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Abstract 

This study was inspired to investigate an alternative cooling system using a helium-based 

pulsating heat pipes (PHP), for low temperature superconducting magnets. In addition, the same 

approach can be used for exploring other low temperature applications. The advantages of PHP 

for transferring heat and smoothing temperature profiles in various room temperature applications 

have been explored for the past 20 years. An experimental apparatus has been designed, fabricated 

and operated and is primarily composed of an evaporator and a condenser; in which both are 

thermally connected by a closed loop capillary tubing. The main goal is to measure the heat transfer 

properties of this device using helium as the working fluid. The evaporator end of the PHP is 

comprised of a copper winding in which heat loads up to 10 watts are generated, while the 

condenser is isothermal and can reach 4.2 K via a two stage Sumitomo RDK408A2 GM 

cryocooler. Various experimental design features are highlighted. Additionally, performance 

results in the form of heat transfer and temperature characteristics are provided as a function of 

average condenser temperature, PHP fill ratio, and evaporator heat load.  
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1.  Introduction 

1.1 Objective 

In recent years, an experiment has been developed at the University of Wisconsin – Madison 

to characterize the behavior of a helium based pulsating heat pipe (PHP). PHPs consist of a two-

phase flow mechanism in which heat transfer is increased compared to a single phase flow. Due 

to this advantage, PHPs could be applied as an alternative option for cooling MRI’s 

superconducting coils. Chapter 2 describes the experimental setup that has been designed, 

constructed and tested. Chapter 3 is devoted to thermal modeling and improvements that should 

be considered when designing a cryogenics PHP in order to achieve an optimum performance. 

Chapter 4 describes the results achieved and validates the proof of concept for this cooling 

mechanism. Finally, Chapter 5 finishes with conclusions and recommendations for future work. 

Currently, MRI scanners are cooled by submerging the superconducting coils in a liquid 

helium bath at 4.2 K inside a dewar. The liquid helium volume is generally 1700 liters. In early 

designs, these dewars had an outer jacket which was filled with liquid nitrogen at 77 K in order to 

reduce any parasitic radiation to the coils. In later designs, a cryocooler was placed outside the 

superconducting coils in order to replace the nitrogen liquid jacket. Attached to the cold head of 

the cryocooler are cold lines that are in contact to the liquid helium, such that the liquid helium 

surrounds the coils and the hold time of the bath is increased by 3-4 years [1], see Figure 1.1.  
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Figure 1.1: MRI cooling system schematic [1] 

Typical guaranteed evaporation rates are 1 L/h for nitrogen, 0.4 L/h for helium [2] and 

presently the cost of liquid helium is around $9/liter. Alternative designs have been proposed, 

such as the installation of a helium recovery system for the recondensation of the helium vapor in 

order to achieve a closed cooling system. But, the disadvantage of this last design is the capital 

cost for commercial MRIs. Due to the scarcity and high costs of helium, it is important to 

implement economical closed refrigeration systems using alternative heat transfer devices. 

1.2 Two phase Flow Background 

1.2.1 Pool Boiling 

Boiling is one of the most familiar forms of heat transfer, yet the least understood. As of 

today, empirical correlations are used to predict the associated heat transfer characteristics. Boiling 

occurs when a solid surface at temperature Ts is greater than the saturation temperature Tsat of a 

liquid. Vapor bubbles form on the solid surface and when they achieve a certain size they separate 
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from the surface and tend to elevate to the top level of the liquid. As they rise, the vapor bubbles 

transport heat to colder sections of the liquid which we understand as heat transfer by convection, 

and is expressed as Newton’s law of cooling: 

 ��� = ℎ��� − ����� = ℎ∆��� (1.1) 

Where 

• �� s is the heat flux of the surface in W/m2. 

• h is the heat transfer coefficient in W/m2/K. 

• ∆Tex is called the excess temperature in K. 

In 1934, Nukiyama [3] conducted an experiment using a heater made of platinum wire 

submerged in water in order to create a boiling curve, displaying applied heat flux versus excess 

temperature, see Figure 1.2. In later experiments conducted by Drew and Mueller in 1937 [4], the 

heater’s power was carefully controlled in order to avoid any heater damage at different excess 

temperatures, and a complete boiling curve shown in Figure 1.3 was created.  
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Figure 1.2: Boiling curve by Nukiyama [5] 

 
Figure 1.3: Boiling curve by Drew and Mueller 1937, controlling heater power [5] 

Nukiyama observed 4 types of boiling regimes: natural convection, nucleate boiling, 

transition boiling and film boiling. At low excess temperature ∆Tex vapor bubbles do not form and 
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the motion of the fluid dominates, causing the heat transfer to occur by single phase natural 

convection. Nucleate boiling is characterized with two stages and occurs when bubbles start to 

form on the heater’s surface. The first stage of nucleate boiling occurs when the bubbles moving 

upward collapse, see Figure 1.4-a, due to the heat transfer to the liquid sections that are far from 

the heater and have not reached the saturation temperature Tsat. These cold sections cool down the 

vapor bubbles until they recondense. Most heat transfer occurs when the bubbles separate from the 

surface leaving an empty space where liquid moves in and takes its place; therefore the heater is 

in continuous contact with the liquid. At the second stage, the temperature of the heater is increased 

even more and the vapor bubbles form at faster rates, usually continuous columns can be seen. 

These columns of bubbles reach the top surface of the liquid and burst, increasing the heat transfer 

coefficient, see Figure 1.4-b. As shown in the boiling curve, nucleate boiling ends at a maximum 

heat flux,	�������  called the burnout point. The term is derived from the associated high values of 

∆Tex.  At the same time the evaporation rate increases and a great portion the heater’s surface is 

covered by the bubbles, that also impede the liquid from cooling down the heater. 

In the transition boiling regime, see Figure 1.4-c, ∆Tex increases beyond the burnout point. 

The heat transfer coefficient decreases as the bubbles form sections of vapor films that cover most 

of the heater’s surface. This vapor film acts as an insulation layer, increasing the thermal resistance 

between the heated surface and the liquid. This regime is usually avoided to evade any damage to 

the heater. 

Film boiling occurs once the entire surface of the heater is covered in a vapor film, see 

Figure 1.4-d. This regime starts at the Leidenfrost point at which the minimum heat flux, ���� ��  is 
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met. The heat flux increases as ∆Tex grows, both by conduction through the vapor film layer and 

by radiation. 

 
Figure 1.4: a) nucleate boiling low temperatures (water) b) nucleate boiling high 

temperatures (methanol) c) transition boiling (acetone) d) film boiling (acetone) [6] 

1.2.2 Pool boiling Correlations 

Calculating the frequency at which vapor bubbles are generated and knowing how the 

heated surface contributes to bubble formation make it hard to predict and derive theoretical 

relations for pool boiling heat transfer. For these reasons experimental data are typically used to 

characterize the associated heat transfer. The most widely accepted correlation was proposed by 

Rohsenow in 1952 [7], where nucleate boiling can be expressed as: 

 �� !"#���� = ����,#ℎ$% &'()���,# − )���,*+, -./0 & ���,#�����$ℎ$%1����,# -2 (1.2) 
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Here µsat,l, ρsat,l, csat,l and Prsat,l are the dynamic viscosity (kg/m/s), density (kg/m3), specific heat 

capacity(J/kg/K), and Prandtl number of the saturated liquid, ρsat,,v is the density of saturated vapor 

(kg/m3), hfg is the latent heat of vaporization (J/kg), σ is the liquid-vapor surface tension (N/m), g 

is the gravitational force (m/s2), and Csf  is an experimental dimensionless constant that depends 

on the surface-fluid combination. If no data exists, it can be assumed to have a value of Csf = 0.013. 

The exponent n on the Prandtl number is equal to 1 if the fluid is water and 1.7 for any other fluid 

[5]. 

A correlation for the critical heat flux �����  at the burnout point was formulated by 

Lienhard and Dhir in 1973 [8] and is expressed as: 

 ����� = �"3��ℎ$%)*,��� &'()���,# − )���,*+)���,*0 -./4 (1.3) 

Where Ccrit is a dimensionless parameter that depends on the surface geometry. Tables for Ccrit can 

be found in most heat transfer books. 

1.2.3 Flow Boiling and Condensation  

Figure 1.5 describes a subcooled liquid flowing through a tube where a constant heat flux is applied 

to generate a surface temperature above the saturation temperature of the fluid. Close to the inlet, 

nucleate boiling starts to occur and the vapor bubbles usually move toward the radial center of the 

flow causing the liquid to flow close to the wall. As the vapor bubbles start merging an annular 

flow regime is formed where a vapor core comprises most of the two phase volume and a liquid 

film is present at the wall. In this regime the wall-liquid interface continues to create vapor bubbles 

by convective boiling and by nucleate boiling at the vapor-liquid interface, which both contribute 

to the highest heat transfer coefficient. Beyond this regime, the heat transfer coefficient decreases 



8 

 
dramatically since the liquid film starts to vaporize and, due to gravity, most of the film moves to 

the bottom part of the tube. In the mist regime, the liquid film dries up and suspended droplets are 

formed which move throughout the vapor core until all droplets are dried up. The most accepted 

correlation for flow boiling is described by Shah (1976, 1982) [9]. 

 
Figure 1.5: Different regimes in flow boiling [10] 
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Flow condensation is very common in refrigeration air conditioning applications. The main 

factors and difficulties to predict condensation inside a tube correspond to knowing the vapor 

velocity and the rate at which liquid accumulation occurs at the surface wall. For film condensation 

at low vapor velocities, Chato [11] recommends using the following expression:  

 ℎ = 0.555 &')���,#()���,# − )���,*+8���,#2����,#��� 9ℎ$% + 38 ���,#���=-./4 (1.4) 

For  

�>*�?@3 = )���,*A*B����,* < 35000 

Where 8���,# is the thermal conductivity of the liquid at saturated temperature, and Vv is the vapor 

velocity. Additional flow condensation correlations presented by Dobson and Chato (1998) can be 

used and are highly recommended. 

1.3 Review of Surface tension and Capillary Effect 

1.3.1 Surface Tension 

Surface tension is a very important concept to consider for two phase flow. As shown in 

Figure 1.6, a liquid molecule experiences attractive forces by its surroundings neighbors. It can be 

observed that the resulting forces cancel out except at the liquid surface due to the fact that there 

are fewer interactions between the molecules, resulting a higher attraction force called “Surface 

Tension”. 
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Figure 1.6: Cohesive forces causing surface tension 

Surface tension depends on two forces. The first one, called a cohesive force is the 

attraction between identical molecules, as seen in Figure 1.6. The second one, called an adhesive 

force is associated with the interaction between unlike molecules. A common example of the 

adhesive force can be observed on a glass of water, see Figure 1.7. A small upward curve called a 

meniscus is formed at the edges where the liquid adheres strongly to the solid’s surface wall. 

 
Figure 1.7: Adhesive Force causing surface tension, straw in a glass of water 

The mercury barometer provides an example where the cohesive force dominates.  Here a 

glass tube is filled partially with mercury and vertically placed in a glass with more liquid mercury, 
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see Figure 1.8. The air at the top end of the tube is evacuated so that only interactive forces between 

the glass surface and liquid exist. Unlike Figure 1.7, the meniscus has a dome shape where the 

liquid edges are lower than the horizontal level of the liquid. This is a consequence of weaker 

attraction forces between the solid and liquid surfaces; therefore the cohesive forces of the liquid 

molecules dominate and gives the downward shape, called a convex meniscus. If the glass were to 

be replaced by a copper tube then the edges would be higher than the horizontal level, 

demonstrating stronger adhesive forces.   

 
Figure 1.8: Mercury barometer example 

Figure 1.9 illustrates wetted and unwetted conditions. They are differentiated from each 

other by the contact angle θ, which is the angle formed where the different surfaces meet. The 

liquid is said to “wet” the solid if the surface tension is dominated more by adhesive, rather than 

cohesive, forces resulting in an upward (concave) meniscus with a contact angle θ<90o. If 

“Unwetted” the surface tension is dominated more by the cohesive attractions rather than the 

adhesive forces, forming a convex meniscus with a contact angle θ >90o [12].  
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Figure 1.9: Wetted (left) and Unwetted (right) conditions 

As shown in Figure 1.10, the pressure difference of a droplet can be calculated by applying 

a force balance on half of the droplet. Where Pout is the outer pressure surrounding the droplet, Pin 

is the droplet’s inner pressure and finally Fσ and R are the tension force and radius of the droplet. 

 
Figure 1.10: Applied forces on a droplet/buble 

Equation (1.5 represents the resulting force balance: 

 �1� − 1@!��D�0 = EF = 2D�, 
(1.5) 

The pressure drop can be written as: 

 ∆1 = 1� − 1@!� = 2,�  
(1.6) 

For non-spherical droplets the following equation is used: 
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 ∆1 = 1� − 1@!� = , H 1�� + 1�JK 
(1.7) 

Where Rx and Ry are the radii of curvature. Equation (1.6 is known as the Laplace pressure. 

1.3.2 Capillary Effects 

The capillary effect can be illustrated using the general example of a glass tube with both 

ends opened and vertically placed in a bowl full of water, see Figure 1.11.  In addition, the level 

of water inside the glass tube exists at a height H above the water level of the bowl. 

 
Figure 1.11: Capillary effect in an tube with both ends opened 

Where:  

• H: is the height of the water above the water level of the bowl. 

• Pamb: is the ambient pressure. 

• Fσ,int: is the surface tension force due to the interface. 

• Fw: is the weight of the water at height H. 



14 

 
It can be observed that the meniscus radius located outside the glass tube is smaller than 

inner meniscus of the tube. The ambient pressure Pamb exerts a force on both ends of the tube; 

hence, canceling out. The following equations are used to compute the height H: 

 LEJ = EF,� � cos P − EQ = 0 
(1.8) 

 

 EQ = )'D�0R 
(1.9) 

 

 EF,� � cos P = 2D�,� � cos P 
(1.10) 

 

Hence 

 R = 2,� � cos P)'�  
(1.11) 

 

Where 

• R: is the radius of the glass tube 

• σint: is the surface tension due to adhesion 

It can be deduced that the surface tension is so high that it attracts and lifts a determined amount 

of water until the tension force equals the weight of the water at height H. 
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The radius of the meniscus at the wall of the outer glass tube is smaller because the weight 

of the water in the bowl is larger than the weight inside the glass. For this reason it is important to 

choose a suitable diameter to observe the capillary effect. 

1.4  Review of Thermosiphons and Conventional Heat Pipes  

A thermo-siphon is gravitational driven cooling system consisting of a condenser section, 

adiabatic section and an evaporator section, see Figure 1.12-a. Typically a thermo-siphon is a 

sealed tube containing a single fluid. The heat source must be located below the condenser section 

since the gravitational force component on the liquid droplet dominates its buoyancy component, 

resulting a downward motion to the evaporator section. The buoyancy component on the vapor 

bubble dominates over the gravitational component; therefore an upward motion to the condenser 

is observed.  Liquid located at the evaporator is vaporized and moves to the top end where the wall 

temperature is lower than the saturation temperature Tw < Tsat, causing the vapor to condense at 

the tube’s inner wall. Finally the liquid returns to the evaporator section as film due to gravity; 

hence, completing the cycle and starting again. The advantage of this system is that the latent heat 

hfg transports large amounts of heat with small temperature differences within the fluid [12]. It can 

be observed this system does not have any moving parts for the two phase flow to occur, making 

it a passive cooling system which is very cost efficient.  
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Figure 1.12: a) Thermosyphons b) Heat pipes [12] 

A conventional heat pipe, see Figure 1.13, is another passive cooling device that transfers 

heat from one end to another by a two phase flow within a sealed volume. It operates similarly to 

a thermo-siphon, except that the primary driving force for liquid flow is the capillary, rather than 

the gravitational force. Heat pipes consist of an evaporator section where heat is absorbed by the 

fluid, a condenser section where heat is rejected, and a wicking mechanism, typically comprised 

of a layer of material, with high surface tension, attached to the inner surface of the pipe in order 

for the capillary effect to occur. Once the liquid reaches the evaporator through the wick, the liquid 

evaporates transferring the fluid’s latent heat back to the condenser. The vapor then condensates 

in the condenser section and the liquid flows to the evaporator through the wick completing the 

flow loop. 
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The primary advantage of these devices is that they provide a higher effective thermal 

conductivity than solid materials, and therefore transport heat more efficiently. 

 
Figure 1.13: a) heat pipe sections, b) cross-sectional view [12] 

1.5  Review of Pulsating Heat Pipes 

1.5.1 Introduction 

A Pulsating Heat Pipe (PHP) or Oscillating Heat Pipe (OHP), see Figure 1.14, is similar to a 

conventional heat pipe except that it has no wick, and includes multiple lengths of capillary tubing 

traversing back and forth between the condenser and evaporator. PHPs rely on the oscillation of 

vapor plugs and liquid slugs within the pipe in order to transfer heat from the evaporator to the 

condenser [13]. Vapor plugs grow in the evaporator region pushing other vapor plugs and liquid 

slugs towards the condenser section where the vapor plugs can shrink. This volumetric expansion 

and contraction provides the oscillatory flow of the fluid throughout the tube necessary to transfer 

heat. 
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Figure 1.14: Schematic of a closed loop PHP/OHP [14] 

When designing a heat pipe the following parameters affect the performance of a PHP [12]: 

• Working fluid: it is important to know the quantity, in moles or mass, required to fill the 

capillary tubing for an optimal performance. 

• Inner diameter: in order to maintain the separate liquid and vapor regions, the capillary 

forces must be larger than gravitational forces.  This condition, along with the fluid 

properties of density and surface tension defines a maximum allowable inner diameter, as 

described below.  

• Condenser, evaporator and adiabatic lengths: the rate of condensation and the volumetric 

fraction of liquid are factors that contribute to an adequate mass flow. The evaporator 

length depends on the geometric dimensions of the object being cooled, and on the desired 

heat flux. The adiabatic section is an additional length parameter that depends on the 

distance between the condenser and evaporator, larger lengths may contribute to friction 

forces. 
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• Number of turns or loops: the heat transfer from the evaporator and condenser depends 

greatly in the number of turns since it defines how many straight tubing will be present to 

transfer latent heat.  Previous studies have also shown that a large number of turns can 

reduce the influence of inclination angle on the php performance. 

A semi-empirical correlation based on water, ethanol and R123 has been developed in order to 

characterize the PHP’s ability to transfer heat away from the evaporator.  The correlation for room 

temperature applications [15] expresses the evaporator heat flux (
 
&q ) in terms of the Karman 

number (Ka), Prandtl number (Prl), Jacob number (Ja) inclination angle in radians (β) and number 

of turns (N): 

 �� = H S�DB�T2U�$$K = 0.54�exp	�Z��[.4\]�[.4^1�#[.0^_�..42T`[.0^ (1.12) 

The Prandtl number is expressed as: 

 1�# = #�#8#  (1.13) 

Where #,	�# and 8# are the specific heat capacity, dynamic viscosity and thermal conductivity of 

the liquid. 

The Jacob number is the ratio of latent heat (hfg) to sensible heat and is written as 

 _� = ℎ$%#�∆������`" (1.14) 

Where �∆������`"  is the working fluid’s temperature difference between the evaporator and 

condenser. 
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The Karman number can be expressed as: 

 ]� = a�>#0 = )#�∆1�#B�0�#0U�$$  (1.15) 

Where Rel is the Reynolds number of the liquid, )# is the density of the liquid and �∆1�# is the 

pressure drop of the liquid between the evaporator and condenser. Leff is the effective length 

defined as: 

 U�$$ = U� + U"2 + U� (1.16) 

where Le, Lc and La are respectively the evaporator, condenser and adiabatic lengths. 

A similar semi-empirical correlation was created for cryogenics PHPs [16]. This 

correlation was based on experimental data gathered with hydrogen, neon, and nitrogen, and is 

expressed as: 

 �� = H S�DB�T2U�$$K = 1.04�exp	�Z��[.[.\]�[.401�#0.^^_�`[.4^ (1.17) 

This correlation was stated to be inaccurate and leaves room for further investigation. 

1.5.2 Calculating the Critical Diameter for a PHP 

Figure 1.15 illustrates a vapor bubble moving through a liquid inside a vertical tube. The 

terminal velocity V∞ depends between the interactions of the buoyancy force (Fb), the liquid’s 

viscous force (Fµ), inertial force (Fi) and surface tension force (Fs). The contribution of the vapor’s 

viscous force is small compared to the other forces and therefore can be neglected. The terminal 

velocity is primarily determined by the buoyancy force, but as the inner diameter of the tube 
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decreases the surface tension force dominates, causing the vapor bubble to be in a static position. 

The following equation shows the resulting force balance on a vapor bubble: 

 Eb + E� + Ec + E� = 0 (1.18) 

Where the buoyancy force can be expressed as: 

 Eb = .()d − )%+'B2 (1.19) 

The inertial force is: 

 E� = 0)dA∞0B0 (1.20) 

The viscous force is: 

 Ec = 2�dA∞B (1.21) 

And finally the surface tension force is: 

 E� = 4,B (1.22) 

Here c1 to c4 are constants, D is the inner diameter of the tube, ρL and ρg are the liquid and gas 

densities, and µL is the liquid’s dynamic viscosity 
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Figure 1.15: Result for a gas bubble in a liquid flow when decreasing the tube’s inner 

diameter 

Using the four forces above, the following dimensionless numbers can be deduced as 

• The Reynolds number (Re): 

 �> = E�Ec = )dA∞B�d  (1.23) 

• The Weber number (We): 

 e> = E�E� = )dA∞0B,  (1.24) 

• The Froude Number (Fr) : 

 E� = E�Eb = )dA∞0()d − )%+'B (1.25) 

• The Poiseuille number (Ps): 
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 1
 = EcEb = �dA∞()d − )%+'B0 (1.26) 

• The Eötvös number (Eo): 

 fg = EbE� = ()d − )%+'B0,  (1.27) 

The Eötvös number is also mentioned as the Bond number (Bo) and is expressed as: 

 hg = √fg (1.28) 

The dimensionless numbers can be used to correlate the velocity for specific cases as 

discussed by Khandekar [17]. For example if viscous and surface tension forces are insignificant, 

then equation (1.25) can be used to correlate the terminal velocity V∞. Also, if the viscous and 

buoyancy forces are dominant then the Poiseulle number (Ps) can be use the correlate V∞. Note 

that the Eötvös number (Eo) is different since it does not include any velocity term, but allows one 

to determine the inner diameter for a PHP. The importance of the Eötvös number regarding PHP 

design can be explained in Figure 1.16 as developed by White and Beardmore (1962) [18]. The 

figure shows the Froude number versus the Eötvös for various liquid fluids were air bubbles are 

introduced. 
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Figure 1.16: Froude number versus Eötvös, White and Beardmore (1962) [18] 

As stated by Khandekar [17], an additional dimensionaless parameter called the Property 

number (Y), is a useful characterization tool. The Property number is a combination of the Ps, Fr 

and Eo numbers, where the D and V∞ terms are factored out as shown in the following equation: 

 j = 1
4fg2E�0 = '�d4)d,2 (1.29) 

Since the Froude number is proportional to the square of the terminal velocity, it can be 

deduced from Figure 1.16 that the terminal velocity values are lower for fluids with high Y 

numbers and higher for fluids with low Y numbers. Note also that for water, ethanol and other low 

viscosity fluids, the terminal velocity converges to an associated value of √E� = 0.345 when 

Eo>70. As the Eo number decreases so does the Fr number; hence it can be observed that at Eo = 

4 the Froude number decreases to zero.  Such a condition is depicted in Figure 1.15 and occurs 

when the surface tension force dominates, causing the gas bubble to stop. Using equation (1.29) 
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and assuming Eo≤4 the following equation can be derived to calculate the critical diameter (Dcrit) 

to design a PHP 

 fg = hg0 = ()d − )%+'B"3��0, ≤ 4 (1.30) 

Hence 

 B"3�� ≤ 2l ,()d − )%+' (1.31) 

Figure 1.17, shows a representation of the motion of a fluid inside a vertical closed-loop 

pulsating heat pipe (CLPHP) when a heating system is turned on at one end.  In cases A and B the 

surface tension forces are not dominant and the liquid sections are not evenly distributed 

throughout the capillary tubing.  Neither vapor plugs nor liquid slugs are formed until cases C and 

D where surfaces tension forces dominate and the liquid is well distributed.  In these last cases, 

the vapor plugs expand and collapse in the evaporator and condenser sections, causing the desired 

oscillations for heat transfer.  
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Figure 1.17 : Critical Diameter cases, Khandekar [17] 

Figure 1.18 shows the critical diameter Dcrit as a function of saturation pressure Psat for 

helium, hydrogen, nitrogen, neon and argon. This research uses helium as the working fluid; 
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therefore, the critical diameter Dcrit = 0.5 mm for the capillary tubing was chosen.  Note that the 

same diameter could be used for the other cryogens as well.  It should be mentioned that helium 

has a critical pressure Pcrit = 227 kPa and that the experiments reported here operated with 

pressures between 100 to 190 kPa. 

 
Figure 1.18: Critial diameters (Dcrit) vs saturation pressure (Psat). 

EES was used to generate this graph using the following code: 

1.6  Other PHP Experiments 

The heat transfer characteristics of PHPs using cryogens such as hydrogen, neon and nitrogen 

have been measured by Mito et al [19], and have displayed effective thermal conductivities of 500-

3,000 W/m/K for H2, 1,000-8,000 W/m/K for Ne and 10,000-18,000 W/m/K for N2 when Dcrit = 

1.59 mm. Their experimental equipment incorporates an evaporator length of Levp = 30 mm, an 
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adiabatic length of Ladb = 100 mm, and a condenser length of Levp = 30 mm. The capillary tubing 

has an OD = 1.59 mm, an ID=0.78 mm, and is configured into a total of 10 U-shape turns. For 

neon, the operating temperature ranged from 26-34 K with liquid filling ratios of 16-95%, for 

nitrogen the operating temperature ranged from 67-91 K with filling ratios of 17-70%, and for 

hydrogen the operating temperature ranged from 17-27 K with filling ratios of 31-80%. In addition, 

the experiment was conducted at different orientations and at Dcrit = 3.18 mm as shown in Figure 

1.19. Table 1.1 shows a detailed summary of the results for hydrogen and neon and it can be 

observed that at orientations of -45o and -90o the PHP did not perform stably [20]. 

 
Figure 1.19: Orientation configuration from Mito et al [20]. 
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Table 1.1: Heat transport characteristics of a 3.18 mm OHP at different orientations [20] 

Working 

Fluid 

Orientation 

(degree) 

Liquid                   

Fill Ratio (%) 

Heat Flux 

(W/mm2) 

keff       

(W/m/K) 

H2 +90 50.9 - 70.0 0.03 - 0.46 8500 - 11480 

H2 +45 50.0 - 70.4 0.05 - 0.82 2220 - 10330 

H2 0 51.1 - 72.2 0.05 - 0.30 2830 - 6380 

H2 -45 and -90 N/A N/A Did not work 

Ne 90 53.2-75.0 0.03 - 0.46 5100 - 19440 

Ne 45 50.6 - 70.1 0.10 - 0.82 6000 - 17000 

Ne 0 69.8 - 86.1 0.03 - 0.82 6000 - 8500 

Ne -45 and -90 N/A N/A Did not work 

 
Another group, from Institut Nanosciences et Cryogenie INAC [7], reported on the successful 

operation of a helium PHP apparatus, where the effects of inclination were measured, using tilt 

angles from 0o to 40o. The PHP was able to transfer a maximum of 145 mW of heat using a cold 

source at 4.2K at the 40o tilt angle. A constant thermal resistance of 2.5 K/W was measured 

between the evaporator and condenser with a capability of transferring 75 mW at a tilt angle of θo 

= 10o.   
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2. Experimental Setup 

2.1  General Setup 

As shown in Figure 2.1, the helium pulsating heat pipe experiment operates inside a 

vacuum dewar with an inner diameter and height of 51cm and 165cm respectively. The whole 

experiment is supported on a circular G10 plate that seals against an o-ring located inside a groove 

on the top face of the dewar. Table 1 shows the description of the main components. 

1) Dewar 
2) Thermal Bus 
3) 2nd stage: 4.2K 
4) 1st Stage: 25K 
5) Gas Lines 
6) G10 Plate 
7) Vacuum line for purging 
8) Purge line valve: outside 
9) Cryocooler 
10) Helium Tank 
11) Vacuum line valve 
12) Dewar vacuum lines 
13) Helium tank valve 
14) Butterfly valve: for purging He 

tank 
15) Electrical feedthrough 
16) Rotating rods for inside valves 
17) Supporting wire 
18) Condenser and Evaporator 

valves 
19) Condenser section 
20) Adiabatic section: capillary 

tubing 
21) Evaporator section 
22) Thermal Jacket  

Figure 2.1: PHP Experimental Setup 

Table 2.1 describes the main components of the experiment: 
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Table 2.1: Description of main components 

Component Description 

Cryocooler Model:  Sumitomo RDK408A2 GM  

Helium gas reservoir 3.8 liter volume 

Copper shield 
Thermal radiation shield.  Width 213mm, height 
424.5mm, length 422mm, Thickness 1.6 mm 

Condenser 
Aluminum 1100. Diameter = 75.54mm, Length 
=188mm  

Evaporator 
Material: Copper winding.  Wire diameter = 
0.81mm 

Capillary tubing 
Material: stainless steel, ID = 0.5mm, wall = 
0.155mm 

Gas lines 
Supply lines: SSL304, OD = 3.18mm, wall = 
0.89mm, approx. length = 650mm 

2.2  Cryocooler 

The cryocooler used for this experiment is a Sumitomo RDK-408-A2 GM crycooler and is 

comprised of two stages. The supplier indicates that the cryocooler’s 1st stage and the 2nd stage can 

achieve temperatures down to 25K and 3.5K respectively. Also, the heat loads at 3.5K and 4.2K 

for the 2nd stage are 0W and 1W respectively. Figure 2.2 shows the load curve for this cooler. 

 
Figure 2.2: RDK-408-A2 heat load curve 
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Figure 2.3 shows an ISO view and location of the first and second stage 

 
Figure 2.3: Cryocooler ISO View 

2.3  PHP Core 

As shown in Figure 2.4, the PHP core is made up of all the components that are thermally 

attached to the 2nd stage. These include: the condenser, evaporator and capillary tubing.  
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Figure 2.4: PHP core 

The condenser is comprised of an aluminum 1100 grade rod with an OD and length of 

75.54 mm and 188mm respectively. The 2nd stage of the cryocooler fits through a 49 mm hole 

machined through the diameter of the aluminum condenser.  A vertical slit on the end of the 

aluminum rod, and three horizontal screw holes provide a clamping mechanism to firmly fix the 

condenser to the 2nd stage of the cryocooler. Indium foil is inserted between the 2nd stage and the 

aluminum to increase thermal contact. 
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Figure 2.5: Condenser Section 

The evaporator section is a copper tube with an ID = 70 mm, a nominal OD = 73.63 mm 

and a length L = 133.35 mm, with 10 mm wide lips on each end at a diameter of 75.25 mm in order 

to facilitate the winding of a copper wire heater. This insulated copper wire heater has a resistance 

of 14 milliohms at liquid helium temperatures. The winding is comprised of 2 layers with 158 

turns per layer of a 0.81 mm diameter wire.  

 
Figure 2.6: Evaporator Section 
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Figure 2.7: Complete wired heater 

The capillary tubing making up the PHP has an ID and OD of 0.5 mm and 0.8 mm 

respectively. The PHP includes 32 u-shaped bends at each end with 64 straight sections extending 

between the evaporator and condenser. The lengths of the evaporator, condenser and adiabatic 

section are Lh = 116.85 mm, Lc = 125.2 mm, and La = 90 mm respectively, which gives a total 

length of Lphp = (Lh+Lc+La) x 64 = 21.25 m. Indium foil, with an approximate thickness of 0.25 

mm was installed between the capillary tubing and the condenser and evaporator sections.  The 

capillary tubes in the evaporator and condenser sections are then clamped down using brass shims 

and hose clamps, see Figure 2.8. 
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Figure 2.8: Capillary Length and Clamping System 

2.4  Thermal Jacket 

A copper rectangular shield was used to thermally protect the 2nd stage and the PHP core 

from the surrounding ambient temperature Tamb=300 K. The width, length, height and thickness of 

this shield are 213 mm, 422 mm, 424.5 mm and 1.6 mm respectively.  In addition, this shield was 

covered by a multilayer insulation blanket, which was composed of 14 layers, with the objective 

of reflecting most of the thermal radiation and thereby reducing the heat load to the first stage. 

ANSYS was used to model the temperature distribution of the thermal jacket (TJ).  It was assumed 

that the section of the TJ in contact with the first stage is at 25 K, and that the effective emissivity 

due to the MLI is εeff  = 0.0037.  Using these assumptions, the temperature of the shield was found 

to be uniform to within +/- 4 K. The radiation load intercepted from Tamb = 300 K was 1.22 W. 

Since the temperatures of the shield was at 25 K during steady state operation, we may neglect any 

parasitic radiation between the thermal shield and the PHP core at a nominal temperature of 4.5 

K. Figure 2.9 shows the Thermal Jacket covered with 14 layers for MLI 
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a) 

 

b) 
Figure 2.9: a) Thermal Jacket covered in MLI, b) Thermal Jacket ISO view 

2.5  Thermometers Locations 

As shown in Figure 2.10, carbon glass thermometers (CGR) pairs were installed at the 

condenser, adiabatic and evaporator sections. Each pair were separated 180 degrees around the 

cylindrical form of the PHP assembly from each other. Copper L-shaped pieces were built to easily 

insert the CGR thermometers and enable a thermal sink for the sensor leads. Apiezon N-grease 

was used to hold the sensor in its mounting hole in the copper L-shaped pieces.  In addition, a 

round groove was machined at the bottom face of these copper pieces in order to clamp them to 

the capillary tubing.  Additional germanium thermometers were installed on the thermal jacket and 

on the 2nd stage of the cryocooler. 
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Figure 2.10: PHP core top view and cernox sensors locations 

2.6  Gas Lines, Helium Tank and Pressure Transducer 

A 3.8 liter storage tank located outside the dewar, see Figure 2.1 part # 10, contains the 

pressurized high purity helium gas necessary to supply helium to the PHP. An Endevco pressure 

transducer, model 8510B-500, was installed on the top of the helium tank so that the number of 

moles of liquid helium in the capillary tubing can be determined from the pressure drop associated 

with the helium condensation process, and subsequently the percent fill, fliq, can be calculated. The 

Endevco pressure transducer generates an output voltage signal with a sensitivity of 0.0765mV 

per kPa. 

As shown in Figure 2.11, there are two valves that can be used to seal-off the capillary loop 

of the PHP. Each valve is attached to a rod that can be rotated to open or close the valves from 
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outside the dewar. The condenser valve is connected to the injection line that is attached to the 

helium tank supply. The evaporator valve is connected to tubing that serves as an evacuation line.  

 
Figure 2.11: Gas Lines and Valve locations 

Before turning on the cryocooler it is very important to clean the capillary tubing to avoid 

freezing any impurities; therefore, helium is injected and evacuated through the line that is 

connected to a vacuum pump. Once the lines are purged, the valve on the evacuation line is closed 

and the capillary tubing can be filled. Table 2.2 shows the volumes comprised in the various gas 

lines. 

Table 2.2: Gas lines components and volumes 

Volume(m3) Description 

4.119E-06 Capillary volume 

1.113E-06 Valve volume connected to capillary ends 

5.788E-06 Gas lines to capillary 

3.800E-03 Helium Tank 

6.937E-05 KF25 cross 

7.600E-06 Helium tank NPT adapters 

2.410E-05 KF25 half nipple: attached to G10 plate 

7.964E-06 KF25 valve: butterfly valve 
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2.7  Vacuum Hardware 

2.7.1 Dewar vacuum system 

The vacuum system for the dewar consisted of a mechanical pump in series with a turbo 

molecular pump model Turbovac-151. A KF-25 bellows connected the turbo pump and the dewar 

feedthroughs that accessed the dewar’s volume, see Figure 2.12. A pressure gauge model 

IONIVAC ITR-090 was used to measure the rough and high vacuum pressure. 

 
Figure 2.12: Dewar vacuum system 

The mechanical pump is turned on to achieve a rough vacuum of 1e-1 torr. Once this 

pressure is met, the turbo pump is turned on and produces a high vacuum of 1e-5 torr. In addition, 

once the cryocooler reaches steady state the pressure in the dewar decreases to 1e-7 torr. It is 

important to note that without MLI, the dewar reaches 1e-7 torr at room temperature; presumably 
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the outgassing from the MLI blankets that cover the Thermal Jacket contribute to the slightly 

higher pressure. 

2.7.2 Capillary and Helium Tank Vacuum System 

As shown in Figure 2.13 a mechanical pump was connected to the evacuation lines of the 

PHP using a KF-25 bellows. A second evacuation line and valve was installed in order to provide 

the option to evacuate and purge the helium tank directly. The helium tank was mounted on a KF-

25 four way cross.  A high purity He supply-line was connected to another port of the four-way 

cross in order to fill the helium tank if needed. As mentioned before, a pressure transducer was 

installed on top of the helium tank.  

 
Figure 2.13: Capillary and He Tank Vacuum System 
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2.8 Measurement devices and Instrumentation 

2.8.1 Thermometer Specifications and Instrumentation 

A total of 9 thermometers were installed in the experiment. Six Lakeshore Carbon Glass 

RTD thermometers type CGR-1-2000 were attached at the PHP core. In addition, two Lakeshore 

Germanium type GR-200A were utilized, one attached to the cold head and the other to the thermal 

jacket. Finally, an uncalibrated Ruthenium Oxide type RO-700GE sensor was, installed on the 

cold head by Sumitomo. 

As shown in the following schematic, the current leads of all the thermometers were 

electrically connected in series in order to supply a constant current of 10 µA to all sensors. A 

Lakeshore current supply model 120CS provided the constant current. In addition, a National 

Instruments DAQ model USB-6218 was used to read all output voltages, see Figure 2.15. 

 
Figure 2.14: Thermometer connection schematic 
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a) b) 

Figure 2.15: a) Acquisition system NI daq USB 6218 b) Lakeshore current source 120CS 

2.8.2  Pressure Transducer Specifications and Instrumentation 

The Endevco pressure transducer model 8510B-500 located at the top of the He tank, 

discussed in Section  Gas Lines, Helium Tank and Pressure Transducer, is shown in Figure 2.16. 

Table 2.3 shows the sensor’s specifications. 
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Figure 2.16: Pressure Transducer 8510B-500 drawings and Location 

 
Table 2.3: Pressure Transducer Specifications 

Model 8510B-500, Serial#: 11271 

Range 3447.37kpa 

Sensitivity 0.0765mV/kPa 

Excitation (Voltage Input) 10V DC 

Zero Pressure Output 0 mV 

Full Scale Output 264mV 

Input Resistance 1561 Ohms 

Output Resistance 1393 ohms 

Operation Temperature -18oC to 93oC 

The voltage output of the pressure transducer as connected to the NI-daq 6218. As shown 

in Figure 2.17, the pressure transducer was powered by a model HP-E3611A DC power supply. 
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Figure 2.17: Power supply for pressure transducer 

 

2.8.3 Heater Instrumentation 

The following figure illustrates the electrical diagram of the heater at the evaporator 

section.  

 
Figure 2.18: Heater electrical schematic 

 As seen, the heater has four cables, I+ and I- represents the positive and negative ends 

respectively, which are connected to the current supply source. The V+ and V- cable ends are used 

to measure the voltage across the heater using a digital multimeter (DMM). Another multimeter is 

connected in series to the I+ cable in order to measure the electrical current through the heater. 

The following is a list of the instrumentation used: 

• DMM model Fluke II, used to measure current through heater 
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• DMM model Tenma 72-7730, used to measure voltage across the heater. 

• Current Source model HP-Agilent 6674A, providing 0.5-2.5Amps. 

  
 

a) b) c) 
Figure 2.19: a) DMM for measuring current b) DMM for measuring current c) Current 

Source  

2.9 Helium Compressor Specifications 

The water-cooled compressor unit, model F-50, supplied by Sumitomo along with the 4-K 

GM cold head produced a supply pressure between 1.9 to 2.2 MPa, while the return pressure varied 

between 0.4 to 0.6 MPa. The required cooling water included a flow rate between 7-10 liter/min 

and temperature below 28 oC for optimal performance. The following figure shows a simple 

schematic of the connections between the compressor unit and cryocooler. 
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Figure 2.20: Schematic for compressor's connection to cryocooler 

2.10 Data Acquisition Software 

LabVIEW version 8.6 is used to read and record all the output signals attached to the NI-

Daq 6218 hardware, a 16-bit data logger. The sampling rate and number of samples to read from 

the Daq are set at 10 kHz and 10 kSamples, see Figure 2.21. All 10 kSamples/second are averaged 

and plotted during one second and saved as a single value in a text file for subsequent analysis. In 

addition, the input voltage range was set between -200mV to 200mV in order to achieve a 

resolution of Qr = 6.10µV, see equation below: 

 S3 = ��m'>2b��� − 1 = �200nA + 200nA�2.o − 1 = 6.10�A 
(2.1) 
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Figure 2.21: Daq settings for acquisition system 

2.11 Experimental Procedure 

Prior to turning on the cryocooler and operating the experiment, the experimental assembly 

is tested for helium leaks. The dewar is evacuated using the mechanical pump and the turbo pump. 

An extra port on top of the turbo pump enables a helium leak detector to be parallel connected to 

the dewar. Once the dewar pressure reaches between 1E-5 to 1E-4 torr, the gate valve connected 

to the turbo pump is closed and the helium leak detector is turned on as the only vacuum source. 

Once the He detector is operating, helium gas is sprayed slowly throughout the experiment 

feedthroughs, ports or any other sections that could access the dewar’s volume. The capillary 

tubing of the PHP, along with its fill lines and supply system are also checked for leaks before 

they are lowered into the dewar. The background leak rate displayed by the helium detector is 
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commonly 1E-10 mbar-L/s, and when exposed to the dewar it rises only to 1E-8 mbar-L/s. If the 

leak rate does not rise above 1e-8 mbar-L/s, the following testing procedure is pursued: 

1. Turn off He leak detector and reopen the gate valve attached to the turbo pump. Wait until 

a vacuum of 1E-5 torr is achieved.  

2. Open all valves providing continuous water flow through the He compressor cooling 

system. 

3. Turn on the water pump and establish a flow rate between 7-10 liter/min. The temperature 

of water should stay below 28oC. 

4. Verify that all capillary tubing is evacuated. If not, then evacuate. 

5. Turn on LabVIEW and verify that all sensors are working properly. Start recording data. 

6. Supply or verify the correct He pressure to the He tank by reading the pressure transducer. 

7. At the front panel of the He compressor unit, flip the “ON” switch to run the cryocooler. 

8. Verify if any errors show up in the compressor unit. 

9. As final step, conduct an overall check to verify all hardware is working properly. 
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3 Heat leaks and Thermal Contact Improvements 

3.1  Heat Leaks To The Thermal Jacket 

Multilayer insulation (MLI) blankets cover the copper thermal jacket in order to reflect thermal 

radiation; hence, reducing the parasitic heat load from the dewar surfaces and G10 plate. The MLI 

blanket was composed of 14 layers of aluminum sheets. One decron layer between each of the 

aluminized mylar sheets decreases the thermal conduction through the blanket. The width, length, 

height and thickness of the thermal jacket ‘box’ are 213 mm, 422 mm, 424.5 mm and 1.6 mm 

respectively. 

As shown in Figure 3.1, the effective emissivity between two plates and one shield can be 

obtained using a radiation resistance network. 

 
Figure 3.1: Radiation with multiple number of parallel plates 
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Using this concept, the radiation heat transfer between two parallel plates with N number of shields 

can be written as 

 
S.0,q	�r��#s� = t,��.4 − �04�u 1v. + 1v0 − 1w + 9 1v2,. + 1v2,0 − 1= +⋯+ 9 1vq,. + 1vq,0 − 1= (3.1) 

 

Assuming all the emissivities of the shields are equal, Eq (3.1) reduces to 

 S.0,q	�r��#s� = t�,��.4 − �04�u 1v. + 1v0 − 1w + u 2v�r��#s − 1wT (3.2) 

 

 S.0,q	�r��#s� = v∗,t���.4 − �04� (3.3) 

 

Hence the effective emissivity ε* can be written as 

 v∗ = z91v. + 1v0 − 1= + 9 2v�r��#s − 1=T{`. (3.4) 

Where σ = 5.67x10-8 W/m2/K4 is the Stefan-Boltzmann Constant, As is the surface area of the 

shields, T1 = 300 K is the dewar temperature, T2 = 25 K is the temperature of the thermal jacket at 

steady state, v. and v0 are the emissivities of dewar and thermal jacket surface respectively, and 

v�r��#s is the emissivity of the MLI. 

Figure 3.2 shows the effective emissivity versus the number of layers. Were the 

emissivities were assume to be v. =	v0 = 0.8  and v�r��#s = 0.1. Using 14 layers of MLI gives an 

ԑ* = 0.0037 and Q12,N Shields = 1.22 W. In addition, the emissivity of the shield was change to 
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v�r��#s = 0.03, resulting in a Q12,N Shields = 1 W, indicating that v�r��#s was not a dominating factor. 

See Appendix 6.2 for code. 

 
Figure 3.2: Effective emissivity versus number of layers 

As shown in Figure 3.3, a finite element model using ANSYS simulates the temperature 

distribution of the thermal jacket. Here, the effective emissivity was set to ԑ* = 0.0037, and 

temperature dependent properties for copper thermal conductivity were implemented. It is 

observed that the thermal jacket has a uniform temperature of 25.3 K +/- 0.3 K. 
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Figure 3.3: Thermal jacket temperature gradient using Ansys 

3.2  Heat Leaks Through the Valve Rods 

As previously mentioned, the valve stem for the valves located at the condenser and 

evaporator are comprised of a combination of G10 sections and SSL 304 sections, see Figure 3.4. 

The G10 rod sections have an OD = 9.52 mm and ID = 6.22 mm.  The SSL sections have an OD 

= 6.10 mm, ID = 5 mm, and L = 12 mm. All sections are connected together with SSL pins of OD 

= 1 mm. The OD of the SSL section is smaller than the ID of the G10 sections; hence, thermal 

contact is poor and most of the heat is transferred through the pins. A copper section inserted along 
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the valve stem with an OD = 6 mm and length L = 21 mm is thermally anchored to the thermal 

jacket using a copper wire.  

 

Figure 3.4: Rotating valves for the evaporator and condenser section 

As shown in Figure 3.5, the heat transfer through the valve stem is modeled using a 

resistance network. Each resistance section is subdivided into smaller sections in order to account 

for the temperature dependent thermal conductivity of the various components. The temperature 

used to calculate thermal conductivity is the average temperature between each sub-resistance. The 

network is programmed in Matlab and solved using a successive approximation approach. Every 

iteration a new temperature distribution is calculated until its tolerance is satisfied. Finally, the 

heat leak to the coldest temperature is determined to be Qleak = 1.98mW. See Appendix 6.3 for the 

associated code. 
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Figure 3.5: Thermal resistance network for rotating rods 

3.3  Heat Leak Through the Evaporator’s Supporting Wire 

As seen in Figure 3.6, a stainless steel 304 wire with a diameter OD = 0.77 mm and length 

L = 65 mm was used to support the evaporator section. Two vertical G10 rods hold a horizontal 

G10 rod which was attached to one end of the wire. 
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Figure 3.6: Stainless Steel Supporting Wire 

A thermal simulation using ANSYS generated a temperature distribution along the supporting 

system. The following constraints and assumptions were employed in the model: 

• A thermal radiation exchange between the surrounding dewar at Tamb = 300 K and the G10 

sections outside the thermal jacket. 

• A thermal radiation exchange between the copper shield at Tamb = 25 K and all components 

inside the thermal jacket. 

• Emissivity for all surfaces were set to ε = 1. 

• Temperature dependent thermal conductivities for G10 and SSL 304. 

• No thermal contact resistance between bonded components. 

• In keeping with experimental data, the cold end of the wire touching the evaporator is set 

to T = 6.5K. 
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Figure 3.7 shows the temperature distribution of the final model. It is observed that the 

section outside the copper shield remains close to the ambient temperature Tamb = 300 K. The point 

where the G10 rod and wire connect reaches 111.1K. The heat leak through the wire is Qwire = 4.34 

mW.  A simple 1-D calculation using the integrated thermal conductivity of the 304 SSL wire and 

the end temperature of 6.5 K and 111.1 K resulted in a heat leak of Qwire = 4.47 mW, thereby 

confirming the ANSYS calculation. See Appendix 6.4 for the associated code. 

 
Figure 3.7: Ansys, support system for evaporator 

3.4  Heat leaks through gas lines 

All of the gas lines connecting the room temperature environment to the PHP are made of 

stainless steel 304 and most have a solid cross sectional area of 6.4 mm2.  Because the gas lines 

are not entirely inside the thermal jacket but face an ambient temperature Tamb = 300 K over part 
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of their length, radiant heat transfer to those sections is conducted to the condenser and evaporator 

sections. Heat transferred to the condenser adds a load directly to the 2nd stage of the cryocooler.  

However, due to the very high thermal resistance between the evaporator and the condenser when 

the PHP is not in an operating mode, any heat leak to the evaporator can elevate its temperature 

above the liquid helium region and inhibit condensation in the PHP.  Three design features have 

been included to reduce these unwanted heat loads:  

1. Multilayer Insulation (MLI) 

MLI blankets, comprised of 14 layers, were used to cover all the gas line sections that were 

outside of the thermal jacket, thereby eliminating the radiative heat load on the gas lines. 

2. Geometry of gas lines 

In order to minimize heat transfer by conduction through the gas lines, two geometric factors, 

cross sectional area and length, can be adjusted.  We chose an outside diameter for the gas lines 

located inside the thermal jacket of 1.59 mm OD and a wall thickness of 0.39 mm. The length for 

same section of tubing was set to L = 38 cm. 

3. Anchoring specific sections to the first stage and second stage. 

The gas lines are thermally anchored at two different locations.  In the first, a 5 cm length of 

the stainless tube is replaced with a copper tube of similar dimensions (see Figure 3.8) and the 

copper section is anchored to the thermal jacket via a flexible copper strap that is 19 cm long, 2 

cm wide and 1.05 cm thick. It is important to note that the thermal strap was also covered in MLI. 

A similar thermal strap, with a length of 30 cm connects a section of the gas tubing inside the 

thermal shield to the 2nd stage of the cryocooler, see Figure 3.9.  



60 

 

 
Figure 3.8: Thermal bus outside of thermal jacket 

 
Figure 3.9: Thermal bus inside thermal jacket 
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The heat leak through the gas lines can be determined using a thermal resistance network 

as shown in Figure 3.10. Each resistance is divided into sub-resistances to account for temperature 

dependent thermal conductivities, similar to the example in Figure 3.2. Here, Rbus1 represents the 

thermal resistance of the copper bus between the 304 SSL 1/8” tubing and the thermal jacket, see 

Figure 3.8. Rtube3 represents the thermal resistance associated with the 1/16” diameter tubing that 

is connected via a thermal bus to the 2nd stage. Using Matlab, the heat leak through Rtube4 is 

calculated as S#��| = −65.6 µW. The result is negative due to the fact that the temperature at Tx 

is lower than Tevap; therefore heat is conducted to the 2nd stage. See Appendix 6.5 for code. 

 
Figure 3.10: Thermal Resistance network of gas lines 

3.5  Heat leaks through current leads 

As shown in Figure Figure 3.11, insulated copper wire, 0.81 mm in diameter, was used to 

connect the heater to the current supply. These current leads were curled inside the thermal jacket 

to achieve a total length of 1.6 m; thereby providing a high thermal resistance. In addition, the ends 

of the copper wire were thermally anchored to the first stage of the cryocooler to dissipate any 

parasite heat transfer to the evaporator, see Figure 3.12.  
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Figure 3.11: Current leads at evaporator 
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Figure 3.12: Current Leads wrapped around 1st stage 

A numerical model using Matlab (see Appendix 6.6 for associated code) was created to determine 

the heat load and thermal gradients for the currents leads. The following assumptions were applied: 

• Temperature dependent properties of COPPER RRR 50 were used for thermal 

conductivity and heat generation. 

• Heat transfer by radiation was ignored. 

• Using experimental data, the copper wire end, in contact with the evaporator, was set 

to 6.5 K. 

• The warm end is set to Tend  = 25 K, assuming a perfect anchor to the cryocooler 1st 

stage. Additional cases were examined with Tend = 50, 100 and 200 K. 

• Currents is varied between 0 and 3 Amps. 
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In addition, a finite element model using Ansys was created in order to verify the results 

of the Matlab version. These results can be observed in the following figure were the current 

supplied was 2.0 Amps: 

 
Figure 3.13: Comparison between Ansys and Matlab model 

The assumed warm end temperature of Tend = 25 K, is suspect since the wire is simply 

wrapped 2 times around the 1st stage using kapton tape. Hence, the surface contact is small and a 

better clamping method should be applied to improve the heat transfer at that point. Using the 

Matlab and ANSYS models, the parasitic heat load to the evaporator, due to both current leads, 

was calculated at different currents and various warm end temperatures Tend, as shown in the 

following figure: 
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Figure 3.14: Parasite heat load due to current leads at different end temperatures Tend. 

A worst case scenario for the baseline heat leak Qleak = 76 mW is assumed with Tend = 200 

K and I = 0 A; due to the fact that the temperature at the ends of the current leads were not measured 

and due to the imperfect thermal contact to the 1st stage. The current dependent heat load must be 

added to the directly dissipated heater load when it is turned on. 

3.5  Thermal Contact at the Condenser 

A variety of thermal issues associated with the fabrication of the PHP rig required careful 

attention in order to demonstrate successful operation.  We observed that even with the 

intermediate indium layer, the mechanical clamp between the 1100 aluminum piece and the copper 

cold finger of the cryocooler 2nd stage does not guarantee full contact on the surface areas. 

Therefore in addition to the mechanical clamp, we installed a copper thermal bus to connect the 

bottom face of the cryocooler 2nd stage to the back face of the aluminum condenser rod.  
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The bottom face of the cryocooler’s 2nd stage does not include screws holes to which a thermal 

bus could be attached. Therefore a square copper piece with a thickness of 12.7 mm and a width 

of 56.5mm was machined with screw holes, see Figure 3.15 and Figure 3.16. The copper square 

was then soldered to the cold end of the 2nd stage using Field’s Metal. The advantage of using 

Field’s Metal is that it melts at 62 oC; therefore, the possibility of damaging the cryocooler is 

minimal. Apeizon N was used to improve the contact conductance between the condenser and L 

shaped copper bus as shown in Figure 3.15 below. The thermal conductance of the Apiezon N 

grease joint at 4 K is 75 mW/K.  

It is crucial to minimize the thermal resistance between the cryocooler 2nd stage and the 

condenser end of the PHP because of the cryocooler’s temperature dependent cooling capacity. 

The heat flow to the condenser (from all sources) must be taken away by the cryocooler.  However, 

any thermal resistance between the cryocooler and the condenser will elevate the condenser 

temperature above the cryocooler’s heat-load dependent temperature.  Thus the thermal resistance 

between the condenser and the cryocooler should be sufficiently small so that the resulting 

condenser temperature is still low enough to enable helium to condense. We adopted a thickness 

of 12.7 mm for the copper connection between the condenser and the cryocooler, in part due to 

geometry constraints, but also so that with a heat load of 620 mW the resulting cryocooler and 

condenser temperatures are Tcryo = 3.9 K and Tcond = 4.6 K. The associated thermal resistance 

between the condenser and cryocooler is R = 1.1K/W. 
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Figure 3.15: Thermal Contact at Condenser 

 
Figure 3.16: Thermal Contact Installation 

Table 3.1 shows a list of low temperature alloys that can be used for soldering purposes, it 

is important to note that Field’s metal was also chosen because it is cadmium free. 
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Table 3.1: Solder Alloys and their compositions 

Alloy Melting Point  Bismuth Lead Tin Indium Cadmium 

Rose’s metal 98.0 oC 50.0% 25.0% 25.0% n/a n/a 

Cerrosafe 74.0 oC 42.5% 37.7% 11.3% n/a 8.5% 

Wood’s metal 70.0 oC 50.0% 26.7% 13.3% n/a 10.0% 

Field’s metal 62.0 oC 32.5% n/a 16.5% 51.0% n/a 

Cerrolow 136 58.0 oC 49.0% 18% 12.0% 21.0% n/a 

Cerrolow 117 47.2 oC 44.7% 22.6% 8.3% 19.1% 5.3% 

3.6  Thermal Radiation between the Thermal Jacket and the Evaporator 

The heat transfer by radiation between the thermal jacket and the evaporator was calculated 

using ANSYS. The emissivity of the evaporator was set to v = 	0.8 . In addition, using 

experimental data, the surface temperature of the evaporator was set to Tevap = 6.5 K. Figure 3.17 

shows the temperature distribution for both the evaporator and thermal jacket. As observed, the 

average temperature of the thermal jacket is 25 K. The resulting net radiation to the evaporator is  

S3�s,�*�? 	= 		0.83  mW. A second calculation, carried out in EES, determined the radiative 

exchange between infinite concentric tubes as S3�s,�*�? 	= 1.1  mW. See Appendix 6.7 for 

associated code. 
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Figure 3.17: Temperature distribution of thermal jacket and evaporator 

An additional radiation model was developed to estimate the radiation passing through the 

4 holes, 15 mm in diameter, on the thermal jacket, see Figure 3.18. These holes are required for 

the G10 support structure of the evaporator and the G10 valve stems for the evaporator and 

condenser valves. The ambient temperature was set to Tamb = 300 K. For simplicity, the G10 rods 

were not added to the model in order to obtain a worst case scenario. This resulted in a heat leak 

of S3�s,r@#�� 	= 	183 mW. 
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Figure 3.18: Temperature distribution of the evaporator 

The table below shows a summary of all the heat leaks to the evaporator: 

Table 3.2: Evaporator heat leak summary 

Heat transfer medium Qleak (mW) Description 

Valve stems 4 There are 2 valve stems 

Supporting wire 4.47 Holding evaporator 

Gas lines -6.56E-02 Connected to thermal buses 

Current Leads 76 Baseline heat load when I = 0 A 

Thermal Jacket Surfaces 1.1 Surface to surface load 

Thermal Jacket Holes 183 Ambient to evaporator 

Total 268.5  
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4. Results 

4.1 Uncertainty 

4.1.1 Pressure Transducer Uncertainty 

Figure 4.1 shows the voltage reading at atmospheric conditions for the pressure transducer 

located on the top of the helium tank. The experiment was not running during this test and the only 

purpose was to calculate the total uncertainty of the sensor. The acquisition system was set to 

record 10000 samples every second. The following figure shows voltage signal at atmospheric 

conditions, where the mean voltage is -2.914mV. 

 
Figure 4.1: Atmospheric Voltage vs Number of Samples 
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The sample mean }̅  and standard deviation �� for N = 10000 samples can be computed using the 

following equations [1]: 

 }� = }̅ ± �� (4.1) 

 

 }̅ = 1TL}�q
��. = −2.914mV (4.2) 

 

 �� = � 1T − 1L�}� − }̅�0q
��. = 1.639f`4nA (4.3) 

 

 �? 	= 1.639f`4nA (4.4) 

Hence, the voltage measurement can be expressed as: 

 }� = −2.914nA ± 1.639f`4	 (4.5) 

The uncertainty due to resolution of the 16 bit NI-6218 daq, at a voltage reading range of -200 mV 

to 200 mV, can be calculated as: 

 �3 = 200nA + 200nA2.o − 1 = ±6.10362f`2	nA (4.6) 

In addition, the specifications for the NI-6218 daq state that the uncertainty due to accuracy for 

the range mentioned above was: 

 �� = 88f`2	nA (4.7) 

Therefore, the combined uncertainty can be written as: 
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 �" = ��? + �3 + �� = 	88.21f`2	nA (4.8) 

The conversion factor fc = 0.0765 mV/kPa was used to convert the voltage reading to pressure 

units of kPa; therefore, the uncertainty of pressure ��,|�� can be expressed as 

 ��,|�� = l9�1�A �"=0 = �1�A �" = 10.0765�" = ±1.15	81� (4.9) 

Noting that �? and �3 are very small compared to the accuracy of the daq, justifies the 

selection of 10k samples and the chosen resolution. 

4.1.2 Thermometry uncertainty 

4.1.2.1 Carbon Glass thermometers 

Six Lakeshore carbon glass thermometers, model CGR-1-2000, were used to measure 

temperatures throughout the PHP core. Calibration curves were developed by a previous graduate 

student but as detailed below, the associated uncertainty analysis has been revisited. 

Excitation currents of 10µA and 30 µA were used during the previous calibration of the 

thermometers, and over 40000 voltage samples per temperature point were recorded. Figure 4.2 

shows the averaged data points gathered during the calibration for the 6 GCR thermometers. 

Temperature points for calibration were recorded between 2.75 – 4.27 K (at 10 µA) and 14 to 20.5 

K (at 30 µA), no calibration points were gathered in the temperature range from 4.27 to 14 K. 
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Figure 4.2: Calibration data points for Glass Carbon Thermometers 

Polynomial fits of order 5 were generated in order to interpolate the average resistance 

values ��  from 4.27 to 14 K. The following figure shows the polynomial fit and the standard 

deviation Sx of the original data for Temp 1: 
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Figure 4.3: Polynomial fit and standard deviation for Temp 1 

The following table shows the standard deviations Sx at low temperatures for all 6 

thermometers. Here the standard deviation values, where not measured, are interpolated from the 

known values since they follow the same trend line as the average resistance values ��.  
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Table 4.1: Calculated Standard deviation of temperature measurements 

Temperature 

(K) 

SR1 

(Ohms) 

SR2 

(Ohms) 

SR3 

(Ohms) 

SR4 

(Ohms) 

SR5 

(Ohms) 

SR6 

(Ohms) 

4.0 1104.355 580.734 972.067 472.286 107.513 174.387 

4.5 784.913 418.670 670.531 332.027 86.213 135.718 

5.0 585.651 319.587 489.293 248.394 73.137 114.842 

5.5 454.572 255.233 373.743 195.306 64.792 103.357 

6.0 364.160 211.084 296.125 159.679 59.276 97.096 

6.5 299.082 179.210 241.486 134.516 55.479 93.725 

7.0 250.409 155.063 201.363 115.872 52.706 91.767 

7.5 212.742 135.936 170.761 101.422 50.501 90.203 

8.0 182.721 120.174 146.630 89.755 48.560 88.311 

8.5 158.198 106.760 127.061 80.000 46.681 85.620 

9.0 137.775 95.069 110.831 71.613 44.745 81.897 

9.5 120.522 84.724 97.141 64.260 42.692 77.127 

10.0 105.810 75.502 85.464 57.741 40.516 71.481 

10.5 93.197 67.275 75.441 51.935 38.244 65.248 

11.0 82.364 59.965 66.816 46.771 35.928 58.776 

11.5 73.071 53.517 59.404 42.203 33.630 52.397 

12.0 65.123 47.888 53.058 38.200 31.415 46.390 

12.5 58.361 43.028 47.657 34.731 29.340 40.954 

13.0 52.646 38.890 43.097 31.768 27.452 36.203 

13.5 47.856 35.417 39.285 29.281 25.786 32.185 

14.0 43.882 32.556 36.141 27.237 24.366 28.893 
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Figure 4.4 shows the polynomial fit of temp 1 with its standard deviation bars: 

 
Figure 4.4: Interpolated standard deviation vs temperature 

The associated uncertainty in temperature was calculated using the thermometer sensitivity values 

supplied by Lakeshore, see Table 4.2.  

Table 4.2: Typical Carbon-Glass CGR-1-2000 thermal response table 

T (K) R (Ω) dR/dT (Ω/K) (T/R)(dR/dT) 

1.4 1401600 -8440000 -8.4 

4.2 2260 -2060 -3.8 

10 196.7 -39.1 -1.9 

20 66.57 -4.05 -1.2 

30 43.14 -1.35 -0.94 

50 28.47 -0.401 -0.7 

77.35 21.65 -0.157 -0.56 

100 18.91 -0.094 -0.49 

150 15.7 -0.044 -0.42 

200 13.96 -0.027 -0.39 

250 12.83 -0.019 -0.38 

300 11.99 -0.015 -0.36 
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The variable ��/�����/��� was interpolated using a polynomial fit with respect to temperature 

T; therefore, the propagation of uncertainty can be determined using the following equations: 

 
���� = 	��/A��� = ���	"�/���	"��� = ���/�����  (4.10) 

 �� =	�����/����� = ���� ����  (4.11) 

 ������ = 	 ��/�����/���	 (4.12) 

 

 ���/��� = 	 ���/��� ∙ ������ (4.13) 

 �� =	 �����/��� (4.14) 

Where: 

• ST is the polynomial fit of the dimensionless sensitivity for the thermometer as a function 

of temperature. 

• Ic is the current supplied to the thermometers. 

• �� and �� are the polynomial fit values from the calibration results. 

• �� is the standard deviation values of ��. 

• And �� is the uncertainty associated with the sensor sensitivity at each temperature point. 

The following figure shows the uncertainty �� as a function of temperature: 
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Figure 4.5: precision uncertainty µT versus temperature. 

The uncertainty due to the daq hardware, the current source and resolution must be added 

to ��. The daq’s absolute uncertainty at a voltage range of -200 mV to 200 mV was stated to be 

��,s�� = 88f`o	A. Hence, the uncertainty in temperature due to ��,s�� can be calculated using 

the following equations: 

 ��,s��`� = ���A ��,s�� = ��,s��	"  (4.15) 

 

 ��,s��`� =	��,s��`����/���  (4.16) 

Where 

• 	" is the the current supplied to temperature sensors, Ic = 10E-6 Amps. 

• ��,s��`� is the absolute uncertainty in resistance. 
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• And ��,s��`� is the daq system contribution to the uncertainty of the temperature. 

The following figure shows the uncertainty ��,s��`� as a function of temperature: 

 
Figure 4.6: Accuracy uncertainty ��,���`� versus temperature 

As stated before in equation 4.6, the resolution of the daq was determined to be �3,s��`� =
±6.10362f`2	nA, therefore the uncertainty in temperature due to the daq resolution is defined 

as: 

 �3,s��`� = ���A �3,s��`� = �3,s��`�	"  (4.17) 

 

 �3,s��`� =	�3,s��`����/���  (4.18) 

Where: 

• �3,s��`� is the uncertainty of propagation for resistance due to the resolution. 
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• �3,s��`� is the uncertainty of propagation for temperature due to the resolution. 

The following figure shows uncertainty �3,s��`�  as a function of temperature: 

 
Figure 4.7: resolution uncertainty ��,���`� versus temperature 

The current source used was stated to have a current uncertainty ��,�!?`� = ±0.05% of the 

output, which was set to Ic = 10E-6 Amps. Hence, the uncertainty for temperature due to the current 

supply can be determined as: 

 
��,�!?`��� = 	��,�!?`�������  (4.19) 

 

 ��,�!?`� =	�� ��,�!?`�������  (4.20) 

Where: 

• ��,�!?`� is the uncertainty of temperature due to the current source. 
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The following figure shows uncertainty ��,�!?`� as a function of temperature: 

 
Figure 4.8: Current supply uncertainty ��,���`� versus temperature 

Finally the combined uncertainty was calculated using the following expression: 

 �",���`� = ���0 + ��,s��`�0 + �3,s��`�0 + ��,�!?`�0 (4.21) 

Figure 4.9 shows the overall uncertainty �",���`�  for all six carbon glass sensors. Figure 4.10 

shows a zoom in from 2.75 to 10 K. 
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Figure 4.9: Carbon Glass Sensor’s overall uncertainty ��, ¡¢`�  

 
Figure 4.10: Zoom in, Carbon Glass Sensor’s overall uncertainty ��, ¡¢`�  
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4.1.2.2 Germanium Oxide thermometers 

Two Germanium Oxide thermometers model GR-200A-1000 were used to measure the 

temperature at the cryocooler’s cold head and thermal jacket. These thermometers were calibrated 

by Lakeshore in December 17, 1992. The following graphs show the calibration curves created by 

Lakeshore: 

 
Figure 4.11: Germanium oxide thermometer at cold head 
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Figure 4.12: Germanium oxide thermometer at thermal jacket 

The germanium oxide thermometer of particular interest is the one located at the cold end 

since it determines the cold head’s heat load. Lakeshore states that the reproducibility at 4.2 K for 

a long term usage is �3�?/J = 1 mK/year. In addition, the calibrated accuracy is ��`�£ = 4 mK at 

4.2K. Since the sensor operates close to 4.2 K, the overall uncertainty will be calculated at this 

temperature. Table 4.3 was used to obtain the sensor temperature response in order to calculate the 

overall uncertainty. 

Table 4.3: Typical GR-200A-1000 thermal response table 

T (K) R (Ω) 
dR/dT 

(Ω/K) 
(T/R)(dR/dT) 

4.2 1689 -861.9 -2.1 

10 252.8 61.95 -2.5 

40 9.57 -0.449 -1.9 

77.4 3.55 -0.05 -1.1 

100 2.8 -0.021 -0.74 

The reproducibility uncertainty to �3�?`�� can be expressed as: 
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 �3�?`�� = �3�?/J ∙ ∆¤>�� = 22	n] (4.22) 

Where ∆¤>�� = 21 is the number of years since the thermometer was last calibrated. 

The typical value of the change in resistance over the change of temperature at 4.2 K is 

dR/dT = -861.9 (Ω/K), see Table 4.3. Hence, the following equations can be used to calculate the 

accuracy uncertainty of the daq: 

 ��,s��`� = ���A ��,s�� = ��,s��	"  (4.23) 

 

 ��,s��`� =	��,s��`���/�� = 10.21	n] (4.24) 

Where: 

• ��,s��`� is the uncertainty of propagation for resistance. 

• Ic = 10E-6 Amps was the current supplied to the thermometer. 

•  ��,s�� = 88f`o mV is the accuracy of the daq. 

• ��,s��`�	= 10.21 mK is the uncertainty of propagation for temperature. 

Using equations 4.15 to 4.18, the uncertainty of the daq resolution and the current supply were 

determined to be �3,s��`�  = 0.708 mK and ��,�!?`�  = 0.3936 mK. Therefore the overall 

uncertainty �",��`� can be written as: 

 �",��`� = ���`�£0 + �3�?`�£0 + ��,s��`�0 + �3,s��`�0 + ��,�!?`�0 (4.25) 

 
Where �",��`� = 24.59 mK. 

 



87 

 

 

4.2 Cooldown Time and Oscillating Movements 

The PHP core typically takes about 24 hrs to cool down to a steady state (oscillating) 

temperature in the evaporator section, see Figure 4.13-a.  At steady state, the evaporator 

temperature oscillates between 23 K and 13 K, as shown in Figure 4.13-b. For this set of 

measurements, the valve in the condenser region remained open during the entire experiment in 

order to monitor the pressure in the helium tank, while the valve in the evaporator region remained 

closed. As shown in Figure 4.13-a, the tank pressure when the complete system is at room 

temperature is Po = 150 kPa. It can be observed that the pressure and temperature sensors both 

begin oscillating at 16 hrs, but the system does not reach a steady state condition until 

approximately 24 hrs.  The pressure in the tank was increased to 190 kPa using an external supply 

of high purity helium at 28hrs, in order to increase the helium charge to the PHP. At 30.8 hrs 

(1847.5 minutes), the amplitude and frequency of the PHP changed dramatically, the temperatures 

in the evaporator dropped precipitously and subsequently oscillated between 6.4 K and 7.2 K.  

These features indicate the oscillatory behavior characteristic of a PHP, as confirmed by the 

thermal performance described in the next section. Note that the period of the oscillations changes 

from 5-6 minutes just prior to the precipitous temperature drop in the evaporator, to 21 seconds 

after the temperature drop, see Figure 4.13-c. During these last oscillations, the average tank 

pressure was found to be 157 kPa which corresponds to a saturation temperature of Tsat = 4.72K.  

At the same time, the temperature at the condenser oscillated between 4.54 and 5.01K; hence, Tsat 

was found to be inside the correct temperature range.   
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Figure 4.13: a) Complete time history of cooldown and PHP operation, b) PHP Precursor oscillations 

,c)Temperature oscillations during the active PHP mode. +Condenser: temp 1, �Condenser: temp 2, 

�Evaporator: temp 3,  Evaporator: temperature 4, �Adiabatic Section: temp 5, �Adiabatic Section: temp 

6, �Cryocooler uncalibrated: temp 7, �Cryocooler calibrated: temp 8, �Thermal Jacket: temp 9, ☆☆☆☆Tank 

Pressure. 
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4.3 Effective Thermal Conductivity and Liquid Fill Percentage of the PHP 

4.3.1 Effective Thermal Conductivity Keff 

The effective thermal conductivity keff of the PHP is defined according to Eq (1). Here, the 

heat flow Qcryo is determined from the temperature measurement at the cryocooler 2nd stage cold 

head and its cooling capacity map.  Ac is the cross-sectional area through which the helium flows 

in a single capillary tube, multiplied by the number of tubes, N = 64. ���*�?  and ��"@ s	are the 

average evaporator and condenser temperatures, and Leff is the adiabatic length. 

 S"3J@ = 8�$$t"(���*�? − ��"@ s+U�$$  (4.26) 

And 

 t" = 64�D�t1�¥0 �4 = 	12.57	nn0 (4.27) 

Where the capillary’s inner diameter is CAPID = 0.5 mm and Leff  = 90 mm. 

The cryocooler specifications indicate that it has a heat load of 0 W and 1 W at 3.5 K and 

4.2 K respectively. The following linear interpolation equation was used to determine the heat 

being extracted by the cryocooler: 

 S"3J@ = ��"3J@ − 3.50.7  (4.28) 

4.2.1 Liquid Fill Percentage Fliq 

The fill percentage of the PHP is calculated based on the known volumes of the supply tank, 

the PHP, and all the connecting tubing. Before supplying helium to the PHP, all the gas lines and 
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the PHP capillary are evacuated using a turbo-molecular vacuum pump. The known volume of the 

helium tank (Vtank), its initial charge pressure (Po), and the ambient temperature Tamb, combined 

with the ideal gas law are used to calculate the total number of moles, Ntotal used to fill the system. 

The final pressure in the tank (Pfinal), along with an estimate of the average temperature in the 

connecting tubing, and the saturation temperature in the PHP are used to determine the volume 

occupied by the liquid in the PHP. Therefore before filling the gas lines (Vgas-lines) and capillary 

tubing (VPHP) volumes, the following expression for Ntotal was used:  

 T�@��# =	1@A�� |����b  (4.29) 

The following equation can be used after filling the gas lines and capillary tubing and a steady-

state oscillating motion is achieved: 

 T�@��# =	1$� �#A�� |����b + 1$� �#A%��`#� ����%��`#� �� + )̅#.���A# + )̅*.����A�¦� − A#� (4.30) 

Where )̅#.���  and )̅*.���  are the molar densities of the saturated liquid and saturated vapor 

respectively, and Vl is the volume occupied by the liquid in the PHP.   

Finally, the fill percentage is calculated from the liquid and total volumes in the PHP: 

 a#�� = A#A?r? (4.31) 

The volumes of the tank, gas lines and PHP are shown in the following table: 

Table 4.4: volumes comprising the experiment 

Vtank (m3) Vgas-lines (m3) VPHP (m3) 

3.808E-3 3.226E-5 5.237E-06 
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An EES code was developed, see Appendix 6.8, to calculate the percent fill and effective 

thermal conductivity using the previous equations. In addition, uncertainties calculations were 

incorporated using the option in EES called “Uncertainty Propagation Table”. 

4.2.2 Results for Keff and Fliq with Heater Off 

Five experiments were conducted in which different initial pressures Po were estlished in the 

helium tank in order to characterize the effective thermal conductivity as a function of the fill 

percentage. The following table shows the pressure and temperature data obtained during these 

runs: 

Table 4.5: experiment runs and sensor data 

Experiment 
run 

Po, Initial 
Pressure 

(kPa) 

Pf, Final 
Pressure 

(kPa) 

Tevap 
(K) 

Tcond 
(K) 

Tcryo 

(K) 

May042013f 198 160.4 6.882 4.712 3.981 

May042013e 214 169.7 6.66 4.677 3.963 

May042013d 221 174.7 6.554 4.665 3.942 

May042013g 236 188 6.661 4.686 3.974 

Table 4.6 was created using Table 4.5 and the EES code displayed in the previous section, 

in order to disply the fill percentage fliq along with its uncertainty, the cryocooler’s heat load Qcryo 

and the effective thermal conductivity keff. Uncertainty for Tcond and Tevap were set to �"@ s = ±0.4 

K and ��*�? = ±0.7	K respectively, see section 4.1.2.  The uncertainty for the pressure transducer 

was set to �?3�� = ±1.15 kPa, as calculated in section 4.1.1. 
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Table 4.6: Results with uncertainty propagation for different initial pressures and fliq 

Fliq Po Pf Tevap Tcond Tcryo keff Qcryo 

(%) (kPa) (kPa) (K) (K) (K) (W/m-K) (milliW) 

12.03±12.28 198±1.15 160.4±1.15 6.882±0.7 4.712±0.4 3.981±0.025 2267±868.9 686.7±35.14 

21.39±8.54 214±1.15 169.7±1.15 6.66±0.7 4.677±0.4 3.963±0.025 2388±1005 661.1±35.14 

24.06±7.57 221±1.15 174.7±1.15 6.554±0.7 4.665±0.4 3.942±0.025 2393±1060 631.3±35.14 

25.35±7.65 236±1.15 188±1.15 6.661±0.7 4.686±0.4 3.974±0.025 2457±1038 677.7±35.14 

24.91±8.75 245±1.15 196.6±1.15 6.884±0.7 4.727±0.4 3.981±0.025 2281±879.4 687.1±35.14 

Figure 4.14 displays the effective thermal conductivity vs. percent fill fliq as well as the 

temperature difference Tevap-Tcond vs. fliq. The effective thermal conductivity with its uncertainty 

ranges from 2267 ± 868.9 W/m/K to 2457 ±  1038 W/m/K. 

 
Figure 4.14: keff vs percent fill (squares) and Tevap – Tcond vs percent fill (triangles) 

Figure 4.15 shows the cold head temperature Tcryo and temperature difference Tevap-Tcond 
vs. the percent fill. 
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Figure 4.15: Tcryo(triangles) and Tcond-Tevap(squares) vs fliq 

Finally the following figure shows the effective thermal conductivity keff and cryocooler’s 

heat load Qcryo vs. the fliq. It can be observed a maximum value of keff = 2457 W/m/K occurs when 

the fill percentage is fliq = 25.35 %, see Table 4.6 for uncertainties regarding each value.  
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Figure 4.16: keff (squares) and Qcryo (triangles) vs fliq 

4.2.3 Oscillation Period vs. Liquid Fill Percentage 

The time periods Pe for different percent fill for cases in Table 4.6, were calculated using one 

of the temperature sensors in the condenser section (Condenser temp 2). This sensor was chosen 

due to the fact that it displays a somewhat regular oscillation, as shown in the following figure:  

 
Figure 4.17: Condenser temperature 2, used to calculate oscillation period. 
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Figure 4.18 displays the variation of the time period Pe with percent fill, along with the  

uncertainty of those values: 

 
Figure 4.18: Time Period vs. percent fill with uncertainties 

The standard deviation of the Pe depends on the number of peaks as shown in Figure 4.17, 

giving an uncertainty no more than  ��� = ± 7 secs. Most of the data incorporated in Figure 4.18 

was derived from time traces lasting less than 15 min with a sampling rate of Frate = 1 sample/sec. 

The data only mildly suggest an increase of the oscillation period with the percent fill, but with the 

associated error bars could also be argued to display either no dependence or a decreasing 

dependence on fill percentage.  Result from php experiments with room temperature fluids report 

an increasing frequency with fill percentage [2]. 

4.2.4 Results for Keff and Fliq with Heater On 

Additional experiments were conducted using the coiled heater in the evaporator section, 

applying currents between 0.5 to 2.5 Amps to the heater, all the while the valve in the condenser 

region was open directly coupling the PHP with the gas storage tank at room temperature. Table 

4.7 presents the various current and voltage parameter used within the condenser temperature of 
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6.5 K to 10 K. The associated average electrical resistance of the heater and its standard deviation 

is calculated to be ���#�" = 13.81	 ± 0.1	nΩ.  

Table 4.7: Electrical properties of heater 

I (A) V (mV) R (mΩ) 

0.45 6.33 14.07 

0.84 11.68 13.9 

1.01 14.07 13.93 

1.25 17.28 13.82 

1.5 20.64 13.76 

1.75 24.13 13.79 

1.96 27.01 13.78 

2.24 30.84 13.77 

2.5 34.45 13.78 

Data were gathered with a variety of initial tank pressures (Po) and applied heat. For each 

of the data displayed in Figures 4.19 – 4.22, the fill percentage was determined from the steady 

state tank pressure according to the process described above in section 4.2.1.   

Figure 4.19 illustrates the temperature change of the evaporator and condenser as a function 

of percent fill. It can be observed that as the applied heat increased, the percent fill decreased. 
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Figure 4.19: Tevap-Tevap vs the percent fill at different Po and Ic 

The temperature located at the cold head (Tcryo) was used to calculate the heat extracted by 

the cryocooler, Qcryo. Figure 4.20 shows the total heat extracted by the cryocooler as a function of 

percent fill at different values of Po and heater current Ic.  Both Figure 4.19 and Figure 4.20 display 

that the percent fill increases with Po until Po = 245 kPa, when the percent fill decreases. This is 

consequence of the final tank pressure Pf  = 197 kPa approaching the critical pressure of helium 

Pcrit = 227 kPa. 
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Figure 4.20: Cryocooler heat load vs the percent fill at different Po and Ic 

 

The effective thermal conductivity (keff) of the PHP was calculated using the data from 

Figure 4.19 and Figure 4.20. As shown in Figure 4.21 keff decreases with increasing heat load. A 

minimum and maximum value for effective thermal conductivity was calculated to be 1326 

W/m/K and 2415 W/m/K respectively. It can be observed from Figure 4.21 that the case where Po 

= 236 kPa resulted in the largest value of effective thermal conductivity, keff . 

0 5 10 15 20 25 30
600

650

700

750

800

850

900

950

1000

fliq  (%)

Q
c
ry

o
 (

m
il

li
W

)

Po = 198kPaPo = 198kPa
Po = 214kPaPo = 214kPa

Po = 221kPaPo = 221kPa

Po = 245kPaPo = 245kPa

Po = 236kPaPo = 236kPa

Increasing Current



99 

 

 

 
Figure 4.21: Effective thermal conductivity vs the percent fill at different Po and Ic 

Finally the oscillation period (Pe) was calculated vs. the percent fill. It can be observed in 

Figure 4.22 that the period drops sharply as the applied heat increases. Within this data set the 

minimum and maximum values of the oscillation period are 8.8 secs and 22 secs. It can be 

concluded that as the current and applied heat increas, so does the oscillation frequency. In 

addition, the percent fill does not appear to have a significant effect on the period since most cases 

display the same trend.  
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Figure 4.22: Oscillation period vs the percent fill at different Po and Ic 

 

4.4 PHP performance with condenser valve closed 

All results presented in the previous sections were performed with the condenser valve opened 

to the helium supply tank. A simplified schematic of the gas plumbing is given below: 
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Figure 4.23: Condenser valve schematic and connection to the helium tank 

Figure 4.24 shows the time record of the thermometer signals gathered while closing the 

condenser valve and demonstrates the resulting change in behavior of the PHP. The temperature 

oscillations when the valve is closed are less erratic and shows a more regular sine wave form.
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Figure 4.24: PHP operation when condenser valve is opened and closed 
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Table 4.8 compares the effective conductivity for the two cases. In both configurations, the 

temperature at the condenser section Tcond and the heat load on the cryocooler Qcryo remained 

constant, but the evaporator temperature changed by 0.5 K. A decrease in keff was calculated from 

2682 W/m/K (when opened) to 2029 W/m/K (when closed). One possible explanation for this 

behavior is that the open system accommodates a portion of the thermal oscillations, and once the 

valve is closed that heat is confined within the php resulting in broader temperature fluctuations. 

For future work, it is recommended to install one or two pressure sensors in the evaporator in order 

to further explore this hypothesis. 

Table 4.8: Closed and open loop PHP 

Cases Tcond (K) Tevap (K) Qcryo (mW) keff (W/m/K) 

Valve Opened 4.80 6.48 631 2682.00 

Valve Closed 4.83 7.05 631 2029.00 

As a safety parameter, it is advantageous to leave the condenser valve open. During an 

experimental run that continued unattended during the night, the cryocooler’s compressor unit shut 

off due to a failure in the water pump system. The temperature and pressure of the helium gas in 

the capillary tubing rose to 300 K and 198 kPa respectively, but since the condenser valve was 

opened it served as path for the gas to move to the helium tank and reach an equilibrium pressure. 

The number of moles in the capillary tubing was calculated to be Nphp = 6.4E-2 mols (at cryogenic 

temperatures) and the volume of the capillary tubing was Vphp = 5.284E-6 m3. Using the ideal gas 

law and assuming a case where the condenser valve remained closed and the temperature of the 

gas increased to 300 K, the pressure build up in the PHP tubing would have increased to Pphp = 

30,597 kPa; thereby possibly damaging the capillary tubing, solder joints or brazed joints.  As a 

conclusion, operating the PHP with the valve opened to the helium tank has been proven to operate 

successfully and better values of effective thermal conductivity have been achieved.  



104 

 

4.5 Benchmark with Copper Thermal Properties 

The effective thermal conductivity keff of the PHP should be compared to the thermal 

conductivity of copper with different types of purities. It can be determined that at a temperature 

T = 6.5 K, the value for thermal conductivity for copper RRR50 and RRR 100 are respectively 

505.7 W/mK and 1009 W/m/K. A typical value for this PHP model was calculated to be 8�$$ 	=
2457 ± 1038 W/m/K, and even with the uncertainty it was observed to be higher than the values 

of copper RRR50 and RRR100.  

 
Figure 4.25: Thermal Conductivity vs temperature for different copper purities 
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5. Summary and Conclusions 

5.1 PHP Design and Experiment 

A helium based pulsating heat pipe has been designed and tested successfully which could 

be applied as an alternative cooling system for superconducting magnets. Tests were performed at 

different heat loads at the evaporator section and at different initial pressures for the helium tank. 

The major advantage shown in this experiment is the small quantities of helium needed to provide 

a two-phase flow heat transfer system in which the effective thermal conductivity is higher than 

the thermal conductivity of copper.  Thermometer calibrations could be significantly improved, 

and resulted in a ±50 % uncertainty to the effective thermal conductivity. In addition, unlike 

traditional MRIs, the experiment is a closed system in which helium is not lost during its operation; 

which could provide a significant cost reduction. 

The measured heat leaks were found to be higher than predicted and could be minimized 

by reducing the number holes in the thermal jacket which contribute to a high heat leak via 

radiation to the evaporator. The heat leak could be further reduced by improving the thermal 

connection between the current leads and the 1st stage of the cryocooler.  Presently they are only 

wrapped around the 1st stage twice. 

5.2 Future Work 

The following list represents future work that could be implemented with the experiment: 
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• In order to reduce the uncertainty with respect to the heat extracted by the cryocooler, 

it is highly recommended to directly generate a cooling curve for the cryocooler used 

instead of using the generic cooling curve from the supplier.  

• Currently the experiment was conducted in a horizontal orientation and is 

recommended greatly to explore any gravity affects by inclining the experiment at 

different angles. 

• Testing different adiabatic lengths is an important parameter to study since it could be 

a main design factor when implementing the technology. 

• A heater could be installed in the cold head of the cryocooler in order to reach 

temperatures at which hydrogen, argon, neon and nitrogen could operate in the same 

PHP. 

• For construction and installation simplicity, the coiled heater in the evaporator could 

be replaced using a kapton heater with a higher resistance value. 

• Since this method was initially intended to cool down superconducting magnets, it is 

recommended to install and run a superconducting magnet with the experiment in order 

to improve future PHP designs for such applications. 

• Little modeling has been performed for cryogenic heat pipes; currently PHP modeling 

is based on room temperature fluids. Therefore it would be beneficial to model 

cryogenic heat pipes in order to predict their behavior and verify future designs.  
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6. Appendices  

6.1 EES code for critical diameter calculation, section 1.5.2 

$UnitSystem SI K kPa J 
 
"SUBPROGRAM TO CALCULATE CRITICAL DIAMETER" 
SUBPROGRAM Dcritf(P,fluid$:D_crit,D_crit_mm) 
       
 "CALCULATE SATURATION TEMPERATURE" 
 T_sat = T_sat(fluid$,P=P)                         
             
 "REDEFINE SATURATION PRESSURE" 
 P_sat = P 
 
     "CALCULATE SATURATION DENSITIES: LIQUID AND VAPOR" 
 rho_l = Density(fluid$,x=0,P=P_sat ) 
 rho_g = Density(fluid$,x=1,P=P_sat ) 
  
 "GRAVITY" 
      g     = 9.81[m/s^2] 
     "SURFACE TENSION AT SATURATION PRESSURE" 
 sigma_S = SurfaceTension(fluid$,T=T_sat)  
 
 "CRITICAL DIAMETER" 
     D_crit = 2*sqrt(sigma_S/(g*(rho_l-rho_g))) 
 D_crit_mm = D_crit*convert(m,mm) 
 
End 
 
"HELIUM: CRITICAL DIAMETER" 
CALL Dcritf(P_He,'HELIUM':D_critHe,D_critHe_mm) 
 
"NITROGEN: CRITICAL DIAMETER" 
CALL Dcritf(P_N2,'NITROGEN':D_critN2,D_critN2_mm) 
 
"HYDROGEN: CRITICAL DIAMETER" 
CALL Dcritf(P_H,'HYDROGEN':D_critH,D_critH_mm) 
 
"NEON: CRITICAL DIAMETER" 
CALL Dcritf(P_Ne,'NEON':D_critNe,D_critNe_mm) 

 

"ARGON: CRITICAL DIAMETER" 

CALL Dcritf(P_Ar,'ARGON':D_critAr,D_critAr_mm) 
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6.2 Matlab code for MLI blankets section 3.1  

clear all 
clc 
close all 

  
%% PROPERTIES 
N  = [1:35];                    % Number of layers 
e  = 0.1;                       % Aluminized emissivity 
To = 300;                       % Ambient Temperature K 
Ts = 25;                        % Thermal Jacket Temperature K 
sig= 5.67e-8;                   % constant 
e1 = 0.8;                       % emissivity dewar 
e2 = 0.8;                       % emissivity copper 

  
%% THERMAL JACKET GEOMETRY 
h = 42e-2;                      % height m 
w = 21e-2;                      % width m 
L = 42.2e-2;                    % length m 
As = 2*(h*w)+2*(h*L)+2*(w*L);   % surface area m^2 

  
%% EFFECTIVE EMMISSIVITY EQUATION 
estar1 = (1/e1+1/e2-1);          
estar2 = (2/e-1).*N;             
estar  = 1./(estar1+estar2);        % effective mli emissivity 
QN    = estar.*sig*As*(To^4-Ts^4)   % heat leak in W 

  
figure 
plot(N,estar,'linewidth',3) 
hold on 
plot(N,estar,'-o','linewidth',2,'MarkerSize',10) 
hold on 
xlabel('Number of Layers (-)','Fontsize',20) 
ylabel('E_e_f_f (-)','Fontsize',20) 

6.3 Matlab code heat leak in rotating valves, section 3.2  

clear all 
clc 
close all 
tic        % start time 

  
%% INPUT PARAMETERS 
tol = 1e-6 % tolerance for solution 
To  = 300; % boundary condition: outside thermal jacket 
Tf  = 6.5; % boundary condition: evaporator temperature 
TJ  = 25;  % boundary condtion: thermal jacket temperature 

  
%% FIRST MATERIAL PIECE 
L(1)    = 98/1000;                  % Length in meters 
OD(1)   = 9.52/1000;                % Outer diameter in meters 
ID(1)   = 6.22/1000;                % Inner diameter in meters 
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Ac(1)   = pi*(OD(1)^2-ID(1)^2)/4;   % Cross-sectional Area m2 
mat{1}  = 'G10';                    % Material name 
Ndiv(1) = 55;                       % Number of resistance per rod 
dx(1)   = L(1)/Ndiv(1);             % Length divsion in meters 

  
%% 2ND MATERIAL PIECE 
L(2)    = 21/1000;                  % Length in meters 
OD(2)   = 6.0/1000;                 % outer diameter in meters 
ID(2)   = 0/1000;                   % Inner diameter in meters 
Ac(2)   = pi*(OD(2)^2-ID(2)^2)/4;   % Cross-sectional Area m2 
mat{2}  = 'Copper';                 % Material name 
Ndiv(2) = 50;                       % Number of resistance per rod 
dx(2)   = L(2)/Ndiv(2);             % Length divsion in meters  

  
%% 3ND MATERIAL PIECE 
L(3)    = 16.5/1000;                % Length in meters 
OD(3)   = 9.52/1000;                % outer diameter in meters 
ID(3)   = 6.22/1000;                % Inner diameter in meters 
Ac(3)   = pi*(OD(3)^2-ID(3)^2)/4;   % Cross-sectional Area m2 
mat{3}  = 'G10';                    % Material name 
Ndiv(3) = 50;                       % Number of resistance per rod 
dx(3)   = L(3)/Ndiv(3);             % Length divsion in meters 

  
%% 4TH MATERIAL PIECE 
L(4)    = 12/1000;                  % Length in meters 
OD(4)   = 6.1/1000;                 % outer diameter in meters 
ID(4)   = 5/1000;                   % Inner diameter in meters 
Ac(4)   = pi*(OD(4)^2-ID(4)^2)/4;   % Cross-sectional Area m2 
mat{4}  = 'SSL304';                 % Material name 
Ndiv(4) = 50;                       % Number of resistance per rod 
dx(4)   = L(4)/Ndiv(4);             % Length divsion in meters 

  
%% 5TH MATERIAL PIECE 
L(5)    = 16.5/1000;                % Length in meters 
OD(5)   = 9.52/1000;                % Outer diameter in meters 
ID(5)   = 6.22/1000;                % Inner diameter in meters 
Ac(5)   = pi*(OD(5)^2-ID(5)^2)/4;   % Cross-sectional Area m2 
mat{5}  = 'G10';                    % Material name 
Ndiv(5) = 50;                       % Number of resistance per rod 
dx(5)   = L(5)/Ndiv(5);             % Length divsion in meters 

  
%% 6TH MATERIAL PIECE 
L(6)    = 12/1000;                  % Length in meters 
OD(6)   = 6.1/1000;                 % Outer diameter in meters 
ID(6)   = 5/1000;                   % Inner diameter in meters 
Ac(6)   = pi*(OD(6)^2-ID(6)^2)/4;   % Cross-sectional Area m2 
mat{6}  = 'SSL304';                 % Material name 
Ndiv(6) = 50;                       % Number of resistance per rod 
dx(6)   = L(6)/Ndiv(6);             % Length divsion in meters 

  
%% 7th MATERIAL PIECE 
L(7)    = 24.4/1000;                % Length in meters 
OD(7)   = 9.52/1000;                % Outer diameter in meters 
ID(7)   = 6.22/1000;                % Inner diameter in meters 
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Ac(7)   = pi*(OD(7)^2-ID(7)^2)/4;   % Cross-sectional Area m2 
mat{7}  = 'G10';                    % Material name 
Ndiv(7) = 50;                       % Number of resistance per rod 
dx(7)   = L(7)/Ndiv(7);             % Length divsion in meters 

  
%% THERMAL BUS: COPPER WIRE ANCHORED TO THERMAL SHIELD 
L(8)    = 150/1000;                 % Length in meters 
OD(8)   = 1/8*25.4/1000;            % Outer diameter in meters 
ID(8)   = 0/1000;                   % Inner diameter in meters 
Ac(8)   = pi*(OD(8)^2-ID(8)^2)/4;   % Cross-sectional Area m2 
mat{8}  = 'Copper';                 % Material name 
Ndiv(8) = 50;                       % Number of resistance per rod 
dx(8)   = L(8)/Ndiv(8);             % Length divsion in meters 

  
%% GET AVERAGE TEMPERATURE AND THERMAL CONDUCTIVITY   
Tguess  = To*ones(sum(Ndiv)+1,1);   % initial guess 
TguessD = Tguess;                   % initial guess dummy 

  
%% START SOLVING SYSTEM 
ww = 1;                             % set while loop condition 
count = 0; % set counter 
while ww==1 

     
    count = count+1;                % start counter 

     
    %% RESISTANCE NETWORK 
    for i = 1:length(Ndiv)   
        RR{i} = Rfun(mat{i},TguessD(1:Ndiv(i)+1),dx(i),Ac(i),Ndiv(i)); 
        TguessD(1:Ndiv(i)) = []; % delete the first nodes to set the next 

temperatures 
    end 

     
    %% ORGANIZE THE RESISTANCES THAT ARE IN SERIES 
    RRp1 = RR{1};  % LONG G10 ROD 
    RRp2 = RR{8};  % COPPER WIRE TO COPPER ROD 
    RRs  = [RR{2} RR{3} RR{4} RR{5} RR{6} RR{7}]; % COPPER, SSL, G10... 

    
    %% CALCULATE RESISTANCE FOR Rp1,Rp2,Rs 
    Rp1 = sum(RRp1);    % sum resistance 
    Rp2 = sum(RRp2);    % sum resistance 
    Rs  = sum(RRs);     % sum resistance 

     
    %% CALCULATE TEMPERATURE AT COPPER Piece, first end 
    Tx = (To/Rp1 +TJ/Rp2+Tf/Rs)*(1/Rp1+1/Rp2+1/Rs)^-1; 

     
    %% CALCULATE HEAT TRANSFER AT QP1, QP2 AND QS 
    Qp1 = (To-Tx)/Rp1; % heat load 1 
    Qp2 = (Tx-TJ)/Rp2; % heat load 2 
    Qs  = (Tx-Tf)/Rs;  % heat load 3 

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QP1 
    Tnew1(1)=To; 
    for i = 1:length(RRp1)-1 
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       Rcp1 = sum(RRp1(1:i));  
       Tnew1(i+1,1) = To(1)-Qp1*Rcp1; 
    end 
    Tnew1(Ndiv(1)+1,1) = Tx;          % TEMPERATURE AT THE UPPER END 

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QS 
    for i = 1:length(RRs)-1 
       Rcs = sum(RRs(1:i));  
       Tnew2(i,1) = Tx-Qs*Rcs; 
    end 
    Tnew2(length(Tnew2)+1,1) = Tf;    % TEMPERATURE AT EVAPORATOR 

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QP2 
    for i = 1:length(RRp2)-1 
        Rcp2 = sum(RRp2(1:i)); 
        Tnew3(i,1) = Tx-Qp2*Rcp2; 
    end 
    Tnew3(length(Tnew3)+1) = TJ;      % TEMPERATURE AT THERMAL JACKET 

     
    %% SAVE ALL TEMPERATURES IN A VECTOR 
    Tnew = [Tnew1; Tnew2; Tnew3]; 

     
    %% CALCULATE ERROR: ROOT MEAN ERROR 
    dum   = (Tguess - Tnew).^2; 
    Error = sqrt(sum(dum))/length(Tnew); 

     
    %% RESET GUESS VALUES 
    Tguess  = Tnew; 
    TguessD = Tguess; 

     
    %% ERASE OLD VALUES: CLEAR DATA 
    Tnew1 = []; 
    Tnew2 = []; 
    Tnew3 = []; 
    Tnew  = []; 

     
    %% IF ERROR MEETS TOLERANCE THEN STOP 
    if Error<tol || count>100 
        count;      % check counter 
        Error;      % check error 
        Qtot=Qs;    % check heat load to evaporator 
        break 
    end 

     
end 

  
%% SUMMARY OF RESULTS 
i =[1:length(Tguess)]';   % temperature index 
check = [i Tguess];       % temperature summary 
Qleak_mW = Qtot*1000      % heat leak 

  
toc % stop timer 
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function ki = kfun(mat,Ti) 

  
if strcmp(mat,'G10') 
col = 2; 
end 
if strcmp(mat,'SSL304') 
col = 3; 
end 
if strcmp(mat,'Copper') 
col = 4; 
end 

  
data = load('props.m'); 

  
T = data(:,1); 
k = data(:,col); 

  
ki = interp1(T,k,Ti); 

 

function R = Rfun(mat,Tguess,dx,Ac,Ndiv) 
for i = 1:Ndiv 
    Tavg(i) = (Tguess(i)+Tguess(i+1))/2; 
end 
kguess = kfun(mat,Tavg); 
%% 

  
%% CALCULATE RESISTANCE AND TOTAL HEAT LOAD 
R    = dx./(kguess*Ac); 

6.4 EES code for integrated thermal conductivity section 3.3  

"INTEGRATED THERMAL CONDUTIVITY SUBPROGRAM" 
 
SUBPROGRAM ki(mat$,T1,T2:kint) 
"NEED TO SETUP NEW VARIABLE TO NOT GET WARNINGS" 
TT1 = T1 "temperature boundary 1" 
TT2 = T2 "temperature boundary 2" 
    kint = integral(k_(mat$,T),T,TT1,TT2) 
end 
 
"CHOOSE THE MATERIAL TO ANALYZE" 
mat1$ = 'Stainless_AISI304'      "choose SSL" 
mat2$ = 'Copper'                       "choose copper" 
 
"TEMPERATURE TO INTEGRATE" 
T1 = 6.5[K]                         "temp at end1" 
T2 = 111.1[K]                     "temp at end1" 
 
"GET INTEGRATED CONDUCTIVITY:" 
CALL ki(mat1$,T1,T2:k_ssl) 
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"SUPPORT WIRE GEOMERTRY AT EVAPROATOR" 
D = 0.77[mm]*convert(mm,m)               "Diameter" 
A = pi#*D^2/4                                        "Cross-sec Area" 
L = 65[mm]*convert(mm,m)                  "Wire Length" 
 
"HEAT LEAK" 
Q    = A/L*k_ssl                                       "Heat load in W" 
Q_mW =  Q*convert(W,milliW)               "Het load in mW" 
Hflux = Q/A*convert(W/m^2,W/mm^2)   "Heat flux" 

6.5 Matlab code for thermal bus heat leak, section 3.4  

clear all 
clc 
close all 
tic        % start time 

  
%% INPUT PARAMETERS 
tol = 1e-6 % tolerance for solution 
To  = 300; % boundary condition: outside thermal jacket 
Tamb  = To; % boundary condition: outside thermal jacket 
Tf1  = 6.5; % boundary condition: evaporator temperature 
Tf2  = 4.2; % boundary condition: condenser temperature 
TJ  = 25;  % boundary condtion: thermal jacket temperature 

  
%% FIRST MATERIAL PIECE 
L(1)    = 150/1000;                  % Length in meters 
OD(1)   = 3.175/1000;                % Outer diameter in meters 
ID(1)   = 1.395/1000;                % Inner diameter in meters 
Ac(1)   = pi*(OD(1)^2-ID(1)^2)/4;   % Cross-sectional Area m2 
mat{1}  = 'SSL304';                    % Material name 
Ndiv(1) = 20;                       % Number of resistance per rod 
dx(1)   = L(1)/Ndiv(1);             % Length divsion in meters 

  
%% 2ND MATERIAL PIECE: copper thermal bus 1 
L(2)    = 190/1000;                  % Length in meters 
OD(2)   = 20/1000;                 % width 
ID(2)   = 10.5/1000;                   % thickness 
Ac(2)   = OD(2)*ID(2);   % Cross-sectional Area m2 
mat{2}  = 'Copper';                 % Material name 
Ndiv(2) = 20;                       % Number of resistance per rod 
dx(2)   = L(2)/Ndiv(2);             % Length divsion in meters  

  
%% 3ND MATERIAL PIECE 
L(3)    = 450/1000;                % Length in meters 
OD(3)   = 3.175/1000;                % outer diameter in meters 
ID(3)   = 1.395/1000;                % Inner diameter in meters 
Ac(3)   = pi*(OD(3)^2-ID(3)^2)/4;   % Cross-sectional Area m2 
mat{3}  = 'SSL304';                    % Material name 
Ndiv(3) = 20;                       % Number of resistance per rod 
dx(3)   = L(3)/Ndiv(3);             % Length divsion in meters 

  
%% 4TH MATERIAL PIECE 
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L(4)    = 380/1000;                 % Length in meters 
OD(4)   = 1.5875/1000;              % outer diameter in meters 
ID(4)   = 0.8075/1000;              % Inner diameter in meters 
Ac(4)   = pi*(OD(4)^2-ID(4)^2)/4;   % Cross-sectional Area m2 
mat{4}  = 'SSL304';                 % Material name 
Ndiv(4) = 20;                       % Number of resistance per rod 
dx(4)   = L(4)/Ndiv(4);             % Length divsion in meters 

  
%% 5TH MATERIAL PIECE 
L(5)    = 90/1000;                % Length in meters 
OD(5)   = 3.175/1000;                % Outer diameter in meters 
ID(5)   = 1.395/1000;                % Inner diameter in meters 
Ac(5)   = pi*(OD(5)^2-ID(5)^2)/4;   % Cross-sectional Area m2 
mat{5}  = 'SSL304';                    % Material name 
Ndiv(5) = 20;                       % Number of resistance per rod 
dx(5)   = L(5)/Ndiv(5);             % Length divsion in meters 

  
%% 6TH MATERIAL PIECE 
L(6)    = 300/1000;                  % Length in meters 
OD(6)   = 20/1000;                 % width thermal bus 
ID(6)   = 10.5/1000;                   % thickness thermal bus 
Ac(6)   = OD(6)*ID(6);   % Cross-sectional Area m2 
mat{6}  = 'Copper';                 % Material name 
Ndiv(6) = 20;                       % Number of resistance per rod 
dx(6)   = L(6)/Ndiv(6);             % Length divsion in meters 

  

  
%% GET AVERAGE TEMPERATURE AND THERMAL CONDUCTIVITY   
Tguess  = To*ones(sum(Ndiv)+1,1);   % initial guess 
TguessD = Tguess;                   % initial guess dummy 

  
%% START SOLVING SYSTEM 
ww = 1;                             % set while loop condition 
count = 0; % set counter 
while ww==1 

     
    count = count+1;                % start counter 

     
    %% RESISTANCE NETWORK 
    for i = 1:length(Ndiv)   
        RR{i} = Rfun(mat{i},TguessD(1:Ndiv(i)+1),dx(i),Ac(i),Ndiv(i)); 
        TguessD(1:Ndiv(i)) = []; % delete the first nodes to set the next 

temperatures 
    end 

     
    %% ORGANIZE THE RESISTANCES THAT ARE IN SERIES 
    RRp1 = RR{1};  % 1/8 tube to Tamb 
    RRp2 = RR{2};  % thermal bus to 25K 
    RRp3 = RR{5};  % 1/8 tube to 6.5K 
    RRp4 = RR{6};  % thermal bus to 4.2K 
    RRs  = [RR{3} RR{4}]; % 1/8 tube and 1/16 tube 

    
    %% CALCULATE RESISTANCE FOR Rp1,Rp2,Rs 
    Rp1 = sum(RRp1);    % sum resistance 
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    Rp2 = sum(RRp2);    % sum resistance 
    Rp3 = sum(RRp3);    % sum resistance 
    Rp4 = sum(RRp4);    % sum resistance 
    Rs  = sum(RRs);     % sum resistance 

     
    %% CALCULATE TEMPERATURE AT COPPER Piece, first end, use MAPLE 
    Tx1 = (Rp3*Rp4*Rp2*Tamb+Rs*Rp4*Rp2*Tamb+Rs*Rp4*Rp1*TJ+Rs*Rp3*Rp1*TJ+... 
        Rp1*Rp2*Rp4*Tf1+Rp1*Rp2*Rp3*Tf2+Rs*Rp3*Rp2*Tamb+Rp3*Rp4*Rp1*TJ)/... 
        (Rp4*Rs*Rp2+Rs*Rp3*Rp1+Rs*Rp3*Rp2+Rp4*Rp1*Rp2+Rp3*Rp1*Rp2... 
        +Rs*Rp4*Rp1+Rp3*Rp4*Rp2+Rp3*Rp4*Rp1); 
    Tx2 = (Rp1*Rp2*Rp4*Tf1+Rp1*Rp2*Rp3*Tf2+Rp2*Rs*Rp4*Tf1+Rp2*Rs*Rp3*Tf2+... 
        Rp1*Rs*Rp4*Tf1+Rp1*Rs*Rp3*Tf2+Rp3*Rp4*Rp2*Tamb+Rp3*Rp4*Rp1*TJ)/... 
        (Rp4*Rs*Rp2+Rs*Rp3*Rp1+Rs*Rp3*Rp2+Rp4*Rp1*Rp2+Rp3*Rp1*Rp2+... 
        Rs*Rp4*Rp1+Rp3*Rp4*Rp2+Rp3*Rp4*Rp1); 
    %% CALCULATE HEAT TRANSFER AT QP1, QP2 AND QS 
    Qp1 = (Tamb-Tx1)/Rp1; % heat load 1 
    Qp2 = (TJ-Tx1)/Rp2;   % heat load 2 
    Qp3 = (Tx2-Tf1)/Rp3;  % heat load 3 
    Qp4 = (Tx2-Tf2)/Rp4;  % heat load 4 
    Qs  = (Tx1-Tx2)/Rs;   % heat load 5 

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QP1 
    Tnew1(1)=To; 
    for i = 1:length(RRp1)-1 
       Rcp1 = sum(RRp1(1:i));  
       Tnew1(i+1,1) = To-Qp1*Rcp1; 
    end 
    Tnew1(Ndiv(1)+1,1) = Tx1;          % TEMPERATURE AT THE UPPER END 

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QP2 
    for i = 1:length(RRp2)-1 
        Rcp2 = sum(RRp2(1:i)); 
        Tnew2(i,1) = Tx1+Qp2*Rcp2; 
    end 
    Tnew2(length(Tnew2)+1) = TJ;      % TEMPERATURE AT THERMAL JACKET 

     

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QS 
    for i = 1:length(RRs)-1 
       Rcs = sum(RRs(1:i));  
       Tnew3(i,1) = Tx1-Qs*Rcs; 
    end 
    Tnew3(length(Tnew3)+1,1) = Tx2;    % TEMPERATURE AT EVAPORATOR 

     
    %% CALCULATE TEMPERATURE AT EACH NODE FOR QP3 
    for i = 1:length(RRp3)-1 
        Rcp3 = sum(RRp3(1:i)); 
        Tnew4(i,1) = Tx2-Qp3*Rcp3; 
    end 
    Tnew4(length(Tnew4)+1) = Tf1;      % TEMPERATURE AT THERMAL JACKET 

  
        %% CALCULATE TEMPERATURE AT EACH NODE FOR QP4 
    for i = 1:length(RRp4)-1 
        Rcp4 = sum(RRp4(1:i)); 



117 

 

 

        Tnew5(i,1) = Tx2-(Qp4*Rcp4); 
    end 
    Tnew5(length(Tnew5)+1) = Tf2;      % TEMPERATURE AT THERMAL JACKET 

     
    %% SAVE ALL TEMPERATURES IN A VECTOR 
    Tnew = [Tnew1; Tnew2; Tnew3; Tnew4 ; Tnew5]; 

     
    %% CALCULATE ERROR: ROOT MEAN ERROR 
    dum   = (Tguess - Tnew).^2; 
    Error = sqrt(sum(dum))/length(Tnew); 

     
    %% RESET GUESS VALUES 
    Tguess  = Tnew; 
    TguessD = Tguess; 

     
    %% ERASE OLD VALUES: CLEAR DATA 
    Tnew1 = []; 
    Tnew2 = []; 
    Tnew3 = []; 
    Tnew4 = []; 
    Tnew5 = []; 
    Tnew  = []; 

     
    %% IF ERROR MEETS TOLERANCE THEN STOP 
    if Error<tol || count>100 
        count;      % check counter 
        Error;      % check error 
        Qtot=Qp3;    % check heat load to evaporator 
        break 
    end 

     
end 

  
%% SUMMARY OF RESULTS 
i =[1:length(Tguess)]';   % temperature index 
check = [i Tguess];       % temperature summary 
Qleak_mW = Qtot*1000      % heat leak 

  
toc % stop timer 

6.6 Matlab code for heat leak through current leads, section 3.5 

clear all 
clc 
close all 

  
%% GLOBAL VARIABLES 
global tol N Kend L OD mat 

  
%% PROGRAM OPTIONS 
tol = 1e-1;      % temperature tolerance, use for while loop 
N = 300;         % number of nodes 
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Kend = 1000;     % while loop stopper, if necessary 

  
%% INITIAL CONDITIONS 
Tc = 6.5;               % cold end in kelvin 
Th = 25;                % hot end in Kelvin 
Tavg = (Tc+Th)/2;       % average temperature 
I = 2;                  % Current supplied amps 
numbA = 1;              % ansys file 

  
%% GEOMETRY CONDITIONS 
L   = 1.6;          % wire length meters 
OD  = 0.81/1000;    % wire dimaeter meters 
mat = 'Copper';     % material type 

  
%% RUN FUNCTION 
Thv = [25 50 100 200]; 
for i =1:length(Thv) 
    numbA = i;              % ansys file 
    [Lx(:,i),Tnew(:,i),xa(:,i),Ta(:,i),Qmin(:,i),Qmin2(:,i),Qflux(:,i)] = 

heater_fun(Tc,Thv(i),I,numbA); 
end 

  

  
figure 
for i = 1:length(Thv) 
    plot(Lx(:,i),Tnew(:,i),'r','LINEWIDTH',3) 
    hold on 
    plot(xa(:,i),Ta(:,i),'+','LINEWIDTH',3,'MarkerSize',10) 
end 
%plot(xb, flipud(Tb),'g','LINEWIDTH',3) 
xlabel('LENGTH (M)', 'fontsize',30) 
ylabel('TEMPERATURE (K)', 'fontsize',30) 
legend('Matlab Model','Ansys Model') 
grid on 
set(gca, 'fontsize',30) 
hold off 

  

  
function [Lx,Tnew,xa,Ta,Qmin,Qmin2,Qflux] = heater_fun(Tc,Th,I,numb) 

  

  
%% ADD GLOBALS 
global tol N Kend L OD mat 

  
%% INITIAL CONDITIONS 
Tavg = (Tc+Th)/2;       % average temperature 

  
%% GEOMETRY CONDITIONS 
Ac  = pi*OD^2/4;    % cross sectional area m^2 
dx  = L/(N-1);      % length step/increment 
Lx = [0:dx:L]';     % length vector 

  
%% INITIAL CONDITIONS AND MEMORY ALLOCATION 
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Told = 77*[linspace(1,1,N)]'; 
A = spalloc(N,N,N*3); 

  
%% STARTING WHILE LOOP 
ww = 1;         % INITIALIZE CONDITION 
count = 0;      % CREATE COUNTER VARIABLE 
while ww==1 
    count = count+1; % counter 
    %% CREATE A MATRIX 
     for i = 2:N-1 
         Tax = Told(i-1) ; 
         Tbx = Told(i) ; 
         Tcx = Told(i+1) ; 
         A(i,i) = -(kfun(mat,(Tax+Tbx)/2)+kfun(mat,(Tcx+Tbx)/2))*(Ac/dx); 
         A(i,i-1) = (kfun(mat,(Tax+Tbx)/2))*Ac/dx; 
         A(i,i+1) = (kfun(mat,(Tcx+Tbx)/2))*Ac/dx; 
     end     

      
    %% CALCULATE THE RESISTIVITY 
    Res = Resfun(mat,Told); 

     
    %% BOUNDARY CONDITIONS FOR MATRIX A 
    A(1,1)  =1; 
    A(N,N)  =1; 

     
    %% CREATE B VECTOR:RHS 
    b = -I^2*Res*dx/Ac; 

     
    %% BOUNDARY CONDITIONS 
    b(1)=Tc; 
    b(N)=Th; 

     
    %% SOLVE FOR MATRIX 
    Tnew = A\b; 

     
    %% FIND THE ERROR 
    dum   = (Told - Tnew).^2; 
    Error = sqrt(sum(dum))/length(Tnew) 

     
    %% UPDATE TEMPERATURE 
    Told = Tnew; 

     
    %% STOP WHILE LOOP IF NECESSARY 
    if Error<tol || count>Kend 
        count; 
        Error; 
        break 
    end 
end 

  
%% PLOT ANSYS RESULTS 
%andata = load('ansysdata.txt'); 
[Lan Tan] = ansys_fun(); 
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xa = Lan(:,numb)/1000;  % lenth vector meters 
Ta = Tan(:,numb);       % temperature vector K 

  
%% CALCULATE MINIMUM HEAT LOAD: THEORETICAL 
TT = linspace(Tc,Th,1000); 
kp = Resfun('Copper',TT).*kfun('Copper',TT); 
Qmin = I*(2*trapz(TT,kp))^0.5*2*1000 

  
%% CALCULATE THE HEAT LOAD TO EVAPORATOR: 2 CURRENT LEADS 
Tdiff = diff(Tnew); 
kk(1) = kfun(mat,Tnew(1)); 
kk(2) = kfun(mat,Tnew(2)); 
kmin  = mean(kk); 
Qmin2 = kmin*Ac*Tdiff(1)/dx*1000*2 
Qflux = Qmin2/2000/Ac  

6.7 Appendix: EES code for radiation heat leak from thermal jacket to 

evaporator, section 3.7 

"GEOMETRY PROPERTIES" 

w  = 21[cm]*convert(cm,m)       "thermal jacket width" 

h  = 42[cm]*convert(cm,m)       "thermal jacket height" 

P  = 2*w+2*h                    "thermal jacket perimeter" 

R2 = P/(2*pi)                   "thermal jacket effective radius" 

R1 = 75.540[mm]*convert(mm,m)   "evaporator outer diameter" 

L1 = 135.35[mm]*convert(mm,m)   "length of evaporator" 

A1 = 2*pi*R1*L1                 "surface area" 

 

"EMISSIVITY VALUES" 

e2 = 1.0                        "thermal jacket, assume black body" 

e1 = 0.8                        "evaporator emissivity"                         

 

"SURFACE TEMPERATURES" 

T2 = 25[K]                      "thermal jacket temperature" 

T1 = 6.5[K]                     "evaporator temperature" 

 

"HEAT TRANSFER BETWEEN CONCENTRIC TUBES" 

Q_12 = A1*sigma#*(T1^4-T2^4)/(1/e1+(1-e2)/e2*R1/R2) 

Q_12mW = Q_12*convert(W,milliW) 

6.8 EES code for liquid fill percentage, section 4.2.1 

"SUBPROGRAM TO CALCULATE CRYOCOOLER LOAD" 
SUBPROGRAM Qcurve(T_sat:Qcryo) 
 
 "Interpolating lookup table with load curve" 
      Qcryo = INTERPOLATE1('Heat_Curve','Tcol','Qcol',Tcol=T_sat) 
 
end 
"CAPILLARY PROPERTIES" 
C_ID = 0.5[mm]*convert(mm,m)  "inner diameter" 
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C_OD = 0.8[mm]*convert(mm,m)  "outer diameter" 
C_Ac = pi*C_ID^2/4       "cross sectional area for fluid" 
C_L  =  21.25[m]              "length" 
 
"VOLUMES" 
V_cap   = C_L*C_Ac  "Capillary volume" 
V_valve = 1.1113e-6[m^3] "connected to capillary ends" 
"V_php   = V_cap+V_valve" "subtotal" 
V_php   = 5.237e-6 
"Tank Volume before filling" 
V_tank1 = 3.8e-3[m^3] "tank vessel volume" 
V_tank2 = pi*64.68e-3*(11.43e-3)^2/4 "NPT adapters befor valve" 
V_tank3 = pi*34.67e-3*(7.976e-3)^2/4 "volume valve closed" 
V_tank  = V_tank1+V_tank2+V_tank3 
 
"Volume of rest of gas lines" 
V_gas1 = pi*64.68e-3*(11.43e-3)^2/4 "valve volume when opened" 
V_gas2 = pi*19.13e-3*(7.976e-3)^2/4 "npt adapter when valve is open" 
V_gas3 = 6.937e-5[m^3] "kf-25 4 way cross" 
V_gas4 = 1.557e-5[m^3] "kf25 half nipple" 
V_gas5 = 7.964e-6[m^3] "butterfly valve" 
V_gas6 = 1.13e-6[m^3] "extra copepr tubing" 
V_gas7 = 5.788e-6[m^3] "gas lines to capillary" 
V_gas  = V_gas1+V_gas2+V_gas3+V_gas4+V_gas5+V_gas6+ V_gas7 
 
"INITIAL AND FINAL PRESSURE" 
fluid$ = 'helium' "choose fluid" 
T_amb   = 300[K] "ambient temperature" 
T_gas   = 300[K] "assume room temperature" 
MW     = MolarMass(Helium)*convert(kg/kmol,kg/mol) "fluid molar mass" 
R = R#*convert(J/kmol-K,J/mol-K) "gas constants in moles 
Po     = Po_kPa*convert(kPa,Pa) "initial pressure" 
Pf     = Pf_kPa*convert(kPa,Pa) "final pressure" 
 
"CALCULATE LIQUID AND VAPOR SATURATION DENSITIES" 
rho_liq = Density(fluid$,T=T_sat,x=0)/MW  "liquid density in moles per m^3" 
rho_vap = Density(fluid$,T=T_sat,x=1)/MW  "vapor density in moles per m^3" 
 
N_total = Po*V_tank/(R*T_amb) "total number of moles, before valve is opened" 
N_tankf = Pf*V_tank/(R*T_amb) "final number of moles in tank when valve is 
open" 
N_gaslines = Pf*V_gas/(R*T_gas) "moles in gas lines: assume temperature is 
ambient" 
N_php = rho_liq*V_liq+rho_vap*(V_php-V_liq) "moles in php" 
N_total = N_tankf+N_gaslines+N_php "TOTAL NUMBER OF MOLES" 
 
"CALCULATE THE LIQUID FILL PERCENTAGE" 
fill = V_liq/V_php*100 
 
"CALCULATE POWER AND EFFECTIVE CONDUCTIVITY" 
call Qcurve(T_cryo:Qcryo) "cryocooler load" 
Qcryo_mW = Qcryo*convert(W,milliW) "in milliwatts" 
Ladb = 9e-2[m] "adiabatic length" 
Qcryo = keff*C_Ac*64*(Tevap-Tcond)/Ladb "get keff" 


