperature 

(as compared to the evaporator) suggest that the fluid is still in motion and the adiabatic section is 

somewhat thermally connected to the condenser, but the thin liquid film completely dries off at 

dry-out load and the little liquid slugs that might make it to the evaporator cannot maintain the 

wall temperature, leading to the temperature run-off of the evaporator observed at the end.  

6.2.3 Boiling curves for Argon 

It might be worthwhile to look at the slopes of the heat load versus the temperature difference 

between the evaporator and saturation temperature, to predict flow regimes. As with standard 

boiling curves, this would be an indication of the bulk heat transfer coefficient of the fluid. Any 

significant changes in the slope could correspond to a new flow regime.  
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Fig 6-VIII. (L-R) Boiling curve for (a) FR 20%, 𝑇𝑐 89K (b) FR 20%, 𝑇𝑐 101K 

 

 

Fig 6-IX. (L-R) Boiling curve for (a) FR 30%, 𝑇𝑐 89K (b) FR 30%, 𝑇𝑐 92K 

 

The Argon data exhibited distinct slopes along the boiling curve. This supports the hypothesis that 

these slopes likely suggest different flow regimes. It was also found that the first flow regime (most 

likely slug flow with sustained nucleation) is confined to low powers (≤ 1W). This finding is 
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similar to that of the nitrogen data (≤ 0.5W), suggesting that the performance of the PHP would be 

independent of condenser temperature or fill ratios at those low powers.  

 

6.2.4 Thermodynamic Process: Heat Addition for Argon PHP 
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(b) 

Fig 6-X. T-v states for (a) FR 20%, 𝑇𝑐 89K (b) FR 30%, 𝑇𝑐 86K 

 

The figures above show the thermodynamic heating process for the Argon PHP for the two initial 
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temperature. Hence, the equilibrium pressure would be largely set by this temperature. One 

difference between this thermodynamic process and that seen in the Nitrogen PHP is that the initial 

state of the fluid in the evaporator appears to be largely liquid. As heat is introduced to the 

evaporator, the average state of the fluid in the evaporator moves from largely being liquid to 

largely being superheated vapor. This is likely because Agon is much denser than Nitrogen. The 

density of liquid Argon at 1 standard atmosphere is 1395
𝑘𝑔

𝑚3
 compared to 806.1

𝑘𝑔

𝑚3
 for liquid 

Nitrogen. Argon also has a higher surface tension than Nitrogen (0.01253
𝑁

𝑚
 for Argon versus 

0.00888
𝑁

𝑚
 for Nitrogen at standard atmosphere). Therefore addition, the capillary forces that holds 

the liquid to the tubes are stronger for an Argon PHP than for a Nitrogen PHP.  

6.2.5 Pressure responses/ Flow velocity  

There is no device currently installed to measure the velocity or mass flowrate of the fluid inside 

the PHP, but the pressure oscillation of the fluid can provide some information about the behavior 

of the liquid slug in response to increased evaporator heat load. It should be noted that the pressure 

sensor is attached to the adiabatic section.  
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(b) 

 

(c) 

Fig 6-XI. Pressure oscillations at the adiabatic section for different Heat Loads 

 

Fig 6-XI (a-c) shows the pressure oscillations in the PHP as a function of time for different heat 

loads. Initially the pressure oscillation is almost zero, when the heat load is zero. This shows that 
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power, the frequency goes down again (reduced velocity), resulting in a delay between liquid slugs. 

Such a delay will result in the evaporation of the thin liquid film at the evaporator and is a precursor 

to complete dry-out. 

 

(a) 0W 
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(c) 6W 
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(e) 9W                                  

 

(f) 

Fig 6-XII (a-e). Frequency plots of pressure oscillation at FR = 30% and Tc = 92K (f) Pressure drop 

profile in slug flow (Khandlikar – Thesis pg. 69) 

 

f = 0.001Hz 

f = 0.028Hz 
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Fig 6-XII (a-e) show the normalized frequency plot of Fig 6-XIb. At 0W, a low base frequency is 

established. This movement of liquid slug is induced due to non-equilibrium temperature 

difference between the condenser and evaporator. As heat is added, higher frequencies as well as 

more frequencies with similar magnitudes begin to emerge, as fluid velocity increases. At 8W, 

multiple frequency peaks are evident, with a low frequency of 0.001Hz and a high frequency of 

0.19Hz. At 9W, which was the load before dry-out, the frequency goes back down, with dominant 

frequencies of 0.001Hz and 0.028Hz. It is worth noting that one of the frequencies at dry-out is 

higher than the base frequency at zero load. This means that the fluid, though slowed, still oscillates 

faster than at zero load. The magnitude of the oscillation could be an indication of the size of the 

liquid slug since the magnitude is a representation of the instantaneous pressure rise/fall from the 

mean, of that frequency. The pressure gradient occurs across a slug (Fig 6-XIIf). For this case, 

there are mainly smaller liquid slugs as heat is increased (i.e., magnitude goes down), up until dry-

out, where annular flow is dominant, and the magnitude goes back up. The data sampled for the 

FFT (Fast Fourier Transform) was 1000 samples with a sampling frequency of 1Hz.   

 

6.3 Summary (Performance Maps) 

Below are 3D plots of the Argon PHP showing the relationship between effective thermal 

conductivity, condenser temperature and heat load. The effective conductivity data is fitted with 

the highest order polynomial fit that does not result in unphysical behavior or does not produce 

multiple minimums or maximums. The effective conductivity is forced to zero at critical heat 

power. The z-axis (red) legend represents the effective conductivity 𝐾𝑒𝑓𝑓 in units of 
𝑊

𝑚−𝐾
, the x-

axis (blue) is the condenser temperature 𝑇𝑐𝑜𝑛𝑑  in units of K and the y-axis (green) represents the 

heat load, P in units of W.  
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(b)  

Fig 6-XIII. (a)  FR 20%, (b) FR 30% 
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The Argon performance maps show a much smaller optimization area or region as opposed to the 

much wider optimization area of the Nitrogen PHPs. This means that perturbation from an 

optimized operating point in an Argon PHP could have more significant consequence in terms of 

performance drop than in the Nitrogen PHP. The Argon maps also do not show an increase in 

optimization area spread as fill ratio goes up unlike in the Nitrogen PHP, however the optimal area 

does move away from the dry-out zones (blue area).  Therefore, though an optimized area may 

take a hit in performance, it is less likely to dry-out.  
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(b)  

Fig 65b. Example of performance maps showing certain key areas during possible design analysis for (a) 

An Argon PHP (b) A Nitrogen PHP 
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7 Mixtures in PHPs 

 

7.1 Background 

7.1.1 Introduction to Two-Phase Mixtures 

Mixtures are a combination of two or more chemical substances that do not react with one another. 

A two-phase mixture requires that each component of the mixture would have a liquid phase as 

well as a vapor phase at equilibrium. To determine the number of intensive properties needed to 

specify a state of a mixture, we can use the Phase Rule proposed by Gibbs:  

 

     𝐹 = 𝐶 −  Π + 2                                                                 (7.1) 

where F is the number of intensive properties needed to fix the state, Π is the number of phases 

present e.g., solid, liquid or gas, and C is the number of different chemical components in the 

system. For the single component fluid such as Nitrogen and Argon, the number of intensive 

properties needed to fix the two-phase state at equilibrium conditions is 1. The pressure or the 

temperature can be used as the intensive property. Along with the mass quality of the system, other 

properties of that state can be obtained. For a two-phase mixture, the number of intensive 

properties needed to fix the state is 2. Along with the temperature, the pressure in that state must 

be known. Then along with the molar composition of the mixture, all other properties of that state 

can be determined. 

7.1.2 Criterion for Mixture Phase Equilibrium 

 At equilibrium, the chemical potential of each component of the mixture must be same in all their 

respective phases in the system. Since the chemical potential difference is the driving force for 

mass transfer from one phase to another, this ensures that mass is conserved at equilibrium. 

Mathematically putting, 
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𝜇𝑓,𝑖 =  𝜇𝑔,𝑖      𝑖 = 1, 𝐶                                                     (7.2) 

where 𝜇𝑓,𝑖 is the chemical potential of species i in the liquid phase and 𝜇𝑔,𝑖 is the chemical potential 

of species i in the gas phase. For an ideal solution, this conservation of chemical potential can be 

written as: 

   

𝜇𝑖
𝑜 + 𝑅𝑢𝑛𝑖𝑣𝑇 ln (

𝑥𝑖𝑓𝑠𝑎𝑡,𝑖

𝑃0
) = 𝜇𝑖

𝑜 + 𝑅𝑢𝑛𝑖𝑣𝑇 ln (
𝑦𝑖𝑓𝑖

𝑃0
)      𝑖 = 1, 𝐶             (7.3) 

The only difference between the left-hand side of the equality sign and the right-hand side of the 

equality sign is the numerator inside both natural log brackets, therefore equation 7.3 can be 

reduced to:  

      

𝑥𝑖𝑓𝑠𝑎𝑡,𝑖 = 𝑦𝑖𝑓𝑖           𝑖 = 1, 𝐶                                            (7.4) 

   For a mixture where the gas phase can be modelled as an ideal gas mixture, equation 7.4 can be 

written as: 

     𝑥𝑖𝑃𝑠𝑎𝑡,𝑖 = 𝑦𝑖𝑃          𝑖 = 1, 𝐶                                            (7.5)  

The equation above is known as Raoult’s Law.  

 

7.2 Air as a working fluid 

7.2.1. Properties of Air as a real fluid 

Air is a mixture that occurs naturally in the environment. Although it is made up of multiple pure 

fluids, its main components are Nitrogen and Oxygen. Dry air by volume consists of approximately 
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79% Nitrogen and 21% Oxygen. Air has a triple point of 59.75K and a critical point of 132.63K 

[38]. In contrast, Nitrogen has a triple point of 63.18K and a critical point of 126.2K while Oxygen 

has a triple point of 54.34K and a critical point of 154.6K. To define properties of an ideal mixture 

such as a two-phase air mixture, two intensive properties must be specified. In addition, the molar 

composition of each species in the mixture must me known. Consider Air with the natural 

composition of 79% Nitrogen and 21% Oxygen, using Raoult’s law, we can make a bubble/dew 

point plot of this zeotropic mixture. Fig 7-I was made using the following code below in 

Engineering Equation Solver (EES) for a pressure of 14.7psi  

 

The vapor mole fraction of one of the species, say Nitrogen can then be varied from 0 to 1 and a 

plot made to show how temperature at a given pressure can change the composition of the two 

species. Fig 7-I is known as a boiling curve diagram and shows the typical vapor glide that occurs 

in mixtures  
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Fig 7-I. Boiling curve for Air at 1 atm 

From Fig 7-I, we can see that Air mixture will be all single-phase vapor above 90K (which 

corresponds to the boiling point of oxygen at standard atmospheric pressure) and all liquid at 77K 

(which corresponds to the boiling point of Nitrogen at standard atmospheric pressure).  Tracing 

the cool down process of Air, which has a composition 79% Nitrogen in the gaseous phase in a 

system, we can identify various molar compositions at different states. Above approximately 

82.5K, the mixture will be in the gaseous phase. At point A, the molar fraction of gaseous Nitrogen 

is 79% but the first liquid that condenses at point 𝐴𝑓 has a molar composition of 46%. That means 

that 54% of the liquid formed at this temperature will be Oxygen. Further reducing the temperature 

to point B, increases the concentration of Nitrogen in both the vapor phase 𝐵𝑔, and liquid phase 

𝐵𝑓, to 86% and 60% respectively. At point C, approximately 79K, the molar composition of 

Nitrogen in the liquid phase becomes 79% (same as the composition of Nitrogen in the vapor phase 
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at 82.5K). The last vapor bubble of Nitrogen at point 𝐶𝑔, has a molar composition of 95%. This 

means that at this temperature, there will be much more Nitrogen in the vapor state. Below 79K, 

the mixture becomes a single-phase liquid. The temperature range of 79K to 82.5K, represents the 

vapor glide of the Air mixture at standard atmospheric pressure.  

7.2.2. Air as an ideal solution in a system with non-uniform temperatures 

 The PHP is a closed device that operates using a two-phase fluid with the action of evaporation 

and condensation. Therefore, there are temperature gradients in the PHP. The evaporator operates 

at much different temperature than the condenser, even if we assume the equilibrium pressure to 

be constant. This means that the state, and hence the molar composition at the condenser will be 

different from the state and molar composition of the mixture at the evaporator. Consider Fig 7-II 

which shows the boiling curve of Air at 1atm.  

 

Fig 7-II. Boiling curve for Air at 1 atm during heating process 
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The condenser temperature is always maintained by the temperature controller. Assuming a 

condenser temperature of 80K is maintained with a constant pressure of 1atm, the molar 

composition in the condenser will always be 66% Nitrogen in the liquid phase and 90% Nitrogen 

in the vapor phase. Therefore, the condenser will be mostly filled with Nitrogen. Now consider the 

evaporator being heated from a temperature of 82K (𝐸1) to 85K (𝐸2). The Mole fraction of liquid 

Nitrogen reduces from 48% to 26%. Therefore, the evaporator will be filled with mostly liquid 

oxygen. PHPs are also designed to create flow boiling with distinct slug and plug flows. This 

means that vapor plugs will condense at the condenser and liquid slugs will evaporate at the 

evaporator. As the evaporator temperature goes up, there is less Nitrogen vapor in that region 

meaning that more oxygen vapor will make it to the condenser. However, the state at the condenser 

allows for more Oxygen in the liquid state. Since oxygen is likely to condense first, it will 

contribute more latent heat than sensible heat at the condenser. The same is true for the liquid 

slugs. There is also the fact that the pressure at high fill ratio goes up as heat is added to the system, 

which shifts the boiling curve upwards. Therefore, the molar composition will always be changing 

and will be hard to predict in this situation.  
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Fig 7-III. Boiling curve for Air at two different pressures 

 

7.2.3 Initial Liquid Fill Ratio for Mixtures 

Equation 5.3 is used to calculate the initial fill ratio of a mixture. The equilibrium molar quality 

for a given temperature and pressure is related to the molar fraction by: 

   𝑧𝑖 = 𝑥𝑖(1 − 𝑄) + 𝑦𝑖𝑄       𝑖 = 1, 𝐶                                                        (7.6) 

were 𝑥𝑖 is the molar fraction of species i in the liquid phase, 𝑦𝑖 is the molar fraction of species i in 

the gas phase, 𝑧𝑖 is the molar fraction of species i, and Q is the molar quality. The molar fraction 

is defined as: 

     

𝑧𝑖 =
𝑛𝑖

𝑛
     𝑖 = 1, 𝐶                                                         (7.7) 
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were 𝑛𝑖 is the number of moles of species i, and n is the total number of moles in the system.  

For Air as a real fluid, EES has a function which uses a standard Air table formulated by Eric W. 

Lemmon et al [44]. Given the specific volume of the system and the temperature of the condenser, 

the quality of the system can be calculated. i.e., Equation 5.1 to 5.4 do not have to be changed for 

standard Air composition.  

 

7.3 Experimental results for Air PHP 

7.3.1 Effective conductivities versus condenser temperature  

 

Fig 7-IV. T-v diagram for Air 

Three low fill ratio runs were completed for the case of Air: 20%, 30% and 40%. These fill ratios 

have specific volumes to the right of the critical specific volume, 𝑉𝑐. One run with a high fill ratio 

10-3 10-2 10-1 100
50

75

100

125

150

175

200

225

250

specific volume [m
3
/kg]

T
e

m
p

e
ra

tu
re

 [
K

]

 3
.0

0
E

6
 P

a
 

 2.00E6 Pa 

 1000000 Pa 

 500000 Pa 

 200000 Pa 

 70000 Pa  0.05  0.1  0.2  0.5 

Airha

20%30%40%50%

Vc



106 
 

 

of 50% was also completed. These initial fill ratios were calculated at a steady state equilibrium 

temperature of 77K. The range of condenser temperature runs was from 63K to 86K. The results 

of the effective thermal conductivity as a function of head load for the various condenser 

temperatures at those fill ratios, are shown in Fig 7-V.  
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Fig 7-V. Effective thermal conductivity versus heat load for different condenser temperatures 

At 40% Fill Ratio, condenser temperatures for 79K and 86K could not be recorded due to power 

outage in the lab that caused the pressure relief valve in the PHP to open.  

The behavior of the effective thermal conductivity as a function of heat load is the same for the 

Air mixture as it is for the pure fluid. The fluid transport is governed mostly by slug and plug 

flows. This is again due to the concept of the critical diameter, where the bubble expansion is 

limited by the walls of the tube. Regardless of the number of species in a mixture, bubbles formed 

during a phase change will cause this type of flow and hence any fluid in the PHP will experience 

thin film convection, wall evaporation and sensible heat transfer from liquid slugs. The effective 

conductivity of the mixture also goes down with condenser temperature at a given fill ratio and 

heat load. Again, this behavior should not deviate from what was observed in a single-phase fluid 

as the flow formed would be slug-plug flow, as limited by the critical diameter.  
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7.3.3 Critical diameter for Air 

Recall that the critical diameter for a fluid operating in a PHP can be calculated by: 

𝐷𝑐𝑟𝑖𝑡 = √
4𝜎

𝑔(𝜌𝑙 − 𝜌𝑣)
  

2

                                                   (7.8)          

The critical diameter of standard Air over the range of operating pressures tested for the PHP is 

shown in Fig 71 

 

Fig 7-VI. Critical diameter for Air PHP 

 

The critical diameter range falls above the inner diameter of the stainless tubes used in the 

experiment, so standard Air as a working fluid will function as a pulsating fluid in the PHP. That 

is, the diameter will limit the growth of nucleate bubbles and develop distinct slugs and plugs 

during flow boiling.  
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7.3.4 Boiling curves for Air 

 

(a)                                                                       (b) 

 

(c)       (d) 

Fig 7-VII. Boiling curve for Air (a) FR 20%, 𝑇𝑐 77K (b) FR 20%, 𝑇𝑐 79K (c) FR 30%, 𝑇𝑐 79K(d) FR 

40%, 𝑇𝑐 71K 

 

The boiling curve for Air, also show distinct slope changes as you increase heat load. The actual 
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since the temperature changes when the fluid is saturated as a liquid to when the fluid is saturated 

as a vapor, at any given equilibrium pressure.  

7.3.5 Thermodynamic Process: Heat Addition for Air PHP 
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(b) 
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(d) 
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Fig 7-VIII. T-v states for (a) FR 20%, 𝑇𝑐 77K (b) FR 20%, 𝑇𝑐 79K (c) FR 30%, 𝑇𝑐 71K (d) FR 30%, 𝑇𝑐 

79K (e) FR 40%, 𝑇𝑐 65K (f) FR 40%, 𝑇𝑐 77K 

 

Fig 7-VIII show data for the thermodynamic process of the Air PHP as heat is added to the 

evaporator. The blue data again represents the condenser temperature which is held constant. The 

plots all represent initial fill ratios whose fill ratios are considered to be low fill ratios, and as such, 

the process follows a line of constant or near constant pressure. The state in the evaporator at no 

load, is mostly two-phase as different components of the mixture have a specified mole fraction of 

vapor and liquid. As heat is added and slug and plug flow starts to form, the evaporator becomes 

predominantly vapor since more single-phase vapor plugs will be found in the evaporator than 

liquid slugs. The density of liquid Air, 870
𝑘𝑔

𝑚3
 is slightly higher than that of Nitrogen but lower 

than Argon as indicated in section 6.2.4, so its starting state in a two-phase region versus Argon 

which started in the saturated liquid state, or Nitrogen which stated in the superheated state, may 
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be due to density differences. The states in the PHP at the evaporator and condenser were 

calculated using the measured pressure of the PHP and the measured temperatures respectively. 

Another observation than can be seen more clearly in the mixture data is that the fluid in the 

evaporator experiences an increase in both quality and specific volume as it passes through the 

vapor dome on its way to being superheated. In addition, lower the condenser temperature, which 

reduces the operating pressure, leads to lower specific volume and quality in the evaporator. From 

Fig 7-III,  we can see that decreasing the operating pressure reduces the liquid mole fraction of the 

less dense Nitrogen, thereby increasing the liquid mole fraction of the denser oxygen 

(𝜌 = 1155
𝑘𝑔

𝑚3). Oxygen also has a stronger surface tension or wettability effect than Nitrogen 

(0.01315
𝑁

𝑚
), which would make it adhere more to the walls of the tubes.  

7.3.6 Pressure responses/ Flow velocity  

Fig 7-IX below shows the adiabatic section pressure oscillation of the Air PHP. As with the single 

component PHPs, there is an increase in the frequency and magnitude of the oscillation as heat is 

introduced to the evaporator. However, at dry-out, there is a reduction in both magnitude and 

frequency for the 20% liquid fill ratio and a reduction in only the frequency of oscillation (but not 

the magnitude – which increases) for 30% and 40%. This difference is due to the behavior of the 

fluid at dry-out, which will be discussed in a later subsection.  
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Fig 7-IX. Pressure oscillations at the adiabatic section for different Heat Loads 

 

It might be clearer to take a closer look at the oscillation behavior in frequency plots. Fig 7-X 

shows the frequency plot of the Air PHP at 30% FR and 77K condenser temperature. At 0W the 

main frequencies lie between 0.0002Hz and 0.0024Hz. This is taken as the base frequency with 
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up on the plot. For instance, at 4W dominant frequencies with distinct peaks show up at 0.0006Hz, 

0.0056Hz, 0.028Hz and 0.046Hz.  
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(e) 7.5W 

Fig 7-X. Frequency plots of pressure oscillation for Air PHP at FR = 30% and Tc = 77K 

 

As dry-out is reached (7.5W), the frequency reduces again with two main frequencies showing up 

at 0.001Hz and 0.028Hz. It should be noted that the largest dominant frequency did reduce from 

between 3W and 4W and there is a corresponding reduction in thermal performance between this 

power range. The frequency plots show that there is a correlation between the speed of the bubbles 

and the thermal performance of the PHP. It is also worth noting that a peak frequency of 0.0028Hz 

should up in three of the frequency plots and may be related to flow regime or flow direction. For 

comparison, Fig 7-XI shows the frequency plot at a different fill ratio and condenser temperature, 

as a function of heat loads.  
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(e) 6W 

Fig 7-XI. Frequency plots of pressure oscillation for Air PHP at FR = 40% and Tc = 71K 

 

7.3.7 Dry-out versus condenser temperature  

Fig 7-XII shows the dry-out power of the Air PHP as a function of condenser temperature for a 

few fill ratios. Just like with Nitrogen and Argon, the dry-out power exhibits a parabolic profile. 

This phenomenon has previously been attributed to the likely competing effects of the liquid has 

inventory and the enthalpy of vaporization.  
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Fig 7-XII. Air PHP Dry-out load versus condenser temperature 

 

The response of the temperature and pressure at the fill ratios shown in Fig 7-XIII are similar to 

the response in both the Nitrogen and Argon PHP. There are no large changes in pressure, even at 

the dry-out load. Also, the temperature difference between the adiabatic section and evaporator 

becomes largest at dry-out load. The same conclusion that was made about the other working fluids 

therefore can be made about the Air PHP.   At dry-out load, the fluid is still in motion, albeit with 
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reduced oscillation and that the fluid completely dries out as it heads down to the evaporator 

(condensation still occurs at the condenser).  

 

  

(a) 

 

  

(b) 
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(c) 

Fig 7-XIII. Temperature and Pressure data for (a) FR = 20%, Tc = 77K (b) FR = 30%, Tc = 71K (c) FR = 

40%, Tc = 71K 

 

7.4 Summary (Performance Maps) 

Below are 3D plots of the Air PHP showing the relationship between effective thermal 

conductivity, condenser temperature and heat load. Highest order polynomial fit that does not 

result in unphysical behavior or does not produce multiple minimums or maximums is used. The 

effective conductivity is forced to zero at critical heat power. The z-axis (red) legend represents 

the effective conductivity 𝐾𝑒𝑓𝑓 in units of 
𝑊

𝑚−𝐾
, the x-axis (blue) is the condenser temperature 

𝑇𝑐𝑜𝑛𝑑  in units of K and the y-axis (green) represents the heat load, P in units of W.  
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(c)  

Fig 7-XIV. (a)  FR 20% (b) FR 30% (c) FR 40% 

P
o
w

er
 (

W
) 

Condenser Temperature (K) 62 78 

0 

7 



130 
 

 

The Air PHP shows an optimized area that is much larger than Argon PHP but smaller than 

Nitrogen PHP. Therefore, perturbations about an optimized area can still allow for comparable 

thermal performance of the design point. The Air PHP performance maps do not seem to increase 

significantly, the optimal zone/area as fill ratio is increased, like the Nitrogen PHP does. The 

optimized area does however move to include zones at higher temperature. Also, most of the 

optimized area, as fill ratio is increased, move away from the total dry-out zone and larger 

perturbations can drop the performance of the PHP but still allow it to operate without drying out.  
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8 Comparison of the Mixture PHP (Air) to the Pure Fluids PHP 

(Argon/Nitrogen) 

 

8.1 Trends 

8.1.1 Behavior of Effective Thermal Conductivity with increase in heat load 

The effective thermal conductivity increased with increasing heat load up to the on-set of dry-out 

where there is an increase in wall temperature due to the intermittent disappearance of the thin film 

evaporative film. After this point, there is generally a reduction in the effective thermal 

conductivity up until complete dry-out. This phenomenon was the same for both the pure fluid 

PHP and mixture PHP, as seen in Fig 5-V, Fig 6-IV and Fig 7-V. It can therefore be concluded 

that this behavior does not depend on specific fluid properties but rather, on the fluid dynamics in 

the PHP. However, the value of the effective conductivity as a function of heat load is dependent 

on the properties of the fluid.  Fig 8-I shows the comparison of the effective thermal conductivity 

for the three fluids tested during the experiments, as a function of heat load at a given initial fill 

ratio and condenser temperature 

 

Fig 8-I. (L-R) 𝐾𝑒𝑓𝑓versus heat load at 𝑇𝑐 = 86𝐾 for (a) 20%FR (b) 30%FR 
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The Nitrogen PHP had the best performance, followed by the Argon PHP and finally the Air PHP. 

Argon did exhibit, at lower temperature, a tendency to sustain operation at onset of dry-out, with 

reduced thermal performance. There are many characteristics of a fluid that affect the performance 

of a PHP. Some of these characteristics are: 

Viscosity: 

The viscosity of a fluid is a measure of the ability of the fluid to resist deformation at a given rate. 

Viscosity has an inverse relationship with velocity (at least in Newtonian fluids). Looking at 

Stoke’s law for viscous drag on a spherical body (such as a bubble in a liquid): 

    

𝐹 = 6𝜋𝑟𝜇�̅�                                                                   (8.1) 

where F is the drag force, 𝜇 is the viscosity of the liquid and �̅� is the average velocity of the bubble. 

Then for a given force,  

    

�̅�  ∝  
1

𝜇
                                                                  (8.2) 

Therefore, as the viscosity of a fluid goes up, the velocity of the bubble goes down. Previous 

chapters have shown that the performance of a PHP is affected positively by an increase in the 

working velocity, so a PHP using a fluid with lower viscosity (considering no other factor) would 

have a higher performance. For comparison the liquid viscosities of Nitrogen, Argon and Air at 

86K are 117.2[µPa-s], 270.9[µPa-s] and 193.4[µPa-s] respectively. Although the viscosities are 

different, they are within the same order of magnitude. 
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Surface Tension: 

The PHP is designed to have strong capillary effect to sustain oscillation. Capillary effect or 

wicking is the process by which a liquid rises or flows in a narrow tube without the support of 

external forces. The Laplace pressure gradient which governs the pressure differential that drives 

the liquid at the meniscus in a capillary tube is given by: 

    

∆𝑃𝑙𝑎𝑝 =
2𝜎 cos 𝜃

𝑅
                                                           (8.3) 

where ∆𝑃𝑙𝑎𝑝 is the Laplace pressure gradient, 𝜃 is the contact angle at the meniscus, R is the radius 

of the tube and 𝜎 is the surface tension of the liquid. From equation 8.3, a PHP utilizing a fluid 

with higher surface tension (with no other factors considered) will produce a larger driving force 

and hence a higher performance. However, an increase in surface tension also means a decrease in 

the wettability or spread of the fluid which will decrease the area exposed to heat transfer. Also, 

liquids with high surface tension tend to have higher contact angle which reduces the Laplace 

pressure gradient. This makes surface tension effect one of the most complicated effects to analyze. 

The surface tension of Nitrogen, Argon and Air at 86K are 0.006966
𝑁

𝑚
, 0.01286

𝑁

𝑚
 and 0.01002

𝑁

𝑚
 

respectively.  

The ratio of the viscosity of the fluid to the surface tension of the fluid combines these two effects. 

A larger number of this ratio indicates higher performance (considering no other factors).  

𝑆 =
𝜇

𝜎
                                                                      (8.4) 
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This ratio looks like a capillary number with the absence of fluid velocity in the numerator. The S 

value for Nitrogen, Argon and Air at 86K are 0.021
𝑠

𝑚
 , 0.017

𝑠

𝑚
 and 0.019

𝑠

𝑚
 respectively. 

Equation 8.4 gives an indication of the velocity or mass flow effect of the fluid. There are other 

properties that affect the energy potential of the fluid. Such properties as: 

 

Specific Heat: 

The specific heat capacity is the energy required to raise the temperature of a unit mass by one 

degree. It governs the sensible heat ability of a fluid. The higher the specific heat of a fluid for a 

given flow rate, the higher the sensible energy it can transport. Since the PHP is a convective 

device, utilizing a two-phase fluid, sensible heat is important. The sensible heat transport occurs 

when a liquid slug passes through the evaporator and condenser without changing phase (the 

temperature of the liquid slug goes up instead). From Fig 6-Ia, the specific heat of Nitrogen is 

much higher than the specific heat of Argon over the operating temperature range. The specific 

heat of liquid Nitrogen, Argon and Air at 86K are 2099
𝐽

𝑘𝑔−𝐾
, 1116

𝐽

𝑘𝑔−𝐾
 and 1970

𝐽

𝑘𝑔−𝐾
.  

Latent Heat: 

The second component to heat transfer in a two-phase device is the latent heat. The latent heat is 

the heat required to change the phase of a substance without changing its temperature. Just like the 

sensible heat, the latent heat is also important in enhancing the performance of a PHP, therefore 

fluids with higher latent heat are desirable. Latent heat occurs when liquid slugs evaporate in the 

evaporator or condense in the condenser resulting in energy transport. The latent heat can change 

substantially over a temperature range. From Fig 6-Ib, below 107K, the specific latent heat of 
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Nitrogen is larger than for Argon but above 107K, Argon’s specific latent heat becomes larger.  

The specific latent heat of liquid Nitrogen, Argon and Air at 86K are 187
𝐽

𝑘𝑔−𝐾
, 162.1

𝑘𝐽

𝑘𝑔
 and 

193.9
𝑘𝐽

𝑘𝑔
.  

A combination of these four factors, along with any gravity assisted effect (denser fluid should 

have higher gravitational force) would result in some fluids performing better than others. On the 

basis of value of the properties of the fluid, Nitrogen should perform best, followed by Air and 

then Argon. However, Air is a mixture and the heat transfer coefficients for mixtures in macro 

flows have experimentally been found to be lower than those of pure fluids. One such experiment 

was conducted by Guilherme H.S. Olivera et al [45] In that study the heat transfer coefficients of 

pure R600a refrigerant and that of a mixture of R600a and R290 were investigated.  



136 
 

 

 

Fig 8-II. Heat transfer coefficient of R600a and mixture of R600a/R1270 at G = 300 kg/m2 s, T = 5 ◦C 

and, (a) q = 10 kW/m2 and (b) q = 30 kW/m2 [45] 

This effect of reduced heat transfer coefficient of a fluid mixture was also seen by Rodrigo Barraza 

et al [46] while investigating the dilution of hydrocarbon mixture refrigerant with Nitrogen and 

Argon. 
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Fig 8-III. Heat transfer coefficient as a function of average quality, Composition effect, hydrocarbon 

mixture [46] 

 

Mixtures with a surface-acting component or surfactant (an agent or compound that reduces the 

surface tension of a solution) have been observed to have improved heat transfer coefficient in 

pool boiling [47 & 48]. Such mixtures act to reduce surface tension and increase spread area. 

However, there is no research about the effects in capillary flow boiling, such as those in a PHP, 

where surface tension effect is desirable.  

The reduction in heat transfer can be attributed to an increased mass transfer resistance in changing 

the phase change of the different components of the mixtures. Due to the vapor glide present in 

Zeotropic mixtures, there would be few degrees change in temperature to change the entire phase 

of the mixture from liquid to vapor. There is also the fact that there is reduced bubble formation in 

mixture at the nucleate site since more of the less volatile component would remain in the liquid 

form. There is therefore reduced heat transfer due to nucleation. In addition, there is reduced 

entrainment (when bubbles burst at liquid-vapor interface with the release of liquid droplets). 

Liquid entrainment leads to thinner film layer which improves heat transfer so a reduced 

entrainment will lead to thicker liquid film and reduced heat transfer coefficient. Another factor is 
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the reduced evaporation rate that occurs at the liquid- vapor interface because the concentration of 

the less volatile component of the mixture is higher there, leading to increased mass transfer 

resistance due to the distribution of the more volatile component within the liquid and a reduced 

heat transfer coefficient [45, 49 & 50]. 

 

 

 

 

Fig 8-IV. A schematic of a bubble surrounded by liquid 

8.1.2 Maximum Effective Thermal Conductivity versus Fill Ratio 

  

Fig 8-V. Maximum effective conductivity versus initial liquid fill ratio for Nitrogen and Air 

 

The experimental data showed that the optimum initial fill ratio for Nitrogen was closer to 25% 

versus that of Air which was closer to 20%.  
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8.1.3 Dry-out Power versus condenser Temperature and Dry-out Behavior  

  

Fig 8-VI. Dry-out power versus condenser temperature for Nitrogen and Air 

 

The mixture PHP (Air) was shown to have higher dry-out power in general. This can be attributed 

to the increased heat of vaporization due to the temperature glide. In pure fluids, phase change 

occurs at a single temperature while for mixtures, phase change of a given composition, occurs 

over a range of temperatures. The heat of vaporization required to change a unit mass of a pure 

substance from saturated liquid to saturated vapor is given as: 

  ∆ℎ𝑣𝑎𝑝 = ℎ𝑓𝑔(𝑃) = ℎ𝑣(𝑃) − ℎ𝑓(𝑃)                                              (8.5) 

The heat of vaporization for Nitrogen at 14.7psi is 199.2
𝑘𝐽

𝑘𝑔
. 

The heat of vaporization required to change a unit mass of a mixture from saturated liquid to 

saturated vapor is given as: 

∆ℎ𝑣𝑎𝑝 = ∑ 𝑦𝑖ℎ𝑣,𝑖 − ∑ 𝑥𝑖ℎ𝑓,𝑖

𝑐

𝑖=1

𝑐

𝑖=1

                                                  (8.6) 
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where c is the total number of species, y is the mole fraction in the vapor state and x is the mole 

fraction in the liquid state.  

For standard Air (79%𝑁2, 21%𝑂2), the heat of vaporization at 14.7psi is 204.8
𝑘𝐽

𝑘𝑔
. 

Dry-out Behavior:  

There seem to be two distinct ways that dry-out happens in the PHPs for the three fluids tested. At 

very low fill ratios, there are observable temperature oscillations in the adiabatic sections just 

before or at dry-out power, with periods that range from 5secs to 7 secs (sometimes longer). The 

amplitudes of these oscillation vary from 3K to 6K. This type of oscillation would suggest that the 

flow is in the “continuous oscillation type movement” versus the “transitional type movement” 

typically seen in room temperature PHPs. The oscillation will also be occurring with little velocity 

caused by a reduced momentum (momentum ∝ velocity). As fluid heads up to the condenser, the 

upward pressure from the liquid slug becomes greater that the pressure underneath the slug as the 

thin film left in the evaporator completely evaporates. This causes the slugs in the condenser to 

fall backwards by gravity into the evaporator and the cycle repeats. Here, the surface tension forces 

cannot overcome the gravitational forces. Fig 8-VII shows examples of this type of dry-out 

phenomenon. 

As fill ratio increases, second type of dry-out behavior is observed. Here, at dry-out power or just 

before dry-out power, there is no observable amplitude or period of oscillation in the adiabatic 

section temperature. This would suggest that the flow is in “transitional type movement”. The 

surface tension forces, and momentum can overcome gravitational pull, however there is complete 

evaporation of the thin film that is left behind by the liquid slug passing through the evaporator, 

leading to dry-out. Fig 8-VIII shows examples of this type of dry-out phenomenon.  
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(a) 

  

(b) 

  

(c) 

Fig 8-VII. (L-R) Temperature oscillation before/at dry-out for (a) Nitrogen 25%FR: 73K, 75K (b) Argon 

20%FR: 86K, 89K (c) Air 20%FR: 71K, 79K 
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(a) 

  

(b) 

 

(c) 

Fig 8-VIII. (L-R) Temperature oscillation before/at dry-out for (a) Nitrogen 40%FR: 77K, 79K (b) Argon 

30%FR: 86K, 92K (c) Air 30%FR: 77K, 79K 
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 The frequency plot also helps observe the behavior of the adiabatic pressure reading at dry-out. 

Fig 7-X and Fig 7-XI shows that as heat is increased, more equally weighted frequencies begin to 

show up (the dominant base frequency is always present). As dry-out is reached, most of the 

frequencies begin to disappear with one, two or three frequency spikes present. Fig 8-IX show 

some of these observations.  
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Fig 8-IX. Frequencies at dry-out for some PHP cases 

 

In addition to improved dry-out power, the mixture PHP can allow for lower sink (condenser) 

temperature to be used in a device working with a pure fluid with a higher triple point. By adding 

one or more fluids with lower triple point than the original pure fluid, the working temperature 

range can be theoretically expanded. For instance, the condenser temperature limit of the Air PHP 

was 63K versus 69K for the Nitrogen PHP. Mixtures can also be used where operation of a single 

fluid with a lower triple point than the mixture might be dangerous. For example, an Oxygen PHP 

might be dangerous even though it might have a lower triple point, whereas a mixture such as Air 

can allow for operations close to the triple point of oxygen.  
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9 Uncertainty Analysis 

 

Uncertainty analysis is a statistical tool needed to account for variability in predicted outcomes.  It 

is important where measurements are involved to understand how a desired (output) variable is 

affected by slight variations in driving (input) variables. The desired variable in the experiment is 

the effective thermal conductivity. Recall the effective thermal conductivity can be calculated as: 

𝑘𝑒𝑓𝑓 =
�̇�𝐿

𝑁𝐴𝑐(�̅�𝑒 − �̅�𝑐)
                                                           (9.1) 

where  �̇� is the applied heat load, L is the effective length from the middle of the evaporator 

temperature sensor to the middle of the condenser temperature sensor, N is the number of capillary 

tubes, 𝐴𝑐 is the inner cross-sectional area of the tubes, �̅�𝑒 is the average evaporator temperature 

and �̅�𝑐 is the average condenser temperature. N is a constant of known value. Assuming L and 𝐴𝑐 

are constant is very negligible error due to measurements or error due to parallax, the uncertainty 

in the calculated variable 𝑘𝑒𝑓𝑓 would come from the power supply that applies the head load as 

well as the sensors (RTDs) that measures the temperatures. The uncertainty in the calculated 

variable, 𝑘𝑒𝑓𝑓 can be written as: 

𝑑𝑘𝑒𝑓𝑓 = √(
𝜕𝑘𝑒𝑓𝑓

𝜕�̇�
)

2

𝑑�̇�2 + (
𝜕𝑘𝑒𝑓𝑓

𝜕�̅�𝑒

)

2

𝑑�̅�𝑒
2 + + (

𝜕𝑘𝑒𝑓𝑓

𝜕�̅�𝑐

)

2

𝑑�̅�𝑐
2

2

                   (9.2) 

 

𝑑𝑘𝑒𝑓𝑓 , 𝑑�̇�, 𝑑�̅�𝑒 and 𝑑�̅�𝑒  are called uncertainties can be represented by 𝑈𝑘𝑒𝑓𝑓
, 𝑈�̇� , 𝑈�̅�𝑒

 and 𝑈�̅�𝑐
 

respectively. The uncertainty in the heat supplied 𝑈�̇�  can further be broken into the components of 

power: current (I) and voltage (V). Therefore: 
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𝑈�̇� = √(
𝜕�̇�

𝜕𝐼
)

2

𝑈𝐼
2 + (

𝜕�̇�

𝜕𝑉
)

2

𝑈𝑉
2

2

                                          (9.3) 

The relative uncertainty in the BK Power Supply Box which supplies and measures the voltage 

and current running through the heater is given as 𝑈𝐼 = 𝑈𝑉 = ±1%.  

𝜕�̇�

𝜕𝐼
= 𝑉 𝑎𝑛𝑑 

𝜕�̇�

𝜕𝑉
= 𝐼                                              (9.4) 

A single point calibration was done on the temperature sensors for both the condenser and 

evaporator. This was done by immersing both sensors in liquid Nitrogen exposed to atmospheric 

pressure. The pressure recorded was 14.2psi corresponding to a saturation temperature of 77.07K. 

The temperature of the evaporator sensor read 76.97K and that of the condenser read 77.04K 

giving a temperature difference between the two sensors of ±70mK. Therefore, the sensitivity on 

each of the sensors can be taken as  𝑈�̅�𝑒
= 𝑈�̅�𝑐

=  ±35mK.  

The derivatives can be evaluated as: 

𝜕𝑘𝑒𝑓𝑓

𝜕�̇�
=

𝐿

𝑁𝐴𝑐(�̅�𝑒 − �̅�𝑐)
                                                (9.5) 

𝜕𝑘𝑒𝑓𝑓

𝜕�̅�𝑒

= −
𝐼𝑉𝐿

𝑁𝐴𝑐(�̅�𝑒 − �̅�𝑐)2
                                          (9.6) 

𝜕𝑘𝑒𝑓𝑓

𝜕�̅�𝑒

=
𝐼𝑉𝐿

𝑁𝐴𝑐(�̅�𝑒 − �̅�𝑐)2
                                             (9.7) 

 

Fig 9-I shows the error bars of the effective thermal conductivity due to uncertainty for a case run 

for each of the PHP. 
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Fig 9-I. Effective conductivity versus heat load showing error bars due to uncertainties 
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10      Conclusion and Future Work 

 

10.1 Conclusion 

A PHP was built to test the effect of condenser temperature, heat load and fill ratios on the thermal 

performance of the device. The PHP was run with two pure fluids (Nitrogen and Argon) and one 

mixture (Air). The results and observations from the experiments can be summarized below: 

i. The effective thermal conductivity at a given temperature rises as heat load is increased, 

generally up to a maximum point before it begins to drop due to the onset of dry-out. 

 

ii. There is an optimum fill ratio that exists as tradeoff between lower bubble number and 

bubble velocities occur as fill ratio increases.  

 

iii. The higher condenser temperature, the higher the effective thermal conductivity. This is 

especially true as heat load is increased. For very low heat loads (during nucleate 

boiling/bubble formation), the thermal performance is the same, regardless of condenser 

temperature. 

 

iv. The changes in slope of the boiling curve of a PHP might give an indication of flow regimes 

inside a cryogenic PHP. This is important as there is no current way to visualize cryogenic 

PHPs. 

 

v. Low fill ratios exhibit close to isobaric process, therefore at these fill ratios, the device 

would be temperature limited. High fill ratios on the other hand, causes large pressure 
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changes, especially at onset of dry-out/dry-out, and so, the device would be pressure 

limited at these fill ratios. 

 

vi. The dry-out power at low fill ratios exhibits an optimum (positive parabolic behavior) as a 

function of increasing condenser temperature. This is likely due to the tradeoff between 

higher heat of vaporization at lower temperatures and higher liquid inventory at higher 

temperatures. At high fill ratios, for Nitrogen PHP, the contribution of increased liquid 

inventory at higher condenser temperature to extending dry-out power, is reduced. Since 

more influence will come from the heat of vaporization, which is higher at lower 

temperature, a monotonic decreasing slope is observed. 

 

vii. There were two distinct dry-out behavior at low fill ratios, concluded to be occurring in 

terms of fluid flow. One in which the fluid oscillates back and forth with reduced velocity 

and one in which the fluid is still in translational motion with complete evaporation of the 

liquid film at the evaporator. In addition, at high fill ratios (Nitrogen), the PHP fluid is 

thought to have very little velocities to sustain any type of flow, leading to complete 

separation of the liquid at the condenser, from the vapor at the evaporator. 

 

viii. Performance maps shows the 3D thermal performance of the PHP with respect to 

condenser temperature and heat load for different fill ratios. These maps can be used in 

optimization and perturbation analysis.  
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ix. Frequencies are dry-out exhibit distinct magnitude spikes. The number of spikes vary from 

one to three.  

 

x. Mixtures in a PHP reduces the performance compared to a pure component PHP of the 

mixture due to reduced bubble formation and mass transfer resistances at the bubble 

interface of mixtures (heat transfer coefficient is reduced). On the other hand, mixtures 

have a higher dry-out power than its pure component. In addition, mixtures can be used as 

a substitute for a pure fluid with lower triple point but other safety implications. 

 

10.2 Future Works 

i. Most of the fluids tested at/around 77K have high heat capacities and so both cool down 

and run time takes considerably longer compared to a helium PHP. Therefore, it may be 

beneficial to reduce the size of the PHP to allow for faster data collection. A new PHP 

should be built. The new PHP should also use tube with inner diameter close to the critical 

diameter for a Nitrogen PHP. Much smaller tubes might not be optimal since it reduces the 

flow area. In addition, brazing techniques rather than soldering, should be used for the 

joints to eliminate/reduce possibility of leaks 

 

ii. If possible, pressure taps should be installed at the entry and exit to the condenser or 

evaporator or at either ends of the condenser and evaporator. Also, investigate the addition 

of a cryogenic mass flow meter in the working tubes or at least investigate methods used 

by mass flow meters to predict mass flowrates. These will help estimate or measure the 

velocities in the device which is not currently done. These velocities can help with 

quantifying the flow or calculating capillary numbers or bubble departure.  
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iii. Modification to the current fill line to reduce/eliminate redundant joints will greatly reduce 

the uncertainty of leaks from those joints. Also looking into the possibility of installing two 

check valves inside the PHP assemble: one that allows flow in the filling direction 

(downwards) and the other in the evacuating direction (upwards). This will reduce the 

assumptions needed to estimate the mass of fluid in the fill line that is not part of the 

working flow.  

 

iv. Standard Air was shown to improve dry-out. There might be opportunities for determining 

the best performance for Nitrogen-Oxygen mixtures based on varying compositions. 

 

v. Other type of mixtures might further reduce the operating (condenser) limit on the PHP. 

Other mixtures, including azeotropic mixtures should be investigated as working fluids for 

PHPs. There have been cases of mixtures with surfactants improving heat transfer by 

increasing spread (reducing surface tension). Research would be needed to see the benefits 

of such action since surface tension is desired in PHPs.  

 

vi. The PHP system can also be operated at different orientations to add to existing literature, 

the effect of inclination angle on the thermal performance.  

 

vii. 3D data sets can be used to investigate the effects of perturbations or off-design variables 

on the thermal performance of the PHP. In addition, existing correlations or new 
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correlations can be made to include the effects of condenser temperature, as well as 

mixtures.  

 

viii. Another area that might be of interest in the PHP is the pitch angle (angle of the U-bend). 

Research in the literature have shown that thin film is left behind at these bends when a 

liquid slug passes them therefore a larger pitch angle might improve the effectiveness of a 

PHP 

 

ix. The current research used step loading for the heat input. It might be interesting to see the 

effect of ramp loading on the performance state of the PHP 
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12     Appendix 

12.1 Fill Ratio Calculation EES Code 
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Fig 12-I EES Script for fill ratio calculation 
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12.2 MATLAB code to read LabVIEW text file 
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Fig 12-II MATLAB script to read LabVIEW data and plot variables 
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12.3 LabVIEW VI Macro 
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Fig 12-III LabVIEW Macro for the experiment and list of used VIs in data collection 
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 Fig 12-IV Screenshots of the PHP LabVIEW Environment (Top: Block diagram; Bottom: a section of 

the Front Panel) 
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12.4 Pressure calibration curves 

 

Date 6/14/2020 
 

Time 11.36am 
 

Pressure relief Test 90 psia 

std atm 14.4 psi 
      

Temp 23.5 C 
      

 

 

(a)  

 

(b)  

 

y = 1875.9x - 7.1575
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(c)  

 Fig 12-V Pressure calibration curve for (a) Fill tank sensor (b) PHP sensor (c) PHP sensor 

(previous calibration) 

 

Accuracy Measurement 

𝜑0 =
𝑃1 − 𝑃2

𝑃1
∗ 100% =

62.116 − 50.38

62.116
∗ 100% = 18%                (12.1) 

𝜑0 = accuracy at zero voltage 

𝑃1 = pressure value of new calibration 

𝑃2 = pressure value of old calibration 
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12.5 PHP Condenser Cooling Curve: No Fluid 

 

 

Fig 12-VI Cool down curve for the PHP when empty 

 

12.6 Performance Maps Polyfits  

12.6.1 Nitrogen 

x = Power (Heat Load) 
 

15.5% Fill Ratio 
 

Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

71K -1.2467x3 + 5.9x2 - 2.9633x + 2.07 1 

73K -0.5816x4 + 4.1464x3 - 8.3379x2 + 6.5431x + 2.01 1 

75K -0.6633x3 + 3.1068x2 - 0.0445x + 1.8262 0.9693 

77K -0.0094x5 + 0.1158x4 - 0.4581x3 + 0.5534x2 + 1.4981x + 1.94 0.9999 

79K 1.0321x3 - 4.2301x2 + 5.3982x + 1.7664 0.9289 

81K 1.3306x3 - 5.399x2 + 6.5076x + 1.5884 0.8402 

83K 0.0633x3 - 0.435x2 + 2.1517x + 1.74 1 
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24.8% Fill Ratio 

 

Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

71K 0.0604x4 - 0.1675x3 - 0.1954x2 + 2.0325x + 2.2 1 

73K -0.0614x5 + 0.7933x4 - 3.2429x3 + 5.0117x2 - 0.9907x + 2.11 1 

75K -0.0505x5 + 0.8013x4 - 3.9679x3 + 7.3539x2 - 2.9126x + 1.9656 0.9922 

77K -0.0094x5 + 0.1158x4 - 0.4581x3 + 0.5534x2 + 1.4981x + 1.94 0.9953 

79K 0.0025x6 - 0.033x5 + 0.1345x4 - 0.0763x3 - 0.6153x2 + 1.952x + 

1.9895 

0.9995 

81K 0.0005x6 - 0.0186x5 + 0.1803x4 - 0.6939x3 + 1.0448x2 + 0.6441x + 

1.8303 

0.9987 

83K -0.0029x6 + 0.0415x5 - 0.2165x4 + 0.499x3 - 0.5586x2 + 1.4285x + 

1.7499 

0.9998 

 
 

30.8% Fill Ratio 
 

 Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

71K 0.1154x4 - 0.4792x3 - 0.2304x2 + 3.6842x + 2.11 1 

73K 0.1477x5 - 1.5167x4 + 5.5629x3 - 9.0383x2 + 7.7243x + 2.07 1 

75K 0.1268x5 - 1.3429x4 + 5.1283x3 - 8.6871x2 + 7.4948x + 2.04 1 

77K -0.0029x6 + 0.0584x5 - 0.4386x4 + 1.6279x3 - 3.3437x2 + 4.7594x + 

1.95 

1 

79K 0.0026x6 - 0.0431x5 + 0.2529x4 - 0.5043x3 - 0.477x2 + 3.4857x + 

1.8492 

0.9996 

81K 0.0056x6 - 0.0916x5 + 0.5484x4 - 1.3563x3 + 0.7011x2 + 2.831x + 

1.789 

0.9986 

83K 0.0148x6 - 0.2418x5 + 1.4837x4 - 4.0997x3 + 4.4569x2 + 0.9005x + 

1.7895 

0.9973 

 
 

40% Fill Ratio 
 

Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

71K 
  

73K 0.1724x6 - 1.5067x5 + 4.7778x4 - 6.4567x3 + 3.0748x2 + 1.8683x + 

2.08 

1 

75K 0.0088x6 - 0.1154x5 + 0.4889x4 - 0.5383x3 - 0.9723x2 + 3.2193x + 

2.1093 

0.9979 

77K -0.0031x6 + 0.0616x5 - 0.4524x4 + 1.5029x3 - 2.2415x2 + 2.734x + 

2.0829 

0.9954 

79K 0.0014x6 - 0.0199x5 + 0.0857x4 - 0.0317x3 - 0.5256x2 + 2.2398x + 

1.9437 

0.9966 
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81K -0.0031x6 + 0.0651x5 - 0.5253x4 + 2.0706x3 - 4.0418x2 + 4.5336x + 

1.8638 

0.9972 

83K 0.0028x6 - 0.0465x5 + 0.2713x4 - 0.6257x3 + 0.2782x2 + 1.8852x + 

1.9434 

0.9929 

 
 

45% Fill Ratio 
 

 Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

71K -0.0042x6 + 0.0926x5 - 0.7385x4 + 2.5883x3 - 3.9475x2 + 4.3428x + 

2.3435 

0.994 

73K 0.0115x6 - 0.1845x5 + 1.1154x4 - 3.0761x3 + 3.4706x2 + 1.049x + 

2.5257 

0.9838 

75K -0.0276x6 + 0.4774x5 - 3.0732x4 + 9.188x3 - 12.773x2 + 8.2776x + 

2.0865 

0.9969 

77K 0.0251x5 - 0.2132x4 + 0.6893x3 - 1.3018x2 + 2.937x + 2.3192 0.9967 

79K -0.0099x5 + 0.1394x4 - 0.4935x3 + 0.2317x2 + 2.2105x + 1.8629 0.9967 

81K -0.0217x4 + 0.3043x3 - 1.0978x2 + 2.7181x + 1.8911 1 

83K 0.0468x5 - 0.4909x4 + 1.907x3 - 3.246x2 + 3.4373x + 1.8795 0.9966 

 
 

52% Fill Ratio 
 

 Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

71K 0.001x6 - 0.0297x5 + 0.2912x4 - 1.1388x3 + 1.4114x2 + 2.7915x + 

2.2771 

0.9763 

73K 0.0744x6 - 0.9401x5 + 4.3723x4 - 8.9868x3 + 7.5866x2 + 0.2459x + 

2.3298 

0.9492 

75K -0.0756x5 + 0.8813x4 - 3.0924x3 + 3.52x2 + 1.1383x + 2.1809 0.9799 

77K 1.0387x3 - 4.458x2 + 6.6264x + 2.2409 0.892 

79K -0.0108x4 + 0.198x3 - 0.9235x2 + 2.9541x + 2.0502 0.9979 

81K -0.2467x4 + 1.8678x3 - 4.0119x2 + 4.5229x + 2.1501 0.9997 

83K 0.2229x2 + 1.9672x + 2.0318 0.9044 

 

12.6.2 Argon 

x = Power (Heat Load) 
 

20% Fill Ratio 
 

Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

86K 0.0122x5 - 0.1732x4 + 0.9462x3 - 2.195x2 + 2.8951x + 1.0246 0.9541 
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89K 0.0829x5 - 1.133x4 + 5.3969x3 - 10.537x2 + 8.1589x + 1.1802 0.938 

92K 0.0015x6 - 0.0285x5 + 0.2147x4 - 0.7694x3 + 1.1536x2 + 0.4711x + 

1.6807 

0.9999 

95K -0.0034x6 + 0.0516x5 - 0.283x4 + 0.6728x3 - 0.7615x2 + 1.3666x + 

1.6323 

0.9973 

98K -0.0116x6 + 0.0959x5 - 0.2397x4 + 0.1184x3 + 0.0894x2 + 1.0156x + 

1.6709 

0.9996 

101K 0.5147x5 - 3.1673x4 + 6.6136x3 - 5.387x2 + 2.5699x + 1.5867 0.9937 

 
 

30% Fill Ratio 
 

Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

86K -0.0002x6 - 0.0058x5 + 0.2103x4 - 1.775x3 + 5.1349x2 - 2.5584x + 

2.0955 

0.9235 

89K -0.006x6 + 0.1533x5 - 1.4443x4 + 6.1597x3 - 11.717x2 + 8.9276x + 

1.1751 

0.9624 

92K 0.0002x6 - 0.0041x5 + 0.0411x4 - 0.1816x3 + 0.2738x2 + 0.8374x + 

1.7784 

0.9929 

95K -4E-05x6 + 0.0014x5 - 0.014x4 + 0.0399x3 - 0.0259x2 + 0.8526x + 

1.7124 

0.9945 

98K 0.0011x6 - 0.0183x5 + 0.1151x4 - 0.3184x3 + 0.3329x2 + 0.769x + 

1.7102 

0.9985 

101K 0.0037x6 - 0.0517x5 + 0.2571x4 - 0.5497x3 + 0.448x2 + 0.7513x + 

1.6862 

0.9994 

12.6.3 Air  

x = Power (Heat Load) 
 

20% Fill Ratio 
 

 Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

63K -8.94x4 + 27.78x3 - 22.665x2 + 9.445x + 4.63 1 

65K 4.2133x5 - 27.493x4 + 63.547x3 - 60.887x2 + 23.11x + 3.65 1 

71K 0.0104x6 - 0.1697x5 + 1.0874x4 - 3.2487x3 + 3.9428x2 + 0.6861x + 

5.4104 

0.944 

77K -0.0024x6 + 0.0383x5 - 0.192x4 + 0.2631x3 + 0.2373x2 + 1.1702x + 

4.1519 

0.9916 

79K -0.0265x6 + 0.505x5 - 3.5251x4 + 11.188x3 - 16.166x2 + 10.225x + 

3.9819 

0.981 

86K -0.0332x6 + 0.4167x5 - 1.798x4 + 3.2506x3 - 2.5757x2 + 2.6862x + 

4.1659 

0.9683 

 
 

30% Fill Ratio 
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 Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

63K 2.1767x4 - 12.131x3 + 20.996x2 - 7.2598x + 5.9202 0.994 

65K -0.2813x5 + 2.6479x4 - 8.938x3 + 12.245x2 - 1.6394x + 4.08 0.9905 

71K -0.0156x6 + 0.2989x5 - 2.0374x4 + 6.347x3 - 9.6029x2 + 8.4329x + 

4.592 

0.9958 

77K -0.0345x5 + 0.5001x4 - 2.2272x3 + 3.3483x2 + 0.6034x + 4.8004 0.8934 

79K 0.0197x6 - 0.4189x5 + 3.269x4 - 11.211x3 + 16.059x2 - 5.6107x + 

5.0348 

0.9827 

86K -0.0435x6 + 0.7481x5 - 4.6437x4 + 12.902x3 - 15.874x2 + 8.2029x + 

4.2731 

0.9877 

 
 

40% Fill Ratio 
 

 Condenser 

Temperature 

Temperature Difference (Tevap  - Tcond) Curve RMS 

63K 0.5x4 - 4.7933x3 + 10.335x2 - 0.9117x + 4.24 1 

65K 1.152x5 - 7.9982x4 + 18.942x3 - 18.457x2 + 10.246x + 5.3753 0.9889 

71K -0.0036x6 - 0.0504x5 + 1.0118x4 - 4.4709x3 + 6.9181x2 - 1.509x + 

6.177 

0.9732 

77K 0.2107x6 - 1.8389x5 + 5.8551x4 - 8.4563x3 + 5.526x2 + 0.9168x + 

4.3032 

0.9968 

79K 
  

86K 
  

 

 Table 12.1 Polynomial fit tables for performance maps 

 

12.7 Velocity estimate for fluid inside PHP  

𝑢𝑙 =
(1 − 𝑥)𝑣𝑙𝐺

1 − 𝛼
                                                                   (12.2) 

𝛼 = (1 + [
1 − 𝑥

𝑥
] [

𝜌𝑣

𝜌𝑙
])

−1

                                                     (12.3) 

𝐺 =  
�̇�

𝐴𝑐
                                                                   (12.4) 

�̇� =
�̇�

ℎ𝑒 − ℎ𝑐
                                                               (12.5) 
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x = quality (v = volume of PHP, P = pressure of PHP) 

𝑣𝑙 = volume (x = 0, P = pressure of PHP) 

𝜌𝑣 = density (x = 1, P = pressure of PHP) 

𝜌𝑙 = density (x = 0, P = pressure of PHP) 

�̇� = estimated mass flowrate of fluid in PHP 

𝐴𝑐 = inner cross-sectional area of capillary tubes 

ℎ𝑐 = enthalpy (T = 𝑇𝑐𝑜𝑛𝑑, P = pressure of PHP) 

ℎ𝑒 = enthalpy (T = 𝑇𝑒𝑣𝑎𝑝, P = pressure of PHP) 

 

 

 


