






135 

 

dependent on the flow behavior, due to the continuous change in the liquid fraction 

throughout melting, the liquid flow behavior is expected to change, which in turn 

influences the heat transfer. Hence, the convective heat transfer coefficient (h) is expected 

to change in a transient manner during the phase change (melting) process. 

The convective heat transfer coefficient (h) was computed using the Newton’s law of 

cooling equation [52] as: 

ℎ =
𝑞𝑐𝑜𝑛𝑣
′′

(𝑇𝑠 − 𝑇𝑏)
                                                                          (2) 

where, q”conv is the convective heat flux, which based on the energy balance is set equal to 

q”net, and Ts and Tb are tube surface and bulk liquid PCM temperatures, respectively. As 

the liquid fraction continued to increase with the progression of melting, the local heat 

transfer coefficients were computed when the melted fraction reached a given 

thermocouple. For the case of a thermocouple row, the local heat transfer coefficient was 

computed only when the melted region reached all five thermocouples in that row. Hence, 

eight values of the local heat transfer coefficient were computed as a function of the melted 

fraction (figure 4.6). Note that the bulk liquid temperature was computed as the average 

from all those thermocouples that were in the liquid domain.    

The local (transient) heat transfer coefficient is plotted versus the liquid fraction in figure 

4.6 for different PCM-nanoparticle mixtures. The values of local heat transfer coefficient 

for the plain PCM case are also plotted for comparison. The results show a similar trend 

for all cases i.e. the value of h increased more rapidly in the early stages of the melting 

process and then became more gradual. Comparison showed that overall, CuO-PCM 

mixture has the highest heat transfer coefficient followed by the silver-PCM mixture. The 

values of h for both of these cases are significantly higher than the reference (plain PCM) 

case and other two nanoparticles. On average the values of h for CuO and silver 

nanoparticles cases were 13.5% and 17.5% higher than the case with no nanoparticles. The 

higher value h for these two cases indicate that these thermal conductive enhancers also 

influence the flow behavior in the melted (liquid) PCM region and likely contributed to the 

enhancement of fluid mixing. The visual observations of the flow behavior through 



136 

 

imaging show that the rate of sinking of these two nanoparticles with the progression of 

melting was lower than the MWCNT and Al2O3 nanoparticles. The values of h for 

MWCNT and alumina cases were almost the same as the reference case. The results show 

no improvement of h for MWCNT and alumina cases. A plausible explanation for this 

behavior is the higher sinking rates of these particles which most likely tend to counter the 

enhanced mixing trends. CuO and silver nanoparticles, although heavier than alumina, 

were observed to have much lower rates of sinking likely due to better affiliation with 

liquid PCM than Al2O3 as mentioned earlier [48-50].  

 

 

Figure 4.6: Convective heat transfer coefficient (h) as a function of melted fraction 

for plain wax (PCM) and various PCM-nanoparticle mixtures. All nanoparticles 

were mixed at 1% by wt. of the PCM. The temperature and flow rate of HTF at 

inlet were 150 oC and 40 litres/min respectively 
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temperatures of 125 oC, 175 oC and 200 oC at the same flow rate of 40 litre/min. The time 

history of the PCM temperature at different vertical locations (2, 10, 35 and 55 mm) is 

shown in Figure 4.10 for all four heat fluxes. The plots show that the rate of temperature 

change is a function of both spatial location and the heat flux. Near the heat source, the 

temperature rise starts at smaller values of t/ts, and gradually reaches to t/ts =1. The effect 

of heat flux is more dominant in the early state of heat transfer. At lower heat fluxes, the 

temperature rise is gradual from the beginning of the heating process until t/ts =1. As the 

heat flux increases, the temperature remains relatively uniform in the early stages of 

heating and then sharply rises to the quasi-steady state. The plots also show that an increase 

in the distance from the heat source, extends the time range of the initial near-uniform 

temperatures at high heat fluxes. For HTF input temperatures of 175 oC and 200 oC, as 

examples, the near-uniform temperature range extends to approximately t/ts =0.7. It is also 

observed that the rate of temperature rise becomes almost independent of the heat flux at 

higher heat flux magnitudes away from the heat source.  

 

 

   

(a) 2 mm     (b) 10 mm 
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(C) 35 mm    (d) 55 mm 

Figure 4.10: 6% CuO-PCM temperature in non-dimensional form versus the 

normalized time at four heat fluxes and four different heights from the heat source. 

(a) 2.5 mm, (b) 10 mm, (c) 35 mm and (d) 55 mm. Tm=PCM melting temperature, ts= 

time when PCM temperature became steady at the given location 

 

 

4.5.8 Comparison for heat flux between plain wax and PCM-

nanoparticle mixture for 6%wt. CuO  

 

Figure 4.11 shows the heat flux into the 6% CuO-PCM mixture for different inlet HTF 

temperatures. The results at the same inlet HTF temperatures for the plain wax are also 

plotted for comparison. The heat flux into the PCM increased with an increase in the inlet 

HTF temperature, as expected. The results also show that the heat flux into the PCM was 

higher in the presence of nanoparticles compared to the plain PCM. However, the 

percentage increase in the heat flux in the presence of nanoparticles was strongly dependent 

on the input HTF temperature. It is observed that at the lowest inlet HTF temperature of 

125 oC, the computed heat flux into the PCM (6870 W/m2) was approximately 13% higher 

in 6% CuO-PCM mixture when compared with plain PCM, which increased with an 

increase in the HTF inlet temperature. At the highest inlet HTF temperature of 200 oC, the 

computed heat flux (14,500 W/m2) into the PCM was approximately 26.5% higher for 6% 

CuO-PCM mixture compared to plain PCM. A plausible cause for this dependency on the 
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HTF temperature is that, as the temperature of the PCM was increased, the viscosity of the 

nanoparticle enriched PCM was decreased which enabled enhanced heat transfer rate [36, 

46], since an enhanced and better convective flow in a less viscous nanofluid is natural and 

expected. It has also been reported that in general, the thermal conductivity of nanofluids 

is more temperature sensitive than that of the base fluid [36]. Consequently, the thermal 

conductivity enhancement of nanofluids is also rather temperature-sensitive. Increase in 

temperature decreased the viscosity and hence, nanoparticle in the fluid was more 

prominent [36]. These results also indicate that change in effective viscosity of 

nanoparticle-PCM mixture could be an important parameter to consider since it can limit 

the effectiveness of nanoparticles in a given PCM based on inlet temperature conditions.  

 

 

 

 

Figure 4.11: Effects of the HTF input temperatures on the computed heat flux and 

comparison with plain PCM 

 

 

The influence of the change in effective viscosity of nanoparticle-PCM mixture is also 

evident in the transient convective heat transfer coefficient values shown in figure 4.12 for 
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different inlet HTF temperature conditions i.e. different heat flux magnitudes into the PCM 

for 6% CuO-PCM mixture. The results show that the magnitude of the local heat transfer 

coefficient increased with an increase in the heat flux. The convective heat transfer 

coefficient is strongly influenced by the flow behavior within the liquid domain. An 

increase in the heat transfer coefficient value implies a faster transportation of heat by fluid 

parcels. Fluid viscosity tends to resist the fluid motion and hence lower mixing and heat 

transport. As mentioned above the increase in the temperature lowers the effective viscosity 

of the mixture which increases the fluid movement and enhances mixing, which increases 

the magnitude of the local heat transfer coefficient.  

 

 
 

Figure 4.12: Convective heat transfer coefficient (h) as a function of the melted 

fraction at different heat fluxes for PCM-nanoparticle mixture at 6%wt. of CuO 

nanoparticle 
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4.6 Discussions and Conclusions 

 

This experimental study was done in a thin rectangular chamber containing paraffin wax, 

used as the PCM and four types of nanoparticles at 1% mass fractions were added to the 

PCM to investigate performance of various thermo-physical parameters. All experimental 

results were compared with a previous study by the same authors (included in chapter 2) 

with net PCM. From the results of this study, it can be generally concluded that the thermal 

performance of a PCM based latent heat storage can be improved substantially using 

thermal conductive enhancers. But the heat transfer enhancement depends on many factors 

like, particle mass/volume concentration, particle material, particle size, temperature and 

additives. Additionally, it also depends on thermal conductivity, viscosity, specific heat of 

the mixture, interaction of the nanoparticles with the base fluid, imposed temperature and 

the nature of the convective flow and so on.  

The results also showed that mass fractions of the nanoparticles have a limitation on 

effective heat transfer rate. This is due to the fact that adding nanoparticles although 

improves the conductivity, but simultaneously increases the viscosity of the nanofluid 

which hampers the convective flow and thus the heat transfer within the fluid. The balance 

between this two counter effects reaches an optimal value for a certain mass fraction of 

nanoparticles and beyond which adding nanoparticles would simply reduce the 

performance of a LHTES system. From the results of this study, it can be concluded that 

the thermal behaviour of a nanoparticle enriched PCM is helpful for a PCM based latent 

heat storage which can eliminate or reduce the general problem of low heat transfer rate in 

a PCM. The careful selection of the nanoparticle and PCM (acting as the base fluid) 

combination considering the operating conditions and the intended use is extremely 

important. Because many factors simultaneously play crucial roles, a detail and 

comprehensive data is required before a final selection can be made.  
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Chapter 5 

5 Conclusions and Recommendations 
 

5.1 Overall Conclusions  

Thermal energy storage (TES) is an excellent way to preserve energy in the form of heat. 

This can be a great tool to alleviate the mismatch between the demand and supply of 

energy, which is one of the major barriers in the effective utilization of the most prolific 

renewable energy resource i.e. the solar energy, which is inherently intermittent and 

unpredictable in nature. Thermal energy storage is also a critical device to recover and 

reuse waste heat. The thermal energy storage systems utilizing PCM as the storage medium 

have distinct advantage over sensible energy storage system due to the exploitation of the 

enthalpy of phase change as the energy storage mechanism. However, the heat transfer 

process to and from a PCM during phase change is complex due to the simultaneous 

existence of two phases where, those fractions are continuously changing with time. The 

complexity of the problem further increases as the orientation and position of the heat 

source/sink in the storage domain changes. The present dissertation is aimed at improving 

the fundamental understanding of the dynamical behavior of the solid-liquid phase 

transition during melting, and a better characterization of the associated heat transfer. To 

achieve this goal, a comprehensive experimental investigation was undertaken. The present 

research, comprised of three parts with the focus on convective heat transfer process in the 

melted domain and the dynamical behavior of the solid-liquid interface.   

The experiments were conducted in a thin rectangular chamber served as the storage 

medium. The chamber was thin enough to assume it as a 2D chamber. Using a set of 

thermocouples, the temperature measurements at multiple locations were performed to 

characterize the thermal behavior of the PCM. An imaging technique was also employed 

to simultaneously acquire images of the moving solid-liquid interface. Commercial 

paraffin wax was used as the PCM. Hot air passing through a copper tube inside the storage 

domain was used as the heat source. 
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In Chapter 2, the investigations were carried out in the PCM storage chamber with a 

horizontal heat source near the bottom. Results show that the shape of the solid-liquid 

interface was comparatively linear during the early stage of the melting process but, once 

the melted fraction increased, it became nonlinear. This trend is attributed to the 

domination of the local convective cells that immensely influenced the melting rate. 

Results also show that the magnitude of the solid-liquid interfacial velocity increased with 

an increase in the input heat flux, as expected. The results also show that the heat flux into 

the PCM domain significantly affected the melted (liquid) phase, which is also likely due 

to the strong presence of the convective motions. The simultaneously recorded temperature 

and the images were analyzed which enabled to characterize various important thermo-

physical parameters associated with the PCM during the melting process. It was observed 

from the results that the convective heat transfer coefficient, h increased rapidly until 

approximately 20% of the PCM volume was melted, followed by a more gradual increment 

in h, which then became nearly steady when the melted fraction reached approximately 

two-third of the total PCM volume. A new Nusselt number (Nu) and Rayleigh number (Ra) 

correlation is proposed that characterizes the heat transfer during the melting phase of a 

PCM in a rectangular chamber when heated by a bottom heat source and its trend relative 

to the established correlations in the literature for the closest configurations was also 

discussed.  

In chapter 3, an experimental study similar to chapter 2 was conducted where the melting 

of a PCM inside a similar chamber was accomplished by using a U-shaped cylindrical heat 

source which had a different geometry and orientation than the heat source in chapter 2. 

The purpose of this study is to better understand the effect of the geometry and orientation 

of the heat source on the melting and heat transfer behaviour in a PCM. The results show 

that the imposed heat load and the position of the heat source have a significant effect on 

the profile and orientation of the interface during the melting period. The time history of 

the temperature profiles provided a better insight into the heat transfer process. Results 

show that the interface inside the PCM domain progressed in a nonlinear fashion although 

the interface velocity showed some consistency when moving away from the heat source. 

The results also show that the heat flux significantly affected the melted (liquid) phase, 

likely due to the variations in the convective motions. The heat transfer behavior, interface 
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movement and the heat transfer coefficient differed both axially and vertically as well as 

with the melting rate. Because of effects of virtually two heat sources, formed by the two 

legs of the U-shaped cylindrical heat source, the inner region melted quickly than the outer 

regions. This trend is reflected from the observed results where it shows approximately 

two-third of the total PCM volume was melted at a quicker rate than the last one-third 

volume, which is mostly the PCM in the outer region. It is also observed that the local heat 

transfer coefficients (hlocal) was influenced by the heat source orientation and as such the 

hlocal was observed significantly higher in the liquid PCM zones within the inner region 

than the outer region. The hlocal in the inner region was observed 35% higher on average 

than the outer zone when the heat fluxes was increased from 3450 W/m2 to 5840 W/m2. 

The reason for this trend can be explained as, the volume of the liquid in the inner region 

was more than the outer region during the same period of melting, length of the HTF tube 

in contact with the liquid was higher which resulted in a higher magnitude buoyancy-

induced flow in the inner region than the outer. Also the increased liquid volume resulted 

in the growth of strong convective cells, which helped to increase the heat transfer. Similar 

trends were also observed in the vertical orientation. The buoyancy induced convective 

currents from the bottom tube surface supported the flow induced by buoyancy from the 

vertical sections of the tube and played a significant role in the overall convective motion 

and, resulted in higher Nusselt number values. The results also showed that the Rayleigh 

number increased almost monotonically with the heat flux in all four zones within the 

chamber. It is observed that the Rayleigh number on average increased by approximately 

23% in the inner zone and 18% for the whole domain as the heat flux increased from 3450 

W/m2 to 5840 W/m2. This is because the increased temperature in the inner region is 

believed to have caused a higher reduction in the viscosity, resulting in stronger fluid 

motion. A generalized Nu-Ra expression for this relation is proposed using a power law fit 

to the experimental data. 

Chapter 4 focused on the impact of thermal conductive enhancers (TCE) in the PCM on 

the solid-liquid phase change process and associated heat transfer. The set up was the same 

that was used in Chapter 2 including the heat source configuration and the imposed inlet 

conditions of the experiments. Four different nanoparticles (Silver, CuO, Al2O3 and Multi-

walled carbon nanotubes) were used initially to find a comparatively best nanoparticle for 
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further study. Initial results show that in general, all TCE improved the heat transfer rate 

significantly in the PCM compared to net PCM. The magnitude of the heat flux increase 

relative to that for the plain wax varied approximately between 7-20%. Also the melting 

time reduced significantly and the results showed that almost 40% less time was required 

to melt half of the PCM volume. Although the rate declined to 25% for higher vertical 

height. CuO and silver nanoparticle showed better convective heat transfer coefficient 

increment than the other two. CuO nanoparticle among the four nanoparticle was 

considered for the rest of the study after experiencing some issues with the 

sinking/floatation and/or agglomeration of MWCNT and Al2O3 resulting in lower heat 

transfer in the PCM, whereas the issue of cost for silver nanoparticle. CuO at various mass 

fraction showed interesting results. Among the five different mass fractions of CuO were 

tried, CuO with 6% mass fraction showed better results. At closer distance from the heat 

source, the melting time of the PCM mixture with 6% CuO mass fraction showed melting 

rate 30% quicker than that for 1% CuO mass fraction. The heat transfer coefficient shows 

higher values at the lower fraction of the melting volume.  

5.2 Contributions  

In the present research, for the first time, a detailed investigation of the transient behaviour 

of the melting process and the dynamic of the solid-liquid interface was conducted.   

First detailed investigation and analysis of the effects of heat source’s geometry, orientation 

and shape on the heat transfer performance and interface dynamics in a transient way. The 

outcome of this work has a direct impact on the design improvement of heat source/sink 

geometry in a PCM thermal storage, which has a direct impact on the overall thermal 

performance of the storage system.  

Developed new correlation to characterize the convective heat transfer in the PCM during 

the melting process.  

First detailed investigation of the influence of nanoparticles, acting as thermal conductive 

enhancers, on the phase change behavior and the associated heat transfer in a transient 

manner.  
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5.3 Recommendations for future work  

1) 2D to 3D approach 

The present study investigated the heat transfer process and the convective flow regime 

during the phase transition period in a PCM. The storage chamber, used during the study 

was constructed in such a fashion that the depth was kept very small compared to the other 

two dimensions. Hence, the chamber was assumed to have a two-dimensional geometry. 

This enabled to simulate the heat transfer and capture the interface dynamics during the 

melting process, which otherwise would have been extremely challenging to capture. In 

practical applications, all thermal storage systems have three-dimensional geometries and 

hence the solid-liquid interface as well as the heat transfer progresses in a three-

dimensional manner. Therefore, the approach used in this study needs to be extended to 

three-dimensional storage chambers as well as three-dimensional geometries of the heat 

source/sink.  

 2) Solidification/freezing cycle 

The present study was performed solely on the melting process of the PCM which enabled 

to grasp the knowledge of the heat storing process in the storage chamber. But a thermal 

storage operates in a cyclic manner i.e. the heat storage followed by a heat extraction. 

Hence, the investigations should be extended to include the investigation of the phase 

change process and associated heat transfer during the solidification/freezing process.     

3) Pressure buildup and thermal expansion during melting 

In the present research, paraffin wax was used as the PCM which has a volumetric 

expansion of approximately 10% when transformed from solid to liquid. This was a 

problem during the study when the heat source was near the bottom (chapter 2 and 4) since 

the melting was initiated from the bottom. The liquid formed in this region caused an 

expansion of the volume which in turn developed pressure inside the chamber. This 



156 

 

resulted liquid PCM leakage or squeezing the rubber gasket and probably the PCM bodily 

moved up. The problem was not that intricate since the experimental chamber was small. 

But this issue needs to be taken care in future works if the storage volume is bigger and a 

3D chamber is used. 

4) Nanoparticle suspension  

In chapter 4, the study was extended to use nanoparticles with PCM to enhance the heat 

transfer rate. The main problem faced was the issues of suspension of the nanoparticles in 

the liquid PCM (nanofluid). Most conductive nanoparticles are heavier than the base fluid 

and as such this issue needs to be focused in future works.  
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Appendices 

Appendix A 

Appendix A: Methodology  

An experimental approach is used to conduct research and meet thesis objectives. Detailed 

descriptions of the relevant experimental setup and measurement procedures are described 

in each Chapter. A brief description of general measurement techniques used in this 

research is provided below.  

A.1 Experimental measurement techniques 

Two different measurement techniques were employed simultaneously to gather data from 

the experimental runs, which were temperature measurements and image acquisitions. A 

set of T-type thermocouples (T30-2-507, Zesta Engineering Ltd.) were used to measure 

temperatures at various locations within the experimental apparatus that include the heat 

source and the PCM storage domain. The temperature data from all thermocouples were 

recorded simultaneously via a set of data acquisition cards (National Instrument’s 

thermocouple modules: NI-9214 and NI-9211) controlled by the LabVIEW software.  

An imaging system was employed to take images and to quantify the melting process and 

the interface behaviour. A diffused lighting arrangement was made to provide a uniform 

and brighter illumination of PCM domain during imaging, which produced a good contrast 

between the solid and liquid domain, and also between the tracer particles inside the fluid 

and the background chamber wall. Hence, it helped to track the position of the interface by 

distinctly separating and identifying the solid and the liquid regions. A high resolution 4 

Mega Pixel CCD camera (Flare 4M180-CL) with the resolution of 2048 × 2048 pixels was 

employed to capture the images. The camera was connected to an image acquisition system 

(DVR express core, IO Industries) to record images. The camera was controlled via the 

DVR express CoreView software installed on a computer. 
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A.2 Image processing  

As this research involved the visualization and quantification of the melting process in a 

PCM, where it began with a single solid phase; transformed into the coexisting two-phase 

state (solid-liquid) and finally acquired a single liquid phase upon complete melting. 

Hence, the accurate tracking and quantification of the dynamic solid-liquid interface was a 

crucial part of this research. 

The solid-liquid interface was detected in each image using in-house image processing and 

analysis algorithm developed in the Matlab environment. The computer code implemented 

image processing routines to detect the interface based on the change in gray-scale values 

between solid and liquid phases in each image. The main steps of the image-processing 

algorithm are shown in figure A.1. A sample original image of the PCM domain is shown 

in figure A.1(a). In the image, the white region represents the solid phase and dark gray 

region represents the melted wax. The improvement of the signal-to-noise ratio is the first 

step of the image-processing algorithm, which is achieved by rescaling the gray-values 

based on the maxima and minima. The image is segmented into a binary image in the next 

step by applying a threshold based on the gray-value distribution. Figure A.1(b) shows the 

corresponding image after segmentation. A series of morphological operations were 

performed on the binary image that include image inversion, dilation, filling the holes and 

erosion to remove noise from the binary image. Figure A.1(c) shows the final form of the 

processed image. The coordinates of the detected interface were recorded at every spatial 

location. The detected interface is plotted in figure A.1(d) over the original image for 

comparison. By processing a series of consecutive images from the beginning to the end 

of the melting process, a time history of the interface movement was obtained. This 

information was used in the further analysis of data. Note that the interface movement in 

the immediate vicinity of a thermocouple was locally disturbed. Hence, the interface data 

in the vicinity of each thermocouple were excluded from subsequent analyses. 
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                               (a)           (b) 

    

        (c)                      (d) 

 

Figure A.1: Sequence of the processes involved to generate the solid-liquid interface 

of the PCM; (a) original image of the PCM domain (thermocouples are seen by 

white circles), (b) image after adjustment and converting into the binary image, (c) 

image after inversion, dilation, filling the holes and erosion and (d) image with the 

instantaneous interface shown as the red line 
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Appendix B 

Appendix B: PCM chamber insulation  

 

 

Figure B.1: Schematics of the storage chamber showing the locations of the 

insulation 
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Appendix C  

Appendix C: Experimental Uncertainty Analysis 

All experimental measurement systems involve some errors which is actually the 

difference between the true value of the variable and the value assigned by the 

measurements. But, in any measurement, in fact, the true value is unknown. Thus, instead 

of the actual error, we estimate the probable error in the measurement which is termed as 

the uncertainty. Hence, the uncertainty defines an interval about the measured variable 

within which the assumed true value must fall. 

 

Any kind of experimental measurements involve some level of experimental uncertainty. 

These uncertainties may originate from various causes such as inaccuracy in measurement 

equipment, random variations in the quantities measured and the approximations 

considered in the data (data reduction). It is impossible to eliminate the errors completely 

and hence it is very important to know the level of uncertainty for a given measurement. 

Since in a measurement system the errors may be contributed from various sources, they 

all need to be considered. Thus, all these uncertainties in individual measurements are 

eventually accommodated into the uncertainty in the final results. 

 

The errors are of two general categories, (1) Systematic or bias errors and (2) Precision or 

random errors. 

 

1. Systematic or bias errors 

 

Systematic or bias errors are caused from a drift or shift of sample mean from the 

true mean by a fixed amount. 

 

2. Precision or random errors. 

 

This error is caused by a lack of repeatability in the output of a measurement system. 

The random errors bring a distribution of measured values about the sample mean. 
 

General equation used for experimental uncertainty calculation for precision errors: 

𝑊𝑅 = [∑(𝑊𝑥𝑖
𝜕𝑅

𝜕𝑥𝑖
)

2𝑛

𝑖=1

]

1
2
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Data acquisition errors: sources 

a) T-type thermocouples (T30-2-507, Zesta Engineering Ltd.): uncertainty ±0.4%. 

b) Air flow meter, Omega FL-2000 series: accuracy as ±5%.  

c) PID controller (Zesta Engineering Ltd. ZEL-9100): accuracy ±2°C.  

d) HTF tube dimensions: digital sliding calliper (Mastercraft, model 58-6800-4) 

 

Sample uncertainty calculation for heat flux, q”: HTF temperature 175 oC: 

 

Following equation is used to compute the heat flux: 

 

               𝑞" =
𝑞

𝐴
=

𝑚 ̇ 𝐶𝑝(𝑇𝑆𝑢𝑟𝑓−𝑇𝐵𝑢𝑙𝑘)

𝜋𝐷𝑙
=

𝜌𝑉𝐶𝑝(∆𝑇)

𝐴
                               (C1) 

Where, 

𝜌 = Avg. density of HTF: 0.868 ±2.28% = 0.868±0.0198 kg/m3 

𝑉 = Volume flow rate of HTF: 0.00067±5% = 0.00067±0.0000335 m3/s 

𝐶𝑝 = Specific heat of HTF: 1013±2.28% = 1013±23.09 J/kg.K 

∆𝑇 = Heat source and bulk PCM temp. diff.: 26.86±0.533 oC  

𝑇𝑆𝑒𝑡𝑡𝑖𝑛𝑔 = Temp. setting in controller: 175±2 oC 

𝐴 = Heat source surface area: 0.001496±0.00000314 m2   

From equation (1), finding the value of q", 

q”= 0.868*0.00067*1013*26.86/0.001496 = 10577.38 W/m2 

General equation to estimate the uncertainty: 

 

𝑊𝑞" = [∑(𝑊𝑥𝑖
𝜕𝑞"

𝜕𝑥𝑖
)

2𝑛

𝑖=1

]

1
2

                                                               (C2) 

Applying general equation to estimate the individual uncertainty: 

𝑊𝑞" = [(𝑊𝜌
𝜕𝑞"

𝜕𝜌
)
2

+ (𝑊𝑉

𝜕𝑞"

𝜕𝑉
)
2

+ (𝑊𝐶𝑝

𝜕𝑞"

𝜕𝐶𝑝
)

2

+ (𝑊∆𝑇

𝜕𝑞"

𝜕∆𝑇
)
2

+ (𝑊𝑇𝑠𝑒𝑡

𝜕𝑞"

𝜕𝑇𝑠𝑒𝑡
)
2

+ (𝑊𝐴
𝜕𝑞"

𝜕𝐴
)
2

]

1
2
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Now computing each term separately, 

𝜕𝑞"

𝜕𝜌
=
𝑉𝐶𝑝(∆𝑇)

𝐴
=
0.00067 ∗ 1013 ∗ 26.86

0.001496
= 12815.92  

(𝑊𝜌
𝜕𝑞"

𝜕𝜌
) = 0.0198 ∗ 12815.92 = 𝟐𝟒𝟏. 𝟐𝟖 

𝜕𝑞"

𝜕𝑉
=
𝜌𝐶𝑝(∆𝑇)

𝐴
=
0.868 ∗ 1013 ∗ 26.86

0.001496
= 15787144.55  

(𝑊𝑉

𝜕𝑞"

𝜕𝑉
) = 0.0000335 ∗ 15787144.55 = 𝟓𝟐𝟖. 𝟖𝟕 

𝜕𝑞"

𝜕𝐶𝑝
=
𝜌𝑉(∆𝑇)

𝐴
=
0.868 ∗ 0.00067 ∗ 26.86

0.001496
= 10.44  

(𝑊𝐶𝑝
𝜕𝑞"

𝜕𝐶𝑝
) = 23.09 ∗ 10.44 = 𝟐𝟒𝟏.𝟎𝟗 

𝜕𝑞"

𝜕∆𝑇
=
𝜌𝑉𝐶𝑝
𝐴

=
0.868 ∗ 0.00067 ∗ 1013

0.001496
= 393.79  

(𝑊∆𝑇
𝜕𝑞"

𝜕∆𝑇
) = 0.533 ∗ 393.79 = 𝟐𝟎𝟗.𝟖𝟗 

𝜕𝑞"

𝜕𝑇𝑠𝑒𝑡
=
𝜌𝑉𝐶𝑝
𝐴

=
0.868 ∗ 0.00067 ∗ 1013

0.001496
= 393.79 

(𝑊𝑇𝑠𝑒𝑡

𝜕𝑞"

𝜕𝑇𝑠𝑒𝑡
) = 2 ∗ 393.79 = 𝟕𝟖𝟕. 𝟓𝟗 

𝜕𝑞"

𝜕𝐴
= −

𝑉𝐶𝑝(∆𝑇)

𝐴2
= −

0.868 ∗ 0.00067 ∗ 1013 ∗ 26.86

(0.001496)2
= −7070445.75  

(𝑊𝐴
𝜕𝑞"

𝜕𝐴
) = 0.00000314 ∗ 7070445.75 = 𝟐𝟐. 𝟐𝟎 

Now,  

𝑊𝑞" = [241.28
2 + 528.872 + 241.092 + 209.892 + 787.592 + 22.202]

1
2 

𝑊𝑞" = 𝟏𝟎𝟐𝟗. 𝟗𝟗 W/m2 

Therefore, 𝒒" =  𝟏𝟎𝟓𝟕𝟕. 𝟑𝟖 ± 𝟏𝟎𝟐𝟗. 𝟗𝟗 W/m2 

Or, 𝒒" =  𝟏𝟎𝟓𝟕𝟕. 𝟑𝟖 ± 𝟗. 𝟕𝟑% W/m2 

 

Reference  

[1] Introduction to Engineering Experimentation, A.J. Wheeler and A.R. Ganji, Prentice 

Hall, 2nd ed., 2004. 
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Appendix D 

 

Figure D.1: Circuit diagram for temperature acquisition via Labview program 
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