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ABSTRACT 
The thermal transient response of graphite foam infiltrated with paraffin wax as a thermal protection composite was investigated. Graphite foam is a rigid open-celled porous carbon material that exhibits high thermal conductivity along the ligaments. To increase the ability of graphite foam to store heat energy, it was infiltrated with paraffin wax. Filling the foam with a phase change material (PCM) creates a composite that transfers heat through an interconnected network of ligaments to a large surface area of PCM for absorption. Foams were made at various pressures to understand the effect of porosity, which also controls infiltrated wax fraction, on the thermal performance of the composite. The foam samples were infiltrated with paraffin wax and tested using a constant temperature heat source. The transient response was recorded for each sample. The results indicate a compromise that exists between the heat absorption rate and the time available for protection. A simulation was also developed and agreed well with the experimental data.
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[bookmark: _Toc348958692]Chapter 1: Introduction
Heat generation has been a persistent challenge over a broad range of engineering applications extending from electronic devices to nuclear reactors. Many issues arise from either the sensitive nature of the components within a system (thermal protection) or the need to stabilize temperature though a series of high and low heat generation periods (thermal stabilization). In many cases the most prevalent challenge to overcome is the storage or removal of heat. For some application where a cooling media is unavailable, a passive system that can store energy and release in at a later time is desirable. This research will study the thermal characteristics of a passive cooling composite material consisting of graphite foam and phase change material (PCM) for such applications.
 Graphite foam has a relatively high apparent thermal conductivity (182 W/m-K) (1) due to a highly ordered graphitic structure along the foam ligaments. Additionally, a large internal surface area is available due to an open cellular porous structure. This combination of physical properties has proven to be an excellent lightweight thermal management material for solutions that utilize a cooling media. However, for applications where no cooling media is available, the foam lacks a desirable thermal capability. With a low volumetric heat capacity, the material does not have the ability to store significant amounts of heat energy but quickly reaches equilibrium with the source where heat removal is suspended.
A phase change material, on the other hand, can have very different thermal properties. The desirable characteristic of a PCM, such as paraffin wax, is the ability to store large amounts of energy over an extended period of time by changing phases from solid to liquid. The disadvantage, however, is the low thermal conductivity (0.02 W/m-K for paraffin wax) (2) of the material. Additionally, once it begins to melt, the liquid fraction between the heat source and the solid fraction acts as a low thermal conductivity barrier to heat transfer.
This research focuses on combining the two materials by infiltrating the graphite foam with paraffin wax to create a series of graphite foam/PCM composite samples of varying foam porosity.  The graphite foam will serve as a high thermal conductivity, open-celled, interconnected, structural material that wicks heat from the source to be protected to a large surface area of paraffin wax where it is stored. The series of samples will be evaluated experimentally, providing insight to the thermal characteristics of the composite and the effect porosity has on performance. 
[bookmark: _Toc348958693]Chapter 2: Literature Review
	The following sections outline the literature research conducted on graphite foam, phase change material (specifically paraffin wax), various thermal performance enhancing composites, and recent numerical studies.
[bookmark: _Toc348958694]Graphite Foam
Klett (3) has previously provided a detailed history of the evolution of carbon and graphite foams and will be summarized here. Initial reports as early as the 40’s outline the groundwork of the early developments in carbon foam. Researchers such as Sterling (4) reports on specific chemical compositions of phenol and aldehyde that can be used to produce a solid cellular structure. Results from this work provided that the spontaneous volatile evolution was not sufficient to produce the desired low density foam. By adding a simple heat treatment process, the increased rate of gas evolution provided a controlled process for the production of an expanded cellular thermosetting resin. In the late 60’s, Ford (5) carbonized these thermosetting organic foams in a simple heat treatment process to produce a cellular refractory carbon that could withstand much higher temperatures (up to 3300°F) than the original phenol-formaldehyde foams. It was also reported that either a carbon or graphite material could be obtained by controlling the heat treatment process.
Beginning in the 1970’s and for the next several decades, much of the research focus was on producing low cost carbon foams by exploring alternative precursors and modifying processing conditions.  One such organic precursor was pitch. Pitch is a carbonaceous by-product from the distillation of an organic precursor, typically coal tar or petroleum, and was widely used as a binder in the densification of carbon composites and the production of extruded graphite electrodes (6). In the early 1990’s, Hagar et al at the Wright Patterson Air Force Base (WPAFB) developed a method for producing carbon foams from a mesophase pitch. A mesophase pitch is a complex mixture of aromatic hydrocarbons that form unique pre-graphitic liquid crystals (3, 6). This method utilized a blowing technique that saturated the pitch with a blowing agent causing it to foam. This process also required an oxidative stabilization step to prevent the foam from melting during carbonization (3). In 1997, James Klett (7) at the Oak Ridge National Laboratory reported on a simplified process for the fabrication of mesophase pitch derived graphitic foams . This unique process eliminated the traditional blowing steps as well as the need for oxidative stabilization. Foams produced using the method exhibited high bulk thermal conductivities compared to earlier foams. 
Graphite foams produced by this method and used here exhibit a unique combination of physical properties due to a predominately open-cellular structure and highly ordered graphitic cell walls (Figure 1). 
[image: ]
[bookmark: _Ref335918639][bookmark: _Toc348958717]Figure 1: SEM images of graphite foam  (1)  

There are key elements to consider when producing graphite foam; precursor, temperature, and pressure. All work dynamically allowing the foam structure and properties to be tailored to suit a large range of applications.  Several precursors have been used to produce carbon foam in the past. For this research, the focus in on mesophase pitch derived foams as they provide the highest conductivity for thermal protection applications. To understand how these three elements provide variability, it is easiest to describe the foaming process. A detailed explanation of this process and the  fabrication of graphite foam is available (3) and will be summarized here.
 Mesophase pitch is heated in a HIP (Hot Isostatic Pressure) furnace under a predetermined positive pressure. As the temperature increases and the pitch melts, volatile materials begin to expand. The isostatic pressure is used to control this expansion thus controlling pore size. Gas expansion in the melted pitch causes preferential orientation of the pre-graphitic crystals along the cell walls as illustrated in Figure 2. 

Expanding volatiles
Melted liquid mesophase pitch
Stacked graphitic crystal planes (1)

[bookmark: _Ref338661430][bookmark: _Toc348958718]Figure 2: Plane orientation due to volatile expansion

As temperature increases further, the pitch hardens and captures the foam structure. Subsequent heat treatment is used to remove residual non carbon material (carbonization). At this point the foam is thermally insulating due to a slight misalignment of the graphitic crystal planes. Further heat treatment to a graphitizing temperature provides enough mobility for the graphitic planes to align (Figure 3) creating the highly ordered graphitic cell walls of the foam. 

[image: http://www.sglgroup.com/cms/_common/images/products/lexicon-of-materials/carbon-en-1.jpg]
[bookmark: _Ref338662746][bookmark: _Toc348958719]Figure 3: Graphitization of carbon as a function of temperature (6)

Although the “in house” produced foams in this report have lower values, with the optimal precursor and processing conditions, estimated ligament conductivities have been modeled to be greater than 1650 W/m∙K with bulk conductivities up to 182 W/m∙K (1). 
[bookmark: _Toc348958695]Phase Change Material (PCM)
The phrase “phase change material” covers a vast class of materials including metals, hydrated salts, and waxes. These materials are widely used for thermal protection due to the ability to absorb large amounts of energy during the solid/liquid phase change. As the temperature of a PCM increases above the melting point, energy is stored as latent heat during the transition from solid to liquid and the source temperature is held near the melting point. The stored energy can later be released as the PCM cools below the melting point and solidifies. PCM’s typically exhibit low thermal conductivity and therefore are not desirable in application where high rates of heat generation are expected. 
For this research, the focus will be on paraffin wax as it offers a variety of advantages including low cost, chemical stability, high latent heat of fusion, and is availability in a wide range of melting temperature. Paraffin wax is a mixture of high molecular weight, straight chain, saturated aliphatic hydrocarbon compounds “alkane series” with the general formula (CnH2n+2)(8). As the “n” value in this formula, which indicates the number of carbon atoms “C” within the compound, increases, the melting temperature of the wax also increases providing the ability to match melting temperature to a variety of applications. Table 1lists the various alkane series compounds and thermophysical properties including latent heat and melting temperatures. 
[bookmark: _Ref335118589][bookmark: _Toc348958737]Table 1: Alkane Series Compounds and Properties (2)                                     
	Name
	No. of
“C” Atoms
	Melting
Point (°C)
	Density
(kg/m3)
	Thermal Conductivity
(W/mK)
	Latent Heat
(kJ/kg)

	n - Dodecane
	12
	−12
	750
	0.21S
	n.a.

	n - Tridecane
	13
	−6
	756
	
	n.a.

	n - Tetradecane
	14
	4.5–5.6
	771
	
	231

	n - Pentadecane
	15
	10
	768
	0.17
	207

	n - Hexadecane
	16
	18.2
	774
	0.21S
	238

	n - Heptadecane
	17
	22
	778
	
	215

	n - Octadecane
	18
	28.2
	814S[14], 775L [14]
	0.35S [14], 0.149L[14]
	245

	n - Nonadecane
	19
	31.9
	912S, 769L
	0.21S
	222

	n - Eicosane
	20
	37
	
	
	247

	n - Heneicosane
	21
	41
	
	
	215

	n - Docosane
	22
	44
	
	
	249

	n - Tricosane
	23
	47
	
	
	234

	n - Tetracosane
	24
	51
	
	
	255

	n - Pentacosane
	25
	54
	
	
	238

	Paraffin wax
	n.a.
	32
	785S[15], 749L[15]
	0.514S[15], 0.224L[15]
	251[15]

	n - Hexacosane
	26
	56
	770
	0.21S
	257

	n - Heptacosane
	27
	59
	773
	
	236

	n - Octacosane
	28
	61
	910S, 765L
	
	255

	n - Nonacosane
	29
	64
	
	
	240

	n - Triacontane
	30
	65
	
	
	252

	n - Hentriacontane
	31
	n.a.
	930S, 830L
	
	n.a.

	n - Dotricontane
	32
	70
	
	
	n.a.

	n - Tritricontane
	33
	71
	
	
	189


For economic reasons, paraffin wax is a mixture of many compounds from the alkane series and therefore does not have a distinct melting temperature (8). As the wax approaches the average melting temperature, some compounds begin to melt causing the material to soften. This can be described as a “mushy zone”. As the temperature increases further, other compounds begin to melt and the paraffin becomes liquid. This process also occurs in the reverse order as temperature decreases and the paraffin begins to solidify.
[bookmark: _Toc348958696]Thermal Performance Enhancing Composites
Phase change material alone would typically be useful only in applications where heat is generated slowly over a long period of time. By combining desirable thermophysical properties of multiple materials, composites become a viable solution for emergency thermal protection where heat is generated in relatively short pulses. Various studies have been conducted on composite materials that utilize the high thermal storage capacity of paraffin wax by combining it with other materials selected specifically to enhance overall thermal performance.
Krishnan, et al, (9) reports on the effects of immersing the tip of a plate-fin heat sink in phase change material. Convective cooling could take place over the exposed fin area when available. For high thermal loads and when convective cooling was not available, the PCM could absorb heat as a backup. Other material including carbon fibers (10, 11), which exhibit high thermal conductivity along the axis, aluminum powders (12), and graphite (13-15)  have been used to enhance the thermal conductivity of paraffin wax. However the non-interconnected material additions are still limited by heat transfer through the PCM from one element to another. Interconnected materials such as aluminum foams (16, 17) have similarly been combined with phase change material to increase thermal performance. These materials typically exhibit lower bulk thermal conductivities than the parent material due to reduction in density and add undesirable weight.
Graphite foam and paraffin wax composites for thermal protection have also been studied previously. Klett and Burchell (18) described a process for producing such composites by encasing the foam with phase change material creating a heat sink device. Graphite foam has an inherent advantage due a light weight interconnected network of high conductivity ligaments or struts that provide a characteristic high bulk thermal conductivity. This network can be attached directly to a heat source and allow heat to flow uninterrupted to a large area of phase change material. 
A graphite foam/PCM composite can be tailored by varying the porosity in the foam. Porosity affects a host of properties such as density, pore structure, and thermal conductivity. Porosity also controls the wax fraction in the composite and thus dictates the overall thermal performance characteristics of the composite. In order to optimize the composite for specific application, it is important to understand the relationship between porosity and thermal performance. In 2006 Mesalhy et al. (19) conducted an investigation of the effects of porosity and thermal properties on the thermal characteristics of graphite foam saturated with paraffin wax. In the study, disks were made of several types of POCO foam with varying properties, saturated with wax, and tested experimentally. The results indicate that thermal conductivity and pore size are the two main parameters in controlling heat source surface temperature. The sample with the large pore size and high conductivity produced the lowest surface temperatures but for a shorter time period indicating that a compromise exists between low surface temperatures and the time that a surface can be protected.  Zhong, et al (20) quantified a similar tradeoff by varying pore size and thermal properties of graphite foam/PCM composite. The results show that latent heat increased with an increasing mass fraction of PCM. More specifically, small pores result in higher diffusivities and larger pores yield higher latent heat values. 
Since graphite foam has limited availability, it is difficult to exclusively vary pores size while keeping other variables constant even if obtained from the same manufacturer. The advantage of this experimental investigation is the ability to produce graphite foam materials in-house. This ability allows the production of various porosity foams while maintaining all other parameters such as precursors and production methods constant. 
[bookmark: _Toc348958697]Numerical Studies
A bulk of the recent work focuses not only on the performance of a paraffin wax/PCM composite but also the modeling and prediction of thermal performance (19, 21, 22). Due to the complex random geometry of the graphite foam and the vast gap between thermal characteristics of foam and paraffin wax, a detailed model would seem difficult to develop. However, some recent works have shown that simplified models can be used to predict composite behavior relatively well (23-25).  In this work, a simple simulation is presented as a quick adaptable method for close approximations of thermal performance based on composite geometry, individual material properties, and estimated boundary conditions.   


[bookmark: _Toc348958698]Chapter 3: Experimental Setup and Methodology
This section outlines the sample fabrication, experimental procedures, and test system used to investigate the thermal transient response of the graphite foam and graphite foam/PCM composite samples. 
[bookmark: _Toc348958699]Foam Production
The standard fabrication techniques to produce graphite foam were used in this research and will be briefly reviewed here (7). To provide a variation in porosity, three foaming runs were conducted at 200, 300, and 400 psi with all other parameters held constant. This was achieved by loading a specific quantity of powdered mesophase pitch, supplied by KoppersTM, material into 4” x 9” aluminum pans. After loading the pans, the pitch was covered with aluminum foil and loaded into a High temperature Isostatic Pressure (HIP) furnace. The pitch was heated under pressure to a temperature above the softening the point. Once at the softening point, the material is allowed to foam for some time. The temperature is then raised to fuse the pitch and capture the foam geometry.
Once the foaming run is complete, the samples are carbonized by heating to 1000°C at a slow rate of 0.2 °C/minute in a nitrogen atmosphere to remove residual volatile materials. The slow heating rate for carbonization is necessary to allow sufficient time for volatile materials to escape and reduce cracking due to thermal stresses. At this point, the foams are insulating and need an additional heat treatment. A specialized furnace was used to heat the foam samples to 2800°C in nitrogen to promote graphitization.  Figure 4 shows 0.75” diameter cored samples taken from the resulting foams and the variation in pore structure.
Series 200 (200 psi)
Series 300 (300 psi)
Series 400 (400 psi)
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[bookmark: _Ref287968242][bookmark: _Toc348958720]Figure 4: Graphite foam samples showing varying pore size and structure


[bookmark: _Toc348958700]Test Samples
The initial step in sample preparation was to identify and produce usable samples from the raw foam material. The matrix in Table 2 provides identification for the three foam samples that were tested. Each foam sample was tested both with and without paraffin wax for a total of six test samples. 

[bookmark: _Ref271203661][bookmark: _Ref287966953][bookmark: _Ref271203638][bookmark: _Toc348958738]Table 2: Sample Identification Matrix
	Foam Series
	Foam Only
	Wax Filled

	200
	2XZ
	2WZ

	300
	3XZ
	3WZ

	400
	4XZ
	4WZ




Cylindrical samples were machined from each billet as seen in Figure 5. These samples are 3 inches in diameter and 3.5 inches in height. A 0.5 inch diameter hole is cut through the center to allow for the heating source which will be described in the following section. 
[image: C:\Users\1mt\Desktop\ALL Files\Thesis\STR Pics\DSC02026.JPG]
[bookmark: _Ref287968149][bookmark: _Ref287968087][bookmark: _Toc348958721]Figure 5: Graphite foam test sample

[bookmark: _Ref287968542]Each sample is tested before wax is added to provide additional data and a baseline for comparison. The testing procedures are described in a subsequent section. After the initial foam-only test is complete, the sample was heated to a temperature slightly above the melting point of the wax using the same procedure as in testing. Once the sample is warm, wax that is pre melted using a hot plate is poured into the foam until the top of the sample is reached. The low viscosity of the melted wax insures that pores are sufficiently filled throughout the foam. The sample was allowed to cool to room temperature. 
[bookmark: _Toc348958701]Test Equipment
The test system used in this experiment consists of several components that together make a controllable constant temperature thermal source that delivers heat to the center of the cylindrical test sample. See Figure 6 for a graphical representation of the elements described in this section.  A temperature controlled water circulator, Lauda Brinkman RMS 6, delivers water at a constant temperature of 95°C through a loop of 0.5 inch stainless tubing. Stainless steel tubing is used to minimize heat loss as the water travels to the sample. The system utilizes a bypass that allows the water to circulate and reach the desired temperature while being isolated from the sample. The 6 inch section of thin wall (0.035”) aluminum tubing that passes through the center of the sample acts as the heat source and is designed to create a slight pressed fit with the foam to maximize heat transfer. 
[image: C:\Users\1mt\Desktop\Thesis\Drawings\str assembly.tif]
[bookmark: _Ref287968747][bookmark: _Toc348958722]Figure 6: Schematic of experimental setup

A test chamber was designed to encapsulate the sample, provide containment for the paraffin wax, and insulate to minimize convective heat loss. The test chamber was machined from Teflon as it offers relatively low thermal conductivity and has low adhesion properties to allow for easy sample removal. The chamber is 0.25 inches thick on all surfaces and has a floating lid to accommodate expansion of the wax as it melts. Swagelok fittings are used to provide pass-through and precisely position thermocouples throughout the test sample. Figure 7 shows the test chamber with the thermocouple in place. The compression fittings used permanently attack to the thermocouple and are set insuring that data is taken at the same position for each sample. Five thermocouples were place at incremental depths in the sample to acquire temperature profiles as the heat moves through the sample. Figure 8 illustrates the theoretical positions of the thermocouple tips. Thermocouples were also placed at equal depths (center of sample wall thickness) at four quadrants around the sample to verify symmetric heat flow. The inlet and outlet water temperatures were recorded as well as the outside temperature of the sample chamber.  

[image: C:\Users\1mt\Desktop\ALL Files\Thesis\STR Pics\DSC02022.JPG]
[bookmark: _Ref287979619][bookmark: _Toc348958723]Figure 7: Test container illustrating thermocouple placement 
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[bookmark: _Ref342478384][bookmark: _Toc348958724]Figure 8: Thermocouple locations (inches) and identification

The 6 inch aluminum section of tube is slightly larger in diameter than a hole in the bottom of the chamber providing a pressed fit to secure and seal around the tube. Once the tube is in place, the foam sample is pressed into the chamber and around the inner tube (Figure 9). The thermocouples are then pressed into position piercing the foam sample. Figure 10 shows the foam sample and thermocouples in place.  Thermocouples are identified to correspond with the appropriate data acquisition channels. 



[image: C:\Users\1mt\Desktop\ALL Files\Thesis\STR Pics\DSC02037.JPG]
[bookmark: _Ref342478501][bookmark: _Toc348958725]Figure 9: Test chamber with foam sample in place

[image: C:\Users\1mt\Desktop\ALL Files\Thesis\STR Pics\DSC02039.JPG]
[bookmark: _Ref342478541][bookmark: _Toc348958726]Figure 10: Test chamber with foam sample and thermocouples in place

Two Omega DAQ-PRO 5300 portable data acquisition units were used to take precise temperature data as a function of time from all thermocouples within the system. Fig 10 shows the assembled test system.

[image: \\mc-agr\AGRFiles\AGRGroup\trammellmp\Thesis All\Thesis3\Thesis\STR Pics\DSC02045.JPG]
[bookmark: _Toc348958727]Figure 11: Test system including data acquisition units
 
[bookmark: _Toc348958702]Experimental Procedures
The initial conditions for the experiment have the sample at room temperature and the water at the test temperature (95°C) flowing through the bypass. The test begins with a brief moment to record data at the initial conditions and the bypass valves are switched directing the heated water through the tube in the center of the sample. The system is allowed to reach equilibrium. At the end of the test, the valves are switched back to redirect the heated water through the bypass. This is repeated for each sample configuration.
[bookmark: _Toc348958703]Discussion
As with any experiment there exists room for experimental errors. These can be a mere oversight on the investigators part, some aspect beyond control, or a combination of the two. Several of these types of errors can exist in the experiment and should be identified for a better analysis of the experimental results.
It should be pointed out that graphite foam is a biological material and has an inherent randomness throughout the porous structure. Density gradients can also exist within the material but is limited mostly to tall or large billets.  The mechanism behind this is irrelevant in this discussion but identifying it could offer explanations to unexpected data in the results.
Another area of concern is the fit of the center tube and the interfacial contact area between the tube and the foam. If the foam is damaged while pressing the tube through the center hole or is bent even slightly this would reduce the contact area and have significant effect on experimental data.
Thermocouple placement should be repeatable for each sample due to the guides design in the sample chamber. However, the thermocouple tip position within the sample could have an effect on data interpretation. It is difficult to determine if the thermocouple tip is touching a solid portion of the foam or in the center of a pore. Either way, this should average out and be of little importance but is worth noting.



[bookmark: _Toc348958704]Chapter 3: Experimental Results and Discussion

Each graphite foam sample was first tested without wax to provide a baseline for comparison. After this test, the foam was filled with wax as described in the previous section and retested. Data collection for all curves was taken at position 3 (P3), which is located in the center of the sample wall thickness. Figure 8 illustrates the thermocouple positions. As was expected, the graphite foam samples quickly increased to equilibrium temperature as seen in Figure 12. This is due to the high thermal conductivity and low thermal mass of the sample. It is noticed that the equilibrium temperature of the 2XZ sample (lowest density) is much lower than expected. Even if the reduced thermal conductivity is considered, the temperature in a well-insulated system should eventually approach equilibrium with the source temperature. This result could be explained by several factors. Having the lowest density makes this sample the most fragile and thus provides a non-ideal surface for contact with the heat source. Contributing to this is the high porosity of the sample. The amount of contact due to a porous surface could significantly overcome the relative high thermal conductivity and reduce overall heat transfer from the heat source to the sample. Ideally this could be confirmed by looking at the difference between inlet and outlet water temperatures. Unfortunately in this test system, the high flow of the water caused the temperatures to be too close to measure a difference. Another option unavailable at the time of testing would be to monitor the power output of the temperature controller. Reduced power of the temperature controller would indicate that heat was flowing into the sample at a much lower rate. This feature was not available at the time of testing.
[image: ]
[bookmark: _Ref347133410][bookmark: _Toc348958728]Figure 12: Experimental data from graphite foam without wax

After completing the test with the unfilled sample, wax was added and the test was repeated. The results in Figure 13 show how each sample compares relative to the change in density. As the composite sample temperature reaches the melting point of the wax, the rate of change in temperature decreases significantly. The transition from heating to melting is controlled by the range in melting temperature of the wax. As discussed earlier, standard food grade waxes melt over a range of temperatures. Depending on the melting range of the wax, this transition can be gradual to abrupt. The melting temperature range of the paraffin selected for this research gives a moderate transition. Other factors that effect this transition are the amount of wax in the sample and other components, such as the sample holder, that get heated during testing.

[image: ]
[bookmark: _Ref347133551][bookmark: _Toc348958729]Figure 13: Experimental data from wax filled composite samples


To understand the advantage of infiltrating foam with paraffin wax, the following figures compare the composite samples to the respective “foam only” baseline. As discussed previously, the 200 series foam and composite samples offer limited data due to the reduced surface contact with the heat source. In Figure 14, the equilibrium temperature of wax filled composite sample is actually higher that the baseline. This is most likely because the paraffin wax filling the gap between the foam and the heat source has a higher thermal conductivity than air allowing additional heat transfer to the sample.  
	
[image: ]
[bookmark: _Ref347135407][bookmark: _Toc348958730]Figure 14: Experimental data for 200 series samples


Data from the 300 series samples (Figure 15) provides a much better look at the effect of wax infiltration on thermal performance. Looking at the data from a thermal protection perspective, the 3XZ (without wax) samples quickly reaches equilibrium with the heat source providing minimal protection. The wax filled sample (3WZ), on the other hand, provides thermal protection both prior to and during phase change. Early in the experiment (<250 seconds), the wax absorbs heat as the temperature rises. Near the paraffin melting temperature, the wax begins to change phase and absorb energy as latent heat thus reducing the rate at which temperature increases. The time elapsed while in this region, between transitions, is controlled by the amount of wax contained in the sample which is in turn controlled by the porosity of the foam. This determines the amount of energy that can be absorbed before temperature begins to rise again. As the majority of the wax is melted, the second transition is observed where the sample begins to increase in temperature until equilibrium is reached.

[image: ]
[bookmark: _Ref347148770][bookmark: _Ref347148744][bookmark: _Toc348958731]Figure 15: Experimental data for 300 series samples

Data from the 400 series samples (Figure 16) indicate a similar effect. However, the higher density 400 series foam has a lower porosity and a lower wax fraction for the composite sample. Comparing the curves from the 300 (3WZ) and 400 (4WZ) composite samples indicate a tradeoff that exists as a function of porosity. In other words, wax fraction decreases with porosity. As the wax fraction decreases, a compromise exist between the rate of heat absorption and the time heat can be absorbed. 
 
[image: ]
[bookmark: _Ref347149460][bookmark: _Toc348958732]Figure 16: Experimental data for 400 series samples

Comparing the results from the 300 and 400 series composite samples offers an example of how a graphite foam/PCM composite material could be tailored for specific thermal protection application. Based on these results, if the desired protection temperature, heat generation rate and frequency are established, a composite material could be optimized to provide passive thermal protection. 
	

[bookmark: _Toc348958705]Chapter 4: Simulation
[bookmark: _Toc348958706]Software
A computer simulation was developed using the partial deferential equation solver FlexPDE (26). The software utilizes a pseudo code programming script and a library of built-in commands to create a geometrically representative model for finite element analysis. A partial differential equation can then be applied to the mesh and a solution is generated. The canned software package was used to replicate the geometry, boundary conditions, and thermal conditions of the experimental study and apply the general form of the heat equation.
[bookmark: _Toc348958707]Simulation Development
The initial steps of simulation development were to create a three dimensional representative geometry, generated a finite element mesh, and define boundary conditions. The boundaries were constructed using simple drawing commands. As the boundaries of the model were defined, built-in boundary condition equations were applied to each surface. For this application, a natural convection feature was used an all surfaces of the sample. This feature assumes that heat flux is proportional to the temperature difference across the boundary interface (26). A multiplier was added to the natural convection equation feature to provide a variable for refining boundary conditions to optimize simulation. 
	The foundation of the simulation centers on the general form of the heat equation (Equation 1) (27). The solution to this equation provides a temperature distribution as a function of time and can be directly compared with experimental data.

	
	
	(Equation 1)



Although the simulation assumes no internal heat generation, ( is used as a sink term to simulate the phase change process of paraffin wax in the composite. Equation 2 shows the sink term as a product of porosity (), density (), latent heat of melting (), and the change in solid wax fraction  
	
	
	(Equation 2)



 The change in solid wax fraction, or  is represented in equation 3 and utilized the error function to simulate the kinetics of the solid to liquid phase transition (26). 

	
	
	(Equation 3)



As the composite reaches the melting temperature of the wax, energy is stored as latent heat. In equation 3, the change in solid fraction  represents the amount of wax melted and becomes significant as the temperature  approaches the melting temperature  of the wax. In each time step, the change in solid wax fraction is subtracted from the solid portion  in the previous time step. As the temperature rises above the melting temp, the fraction of solid wax approaches zero and equation 3 becomes insignificant allowing temperature to rise.
Equations 1, 2, and 3 were combined and simplified to allow for easy implementation into the software script (Equation 4) (26). 

	
	
	(Equation 4)



As described previously, the economical grades of paraffin wax do not have a sharp melting temperature but instead melt over a temperature range. The input  controls the slope of the equation and is adjusted to simulate this range of temperature over which the wax melts. Increasing this value cause the simulated melting process to occur over a much broader temperature range (Figure 17).
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[bookmark: _Ref346195805][bookmark: _Ref346195800][bookmark: _Toc348958733]Figure 17: Solid wax fraction as a function temperature for different ranges of melting


 The general form of the heat equation includes material specific variables for density ( and heat capacity). The product of these variables is volumetric heat capacity (). Because the simulation does not account for the complex geometry of the individual composite constituent, the rule of mixtures was applied on a mass fraction basis to derive an effective volumetric heat capacity  for the composite. Equation 3 shows the effective volumetric heat capacity where () is the mass fraction of paraffin wax in the composite. This greatly simplifies the simulation by allowing the model to be treated as one material. The material property inputs used in this equation are listed in Table 3 and Table 4. For each sample configuration, a new script was developed with the appropriate inputs.

	
	
	(Equation 3)



[bookmark: _Ref346194261][bookmark: _Toc348958739]Table 3: Foam Properties
	Foam Series
	Bulk Density (g/cm³)
	Porosity
	Thermal Conductivity (W/mK)
	Approximate Pore Size
 (µm)

	200
	0.22
	0.90
	40
	1500

	300
	0.27
	0.88
	42
	850

	400
	0.38
	0.83
	60
	500



[bookmark: _Ref346194265][bookmark: _Toc348958740]Table 4: PCM Properties (2)
	PCM
	Melting Point (°C)
	Density (kg/m³)
	Thermal Conductivity (W/mK)
	Latent Heat 
(kJ/kg)

	Paraffin Wax
	62
	785S, 749L
	0.5S, 0.2L
	251


 
[bookmark: _Toc348958708]Results and Discussion
Initial conditions for the model were set to match the conditions in the experiment. This includes boundary conditions, heat source temperature, and geometry. Each composite sample tested experimentally was simulated for a total of 3 tests. Figure 18 shows the thermal response for the 200 series foam. This foam had the lowest density and was relatively fragile compared to the other samples. As mentioned previously, the 200 series foam did not make significant contact with the heat source. This caused the controller to reduce power to maintain temperature thus reducing the heat into the sample. In turn, the sample did not reach the expected steady state temperature of the heat source.
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[bookmark: _Ref346196488][bookmark: _Toc348958734]Figure 18: Simulation and experimental results of 200 psi foam/PCM composite


The 300 series foam was less fragile and made much better contact with the heat source. This is evident in the correlation between experimental and simulated data in Figure 19. Although the simulate data matches very well, it is difficult to accurately predict the phase change process. Several factors such as foam density gradient, wax motion, and heat loss contribute to the mismatched areas in the curve.  
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[bookmark: _Ref346267529][bookmark: _Toc348958735]Figure 19: Simulation and experimental results of 300 psi foam/PCM composite


The data from the 400 series foam experimental study was used to adjust and optimize the simulation. For this reason, the thermal response of the 400 series composite (Figure 20) exhibits the closest correlation with simulation data.  After optimization, only the material property inputs were change for the 200 and 300 series composite tests. Other factors resulting in the enhanced correlation can be attributed to density. The 400 series samples had the highest density and most rigid foam. This resulted in a much better interface contact between the heat source and the sample. The smaller pores in the high density foam also compartmentalized the wax and reduced the effect of convective heat transfer within the samples.
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[bookmark: _Ref346278048][bookmark: _Toc348958736]Figure 20: Simulation and experimental results of 400 psi foam/PCM composite

	 
[bookmark: _Toc348958709]Chapter 5: Conclusions and Recommendations
A graphite foam/PCM composite material was investigated for thermal performance as a passive thermal protection material. As mentioned previously, foaming pressure controls pore size and thus a host of other properties such as density, thermal conductivity, and porosity. In this experiment, samples were machined from billets of graphite foam made at pressures of 200, 300, and 400 psi. This gave three data points to investigate the effect of porosity on the thermal performance of the graphite foam as well as the composite (foam/PCM) material. The samples were tested without wax as a baseline and again after filling with wax. The results indicate a compromise that exists as a function of porosity.  As the density increases in the graphite foam, the reduced porosity lowers the fraction of infiltrated wax in the composite samples. With lower fractions of wax, the composite absorbs energy (provides protection) at an increased rate but for less time. The experimental results suggest that if particular parameters are known about the system to be protected, a composite material could be tailored and optimized to provide passive thermal protection.
	A simple simulation was developed using the canned software FlexPDE. The partial differential equation solver provides a user friendly interface for thermal performance analysis of a variety of samples configurations.  Once the simulation was complete, it was used to estimate the transient thermal response of the varied porosity samples. Data form the simulation was then compared to experimental data.  Although the 200 series samples provided limited data, the 300 and 400 series simulation data agreed well with the experimental results. The end result for his simulation is to allow a user to develop geometry, define boundary conditions, and input material properties for a specific application and iteratively adjust sample parameters for thermal performance optimization of the composite.
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[bookmark: _Toc348958712]A. Simulation Script
[bookmark: _Toc348958713]200 series simulation script
TITLE
'Foam/PCM Composite'
 
COORDINATES
 ycylinder('r','z')
 
SELECT
cubic
smoothinit

VARIABLES
temp(threshold=10)
solid(threshold=0.1)

DEFINITIONS
   	long = 0.0762		{ height of cylinder}
    	dtube = .0127		{ diameter of inner tube}
    	dia = 0.0889		{ diameter of foam/pcm}
    	ta=300		 	{ outside air temperature}
	Qm= 251000		{ latent heat of the PCM  J/kg}
	Tm=329                         	{ Melting temperature }
	T0= 10			{ Melting interval +- T0 }
	temp_liq=300		{ initial liquid temperature }
	temp_sol=300		{ initial solid temperature }
	lambda = 40		{ Thermal Conductivity of the foam}
        	e=0.90			{Porosity}
 	filled=1			{fraction filled}
    	rhopcm=760		{ Density pcm kg/m3 }
    	cppcm=2000		{ heat capacity pcm - J/kg­·°C}
    	rhof=2200			{ Density solid ligaments of the foam - kg/m3 }
    	cpf=900			{ heat capacity -Foam -J/kg­·°C}
             	rceff= (e*filled)*(rhopcm*cppcm)+ (1-(e*filled))*(rhof*cpf)		{effective heat capacity}
rhoeff= (e*filled)*(rhopcm)+ (1-(e*filled))*(rhof)			{effective density}
 
INITIAL VALUES
   	temp=ta
  	solid =  0.5*erfc((temp-Tm)/T0)
 
EQUATIONS
  	temp:       rceff*dt(temp) - div(lambda*grad(temp))  = (e*filled)*rhopcm*Qm*dt(solid)
  	solid:        dt(solid)  =  100*(0.5*erfc((temp-Tm)/T0) - solid)  + 1e-8*div(grad(solid))
 
BOUNDARIES
region 'Outer'
    start 'outer' (0,-dia/2)
   	natural(temp)=-10*(ta-temp)		{outer surface convection}
	arc(center=0,0) angle 180
 		
	natural(temp)=0			{cut line insolated}
    	line to (0, dtube/2)
 
	natural(temp) = -24000*(368-temp)
	arc(center=0,0) angle=-180
 
  	natural(temp)=0
	 line to close
 
	FRONT(solid-0.5, 0.2)
 	TIME  0 by 1e-4  to 3600
  
MONITORS
  for cycle=1
  grid(r,z) zoom (0,-dtube,dtube,dtube)
  elevation(Temp) from (dtube/2,0) to (dia/2,0)  fixed range=(300,370) as "X-Axis Temp"
  elevation(solid) from (dtube/2,0) to (dia/2,0)   as "X-Axis Solid"
  elevation(rceff*dt(temp), div(lambda*grad(temp)), rhoeff*Qm*dt(solid))  from (dtube/2,0) to (dia/2,0)

 PLOTS
for cycle=10
  grid(r,z)
  contour( temp)  fixed range=(300.0,370.0) painted
  contour( temp)   zoom (0,-dtube,dtube,dtube) fixed range=(300.0,370.0) painted
  contour(solid)   fixed range=(0.0,1.0) painted
  contour(solid)  zoom (0,-dtube,dtube,dtube) fixed range=(0.0,1.0) painted
  grid(r,z) zoom (0,-dtube,dtube,dtube)
  elevation(Temp) from (dtube/2,0) to (dia/2,0)  fixed range=(300,370) as "X-Axis Temp"
  elevation(solid) from (dtube/2,0) to (dia/2,0)   as "X-Axis Solid"
  elevation(rceff*dt(temp), div(lambda*grad(temp)), (e*filled)*rhopcm*Qm*dt(solid))  from (dtube/2,0) to (dia/2,0)
 
HISTORIES
  history(temp)   at (.25*(dia/2-dtube/2)+dtube/2,0) (.5*(dia/2-dtube/2)+dtube/2,0) (.75*(dia/2-dtube/2)+dtube/2,0) export format "#t,#r,#i"
  history(solid)   at (.25*(dia/2-dtube/2)+dtube/2,0) (.5*(dia/2-dtube/2)+dtube/2,0) (.75*(dia/2-dtube/2)+dtube/2,0) export format "#t,#r,#i"
 
END
[bookmark: _Toc348958714]300 series simulation script
TITLE
  'Foam/PCM Compositel'
 
COORDINATES
  ycylinder('r','z')
 
SELECT
cubic
smoothinit
 
VARIABLES
 temp(threshold=10)
 solid(threshold=0.1)
 
 DEFINITIONS
    	long = 0.0762		{ height of cylinder}
    	dtube = .0127		{ diameter of inner tube}
    	dia = 0.0889		{ diameter of foam/pcm}
    	ta=300		 	{ outside air temperature}
	Qm= 251000		{ latent heat of the PCM  J/kg}
	Tm=329                         	{ Melting temperature }
	T0= 10			{ Melting interval +- T0 }
	temp_liq=300		{ initial liquid temperature }
	temp_sol=300		{ initial solid temperature }
	lambda = 42		{ Thermal Conductivity of the foam}
        	e=0.88			{Porosity}
 	filled=1			{fraction filled}
    	rhopcm=760		{ Density pcm kg/m3 }
    	cppcm=2000		{ heat capacity pcm - J/kg­·°C}
    	rhof=2200			{ Density solid ligaments of the foam - kg/m3 }
    	cpf=900			{ heat capacity -Foam -J/kg­·°C}

             	rceff= (e*filled)*(rhopcm*cppcm)+ (1-(e*filled))*(rhof*cpf)		{effective heat capacity}
 	rhoeff= (e*filled)*(rhopcm)+ (1-(e*filled))*(rhof)			{effective density}
 
INITIAL VALUES
  	temp=ta
  	solid =  0.5*erfc((temp-Tm)/T0)
 
EQUATIONS
 	temp:       rceff*dt(temp) - div(lambda*grad(temp))  = (e*filled)*rhopcm*Qm*dt(solid)
  	solid:        dt(solid)  =  100*(0.5*erfc((temp-Tm)/T0) - solid)  + 1e-8*div(grad(solid))
 
BOUNDARIES
region 'Outer'
    start 'outer' (0,-dia/2)
   	natural(temp)=-10*(ta-temp)		{outer surface convection}
	arc(center=0,0) angle 180
 	natural(temp)=0			{cut line insolated}
    	line to (0, dtube/2)
	natural(temp) = -24000*(368-temp)
	arc(center=0,0) angle=-180
	natural(temp)=0
	 line to close
 
	FRONT(solid-0.5, 0.2)
	TIME  0 by 1e-4  to 3600
 
 MONITORS
  for cycle=1
  grid(r,z) zoom (0,-dtube,dtube,dtube)
  elevation(Temp) from (dtube/2,0) to (dia/2,0)  fixed range=(300,370) as "X-Axis Temp"
  elevation(solid) from (dtube/2,0) to (dia/2,0)   as "X-Axis Solid"
  elevation(rceff*dt(temp), div(lambda*grad(temp)), rhoeff*Qm*dt(solid))  from (dtube/2,0) to (dia/2,0)
 
PLOTS
for cycle=10
  grid(r,z)
  contour( temp)  fixed range=(300.0,370.0) painted
  contour( temp)   zoom (0,-dtube,dtube,dtube) fixed range=(300.0,370.0) painted
  contour(solid)   fixed range=(0.0,1.0) painted
  contour(solid)  zoom (0,-dtube,dtube,dtube) fixed range=(0.0,1.0) painted
  grid(r,z) zoom (0,-dtube,dtube,dtube)
  elevation(Temp) from (dtube/2,0) to (dia/2,0)  fixed range=(300,370) as "X-Axis Temp"
  elevation(solid) from (dtube/2,0) to (dia/2,0)   as "X-Axis Solid"
  elevation(rceff*dt(temp), div(lambda*grad(temp)), (e*filled)*rhopcm*Qm*dt(solid))  from (dtube/2,0) to (dia/2,0)
 
HISTORIES
  history(temp)   at (.25*(dia/2-dtube/2)+dtube/2,0) (.5*(dia/2-dtube/2)+dtube/2,0) (.75*(dia/2-dtube/2)+dtube/2,0) export format "#t,#r,#i"
  history(solid)   at (.25*(dia/2-dtube/2)+dtube/2,0) (.5*(dia/2-dtube/2)+dtube/2,0) (.75*(dia/2-dtube/2)+dtube/2,0) export format "#t,#r,#i"
 
END
[bookmark: _Toc348958715]400 series simulation script
TITLE
  'Foam/PCM Composite'
 
COORDINATES
  ycylinder('r','z')
 
SELECT
cubic
smoothinit
 
VARIABLES
temp(threshold=10)
solid(threshold=0.1)

DEFINITIONS
   	long = 0.0762		{ height of cylinder}
    	dtube = .0127		{ diameter of inner tube}
    	dia = 0.0889		{ diameter of foam/pcm}
    	ta=300		 	{ outside air temperature}
	Qm= 251000		{ latent heat of the PCM  J/kg}
	Tm=329                         	{ Melting temperature }
	T0= 10			{ Melting interval +- T0 }
	temp_liq=300		{ initial liquid temperature }
	temp_sol=300		{ initial solid temperature }
	lambda = 60		{ Thermal Conductivity of the foam}
        	e=0.83			{Porosity}
 	filled=1			{fraction filled}
    	rhopcm=760		{ Density pcm kg/m3 }
    	cppcm=2000		{ heat capacity pcm - J/kg­·°C}
    	rhof=2200			{ Density solid ligaments of the foam - kg/m3 }
    	cpf=900			{ heat capacity -Foam -J/kg­·°C}
 
       	rceff= (e*filled)*(rhopcm*cppcm)+ (1-(e*filled))*(rhof*cpf)		{effective heat capacity}
 	rhoeff= (e*filled)*(rhopcm)+ (1-(e*filled))*(rhof)			{effective density}
 
INITIAL VALUES
  	temp=ta
  	solid =  0.5*erfc((temp-Tm)/T0)
 
EQUATIONS
	temp:       rceff*dt(temp) - div(lambda*grad(temp))  = (e*filled)*rhopcm*Qm*dt(solid)
  	solid:        dt(solid)  =  100*(0.5*erfc((temp-Tm)/T0) - solid)  + 1e-8*div(grad(solid))
 
BOUNDARIES
region 'Outer'
    start 'outer' (0,-dia/2)
natural(temp)=-10*(ta-temp)		{outer surface convection}
	arc(center=0,0) angle 180
	natural(temp)=0			{cut line insolated}
    	line to (0, dtube/2)
	natural(temp) = -24000*(368-temp)
	arc(center=0,0) angle=-180
	natural(temp)=0
	 line to close
 
	FRONT(solid-0.5, 0.2)
	TIME  0 by 1e-4  to 3600

MONITORS
  for cycle=1
  grid(r,z) zoom (0,-dtube,dtube,dtube)
  elevation(Temp) from (dtube/2,0) to (dia/2,0)  fixed range=(300,370) as "X-Axis Temp"
  elevation(solid) from (dtube/2,0) to (dia/2,0)   as "X-Axis Solid"
  elevation(rceff*dt(temp), div(lambda*grad(temp)), rhoeff*Qm*dt(solid))  from (dtube/2,0) to (dia/2,0)
 
PLOTS
 for cycle=1
  grid(r,z)
  contour( temp)  fixed range=(300.0,370.0) painted
  contour( temp)   zoom (0,-dtube,dtube,dtube) fixed range=(300.0,370.0) painted
  contour(solid)   fixed range=(0.0,1.0) painted
  contour(solid)  zoom (0,-dtube,dtube,dtube) fixed range=(0.0,1.0) painted
  grid(r,z) zoom (0,-dtube,dtube,dtube)
  elevation(Temp) from (dtube/2,0) to (dia/2,0)  fixed range=(300,370) as "X-Axis Temp"
  elevation(solid) from (dtube/2,0) to (dia/2,0)   as "X-Axis Solid"
  elevation(rceff*dt(temp), div(lambda*grad(temp)), (e*filled)*rhopcm*Qm*dt(solid))  from (dtube/2,0) to (dia/2,0)

HISTORIES
  history(temp)   at (.25*(dia/2-dtube/2)+dtube/2,0) (.5*(dia/2-dtube/2)+dtube/2,0) (.75*(dia/2-dtube/2)+dtube/2,0) export format "#t,#r,#i"
  history(solid)   at (.25*(dia/2-dtube/2)+dtube/2,0) (.5*(dia/2-dtube/2)+dtube/2,0) (.75*(dia/2-dtube/2)+dtube/2,0) export format "#t,#r,#i"
 
END
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