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Abstract 

 

Multi-Scale Investigation of Composite Materials for Enhanced Phase 

Change Thermal Storage Systems 

 

Evan Fleming, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisor:  Li Shi 

 

Thermal energy storage technology has received renewed attention in recent years 

for a variety of important applications including storage for thermal solar systems, building 

thermal management, and thermal management of high power electronics. Thermal storage 

is used in transient systems where heat loads are shifted by storing heat, which is later used 

or dissipated as desired for the application. For example, high power pulsed electronics 

may incorporate thermal storage to absorb waste heat during a pulse and dissipated during 

the off-portion of the duty cycle, which has the benefit of reducing heat sink performance 

requirements. 

Phase change materials (PCMs) are commonly implemented in thermal storage 

systems due to large storage energy density by latent heat of fusion. Despite high energy 

density, the low thermal conductivity of most PCMs limits power capacity, which for many 

applications is a critical engineering challenge. One of the most commonly implemented 
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methods to address the low thermal conductivity of PCMs is incorporation of a high 

thermal conductivity filler material. For thermal storage applications, it is important to 

minimize the fraction of the filler material to minimize the impact on storage density, while 

simultaneously maximizing the effective thermal conductivity of the composite. Both the 

structure and the intrinsic material properties of the filler material determine the potential 

relative enhancement of a PCM composite. 

This work focuses on means to enhancing the thermal transport in PCMs by 

incorporation of continuous, high thermal conductivity structures and includes detailed 

exploration into the thermal properties of graphitic filler materials. Regarding thermal 

storage units, this work demonstrates the performance enhancement of a thermal storage 

unit with incorporation of aluminum foam. Regarding graphitic materials, this work 

includes development of a high quality, ultra-thin graphite foam grown by chemical vapor 

deposition on sintered nickel powder catalytic templates that increases the effective density 

and effective thermal conductivity compared to previously reported graphite foams. Lastly, 

this work investigates the synthesis and measurement of thermal properties of a nano-

pillared graphitic structure. The intrinsic thermal conductivity is measured via a micro-

thermometry four probe measurement. Also presented is the optimization of this 

measurement method using Fourier analysis. 
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Chapter 1: Introduction 

Thermal energy storage is an important technology for applications spanning 

thermal management for electronics, building insulation materials, shipping containers 

with temperature sensitive contents, solar energy storage, among others. Whether the 

thermal storage mechanism is sensible heating/cooling, solid/liquid phase change, thermo-

chemical reactions, or vapor or gas adsorption or absorption, the primary engineering goal 

remains the same: to provide a reservoir that can either supply or absorb heat at a particular 

temperature or across a small range in temperature. Energy capacity, power capacity, self-

discharge, and cost are critical parameters for application, as with any energy storage 

technology.  

Phase change materials (PCMs) are commonly implemented in thermal storage 

systems due to large storage energy density by latent heat of fusion, e.g., 333 kJ/kg for 

water (1), which is roughly double the energy density of a lead acid battery. Furthermore, 

the energy can be released and absorbed at a single temperature or across a small melting 

temperature range in contrast to sensible heat storage, which requires a change in 

temperature and is thus exergetically less favorable. Despite high energy density of PCMs, 

achieving desired power capacity can be a significant engineering challenge due to the low 

thermal conductivity of common PCMs such as water, paraffins, fatty acids, among others. 

There are primarily two approaches to achieving high power capacity: heat exchanger 

design and system parameter control and incorporation a filler material into the PCM that 
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enhances thermal conductivity. A number of reviews have summarized PCMs and their 

applications as well as heat exchanger configurations (1–5).  

The shell-and-tube heat exchanger has been a common choice for thermal storage 

owing to its relative simplicity and effective usage of surface area, which reduces the 

amount of heat exchanger volume necessary to achieve desired performance. There are a 

number of means to increase power capacity: heat transfer fluid (HTF) selection, increasing 

the difference between HTF inlet temperature and the PCM melting temperature, 

increasing HTF velocity, and heat exchanger design. 

HTF selection is a reasonably straightforward engineering design task for most 

common thermal storage systems with PCM melting temperatures above -20 °C and below 

100 °C. Within this range, water glycol mixtures are optimal HTF liquids, due to water’s 

heat capacity and thermal conductivity and the compatibility of water glycol mixtures with 

common heat exchanger and tubing/piping materials. In laboratory settings, the inlet HTF 

temperature is a common parametric variable, but in application, there is often limited 

control over the inlet temperature due to constraints imposed by the entire system, e.g., the 

temperature attainable by solar heating. While increasing HTF velocity can improve 

convection, increases in pressure drop and thus pumping power must be accounted for. 

This leaves heat exchanger design as effective means to improve power capacity within the 

constraints of an application. Nevertheless, maximizing surface area, while minimizing 

pressure drop, flow maldistribution, cost and complexity, can be a major engineering 

challenge.  
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It is also possible to increase power capacity by incorporation of PCM filler 

materials that increase the effective thermal conductance of a PCM. Various approaches 

have been investigated and have recently been summarized by Fan and Khodadadi (6). The 

engineering goal for thermally enhanced PCM composites is to maximize the composite 

thermal conductance while minimizing the amount of PCM volume that is replaced by the 

filler material. There are two classes of materials commonly used: continuous structures, 

e.g., foams, and discrete particles, e.g., high thermal conductivity nanoparticles. Carson et 

al. (7) have demonstrated, using effective medium theory, how continuous high 

conductivity structures, which they refer to as having internal porosity, provide greater 

effective thermal conductivities than discrete particles, having external porosity. This is 

true because the continuous structure provides a parallel heat transfer pathway through the 

composite while the discrete particles provide thermal conductivity enhancement in series 

with the bulk material, e.g., the PCM. This work also does not account for interfacial 

thermal resistances that further reduce the relative benefit of discrete particles as compared 

to continuous structures (8). 

Chapter 2 of this dissertation demonstrates the benefit of incorporation of aluminum 

foams into a thermal storage unit where water is used as the PCM. Performance of two 

identical heat exchangers, with the exception that one unit has incorporated aluminum 

foam, is compared when operated under identical conditions, e.g., flow rates and inlet 

temperatures. Chapter 2 also incorporates modeling of the thermal storage units and 

discusses the impact thermal non-equilibrium during transient phase change heat transfer 
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and the impact on assumed effective thermal conductivity models for the PCM-foam 

composite.  

The simplest theoretical approach toward maximizing the effective thermal 

enhancement of a filler material of a given form is by maximizing the intrinsic thermal 

conductivity of the filler material. Toward this approach, graphitic carbon is an attractive 

material due to its high thermal conductivity in the basal plane, approximately 1900       

Wm-1K-1 at 300K (9). Similar values have been obtained for graphitic carbon structures at 

atomic scale thicknesses, i.e., suspended for graphene, few layer graphene, and single and 

multi-wall carbon nanotubes.  

While maximizing the intrinsic thermal conductivity of a filler material is 

important, the structure of the material can play an equally important role. The upper limit 

to the effective thermal conductivity of any composite material is set by the parallel 

resistance model: 𝑘𝑒𝑓𝑓= ∅𝑃𝐶𝑀𝑘𝑃𝐶𝑀+ ∅𝑓𝑘𝑓, where ∅ is the volume fraction and the subscript 

f is for filler. For low volume fraction materials like foams, a more accurate description 

modifies the parallel model with a shape factor, τ, representing the effective length heat 

must travel relative to a given cartesian coordinate: keff = ∅𝑃𝐶𝑀𝑘𝑃𝐶𝑀 + ∅𝑓𝑘𝑓/τ. For thin-

walled foams, Lemlich demonstrated τ = 3, which represents the isotropy of the foam 

structure (10). As wall thicknesses increase along with volume fraction, τ transitions from 

a value of 3 to 1 in the limit of vanishing ∅𝑃𝐶𝑀. Ji et al. (11) have found that for graphitic 

materials, a continuous matrix, e.g., a foam structure, can offer effective thermal 

conductivities greatly exceeding those of discrete particles of the same material and that an 
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effective thermal conductivity of 1.7 Wm-1K-1 is obtainable at volume fraction of only 0.5% 

volume loading for an ultra-thin graphite foam.  

An important consideration for transient phase change heat transfer is the 

distribution of the filler network throughout the PCM. In steady state heat transfer, the filler 

material provides a pathway for heat to pass through the bulk material. In a PCM storage 

system, the filler material serves to distribute heat within the PCM. Thus, an optimal filler 

material maximizes surface area and minimizes pore sizes, i.e., the conduction lengths 

within the PCM—in essence, maximizing the homogeneity of the filler material 

distribution. 

Chapter 3 presents a study on the development of ultra-thin graphite foams with 

decreased pore size, increased specific surface, increased effective densities and, 

accordingly, increased effective thermal conductivity. These improved properties stem 

from the development of a template derived from the sintering of commercial nickel 

powders to form continuous foam-like structures to serve as the catalytic template for 

chemical vapor deposition instead of reticulated nickel foams, the traditional choice for a 

nickel foam template in works such as that of Ji et al (11). 

The powder-based foams presented in Chapter 3 are macro-scale with pore sizes 

between 20 – 80 µm.  Lower dimensional forms of carbon at the nano-scale including 

graphene and carbon nanotubes have generated significant interest in the thermal physics 

community due to the unique transport properties that arise from their two-dimensional 

and one-dimensional geometries, respectively. The thermal conductivities of these 
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materials can theoretically exceed that of highly-oriented pyrolytic (HOPG) carbon despite 

HOPG having the same hexagonal sp2 bonding (12, 13). There has also been interest in the 

theoretical community toward developing 3D structures composed of lower dimensional 

materials to transform their unique transport properties into three dimensions. One such 

structure that has received considerable attention is so-called pillared graphene consisting 

of continuous carbon arranged in planes of graphene connected by carbon nanotubes (14–

18). 

Chapter 4 focuses on the synthesis of a nano-pillared graphitic material grown by 

low temperature, catalyst-free CVD on a porous anodized aluminum oxide (AAO) 

template. By removing this AAO template with chemical etching, a free-standing pillared 

graphitic structure is obtained. Prior to this work, the thermal properties of a material grown 

by this catalyst-free CVD method had not been studied. The intrinsic thermal conductivity 

of this pillared graphitic structure was obtained by isolating individual nanotubes, which 

serve as the pillars, and transferring them to a micro-thermometry four probe device, 

whereby two samples were measured and analyzed using Raman spectroscopy and 

transmission electron microscopy. Included in this effort is an adaptation of this four probe 

micro-thermometry device measurement (19) to incorporate discrete modulated heating 

and Fourier data analysis. The benefits of this approach are detailed in Chapter 4.  
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Chapter 2: High power capacity thermal storage units with 

incorporation of aluminum foam1 

Phase change materials (PCMs) are commonly implemented in thermal storage 

systems due to large storage energy density by latent heat of fusion. Despite high energy 

density, achieving desired power capacity can be a significant engineering challenge due 

to the low thermal conductivity of common PCMs including water, paraffins, fatty acids, 

sugar alcohols, and salt hydrates. A number of reviews have summarized PCMs and their 

applications as well as heat exchanger configurations (1–5). Among the several options 

available, a shell-and-tube heat exchanger has been a common choice for thermal storage 

owing to its relative simplicity and effective usage of surface area, which reduces the 

amount of heat exchanger volume necessary to achieve desired performance. This unit has 

been studied extensively, typically on a single tube basis (20–28) but also on a multi-tube 

scale (29, 30).  

                                                 

1 The content of this chapter was published in E. Fleming, S. Wen, L. Shi, A.K. da Silva, 

Experimental and theoretical analysis of an aluminum foam enhanced phase change thermal storage unit. Int. 

J. Heat and Mass Transf. 82, 273-281 (2015). E. Fleming and S. Wen designed the heat exchangers. All other 

modeling and testing was conducted by E. Fleming. The manuscript was written by E. Fleming and A.K. da 

Silva and edited by all co-authors. 
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For shell-and-tube thermal storage units, there are several approaches or strategies 

that may be adopted in order to increase power capacity. For instance, increasing the 

temperature difference between the heat transfer fluid (HTF) inlet and the PCM melting 

temperature will naturally lead to higher heat transfer, although there is often little control 

over this parameter in actual application. Likewise, an increase in the heat transfer fluid 

velocity can increase both the flow convection coefficient as well as the flow heat capacity 

rate, but the consequent increase in pressure drop must also be considered. Furthermore, 

convection enhancement may have limited impact on overall performance if the PCM 

conduction resistance is dominant. HTF selection can also play an important role in design, 

e.g., selecting an HTF with higher thermal conductivity and higher heat capacity while 

lower viscosity. Lastly, the heat exchanger design itself of course plays a crucial role. 

Power capacity may be increased by decreasing the tubing pitch and increasing tube count, 

effectively increasing surface area and reducing the maximum PCM conduction length. 

However, doing so reduces the volume fraction occupied by the PCM compromising 

energy density, and there may be an undesired increase in HTF pressure drop. 

Another approach to increasing power capacity of thermal storage systems is 

forming PCM composites with a filler material that increases the effective thermal 

conductance of the PCM. Various approaches have been investigated and have recently 

been summarized by Fan and Khodadadi (6). The engineering goal of such composites is 

to maximize the increase in thermal conductivity while minimizing the amount PCM 

volume that is replaced by the filler material. Wen et al. (31) have shown that for a shell-



9 

 

and-tube thermal storage unit, achieving an effective thermal conductivity of ~ 4 Wm-1K-1 

can greatly reduce the number of tubes needed but beyond 5 Wm-1K-1, the benefit is 

diminishing since the convection resistance becomes dominant. Carson et al. (7) have 

mathematically demonstrated, using effective medium theory, how continuous high 

conductivity structures, which they refer to having internal porosity, provide greater 

effective thermal conductivities than discrete particles, having external porosity. A few 

studies have achieved effective thermal conductivities in excess of 10 Wm-1K-1 with a 

graphite matrix (32–34), but at substantially higher volume fractions, e.g., commercially 

available PocoFoam can be purchased at 0.5 g/c, which has a porosity of 75%. The trade 

off with larger foam volume fractions is reduction in effective thermal storage energy 

density. 

Thermal storage studies involving open-cell foams can be broken into three groups: 

steady state effective thermal conductivity enhancement (11, 34–39), phase change 

enhancement (27, 40–46), and thermal storage unit enhancement (47–49). Steady state 

investigations, whether theoretical or experimental, all tend to find the same general 

conclusion that the effective thermal conductivity is primarily dependent on porosity and 

the respective material thermal conductivities but not the foam pore size (35–39). These 

findings are consistent with effective medium theory if the interfacial resistances are 

negligible (50, 51). However, studies focused on phase change do find dependence on pore 

size (27, 45–47). For a given porosity, a smaller pore size results in higher pore density 

leading to larger specific surface area and thus  heat transfer effectiveness (44, 46, 47). Not 
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only is specific surface area increased, but a smaller pore size also reduces the thermal 

conduction resistance of the PCM within the pore due to the smaller conduction length. 

For melting, this effect may be somewhat mitigated by natural convection suppression, but 

nevertheless, there exists a pore dependence (27, 45). Aside from natural convection, the 

reason for the apparent conflict between steady state and phase change studies is due to 

local thermal non-equilibrium, i.e., the local (pore scale) temperature difference between 

the two composite constituents (PCM and foam) is comparable to the magnitude of the 

non-local (bulk composite scale) temperature gradients (51). To accommodate local 

thermal non-equilibrium, different two-temperature models have been reported (27, 42, 47, 

48, 52). However, such an approach does not lend readily to determination of effective 

thermal diffusivity or conductivity values that can be used for quick performance 

evaluation. 

Although previous theoretical efforts have demonstrated heat transfer enhancement 

by foam in a shell-and-tube heat exchanger, experimental investigations have been lacking. 

In this paper, we report an experimental investigation of a full-scale shell-and-tube heat 

exchanger to evaluate the benefits of low volume fraction (5.4 %) aluminum foam during 

melting and solidification of water. We use a semi-analytical model (23, 53) to analyze the 

coupled phase change conduction heat transfer in the PCM with the forced convection 

inside the heat exchanger tubing. The model performance was first benchmarked against 

melting and solidification experimental data for the heat exchanger without foam, i.e., 

when the thermal conductivity of the PCM is simply that of the pure liquid water or ice. 
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Next, for the unit with foam, we used the effective thermal conductivity of the PCM-foam 

composite as a fit parameter in our model, i.e., we found the effective thermal conductivity 

values that yielded the least error between model predicted and experimental overall heat 

transfer coefficients. These best-fit values were then compared against predictions from 

various foam composite thermal conductivity models derived from steady state. Our results 

indicate that application of these foam composite models is not necessarily appropriate for 

a transient phase change problem due to the presence of thermal non-equilibrium. To more 

directly investigate the role of local thermal non-equilibrium in these phase change 

processes, a representative foam structure based on the Kelvin cell (36) was made to 

represent the aluminum foam used within the experiments. Using this representative PCM-

foam composite, we were able to clearly show the presence of significant non-equilibrium 

for melting and that this non-equilibrium greatly impacted melting rates. 

2.1 CHARACTERIZATION OF THERMAL STORAGE UNIT PERFORMANCE 

ENHANCEMENT WITH THE INCORPORATION OF ALUMINUM FOAM 

Two dual-pass shell-and-tube heat exchangers were designed and fabricated such 

that the designs were identical except for the inclusion of Duocel® aluminum foam (40 PPI 

and 5.4 % relative density) acquired from ERG Aerospace. The heat exchangers with and 

without foam are shown in Figure 2.1. The units were designed to meet specifications for 

an automotive cabin cooling application (53). For each heat exchanger, there are a total of 

twenty-seven 6061-T aluminum heat transfer tubes that are each 0.64 cm outer diameter, 
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0.090 cm wall thickness, and 47.0 cm length. All flow enters and exits the top manifold 

(see Figure 2.1) and is divided such that the total flow first travels through fourteen of the 

twenty-seven tubes and then returns via the return manifold through the remaining thirteen 

tubes. The tubes are arranged with a constant pitch of 3.18 cm. The manifolds are also 

made of 6061-T aluminum, 17.27 cm diameter. The inlet/outlet manifold is 0.5 inch thick 

and the return manifold is 0.97 cm thick. The manifolds were designed with the aid of 

ANSYS Fluent® to ensure good flow distribution. A single stainless steel container was 

used for all tests with dimensions of 17.8 cm inner diameter and 50.8 cm interior length, 

which translates to a total internal storage volume of 12.6 L. The PCM for all tests is water. 

The HTF is a 60/40 mixture of Dynalene BioGlycol and water, by volume. 

 

Figure 2.1: The dual-pass heat exchangers with and without foam and the complete storage unit 

(without lid) insulated with vacuum insulation panels. 
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For the thermal storage unit with aluminum foam, a series of aluminum foam disks 

(17.2 cm diameter and 1.27 cm thick) were drilled to have a hole pattern matching the 

tubing pattern. The foam was installed with an interference fit to ensure good thermal 

contact prior to welding the second manifold. The foam relative density was measured to 

be 5.4%. The experimental set-up consists of the thermal storage unit, shown in Figure 2.1, 

a constant temperature bath, which serves as the constant temperature reservoir, a gear 

pump, and two thermocouples used to measure the inlet and outlet temperatures. A system 

schematic is provided in Figure 2.2. 

 

Figure 2.2: A system schematic. 

The experimental total heat transfer rate is determined by energy balance, 

. The volumetric flow rate is known by setting a pump speed using a 

gear pump with a calibrated flow vs. speed curve. The inlet vs. outlet temperature 
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difference is measured by the thermocouples. Material properties for the HTF were 

provided by the manufacturer. Herein, we use the overall heat transfer coefficient area 

product, UA, which we henceforth simply refer to as the overall heat transfer coefficient, 

as means for comparison of thermal storage units and is calculated using Eq. 2.1 shown 

below, 

       𝑈𝐴 =  �̇�
𝑙𝑛(

𝑇𝑖𝑛−𝑇𝑚
𝑇𝑜𝑢𝑡−𝑇𝑚

)

𝑇𝑖𝑛−𝑇𝑜𝑢𝑡
= �̇�𝜌𝑐𝑙𝑛 (

𝑇𝑖𝑛−𝑇𝑚

𝑇𝑜𝑢𝑡−𝑇𝑚
)                         Eq. 2.1 

where �̇� is the heat transfer rate, Tin is the HTF inlet temperature, Tout is the HTF outlet 

temperature, and Tm is the PCM melting temperature. The fraction multiplied by the heat 

transfer rate is the log-mean temperature difference. The overall heat transfer coefficient 

was used for comparison rather than the heat transfer rate since it is significantly less 

sensitive to the inlet temperature than the heat transfer rate, and not all inlet temperatures 

were exactly equal between tests. 

2.1.1 Uncertainty 

Two pump speeds (650 RPM and 1300 RPM) were used for the experiments. The 

gear pump was calibrated in-situ for both melting and solidification studies. The pump 

efficiencies were calculated to be 92 ± 1 % and 97 ± 1 % for melting and solidification, 

respectively. The efficiency is higher for solidification due to the lower HTF temperature 

and resulting higher HTF viscosity, which increases the efficiency of the gear pump. 

Accordingly, the uncertainty in volumetric flow rate is also ± 1 % of the measured value. 
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To minimize uncertainty in the measured HTF temperature differential between the 

inlet and outlet, a separate constant temperature bath, with fluctuations less than +/- 0.01 

°C, was used to maintain a steady reference junction temperature rather than rely on the 

internal thermistor in the data acquisition card. The thermocouples were then calibrated 

across the narrow range of expected temperatures (-2.5 °C to 25 °C) using a separate bath 

and a calibrated Fluke 1524 data logger with a thermistor probe (manufacturer stated 

uncertainty +/– 0.002 °C) for reference. For all tests, temperatures were measured at 1 s 

intervals and each measurement consisted of 100 averaged samples, which resulted in 

precision uncertainty less than ± 0.01 °C. The measured thermovoltages were fit to a 

second-order curve fit and our resulting uncertainty in the curve fits was ± 0.03 °C. Taking 

the root mean square combination of uncertainties from the bath fluctuations, reference 

uncertainty, precision uncertainty, and curve fit uncertainty, the obtained uncertainty for 

each thermocouple is ± 0.04 °C.  All presented data is shown with error bands based on 

perturbing Eq. 2.1 by the uncertainties for the thermocouples and flow rate to provide 

maximum and minimum limits to the overall heat transfer coefficients. 

2.1.2 Modeling 

We employed a semi-analytic approach to model the heat transfer within the 

thermal storage unit. This model is adapted from Zhang and Faghri (23) and presented in 

more detail in Fleming et al. (53). To summarize, the approach considers a single tube and 

surrounding PCM as the solution domain. Within this domain, the heat transfer between 



16 

 

the PCM and the working fluid is determined while assuming fully developed 

(hydraulically) laminar flow. The results from a single tube domain are then scaled to the 

full heat exchanger. This approximation is reasonable if the PCM is neither superheated 

during solidification nor subcooled during melting at the start of the experiment because 

the phase change front acts as a moving adiabatic boundary condition, effectively isolating 

each PCM-tube domain from the other until neighboring phase change fronts collide.  

Due to the dual pass nature of the heat exchanger, we cannot simply scale single 

tube domain results by a factor of 27 (the total tube count); rather, we consider the first-

pass tubes separate from the second-pass tubes. We also account for the slight difference 

in velocities between the first and second pass resulting from the odd number of total tubes. 

Focusing on a single tube-PCM domain, the model relies on an analytical solution 

to the forced convection within the tube for flow assumed to be hydraulically developed 

but thermally developing, which is a good assumption since the hydraulic development 

length for the flow rates tested is small (~ 1 cm) compared to the overall tube length while 

the thermal development length (~ 100 cm) is larger than the tube length. Furthermore, the 

solution allows for an arbitrary wall temperature distribution, i.e., neither constant heat flux 

nor constant temperature is assumed. The solution at a particular time step, for a single 

tube-PCM domain, is 2D axisymmetric. The 2D solution allows for axial variation in the 

HTF temperature and Nusselt number and, as a result, allows for the development of a non-

uniform phase front with respect to the flow direction, which results from higher heat 

transfer towards the inlet. 
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The conduction within the PCM is coupled to the forced convection and the model 

incorporates sensible heat by an integral approximation method. The approach is semi-

analytical in that the domain must be discretized axially and the heat flux, wall temperature, 

and phase change front location must be solved iteratively. We have employed Newton’s 

method (54) at each node. The model neglects axial conduction in the PCM, tubing wall, 

and HTF, as well as natural convection. Axial conduction can be neglected as δT/ δr >> 

δT/ δx. Furthermore, the foam is not continuous in the x-direction (axial), although this is 

only applicable to the unit with foam. The role of natural convection is discussed in the 

results. 

Initial comparison between model results and experimental data showed that the 

heat transfer was under-predicted by the model. It was hypothesized that this was due to 

the unaccounted heat transfer by the return manifold—the PCM level is kept just below the 

inlet/outlet manifold so that the inlet/outlet manifold does not contribute to heat transfer. 

In order to account for the impact of the return manifold, we found average internal heat 

transfer coefficients for the two flow rates using numerical simulation of the return 

manifold flow using ANSYS Fluent®. These values were determined to be 513 Wm-2K-1 

and 629 Wm-2K-1 for the flow rates of 2.15 L/min and 4.3 L/min, respectively. The 1D 

Stefan moving boundary problem solution was used to model the phase change near the 

manifold. The heat transfer rate can be expressed in terms of the speed of the phase change 

front as given by Eq. 2.2, 

        �̇�(𝑡) =  ∆ℎ𝐴𝑚𝑎𝑛(𝑡)
𝑠(𝑡)

𝑑𝑡
                           Eq. 2.2 
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where s is the phase front distance from the manifold surface, Aman is the manifold area, t 

is the time, and ∆h is the PCM latent heat. Additionally, we can write the heat transfer rate 

based of Fourier’s law, as shown in Eq. 2.3, where we consider the HTF convection 

resistance in series with the conduction resistance in the PCM. Fourier’s law is applicable 

to the moving front solution if the heat capacity is assumed zero, which is the basis of 

Stefan’s derivation and a reasonable assumption for small temperature gradients like those 

present in this study. 

     �̇�(𝑡) =  
𝐴𝑚(𝑡)(𝑇𝑚−𝑇𝑚𝑎𝑛)

𝑠(𝑡) 𝑘𝑝𝑐𝑚+1 𝑈𝑐𝑜𝑛𝑣⁄⁄
                           Eq. 2.3 

In Eq. 2.3, kpcm, is the PCM thermal conductivity, Tm, the melting point, and Tman is the 

manifold surface temperature, and Uconv is the overall convection heat transfer coefficient 

within the manifold. Balancing Eq. 2.2 with 2.3 permits a solution for s(t) (5), as shown in 

Eq. 2.4, where Tf is the fluid temperature. 

        𝑠(𝑡) =  
1

2∆ℎ𝑘𝑝𝑐𝑚
[−2∆ℎ𝑘𝑝𝑐𝑚 + 2√∆ℎ𝑘𝑝𝑐𝑚(∆ℎ𝑘𝑝𝑐𝑚 + 2𝑘𝑝𝑐𝑚

2𝑡(𝑇𝑚 − 𝑇𝑓)]     Eq. 2.4 

With Eqs. 2.4 and 2.2, the heat transfer and phase change front location can then be 

modeled as a function of time and the fluid temperature in the manifold. To account for the 

intersection of the manifold PCM domain with that of the PCM surrounding the tubes near 

the manifold, the effective manifold area in Eqs. 2.2 and 2.3 was calculated as a function 

of time accounting for the growth of the radial phase change fronts at the tubes near the 

manifold tubing junction and the effective tube lengths were reduced by the growth from 

the manifold. This prevents double-counting latent heat from overlapping PCM domains, 



19 

 

as shown in Figure 2.3. This was necessary for total energy conservation. The modeling 

results have shown that the manifold accounts for as much as 15% of heat transfer and 

incorporation greatly improved agreement between experimental data and model. 

 

Figure 2.3: The phase change fronts (dashed blue lines) corresponding to the HTF tubing and the 

return manifold intersect near the manifold. To prevent double-counting latent heat from these 

overlapping (shaded) regions, the effective manifold area is reduced by the radial growth from the 

tubing, and the effective 1st and 2nd pass tube lengths are shortened by the vertical growth from the 

manifold surface. 

Because the pure PCM (water) properties are known, the unit without foam also 

serves as a benchmark, i.e., we can check agreement between the experimental and semi-

analytical overall heat transfer curves for various operating conditions. All modeling inputs 

were chosen to match experimental conditions, e.g., flow rate and inlet temperature, as well 

as geometry and material properties. For the thermal storage unit with foam, the PCM-

foam composite is modelled as a homogenous material with effective thermal properties. 

The effective PCM latent heat was adjusted by considering the measured porosity of the 

foam. Volume averaged density and heat capacity values were also used. This leaves only 
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the effective thermal conductivity, which we used as a fit parameter for the experimental 

data for the unit with foam. Accordingly, it is important to note that the semi-analytical 

model is not a predictive thermal conductivity model for foam composites; it is merely a 

model for characterization of the PCM heat exchanger thermal performance, and by 

comparison with experimental data, best-fit effective thermal conductivities could be 

estimated. 

All pertinent information to operating conditions is summarized in Table 2.1. The 

temperature dependent material properties for the BioGlycol-water HTF can be found on 

the manufacturer’s website. Geometric parameters used for modeling match those of the 

physical heat exchanger, although the pitch has been adjusted from 3.18 cm to 3.20 cm to 

ensure total PCM volume is consistent since the physical tube arrangement is hexagonal 

and we approximate each domain as cylindrical.  
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Table 2.1: Various operating parameters for experiments and modeling inputs. 

Phase 

Change 

Process 

Flow 

Rate 

[L/min] 

Configuration Tin 

[°C] 

kPCM 

[Wm-1K-1] 

∆h 

[kJ/kg] 

ρPCM 

[kg/m3] 

cPCM 

[J/kg-K] 

Melting 2.13 Foam 20.0 1.8 315 1090 4032 

2.13 No Foam 20.0 0.6 333 998 4210 

4.26 Foam 20.0 1.8 315 1090 4032 

4.26 No Foam 20.0 0.6 333 998 4210 

Solid-

ification 

2.20 Foam – 5.6 5.1 315 1013 1988 

2.20 No Foam – 6.6 2.25 333 917 2050 

4.40 Foam – 4.9 5.1 315 1013 1988 

4.40 No Foam – 4.9 2.25 333 917 2050 

2.2 EXPERIMENTAL TESTING 

2.2.1 Solidification Results 

Figure 2.4 shows the solidification experimental data (solid curves) together with 

the modeling results (dashed curves). The orange curves represent the thermal storage unit 

with foam and the blue without. The experimental data shown is from individual tests; 

however, multiple tests were run for each case to ensure repeatability. In Figure 2.4a the 

HTF flow rate is 2.20 L/min and in Figure 2.4b it is 4.40 L/min. The inlet temperature is 

nominally –5 °C for all cases but exact values are shown in Table 2.1. An increase in overall 

heat transfer coefficient is evident for the higher flow rate at early time before the 

convection resistance dominates. The model-predicted overall heat transfer coefficients at 
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t = 0 s are a good estimate of the overall heat transfer coefficients for forced convection 

since there is no conduction resistance within the PCM at t = 0 s. As the solidification front 

propagates radially, the thermal conduction in the PCM reduces the overall heat transfer 

coefficient. Since the flow convection and conduction in the PCM are thermally in series, 

it is also instructive to consider the respective thermal resistances. The HTF convection 

resistances are ~ 0.008 K/W and ~ 0.007 K/W for the flow rates 2.20 L/min and 4.40 L/min, 

respectively, and are essentially constant with time. The PCM conduction resistances vary 

from 0 K/W at t = 0 s to 0.005 K/W and 0.007 K/W at t = 3600 s for the foam composite 

and pure ice. These values are quite similar in magnitude to those for flow convection. 
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Figure 2.4: Comparison of the overall heat transfer coefficients for the thermal storage units with 

and without foam during solidification - the top and bottom figures represent HTF flow rates of (a) 

2.20 L/min and (b) 4.40 L/min, respectively. Shaded regions represent the uncertainty in 

experimental results. The best-fit effective thermal of 5.1 Wm-1K-1was used for modeling the foam 

thermal storage units. While the best-fit value is 16% than predicted by application of Lemlich 

theory, the sensitivity to this difference is small. 

It should be noted that the model tends to slightly under-predict heat transfer as 

time evolves, which we attribute to experimental heat exchange with the ambient. Due to 
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imperfect insulation, heat gain from the ambient to the thermal storage unit requires more 

heat removal by the chiller to freeze the water; thus, the ambient heat exchange effectively 

extends the solidification duration. By calculation of the total amount of heat removed from 

the battery during solidification, we estimate that roughly 10 % more heat was removed 

than if the insulation was truly adiabatic. While 10% is not insignificant, the impact on the 

transient overall heat transfer coefficient is appreciably less since the heat transfer 

coefficient depends on the convection resistance and PCM resistance between the tube and 

solidification from; whereas, the heat absorption from the ambient is only locally impacting 

the edge of the container. To further reduce impact of heat leakage, we have only focused 

on the first 3600 s of phase change, which is also beneficial for curve fitting since this 

temporal region contains the fastest changes in the overall heat transfer coefficient. The 

comparison between the experimental and semi-analytical results show good agreement 

indicating that the model used is capable of properly representing the solidification 

phenomenon.  

The results from the heat exchanger including foam show a ~ 20% increase in the 

overall heat transfer coefficient for both flow rates. The best-fit effective thermal 

conductivity was determined to be 5.1 Wm-1K-1 for both flow rates, which is 16% lower 

than the value predicted by incorporation of Lemlich theory (10) into a parallel composite 

model, keff =fPCMkPCM +fAlkAl / 3, which is 6.1 Wm-1K-1. The reported best-fit values are 

based on minimization of the L2 error norm for the time interval 300-2400 s. The interval 

was started at 300 s to eliminate the impact of inlet temperature fluctuations during the first 
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5 minutes and was limited to 2400 s to focus on the region with largest change of UA. 

Despite the disagreement between the best-fit value and Lemlich theory, Figure 2.4 shows 

that difference has fairly small impact on the overall heat transfer coefficient. This lack of 

sensitivity is due in part to the relatively high thermal conductivity of ice, which yielded 

conduction resistances that accounted for less than half of the total thermal resistance (HTF 

convection plus PCM conduction). However, the results are also an indication that, for 

solidification, using the Lemlich theory thermal conductivity provided adequate accuracy. 

2.2.2 Melting Results 

Figure 2.5 shows the melting experimental data and the predicted results obtained 

with the implemented model. Once again, the experimental data shown is from individual 

tests; however, multiple tests were run for each case to ensure repeatability. Here the flow 

rates are 2.13 L/min for Figure 2.5a and 4.26 L/min for Figure 2.5b. The inlet temperature 

is 20.0 °C for all cases. Relative to the solidification data in Figure 2.3, we see the overall 

heat transfer coefficients have been reduced due to the lower thermal conductivity of liquid 

water relative to ice. Also, an increase in flow rate increased the overall heat transfer 

coefficient when foam was present but had little effect without foam indicating the 

conduction resistance was dominant without foam. The HTF convection resistances are 

~0.010 K/W and ~0.008 K/W for the flow rates 2.13 L/min and 4.26 L/min, respectively. 

The PCM conduction resistances vary from 0 K/W at t = 0 s to 0.013 K/W and 0.027 K/W 

at t = 2400 s for the foam composite and pure ice. For melting, the relative reduction in the 
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conduction resistance by foam inclusion is notably larger than for solidification. 

Furthermore, there is greater sensitivity for the overall heat transfer coefficient to the 

conduction resistance reduction for melting since the conduction resistance accounts for a 

larger portion of the total resistance, relative to what was observed for solidification. 
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Figure 2.5: Experimental and theoretical comparison of the overall heat transfer coefficients for the 

thermal storage units with and without foam during melting for two flow rates of the HTF: (a) 2.13 

L/min and (b) 4.26 L/min. Shaded regions represent the uncertainty in experimental results. A best-

fit effective thermal conductivity of 1.8 Wm-1K-1 was used for modeling the foam thermal storage 

units. Model predictions using values from Lemlich theory significantly over estimate heat transfer 

relative to experiment and the best-fit thermal conductivity value data. Natural convection enhances 

the experimental heat transfer without foam but appears to be suppressed when the foam is present. 
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The model for the unit without foam (blue curves) shows good agreement with the 

data at early time. Unlike solidification, however, natural convection seems to be an 

important heat transfer mechanism during melting. This has the effect of flattening the 

overall heat transfer coefficient curve, i.e., the increasing conduction resistance is mitigated 

by natural convection as the melt front propagates radially. Eventually, melt fronts 

corresponding to neighboring tubes collide allowing for further heat transfer enhancement 

as inter-tube mixing occurs. As a result, the transition to purely sensible heating is also 

much sharper than predicted. The model does not account for natural convection and thus 

under-predicts heat transfer relative to experiment. However, it is difficult to model the 

stochastic nature of inter-tube mixing, which was not entirely experimentally repeatable—

the general trends were repeatable but exact replication of the jagged curves in the inter-

tube mixing region was not.  

The foam data shows that the heat transfer has been significantly enhanced with the 

use of the foam by nearly 100%. The relative enhancement is ~ 5x larger for melting than 

solidification as a result of lower thermal conductivity for liquid water than ice. The 

experimental foam data shows no indication of natural convection, and this observation is 

further strengthened by the goodness of fit between model and experimental data. In Figure 

2.4b, the model for the foam extends beyond the experimental data in time, which is likely 

due to either experimental heat loss or incomplete solidification prior to the start of testing, 

both of which would reduce the effective storage capacity of the unit. Using a time 

evaluation interval of 0-1800 s, the best-fit thermal conductivity was determined to be 1.8 
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Wm-1K-1 for both flow rates, which is 60% less than the value predicted from Lemlich 

theory, 4.5 Wm-1K-1. In contrast to solidification, Figure 2.4 shows that using the Lemlich-

predicted value significantly over-predicts the heat transfer. This is an indication that 

Lemlich theory is inadequate for describing the effective composite heat transport during 

melting under the experimental conditions tested.  

2.3 DISCUSSION OF APPLICABILITY OF STEADY STATE EFFECTIVE THERMAL 

CONDUCTIVITIES FOR PHASE CHANGE 

As noted, the effective PCM-foam composite thermal conductivity obtained from 

the fitting for melting is notably lower than that from Lemlich theory (10). Therefore, we 

further compared our results with other models developed for effective foam composite 

thermal conductivity as shown in Table 2.2. Detailed information about these models can 

be found in the study of Xiao et al. (38). 

Table 2.2: A comparison of effective thermal conductivities (Wm-1K-1) for this work with various 

well-known models for foam composites. 

PCM Phase Best Fit 

Value 

Lemlich 

(10) 

Calmidi & 

Mahajan (35) 

Bhattacharya 

et al. (37) 

Boomsma & 

Poulikakos (36) 

Liquid 1.8 4.5 4.7 4.7 3.7 

Solid 5.1 6.1 6.7 6.4 6.1 
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There is some variation between models considered, most notably Boomsma and 

Poulikakos (36) for the liquid phase, but, generally speaking, agreement with our liquid 

(melting) data is quite poor. For solidification, the disagreement varies between 16-25%. 

However, there is a lack of sensitivity of the overall heat transfer to the effective thermal 

conductivity during solidification, so that use of these slightly different effective thermal 

conductivity values in our analytical model can all generate reasonable fits to the 

experimental data for solidification. For melting, we attribute the lack of agreement to local 

thermal non-equilibrium between the PCM and foam. When there is local thermal non-

equilibrium during transient heat transfer, volume averaging, the basis for effective 

medium theory, is not applicable (48, 55). Physically, the foam to pore thermal resistance 

plays a crucial role in the heat transfer. It has been suggested that the pore size or pore 

density plays a role in phase change heat transfer due to specific surface area (44, 46, 47). 

A smaller pore size also reduces the effective conduction length between foam and PCM, 

allowing for increased heat transfer. Consequently, as the pore size is increased, the local 

thermal non-equilibrium also increases, as noted in an earlier work (56). Analogously, a 

lower PCM thermal conductivity should result in a larger pore thermal resistance and thus 

larger non-equilibrium. This is in accordance with our findings that agreement between 

predicted values and our best-fit values (Table 2.2) was worse for melting process since 

the thermal conductivity of water is considerably less than that of ice. 
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2.3.1 Demonstration of Local Thermal Non-Equilibrium with Numerical 

Simulation 

We conducted a series of numerical simulations, using ANSYS Fluent®, to provide 

further support for our conclusion that local thermal non-equilibrium led to the observed 

discrepancies presented in Table 2.2. A representative geometry for the aluminum foam 

was made using the Kelvin cell (36), without surface curvature, taken as the basic building 

block in building an equilibrium foam structure. The basic unit cell is shown in Figure 2.6 

alongside an assembly of cells that stack in a body centered cubic arrangement. The Kelvin 

cell foam was designed to have a pore size of ~ 2 mm and a relative density of 5.4% to 

mimic the aluminum foam used in the heat exchanger. The strut walls were modelled as 

cylinders and nodes for adjoining struts as spheres. Symmetry planes were identified to 

create a triangular prism domain for numerical simulation; the meshed domain is also 

shown in Figure 2.6. The domain is 16.33 mm in length and each triangular side is 1.85 

mm. For modeling phase change a representative heat transfer coefficient of 600 Wm-2K-1 

was applied to one end of the triangular prism while all other external surfaces were 

modelled as adiabatic. Phase change was modelled using the built-in solidification/melting 

model in Fluent, and natural convection during melting was neglected, which we assumed 

to be a reasonable assumption based off the discussion in Section 3.3. Free stream 

temperatures of 20 °C and -5 °C were used for melting and solidification, respectively, to 

represent the experimental conditions summarized in Table 2.1, and a second melting 

scenario was also simulated using a free stream temperature of 5 °C. 
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Figure 2.6: A single Kelvin cell is shown alongside an assembly of cells (top), which were used to 

form the meshed domain for numerical solution (bottom). 

To quantitatively assess the presence and impact of local thermal non-equilibrium, 

the convective surface heat flux and PCM melt fraction were recorded with respect to time 

for both melting and solidification. Next, the same domain was modelled as a homogenous 

material with effective thermal properties, as was done for modeling the full scale heat 

exchanger. However, rather than estimating the effective thermal conductivity by Lemlich 

theory or another model from Table 2.2, actual steady state thermal conductivities for the 

composites (for both liquid and ice phases) were numerically measured by running steady 

state simulations where the heat fluxes were recorded for constant temperature boundary 

conditions. Simply using Fourier’s law an effective thermal conductivity can be 

determined. Values of 5.9 Wm-1K-1 and 4.8 Wm-1K-1 were found for the ice and liquid 
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water composites, respectively. These values compare quite well with the various effective 

thermal conductivity predictions reported in Table 2.2. 

Comparisons of the convective surface heat flux as a function of solid/liquid 

fraction between the composite simulations and their homogenous counterparts are shown 

in Figure 2.7. Analytical Stefan solutions to the phase change problem with the convective 

boundary condition are also included to compare against the numerical homogenous 

solutions. The Stefan solutions serve as validation for the numerical solutions and also 

allow us to evaluate the sensible heat contribution during phase change, which is neglected 

in the Stefan solution but incorporated into the numerical solution. It is more instructive to 

consider the convective surface heat flux as a function of solid/liquid fraction, which is in 

effect a normalized propagation distance of the phase change front, rather than time. To 

illustrate why this is true, consider the limit of vanishingly small sensible heat, i.e., the 

Stefan solution. The instantaneous convective heat flux is a function of the distance the 

phase change front has propagated and thus only indirectly a function of time. Therefore, 

if one were to compare the convective surface heat fluxes as functions of time, they should 

also consider the time history; whereas, when plotting as a function of distance (or 

solid/liquid fraction) no knowledge of the phase change history is needed. This approach 

also allows us to directly compare the heat fluxes at a particular phase change front location 

or solid/liquid fraction. 
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Figure 2.7: Numerical simulation results of the convective surface heat flux vs. solid/liquid fraction 

for three cases: (a) solidification (T∞ = -5 °C), (b) melting (T∞ = 20 °C), and (c) melting (T∞ = 5 

°C). 

The results in Figure 2.7 mirror those obtained for the full heat exchanger modeling, 

i.e., treating the medium as homogenous with an effective steady state thermal conductivity 

provides reasonable accuracy for solidification but yields significant error during melting. 

The Stefan solutions are nearly identical to the numerical solutions for +/- 5 °C free stream 

temperatures, and there is only a slight difference for melting with a free stream 

temperature of 20 °C due to increased sensible heat contribution. One can also see that, 
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while the magnitudes of the heat fluxes vary for the two melting cases, the shape of the 

curves are nearly identical. This is an interesting finding as it suggests that the degree of 

thermal non-equilibrium is not necessarily a function of the boundary conditions or heat 

flux magnitude. 

Figure 2.8 allows us to qualitatively see the reason for the greater discrepancy 

evident for melting in Figure 2.7. Solidification and melting fronts are represented by white 

isosurfaces for the cases with free stream temperatures of -5 °C (solidification) and 5 °C 

(melting). For both visualizations, time was elapsed until 25 % of the water had changed 

phase. One can see that the solidification front is much more uniform about the primary 

heat flow direction than the melting front. For melting, the melt front grows outward from 

the foam rather than in the direction of the primary heat flow. In effect, the solidification 

case resembles phase change in a homogenous material much more so than the melting 

case. These visualizations qualitatively demonstrate how significantly different the heat 

transfer in a foam PCM composite can be despite the thermal conductivities of liquid water 

and ice both being on the order of ~ 1 Wm-1K-1. 
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Figure 2.8: The three dimensional phase change fronts (white isosurfaces) are compared between 

cases (a) and (c) from Figure 2.7. Case (a) is shown on top and case (c) on bottom. For both 

visualizations, time was elapsed until 25 % of the water had either solidified or melted. 

2.4 SUMMARY 

The inclusion of aluminum foam into a thermal storage unit, using water as the 

PCM, significantly increased the heat transfer as characterized by the overall heat transfer 

coefficient. The relative enhancement was greater for melting (~ 100%) than solidification 

(~ 20%) due to the lower thermal conductivity of liquid water relative to ice. The greater 

enhancement for melting was observed despite complete suppression of natural 

convection, which played a significant role in the heat transfer for the thermal storage unit 

without foam during melting. The thermal storage unit without foam served as a benchmark 
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for our semi-analytic modeling of the phase change processes. For the unit with foam, we 

were able to fit the experimental data using an effective thermal conductivity. The best-fit 

value during solidification, 5.1 Wm-1K-1, is 16% less than that predicted by Lemlich theory 

but the impact on the predicted overall heat transfer coefficient is negligible. However, for 

melting not only is the agreement between the best-fit value, 1.8 Wm-1K-1, and Lemlich 

theory, 4.5 Wm-1K-1, even more disparate, the use of the Lemlich value significantly over-

predicted heat transfer. 

By means of numerical simulation, we were able to more directly investigate, both 

qualitatively and quantitatively, the degree and impact of local thermal non-equilibrium 

during melting and solidification using a geometry and boundary conditions representative 

of our full scale heat exchanger testing. The results demonstrated that homogenous 

treatment with effective values, i.e., a one temperature model, was sufficient for describing 

solidification in the foam composite structure, while such an approach would lead to 

significant error for melting, which mirrors our findings for the full scale heat exchanger 

testing. Finally, it is interesting to note that the role of local thermal non-equilibrium tends 

to reduce the effective conductance of a composite during phase change relative to steady 

state. It then stands to reason that means to increase surface and distribution uniformity of 

a filler material, e.g., by reducing the pore size of a foam while maintaining a particular 

volume fraction, should provide a more homogenous system with higher effective thermal 

conductance during transient phase change.  
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Chapter 3: Optimization of ultra-thin graphite foam morphology for 

increased surface area, density, and thermal conductivity

1 

Carbon foams have continuously attracted attention for both scientific research and 

industrial applications. The continuous interconnected network and open cellular structure 

of foams make them promising candidates for a wide range of applications including 

electrochemical energy storage systems (57), electromagnetic shielding (58), thermal 

energy storage and thermal management (11, 59, 60), and heavy oil recovery (61). Past 

investigations have been carried out on foams composed of different types of carbon 

molecular structures including amorphous carbon (62, 63), graphite (64, 65), expanded 

graphite (66), graphene (67), and graphene oxide (68). These foams can be fabricated using 

different methods (69). Among them, a catalyst-assisted chemical vapor deposition (CVD) 

growth process has yielded high quality, crystalline graphite (67, 70). The use of nickel 

reticulated foam as a template for CVD growth of the graphite foam is attractive for 

                                                 

1 The content of this chapter was published in E. Fleming, I. Kholmanov, L. Shi, Carbon. 136, 380-

386 (2018). E. Fleming synthesized all powder-only samples. I. Kholmanov synthesized all hybrid samples 

for laser flash measurements. E. Fleming synthesized all hybrid samples for BET measurements. E. Fleming 

and I. Kholmanov both contributed to laser flash measurements. All data and uncertainty analysis was 

performed by E. Fleming. The manuscript was written and edited by all authors. 
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applications where the open pore structure, large specific surface area, and high porosity 

are desirable (11, 70). An example is for composite phase change materials (PCMs), where 

the thermal conductivity can be considerably increased by the CVD graphite foam fillers 

with minimal impact on the effective storage density due to the low solid volume fraction 

of the foam (11). The enhancement normalized by the loading fraction has been shown to 

be superior to those of metal and other carbon foams due to the high solid thermal 

conductivity of the CVD graphite, and to those of van der Waals networks of carbon 

nanotubes or graphene platelets due to the presence of high interface resistance in the van 

der Waals networks but not inside the continuous graphite foam structures (11).   

However, the minimum pore size of commercial nickel foams is still as large as 

about 500 m. The large pore size limits the specific surface area and results in a large 

distance and resistance for transport of heat or charges from the functional materials filled 

inside the pore to the high-conductivity graphite struts grown on the sacrificial nickel foam 

template. Efforts have been made to grow carbon nanotubes (CNTs) from the graphite strut 

wall into the pore space to decrease the effective pore size and increase the specific surface 

(71, 72). The hybrid UGF-CNT hybrid foam structures have been used as fillers in PCMs 

to obtain enhanced thermal conductivity and suppressed sub-cooling compared to 

unmodified UGF fillers (72). However, the synthesis of the hybrid UGF-CNT foam 

structures requires two separate CVD steps—one step for the graphite and a subsequent 

step for the CNTs. Furthermore, the fabrication process requires an e-beam evaporation 

step for deposition of the iron catalyst for CNT growth, and subsequent atomic layer 
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deposition of alumina to cover the iron prior to CVD. This complicated fabrication process 

increases the barrier for use of the hybrid materials in practical applications. Recently, 

another approach has been reported to grow a graphite foam by CVD on a nickel scaffold 

that was formed by electrodeposition of nickel on a close-packed array of polystyrene 

microspheres (73). While this method allows the fabrication of ordered foam structures, it 

involves multiple steps and costly monodispersed spherical polymer particles and is limited 

in thickness by the electroplating approach. More recently, nickel powders with an average 

particle size of ~1 µm have been used as a template for CVD growth of foams using sucrose 

as a solid carbon source (74). The simplicity of this process is appealing. However, the 

presence of an apparent D-peak in the Raman spectrum obtained on the graphite foam 

indicates the intrinsic quality is likely not as good as that obtained by CVD with methane, 

while the thermal transport properties of the graphite foam grown by this method were not 

reported. In another effort (75), a reticulated nickel foam was infiltrated with spherical 

monodispersed 2 µm diameter nickel powder  prior to CVD growth of graphite to form a 

so-called “eggshell” foam for Li-ion storage applications. The nickel powders retain their 

shape during the CVD growth providing this eggshell structure within the pores of the 

reticulated nickel foam that serves as the backbone. 

This chapter describes the synthesis and thermal transport properties of high-

surface area graphite foams grown by CVD on two types of sacrificial catalytic templates, 

sintered nickel powder foams and sintered hybrid nickel foams comprised of commercial 

reticulated nickel foam infiltrated with nickel powder. By incorporating these high-surface 
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area foams, the relative density and effective thermal conductivity of the UGFs can be 

increased by as much as an order of magnitude relative to a UGF grown on a traditional, 

commercial reticulated nickel foam, without degradation of the structure quality and solid 

thermal conductivity of the graphite strut. 

3.1 SYNTHESIS 

Low cost and high purity (99.9%) nickel powder from Atlantic Equipment 

Engineers was used for the synthesis of both the powder-only foams and the hybrid foams. 

Two different powder sizes were used in the experiments: 44-88 µm (-170/+325 mesh) 

(Figure 3.1a) and < 20 µm (-625 mesh) (Figure 3.1b).  The hybrid foams also included 

commercial reticulated nickel foam purchased from Novamet Specialty Products Corp 

(Figure 3.1c). The nickel foam used in this study has a density of 42 mg/cm2 at a thickness 

of 1.6 mm and average pore size of 400-500 µm. 

 

Figure 3.1: Scanning electron microscopy (SEM) images of nickel particles with an average size 

of 44-88 µm (a) and < 20 µm and commercial reticulated nickel foam (c). 

To form the powder-based templates for CVD graphite growth, the powders are 

first sintered, either with or without the presence of the reticulated nickel foam. For the 
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powder sizes investigated in this study, we found that the typical pre-growth nickel 

annealing temperature of 1050 °C did not yield the desirable degree of sintering. Upon 

annealing at 1050 °C, the nickel particles maintain their individual shape and surface 

morphology and form only small fused interfaces with neighboring particles. The resultant 

graphite foams had low structural quality due to the small, high-curvature contacts among 

the approximately spherical graphitic shells.   

To address these issues, we increased the sintering temperature to form a 

continuous, smooth, interconnected network between the nickel particles and with the 

nickel foam for hybrid samples. Figures 3.2a and 3.2b show the nickel particles of an 

average size of 44-88 µm after sintering at two different temperatures, 1220 °C and 

1440°C, respectively, under the flow of 90% Ar + 10% H2 gas mixture at a flow rate of 50 

sccm. While no sintering was observed at 1050 °C, sintering begins to occur at a 

temperature of 1220 °C between some particles (Figure 3.2a) but does not provide the 

desired morphology. At 1440 °C the sintered nickel particles form a continuous network, 

as shown in Figure 2b. Similar sintering experiments were carried out for the samples with 

nickel particle sizes of < 20 µm. In this case, smooth and well-merged particles were 

obtained at both 1220 °C (Figure 3.2c) and 1440 °C (Figure 3.2d). For these relatively 

small particle sizes, the surface area appears to be reduced upon 1440 °C sintering due to 

the merging of adjacent particles. 
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Figure 3.2: SEM images of 44-88 µm nickel powder after sintering at 1220 °C (a) and 1440 °C (b) 

and < 20 µm nickel powder after sintering at 1220 °C (c) and 1440 °C (d).  

Powder-only templates were formed by placing the purchased nickel powder into 

flat-bottomed alumina crucibles. To improve the packing density and uniformity of the 

powders, 2-propanol was also added to the crucibles, which evaporated prior to heating. 

To obtain the hybrid powder-reticulated foam templates, the nickel foam was infiltrated 

with a solution of nickel powder in 2-propanol. The hybrid nickel templates were also 

placed into an alumina crucible and then into a furnace for sintering.  

For chemical vapor deposition (CVD) of graphite, the nickel template was loaded 

into a 1 inch diameter quartz tube CVD furnace that was pumped to a pressure of 3×10-3 

torr and then was filled with a gas mixture of Ar at a flow rate of 40 sccm and H2 at a flow 
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rate of 10 sccm until reaching the atmospheric pressure. The furnace was then heated to 

1050 °C under a flow of this gas mixture at the atmospheric pressure. The furnace was kept 

at 1050 °C under these conditions for 30 min, and then 5-sccm CH4 was added to the gas 

mixture for 1 h. Subsequently, the furnace was cooled to room temperature at a rate of 20 

C/min.  

After the CVD process, the nickel templates were coated with a thin layer of 

PMMA and cured to protect the graphite during etching. Etching consists of two steps, the 

first of which is electrochemical etching with an electrolyte solution of 1M nickel(II) 

chloride hexahydrate and 1M boric acid and a nickel plate as the cathode. We applied 1.4 

V to obtain an initial current density of 0.5 A/cm2 and kept the external field until the 

current density fell below 0.01 A/cm2. The obtained UGFs were washed multiple times 

with DI water and finally rinsed in 2-propanol before drying them at 50 °C for 3 h. 

Electrochemical etching is relatively faster than chemical etching requiring only a 

few hours to remove the majority of the original nickel content. However, we observed that 

some of the nickel template could not be completely etched. This is likely due to separation 

formed between the partially etched nickel particles and the graphite. Initially, the nickel 

particles were in contact with the graphite shell and partially fused with other neighboring 

nickel particles (Figure 3.3). However, as the nickel was etched the nickel particles lost 

contact with each other and their graphite shell, as shown in Figure 3.4 where the 44-88 

µm hybrid nickel template sintered at 1220 °C shows incomplete etching. Without a 

continuous pathway for electron transport, etching could not continue. 
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Figure 3.3: Schematic of interconnected nickel particles covered with a CVD-grown graphite film 

(shell) before electrochemical etching (left).  A SEM image of the interconnected nickel particles 

(average particle size of 44-88 µm) loaded inside the pores of the nickel foam (right). 

 

Figure 3.4: Schematic of interconnected nickel particles covered with a CVD-grown graphite film 

(shell) after electrochemical etching (left). An SEM image of the partially etched nickel particle 

with a broken graphite shell (right). 

Trace nickel content remaining after the electrochemical etching process was 

removed with a diluted (10 %) HCl solution. As nickel was etched by the HCl, the solution 

turned green in color due to the formation of nickel chloride. We periodically refreshed the 

solution until no further color change was evident, which typically occurred within 24-48 

hours after changing the solution for two or three times. The combination of 

electrochemical etching with subsequent chemical etching enabled us to completely 

remove any remaining nickel content as shown in Figure 3.5. 
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Figure 3.5: SEM cross-section images of H_20_1220 (left) and H_88_1440 (right) samples grown 

on the hybrid templates filled with the <20 µm power annealed at 1220 °C and 44-88 µm powder 

annealed at 1440 °C, respectively. 

To further confirm that all nickel had been removed, we characterized the samples 

using energy-dispersive X-ray spectroscopy and SEM (Oxford Instruments). An example 

spectrum from sample P_88_1440 grown on 44-88 m powder sintered at 1440 °C is 

shown in Figure 3.6. There is no detectable nickel or any other element other than carbon. 

 

Figure 3.6: Energy-dispersive X-ray spectroscopy confirms all nickel has been etched away. 

Six free-standing graphite foam samples, after etching and PMMA removal, are 

listed in Table 3.1 and shown in Figure 3.3. 
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Table 3.1: List of six graphite foam samples grown on powder and hybrid templates  

Sample Type 

Powder size 

(µm) 

Sintering temperature 

(°C) 

P_20_1220 Powder < 20 1220 

P_20_1440 Powder < 20 1440 

P_88_1440 Powder 44-88 1440 

H_20_1220 Hybrid <20 1220 

H_20_1440 Hybrid <20 1440 

H_88_1440 Hybrid 44-88 1440 

 

 

Figure 3.7: SEM cross-sectional images of the six graphite foam samples listed in Table 3.1: (a) 

P_20_1220, (b) P_20_1440, (c) P_88_1440, (d) H_20_1220, (e) H_20_1440 (f) H_88_1440.  
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3.2 EXPERIMENTAL CHARACTERIZATION 

Based on Figure 3.7, it is evident the larger particle powder results in larger 

effective graphite pore sizes, as expected. In addition, sample P_88_1440, which was 

grown on 88 m nickel powder sintered at 1440 °C, shows a very cellular-like foam 

structure. In Figure 3.3 (d-f), the inclusion of the reticulated foam is apparent. It is also 

clear from the images that there are a variety of pore types within the foam, including those 

formed within the graphite shells that surrounded the sacrificial nickel powder, pores 

formed between the graphite shells, and pores formed within the hollow reticulated foam 

itself.  

The main motivation for using micron-sized powder is to increase specific surface 

area of the nickel templates, which then allows for an increase of the effective density of 

the grown graphite foam. Brunauer–Emmett–Teller (BET) surface area measurements 

were performed on three hybrid samples and a reference reticulated UGF by Micromeritics 

Analytical Services using krypton gas, which provides better measurement sensitivity than 

nitrogen gas due to its lower vapor pressure at measurement temperature of 77 K. The 

obtained results of the gravimetric specific surface area, SSAm, and volumetric specific 

surface area, SSAv, is shown in Table 3.2. Among the four samples, the highest reported 

surface area was measured for Sample H_88_1440, which was grown on the hybrid 

template with 44-88 mm powder sintered at 1440 °C, and it is 68-times that of the reference 

UGF. For Sample H_20_1220 and H_20_1440 grown on the < 20 µm powder sintered at 

1220 °C and 1440 °C, respectively, the nearly 15-times and 1.7-times increases in SSAv, 
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compared to the UGF, are consistent with visual inspection of the nickel templates in 

Figure 3.2.  

Table 3.2: BET surface area data for hybrid foams in comparison to the reference UGF.  

 UGF H_20_1220 H_20_1440 H_88_1440 

SSAm (m2/g) 1.61 ± 0.02 5.77 ± 0.02 1.19 ± 0.02 24.2 ± 0.3 

SSAV (mm2/m3)  0.035 ± 0.003 0.52 ± 0.06 0.060 ± 0.006 2.4 ± 0.2 

SSAV/SSAV,UGF 1 15 ± 2 1.7 ± 0.2 68 ± 9 

 

Raman spectroscopy is useful in analyzing the quality of graphitic carbon (76). 

Figure 3.8 shows typical Raman spectra of the powder-based graphite foams before and 

after etching the metal templates. Similar Raman spectra measurements were obtained at 

different locations on the sample and on samples grown on powder or reticulated foam. 

The absence of a clear D-peak in both spectra indicates high quality graphite (76). The 

spectra similarity indicates the etching process did not introduce point defects or dangling 

bonds in the graphite shell.  
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Figure 3.8: Typical Raman spectra of graphite foam samples before (bottom red curve) and after 

(top blue curve) etching the nickel templates indicating no detectable modification or damage to 

the surface due to etching. The Raman laser wavelength is 532 nm. 

The thermal performance of the powder-derived graphite foams was evaluated by 

incorporation as thermal conductance enhancement fillers for paraffin wax, a commonly 

used PCM for thermal storage and thermal management due to their relatively high heat of 

fusion, low cost, and negligible sub-cooling (4). The low thermal conductivity of the pure 

wax at room temperature presents technical challenges for applications requiring large heat 

transfer rates. Carbon nanotubes (77), graphite particles (78, 79) metal particles (80), and 

graphene (81) have been used as the fillers and found to provide in a modest increase in 

effective thermal conductivity (6). In this work, wax composites were prepared by 

immersing the graphite foams into melted wax at 70 °C, which were subsequently cooled 

to room temperature. The thermal diffusivity of the composites was measured using laser 

flash analysis (Netzsch LFA Microflash) at room temperature (25 °C). The inclusion of 

wax also has a practical benefit for the measurements by preventing direct radiation 
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through the porous samples, which was an issue for some of the larger porosity samples. 

The LFA model used for all measurements is the Cape Lehman model (82), which accounts 

for radial and facial heat losses.  

Table 3.3 shows all density and thermal data for the six powder-derived UGFs in 

addition to a reference traditional UGF sample and a pure wax sample. Here, the effective 

thermal conductivity of the composite sample is calculated as 𝑘𝑒,𝑐 = 𝛼𝑒,𝑐𝜌𝑒,𝑐𝑐𝑒,𝑐, where 

the effective composite diffusivity, 𝛼𝑒,𝑐, and density, 𝜌𝑒,𝑐, are directly measured and the 

effective composite heat capacity 𝑐𝑒,𝑐 is determined by the rule of mixtures. The heat 

capacity of wax and graphite were measured using differential scanning calorimetry to be 

2.50 ± 0.15 J/g-K and 0.72 ± 0.02 J/g-K, respectively, at room temperature.  
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Table 3.3: Measured density (ρ), graphite volume fraction (g), thermal diffusivity (), effective 

composite thermal conductivity (κe,c), and graphite solid thermal conductivity (κs) at room 

temperature. 

Sample ρ (g/cm3) g (vol. %)  (mm2/s) κe,c  (Wm-1K-1) κs (Wm-1K-1) 

P_20_1220 0.131 ± 0.008 5.9 ± 0.4 7.20 ± 0.23 13.7 ± 0.9 690 ± 60 

P_20_1440 0.076 ± 0.006 3.4 ± 0.3 3.96 ± 0.13 7.6 ± 0.5 650 ± 70 

P_88_1440 0.188 ± 0.006 8.4 ± 0.3 8.88 ± 0.32 16.5 ± 1.1 580 ± 40 

H_20_1220 0.088 ± 0.004 4.0 ± 0.3 3.54 ± 0.12 7.1 ± 0.5 520 ± 50 

H_20_1440 0.048 ± 0.004 2.2 ± 0.2 1.34 ± 0.04 2.6 ± 0.2 330 ± 40 

H_88_1440 0.166 ± 0.004 7.5 ± 0.2 7.58 ± 0.31 14.0 ± 1.0 560 ± 40 

UGF 0.019 ± 0.002 0.87 ± 0.09 1.18 ± 0.08 2.4 ± 0.2 740 ± 120 

Wax 0.825 ± 0.002 0 0.13 ± 0.01 0.28 ± 0.03 n/a 

 

The solid thermal conductivity of the graphite strut provides insight into the quality 

of the graphite foam. The strut wall thermal conductivity was calculated based on the 

assumption of parallel contributions from the wax and the foam and the Lemlich model 

(10),  

𝑘𝑠 = 3
𝑘𝑒,𝑐−∅𝑤𝑘𝑤

∅𝑔
    Eq. 3.1 

where, øw and øg are the volumetric filling fractions of wax and graphite, respectively. In 

the Lemlich model that was derived for low-density polyhedral foams, the factor of 3 stems 

from the isotropic transport limit of a cellular, thin-walled foam. While the powder-derived 

foams do not have the same degree of uniformity in their cellular structure as a reticulated 

foam, the graphite thickness is still small compared to the average pore size of the foam as 
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evident in Figure 3.7. Therefore, the validity of the Lemlich model is expected to extend 

to these powder-derived, ultra-thin foams. 

The Cape Lehman model assumes the material to be homogenous, so we tested one 

sample, H_20_1220, with and without wax to ensure the model could be appropriately used 

for our composite samples. Sample H_20_1220 showed no direct radiation in the laser flash 

signal, likely due to the small pore size, and was selected for this comparison with and 

without wax. As shown in Table 3.4, the effective and intrinsic thermal conductivities agree 

within the estimated uncertainties. 

Table 3.4: Comparison of laser flash analysis for sample H_20_1220 with and without wax. 

Condition ρ (g/cm3) g (vol. %)  (mm2/s) κe,c  (Wm-1K-1) κs (Wm-1K-1) 

No wax 0.09 ± 0.006 4.0 ± 0.3 95.2 ± 1.9 6.2 ± 0.5 460 ± 30 

With wax 0.088 ± 0.006 4.0 ± 0.3 3.54 ± 0.12 7.1 ± 0.5 520 ± 50 

 

Figure 3.9 shows direct comparison of the data in Table 3.3 between the graphite 

foams derived from powder-only templates and hybrid templates. The data suggest that the 

powder-only templates yield samples with higher volume fractions indicating the powder 

packing density is higher without the presence of the reticulated nickel foam. Accordingly, 

the samples grown on powder-only templates show higher composite effective thermal 

diffusivity and effective thermal conductivity than their hybrid counterparts. Of all tested 

samples, the sample grown on 44-88 µm powder-only template sintered at 1440 °C, 

P_88_1444, offers the highest volumetric specific surface area, density, composite 
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diffusivity and effective thermal conductivity. In particular, the effective composite 

thermal conductivity reaches as high as 16.5 ± 1.1 Wm-1K-1 for sample P_88_1440 with 

the highest g of 8.4 ± 0.3 %. Such a combination of a rather high κe,c approaching 20  Wm-

1K-1 at g < 10% value has not been reported in the literature, as shown in Figure 3.6, and 

is desirable for a range of thermal management and thermal storage applications.  

 

Figure 3.9: Comparison of the measured density (a), graphite volume fraction, (b), effective 

composite thermal conductivity (c), and graphite solid thermal conductivity (d) of the powder-only 

(dark blue) and hybrid (light blue) graphite foams in comparison with the UGF reference sample 

(dashed line). Each sample is labelled in xx_yyyy format, where xx is either 20 for < 20 µm powder 

and 88 for 44-88 µm powder, and yyyy is either the 1220 °C or the 1440 °C sintering temperature. 

This combination is enabled by the relatively high solid thermal conductivity of the 

CVD grown graphite strut wall. Except for Sample H_20_1440 that was grown on a hybrid 
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template with < 20 µm powder sintered at 1440 °C, the 𝑘𝑠 value exceeds 500 Wm-1K-1, as 

shown in Table 3.3. For sample P_20_1220 that was grown on the powder template with 

< 20 mm particles sintered at 1220 °C, 𝑘𝑠 reaches as high as 690 ± 60 Wm-1K-1, which is 

comparable to the 740 ± 120 Wm-1K-1 value for the UGF grown on the reticulated nickel 

foam. This value is only about a factor of 2.8 lower than the highest value reported for 

graphite. This high 𝑘𝑠 value and the increased g due to the high-surface area templates are 

responsible for the high κe,c.  

Figure 3.10 shows the P_88_1440 sample in comparison to other porous, high 

thermal conductance structures reported in the literature on the basis of effective thermal 

conductivity versus apparent density. The porous materials used for comparison include 

sample P_88_1440 from this work and two UGFs from prior works: one which used a 

gentle nickel etchant, ammonium persulfate (APS) (70) and one which was annealed at 

3000 °C (11). Additional materials include, pitch-derived pyrolytic foams (83, 84), 

aluminum (45) and copper (80) foams, a hybrid graphite nanoplatelet and single wall 

carbon nanotube (GNP-SWCNT) matrix (85), and an hBN matrix (86). At intrinsic thermal 

conductivities as high as 690 W m-1K-1, the obtained high-surface area graphite foam 

exhibits considerably higher effective thermal conductivity than traditional aluminum and 

copper foams at a similar density. In addition, although a higher thermal conductivity can 

be achieved with commercial pitch-derived pyrolytic foams annealed at about 2800 °C 

mainly due to a much higher density, for applications such as thermal energy storage, the 

graphitic filler volume fraction should be kept below 10% so that the reduction of the 
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volume fraction occupied by the active thermal storage materials is minimal. An effective 

thermal conductivity approaching 20 Wm-1K-1 at a graphite volume fraction less than 10% 

can enable a range of thermal management applications. The results that we have obtained 

are rather close to this target, which can potentially be exceeded with additional high 

temperature annealing of the as-grown graphite foam at 2800 °C based on a prior high 

temperature annealing experiment of UGF (11).  

 

Figure 3.10: The effective thermal conductivity of sample P_88_1440 relative to other high-

conductance porous materials reported in the literature. 

3.3 SUMMARY 

Low-cost nickel powders can be used be used to create catalytic foam templates for 

CVD-growth of high-surface area, high-thermal conductivity graphite foams. The critical 

step in the template formation is the sintering of the nickel powders to form a continuous 
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porous structure. By using nickel powders with nominal sizes one order of magnitude 

smaller than that of the pores in reticulated nickel foams, the effective pore size was 

decreased, and the specific surface area was increased. Optimization of the sintering 

temperature has enabled the transformation of the nickel powders into smooth, continuous, 

and cellular-like nickel foams with high surface areas. These templates yield higher density 

graphite foams that are still of a structure quality as high as those grown on conventional 

reticulated foam templates. As a result, we have increased the graphite density from 0.87 

± 0.09 % and the effective thermal conductivity from 2.1 ± 0.3 Wm-1K-1 in UGF grown on 

sacrificial reticulated nickel template, to as high as 8.4 ± 0.3 % and 16.3 ± 1.1 Wm-1K-1 in 

the graphite foams grown on the sintered powder template. This unprecedented 

combination of a rather high κe,c approaching 20 Wm-1K-1 at g  < 10% can enable a range 

of thermal management and thermal storage applications.  
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Chapter 4: Synthesis and thermal characterization of a pillared 

graphitic nano-structure using a four probe micro-thermometry device 

Low-dimensional carbon allotropes including two-dimensional (2D) graphene and 

one-dimensional (1D) carbon nanotubes (CNTs) have generated considerable interest for 

both basic studies of thermal physics and thermal management applications. Due to the 

elimination of interlayer van der Waals interaction, the basal plane thermal conductivity of 

freestanding graphene and CNTs can theoretically exceed that of highly-oriented pyrolytic 

graphite (HOPG) (12, 13). On the other hand, van der Waals interaction with a support, 

especially a support made of a dissimilar structure, can reduce the thermal conductivity 

below the HOPG value. Another limitation is that thermal transport is highly anisotropic 

in not only CNTs and graphene, but also in graphite, where the cross-plane thermal 

conductivity is two orders of magnitude lower than the basal plane value.  This limitation 

has motivated the exploration of three-dimensional (3D) graphitic structures with isotropic 

thermal transport properties, which are desirable for most thermal management 

applications. Besides graphitic foam structures that have been investigated, a 3D 

continuous covalent structure consisting of planar graphene layers joined by vertical CNT 

pillars has been theoretical studied (14). In addition to a number of theoretical calculations 

of the thermal transport properties of this 3D pillared graphene structure  (14)(87, 88)(89) 

and its epoxy composites (90), its mechanical properties (91) and potentials for hydrogen 
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storage (16), gas separation and adsorption (92, 93), and flexible super capacitors (94) have 

also been theoretically investigated.  

These theoretical studies have motivated experimental efforts to synthesize the 3D 

pillared graphene structure. In one experiment, a CNT forest connected to a graphene layer 

was grown by chemical vapor deposition (CVD) from a copper (Cu) thin film coated with 

several nanometer thick iron (18). In another experiment, an additional alumina (Al2O3) 

layer was deposited on the Fe coated Cu growth substrate and left at the top of the CNT 

arrays grown from the bottom graphene layer (95). The difficulty in achieving C-C 

covalent bonding between a CNT and graphene layers on both ends of the CNT is due to 

the presence of the Fe catalysts for the CVD growth of high-quality CNTs (96). In either 

the tip or base growth mechanism of the CNT, the Fe catalyst remains affixed to the CNT, 

and prevents direct C-C bonding between the catalyst end of the CNT and a layer of 

graphene. The presence of catalyst at one end of the CNTs also prevent the direct C-C 

bonding at both ends for vertical CNT arrays grown by a pyrolysis process between 

adjacent graphene layers in an expanded HOPG. (97). Meanwhile, a number of prior 

studies have reported the growth of large-diameter CNT arrays inside the nanopores of 

anodized aluminum oxide (AAO) templates with or without a catalyst (98–103). Moreover, 

3D graphitic structures have recently been grown on a tubular AAO template with a 

catalyst free CVD process (17), which used acetylene as the carbon source and the growth 

temperature of 620 °C is lower than those typically used for catalytic CVD growth of 
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CNTs. The obtained CNT arrays are directly connected to two graphitic carbon layers at 

the top and bottom ends to form a 3D graphitic (3DG) structure.    

The thermal transport properties of the CNT arrays and the 3DG structures grown 

in the AAO templates have remained to be characterized. The effective thermal 

conductivity in these 3DG materials depends on the geometric properties, including the 

pillar length and spacing, as well as the intrinsic solid thermal conductivity of the deposited 

carbon layers. In particular, the effect of the relatively low growth temperature and the 

absence of a catalyst on the solid thermal conductivity of the deposited CNTs remains 

unclear.  

Working with collaborators at Case Western Reserve University, we have adapted 

the approach by Xue et al. (17) to planar AAO films. Removal of the AAO template by 

chemical etching leaves a free-standing pillared graphitic structure, which henceforth will 

be referred to as 3DG for short. The AAO template naturally determines the geometry of 

the 3DG, while thickness of the deposited carbon can be controlled by the acetylene 

exposure time.  

Kim et al. have developed a micro-thermometry device and methodology for 

measuring the thermal conductance of a nanowire or microrod sample (19). The novelty in 

this approach is that the thermal contact resistances of the sample to thermal probes can be 

directly measured and isolated from the thermal conductance. Importantly, this removes a 

source of error that often is problematic in thermal transport measurements of 

microstructures and nanostructures. The micro-fabricated device consists of four separate 
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suspended palladium plated silicon nitride beams that each serve as resistive thermometers 

and heaters. 

The measurement consists of applying a DC heating voltage across one beam, 

which generates Joule heating and accordingly a temperature rise in the heated line. The 

sample bridges the four lines and provides parallel heat transfer pathways via the unheated 

lines to the bulk substrate. The average temperature rises in each line, including the heated 

line, can be directly determined from the measured change in line resistance that occurs 

due to the change temperature by measuring the temperature coefficient of resistance for 

each line. With calculation of the Joule heating and temperature rises for each line for each 

of the four heating conditions combined with a thermal model of the device, the sample 

resistance suspended between lines 2 and 3 can be determined separately from the contact 

thermal resistance at lines 2 and 3. This intrinsic sample resistance is then used to calculate 

the sample thermal conductivity together with the sample geometry. 

Ideally, the effective thermal resistances of the beams are matched to that of the 

sample and contact resistances to ensure a good signal in each line. Practical micro-

fabrication constraints, e.g., photolithography resolution, limit geometric parameters 

including the suspended line length and width, and thus the minimum obtainable beam 

thermal resistances. Accordingly, obtaining a strong signal with respect to intrinsic noise 

can be challenging for low conductance samples. Described in this chapter is the adaptation 

of the method described above to optimize the measurement for low conductance samples. 

This is done by discrete sinusoidal modulation of the DC heating voltage. Doing so allows 
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for the implementation of Fourier-based data analysis, which not only can be used for 

determination of the resistance changes in each line but also for optimization of the 

modulation frequency to maximize the signal-to-noise for each resistance measurements. 

4.2 SYNTHESIS AND SPECTROSCOPIC CHARACTERIZATION 

High quality AAO templates were purchased from ACS Material, LLC.  The as 

purchased AAO already had the aluminum film substrate removed and base pores opened 

to create open ends at both sides. The templates were placed in a 1 in tube quartz tube 

furnace and heated to 620 °C under a mixture of argon (200 sccm) and hydrogen (10 sccm). 

Once reaching the set temperature of 620 °C, acetylene was introduced at a flow rate of 20 

sccm for 50 min, at which time the acetylene flow was stopped, and the furnace was cooled 

naturally. After growth, the AAO template was removed by etching in 5M NaOH, typically 

for ~ 48 hr. At this point the 3DG structure was carefully rinsed in a series of DI-water and 

IPA baths. One such 3DG sample, 2 µm in thickness, is shown in Figure 4.1. The small 

pores (~ 100 nm) are visible in the planar surface. At the edge it appears some of the CNTs 

are beginning to fray away from the bulk. The larger dark cracks are due to the etch process, 

as they are not visible prior to etching.  



63 

 

 

Figure 4.1: Edge of a 3DG sample shown after template removal by NaOH. 

As discussed in Chapter 3, Raman spectroscopy is a useful tool for characterizing 

carbon materials. A typical Raman spectrum for the 3DG samples is shown in Figure 4.2. 

The presence of a D-peak at 1351 cm-1 and a separate G-peak at 1587 cm-1 and an intensity 

ratio, I(D)/I(G), of 0.89 indicates disordered nanocrystalline graphite (76, 104). Ferarri 

describes the emergence of a D-peak as disorder based with the ratio of I(D)/I(G) 

representing a degree of nanocrystallinity (104). The maximum theoretical I(D)/I(G) ratio 

is 2, which corresponds to uniform nanocrystalline grain sizes of ~2 nm. During this 

transition, the G peak shifts slightly from 1581 cm-1 to a maximum near 1600 cm-1. Our 

measured intensity ratio and G-peak place this carbon in the middle of this proposed 

transition regime from defect-free graphite to minimum grain size nanocrystalline graphite. 

The presence of the D-peak for this catalyst-free, low temperature CVD growth is in 
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contrast to the high quality graphite grown on the catalytic nickel foam templates in 

Chapter 3, which did not exhibit a detectable D-peak. 

 

Figure 4.2: Typical Raman spectra for the 3DG samples shows a D-peak intensity (1351 cm-1) 

comparable to that of the G-peak (1587 cm-1) indicative of disordered nanocrystalline graphite. The 

laser wavelength is 532 nm.  

4.3 THERMAL CHARACTERIZATION OF 3DG CNTS USING A FOUR PROBE MICRO-

THERMOMETRY DEVICE 

A major goal of this research was to characterize the intrinsic thermal conductivity 

of 3DG carbon as grown by the catalyst-free, low temperature CVD method. Due to the 

complex geometry of the 3DG structure, we opted to isolate individual nanotubes from 

3DG structure for thermal conductivity testing to allow us to obtain the actual intrinsic 

thermal conductivity rather than the effective thermal conductivity of the porous structure. 

A single 3DG sample, after AAO template removal, was placed in IPA and sonicated to 

break the structure up into individual nanotubes. These nanotubes were then transferred to 
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the four probe devices using a micro-manipulator under a microscope. Two successfully 

transferred samples are shown in Figure 4.3 and Figure 4.4. 

 

 

Figure 4.3: Sample 1 assembled on the four line device.  
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Figure 4.4: Sample 2 assembled on the four line device. 

The four probe measurement can directly measure the intrinsic sample thermal 

conductance. In order to translate the measured thermal conductance to thermal 

conductivity, the geometry must be characterized, which was done by transmission electron 

spectroscopy (TEM). TEM images of samples 1 and 2 are shown in Figure 4.5 and Figure 

4.6, respectively. 
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Figure 4.5: TEM images of the suspended portion of sample 1 between the two inner lines on the 

four probe device. 

 

Figure 4.6: TEM images of the suspended portion of sample 2 between the two inner lines on the 

four probe device. As evident in the image on the left, there are two tubes present and some voiding 

across the length of the two nanotubes is visible. 

The tube diameters are 98 ± 5 nm and 96 nm ± 5 nm for sample 1 and 2 respectively, 

and the wall thicknesses are 10.5 nm ± 0.5 nm. For both samples there is some variation 



68 

 

along the length of the sample. As shown in Figure 4.6, sample 2 actually consists of two 

adjoined tubes that span the center gap of the device. As shown in Figure 4.6, some voiding 

in the samples was discovered only visible under TEM. It is unknown whether these voids 

occur due to growth or due to etching. While not shown in Figure 4.5, there were also some 

voids found in sample 1, albeit fewer. The higher magnification images in Figure 4.5 and 

Figure 4.6 allow us the resolve the wall thicknesses and also give us some additional 

qualitative information on the carbon ordering: while there are not clearly defined walls 

running the length of the image, there does still appear to be some ordering. This finding 

is consistent with the Raman spectrum, i.e., disordered nanocrystalline graphite. 

4.3.1 Four probe methodology and data analysis 

Both samples were also tested on the four probe devices to determine their thermal 

conductivities. Due to the small size of the samples and the nanocrystalline nature of the 

graphite, both samples are relatively low conductance for such micro-thermometry 

measurements. Device beam length was maximized within our processing limitations to 

300 µm and relatively small gaps were used, 2 – 6 µm, in an attempt to match the low 

conductance samples with the beam thermal conductances. 

Sample 1 was tested at near-room temperatures using the same methodology laid 

out by Kim et al. (19), where the DC heating current was swept linearly from 0 to – 10 V 

to + 10 V and back to 0 V, and this cycle was repeated multiple times. The magnitude of 

the DC heating current is controlled by a current limiting resistor. 
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There are sixteen fundamental measured quantities per temperature point for the 

four probe measurements which are the resistance changes in each line, ΔRj,i, with respect 

to the Joule heating in the heated line, QIV,i. The subscript i denotes which line is heated 

varying from 1 through 4, and subscript j represents the resistance measurement in the jth 

line, also varying from 1:4. ΔRj,i varies linearly with QIV,i, and by finding the slope in ΔRj,i 

vs. QIV,i for each possible configuration, we end up with a 4 x 4 matrix of slope, i.e.,  

dRj,i/dQIV,i values. This dRj,i/dQIV,i  matrix serves as the fundamental data needed for 

application of the device thermal model and corresponding equations. 

In addition to the dRj,i/dQIV,i  matrix, the geometric properties of the device, e.g., 

line length, and the sample location on the device are needed, which are determined by 

inspection under SEM and the line specific. Lastly, to translate resistance to temperature, 

the dR/dT for each line is needed, which is determined by using a low-biased electrical 

resistance measurement that induces negligible heating at each measurement temperature. 

The sixteen dRj,i/dQIV,i values together with the line specific dR/dT values and the 

geometric properties then allow calculation of the five measurable resistances of interest: 

the combined sample and contact resistance of the first line and sample between lines 1 

and 2 (RT,1 = R1 + Rc,1) the contact resistances of line 2 (R2c) and 3 (R3c), the intrinsic 

sample resistance between lines 2 and 3 (R2), and the combined sample and contact 

resistance of the fourth line and the sample between lines 3 and 4 (R4,T = R4 + Rc,4). R2 can 

be separated from R2c and R3c since the amount of heat flowing through R2 is different than 

that flowing through R2c or R3c. By contrast, lines 1 and 4 cannot be deconvolved into their 
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constituent resistances since the same amount of heat flows through R1 and R1c and 

equivalently for line 4. These resistances along with the beam resistances, Rb,i, can be 

visualized in Figure 4.7. 

 

Figure 4.7: The thermal circuit diagram of the four probe measurement is shown for a scenario 

where line 1 is heated (19). The rectangular box represents the sample and the three resistances 

inside the box correspond to the intrinsic resistances of the three suspended sample portions. 

Contact resistances are denoted by Rc,j. Beam resistances are denoted by Rb,j. The heat flowing from 

the sample to beam is denoted by Qj,i where i = 1 for heating line 1. Heat flowing into the sample 

is considered positive. All beams are assumed to share the same base temperature, i.e., the substrate 

temperature θ0. 

Figure 4.7 shows a scenario where line 1 is heated. A portion of the heat QIV,1 will 

flow into the sample, Q1,1, and dissipate through the sample and contact resistances through 

the 3 unheated lines to the substrate, whose temperature is denoted as θ0. Likewise, a 

portion of the Joule heating will directly dissipate through line 1 to the substrate, which is 

equal to QIV,1 – Q1,1. The rectangular box represents the sample and the three intrinsic 

sample resistances, while the contact resistances, Rc,i, thermally bridge the sample to the 

four lines, whose local line temperatures are denoted by θc,j,i. 



71 

 

The details of the thermal model and resulting equations for translating the 

dRj,i/dQIV,i values into the desired five thermal resistances is given by Kim et al. Briefly, 

two independent equations can be written for each heating condition: 

  𝜃𝑐,1,𝑖 − 𝜃𝑐,4,𝑖 =  𝑄1,𝑖𝑅1,𝑇 −  𝑄4,𝑖𝑅4,𝑇 + (𝑄1,𝑖 + 𝑄2,𝑖)𝑅𝑐,2   Eq. 4.1 

                𝜃𝑐,2,𝑖 − 𝜃𝑐,3,𝑖 =  𝑄2,𝑖𝑅𝑐,2 − 𝑄3,𝑖𝑅𝑐,3 + (𝑄1,𝑖 + 𝑄2,𝑖)𝑅2              Eq. 4.2 

 

where θc,j,i is the temperature rise in the beam at the location of the sample and Qj,i is the 

heat defined as positive flowing into the sample from the beam. Given four heating 

conditions, there are a total of 8 equations and 5 unknowns. By casting these 8 equations 

in matrix form, i.e., Ax = b, we can then solve this over-determined system of equations 

using a least squares approach (105) given by x = (ATA)-1ATb to obtain the best estimate 

of our five desired resistances. 

For the heated line, i.e., for j = i, ΔRj,i is determined via a DC electrical four probe 

measurement, while the sense lines, i.e., for j ≠ i, use AC lock-in four probe measurements 

for increased sensitivity due to the correspondingly smaller resistance changes and 

consequently smaller voltages changes in the sense lines relative to the heated line.  

 For the heated line, the heating current also serves as the sense current, which is 

directly measured with a current pre-amplifier and data acquisition (DAQ) system. The 

four probe electrical voltage across the heated line is also measured with a voltage pre-

amplifier and DAQ. Using a least squares fit, the measured voltage is fit to the current as a 

third-order polynomial, ΔV = a0I
3 + a1I

2 + a2I + a3. The cubic term represents the induced 
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voltage from the temperature induced resistance change of the line. Since R = ΔV/I, the 

fitted polynomial can be used to determine Ri,i, Ri,i = a0I
2 + a1I + a2, where a3 has been 

removed since it represents a voltage offset, and a2 is the nominal zero-heating resistance, 

Rj,i,0. Therefore, ΔRi,i = a0I
2 + a1I. Since QIV,i is readily determined from QIV,i = I2Ri,i, 

dRi,i/dQIV,i is then the slope of a linear least squares fit of ΔRi,i vs. QIV,i. 

For the unheated sensing lines, four probe electrical measurements are 

implemented with a lock-in amplifier and a small sensing current that creates a negligible 

and steady heating in the sensing lines. The sensing current is controlled by the output 

voltage of the lock-in and a current limiting resistor. ΔRj,i, for j≠i, can be determined from 

the measured four probe voltage and sense current; likewise, dRj,i/dQIV,i can then be found 

by a linear least squares fit. 

4.3.2 Fourier analysis applied to the four probe measurement 

For sample 1, where the traditional approach laid out by Kim et al. (19) was used, 

relatively large heating with temperature rises on the order of 10-15% of the environmental 

temperature was required in order to obtain reasonable precision uncertainties in the 

dRj,i/dQIV,i values and thus the five calculated thermal resistances. An alternative approach 

that improves on this approach and used for sample 2 is detailed in this section. 

By modulating the DC heating voltage as a sinusoid, it is possible to apply Fourier 

analysis via fast Fourier transform (FFT) to determine the amplitude of the measured 

responses. From these amplitudes, it is also possible to determine our desired dRj,i/dQIV,i 
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values without the need for least squares fitting. This approach has the potential benefit, 

especially for the DC line, of not constraining the data to fitting a model equation that may 

not completely capture all present data trends. The DC voltage is modulated discretely as 

Vs = V0sin(2πn/N), where n is a positive integer representing the nth unique measurement 

and N is the number of measurements per cycle, 16 in this work. At each unique 

measurement, n, the device is given time to thermally equilibrize prior to taking a single 

resistance measurement for each line. For the four probe measurements, there is a 

fundamental limit on the minimum data acquisition interval due to the device thermal time 

constant which is typically on the order of 100 ms, which constrains the minimum data 

acquisition interval to 600 ms for six time constants, i.e., 99.75% of full response. 

A major benefit to the modulated heating and Fourier analysis is in noise analysis 

and optimization around the measured noise. Noise in any measurement consists of spectral 

dependent noise, typically referred to as 1/f noise, and white noise, i.e., frequency 

independent noise. Typically, there is a cut-off frequency, fc, beyond which the 1/f noise 

falls below the white noise threshold. White noise, which contributes to random precision 

uncertainty, is intrinsic to a measurement, and provided a particular experimental set up, it 

can only be reduced by additional data acquisitions. From a modulated measurement 

standpoint, it is best to set the modulation frequency such that the signal of interest will be 

found at frequencies beyond fc. For this measurement employing a discretely modulated 

heating voltage, this corresponds to setting the measurement period, T, to less than 1/ fc.  
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As noise analysis shows, our device thermal constant is not a limiting factor; each 

independent measurement can still be conducted in a predominantly white noise region 

when using lock-in time constants of 300 ms and 3 s data acquisition intervals with 16 

points per cycle, which translates into a 48 s cycle period, not accounting for any other data 

acquisition delays. This set of measurement conditions was optimized to maximize the 

lock-in time constant to reduce white noise while minimizing the cycle period to prevent 

drift or 1/f noise within a cycle.  This can best be visualized by looking at sample FFT data 

for ΔR in a sense line for a given heating case, as shown in Figure 4.8. 

 

Figure 4.8: Single-sided FFT amplitude plot of the measured resistance change using a lock-in 

amplifier in line 1 when heating line 2. The dashed line shows the noise floor of the measurement. 

In Figure 4.8, fm is 1/T, i.e., the inverse of the measurement period, which is ~ 48 

s. A signal at 2fm appears in the resistance measurement due to heating at 2fm. The reasoning 

for why the signal appears at 2fm are detailed in the following section. Of note here is that 

the signal appears in the predominantly white noise region, which is the region where the 

noise is minimized. 
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For a sufficiently small Joule heating rate (𝑄𝐼𝑉,𝑖) in the ith line, the average 

temperature rise of the jth thermometer line, 𝜃𝑗,𝑖
̅̅ ̅̅  is linearly proportional to 𝑄𝐼𝑉,𝑖, and the 

resistance change of the thermometer line ∆𝑅𝑗,𝑖 =  𝜃𝑗,𝑖
̅̅ ̅̅ 𝑑𝑅𝑗

𝑑𝑇
, so that ∆𝑅𝑗,𝑖 =  𝛽𝑗,𝑖𝑄𝐼𝑉,𝑖, where 

𝛽𝑗,𝑖 = d𝑅𝑗,𝑖/d𝑄𝐼𝑉,𝑖 is the quantity to be measured. In this discrete modulated heating 

scheme, the heating current in the heating line is 

𝐼 =
 𝑉0

𝑅𝑒+𝑅𝑖,𝑖
sin

2𝜋𝑛

𝑁
                                                Eq. 4.3 

Here, 𝑅𝑗,𝑖 = 𝑅𝑗,0 + Δ𝑅𝑗,𝑖 is the electrical resistance of the suspended line j when line i is 

electrically heated by the heating current I, and 𝑅𝑗,0 is the electrical resistance at I = 0. The 

Joule heating rate in the heating line is 

 𝑄𝐼𝑉,𝑖 =
𝑅𝑖,𝑖𝑉0

2

(𝑅𝑒+𝑅𝑖,𝑖)2 sin2(2π𝑛/𝑁) =  
𝑅𝑖,𝑖𝑉0

2

2(𝑅𝑒+𝑅𝑖,𝑖)2
[1 − cos (4π𝑛/𝑁)]      Eq. 4.4  

Thus, the measured current in the heating line becomes 

𝐼 =
 𝑉0

𝑅𝑒+𝑅𝑖,0+𝛽𝑖,𝑖
𝑅𝑖,𝑖𝑉0

2

2(𝑅𝑒+𝑅𝑖,𝑖)2[1−cos (4π𝑛/𝑁)]

sin
2𝜋𝑛

𝑁
                           Eq. 4.5 

With terms of the order of 𝛽𝑖,𝑖
2
 and higher ignored,  

𝐼 = 𝐼1𝜔 sin
2𝜋𝑛

𝑁
+ 𝐼3𝜔 sin

6𝜋𝑛

𝑁
                           Eq. 4.6 

where the first and third harmonic amplitudes are  

 𝐼1𝜔 =
 𝑉0

𝑅𝑒+𝑅𝑖,0+𝛽𝑖,𝑖
𝑅𝑖,0𝑉0

2

2(𝑅𝑒+𝑅𝑖,0)
2

− 𝐼3𝜔                                  Eq. 4.7 

and 
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𝐼3𝜔 =

𝛽𝑖,𝑖
𝑅𝑖,0𝑉0

3

4(𝑅𝑒+𝑅𝑖,0)
2

[𝑅𝑒+𝑅𝑖,0+𝛽𝑖,𝑖
𝑅𝑖,0𝑉0

2

2(𝑅𝑒+𝑅𝑖,0)
2]

2                         Eq. 4.8 

The measured voltage drop along the heating line is  

𝑉 = 𝐼𝑅𝑖,𝑖  sin
2𝜋𝑛

𝑁
                                         Eq. 4.9 

With terms of the order of 𝛽𝑖,𝑖
2
 and higher ignored,  

𝑉 = 𝑉1𝜔 sin
2𝜋𝑛

𝑁
+ 𝑉3𝜔 sin

6𝜋𝑛

𝑁
                                  Eq. 4.10 

where the first and third harmonic amplitudes are 

𝑉1𝜔 = 𝑅𝑖,0 [1 +
3𝛽𝑖,𝑖(𝐼1𝜔−𝐼3𝜔)2

4
] 𝐼1𝜔                   Eq. 4.11 

and 

𝑉3𝜔 = 𝑅𝑖,0 [𝐼3𝜔 −
𝛽𝑖,𝑖(𝐼1𝜔−𝐼3𝜔)2

4
𝐼1𝜔]                   Eq. 4.12 

Thus, 

𝑅𝑖,0 =
𝑉1𝜔+3𝑉3𝜔

(𝐼1𝜔+3𝐼3𝜔)
                         Eq. 4.13 

and 

𝛽𝑖,𝑖 = 4
𝐼3𝜔𝑅𝑖,0−𝑉3𝜔

𝑅𝑖,0𝐼1𝜔(𝐼1𝜔−𝐼3𝜔)2                             Eq. 4.14 

where 𝐼1𝜔 , 𝐼3𝜔, 𝑉1𝜔, and 𝑉3𝜔 are obtained from FFT of the measured I and V, respectively. 

Similarly, the Joule heating contains different harmonic components as 

𝑄𝐼𝑉,𝑖 = 𝑉1𝜔 𝐼1𝜔sin2 2𝜋𝑛

𝑁
+ 𝑉3𝜔 𝐼3𝜔sin2 6𝜋𝑛

𝑁
+ (𝑉1𝜔𝐼3𝜔 + 𝑉3𝜔𝐼1𝜔) sin

2𝜋𝑛

𝑁
sin

6𝜋𝑛

𝑁
 Eq. 4.15 

which can be expanded to 
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𝑄𝐼𝑉,𝑖 =
1

2
(𝑉1𝜔𝐼1𝜔 + 𝑉3𝜔𝐼3𝜔) +

1

2
(𝑉1𝜔𝐼3𝜔 + 𝑉3𝜔𝐼1𝜔 − 𝑉1𝜔𝐼1𝜔)cos

4𝜋𝑛

𝑁
−

1

2
(𝑉1𝜔𝐼3𝜔 +

𝑉3𝜔𝐼1𝜔)cos
8𝜋𝑛

𝑁
−

1

2
𝑉3𝜔𝐼3𝜔cos

12𝜋𝑛

𝑁
                  Eq 4.16 

where the second harmonic amplitude is 
1

2
|𝑉1𝜔𝐼3𝜔 + 𝑉3𝜔𝐼1𝜔 − 𝑉1𝜔𝐼1𝜔|. 

For a thermometer line j without the heating current, a lock-in amplifier is used to 

measure the voltage drop ∆𝑉𝑗,𝑖 across the line when a small sensing current flows in the 

line at a frequency many orders of magnitude higher than fm and an amplitude of 𝑖𝑠. An 

FFT of the measured discrete ∆𝑉𝑗,𝑖 is used to obtain its modulation amplitude at the 2fm 

frequency, ∆𝑉𝑗,𝑖,2𝑓𝑚
, which is used to obtain 

𝛽𝑗,𝑖 =
2∆𝑉𝑗,𝑖,2𝑓𝑚

𝑖𝑠|𝑉1𝜔𝐼3𝜔+𝑉3𝜔𝐼1𝜔−𝑉1𝜔𝐼1𝜔|
 𝑓𝑜𝑟 𝑗 ≠ 𝑖       Eq 4.17 

4.3.3 Monte Carlo uncertainty propagation 

For propagating precision uncertainty with calculations as complex as these, Monte 

Carlo methods are attractive due to their relative simplicity compared to direct propagation. 

If the measurement error can be attributed to randomness, i.e., precision uncertainty, a 

Monte Carlo simulation can be implemented if the inherent variance in the fundamental 

quantities is known. For these four probe measurements, that corresponds to the variance 

in dRj,i/dQIV,i and dR/dT. It should be noted that the geometric offsets, beam lengths, etc. 

are determined with relatively negligible uncertainty when measuring by SEM. Because 

we have multiple estimates of dR/dT from the data processing due to cycling through 

heating of each line, we can estimate the variance in the dR/dT for each line. 
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For the traditional, non-FFT method, we have estimated the variance in dRj,i/dQIV,i 

by comparing values on a cycle by cycle basis, i.e.,  the variance in the mean dRj,i/dQIV,I 

values. For the FFT method, we use a different approach. Because the measurement was 

optimized such that the signals of interest are within the white noise region, the local noise 

can be treated as normally distributed. When taking the FFT and finding the single-sided 

amplitude spectrum, which is used for the data processing in 4.3.3, the normal distribution 

we wish to describe transforms into a folded normal distribution (106). For a normal 

distribution with zero mean, i.e., unbiased error, 𝜎𝑁
2 = 𝜇𝐹𝑁

2 + 𝜎𝐹𝑁
2 , where σN is our desired 

variance in the normal distribution, and µFN and σFN are folded normal mean and variance. 

The folded normal mean is non-zero despite the normal distribution mean being zero due 

to the folding of the distribution. 

Whether using the traditional method or the FFT method, the Monte Carlo method 

works the same. A dRj,i/dQIV,i matrix and a corresponding variance matrix are calculated. 

The nominal dRj,i/dQIV,i values are perturbed with normally distributed random number 

generator with variance matching that of the dRj,i/dQIV,i variance matrix. For each 

pertubation, the typical calculations necessary for determining the desired five thermal 

resistances are carried out. This is repeated for at least M number of simulations. After all 

simulations are complete, the uncertainties are calculated from the standard deviations of 

the calculated resistances using a 1.96 multiplicative factor for a 95% confidence interval. 

M represents the minimum number of Monte Carlo simulations to achieve independency 
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on the number of simulations. To summarize the uncertainty propagation, a step by step 

procedure is given below. 

1. The uncertainty in the sixteen dRj,i/dQIV,i values is determined by determining 

the variance in the noise in the neighborhood of the signal. 

2. The uncertainty in dR/dT for each line is determined by analyzing the variance 

in the dR/dT given the four data points for each value. There are four data points 

due to the four heating conditions. 

3. The variance of dTj,i/dQIV,i is determined by combining the variances in 

dRj,i/dQIV,I with the variances in dR/dT. 

4. The nominal dTj,i/dQIV,i values are perturbed by random sampling of a normal 

distribution with a variance determined by the uncertainty in step 3. 

5. Step 4 is repeated M times. 

6. The variance in the resulting five thermal resistances of interest is determined 

from the set of repeated Monte Carlo simulations. 

4.3.4 Thermal conductivity of isolated 3DG nanotubes 

Samples 1 and 2 were tested using the traditional method and FFT method, 

respectively. In both cases, uncertainty in dRj,i/dQIV,i was propagated by Monte Carlo 

simulation. Sample 1 was only tested at temperatures near room temperature, while sample 

2 was tested from temperatures between 100 K – 350 K at 50 K intervals. The thermal 

resistance breakdowns for the two samples are shown in Figure 4.9 and Figure 4.10. 
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Figure 4.9: Measured thermal resistances for sample 1. 

 

Figure 4.10: Measured thermal resistances for sample 2. 
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For both samples, the contact thermal resistances are small relative to the sample 

resistances due to the low conductance of the samples. While relative uncertainties are 

comparable between the two cases, the FFT method allowed use of significantly lower DC 

heating, by a factor of ~ 5. This is beneficial for reducing any bias uncertainty that may 

arise from factors like radiation and background conductance and variable resistivity of the 

palladium across the heated line when heated to temperature rises greater than 10% of the 

environmental temperature. 

Using the geometry of the two samples, the measured thermal resistances of the 

suspended sample in the center gap have been translated to thermal conductivity. This data 

is shown in Figure 4.11. As noted previously, there were some voids present, so the 

reported thermal conductivities are conservative estimates of the true intrinsic thermal 

conductivity of the catalyst-free, low temperature grown carbon.  
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Figure 4.11: Thermal conductivity for sample 1 and sample 2. 

The room temperature thermal conductivities between 5 – 6 Wm-1K-1 shown in 

Figure 4.11 once again demonstrate defective disordered nanocrystalline graphite. Another 

indication of the defective graphite is that it appears the peak thermal conductivity has not 

yet been reached or just reached at 350 K, which is far higher than that for highly oriented 

pyrolytic graphite, which peaks near 200 K, and indicates defect dominant phonon 

scattering. 
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4.3.5 Summary 

With considerable interest in the community regarding pillared graphene structures, 

we synthesized a continuous thin film pillared graphitic structure. This was accomplished 

by CVD growth of the graphite thin film on an AAO template, which has a highly ordered 

nano-porous geometry. By removing the AAO template via chemical etching, free standing 

pillared graphitic structures can be obtained. Our interest was in characterizing the intrinsic 

quality of this catalyst-free, low temperature CVD process. Raman, TEM, and thermal 

conductivity data show the carbon to be defective disordered nanocrystalline graphite with 

a conservative room temperature thermal conductivity estimate of 5 - 6 Wm-1K-1. 

The low thermal conductance of the measured nanotubes led to the development of 

an improved data processing methodology for the four probe device developed by Kim et 

al. (19). Furthermore, via spectral noise analysis using Fourier analysis, measurement 

uncertainty was reduced by optimization of the modulated DC heating. 
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Chapter 5: Conclusions 

The goal of this work was to investigate the heat transfer in PCM composites and 

continuous porous structures that can be used as filler materials to enhance the effective 

thermal conductivity of the PCM. This work spans scales from thermals storage PCM 

systems with aluminum foam to nano-structured graphitic materials. More specifically, this 

work includes experimental characterization of thermal storage units, modeling of thermal 

storage units and heat transfer in composite materials, synthesis and experimental 

characterization of novel ultra-thin graphite foams and the synthesis and experimental 

characterization of a nano-pillared graphitic structure. 

The inclusion of aluminum foam into a thermal storage unit, using water as the 

PCM, significantly increased the heat transfer as characterized by the overall heat transfer 

coefficient. The relative enhancement was greater for melting (~ 100%) than solidification 

(~ 20%) due to the lower thermal conductivity of liquid water relative to ice. For the unit 

with foam, we were able to fit the experimental data using an effective thermal conductivity 

of 5.1 Wm-1K-1, is 16% less than that predicted by Lemlich theory (10) but the impact on 

the predicted overall heat transfer coefficient was negligible. However, for melting the 

agreement between the best-fit value, 1.8 Wm-1K-1, and Lemlich theory, 4.5 Wm-1K-1, was 

substantially worse. Furthermore, the use of the Lemlich value significantly over-predicted 

heat transfer during melting. 
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By means of numerical simulation, we were able to attribute this discrepancy to 

local thermal non-equilibrium. The numerical simulation results demonstrated that 

homogenous treatment with effective values, i.e., a one temperature model, was sufficient 

for describing solidification in the foam composite structure, while such an approach led 

to significant error for melting, which mirrors our findings for the full scale heat exchanger 

testing. Local thermal non-equilibrium tends to reduce the effective conductance of a 

composite during phase change as compared to effective foam composite thermal 

conductivity models derived for steady state heat transfer. This non-equilibrium effect is 

related to the heterogenous composition of the composite and the thermal resistance of the 

PCM within the pores of the filler material relative to the effective thermal resistance of 

the filler material itself. The optimal filler material should be uniformly distributed and 

maximize surface area and minimize pore size. 

Toward the goal of improving upon existing filler materials, a novel ultra-thin 

graphite foam was developed as derived from nickel powders < 100 µm in size. By using 

micron-sized powders, the pore size was reduced and the specific surface area increased 

relative to ultra-thin graphite foams grown on reticulated nickel foam templates. The 

critical step in the catalytic nickel template formation is the sintering of the nickel powders 

to form a continuous porous structure. Optimization of the sintering temperature has 

enabled the transformation of the nickel powders into smooth, continuous, and cellular-

like nickel foams with high surface areas. These templates yield higher density graphite 

foams that are still of a structure quality as high as those grown on conventional reticulated 
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foam templates. As a result, we have increased the graphite density from 0.87 ± 0.09 % 

and the effective thermal conductivity from 2.1 ± 0.3 Wm-1K-1 in UGF grown on sacrificial 

reticulated nickel template, to as high as 8.4 ± 0.3 % and 16.3 ± 1.1 Wm-1K-1 in the graphite 

foams grown on the sintered powder template. 

Extending beyond the micro-scale of these ultra-thin graphite foams, there has been 

considerable interest in nano-pillared graphene structures, primarily theoretical. The 

pathway to synthesizing these structures has been challenging due to traditional CNT CVD 

growth requiring a catalyst particle that prevents continuous covalent bonding between one 

end of the CNT and a sheet of graphene. This issue was circumvented by implementing 

CVD growth of thin film carbon on an AAO template, which has a highly ordered nano-

porous geometry. By removing the AAO template via chemical etching, free standing 

pillared graphitic structures were obtained. Of interest in this effort was not only the 

structure but the quality of graphite that could be obtained by this low temperature, catalyst-

free growth. Raman spectroscopy and TEM indicated the graphite to be nanocrystalline. 

Thermal conductivity data support this conclusion as the estimated room temperature 

thermal conductivity was 5 - 6 Wm-1K-1 and still increasing above room temperature. 

The low thermal conductance of the measured nanotubes led to the development of 

an improved data processing methodology for the four probe device developed by Kim et 

al. (19). Furthermore, via spectral noise analysis using Fourier analysis, measurement 

uncertainty was reduced by optimization of the discretely modulated DC heating. 
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