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ABSTRACT 

There is a continuing need for improved rigid foam insulation, particularly for cryogenic 

storage aboard aerospace vehicles. The present work is a material characterization of spray-on 

foam insulation used on the Space Shuttle External Tank. The characterization includes imaging 

and measurements of thermal conductivity, ultimate tensile strength, and moisture absorption.  

Thermal conductivity measurements are the main focus of the present work, as it is the 

most relevant property to insulation performance. A novel apparatus was developed to measure 

the thermal conductivity of rigid foam at temperatures ranging from 20 K to 300 K with a ΔT of 

10 K between the sides of the foam sample. The effective thermal conductivity of three samples 

of NCFI 24-124 foam insulation was measured over the full temperature range. Additionally, the 

effects of different residual gases and moisture absorption on the thermal conductivity of the 

foam were studied. The data were compared to data from the literature and to mathematical 

models developed to predict the thermal conductivity. The data show that gas condensation can 

play a significant role in the thermal conductivity of the foam at low temperature.  

 Moisture absorption can occur in the foam in application when cryogenic fuel is filled 

into a tank which sits in a warm, humid environment. An apparatus was developed to subject 

foam samples to these conditions. The moisture content in the samples was then measured. The 

samples were then imaged using the 900 MHz NMR magnet at the National High Magnetic Field 

Laboratory to determine the location of the water within the foam. Samples conditioned for 9 

hours exhibited a 50% weight increase, and samples conditioned for 69 hours exhibited a 284% 

weight increase. The NMR images showed that the moisture collects first near the warm side of 

the foam, and permeates through the foam over time. However, the moisture appears to not 

collect near the knit lines (areas between sprayed layers of foam, containing cells about 10 times 

smaller than those that make up the bulk of the foam). 

 The 100 kN mechanical testing system at the NHMFL was used to measure the ultimate 

tensile strength of the foam. The number of samples available limited the amount of 

measurements, but the data show that the orientation of the foam (parallel or perpendicular to the 

knit lines) has a greater effect on the tensile strength than does the moisture absorption or 

exposure to cryogenic temperature. 

 xiv



CHAPTER 1 

INTRODUCTION 

Because liquid hydrogen and liquid oxygen are commonly used as rocket fuel, the 

aerospace industry has a demand for continually improved cryogenic insulation. Many porous 

insulations have the advantages of moderate load bearing capacity and low effective thermal 

conductivity in applications involving soft vacuums or higher residual gas pressures. Such 

advantages make porous insulation well suited for use in many current engineering applications. 

One example of such an application is the 3.2 million liter (850,000 gallon) liquid hydrogen 

fueling tank (FIGURE.1.1) at NASA Kennedy Space Center. As a thermal barrier, the insulation 

space around the refueling tank houses roughly 3.2 million liters (850,000 gallons) of insulation 

(currently perlite, a volcanic glass which is expanded for use as insulation). The affordability and 

ease of installation of perlite make it an attractive option for an insulating material. However, 

data from the literature suggests that synthetic powders similar to perlite, such as aerogel and 

glass microspheres, possess better insulating properties than perlite [1-2]. Recently, NASA 

Stennis Space Center has replaced the perlite insulation in a 218,000 L (57,600 gallon) liquid 

hydrogen tank with glass microspheres. Since the replacement, the hydrogen boil off has 

decreased by 44% [3]. 

 

 

 

FIGURE 1.1: LH2 Tank at NASA KSC (Photo: D. Wood) 
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Another example of an application of porous insulating media is the thermal protection 

system of the external tanks of the Space Shuttle. Spray-on foam insulation (SOFI) has been used 

for decades in the Space Shuttle program [4]. SOFI is designed to provide thermal insulation for 

the liquid hydrogen and liquid oxygen fuels housed in the Space Shuttle External Tank (SSET). 

Rigid foam insulation is used on the external tank because it has low thermal conductivity 

(k=0.02 W/m/K at room temperature) and high strength to density ratio (8-9 kPa/kg/m
3
) [5]. 

FIGURE 1.2 shows SOFI at different magnification levels. The left two images show where 

SOFI was to be used on space vehicles involved in NASA’s Constellation program. For optimum 

performance in aerospace vehicles, the SOFI should be strong enough and durable enough to 

survive the shearing and thermal stresses associated with vehicle ascent. Ideally, the SOFI should 

not shed, crack, or suffer significant decreases in its insulating properties during launch. 

Unfortunately, it has been seen on several occasions that this is not always the case. 

 

 

FIGURE 1.2: SOFI at different magnification levels 

 

 

1.1 Motivation 

 

The 2003 Space Shuttle Columbia accident is the most well known case of SOFI failure. 

The original cause of the accident occurred during ascent, when a piece of foam separated from 

the SSET and impacted the wing of the Orbiter. During the descent of Columbia, the damage to 

the wing led to excessive heating on reentry and, eventually, catastrophic failure. Extensive 

investigations were performed by the Columbia Accident Investigation Board (CAIB) to 
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determine potential causes for the accident and ways to try to prevent similar mishaps in the 

future. These investigations led to the following statement regarding the shedding of the foam 

[6]: 

 

“The precise reasons why the left bipod foam ramp was lost from the External Tank during STS-

107 may never be known. The specific initiating event may likewise remain a mystery. However, 

it is evident that a combination of variable and pre-existing factors, such as insufficient testing 

and analysis in the early design stages, resulted in a highly variable and complex foam material, 

defects induced by an imperfect and variable application, and the results of that imperfect 

process, as well as severe load, thermal, pressure, vibration, acoustic, and structural launch and 

ascent conditions.” 

 

Clearly, further testing is necessary for a deeper insight into the failure modes of the foam. The 

above statement is clear motivation for studies on the characteristics of foam insulation, 

especially under launch conditions.  

Although NASA’s Space Shuttle program has come to a close and the Constellation 

program has been cancelled for the time being, international space programs and private 

aerospace companies continue to develop the next generation of launch vehicles. New insulation 

candidates must be evaluated to determine if the mechanical or thermal properties can be 

improved over that of the existing insulation. Existing problems with SOFI, such as atmospheric 

moisture absorption, should also be solved in the next generation of insulating foams. Although 

extensive research has been performed on foam insulations, a complete understanding of the 

mechanics and heat transfer modes in the insulation has not yet been achieved. Many 

mathematical models have been proposed to predict heat transfer through porous media, but 

more data are required to evaluate these models. It is yet to be seen whether any of these models 

are sufficient to predict the thermal conductivity without acquiring experimental data specific to 

particular foams and operating conditions. Also, with new foams and technologies developing, 

continued thermal and mechanical testing are necessary to determine which foams are best suited 

for different applications. 

Further motivation for the current study can be found outside of the aerospace field. SOFI 

is used in a very broad range of applications (e.g. building insulation, cryogenic storage, 
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protective molds). There is a possibility that the data obtained from this study could be useful to 

those who work with or develop SOFI for these different functions. 

 

1.2 Scope of Work 

 

 The broader goal of this study is to provide a deeper understanding of the thermal and 

mechanical properties of SOFI candidates, which are being considered or are currently in use in 

aerospace vehicles. In order to do this, relevant properties were selected as a means to evaluate 

and compare the samples. The conditions that can affect these properties were considered in 

order to provide data that is relevant to the real world application of the insulation. The testing 

performed has yielded experimental data on thermal and mechanical properties as well as the 

morphology of the foam and moisture uptake. In this work, the data are analyzed and compared 

to theoretical models and other data from the literature. The results are then used to make 

recommendations on ways to improve SOFI characteristics and for future studies that could be 

insightful. 

 The current report is divided into five sections. In section 2, rigid foam insulations are 

discussed. The composition and manufacturing process of SOFI is discussed, and the foams used 

in the current work are presented. The morphology of the foam is discussed. Contributions to the 

effective thermal conductivity of porous insulations are listed, and various methods to predict the 

thermal conductivity are presented. The relevant mechanical properties of SOFI are then 

examined. Lastly, the factors that can affect the thermal and mechanical properties of porous 

insulating media are discussed. These factors include residual gas type, vacuum level, and 

moisture absorption into the porous material. 

 Section 3 outlines the previous work reported in the literature. This section first discusses 

thermal conductivity testing performed at other laboratories and the results obtained. Mechanical 

properties testing from the literature is also presented. Lastly, the only previously reported 

moisture absorption study published by NASA – Kennedy Space Center (KSC) is described. 

 Section 4 describes the studies performed and the results obtained in the current work. 

This section expounds on the unique testing capabilities of the National High Magnetic Field 

Laboratory (NHMFL) and how they were used to perform novel investigations on SOFI. An 

apparatus developed to simulate moisture absorption under pre-launch conditions of the Space 
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Shuttle is described. The results of the testing performed using the moisture absorption apparatus 

are then compared to the results of the KSC study. Next, the SOFI imaging techniques developed 

at the NHMFL are discussed, and the images we obtained are presented. The design and 

construction of a low temperature thermal conductivity measuring apparatus for SOFI is detailed. 

Thermal conductivity results are listed and compared to the literature. The apparatus and method 

used to test the tensile strength of SOFI are then discussed. The dependency of tensile strength 

on foam orientation and condition is then examined, and the data are compared to the literature. 

 The final section presents a summary of findings, makes recommendations on the 

development of future insulating foams, and suggests future work to be performed.  
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CHAPTER 2 

RIGID FOAM INSULATION 

There are many types of materials used as cryogenic insulation. Amongst the most 

prevalent in use today are: powders and fibers, rigid foams, and multi-layered insulations (MLI). 

Though MLI has proven to have a lower effective thermal conductivity than any other insulation 

type [7], its need for a high vacuum environment and lack of load bearing capacity renders it 

unsuitable for certain applications. Likewise, powders and fibers can exhibit excellent insulating 

characteristics, especially in cases where achieving a high vacuum is impractical. However, 

fibers have limited, if any, load bearing capacity. Powders require an external shell to house 

them for insulating applications. Rigid foam, of which SOFI is one type, has no need for an 

external shell and has a high load bearing capacity relative to the other insulations mentioned. 

These characteristics make rigid foam an attractive option for the thermal protection systems on 

aerospace vehicles. The present section introduces some of the relevant properties of SOFI, and 

discusses some of the theory behind these properties. 

 

2.1 Physical Characteristics 

 

 The main focuses of the present research are determination of the thermal and mechanical 

properties of closed cell SOFI. The samples that were studied are made from different 

compounds of polyurethane (PU) and polyisocyanurate (PI) foam. PU and PI foams are produced 

in slightly differing complex reactions involving a mixture of isocyanates, hydroxyls, water, 

blowing agents, catalysts, surfactants, and sometimes other additives, such as flame retardants. 

Generally, the blowing agents determine the residual gas that exists within the foam after 

manufacture, and the surfactants determine the composition of the structural matrix of the foam. 

PU and PI foams used as insulation have densities ranging from 16-48 kg/m
3
 [8]. Physical 

characteristics specific to the foams used in the present study are discussed in following sections. 
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2.2 Morphology 

 

The PU and PI foams consist of a matrix of polymeric cells of varying sizes depending on 

the specific foam composition and manufacturing process. As the foam forms, spherical bubbles 

grow and join together to form larger cells. Cell growth is impeded as larger cells collide and 

distorted cellular structures form. The cells generally form a tetrahedral array of struts 

connecting thinner layers of film which separate the cells [8]. The foams tested in the current 

study are known to be anisotropic due to two factors (see FIGURE 2.1). The first is that the cells 

are elongated in the rise direction, perpendicular to the surface on which the foam is sprayed. 

Secondly, “knit lines” can be seen where one layer of foam is sprayed on top of another. The 

average thickness of the foam as sprayed on the external tank of the Shuttle is 2.54 cm (1”). A 

more in depth discussion of the morphology of the foam can be found in the imaging section 

below. 

 

 

 

FIGURE 2.1: Internal structure of SOFI [9] 
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2.3 Thermal Conductivity 

 

Thermal conductivity is an important measure of insulation performance. However, 

because nearly all cryogenic insulation is porous, its thermal conductivity is difficult to define 

and predict. Fourier’s conduction heat flux equation provides the definition for the thermal 

conductivity, k, of a solid body: 

 

( ) TTkq ∇−=                                                               (1) 

 

When the material in question is isotropic and the temperature difference is small, the thermal 

conductivity can be averaged over the temperature range which for one dimensional heat 

conduction becomes: 

 

L

TATk
Q

Δ
=

)(
                                                          (2) 

 

where L is the length of the material in the direction of heat transfer and A is the cross sectional 

area (perpendicular to the heat transfer direction). Note that in the equations above, k(T) refers to 

the average thermal conductivity of a solid. In the case of cryogenic insulation (e.g. MLI, foam, 

aerogel beads), the conditions mentioned above (isotropic and low TΔ ) are rarely met outside of 

laboratory testing. In practice, it is customary to measure the effective thermal conductivity, keff, 

of a sample. The effective thermal conductivity can be used to replace k in Eq. (2), but is only 

directly applicable when the test conditions (temperature boundaries, residual gas type and 

pressure, orientation, etc.) are reproduced.  

 When attempting to predict the thermal conductivity of a porous material, it is often 

useful to divide the effective thermal conductivity into its individual components. These 

components, which include solid conductivity, gas conductivity, radiative conductivity, and 

perhaps others, can be estimated analytically, numerically, or empirically. (For enclosed spaces, 

convection begins at Grashof numbers above 1700 [10]. Therefore, in porous media convection 

can be neglected for pore sizes less than 1.5 mm.) Mathematical models can then be used to 

estimate the components under different conditions. Experimental results help to validate the 
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models used to approximate the components. If it is assumed that the heat transfer modes occur 

in parallel, the components can be combined by [11-12]: 

 

                                               (3) rgseff kkkk ++=

 

where keff is effective thermal conductivity, ks is solid thermal conductivity, kg is gas thermal 

conductivity, and kr is radiative conductivity. Equation (3) can be used to estimate the effective 

thermal conductivity under a given set of conditions. Methods to approximate the components of 

effective thermal conductivity are examined in the following sections. Most of these methods 

combine solid and gas thermal conductivity using models based on a geometric simplification of 

the internal structure of the foam.  The result can be added to the calculated radiative 

conductivity to arrive at an estimate for the effective thermal conductivity. 

 

2.3.1 Solid and Gas Conductivity 

 

Determining the contribution of solid conductivity to the effective thermal conductivity 

begins with obtaining the thermal conductivity of the material that makes up the solid matrix, km.  

km differs from ks in that ks takes into account the tortuous path of conduction in the porous 

media, whereas km is the thermal conductivity of the homogenous solid material. If the thermal 

conductivity of the solid polymer of the PU or PI foam is known for the temperature range in 

question it can be used for km. For some porous media, however, there is little data available for 

the solid material. To resolve this difficulty Tseng et al took the solid conductivity of PU foam to 

be equal to that of a similar material, nylon [13]. On the other hand, Wu et al subtracted the 

calculated radiation contribution from thermal conductivity data in vacuum to find the thermal 

conductivity of the solid material [14]. However, for closed cell foams, performing 

measurements in vacuum does not ensure that there is no residual gas present within the cells. 

Thus, the contribution by the gas is difficult to obtain precisely. 

Obtaining the gaseous thermal conductivity contribution can also be difficult because it is 

dependent on the make up and pressure of the gas. The gas thermal conductivity is mainly a 

function of temperature at intermediate to high pressures for most gases. At low pressures (< 0.1 

Pa), for many types of porous media the mean free path of the gas molecules becomes larger than 
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the pore spacing. In this case, the gas thermal conductivity is a stronger function of the 

accommodation coefficient (a measure of how well the gas molecules transfer energy to the solid 

material). However, at intermediate pressures (1-1500 Pa) the gas thermal conductivity is a 

strong function of both pressure and temperature. For this reason, one must take care to record 

the pressure, average temperature, and temperature difference when taking effective thermal 

conductivity measurements of porous media. 

Springer [15] considered four different regimes of gaseous heat conduction. The different 

regimes can be classified by the Knudsen number: 

 

l
Kn

λ
=                                                             (4) 

 

where  is the mean free molecular path and l is the characteristic spacing of the media (e.g. in 

the case of SOFI, pore diameter). The mean free path can be determined in terms of macroscopic 

properties by [16]: 
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where  is in centimeters,  is viscosity in poise, p is pressure in torr, T is temperature in Kelvin, 

and M is molecular weight in kg/kmol.  

According to Tien and Cunnington [17], the four gas regimes are free-molecule (Kn > 

10), transition (10 > Kn > 0.1), temperature-jump (slip) (0.1 > Kn > 0.01), and continuum (Kn < 

0.01). Studies have been performed to estimate gaseous heat conduction for the above regimes 

[15]. However, these estimations only apply for simple geometric configurations (parallel plates, 

coaxial cylinders, and concentric spheres) and small boundary temperature differences. 

Furthermore, the complex internal structure of porous insulating media makes the calculation of 

a mean free path difficult. From kinetic theory the thermal conductivity of a gas at ordinary 

temperature and pressure can be expressed by: 
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λρ Vg Cck
3

1
∝                                                         (6)  

 

where ρ  is density, CV is the heat capacity at constant volume (J/kg*K), and c  is the average 

molecular speed: 

 

M

Tk
c B

π
8

=       (7) 

 

 where kB is the Boltzmann constant. However, for the residual gases present in porous insulating 

media the small voids can cause the gas to enter the free-molecule regime at low pressures. For 

such complex void geometries, Tien and Cunnington [17] suggested the use of an effective mean 

free path to develop the following empirical relation for effective gas thermal conductivity: 

 

( )[ ]λα +=′ llkk gg                                                (7) 

 

where α is the accommodation coefficient. The accommodation coefficient is defined as the ratio 

of the amount of energy actually transferred during a collision between a gas molecule and a 

solid surface to the maximum possible energy transfer. FIGURE 2.2 shows how decreasing 

helium pressure in a 0.2 mm cavity affects the effective conductivity of the gas. In this case, 

below about 1 Pa the gas is in the free-molecule regime. In the free-molecule regime, the thermal 

conductivity can be estimated using Knudsen’s formula: 
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 Above 15 kPa the gas is in the continuum regime, where thermal conductivity is only weakly 

affected by pressure.  

 When calculating the thermal conductivity of a mixture of gases, in many cases a simple 

molar average of the thermal conductivity of the components is insufficient [18]. This is 

especially true in cases involving highly polar molecules and/or gases with significantly different 
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molecular weights. It has been observed that in mixtures involving polar molecules, the thermal 

conductivity tends to be higher than expected. In some cases, the thermal conductivity of the 
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FIGURE 2.2: Thermal conductivity of helium vs. pressure at 300 K in a 0.2 mm cell. Values are calculated using 

Eqs. (7-8) in the transition and free molecule regimes, and taken from the literature for the continuum regime. 

 

 

mixture can be higher than the thermal conductivity of either of the gases present in the mixture. 

In mixtures involving two gases with different molecular weights, the thermal conductivity tends 

to be lower than expected. When a mixture involves gases differing in both polarity and 

molecular weight, the opposing factors tend to suppress their effects, but still must be taken into 

account [18]. The Wassiljewa equation can be used to account for these factors: 
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where kg is the thermal conductivity of the gas mixture, ki is the thermal conductivity of 

component i, n is the total number of gases in the mixture, yi and yj are the mole fractions of 

components i and j, and Aij is a function to be specified (Aii=1.0). For non-polar gas mixtures, 

Poling et al [18] suggest the Mason-Saxena relation: 
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where M is molecular weight and ε is a constant near unity. Poling et al note that for mixtures 

involving polar molecules, the above relations can in some cases lead to errors of greater than 5 

to 8%. 

 A further complication to calculating gas thermal conductivity arises when the 

temperature nears the condensation point of the gases involved. As a gas in a mixture begins to 

condense it is difficult to determine the partial pressures of the different constituents. Empirical 

correlations may be required when the condensation and partial pressure relationship has not 

been determined.  

 Once values for km and kg have been determined, it is then necessary to account for the 

tortuous path that heat conduction follows within the structure of the porous media. This is 

especially important in evacuated media, when gas conduction is minimized. The conduction 

path can vary a great deal depending on the make up and morphology of the insulation. FIGURE 

2.3 shows some examples of the different paths solid heat conduction may take in porous media. 

Along with the increase in path length for conduction comes a decrease in cross sectional area, 

causing a constriction of heat flow. This can be seen in the case of PU or PI foam in FIGURE 

2.3. Heat is conducted along the thin cell walls and struts (where several cell walls merge) 

forming the solid matrix. Several heat transfer models have been developed with heat conduction 

through loose fill insulations in mind [19-21]; but these can be simplified for use with rigid foam 

calculations. These models involve the additional complexities of surface contact, packing 

arrangement, and porosities on different scales (i.e. hollow glass spheres, aerogel beads) which 

can generally be neglected in the case of rigid foam. Other models have been developed 

specifically for rigid foam.   
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FIGURE 2.3: Possible solid conduction paths through porous media  

 

 

Many approaches found in the literature analyze a unit cell within the microstructure of 

the porous media. The unit cell is defined by Dul’nev [19] as the smallest volume whose 

effective heat conductivity coincides with the effective heat conductivity of the disperse system. 

The unit cell can be represented in many forms: cubic inclusion, spherical inclusion, cubic 

skeleton with interconnecting pores, etc. 

 Different methods are used to find the thermal conductivity of the unit cell chosen to 

represent the internal structure of the system. Geometric parameters are then used to relate the 

dimensions of the unit cell to the porosity of the media. The effective thermal conductivity of the 

media is then found as a function of the solid and gas conductivities and the porosity. It is 

important to note the assumptions inherent in the unit cell approaches. Dul’nev states the 

assumptions as follows [22]: 

 

a.) The effective generalized conductivities of systems with ordered or random structures 

are equal if these structures are equivalent and the properties of the components and their 

volume concentrations are the same. 

 

b.) The effective transport coefficient of a system with long-range order and that of its 

unit cell are the same. 
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Assumption (a) permits the use of simple geometric models for unit cells. The determination of 

heat transfer through the cell is then much simpler than it would be for the actual, much more 

complicated, cell geometry. Assumption (b) then allows the analysis of the unit cell to be applied 

to the porous media as a whole. Several of the approaches discussed below are of this type. 

Maxwell [23] was one of the first to examine conduction in heterogeneous media. He 

developed the following expression for the electrical conductivity of a material consisting of 

spherical inclusions within a medium:    
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where Π denotes porosity. Porosity is defined as the ratio of the pore volume to the total volume 

of the material. Although the expression was developed for electrical conduction, it can also be 

applied to the case of heat conduction. Maxwell notes that Eq. (3) should only be used for 

materials with low Π; nonetheless, we will compare the results of the expression with those 

developed specifically for heat conduction through porous media. It was not expected for 

Maxwell’s relation to yield the best results because he assumes the spherical inclusions are not 

close together, as they are in rigid foam. 

 Russell [24] modeled heat flow in porous insulators as a brick with pores in the shape of 

cubes. The cubic pores are in-line and the heat transfer direction is assumed to be perpendicular 

to one of the surfaces of the cubes. Following the same laws of series and parallel conduction, 

his analysis finds the following expression for effective thermal conductivity: 
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 Shuetz [25] made the claim that Russell’s approach is an upper limit model. This arises 

because Russell’s model effectively assumes that the thermal conductivity is infinite for each 
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cross section parallel to the direction of heat flow. In fact, for the case of in-line cubes, the upper 

and lower limit solutions show essentially no difference in their results. Shuetz performed 

mathematical analyses on several different models: upper and lower limit cases for 2-D and 3-D 

in-line and staggered cubes, as well as heat flow at arbitrary angles to the cube surfaces.  

 After calculating the results for cubic models, Shuetz used a “random sticks and plates” 

model in an attempt to more accurately estimate the upper limit of thermal conductivity of 

isotropic foam insulation. In this model, Shuetz divided the solid conduction through foam into 

two components: conduction through the cell walls, where two cells meet, and conduction 

through the struts (thicker, rod-like structures that form at the junctions of three or more cells). 

To model the scenario in which heat transfer occurred only through the struts, Shuetz examined 

the case of a random distribution of sticks inside of a sample. He assumed that the total length of 

all sticks oriented in any direction within a small angle is constant for each angle. If the sticks are 

aligned end to end they form bridges across the thickness of the sample. Because of the constant 

length of sticks at each angle, the sticks with smaller angles will form more bridges, as can be 

seen in FIGURE 2.4b. Shuetz derives the following expression the heat transfer through the 

sample: 
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where A is the cross sectional area of the sample, L is the thickness of the sample, km is the 

thermal conductivity of the pure solid, t is the cross sectional area of a single strut, and ω is the 

constant, total length of all sticks per unit volume, per unit angle. By integrating and relating ω to 

porosity, Shuetz arrived at the following: 
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Equation (13) assumes a constant km between T1 and T2. 
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FIGURE 2.4: a) Schuetz’s random sticks model [25]. b)The assumption that the total length of all sticks oriented in 

any direction within a small angle is constant for each angle leads to more bridges formed by sticks with smaller 

angles to the direction of heat transfer. 
 

 

Thus he finds the effective solid conductivity to be the following: 
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1
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In a similar analysis, Shuetz finds the effective solid conductivity for a foam whose solid 

material consists only of cell walls: 

 

( Π−= 1
3

2
msolid kk )      (15) 

 

The material that makes up real foam exists in both struts and cell walls. For this reason, Shuetz 

suggests a weighted average of Equations (14) and (15) to estimate the upper limit for solid 

conductivity of foam: 
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where fs is the fraction of solid in the struts. Shuetz found, in his previous analysis of staggered 

cube geometry, that the lower limit was 20% below the upper limit of solid thermal conductivity. 

Since a lower limit calculation for the sticks and plates model would be to difficult to perform, 

he proposed that the lower limit should simply be 80% of the value calculated by Equation (16). 

 Glicksman [26] modified Equations (14) and (15) for use in anisotropic foams. He 

analyzed results from an elongated cube model and from Fricke’s [27] elongated spheroid model 

to estimate heat transfer through cell walls. He also analyzed results from several similar models 

for heat transfer through struts in anisotropic structures. When heat transfer occurs through both 

struts and cell walls, Glicksman arrived at the following approximation for thermal conductivity 

of anisotropic, low density foam: 
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where a is the characteristic pore dimension in the direction of the heat transfer and b is the 

characteristic pore dimension perpendicular to the heat transfer. 

For closed pore systems, such as PU or PI foams, Odelevskii [20] developed a relation 

for the thermal conductivity as a function of porosity and thermal conductivities of the 
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components in the system. Odelevskii divided a unit cell into characteristic parts and found the 

thermal resistance of each of the parts. By this method, Odelevskii wrote the following 

expression for the effective thermal conductivity of the composite: 
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where ks represents the combined contributions of solid and radiant conductivity for the material 

forming the solid matrix, and kg is the thermal conductivity of the gas in the pores. Dul’nev [22] 

noted that in the development of Eq. (18), Odelevskii implicitly assumed that the heat travels 

straight through the porous element, and is not distorted by the tortuous heat conduction path. As 

mentioned above, heat does not follow a straight path through porous media when kg ≠ km. 

Dul’nev performed an electric analog analysis for the heat flow through a porous system. He 

used porosities ranging from zero to one and values of 
s

g

k

k
 also ranging from zero to one, and 

found that Eq. (18) differs from his calculations by less than 4% over the entire range of data. 

Dul’nev thus concluded that Eq. (18) is sufficient for prediction of effective thermal conductivity 

in closed cell porous systems. 

 A simple model using the volume averaged contributions of solid and gaseous thermal 

conductivity can be compared to the above relations: 

 

( ) rmgeff kkkk +Π−+Π= 1       (19). 

 

The simplicity of Equation (19) could make it the most useful if it correlates well with the 

experimental data. 
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2.3.3 Radiative Conductivity 

 

Radiation heat transfer can be an important contribution to the effective thermal 

conductivity of porous media, especially when high temperatures or large temperature 

differences are involved. Radiation heat transfer through porous media is dependent on a number 

of factors. The solid material may be opaque or translucent, and may scatter, absorb, reflect or 

emit thermal radiation. To complicate matters further, residual gases present in the porous media 

can also act to absorb or scatter thermal radiation, especially gases whose molecules are 

asymmetric (e.g. H2O, CO2, SO2, hydrocarbons, and alcohols) [28]. For optically thick media, 

Siegel and Howell [29] suggested an effective radiative conductivity given by: 
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where n is the refractive index of the porous media,  is the Stefan-Boltzmann constant, and  is 

the extinction coefficient, the inverse of the mean penetration distance of radiation in a medium.  

Unfortunately, the extinction coefficient is another property that can vary with polymer type, 

morphology, and temperature. Glicksman again analyzed the structures of cell walls and struts to 

find the following relation for the extinction coefficient for PU and PI foams: 
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where ρf is the density of the foam, ρs is the density of the solid polymer, and s is the extinction 

coefficient of the solid polymer. The first term on the right side of equation (21) is the 

contribution to the extinction coefficient due to the struts. Because the struts are typically much 

thicker than the cell walls, they can be considered opaque. Therefore, the extinction coefficient 

of the solid material is not included in the strut contribution.  
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 For optically thin systems, the boundary emmissivities must be taken into account. In this 

case, it is more appropriate to consider radiation in the combined heat transfer equation rather 

than estimating an effective radiative conductivity as in Eq. (20). 

 

2.3.4 Total Effective Thermal Conductivity 

 

When the different contributions to thermal conductivity are evaluated, a model for the 

bulk thermal conductivity of porous media can be explored.  If the contributions from radiation, 

solid conduction, and gaseous conduction can be evaluated separately, they can be summed as 

shown in Eq. (3). Equation (2) can then be applied to find the heat transfer through the 

insulation. For cases such as optically thin systems, it is necessary to approximate the heat 

transfer with a relation taking into account the emissivity of the boundaries as well as the 

scattering and extinction within the media. For this case Tien and Cunnington [17] suggested the 

following: 

 

( ) ( )

( ) ( )

( )

2 4 4

1 1

1 2

3
1 2

3
1 1

4

3 3
1 3 1 3

3 8 8

4 2 3 2 3c c

k T P n T

q

N N

β θ σ θ

ε ε
τ

ε θ ε

⎛ ⎞ − + −⎜ ⎟
⎝ ⎠=
⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞+ − + −⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎛ ⎞ ⎝ ⎠ ⎝ ⎠⎢ ⎥ ⎢ ⎥+ +⎜ ⎟ + +⎝ ⎠ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

                         (22) 

 

where Nc is the ratio of heat flow by conduction to that by radiation,  is the optical thickness, ε1 

and ε2 are the emissivities of the boundaries, ω is the ratio of scattering to extinction coefficients, 

and θ is the ratio of boundary temperatures: 

 

ω γ β=3

14cN k Tβ σ≡                  l⋅= βτ                              2 1T Tθ =           (23) 

 

where  is the scattering coefficient. k in equations (22-23) includes the contributions of both 

solid and gas thermal conductivity. 
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 The many thermal conductivity relations presented above are evaluated for the materials 

used and experimental conditions in Section 4. The calculations are compared to the 

experimental results to find which approach most closely fits the data.  

 

2.4 Mechanical Properties 

 

 In the present work, we are concerned with the mechanical properties of closed cell foam, 

particularly PU and PI. Specifically, the properties of interest are those which are of use in the 

analysis of foam shedding and damage caused to the Space Shuttle. In a 2004 report on the 

Columbia accident [30] the authors state that very little relevant mechanical property data are 

available for the foam in question (Stepanfoam BX-265). Data required for the analysis include 

strain rate dependent stress and strain curves for loading and unloading under tension and 

compression. Due to the anisotropy in its microstructure (see FIGURE 2.1) it is necessary to 

perform tests parallel to and perpendicular to the knit lines to find maximum and minimum 

values for stress/strain. 

 Gibson and Ashby [31] performed mechanical testing and microscopy on several types of 

foam. They were able to determine that as a load is applied to rigid foam, the internal members 

bend, deform plastically, and break. Knowing this mode of failure, they were able to model the 

mechanics of rigid foam mathematically. Gibson and Ashby formed models for several different 

densities of foam. At higher densities there are corrections and more complicated formulations 

that need to be applied. The present focus is on rigid, low density foam. In this case, Gibson and 

Ashby determined that the material in the struts provides the vast majority of the mechanical 

strength of the foam. Although the analysis is independent of cell shape, the failure mode can be 

illustrated by visualizing a staggered cubic cell configuration, as in FIGURE 2.5. As force is 

applied to the foam, bending occurs in the struts until the plastic yield stress is reached, and the 

foam fails. Gibson and Ashby find the plastic yield stress to be: 
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where y and ρs are the yield stress and density of the solid material, and ρ is the overall density 

of the foam. C is an empirical constant. Gibson and Ashby found the best fit by taking C = 0.3. 

For the case of an anisotropic cellular foam structure, Silva et al [32] found the relative density to 

be:  
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where t, h, l, and θ are dimensions of a typical cell as seen in FIGURE 2.6. Silva et al found the 

Young’s moduli and Poisson’s ratio of the foam to be: 
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where Es and υs are the Young’s modulus and Poisson’s ratio of the solid material, respectively. 

Equations (26)-(28) can be used to predict the mechanical behavior of the foam. 
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FIGURE 2.5: Failure mode for a staggered cubic network of struts in compression [33] 

 

 

 

 

 

FIGURE 2.6: Parameters for a hexagonal cellular configuration. 
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2.5 Conditions That Affect Insulation Properties 

 

 Many conditions can affect the thermal and mechanical properties of porous insulating 

media. These conditions can lead to decreased performance and other undesired effects. The 

current section outlines a few major concerns that affect the properties of porous insulating 

media in aerospace applications. 

 

2.5.1 Gas Type 

 

 The type of residual gas present in porous media can have a significant impact on its 

effective thermal conductivity. PU and PI foams consist of closed cells originally filled with 

gaseous blowing agents. In the case of Stepanfoam BX-265, one of the foams applied to the 

SSET, the blowing agents are HCFC-141b and CO2. The high rate of diffusion of CO2 through 

the cell walls causes the partial pressure of CO2 to drop and be replaced by air and water vapor. 

The diffusion is completed over a period of about 35 days under ambient conditions [13]. This 

causes an increase in the effective thermal conductivity of the material as air and water vapor 

have higher conductivities than HCFC’s. Over longer periods of time the HCFC will also diffuse 

through the cell wall and be replaced by air or water vapor. 

 The pressure of the residual gas within the porous media is another important factor 

which affects the effective thermal conductivity. It is important to continuously monitor the gas 

pressure surrounding the foam because low temperatures can cause cryopumping of the gas 

which can significantly reduce the pressure. Simply decreasing the pressure of a gas does not 

have a significant effect on thermal conductivity, but when the pressure of a gas contained in 

small cells is lowered sufficiently, the heat transfer mechanism changes. As discussed in 2.3.1, 

this can lead to significant changes in effective thermal conductivity of the foam.  

 

2.5.2 Moisture Absorption 

  

 In the case of the Space Shuttle external tank, concerns have been raised about the 

performance of the insulation when the fuel tanks are filled with liquid hydrogen and oxygen. As 

the tanks are filled, one surface of the foam is exposed to low temperature while the other 
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remains exposed to the atmospheric conditions in Cape Canaveral, FL. When this occurs several 

problems may arise: 

1. Thermal stresses can cause the cell walls to break or larger cracks to form in the foam. 

2. The foam may become delaminated from the substrate. 

3. Low temperatures can cause the gases in the pores to freeze or adhere to the cell walls. 

The above processes affect the thermal and mechanical properties of the foam. All of the 

processes can cause air and moisture to penetrate the foam and condense or freeze. The increase 

in mass adds to the overall payload of the shuttle. Also, the higher temperatures experienced 

during the ascent may cause the ice and water to flash and expel foam debris in the process.  

 The simplest way to model moisture uptake in foam is by using Fick’s law of mass 

diffusion. Fick’s law is analogous to Fourier’s law of conduction Eq. (2) and is written as: 
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n is the rate of mass diffusion through the layer in steady state (kg/s), D is the mass diffusion 

coefficient (m
2
/s), C1 and C2 are the concentration levels at the boundaries (kg/m

3
), and A and L 

are the cross-sectional area and thickness of the slab, respectively.  

 In the present studies, the moisture content does not reach a steady condition. Therefore, 

it is more appropriate to use a transient solution of the mass diffusion equation for a semi-infinite 

solid. Since only one spatial coordinate is needed to describe our concentration profile, the mass 

diffusion equation can be simplified to: 
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where x is the distance from the wet surface of the foam, and t is the elapsed time.  

 There are two sets of boundary conditions which may apply to the case of moisture 

absorption in foam. The first is the assumption of a constant concentration of moisture at the 

warm boundary. The solution then becomes [34]: 
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where C(x,t) is the water concentration profile throughout the thickness of the foam slab and Cs 

is the concentration of water at the wet surface of the foam. For the initial condition associated 

with Eq. (38), the foam is assumed to contain no water. 

 The alternative boundary condition assumes constant mass diffusion through the exposed 

surface of the foam. In this case, the solution is: 
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where no″ is the mass diffusion per unit area. These solutions have direct analogs with heat 

transfer. The analog heat transfer boundary conditions to cases 1 and 2 are reproduced in 

FIGURE 2.7 [34]. 

 The solutions in Eq. (38)-(39) are plotted against the moisture uptake results in the 

current study. This comparison can be found in Section 4.2.2.  
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FIGURE 2.7: Transient heat transfer solutions which can be used as an analog to the mass diffusion of moisture 

into a solid (reproduced from Incropera and Dewitt [34]) 
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CHAPTER 3 

PREVIOUS EXPERIMENTS 

 

 The previous section discussed the some of the theory behind heat transfer, mechanics, 

and other aspects of foam insulation. The present section presents previous experimental work 

done in these areas. 

 

3.1 Thermal Conductivity 

 

 Thermal conductivity data for PU and PI foams are readily available [5,13-14,35-36], 

although most measurements are at room temperature. Unfortunately, the vast number of 

different individual types of foam makes comparisons between most sources in the literature 

difficult. Furthermore, even if two foam samples are manufactured together, the conditions that 

the foams are exposed to prior to testing may be different. This also can have a significant impact 

on the thermal conductivity of the foam. These difficulties are compounded by the lack of low 

temperature thermal conductivity data within the literature. 

 Fesmire et al have performed various studies on thermal conductivity of SOFI used on 

the SSET [37]. Their apparatus employs a liquid nitrogen boil off calorimeter to measure thermal 

conductivity. A tank of liquid nitrogen (LN2) provides the heat sink and cold boundary for the 

tests. Flow meters attached to the vent lines of the LN2 tank measure the boil off of nitrogen. 

From these data, the heating power through the sample can be measured. The use of LN2 as a 

heat sink limits the experiment to large ΔT (300-77 K) between the surfaces of the sample. 

Therefore, the values measured for thermal conductivity using the apparatus represent averages 

over the temperature range. The studies conducted by Fesmire et al mainly focus on the effects 

that aging and weathering have on SOFI thermal conductivity. To produce the aged SOFI, the 

samples were placed inside of the Vehicle Assembly Building at Kennedy Space Center, where 

temperature and humidity were controlled, for varying periods of time. To produce the 

weathered SOFI, the samples were placed near the beach at Cape Canaveral, FL, where the 

foams were subject to outdoor conditions. FIGURES 3.1 and 3.2 show the thermal conductivity 

of the SOFI NCFI 24-124 as a function of aging or weathering time. The aged samples are 
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closest to the samples tested in the current study. So the data from FIGURE 3.1 are used for 

comparison purposes. 
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FIGURE 3.1: Thermal conductivity vs. aging time for NCFI 24-124 SOFI [37] 

 

NCFI 24-124 Thermal Conductivity as a function of Weathering Time
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FIGURE 3.2: Thermal conductivity vs. weathering time for NCFI 24-124 SOFI [37] 
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3.2 Mechanical Properties 

 

 As is the case with thermal conductivity of rigid foam, there are extensive mechanical 

properties measurements reported in the literature. However, again the properties are particular 

to each specific foam, making it difficult to compare data from different sources. Typical 

strength vs. temperature curves for closed cell foam can be seen in FIGURE 3.3 [5]. As can be 

seen in the figure, increased foam density generally leads to stronger foam. The density of NCFI 

24-124 is about 38 kg/m
3
, and would thus compare to the foams near the bottom of FIGURE 3.3.  

 

 

 

FIGURE 3.3: Tensile strength versus temperature for various polyurethane and polystyrene foams 
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 Several factors can affect the mechanical properties of PU and PI foam. High 

temperatures can cause a rise in pressure inside the pores and lead to cell rupture. Low 

temperatures can cause water vapor to enter the cells. Subsequent heating can lead to cracking 

and cell rupture. For the same reason, humidity and environmental exposure time are important 

to consider when studying mechanical properties of foam. The data from the present 

measurements are compared to the data in FIGURE 3.3 with the above factors in mind.  

 

3.3 Moisture Uptake 

 

 The motivation for most moisture uptake studies on rigid foams concerns applications in 

residential insulation or marine craft. In most of these studies, the foam is either exposed to 

humid air or submerged, at least partially, in water. In this manner, the diffusion of water or 

vapor into the foam is measured over time. In the present case, low temperatures provide an 

added level of complexity in the diffusion process. As has been mentioned above, the low 

temperature produced by the liquid oxygen and hydrogen on the launch pad causes the pressure 

inside the cells on the cold side of the sample to decrease. The pressure gradient in the cells 

provides an added driving force for moisture diffusion into the foam. For this reason, the amount 

of moisture uptake in low temperature studies tends to be far greater than that obtained at 

ambient temperature. Therefore, only measurements by Fesmire et al under very similar 

conditions are used for comparison to the present experimental results. 

 Fesmire et al [38] designed a Cryogenic Moisture Apparatus to determine the amount of 

moisture absorbed by the foam under actual-use cryogenic conditions. The apparatus exposed 

one surface of a foam sample to 78 K while the other surface of the sample was in an 

environmental chamber at 293 K and 90% relative humidity. The samples were weighed 

intermittently for up to three days. FIGURE 3.4 shows the moisture uptake for NCFI 24-124 

over up to a 10 hour period in that apparatus.  
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FIGURE 3.4: Weight change (moisture uptake) over time for aged NCFI 24-124 samples placed in a Cryogenic 

Moisture Apparatus [38]. 

33 



CHAPTER 4 

EXPERIMENTAL MEASUREMENTS AND PROCEDURES 

 

 This section describes the experimental procedure for preparation and testing of the PU 

and PI insulating foam. The main work involved measurements of thermal conductivity at low to 

ambient temperature. Other studies included imaging, moisture uptake, and mechanical testing. 

 

4.1 Sample Preparation and Conditioning 

 

 Before performing the material characterization experiments, a moisture absorption 

conditioning apparatus was designed and built to subject foam samples to conditions similar to 

those seen by the foam on the SSET when preparing for launch. In this situation, liquid oxygen 

and hydrogen are filled into the SSET at the launch pad. The SSET is subjected to the ambient 

conditions in Cape Canaveral, FL, sometimes for a period of several days prior to launch. It has 

been shown [38] that during this period a significant amount (30%-85% in weight) of moisture 

may be absorbed into the foam from the surrounding air. This is a potential twofold problem. 

First, if the moisture uptake is significant, it would noticeably increase the payload of the Shuttle. 

Secondly, once absorbed, the moisture may then condense or freeze. Upon launch the moisture 

could then flash and expand rapidly, potentially damaging or expelling foam in the process. To 

study these effects, samples of the PU and PI foam provided by NASA-KSC were tested using a 

moisture absorption apparatus developed at FSU [39-40].   

 

4.1.1 Conditioning Apparatus 

 

 Within the apparatus, a sealed environmental chamber was equipped with temperature 

and humidity controls to reproduce various ambient conditions seen on the launch pad at NASA-

KSC. The temperature inside the environmental chamber was set to 34 ± 2 °C by powering a 

heating tape wrapped around an environmental chamber. The relative humidity in the chamber 

was kept above 75% using open beakers containing a  
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FIGURE 4.1: Conditioner used to expose SOFI to conditions similar to foam that sits on the launch pad for up to 

three days. 

 

mixture of water and glycerin. One side of the conditioned foam samples was exposed to the 

inside of the chamber while the other was in contact with a reservoir of liquid nitrogen; a 

cheaper, safer substitute to provide a temperature (77 K) between that of liquid hydrogen (20 K) 

and oxygen (90 K). A schematic of the apparatus can be seen in FIGURE 4.2. The samples were 

subjected to the above conditions for either 8 or 69 hours. These times were determined by the 

maximum and minimum wait times for the Shuttle at the launch pad after the external tank is 

filled with cryogenic fuel. After conditioning, the samples were immediately weighed and 

prepared for thermal testing or imaging.  
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FIGURE 4.2: Cryogenic moisture absorption conditioning chamber 

 

 

4.1.2 Conditioning Results and Discussion 

 

 The samples were conditioned to determine the amount of moisture absorbed, where the 

moisture collects, and the effect that the moisture uptake has on the properties of the foam. The 

size of most of the conditioned samples was determined by the requirements for MRI imaging. 

The size of the original MRI coil (discussed in Section 4.3) required the samples to be 8 mm in 

diameter and about 25.4 mm long. In this case the average sample mass was 46.5 +/-2.5 mg. 

After being placed in the moisture absorption chamber for 69 hours the samples gained an 
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average of 132 +/- 30 mg. The samples that were placed in the moisture absorption chamber for 

9 hours gained an average of 23.4 +/- 4 mg. This corresponds to a weight gain of 50%, about 

15% higher than the values reported by Fesmire et al under similar conditions. Further discussion 

regarding moisture uptake in the foam can be found in the Section 4.3. 

 

4.2 Microscopy 

 

 Once a sample was conditioned using the apparatus described above, it was imaged using 

microscopy techniques available at the NHMFL. A digital camera was used to gain a 

macroscopic view of the foam and its structure. Figure 4.3 shows an 8 mm diameter by 26 mm 

length sample of NCFI 24-124 foam. The knit lines, separating layers of foam, can clearly be 

seen at roughly 5 mm intervals.  

 

 

 

 
Knit lines

 

FIGURE 4.3: An NCFI 24-124 sample showing 4 knit lines across the length of a 2.54 cm sample 
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 Scanning Electron Microscope (SEM) images were taken to determine the morphology of 

the foam and to determine if the cell walls were noticeably damaged during the conditioning. 

Scanning electron microscopy was performed on samples of NCFI 24-124 foam using a Zeiss 

1540 EsB Cross Beam SEM. The Zeiss 1540 is a dual beam field emission SEM with an ultimate 

resolution of 1 nanometer. Figures 4.4-4.9 show the internal structure of the foam. The 

dimensions of the majority of the cells range from about 150-450 μm and are elongated in the 

rise direction. The thickness of the cells ranges from about 1.5 μm in the walls to 15 μm in the 

spines. Many of the cells near the knit lines decrease in size to less than 50 μm. The SEM images 

also clearly show the damage to many of the cells near the surface. Unfortunately, from the 

images it is impossible to tell the specific cause of the cell damage.  

 

 

 

 

 

FIGURE 4.4: An SEM image of NCFI 24-124 foam with dimensions of a cell. Magnification 69x 
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FIGURE 4.5: An SEM image of NCFI 24-124 foam with dimensions of a cell. Magnification 69x 

 

 

 

FIGURE 4.6: An SEM image of NCFI 24-124 foam with cell wall thickness. Magnification 3650x 
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FIGURE 4.7: An SEM image of NCFI 24-124 foam with cell spine thickness. Magnification 2670x 

 

 

 

FIGURE 4.8: An SEM image of NCFI 24-124 foam with dimensions of a cell. Magnification 69x 
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FIGURE 4.9: An SEM image of NCFI 24-124 foam with dimensions of a cell near a knit line. Mag. 155x  

 

 

4.3 NMR Imaging 

 

 The 900 MHz Ultra wide bore (UWB) NMR spectrometer at the NHMFL was used to 

evaluate the location of the water in the samples. This evaluation is difficult because water can 

bind to the cell walls and collect heterogeneously within the foam. These problems require short 

echo times to obtain proper MRI images. In August, 2010, the UWB 900 MHz MRI scanner was 

upgraded to allow for ultra-short echo time (UTE) 3D MRI performance. The upgrades provided 

MR imaging capability at 21.1 T [41-42] to allow for evaluation of water distribution inside solid 

foam with UTE, high resolution, and without proton background from the RF probe. The 

evaluations were performed using a Bruker Avance III console operated by ParaVision 5.1. MR 

images were acquired using the Bruker 3D UTE pulse sequence with an echo time TE = 45-80 

μs and a spectral width SW = 70-200 kHz. 
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FIGURE 4.10: 900 MHz Nuclear Magnetic Resonance Magnet  

 

 The first attempt to perform the imaging demonstrated that the residual signals from the 

polyethylene dielectric in the coaxial cable and the epoxy resin binder in the RF coil former were 

comparable with signals from the small amount of bound water in the foam samples. To correct 

this, a new RF coil (FIGURE 4.11) was constructed with proton free materials, thereby 

dramatically reducing the background signal [43]. Further information on the construction of the 

coil can be found in [44-45]. 

 FIGURE 4.12 shows the first relatively clear image of the foam that we were able to 

produce using MRI. The sample is an air dried cylinder of BX 265 polyurethane foam. The two 

dark, curved lines in the image correspond to the location of the knit lines between the layers 

within the foam.  
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FIGURE 4.11: A bare bones RF coil with little background signal 

 

 

 

FIGURE 4.12: NMR image of an air dried sample of BX-265 foam showing two knit lines 

 

 After further attempts at fine tuning the coil, conditioned samples of NCFI 24-124 foam 

were imaged. FIGURE 4.13 shows images of the foam conditioned for 69 hours and 9 hours, 

respectively. The images are constructed from cross sections of the foam. From the images it can 

be seen that the moisture concentration is highest near the warm end; and the moisture permeates 
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through the foam over time. It can also be seen from the top image that even after 69 hours the 

moisture has yet to reach the cold end of the foam. This confirms that the mass diffusion process 

does not reach steady state even at 69 hours. Further long term conditioning is required to 

determine the time required for the foam to become fully saturated. It is clear from the images 

that the moisture does not accumulate as much, if at all, near the knit lines. This is likely due to 

the increased density of the foam and smaller cell size in the vicinity of the knit lines. It is still 

unclear how the moisture diffuses through the knit lines without accumulating therein. 

 FIGURE 4.14 is a plot of the water content in the same foam samples seen in FIGURE 

4.13. The water content is measured by plotting the intensity of the MRI signal for each cross 

section of the foam. The intensity plot is then converted to water content using a scaling factor. 

The scaling factor is determined by dividing the estimated water content within the sample 

during the imaging process by the total intensity across the length of the sample. The estimated 

water content within the sample was found by subtracting the estimated mass of water 

evaporated (in the period between weighing the sample and performing the MRI) from the total 

mass of water absorbed (see Section 4.1.2). The valleys in the intensity plots correspond roughly 

to the locations of the knit lines within the foam. The valleys are not as pronounced as the black 

knit line areas in FIGURE 4.13. This is because, as can clearly be seen in FIGURE 4.3, although 

roughly parallel to the faces of the sample, locally the knit lines are highly irregular.  

 It can be seen in FIGURE 4.14 that within about 6 mm of the warm face of the 

conditioned samples there is relatively little moisture content. This is unexpected since the warm 

face of the foam is coated in condensed water when the samples are removed from the 

conditioning chamber. Evaporation was determined to be the most likely cause for the anomaly. 

Testing was performed to measure the rate of evaporation immediately following the 

conditioning procedure. A sample was immediately weighed after being conditioned, and placed 

in a glass sample holder as used in the MRI coil. The sample was weighed every hour to 

determine the amount of moisture evaporated. FIGURE 4.15 shows a plot of moisture content 

versus time for a conditioned NCFI 24-124 sample. It can be seen that the first hour contributes 
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face 

   

 

69 hours 
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FIGURE 4.13: NMR Images of conditioned NCFI 24-124 foam. In both pictures the bottom right corresponds to 

the warm side of the foam. Conditioned time: Top) 69 hours. Bottom) 9 hours 
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FIGURE 4.14: Water content in the conditioned NCFI samples. Valleys in the water content correspond to the 

locations of the knit lines in the foam. 

 

 

 

FIGURE 4.15: A plot of water evaporation from NCFI 24-124 foam immediately following a 69 hour conditioning 

process.  
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most heavily to the evaporation process. This is due to the higher open cell concentration near 

the surfaces of the foam, as can be seen in the SEM images. This test shows that since the MRI 

imaging process requires several hours for high resolution 3-D imaging, it is entirely plausible 

that a significant amount of water loss can occur during the imaging period. Moreover, the 

evaporation is more likely to occur at the surface due to the higher open cell content. This helps 

to explain the lower water content near the warm face of the foam in FIGURE 4.14. 

 FIGURES 4.16-4.17 compare the moisture content from the conditioned samples to the 

solutions from Eq. (38) and (39). The input parameters for the models can be found in TABLE 

4.1. The total moisture uptake was determined from the weight of the foam immediately 

following the conditioning process. The original moisture concentration was determined to be 

zero from the MRI images of the foam. For the constant surface moisture concentration 

boundary condition, the concentration was chosen to fit the data as well as possible. For the 

constant mass flux boundary condition, the diffusion coefficient was chosen to fit the data. It can 

be seen from the figures that with the input parameters from Table 4.1 the models follow the 

trend of the data fairly well. However, the overall moisture content seems to be a bit low in the 

models. This could be due to evaporation which takes place during the time it takes to extract the 

samples after conditioning prior to weighing the samples. 

 

 

 

TABLE 4.1: Input parameters to the mass diffusion models (Eqs. (38)-(39)) seen in FIGURES 4.16-4.17. 

 

Surface 
Total Diffusion Elapsed 

Boundary Moisture 
Moisture Coefficient  Tim e 

Condit ion Concentrat ion 
( m 2 / s)  Uptake ( kg)  ( hrs)  

( kg/ m 3 )  

0.000162 500 Surface conc. 1.31E-10 69 

0.000162 516 Mass flux 2.00E-10 69 

0.000019 80 Surface conc. 5.41E-10 9 

0.000019 83.8 Mass flux 8.00E-10 9 
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FIGURE 4.16: Moisture content in NCFI 24-124 from MRI after 69 hr conditioning process compared to mass 

diffusion models. The triangles correspond to experimental data. The diamonds and squares correspond to the 

solutions of the constant mass flux and constant surface concentration mass diffusion equations, respectively. The 

input parameters can be found in TABLE 4.1. 
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FIGURE 4.17: Moisture content in NCFI 24-124 from MRI after 9 hr conditioning process compared to mass 

diffusion models. The purple squares correspond to experimental data. The red squares and triangles correspond to 

the solutions of the constant mass flux and constant surface concentration mass diffusion equations, respectively. 

The input parameters can be found in TABLE 4.1. 
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 There are a few interesting conclusions that can be drawn from the comparison between 

FIGURES 4.16-4.17. First, note that for both boundary conditions, the diffusion coefficient is 

around four times smaller for the 69 hour case than for the 9 hour case. This is likely due to the 

much higher percentage of open cell content near the surface of the foam. The open cells allow 

the water to be drawn in quickly into the first few mm of the foam; then the closed cells constrict 

the rate of diffusion into the bulk of the foam. Secondly, to fit the models to the data, the water 

concentration near the surface must increase over time. Also, the average mass diffusion flux for 

the 69 hour case and the 9 hour case differ by only 10%. This information is evidence that, for 

our case, the constant mass diffusion flux boundary condition is more appropriate than the 

constant surface water concentration condition.  

 

4.4 Thermal Conductivity Measurement 

 

 The main thermal property of interest is the thermal conductivity. As discussed 

previously, thermal conduction in porous media is a complex process. Therefore, measurements 

essentially yield an effective thermal conductivity, which is dependent on many factors (gas type 

and pressure, temperature, contact force, etc.) The apparatus described below was designed to 

determine the effective thermal conductivity of PU and PI foam, while measuring and/or 

controlling the contributing factors listed above. 

 

4.4.1 Original Apparatus Design 

 

The goal of the apparatus design was to measure the effective thermal conductivity of flat 

plate samples of SOFI at temperatures ranging from 20-300 K with an average ΔT of 10 K across 

the sample. The ΔT of 10 K across would make it possible to find the effective thermal 

conductivity of the foam as a function of temperature between 20 K and 300 K. When 

measurements are made with larger ΔT, (e.g. 300 K-77 K) across the sample, the calculated 

effective thermal conductivity is actually the integrated thermal conductivity over that 

temperature range: 
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where T1 and T2 are the boundary temperatures of the sample. Measurements of this sort are 

useful if the specific conditions under which the foam is tested will be the same as those in 

practice. However, when smaller ΔT measurements are made the resulting data can be used more 

generally. Also, over large temperature ranges it is possible for the thermal conductivity to 

exhibit unexpected trends. This is especially the case in foam, where the partial pressures of the 

residual gases present can fluctuate with temperature. 

The ASTM standard C177, “Standard Test Method for Steady-State Heat Flux 

Measurements and Thermal Transmission Properties by Means of the Guarded-Hot-Plate 

Apparatus,” [46] was used as a template and modified to accommodate the additional 

requirements for operation in a cryogenic environment. The guarded-hot-plate method for 

measuring thermal conductivity was the first to become a nationwide standard (ASTM C177) 

[47]. The method employs an electrically heated plate sandwiched between a pair of specimens. 

Each specimen is then enclosed by a cooling plate. A schematic of a typical double-sided 

guarded-hot-plate apparatus is shown in FIGURE 4.18.   

 The guarded-hot-plate method is an excellent method for measuring the effective thermal 

conductivity of solids under certain conditions. The method works by creating axial heat transfer 

through the insulation specimens. The thickness and surface areas of the specimens must be 

measured precisely. Then, by adding a known heat flux to the hot plate, a temperature gradient 

within the insulation specimen is formed.  A heat sink is necessary at the cold plate to maintain 

the temperature gradient. The subsequent temperatures at each side of the specimens are 

measured when the system reaches steady state. The heat flux, sample thickness, surface area, 

and temperatures are then applied to Fourier’s one dimensional heat conduction equation, Eq. 

(2), to calculate an effective thermal conductivity for the sample.  

For the present experiments, the apparatus design uses a single-sided guarded-hot-plate 

with only one cold plate and one specimen. This approach greatly simplifies the design of the 

cooling plate, which is connected directly to a cryocooler as a heat sink. Also, a double-sided 

design would have required a more complicated thermal link, and thermal stabilization between 
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the two cold sides would have been a concern. FIGURE 4.19 is a schematic of the experimental 

chamber. 

The cold plate consists of a 6.35 mm (1/4”) thick copper plate nested inside of a larger 

diameter, 12.7 mm (1/2”) thick stainless steel plate. The stainless steel plate is used to strengthen 

the cold plate in order to withstand the pressure requirements inside the experimental chamber.  

 

 

 

 

FIGURE 4.18: Schematic of basic double-sided guarded-hot-plate design [46] 

 

 

The cryocooler (Cryomech model PT-810) is attached to the cold plate by means of a 

copper stem that penetrates the stainless steel plate and a braided copper thermal link. This 

cryocooler is capable of providing 14 W of cooling power to the apparatus at 20 K. A heater is 

mounted to the head of the cryocooler to control the overall temperature of the apparatus. 

Stainless steel tubes are welded to the top of the cold plate to provide mechanical supports. The 

apparatus is placed inside a cryostat with a liquid nitrogen shield to isolate it from ambient. 

FIGURE 4.20 is a schematic of the entire apparatus. 

 The copper plate is used to provide a uniform temperature at the cold boundary of the 

specimen. Temperature sensors are imbedded in grooves in the specimen at the center and edge 

at a depth which allows them to contact the face of the cold plate without affecting contact 
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between the insulation and cold plate. The side of the copper plate facing the specimen is painted 

black to meet the ASTM C177 requirement of having a hemispherical emittance greater than 0.8. 

The hot plate consists of two copper plates bolted on either side of a foil heater. As in the 

cold plate, the copper is used to provide a nearly uniform temperature across the surface of the 

sample. The side of the cold plate facing the sample is machined flat to +/-127 μm. The cost 

required to meet the ASTM C177 flatness tolerance of +/-50.8 μm was prohibitive. However, the 

compressibility of the insulation compensates for the slightly higher flatness tolerance. As in the 

case of the cold plate, the surface of the hot plate facing the sample is painted black to provide a 

hemispherical emittance greater than 0.8. 
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FIGURE 4.19: A schematic of the experimental chamber 

 

 

Four stainless steel compression springs are mounted between the axial guard and the hot 

plate. The springs provide a compressive force to maintain good surface contact between the 

plates and the sample. The spring rate for the springs is 2.20 N/mm. The free length of the 
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springs is 25.4 mm (1”), and as installed in the apparatus they are compressed to 12.7 mm (1/2”). 

The springs together provide an average pressure of 2.89 kPa on the surfaces of the sample. This 

pressure meets the clamping “force” of 2.5 kPa as suggested by ASTM C177.   

The primary guard is designed to direct heat flow through the sample by minimizing heat 

transfer to its surroundings. The design consists of an aluminum guard attached to the cold plate 

by means of a phenolic ring. A foil heater is mounted to the aluminum guard. The heater is used 

to match the aluminum temperature to that of the hot plate, thereby minimizing heat transfer to 

the aluminum guard. Because the phenolic ring is cooled by the cold plate, a temperature 

gradient is present in the guard which mimics the temperature gradient across the sample. This 

helps to minimize the heat leak in the radial direction. 

 

 

 

 

FIGURE 4.20: A schematic of the apparatus as assembled during operation 
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The vacuum chamber consists of a 3.40 mm (0.134”) thick (schedule 5s) stainless steel 

end cap which is welded to a stainless steel flange. The flange is fitted with an indium o-ring and 

bolted to the cold plate to form a vacuum seal. The chamber is designed to withstand pressures of 

up to 133.3 kPa inside while the environment surrounding the chamber is maintained at high 

vacuum. The vacuum space and chamber act as secondary guards against heat leaks from the 

wall of the cryostat.  

In addition to the primary and secondary guards, aerogel beads and blankets are used to 

minimize heat leaks to the surroundings. Data from the literature shows that aerogel beads can 

have thermal conductivities as low as half that of polyurethane foam [13-14, 48-50]. The beads 

fill the space between the primary and secondary guards. The blankets are installed between the 

primary guard and the sample/hot plate assembly. The aerogel eliminates any possible 

convection cells from forming when residual gas pressure was high (133.3 kPa). An MLI shield 

(not shown in figure) is also placed around the experimental chamber to protect it from radiation 

from the cryostat wall. 

The specimens are machined to 203.2 mm (8”) in diameter and 25.4 mm (1”) in 

thickness. It is important for the specimen to have flat, level surfaces in order to maintain a 

precise thickness and allow for good contact with the hot and cold plates. Many types of 

materials can be accommodated by the apparatus, but the following considerations must be taken 

into account when choosing specimens to be tested. If the specimen is too heavy it may 

overcome the force applied by the compression springs (discussed below) and cause poor 

contact, or loss of contact, with the cold plate. This may be rectified by replacing the 

compression springs with those of a higher spring constant. If the specimen is porous, such as 

SOFI, or the surfaces are not sufficiently flat, the contact surfaces become an area of concern. 

Experiments (see Section 4) were performed to determine the effect of surface contact when 

aluminum backing or grease is applied to the SOFI specimen. Lastly, specimens with high 

thermal conductivity may require more heater power to maintain the desired temperature 

difference than the heaters in the original design can provide. 

Loose fill insulations, such as aerogel beads, may also be used as specimens. However, 

the insulation must be confined to a container to provide rigidity. Alternatively, the insulation 

could be used to fill the entire experimental chamber, and spacers can be used to fix the hot plate 

at a certain distance from the cold plate. Extra insulation must be contained above the chamber to 
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refill the chamber in case of settling. Also, the added thermal leak due to the spacers must be 

taken into account. 

Choice and placement of temperature sensors and heaters is important to the accuracy of 

the thermal conductivity measurements. As mentioned above, etched foil heaters are placed on 

the hot plate and primary guard. These heaters are chosen to provide ample heat to create the 

desired temperature difference across the sample, while allowing for precise measurement of the 

power supplied. Temperature sensors in the experiment include platinum and Cernox sensors. 

Placement of the sensors follows the guidelines of ASTM C177. A total of four sensors were 

originally imbedded in the faces of the hot and cold sides of the insulation. The sensors were 

placed in the center and on the radius, allowing for measurement of any radial temperature 

difference across the insulation. Sensors were also placed on the center of the aluminum guard 

and where the aluminum guard meets the phenolic guard. This enables an estimation of heat loss 

from the hot plate. A schematic of heater and temperature sensor locations can be found in 

FIGURE 4.21. 

 

 

 

Temperature Sensor 
Heater 

 

FIGURE 4.21 Locations of temperature sensors and heaters in the experimental chamber 

 

 

A gas handling system was implemented to provide residual gas to the experimental 

chamber. The system consists of two stainless steel tubes stemming from the top of the 

experimental chamber. One of the tubes acts as a capillary used to measure the residual gas 
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pressure, which could be as high as 133.3 kPa. The other tube is used to purge and fill the 

experimental chamber with a residual gas. Fibrous filters are installed in the gas handling system 

to protect the vacuum pump and pressure gauge from being contaminated with particles of 

aerogel. The filters are located just above the experimental chamber, as can be seen in FIGURE 

4.20. 

 

4.4.2 Preliminary Analysis 

 

Some of the main sources of measurement error arise from heat leaks along parallel paths 

in the apparatus. Heat leaks can occur between the hot plate and the guard as well as between the 

insulation sample and the guard. A finite element analysis was made using ANSYS© software, 

by ANSYS, inc., in order to model the heat flow that will occur in the apparatus. (The ANSYS© 

analysis also assisted with the selection of heaters for the hot plate and primary guard.) Due to 

symmetry, only half of a cross section of the experimental chamber is needed to create the 

model. Once the geometry was created, a temperature of 20 K was applied to the center of the 

cold plate. Preliminary calculations were made to estimate the required heat flux to the primary 

guard and heater to produce a 10 K difference between the hot and cold plates. The resulting 

analysis gave a more accurate estimate of the actual heating power needed from the heaters on 

the hot plate and primary guard. The analysis also provides an estimated temperature distribution 

in the experimental chamber and radial heat leaks from the hot plate and insulation sample. The 

temperature distribution obtained from the analysis is shown in FIGURE 4.22. From the analysis, 

it can be estimated that no more than 5% of the heat produced by the hot plate will leak through 

the aerogel to the cold plate, and the heat leak to the axial guard is negligible. The analysis also 

confirms the temperature uniformity across the hot and cold plates, respectively. The analysis 

was repeated at an average temperature of 295 K to confirm the results at the maximum 

operating temperature.  

Other heat leaks could occur through instrumentation leads, mechanical supports, and 

tubing. The apparatus was designed to provide thermal sinks to minimize the temperature 

difference across the instrumentation leads. The sensors on the cold plate are heat sunk to the 

cold plate itself, whereas the sensors on the hot plate and guard are heat sunk to first the cold 

plate, then to the aluminum guard. The supports and plumbing for the experimental chamber 
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make contact only with the stainless steel top plate. Because it is not necessary to record the heat 

flow through the top plate, heat from the supports and plumbing did not affect the measurement 

error (although they do have an effect on the minimum possible temperature obtained from the 

cryocooler).  
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FIGURE 4.22: Temperature distribution obtained from an ANSYS analysis of the experimental chamber 

 

 

Apart from heat leaks, there are several other sources of error that can be involved in 

thermal conductivity measurements. The precision of the instruments used to measure 

temperature and heating power, along with sample width and area measurements can add to the 

overall uncertainty. The typical accuracy of the platinum temperature sensors is ± 40 mK. This 

translates to an uncertainty of less than one percent in temperature measurement. The heating 
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voltage resolution on the Lakeshore 340 temperature controller is 1.25 mV. The estimated 

minimum required operating voltage is 553 mV. This corresponds to a maximum heating power 

uncertainty of 0.2%. Width and area measurement uncertainty is limited to below one percent 

simply by performing several measurements with a micrometer. Therefore, the dominant sources 

of error in the experiment involved surface contact and heat leaks. These were evaluated 

experimentally, and are discussed below. 

 

4.4.3 Modifications to Apparatus Design 

 

The apparatus was calibrated using a disk of nylon as a control sample. Through this 

process, it was found that contact resistance between the faces of the sample and the hot and cold 

plates was a limiting factor, even when copper grease was applied to the faces of the sample. The 

thickness (25.4 mm) of the samples and the diameters of the temperature sensors (3.175 mm) 

created an uncertainty high enough to eliminate the possibility of embedding the sensors within 

the sample. It was thereafter decided that, in order to minimize the contact resistance, the foam 

sample should be bonded to copper plates using Stycast 2850 epoxy. The Stycast provides 

excellent thermal contact with the faces of the sample. Temperature sensors are then mounted to 

the copper plates. The added thermal resistance of the Stycast layers and copper plates was 

determined to comprise less than 1% of the overall sample resistance. 

 

4.4.4 Data Collection and Processing 

 

 Since the thermal conductivity of the foam samples cannot be measured directly, 

temperature, heating power, and distance measurements were used to calculate the thermal 

conductivity. 

 Prior to installing a sample in the apparatus, the diameter and thickness of the sample 

were measured at various locations. These measurements were then used to calculate the surface 

area and the average thickness of the sample. The heating power was measured by recording the 

voltage across the heater and the voltage across a known resistor at room temperature in the same 

circuit. The temperatures were measured using the Cernox sensors on the hot plate, cold plate, 

and aluminum guard.  
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 Before calculating the thermal conductivity, a correction was made to account for any 

heat leak between the hot plate and aluminum guard. To perform this correction, the temperature 

of the aluminum guard was adjusted to be significantly different (>1 K) than the temperature of 

the hot plate. This affected the amount of heating power required to maintain the temperature 

difference across the sample. The difference in heating power was used to calculate ratio of the 

heat leak from the aluminum guard to the difference in temperature between the guard and the 

hot plate. The ratio was used to calculate an adjusted heating power through the sample. The 

average absolute heating power adjustment was 1%. Appendix B is a table of the raw 

measurements and the calculated thermal conductivity. 

 

4.4.5 Thermal Conductivity Measurements and Discussion 

 

This section list the conditions and results of the thermal conductivity measurements 

performed. See Appendix A for a detailed operating procedure for the experiment. Table 4.2 

shows the conditions under which the thermal conductivity of the samples was measured.  

The first NCFI sample was tested by isolating it within the experimental chamber under 

room temperature and pressure (296 K and 102.6 kPa). Thermal conductivity was then measured 

at various points from room temperature down to 30 K. The gas pressure in the experimental 

chamber varied from 102.6 kPa at 296 K to 0.267 kPa at 30 K. The conditioned sample was 

tested in the same fashion; but it was first subjected to the launch pad conditioning process as 

described in the following section. In order to examine the effect of different residual gases on 

the thermal conductivity of the foam, the as received sample was also tested under vacuum and 

with helium gas added to the experimental chamber. 

 

 

TABLE 4.2: A list of samples and the conditions under which their thermal conductivity was measured. 

 

Sample Sample As   Helium Under Helium/Air

Type Number Received Conditioned Purged Vacuum Mixtures 

NCFI 24-124  M153 x   x x   

NCFI 24-124 M105   x   x x 
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FIGURE 4.23 shows the thermal conductivity of the as received sample in air and under 

vacuum. The thermal conductivity shows a clear decrease with temperature down to 80 K 

followed by a sharp increase. The cause of the increase is likely due to an increase in partial 

pressure of higher thermal conductivity trace gases such as helium while the air condenses in the 

cells. Tseng et al [13] observed the same phenomenon for newly sprayed polyurethane foam 

between 230 K and 280 K. In this temperature range, the R141b gas present in the cells 

condenses; and the air remaining in the cells contributes more to the thermal conductivity, 

causing it to increase. In the present case, helium may have been introduced to the foam 

inadvertently during a purging or leak checking process. As the air present in the cells condensed 

below 80 K, the influence of the remaining helium gas prevails; and the thermal conductivity 

increases dramatically.  

The data from Fesmire et al [37], shown as the circles in FIGURE 4.23, are the effective 

conductivity of the same material as our sample, recorded at average temperatures of 297 K and 

185 K, respectively. Their data appears slightly lower than the thermal conductivity found in the 

present study. Fesmire et al measured a sample aged in a climate controlled area for 18 months. 

Our sample was aged in the same area for 18 months, and stored in a sealed plastic bag for 4-5 

years before testing. The discrepancy in the data could be due to aging, diffusion of the low 

thermal conductivity blowing agent out of the foam over time, or the presence of the higher 

thermal conductivity helium gas. 

 

 

TABLE 4.3. Pressure and thermal conductivity of sample M153 listed for various temperatures 
 

As received Evacuated Helium 

Temp Press  k  Temp Press  k  Temp Press  k  

 [K] [Torr] [mW/m-K]  [K] [Torr] [mW/m-K]  [K] [Torr] [mW/m-K] 

60.0 4 20.81 81.4 <0.0001 9.57 81.7 218 47.04 

85.0 8.2 17.28 98.3 0.0001 12.58 158.4 386.4 77.07 

90.0 11.7 17.29 163.5 0.0018 22.28 195.4 497.1 87.71 

120.0 94.9 19.76 183.8 0.0014 20.87 223.8 527.1 93.00 

120.0 107 18.89 184.9 0.003 22.22 279.4 713.1 97.99 

200.0 477.1 29.77 234.9 0.0046 24.19       

275.0 684.8 36.17 275.1 0.1495 29.43       

285.2 736.7 33.12 285.1 0.3565 30.35       
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FIGURE 4.23. Thermal conductivity versus temperature of sample M153 for the as received and evacuated cases. 

The error bars correspond to a 6% uncertainty determined by the temperature sensors, heater, sample width and area 

measurement, and thermal contraction. 

 

 

 

As expected, the data show a clear decrease in thermal conductivity with decreasing gas 

pressure. The data for the evacuated case follow a similar trend as the as received sample data 

with temperature. Prior to recording data for the evacuated case, the sample was placed in an 

evacuated chamber for one week at room temperature. At this point the pressure inside the 

chamber was 0.1383 kPa and was decreasing less than 0.4 Pa per hour. TABLE 4.3 lists the 

thermal conductivity data along with the pressures and temperatures at which each point was 

recorded. The pressures recorded in the evacuated case show that it is necessary to cryopump the 

foam in order to reach a high vacuum level.   

In order to further examine the effect of residual gas on the thermal conductivity of the 

foam, the sample was purged extensively with helium, and the thermal conductivity 

measurement was repeated. Due to the high porosity of the foam (97%), the residual gas can 

have a dominant effect on the thermal conductivity. This is shown in FIGURE 4.24,  
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FIGURE 4.24. The thermal conductivity data for the helium case are nearly three times higher than that of the as 

received and evacuated cases.  

 

 

 

where the thermal conductivity of the foam with helium as a residual gas is compared to that of 

the evacuated and as received cases. The thermal conductivity of the helium sample is roughly 

three times larger than that of the as received sample. The thermal conductivity of helium gas, 

however, is at least six times larger than that of air over the range of temperatures observed. This 

discrepancy is likely due to insufficient purging of the sample. Because of the closed cell nature 

of the foam it is very difficult to replace all of the R141b gas and air originally present in the 

cells with helium in a reasonable period of time. In any case, the trend in the thermal 

conductivity of the helium purged sample approaches that of the as received sample below 50 K. 

This is further evidence that the as received sample was contaminated with helium gas at some 

point. 

 Also seen in FIGURE 4.24 are the data from the conditioned NCFI sample. Above 70 K, 

the thermal conductivity of the conditioned samples follows that of the as received sample 
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closely. This shows that the conditioning process and moisture absorption likely have little effect 

on the thermal conductivity of the foam. Below 70 K the thermal conductivity of the conditioned 

foam continues to decrease.  

 It was then left to study whether helium intrusion was in fact the cause of the increased 

thermal conductivity of the as received foam below 70 K. To do so, the conditioned sample was 

first evacuated for several weeks. The thermal conductivity was then measured between 30-290 

K. This provided a baseline for thermal conductivity of the foam with minimal contribution from 

the residual gas.  

 It was then determined that a partial pressure of 120 Torr (16 kPa) of helium gas at room 

temperature would be sufficient to maintain continuum gas heat transfer over the temperature 

range 20-300 K. As discussed in Section 2.3.1, continuum gas heat transfer occurs when the 

Knudsen number is lower than 0.01, meaning the mean free path of the molecules is much 

smaller than the characteristic dimension of the cells within the foam. A partial pressure of 120 

Torr (16 kPa) of helium combined with 640 Torr (85.3 kPa) partial pressure of air would give a 

mixture at roughly atmospheric pressure. Therefore, 640 Torr (85.3 kPa) of air was added to the 

experimental chamber, and the thermal conductivity was measured. The region of interest for 

this study was mostly at low temperatures. Therefore, in the interest of time, the thermal 

conductivity measurements were only performed between 20 K and 120 K. The thermal 

conductivity of the 640 Torr air sample follows the thermal conductivity of the conditioned 

sample closely until around 80 K where it begins to approach the thermal conductivity of the 

evacuated case. This is expected as uncontaminated air will condense and freeze below 80 K and 

leave a near vacuum environment.  

 The sample was then warmed to near room temperature and a small amount (2 Torr (267 

Pa) partial pressure) of helium gas was added to the 640 Torr air. This brought the mole fraction 

of helium gas to 0.3 %. At low temperature the helium gas would then be in the transition gas 

conduction regime. This should cause the thermal conductivity of the sample to be larger than 

the air and evacuated samples at temperatures below 80 K. It can be seen from FIGURE 4.25 

that, in fact, the thermal conductivity begins to increase as the temperature is lowered below 100 

K. This marked increase shows that even this small amount of helium gas does indeed increase 

the thermal conductivity of the foam at lower temperatures.  

63 



0

0.01

0.02

0.03

0.04

0.05

20.00 40.00 60.00 80.00 100.00 120.00 140.00

Temperature (K)

k
 (

W
/

m
*
K

)
Evacuated
Conditioned
100% Air

99.7% Air / 0.3% He
97% Air / 3% He
81% Air / 19% He

 

FIGURE 4.25. Thermal conductivity vs. temperature for sample M105 with various residual gas mixtures. 

  

 

 The next step to study the effect of the contamination of the foam by helium gas was to 

again warm the sample and add helium. This time the full partial pressure of 120 Torr (16 kPa) 

was added to the experimental chamber to bring the total gas pressure to 760 Torr (101 kPa) and 

the mole fraction of helium to 19 %. As expected, the thermal conductivity of the sample was 

much higher due to the higher partial pressure of helium, as can be seen in FIGURE 4.25. 

However, as the temperature of the sample increases from 40 K to 60 K an unexpected drop in 

thermal conductivity is observed. Near the observed pressure and 40 K the vapor line of liquid 

nitrogen is crossed, as can be seen in FIGURE 4.26. This could cause some of the nitrogen to 

sublimate from the surfaces of the foam. As the nitrogen sublimates, it mixes with the helium gas 

and impedes the overall thermal energy transfer, thus lowering the effective thermal 

conductivity. However, a corresponding increase in pressure is not recorded in the 

measurements.   
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FIGURE 4.26. Pressure vs. temperature plot for various cases. The Air / He points are gauge pressures during the 

thermal conductivity measurements. The blue line is the solid-vapor line for nitrogen. The 120 Torr and 760 Perfect 

Gas plots show the theoretical pressure decrease of a perfect gas from 120 Torr and 760 Torr at room temperature. It 

can be seen that the 81% Air + 19% He pressure follows the 120 Torr Perfect Gas plot below 80 K. This indicates 

that nearly all the air has solidified at 70 K. 

 

 

 The NCFI 24-124 M105 thermal conductivity measurements were then used to determine 

which mathematical model, presented in Section 2.3, best fits the data. The models require 

various input parameters in order to calculate an effective thermal conductivity estimate. The 

average temperature and pressure were taken from the raw data. The porosity was taken from the 

literature [51]. The solid thermal conductivity at room temperature was also taken from the 

literature [52]. Below room temperature, the solid thermal conductivity was extrapolated by 

reproducing the relationship between temperature and thermal conductivity seen in similar 

materials, such as PVC and nylon. The cell dimensions were determined from average values 

measured using the SEM images. The residual gas thermal conductivity, required in all of the 

models, is a difficult parameter to estimate. In order to do so accurately, the mixture of gases and 

their partial pressures must be known. Also, at low temperatures the condensation of gases must 
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be taken into account (e.g. in a mixture of nitrogen and helium, the nitrogen will condense at 

higher temperatures than helium, causing the molar ratio of helium in the mixture to increase). 

At low pressures, as continuum gas heat transfer transitions into the Knudsen regime, the gas 

thermal conductivity becomes even more difficult to estimate. The mathematical models do not 

take these factors into account, and it is left to the analyst to determine the appropriate value for 

gas thermal conductivity at each point. For the present study, the equations found in Sections 

4.3.1-4.3.2 were used to calculate estimated gas (Eqs. 5-9) and radiation (Eq. 20) thermal 

conductivities. In the cases of mixtures of air and helium, the helium is taken to behave as a 

perfect gas, and any further decrease in pressure with decreasing temperature is attributed to 

condensation of the air.  

 FIGURE 4.27 is a comparison between the models and the data from the evacuated foam 

measurements. The models tend to underpredict the thermal conductivity at temperatures above 

40 K. The sharp increase in thermal conductivity from 30 K to 50 K is likely due to sublimation 

of nitrogen inside the cells of the foam. The nitrogen increases the thermal conductivity of the 

foam, but since the foam is closed celled the increased pressure inside the foam is not recorded 

by the pressure gauge. 
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FIGURE 4.27. The thermal conductivity data for the evacuated NCFI 24-124 M105 sample plotted against 

predictions from the models presented in Section 2.3. 
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 FIGURE 4.28 is a comparison between the models and the data from the 100% air 

sample. Again, the models tend to fail to predict the increase in thermal conductivity between 35 

K and 55 K. This is likely a further indication that the gauge pressure does not accurately depict 

the pressure inside the cells at low temperatures.  

 FIGURE 4.29 compares the measurements of the 81% air / 19% He sample to the 

models. In this case, the models predict the increase in thermal conductivity from 20 K to 40 K, 

but greatly overpredict the conductivity from 50 K to 110 K. Again, this is likely due to 

fluctuating gas pressures inside the closed cells, causing the thermal conductivity to decrease as 

nitrogen sublimates. 

 Comparisons between the thermal conductivity results and the mathematical models 

make it clear that in order to make accurate predictions of thermal conductivity of foam it is 

necessary to know the types of residual gases present in the foam. Furthermore, it is important to 

understand how the pressures of the gases change with temperature. The large surface areas 

present in the foam can cause gases to condense at temperatures higher than would normally be 

expected. 
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FIGURE 4.28. The thermal conductivity data for the NCFI 24-124 M105 sample with air as a residual gas at 640 

Torr at 300 K plotted against predictions from the models presented in Section 2.3. 
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FIGURE 4.29. The thermal conductivity data for the NCFI 24-124 M105 sample with an initial mixture of 640 Torr 

air and 120 Torr helium (81% Air / 19 % He) at 300 K plotted against predictions from the mathematical models. 

 

 

4.5 Mechanical Testing 

 

4.5.1 Tensile Testing Apparatus 

 

 The system used for the tensile testing is the 100 kN (22 kip) mechanical testing system 

(FIGURE 4.30) at the NHMFL. The system is capable of performing both tensile and 

compressive tests at rates of up to 60 mm/s. TABLE 4.4 lists many of the specifications of the 

100 kN mechanical testing system. Tensile measurements were performed to determine whether 

the mechanical properties of the foam are affected by the conditions experienced prior to launch. 

The samples were tested parallel and perpendicular to the rise direction of the foam in order to 

set high and low bounds on stress. 
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FIGURE 4.30: The 100 kN (22 kip) mechanical testing system at the NHMFL 

 

 

 

4.5.2 Tensile Test Results 

 

 The tensile testing was limited by the number of unconditioned samples we were able to 

procure. The results of the tests are listed in TABLE 4.5. FIGURE 4.31 shows typical 

stress/strain curves for the three sample configurations that were tested. The limited sample size 

along with the high statistical variation in the data makes it difficult to infer a conclusion 

regarding the effect of the conditioning process on the mechanical strength of the foam. 

However, it can be seen that the orientation of the sample seems to have a greater effect on the 

ultimate stress and strain of the foam than does the conditioning process. 
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TABLE 4.4: Specifications of the 100 kN (22 kip) mechanical testing system at the NHMFL 

 

 

 

 

 

 

TABLE 4.5: Tensile testing results 

 

 Averages 
Sample Description σ (kPa) Strain 

 σ (kPa) Strain 

Conditioned samples 275.067 1.60% 

perpendicular to 346.618 2.01% A 323.0 1.86% 

knit lines 347.195 1.98% 

            

Unconditioned 
samples 289.198 1.84% 

perpendicular to 477.044 2.62% B 397.9 2.36% 

knit lines 427.605 2.62% 

            

Unconditioned 
samples 212.573 3.04% 

parallel to knit lines 266.830 2.84% C 241.9 3.21% 

  246.267 3.76% 
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FIGURE 4.31: Typical tensile stress/strain curves for the NCFI 24-124 samples. 
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CHAPTER 5 

CONCLUSIONS 

 

5.1 Mechanical Properties 

 

 The goal of the mechanical testing was to obtain stress/strain curves and ultimate strength 

for SOFI samples. Tensile measurements were performed to determine whether the mechanical 

properties of the foam are affected by the conditions experienced prior to launch. The tensile 

testing was limited by the available number of unconditioned samples. The results of the tests 

show that the orientation of the sample seems to have a greater effect on the ultimate stress and 

strain of the foam than does the conditioning process. However, further testing would be required 

to confirm this. The ultimate tensile strength of the foam fit reasonably well with data from the 

literature. 

 

5.2 Moisture Uptake and Imaging 

 

 SEM imaging enabled us to determine the dimensions of the cells that make up the foam. 

The cells range from about 150-450 μm, and are elongated in the rise direction. The thickness of 

the cells ranges from about 1.5 μm in the walls to 15 μm in the spines. Many of the cells near the 

knit lines decrease in size to less than 50 μm. The SEM images also clearly show the damage to 

many of the cells near the surface. Unfortunately, from the images it is impossible to tell the 

specific cause of the cell damage. 

 After being placed in the moisture absorption chamber for 69 hours the samples gained 

an average of 132 +/- 30 mg. The samples that were placed in the moisture absorption chamber 

for 9 hours gained an average of 23.4 +/- 4 mg. This corresponds to a weight gain of 50%, about 

15% higher than the values reported by Fesmire et al under similar conditions. This could be due 

to the increased aging time for our samples. 

 From the images it can be seen that the moisture concentration is highest near the warm 

end; and the moisture permeates through the foam over time. It can be seen that even after 69 

hours the moisture has yet to reach the cold end of the foam. Further long term conditioning is 
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required to determine the time required for the foam to become fully saturated. It is clear from 

the images that the moisture does not accumulate as much, if at all, near the knit lines. This is 

likely due to the increased density of the foam and smaller cell size in the vicinity of the knit 

lines. Further analysis is required to determine how the moisture diffuses through the knit lines 

without accumulating. 

 It has been seen that the models for transient mass diffusion through a semi-infinite solid 

follow the trend of the data fairly well. However, the overall moisture content seems to be a bit 

low in the models. This could be due to evaporation which takes place during the time it takes to 

extract the samples after conditioning. 

 For both boundary conditions, the diffusion coefficient is around four times smaller for 

the 69 hour case than for the 9 hour case. This is probably due to the much higher percentage of 

open cell content near the surface of the foam. To fit the models to the data, the water 

concentration near the surface must increase over time. Also, the average mass diffusion flux for 

the 69 hour case and the 9 hour case differ by only 10%. This information is evidence that the 

constant mass diffusion flux boundary condition is more appropriate than the constant surface 

water concentration condition for the case of cryogenic moisture uptake in SOFI.  

 

5.3 Thermal Conductivity 

   

 The goal of the apparatus design was to measure the effective thermal conductivity of flat 

plate samples of spray-on foam insulation (SOFI) at temperatures ranging from 20-300 K. A 

single sided guarded-hot-plate apparatus was developed to accommodate this goal.  

 For sample M153, the data show a clear decrease in thermal conductivity with decreasing 

gas pressure. The data for the evacuated case follow a similar trend as the as received sample 

data with temperature. In any case, the trend in the thermal conductivity of the helium purged 

sample approaches that of the as received sample below 50 K. This is further evidence that the as 

received sample was contaminated with helium gas at some point.  

 The thermal conductivity of the sample M105 in 640 Torr air at 300 K follows the 

thermal conductivity of the conditioned case closely until around 80 K where it begins to 

approach the thermal conductivity of the evacuated case. This is expected as uncontaminated air 

will adhere to the surfaces of the foam and leave a vacuum.  
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 When a partial pressure of 2 Torr of helium is added to the 640 Torr of air at room 

temperature, it can bee seen that the thermal conductivity begins to increase as the temperature is 

lowered beyond 100 K. This marked increase shows that even this small amount of helium gas 

does indeed increase thermal conductivity of the foam at lower temperatures. 

 As more helium is added to the residual gas mixture an increase in thermal conductivity 

can be seen over the entire temperature range. Also, below 120 K the thermal conductivity is 

difficult to predict using the models. This is likely due to the inability to accurately measure the 

partial pressures of the gas mixtures at low temperature. 

 The mathematical models tend to predict the trends in thermal conductivity with residual 

gas pressure and temperature. The model developed by Glicksman seems to best fit the thermal 

conductivity data in most cases. However, the model requires a fairly detailed knowledge of the 

internal structure of the foam. If this is not available, the model developed by Maxwell seems to 

predict the trends reasonably well. Maxwell’s model only requires the thermal conductivity of 

the gas, the thermal conductivity of the solid, and the porosity of the material.  

 

5.4 Possible Foam Improvements 

 

 There are many possible ways to improve the foam used for cryogenic insulation. It has 

been seen in the present work that moisture absorption into the foam is significant. This can 

possibly be reduced with the use of a sealant on the surface of the foam after installation. Also, 

since the moisture does not appear to accumulate near the knit lines, it may be advantageous to 

increase the ratio of foam layers to thickness or to decrease the average cell size. However, this 

would have to be weighed against the likely increase in density of the foam with decreasing cell 

size. The increased density is also likely to increase the effective thermal conductivity of the 

foam. 

 The thermal conductivity results stress the importance of residual gases present in the 

foam. In the case of hydrogen storage, exposing the foam to venting or leaking hydrogen gas can 

cause a significant increase in the thermal conductivity of the foam.  
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5.5 Recommended Future Work 

 

 Several future studies could be of interest in the development of rigid foam for cryogenic 

insulation. The effectiveness of hydrophobic coatings for the foam could be studied using the 

moisture uptake apparatus. Long term moisture absorption studies could find how much time is 

required to saturate the foam under launch pad conditions. The thermal conductivity and 

moisture uptake in foams with smaller cell sizes or more knit lines could be measured. Also, 

comparisons can be made between the characteristics of newly sprayed foam and that of aged or 

conditioned foam.  
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APPENDIX A 

THERMAL CONDUCTIVITY TESTING  

APPARATUS MANUAL 

 
Components 

 
1.   Insulation Sample 

2.   Hot Plate 

3. Cold Plate 

4.   Temperature Sensors (7) 

5.   Aluminum/Phenolic Guard 

6.   Stainless Guard 

7.   5-40 Rods/Nuts (6) 

8.   ¼”-20 Bolts/Nuts (12) 

9.   Copper Grease 

10. Indium Wire 

11. Vacuum Grease 

11. MLI Frame 

12. Spare MLI 

13. Cooling Apparatus 

14. Aluminum Tape 

15. Stycast 2850 

16. Thin G10 sheet 

17. G10 Tubing 

 

 

Installation 

 
1.   Installation begins with all components above disassembled. 

 

2.   Check all temperature sensors to ensure proper function. 

 a. For current setup attach sensors as shown in wiring diagram (find in the latest     

      lab notebook). 

 b. Attach the 32 pin connector on top of the cooling apparatus. 

 c. Turn on Lakeshore 336 Temperature Controller. (Temps. should read       

      near 290 K) 

 d. Turn on the current supplies. 

 e. Turn on the Keithley multimeter. 

 f.  Open the most recent excelinx file, i.e. “Temperature Template Post 3-10-10.xls”  

  (In folder : Z:\CryoLab\Barrios\SOFI Work\Thermal Conductivity Testing). 

 g.  Delete all data from the sheet entitled “Raw Data”. 
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 h.  Under “Add-Ins, Excelinx,” select DMM Scan-Start. (Sometimes you have to  

  change sheets for the option to appear.) 

 i. Temperatures should read near 290 K. 

 

3. Prepare a sample. 

 a. Clean a copper plate and ensure the flatness of the sample and plate. 

 b. Using stycast 2850 bond the sample to the center of the copper plate. 

 c. Condition the sample, if necessary. 

 d. Bond the sample to the other copper plate. 

 e. Mount temperature sensors on the copper plates. (I tapped small holes in the  

  copper plates and used a bolt and washer to clamp the sensors.) 

 f. Heat sink the temperature leads if they’re long enough. 

 g. Mount the heater on the hot plate. (I applied a thin layer of copper grease, then  

  the kapton heater, then secured it with aluminum tape.) 

 h. Prepare the spring mount. 

  i. Cut a piece of G10 sheet large enough to cover all the springs. 

  ii. Cut small pieces of G10 tubing for seats for the springs. 

  iii. Using stycast 2850 bond the tube pieces to the sheet in the proper   

   locations. 

  iv. Place the spring mount on the springs and mark the best location for the  

   sample assembly. Also note the orientation of the mount to the springs. 

  v. Adhere the spring mount to the sample assembly 

 

4. Mount temperature sensors to the aluminum shield. 

 

5. If not vacuum testing place aerogel blankets around the circumference of the sample 

 and on the inside face of the aluminum guard. 

 

6. Mount the sample assembly on the springs inside the aluminum guard.  

  a. Use the orientation marks to find the corresponding springs and seats. 

  b. Fix a row of G10 seats inside of their corresponding springs.  

  c. Lower the remaining side of the hot plate on to the remaining springs. 

  d. Attempt to rotate the hot plate in both directions to insure all the G10 pegs are  

  nested in the springs. 

 

7. Apply a layer of copper grease over cold side of the sample assembly. 

 

8. Apply copper grease to the area to the area of the cold plate that will contact the sample. 

 

9. Install 3 or more 5-40 rods into the cold plate. These will be used to guide the installation of 

the hot plate/guard assembly. 

 

10. Orient the hot plate/guard assembly on top of a jack so that the notch in the phenolic guard 

will allow for the clearance of the temperature sensor wires protruding from the cold plate. 
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11. Connect any machine sockets which may be difficult to connect once the hot plate/guard 

assembly is fastened in place. 

 

 

12. At this point it is wise to check the operation of the temperature sensors again. 

 

13. Apply copper grease to the guard where it will contact the cold plate.  

 

14. Using a jack, raise the hot plate/guard assembly, using the 5-40 rods as an orientation guide, 

until the phenolic guard contacts the hot plate. 

 

15. Fasten the guard in place using the 5-40 nuts. 

 

16. Install the remaining 5-40 bolts and fasten the phenolic guard with the remaining 5-40 nuts. 

(Note: it is not necessary to over tighten the 5-40 nuts.) 

 

17. Connect the remaining machine sockets for all temperature sensors and heaters. 

 

18. Perform STEP 2 and check heater resistances. 

 

19. Cut and clean a thin string of indium to fit into the groove in the stainless steel guard. It is a 

good idea to apply vacuum grease to the indium to aid disassembly. Fit the indium ring into 

the groove in the SS guard. 

 

20. Place 3 or more ¼”-20 bolts into the holes in the SS portion of the cold plate to guide the 

installation of the SS guard. 

 

21. Fill the SS guard with aerogel beads so it covers the aluminum guard, but does not overflow 

when installed.  

 

22. Place the SS guard on a jack, and orient it to line the threads up with the ¼”-20 bolts. 

 

23. Use the jack to raise the SS guard into place, keeping the guard as level as possible. 

 

24. Fasten the SS guard into place using the ¼”-20 nuts. (Note: at this point the nuts should only 

be hand tightened.) 

 

25. Install and hand tighten the remaining ¼”-20 nuts/bolts. 

 

26. Tighten the ¼”-20 bolts in a rotating triangular fashion. (Note: additional tightening is 

recommended prior to MLI installation.) 

 

27. Raise the MLI frame over the experimental chamber and cryocooler second stage. Using 

cable ties, fasten the MLI frame to the support rods. 

 

28. Loosely fill additional MLI into the top of the MLI frame to shield the top of the experiment. 
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29. Make sure the cryocooler heater and any temperature sensors for the cryocooler are plugged 

in. 

 

30. Ensure the O-ring for the cryostat is clean, and apply a thin layer of vacuum grease. 

 

31. Install the experimental apparatus into the cryostat. 

 

32. Perform STEP 2 once more. 

 

33. Isolate the experimental chamber and cryostat, and leak check the cryostat for leaks in or 

around the top flange. 

 

34. Evacuate the cryostat. If the pressure in the experimental chamber decreases significantly 

over time, the indium seal is likely leaking and must be replaced. 

 

35. Attach the solenoid valve to a full liquid nitrogen tank. 

 

36. Attach the low pressure and high pressure lines from the compressor to the cryocooler.  

 

37. Attach the cryocooler power cord. 

 

38. Attach the cryocooler heater cord to the Lakeshore 336 temperature controller. 

 

39. Ensure all electronics are connected and operational. 

 

 

 

Operation 
 

1.Turn on the Lakeshore 336 temperature controller. 

 

2.Open the LabVIEW  VI “Z:\Cryo Lab\Barrios\Labview\LV_4_New_Folder\SOFI Testing 

Controls Rev 7-1-11.vi”. 

 

3.Appropriately change the temperature set points, heater ranges, and other parameters, if 

necessary. (See the next page for a screen shot with some of the recommended settings.) 

  

4.Run the VI, and, at the prompt, save the data file to a known location. 

 

5.Open the data file, and add headings for the data along with the starting time and date.  
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6. Save and close the data file. 

 

7. Follow STEP 2 of the installation directions to begin recording an excel data file. 

 

8. From this point it is wise to make notes in the excel file when performing various 

 operations (filling LN2, changing pressure sensors, adding gasses, etc.) 

 

9. Turn on the solenoid valve to begin filling LN2. 

 

10. Open the chilled water to the cryocooler compressor. 

 

11. Turn on the compressor. 

 

12. If the setpoints are low enough, the temperatures should reach 15 K within a day or 

 two, depending on the residual gas present.  

 

13. Under the current setup, the hot and cold plates can be controlled by closed loop  PID; 

but the guard is controlled manually. Therefore, when the desired  temperatures  of the hot and 

cold plates are reached, the manual heater must be  adjusted so that the guard temperature is as 

close as possible to the hot plate  temperature. 

 

14. When the guard temperature and the hot plate temperature are within 50 mK  allow 

 the hot plate heating power to reach steady state. (This generally only  takes a couple 

of hours.) 

 

15. Save the excel file. 

 

16. Change the setpoints to the next appropriate set of temperatures, and repeat. 

 

17. At higher temperatures pay close attention to the temperature of the cryocooler in  the 

excel sheet. The temperature of the cryocooler head can be significantly  higher  than that of 

the cold plate. Take care not to overheat. It may be necessary  to change the cryocooler 

heater to open loop mode to control it manually. 

 

18.  Switch the cords to the appropriate pressure sensor as necessary. (Check the zero  points 

for the baratron sensors occasionally.) 

 

 

 

Shutdown 
 

1. Turn off the LN2 solenoid and cryocooler. 

 

2. Monitor the temperatures and pressures to avoid overheating and/or over  pressuring. 
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3. When the temperatures are above 275 K the chamber and cryostat can be opened  to 

atmosphere. 

 

4. Unplug all electrical connections and disconnect the compressor hoses from the 

 cryocooler head. 

 

5. The apparatus can now be removed from the cryostat and disassembled.  
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APPENDIX B 

RAW DATA 

 

NCFI 24-124 Sample M153 

Gas Type Th (K) Tc (K) ΔT (K) Tavg (K) P (Torr) l (m) A (m2) Q (W) keff (W/m-K)

Air 100.00 80.07 19.93 90.03 34.600 0.025 0.032 0.434 0.017 

Air 134.99 104.95 30.04 119.97 117.800 0.025 0.032 0.757 0.020 

Air 215.00 184.93 30.07 199.97 500.000 0.025 0.032 1.130 0.030 

Air 289.62 280.79 8.83 285.21 759.600 0.025 0.032 0.374 0.033 

Air 70.00 49.96 20.04 59.98 26.900 0.025 0.032 0.533 0.021 

Air 46.83 29.95 16.88 38.39 <26.9 0.025 0.032 0.996 0.039 

Air 40.00 20.01 19.99 30.00 <26.9 0.025 0.032 0.958 0.038 

Air 90.00 79.95 10.05 84.98 31.100 0.025 0.032 0.222 0.017 

Air 125.00 114.98 10.02 119.99 129.900 0.025 0.032 0.238 0.019 

Air 165.00 155.01 9.99 160.01   0.025 0.032 0.303 0.024 

Air 204.96 194.68 10.29 199.82 500.600 0.025 0.032 0.344 0.026 

Air 285.02 264.95 20.07 274.98 707.700 0.025 0.032 0.921 0.036 

Air 284.94 265.33 19.61 275.13 707.700 0.025 0.032 0.826 0.035 

Air 285.01 264.58 20.43 274.80 707.700 0.025 0.032 0.995 0.037 

                    

Evacuated 290.01 280.11 9.90 285.06 0.356 0.025 0.032 0.383 0.030 

Evacuated 280.00 270.18 9.82 275.09 0.149 0.025 0.032 0.371 0.029 

Evacuated 169.97 156.94 13.03 163.45 0.001 0.025 0.032 0.314 0.022 

Evacuated 190.01 177.66 12.35 183.83 0.001 0.025 0.032 0.329 0.021 

Evacuated 239.95 229.84 10.11 234.90 0.004 0.025 0.032 0.300 0.024 

Evacuated 86.51 76.37 10.14 81.44 -0.001 0.025 0.032 0.131 0.010 

Evacuated 119.99 76.63 43.36 98.31 0.000 0.025 0.032 0.698 0.013 

Evacuated 290.00 79.72 210.28 184.86 0.003 0.025 0.032 5.959 0.022 

Evacuated 34.51 24.56 9.95 29.53 0.000 0.025 0.032 0.236 0.019 

Evacuated 55.01 44.93 10.08 49.97 0.000 0.025 0.032 0.178 0.014 

                    

Helium 290.04 268.67 21.37 279.35 736.000 0.025 0.032 2.554 0.098 

Helium 230.02 217.58 12.44 223.80 590.000 0.025 0.032 1.440 0.093 

Helium 201.02 189.80 11.23 195.41 520.000 0.025 0.032 1.207 0.088 

Helium 87.01 76.43 10.58 81.72 240.900 0.025 0.032 0.637 0.047 

Helium 74.99 65.17 9.82 70.08 831.100 0.025 0.032 0.319 0.025 

Helium 55.01 45.12 9.88 50.07 789.000 0.025 0.032 0.405 0.031 

Helium 34.97 25.08 9.90 30.02 789.500 0.025 0.032 0.693 0.054 

Helium 85.01 74.90 10.10 79.96 835.000 0.025 0.032 0.357 0.029 

Helium 35.01 25.09 9.92 30.05 821.000 0.025 0.032 0.722 0.056 

Helium 35.01 25.12 9.89 30.07 443.600 0.025 0.032 0.492 0.039 
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NCFI 24-124 Sample M105 

Gas Type Th (K) Tc (K) ΔT (K) Tavg (K) P (Torr) l (m) A (m2) Q (W) keff (W/m-K)

Conditioned 35.00 25.01 9.99 30.00 0.038 0.025 0.032 0.077 0.077 

Conditioned 55.00 45.00 10.01 50.00 0.061 0.025 0.032 0.146 0.146 

Conditioned 55.01 45.00 10.01 50.00 0.061 0.025 0.032 0.151 0.151 

Conditioned 75.00 65.02 9.98 70.01 0.240 0.025 0.032 0.177 0.177 

Conditioned 89.99 80.00 10.00 84.99 4.000 0.025 0.032 0.184 0.184 

Conditioned 105.05 95.02 10.04 100.03 27.500 0.025 0.032 0.211 0.211 

Conditioned 125.01 114.99 10.02 120.00 113.900 0.025 0.032 0.248 0.248 

Conditioned 185.01 174.99 10.03 180.00 417.300 0.025 0.032 0.332 0.334 

Conditioned 190.03 180.00 10.03 185.02 422.300 0.025 0.032 0.363 0.359 

Conditioned 240.00 229.99 10.01 235.00 593.900 0.025 0.032 0.390 0.390 

Conditioned 266.35 255.80 10.55 261.08 649.000 0.025 0.032 0.486 0.483 

                    

Evacuated 40.02 14.20 25.82 27.11 0.000 0.025 0.032 0.044 0.044 

Evacuated 44.01 30.00 14.00 37.00 0.000 0.025 0.032 0.033 0.034 

Evacuated 50.01 40.01 9.99 45.01 0.000 0.025 0.032 0.044 0.045 

Evacuated 60.03 50.01 10.02 55.02 0.000 0.025 0.032 0.063 0.064 

Evacuated 61.03 50.01 11.03 55.52 0.000 0.025 0.032 0.071 0.071 

Evacuated 80.01 70.02 10.00 75.02 0.000 0.025 0.032 0.083 0.083 

Evacuated 105.00 95.00 9.99 100.00 0.001 0.025 0.032 0.107 0.107 

Evacuated 145.00 135.00 9.99 140.00 0.001 0.025 0.032 0.140 0.140 

Evacuated 195.01 185.07 9.94 190.04 0.001 0.025 0.032 0.176 0.176 

Evacuated 224.99 215.11 9.88 220.05 0.002 0.025 0.032 0.195 0.195 

Evacuated 265.00 256.33 8.67 260.66 0.007 0.025 0.032 0.206 0.206 

Evacuated 285.00 275.40 9.60 280.20 0.031 0.025 0.032 0.272 0.272 

                    

100 % Air 30.00 19.99 10.01 24.99   0.025 0.032 0.021 0.021 

100 % Air 40.00 29.99 10.00 35.00   0.025 0.032 0.032 0.032 

100 % Air 50.00 40.01 9.99 45.00   0.025 0.032 0.068 0.068 

100 % Air 60.00 50.01 9.99 55.00   0.025 0.032 0.091 0.091 

100 % Air 70.00 60.01 10.00 65.00   0.025 0.032 0.109 0.109 

100 % Air 80.00 69.96 10.03 74.98   0.025 0.032 0.138 0.138 

100 % Air 90.00 80.01 9.99 85.01 0.900 0.025 0.032 0.165 0.165 

100 % Air 100.00 90.01 9.98 95.01 5.500 0.025 0.032 0.186 0.186 

100 % Air 110.01 100.02 9.99 105.01 19.500 0.025 0.032 0.205 0.205 

100 % Air 120.00 110.01 9.99 115.00 47.700 0.025 0.032 0.222 0.222 
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NCFI 24-124 Sample M105 cont. 

Gas 
Type 

Th 
(K) 

Tc 
(K) 

ΔT 
(K) 

Tavg 
(K) 

P 
(Torr) 

l 
(m) 

A 
(m2) 

Q 
(W) 

keff (W/m-
K) 

0.3 % He 25.01 14.97 10.04 19.99 0.089 0.025 0.032 0.094 0.095 

0.3 % He 35.00 24.99 10.00 30.00 0.206 0.025 0.032 0.135 0.135 

0.3 % He 45.00 35.02 9.98 40.01 0.283 0.025 0.032 0.165 0.165 

0.3 % He 55.00 45.00 10.00 50.00 0.353 0.025 0.032 0.198 0.197 

0.3 % He 65.00 55.01 9.99 60.01 0.423 0.025 0.032 0.218 0.218 

0.3 % He 75.00 65.01 9.99 70.00 0.513 0.025 0.032 0.226 0.227 

0.3 % He 85.00 75.02 9.98 80.01 0.902 0.025 0.032 0.211 0.211 

0.3 % He 95.00 85.00 10.00 90.00 3.800 0.025 0.032 0.191 0.192 

0.3 % He 105.00 95.01 9.99 100.01 13.500 0.025 0.032 0.199 0.201 

0.3 % He 115.00 105.01 9.99 110.01 36.070 0.025 0.032 0.214 0.215 

0.3 % He 125.00 115.02 9.98 120.01 71.500 0.025 0.032 0.231 0.230 

0.3 % He 135.00 125.02 9.98 130.01 115.800 0.025 0.032 0.250 0.247 

                    

19 % He 25.00 14.98 10.02 19.99 5.570 0.025 0.032 0.358 0.358 

19 % He 35.00 24.99 10.01 29.99 11.180 0.025 0.032 0.457 0.456 

19 % He 45.00 35.00 10.00 40.00 15.630 0.025 0.032 0.513 0.513 

19 % He 55.00 44.99 10.00 50.00 19.810 0.025 0.032 0.403 0.404 

19 % He 65.00 55.01 9.99 60.00 23.820 0.025 0.032 0.341 0.341 

19 % He 75.00 65.01 9.99 70.01 27.470 0.025 0.032 0.357 0.358 

19 % He 85.00 75.01 9.99 80.01 31.980 0.025 0.032 0.395 0.394 

19 % He 95.00 85.01 9.99 90.01 37.910 0.025 0.032 0.406 0.407 

19 % He 94.99 85.02 9.97 90.01 38.480 0.025 0.032 0.392 0.392 

19 % He 105.00 95.00 9.99 100.00 50.500 0.025 0.032 0.388 0.389 

19 % He 115.00 105.00 10.00 110.00 75.120 0.025 0.032 0.365 0.366 

19 % He 125.00 115.01 9.99 120.00 119.360 0.025 0.032 0.347 0.347 

19 % He 135.00 125.00 10.00 130.00 165.500 0.025 0.032 0.356 0.354 

19 % He 145.01 135.01 10.00 140.01 217.000 0.025 0.032 0.362 0.362 

19 % He 184.99 175.00 9.99 180.00 402.200 0.025 0.032 0.410 0.417 

                    

3 % He 25.00 14.98 10.02 19.99 0.918 0.025 0.032 0.270 0.270 

3 % He 35.00 25.01 9.99 30.00 1.540 0.025 0.032 0.344 0.344 

3 % He 45.00 35.02 9.99 40.01 2.170 0.025 0.032 0.376 0.376 

3 % He 55.00 45.01 9.99 50.01 2.930 0.025 0.032 0.297 0.297 

3 % He 65.00 55.00 10.00 60.00 3.030 0.025 0.032 0.301 0.303 

3 % He 75.00 65.01 9.99 70.00 4.440 0.025 0.032 0.314 0.315 

3 % He 85.01 75.02 9.98 80.01 5.430 0.025 0.032 0.330 0.330 

3 % He 95.00 84.99 10.01 89.99 8.160 0.025 0.032 0.299 0.300 

3 % He 105.00 95.01 9.99 100.00 17.050 0.025 0.032 0.269 0.269 

3 % He 115.00 105.00 10.00 110.00 38.100 0.025 0.032 0.262 0.261 

3 % He 115.00 105.01 9.99 110.00 41.700 0.025 0.032 0.252 0.252 

3 % He 125.00 114.97 10.03 119.99 79.200 0.025 0.032 0.262 0.261 

3 % He 135.00 125.00 10.01 130.00 122.400 0.025 0.032 0.275 0.275 
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