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Major Field: FIRE SAFETY AND EXPLOSION PROTECTION

Abstract: The purpose of the current study was to elucidate the fluctuations of calculated 

heat fluxes based on two independent conditions of the insulation layers of the plate 

thermometer (PT). An equation developed using ideal surface temperature was used to 

calculate the incident radiant heat flux from the PT. A Schmidt-Boelter type radiometer 

was used in validating calculated incident radiant heat flux from the subjected PT. The 

effect of changing the microphysical properties of insulation layers upon the temperature

was investigated in the first phase of the research. The calculated and measured incident 

radiant heat fluxes seemed to be overlapping with each other in a preheated PT despite the 

comparatively wider difference between the same parameters of an unheated PT. The 

second stage was to evaluate the changes of calculated incident radiant heat flux against 

the inherent moisture percentages of respective insulation layers. Four moisture 

percentages were identified as conditions representing distinct climatic conditions in 

Stillwater, Oklahoma; the moisture percentages are equivalent to wood moisture equivalent 

(%WME) 0, 45, 65, and 98. The results show that there was no significant difference of 

incident radiant heat fluxes measured with a radiometer and calculated using PT within 0 

to 65 %WME. Further, the noticeable difference between the incident radiant heat flux 

with 98 %WME was caused due to the significant vaporization energy consumed from the 

moisture inside the PT insulations. The optimum possible weather condition for the highest

%EMC was considered. Accuracy of the measured incident radiant heat flux was checked

with the respective %WME values. To conclude, the researchers recommended using

preheated PT with any moisture percentage under 65 %WME to obtain accurate enough

incident radiant heat flux measurements.



v

TABLE OF CONTENTS

Chapter                                                                                                                           Page

I. INTRODUCTION............................................................................................................1

II. BACKGROUND.............................................................................................................3

2.1 Heat Transfer Basics ............................................................................................ 3

2.2 Cone Calorimeter ................................................................................................. 5

2.3 Industrial Heat Flux Gauges................................................................................. 5

2.4 Standard Plate Thermometer................................................................................ 8

2.5 Effects on Moisture Content to Heat Transfer ................................................... 11

2.5.1 Moisture Content Calculation ..................................................................... 11

2.5.2 Meters to Measure Moisture Content ......................................................... 12

2.5.3 Relative Humidity....................................................................................... 13

2.5.4 Equilibrium Moisture Content .................................................................... 15

2.6 Design of Plate Thermometer ............................................................................ 18

III. METHODS ..................................................................................................................23

3.1 Ideal Surface Temperature ................................................................................. 23

3.2 Experimental Setup ............................................................................................ 24



vi

Chapter .........................................................................................................................Page

IV. RESULTS & ANALYSIS ...........................................................................................31

4.1. Analysis of Experimental Results ...................................................................... 31

V. CONCLUSION.............................................................................................................41

REFERENCES ..................................................................................................................43

APPENDICES ...................................................................................................................48



vii

LIST OF TABLES

Table     Page

1: Equilibrium moisture content - percentage guidance values 

(source:https://www.pcwi.com.au/protimeter-wme-emc-tables/) .................................... 17

2: Properties of insulation layer materials ........................................................................ 21

3: conversion of the %WME to the moisture content of ceramic fiber ............................ 33

4: Average incident radiant heat flux values for 0, 45, 65, 98 %WME in steady state .... 35

5: Details of moisture content and vaporization energy (0, 45, 65, and 98 %WME)....... 37



viii

LIST OF FIGURES

Figure     Page

1: Cone calorimeter..............................................................................................................5

2: Schmidt-Boelter type Total heat flux gauge and Radiometer..........................................7

3: Energy balance of a standard PT ...................................................................................10

4: Thermo-hygrometer .......................................................................................................13

5: %EMC variation with the RH (at 27 F).........................................................................18

6: Illustration of the PT new design...................................................................................19

7: Heat balance of the PT [new design] .............................................................................19

8: Oven used to dry the insulation layers...........................................................................26

9: Experimental set up of Radiometer and PT under the cone calorimeter .......................28

10: Temperature and heat flux readings from unheated PT...............................................31

11: Temperature and heat flux readings from preheated PT..............................................32

12: Experiment results for 0 %WME.................................................................................33

13: Experiment results for 45 %WME...............................................................................34

14: Experiment results for 65 %WME...............................................................................34

15: Experiment results for 98 %WME...............................................................................35

16: (a) interface of the incident heat flux calculation program (calibration) .....................39

17: (b) interface of the incident heat flux calculation program .........................................40

18: Regenerating moisture content percentage values for generic concrete using %WME 

and dry moisture content method.......................................................................................49



ix

NOMENCLATURE

pc Specific heat of Inconel 600 metal plate [kJ/(kg K)] 

h Convective heat transfer coefficient (W/m2 K) 

conth Contact correction factor (W/m2 K) 

 Thermal conductivity (W/mC) 

L Length of the plate (m)

n

condq Conduction loss (W/m2)

''

contq Contact heat loss (W/m2) 

''

convq Convective heat flux (W/m2) 

''

HFGq Total heat flux of Schmidt-bolter type total flux gauge (W/m2) 

''

incq Incident heat flux (W/m2) 

PT Incident radiation heat flux (W/m2) 

''

re radq 
Re-radiation (W/m2) 

''

storedq Heat energy stored (W/m2) 

aR Rayleigh number   

T
Ambient temperature (K) 

gT Gas temperature (K) 

sT Measured surface temperature of Inconel 600 metal plate (K) 

s idealT 
Ideal surface temperature of Inconel 600 metal plate (K) 

t Time (s) 

HFG Surface emissivity of Schmidt-bolter type total heat flux gauge  

PT Surface emissivity of PT 

 Density of Inconel 600 metal plate (kg/m3) 

ins Density of insulation (kg/m3) 

 Stefan-Boltzmann constant [W/(m2 K4)] 

 Thickness of Inconel 600 metal plate (m) 
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CHAPTER I

INTRODUCTION

According to the National Fire Protection Association (NFPA), fire is “A rapid oxidation 

process, which is a chemical reaction resulting in the evolution of light and heavy in 

varying intensities” (NFPA 921 (2011), 2013). The study of fire dynamics explains three 

methods of energy transfer during a fire: conduction, convection, and radiation (Hurley, 

2016). Conduction is a mode of energy transfer from a point of high temperature to a point 

of low temperature across a medium. Convection effects when the motion of particles along 

the temperature gradient transfers heat from the heat source to a target; wherein fluid acts 

as an intermediary. Radiation does not require a medium to be transported between the 

source and the target. This phenomenon explains the energy transfer utilizing

electromagnetic waves or photons. Building upon these phenomena, the two most 

important modes of heat transfer during a fire scenario were determined as two of the 

aforementioned methods: radiation and convection.

The heat transfer in a fire scenario significantly affects the strength and performance of 

surrounding structures. The weakening of load-bearing structures such as beams, columns,

and slabs as well as non-load bearing structures such as partition walls, and floors are
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unavoidable in a compartment fire. Numerous researchers have suggested that the effects 

of fire destabilize the resistance of various structures against fire. For instance, altering the 

mechanical properties such as strength and stiffness of a material can lead to a weakening 

of even the noncombustible materials (Hurley, 2016). 

Determining the amount of heat flux a surface of interest is exposed in a thermal interaction 

between a heat source and its surroundings is vital in practical fire conditions. The 

commercially available tools traditionally being used to measure total heat flux by the fire 

safety researchers are Schmidt-Boelter gauge and Gardon gauge (Ochs et al., 2013). The

popularity of these gauges is ascribed to the prompt thermal response and accurate 

calibration procedure of the tools (Hukseflux SBG01 user manual v1208, 2011). Both these 

gauges are water-cooled to provide a good heat sink by continuously removing absorbed 

heat. Resulting condensation of water and soot deposition can lead to erroneous heat flux 

calculations. In addition to that, using such gauges can be very inconvenient in real-life 

scenarios as well as during fire safety testing in wildlands and funnels where continuous 

water supply is not available (ASTM E3057-19, 2019). 

As the need for a more robust and less expensive alternative to the water-cooled gauges 

rose, the researchers started developing a device called plate thermometer (PT) to measure 

temperatures in fire resistance tests. The temperature measured using the PT was 

subsequently used to calculate the heat flux. PT consists of a metal plate, a thermocouple 

connected to this plate and an insulation layer to minimize the heat loss. The objective of 

this study is to determine the fluctuation of calculated incident radiant heat flux of the PT 

along with the moisture content (%MC) of the insulation layers.
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CHAPTER II

BACKGROUND

2.1 Heat Transfer Basics

Thermal engineering explains general heat transfer as “thermal energy in transit due to 

spatial temperature difference” with a focus on heat transport, exchange, and redistribution. 

Heat transfer will occur only when there is a driving force and a temperature difference 

within a medium or in between two or several media. As explained in the introduction, 

there are three prime heat transfer modes, namely conduction, convection, and radiation

(Bahrami, 2013).

 Conduction

Molecular agitation within a material can contribute to heat transfer without necessarily 

any motion of the material as a whole. This phenomenon is called conduction. The 

molecules with a higher speed at the hot end of material colliding with the slower molecules 

transfer energy towards the colder end. Thermal conductivity is an inherent property of any 

material that, defines its ability to conduct heat. According to Fourier’s law of heat transfer, 

the heat transfer rate is directly proportional to the temperature gradient across the object
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and is a function of thermal conductivity. The equation for one-dimensional heat transfer 

is expressed as Eq. (1) (FPST handbook).   

''

conduction

dT
q k

dx
 

(1)

 Convection 

Convection is a mode of heat transfer with the mass movement of fluid. There should be a 

solid surface and moving fluid flow, in different temperatures to occur the convection. The 

temperature difference between the surface and the fluid, and the thermal conductivity of 

the fluid, convective heat transfer coefficient, are the main controlling factors of the 

convection in the thermal environment. Convective heat transfer can be subdivided into 

two categories, depending on the source of fluid movement: ‘natural convection’ when 

there is no involvement of external force and ‘forced convection’ when an external force 

such as wind is present to induce the motion of the fluid. Given below in Eq. (2), is the 

technical way of calculating convective heat transfer (FPST handbook). 

'' ( )convection sq h T T  (2)

 Radiation

The principal mode of heat transfer during a fire scenario is radiation. This distinct method 

of energy transfer enables two or more spatially separate objects with different 

temperatures to transfer heat. Electromagnetic wave theory explains the nature of thermal 

radiation very well using the Stefan-Boltzman Law given below in Eq. (3) (FPST 

handbook). 

'' 4

radiation sq T (3)



5

2.2 Cone Calorimeter

The cone calorimeter was developed as an apparatus to determine the heat release rate and 

incident radiant heat fluxes from fire experiments. The physical appearance of the cone 

calorimeter is shown in Figure 1. Despite other purposes, the main purpose of the cone 

calorimeter is to assess the level of flammability of materials, used in fire safety 

engineering. The conical-shaped cone heater in the cone calorimeter emits the heat upon

the material sample placed under the cone heater. The incident radiant heat flux from the 

cone heater can be changed with the cone heater temperature and then use heat flux gauges 

to measure the incident radiant heat fluxes form the cone heater. Likewise, the incident 

radiant heat flux received by the material under the cone heater can be determined (Kang 

et al., 2019). The maximum heat flux delivered to the specimen from the cone heater is 

100 kW/m2  (Cone calorimeter,2019).

Figure 1: Cone calorimeter

2.3 Industrial Heat Flux Gauges

Gardon and Schmidt-Boelter gauge are the two main commercially available heat flux 

gauges. The method adopted by Gardon gauge to measure the heat flux is the temperature 
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difference developed between the center of the metallic foil and its peripheral junction 

attached to the water cooling outer surface of the gauge. Thermally stable material connects 

the sensing surface and the gauge body. Schmidt-Boelter type gauge uses an electrical 

signal generated by the temperature difference between the ends of this thermally stable 

material. Previous research suggests that the surface temperature is effectively validated 

when it is closer to the cooling water temperature (Robertson & Ohlemiller, 1995). Both 

these gauges are identical in physical appearance but differ in sensor technology used. 

Gardon gauge uses a thermopile with only two joints whereas Schmidt-Boelter gauge uses

multi-junction thermopiles. 

This study uses the Schmidt-Boelter gauge due to significant advantages such as the results

being more sensitive and linear, lesser coil temperature leading to a different reaction to 

convection, and the less grounding errors due to the electrically insulated arrangement 

(Hukseflux SBG01 user manual v1208, 2011). Nevertheless, soot deposition, differences 

between the measuring and calibration environment, and possible heat losses from the 

measuring surface can result in uncertainties of the measurements (Mohammed et al., 

2016; Nakos, 2005). The major constraint in using these devices apart from the cost is the 

requirement of cooling water supply. This is a tough requirement to be met in a real fire 

situation, as the supply of water is not guaranteed at every location. 

Schmidt-Boelter water-cooled gauge has two main demonstrations, one is the “water-

cooled total heat flux gauge” (WCTHG), and another called “water-cooled radiometer” 

(WCRM) shown in. WCRM is a heat flux gauge modified by attaching an optical filter in 

front of the sensing surface (Nakos, 2010). This filter, ideally made of sapphire, blocks the 

convection heat flux but absorbs a significant amount of radiation from the heat source.
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Therefore, the convection contribution to the sensing surface is negligible. WCTHG is 

capable of measuring both radiation and convection heat flux while the WCRM measures 

only the radiation heat flux. These Schmidt-Boelter gauges can measure heat flux up to 

200 kW/m2 and a temperature of 1100oC. The sensing surface of the gauge is painted with

black paint by default. This paint offers good directional response and improves the 

absorptivity to 0.95 (Hukseflux SBG01 user manual v1208, 2011). These devices have a

standardized calibration procedure, hence approved to be used in fire experiments. 

Considering the validity of the Schmidt-Boelter gauge, its readings were used as reference 

values in this study.

Figure 2: Schmidt-Boelter type Total heat flux gauge and Radiometer

The sum of the net heat flux of convection and radiation is the “total heat flux” ( HFGq ). 

The precise value for heat flux measurements can be expected by restricting the re-radiation 

and optimizing the convection contribution. A technique to reduce the re-radiation is by 

reducing the measuring surface temperature; external cooling water supply with a 

temperature range of 20oC – 80oC affirms this requirement. The resulting low temperature 

not only directly reduces the re-radiation but also maximizes the convection contribution. 

This recognizable convection is caused by the high-temperature gradient generated 
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between the surface and the high temperature of the surrounding. This results in

recognizable convection on heat flux gauge. The equation for the total heat flux in a thermal 

environment having both radiation and convection is illustrated in the Eq. (4) below.

'' '' 4( )HFG HFG inc rad g HFGq q h T T T        (4)

Moreover, in a hypothetical situation, wherein the equipment is kept in a thermal 

environment with ambient temperature conditions, the temperature difference between the 

front surface and the surroundings becomes negligible. Thereupon, the convection turns 

out to be negligible as well. Hence, the WCTHG has presented a radiation only condition 

and the Eq. (5) below can be used to measure total heat flux upon such a situation. 

'' '' 4

HFG HFG inc rad HFGq q T     (5)

These commercial gauges have been validated numerously over the last few decades. In 

addition to that, they have been optimized to measure the total heat flux in fire situations. 

However, the major flaw of WCTHGs, requiring a water source for functioning is 

hindering the usability of these gauges in real-life situations. The researchers are looking 

into alternatives to measure the total heat flux in real fire situations and the development 

of the PT is considered a major leap forward, towards achieving this goal. 

2.4 Standard Plate Thermometer

The plate thermometer was initially designed to measure the thermal exposures in the fire 

resistance furnaces as per ISO 834-1(International Organization for Standardization) and 

EN 1363 (European Standard). Since then, it has been used to measure heat exposures of 

objects in fire scenarios. Undoubtedly, PT has several advantages over commercial gauges:
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simplified design, robustness, and low manufacturing cost compared to other industrial 

gauges. Moreover, PT is capable of measuring incident radiant heat flux in thermal 

environments without needing a water supply attesting the convenience of being used in

real fire scenarios (Häggkvist, 2009; Häggkvist et al., 2013). 

The standard PT design consists of a 0.7mm x 100mm x 100mm Nickel alloy plate, folded 

around a 10-mm-thick organic insulation material (density of 280 +- 30 kg/m3). The surface 

temperature of the Inconel alloy plate is measured by the Type K thermocouple welded to 

its geometric center (Häggkvist, 2009). Perfect insulation is assumed for the standard PT

ensuring a negligible heat loss from the insulation layer. Lumped heat analysis of the 

Inconel alloy plate should be performed to determine whether the temperature gradient 

across the thickness of the plate remains relatively low.

Incident radiant heat flux calculations by PT showed optimum results when the temperature 

of the metal plate and the insulation layer are close to each other as in steady-state 

conditions (Häggkvist et al., 2013). Conversely, the incident radiant heat flux calculated 

from the PT is less than the measured value of the WCTHG in a transient period when the 

temperature difference between the inconel plate and the insulation layer is high. The 

reason is identified as the significant amount of heat loss from the insulation layer when 

heating up, usually not noticeable in surrounding with ambient temperature. A schematic 

diagram of the standard PT is shown in Figure 3.
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Figure 3: Energy balance of a standard PT

To represent the heat flux measurements of the PT in a mixed thermal environment, heat 

balance equation; Eq. (6), can be derived by assuming the nickel plate as the control 

volume.

'' 4( )s
p PT inc rad g s PT s

dT
c q h T T T

dt
       

(6)

General clarifications for the phases mentioned above as follows,

s
p

dT
c

dt
 

= Heat stored in the Inconel alloy plate (W/m2)

''

PT inc radq 
= Radiation heat flux received by the PT (W/m2)

( )g sh T T = Convection heat flux received by the PT (W/m2)

4

PT sT  = Re-radiation from the Inconel alloy plate (W/m2)

Rearranging above equations, incident radiant heat flux can be expressed as in Eq. (7).

'' 41
( ( ) )s

inc rad p g s PT s

PT

dT
q c h T T T

dt
   


    

(7)

Ts
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Using the above equation, the incident radiant heat flux can be calculated using the PT,

given that other variables are already been determined. The effect on the incident radiant 

heat flux from the microphysical bonds in the insulations of the PT and the moisture level 

of the insulation layers were observed in this experiment.

2.5 Effects on Moisture Content to Heat Transfer

2.5.1 Moisture Content Calculation

The moisture content or water content is the indicator of the level of water that rests inside 

a solid material. Solid materials have porosities, cavities in different amounts that allow 

water molecules to flow inside the material. The definition of the moisture content or 

moisture percentage is the ratio between the water mass in a certain volume and the mass 

of solid in that same volume (UC Merced Engineering, 2002). There are two ways to 

determine the moisture content in the solid: dry basis moisture content and wet basis 

moisture content. The respective equations are shown in Eq. (8) and Eq. (9)

3

 

3

 [ ]

% 100

 [ ]

moisture

material A

materialA

g
concentration

cmMC
g

density
cm

 

(8)

3

 

3 3

 [ ]

% 100

 [ ]  [ ]

moisture

material A

moisture materialA

g
concentration

cmMC
g g

concentration density
cm cm

 



(9)

Wet basis moisture content is generally used in agriculture, food industry, wood biomass 

industry, etc. as it represents the moisture content respect to the final product including the 

moisture. Dry moisture content is used for the industries where moisture is lost and gained

such as solid wood products, particle boards, panel boards, etc. (Govett et al., 2019; 
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Introduction to moisture content determination, Purdue University, 2019). This study uses 

dry moisture content since the study revolves around determining the moisture content of 

a solid, such as ceramic fiber insulators. 

2.5.2 Meters to Measure Moisture Content

There are several types of moisture meters used at present: conduction type (resistance 

type), capacitance type, an infrared type, etc. (Ahmed, 2006). Reliability, ability to measure 

moisture content inside the material, easiness of handling, and low cost are some 

advantages of conductive and capacitance meters over the others. Conduction type meters 

consist of two pins that need penetrating the material. These pins can be found in different 

lengths as either insulated or non-insulted. These types of moisture meters use direct 

current conductance and resistance between the two pins to measure the moisture content 

of the material. More moisture leads to more conductance through the pins. The next type 

is the capacitance-type moisture meters. These are non-destructive meters and more 

sensible to surface moisture conditions (Ahmed, 2006). These meters work according to 

the electromagnetic technology as it emits and receives electrical waves from the sensor 

pad located at the bottom of the device. The amount of water residing in the material 

manipulates the electrical signal by evaluating the received signal. 

The pin-type moisture probe in the thermo-hygrometer (OMEGA™ RH 700) shown in

Figure 4, was used to measure the moisture percentage inside the insulation layers of the 

PT; the measurement was given with unit, “Wood Moisture Equivalent” percentage 

(%WME). %WME is the moisture content that would be measured if the material were 

wood. The meter measures the actual moisture content in wood but conversion will be 

needed when it is being used to measure the moisture content of a material other than wood. 
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In hard materials such as wood, concrete, etc. the meter gives the surface moisture content 

due to the difficulty of the pins to reach further from the surface. For the softer materials 

such as soil, paper, etc. the meter reflects the average moisture level in between the surface 

and penetration level (OMEGA user’s guide, 2019). The actual moisture percentage of the 

material measured using the meter can be derived as follows.

The relationship between the %WME and moisture condition can be written as follows 

using dry basis moisture content method Eq. (10) (Appendix A). Combining Eq. (10) with 

Eq. (8) above for the dry basis moisture content, the correlation in Eq. (11) can be derived.

3

3

 [ ]

% 100

 [ ]

moisture

wood

g
concentration

cmWME
g

density
cm

 

(10)

 
 

3

3

 

 
 

% %
 /

/

wood

m

e

aterial A

mat rial AMC WME
density g cm

density g cm
 

(11)

Figure 4: Thermo-hygrometer

2.5.3 Relative Humidity

The other relatively similar term to explain the moisture content, that describes the 

moisture percentage in a gaseous volume, is the relative humidity (RH). The RH is the ratio 
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of the actual water vapor mass per unit area (density) and the saturation vapor density; in 

other words, the ratio of the actual and the saturation water vapor pressure in a volume

(Arther & Saffer, 2015; Lawrence, 2005). The equations for the RH as in Eq. (12).

 3
 

 
 3

[ ] [ ]
100      100

[ ]
[ ]

actual vapor
actual vapor

saturated vapor
saturated vapor

g
density pressure PacmRH or RH

g pressure Pa
density

cm

   

(12)

The main difference between the moisture percentage and the RH is the phase of the 

substance, which it applies. RH relates to the water vapor and it is the gaseous phase of the 

water. Water vapor cannot remain inside the porosities of solid materials as it gets 

condensed due to low temperatures when passes through the boundary (Condensation Fact 

Sheet, 2019). Accordingly, only water molecules in liquid phase rest inside the material

that allows measuring the moisture content in a solid, but not RH.

Moisture in materials can control the internal physical properties of the material such as

thermal conductivity, temperature, and density. When moisture fills the empty spaces of 

insulation material, the overall moisture content increases. The amount of water absorbed 

into a certain material depends on the RH and the moisture percentage of the environment. 

Water is a better conductor than air and several studies have been conducted to validate 

this phenomenon (LEARN London Metropolitan University, 2004).

Hedlin researched to observe the variations of the heat flow through the roof insulation 

with moisture content. Moisture content was selected as 1% to represent a summer day and

higher moisture levels to get the comparison value. The insulation layer with controlled 

moisture percentage was placed on top of the roof; heat flow through the insulation layer 
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was measured using heat flux transducers. The transfer formula to determine the heat flux 

through the insulation layer is shown below in Eq. (13).

0 0 0 0 1 1 2 2 1 1 2 2 0 0 1 1 2 2J Q I TT I TT I TT J Q J Q K TB K TB K TB        (13)

where,

0J = 1

Q = Heat flux (kW/m2)

The results showed the different temperatures and heat flux values for each selected 

moisture conditions. Researchers assumed that the reason for the results was due to two 

reasons: the moisture evaporated from the warm surface of the insulation and condensing

at the cold surface upon the energy transfer (Hedlin, 1988). Further, the study showed a 

noticeable difference in the heat flux measurements of the insulation in different moisture 

conditions.

Kočí studied the changes in the thermal conductivity and specific heat capacity with the 

moisture content in porous building materials. The specimens included plasters, thermal 

insulation boards, etc. After analyzing the results, researchers concluded that the increasing 

moisture condition harms the thermal properties and energy balance of the building 

envelope (Kočí et al., 2017). 

2.5.4 Equilibrium Moisture Content

Humidity and temperature are the two main atmospheric factors that affect the internal 

moisture level of any material. Once the porous material is exposed to a humid 
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environment, the material absorbs the moisture from the environment. Getting the help of 

the stable surrounding environment, the moisture content inside the material will come to 

an equilibrium with the environment moisture level (Mitchell, 2017). This moisture content 

is known as the “Equilibrium Moisture Content” (%EMC) as in Eq. (14) follows (Hailwood 

& Horrobin, 1946;  Mitchell, 2017).

2 2

1 1 2

2 2

1 1 2

1800 2
( )
1 1

Kh K Kh K K K h
EMC

W Kh K Kh K K K h
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2

2
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2
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]
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W E T E T

K E T E T

K E T E T

K E T E

e
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h

e

T

    

    

    

    



The value of %EMC is generally determined for wood (Simpson, 1998). It can be utilized 

to determine the maximum possible %WME in the other material types as well. For

instance, despite an artificially generated environment, the maximum %WME value which 

can be achieved by wood is less than %EMC in the given temperature and RH. However, 

the moisture content percentage in other materials can vary according to the %WME and 

density ratio between the wood and the material. Typical moisture content percentage 

values for generic building materials calculated using the %WME are given in Table 1

below. Dry basis moisture method is used to convert %WME to the moisture content in the 

respective material (appendix A)
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Table 1: Equilibrium moisture content - percentage guidance values 

(source:https://www.pcwi.com.au/protimeter-wme-emc-tables/)

Environmen

t or material 

condition

RH 

%

Generi

c wood

Generi

c 

plaster

Generi

c brick

Generi

c 

cement

Generi

c sand

Generic 

concret

e

%WM

E 

Safe air dry

25 6 6

30 7 7

35 8 8

40 9 9

45 10 10

50 11 11

55 12 4.7 3.9 12

60 13 5.1 4.2 13

65 14 0.1 1.0 1.5 5.5 4.5 14

70 15 0.2 1.3 2.0 5.9 4.8 15

At risk
75 17 0.4 1.6 3.0 6.4 5.2 17

80 18 0.6 2.4 4.0 6.8 5.4 18

Damp

85 20 1.0 3.0 5.0 7.3 5.7 20

90 23 1.5 4.0 6.0 8.0 6.0 23

95 26 2.2 5.5 7.7 9.0 7.0 26

10

0
27

The above table shows a notable difference between the %WME and moisture content in 

the material. To calculate the moisture content of any given material, it is required to know 

the density or the mass of that material and use Eq. (8) mentioned in the above section. 

Understanding the variation of the %EMC in the given environmental condition is 

important to get a measurement about the maximum moisture level which wood can bear 
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in that environment. The %EMC in steady-state environmental conditions was plotted 

against increasing RH at 27 F and is given in Figure 5 (selected temperature 27F) for that 

purpose. It shows that the range of %EMC generally falls between 0% and 30% in any 

given environment.

Figure 5: %EMC variation with the RH (at 27 F)

2.6 Design of Plate Thermometer

The design of PT used by Shen in their study was adopted for this research; the model is 

displayed in Figure 6 (Shen et al., 2019). The design consists of a 25.4 mm x 25.4 mm x 

0.584 mm Inconel 600 metal plate, and two layers of ceramic fiber insulation pads bounded 

with cement board. The Inconel alloy 600 has a density of 8240 kg/m3 and specific heat 

capacity of 444 J/kg K. First, 6.35 mm thick insulation pad placed closer to the Inconel 

plate (Kaowool®PM, Lynn manufacturing, Inc.) and 12.7 mm thick second insulation pad 

was placed after the first insulation pad (Kaowool®M, Morgan advanced material). 6.35 

mm thick, cement board was the last layer of the PT as two thin mechanical wires bind all 

the layers together. The ‘Type K’, 24 gauge (0.511 mm) thermocouple was responsible for
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measuring the front surface temperature of the plate given that the lumped heat capacitance 

analysis is valid (Appendix B). The thermocouple was welded to the geometric center of 

the unexposed surface of the Inconel plate. Another Type K thermocouple was inserted in 

between the two insulation boards to measure the back surface temperature (Tb) of the first 

insulation board. The actual image of the PT is shown in Figure 6 and a schematic diagram 

showing the placement of thermocouples is given in Figure 7. 

Figure 6: Illustration of the PT new design

Figure 7: Heat balance of the PT [new design]

The main alteration of this PT design in comparison to the standard design is the reduced 

size of the overall PT, a feature shared with other commercially available heat flux gauges.

Because of reduced dimensions of the Inconel plate, it showed high thermal conductivity

and low thermal mass. Furthermore, this results in a very small ‘Biot number’ (< 0.1) in 

most fire conditions. A Biot number less than 0.1 suggests that there is a uniform 

temperature distribution throughout the metal plate in addition to a negligible temperature 
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gradient. Further, the heat loss from the sides of the Inconel alloy plate can be ignored due 

to the low thickness. This thermal behavior makes it easy to quantify the heat store inside 

the PT in transient temperature conditions. As a result, this new plate design is capable of

reacting faster under certain fire scenarios and indeed a major advantage of thinner plate

design.

To protect the Inconel alloy surface from the oxidative damage at high temperature, the 

alloy surface is painted with a high-temperature silicon-based paint (Rust-Oleum) in black 

color. The high-temperature paint used in the current study has been trialed to stand the 

heat, as high as 1366 K. The black surfaces increase the emissivity of metal surfaces and 

that varies from zero to one. An assumption was made after logically comparing the 

standards of the current study with previous research conducted; thereby, the emissivity of 

PT was determined as 0.85 for this research. The novel PT design absorbs a considerably 

high amount of heat generated from the fire source due to high emissivity. The measured 

surface temperature increases proportionally with high absorption.

Another addition to the existing PT design is thick insulation pad layers. As mentioned 

earlier, the first insulation layer of the new design is lower in thickness, width and length 

than that of the standard PT. Existing studies provide evidence that reduced thickness 

facilitates one-dimensional heat transfer only. The thicker second insulation layer further 

restricts the heat loss from the insulation layers. Therefore, both insulation layers act

collectively to reduce the overall heat loss from the Inconel metal plate to the environment. 

The assumptions were made as there was no heat loss in PT and occur only a single-sided 

(1-D) heat transmission from the Inconel alloy plate to the insulation layer. The reading of 

the second thermocouple, inserted between the two insulation layers, can be used to 
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calculate the front surface temperature (T0) of the first insulation pad using the inverse heat 

conduction method. Considering all the optimized physical properties of the new PT, the 

heat balance equation for the Inconel alloy plate can be written as follows according to Eq. 

(15).

'' 4

0( ) ( )s
p PT inc rad s g PT s cont s

dT
c q h T T T h T T

dt
         

(15)

Considering the structure of ceramic fiber insulation, vacuum molding of fiber slurry is the 

method used to fabricate the highly porous fibrous ceramic. The block of ceramic fiber 

used as insulation layers is a bird-nest-like structure comprised of a random network of 

ceramic fiber filled with air. The properties of the ceramic fiber material used as the 

insulation layers in the new design of PT are compiled in Table 2 below (Thermal ceramics,

2019).

Table 2: Properties of insulation layer materials

Properties Kaowool PM Kaowool M

Normal density, PCF 15 17

Maximum temperature rating, 0F 2300 2300

Thermal conductivity, 500/1000 0F (BTU/hr.ft2.F) 0.40/ 0.59 0.47/ 0.71

According to a few previously conducted researches, the thermal and mechanical 

properties of this porous material heavily depends on the bonding between the fibers or the 

microphysical structure. As per the table above and as proven by numerous researches, the 

thermal conductivity of this material increases with increasing temperature. The two 

products utilized in this study: Kaowool®PM and Kaowool®M are the two products that 

have the lowest nominal density. Sun and his group of researchers have elaborated on the 
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relationship between porosity, density, and thermal conductivity. As the porosity goes up, 

the density goes down and it correlates to the increasing thermal conductivity. That affirms

the usefulness of Kaowool®PM and Kaowool®M as insulation material (Sun et al., 2014).
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CHAPTER III

METHODS

3.1 Ideal Surface Temperature

The technique proposed by several previous studies to calculate the ideal surface 

temperature was used for this study. As defined, the ideal surface temperature is the 

temperature, the PT should reach in a perfectly insulated condition (Shen et al., 2019). At 

first, researchers tried to introduce additional terms to the heat balance equations to 

compensate for the heat losses from the surface (Häggkvist et al., 2013; Ingason & 

Wickström, 2007). Regardless of the heat loss, researchers of the current study introduced

a new temperature term to compensate for the heat losses associated with the PT 

measurements. The basis of this postulate is that the ideal surface temperature of the 

Inconel alloy plate correlates the measured surface temperature of the plate given that 

consistent complete insulation is provided. All causes mentioned below were taken into 

consideration when developing this correlation, such as heat loss from the metal plate to 

insulation pad, conduction heat loss, uncertainty factors such as thermocouple wire heating, 
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and variation of metal thermal properties, etc. Consequently, the calculated ideal surface 

temperature is always higher than the measured surface temperature as it has to compensate

for the heat loss as well. Energy balanced equation can be modified by introducing the 

ideal surface temperature and can be written as Eq. (16),

4 ( )
s ideal

s ideal
p PT inc rad PT s ideal g

dT
c q T h T T

dt
    




    

(16)

Another existing concept, ‘adiabatic surface temperature’, describes the surface 

temperature in a perfectly insulated condition. According to the definition of “adiabatic 

surface temperature”, the summation of net convection and the net radiation is equal to 

zero. The heat balance equation for the adiabatic surface temperature is shown in Eq. (17).

'' 40 ( )PT inc rad PT AST AST gq T h T T      (17)

However, both these temperature figures are expected to be equal in steady-state 

conditions. The temperature gradient in Eq. (15) is considered zero in the steady-state 

condition. Hence, the steady-state condition can be utilized to develop a correlation 

between measured and ideal surface temperatures using the process of calibration. 

3.2 Experimental Setup

The purpose of this study is to understand the fluctuations of incident radiant heat flux 

using PT in different microphysical properties and different moisture conditions. Initially,

the PT was exposed to gradually increasing temperature; it was anticipated that undergoing 

this procedure the chemical bonds between the molecules would alter. As the next step, the 

influence of atmospheric properties on the calculated incident radiant heat flux was 
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monitored. The PT was configured differently to represent different atmospheric weather 

conditions essentially by manipulating the moisture level of insulation layers.

The PT design, elaborated in the previous chapter was used for this study. Inconel alloy 

plate, two layers of insulation layers, and the cement fiberboard were brand new, unheated

supplies. Hence, the chemical bonds of these materials were considered as alive. The 

unheated PT and the water-cooled Schmidt-Boelter gauges were installed under the cone 

calorimeter heater to determine the incident radiant heat flux.

As explained earlier, the PT underwent initial preparation and exposed to gradually 

increasing temperature, starting from 200oC heated up until 900oC in 100oC increments. 

As a result of this increased internal temperature, the microphysical properties of insulation 

material have changed non-reversibly (Kourtides et al., 1988). Further, it was assumed that 

the properties of the insulation layers completely alter with the changing microphysical 

properties. Changing properties of the insulation layer can be determined by the

thermocouple temperatures. To test for this assumption, researchers compared the 

measured incident radiant heat fluxes of an unheated PT against a preheated PT.

As the next phase of the research, incident radiant heat flux measurements were obtained 

by exposing the preheated PT to a representation of a series of weather conditions. The 

climatic data were gathered using the mesonet climatological data summary for the location 

Stillwater, Oklahoma. The researchers determined levels of Wood Moisture Equivalent 

(%WME) percentages to represent the aforementioned weather conditions. The four

moisture levels identified for this study were 0, 45, 65, and 98 %WME. PTs were 

undergone in different processes to imitate these selected moisture levels inside its 

insulation layers. Those processes are described as follows.
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 0 %WME (possible minimum humidity)

The PT was dried in a furnace (Thermolyne, ThermoScientific) at 60oC until the moisture 

content of the insulation layers reached 0 %WME. The furnace used to dry the insulation 

layer is shown in Figure 8 below. Upon reaching the desired moisture percentage due to 

the evaporation of moisture, the PT was sealed in a zipper-lock bag ensuring no air or 

moisture trapped inside the bag. The dried PT and the WCRM were positioned under the 

cone calorimeter heater to measure the surface temperature and incident radiant heat flux. 

Prompt fixation and measuring should be performed to minimize the contamination of 

dried insulation pads with atmospheric moisture. 

Figure 8: Oven used to dry the insulation layers

 45 %WME

A plastic box was filled with water up to 40 mm level and a stand was placed at the bottom,

which stood above the water level. Insulation layers were kept inside the sealed container

on the stand for 9-12 hours. Then the moisture level was measured using the thermal 

hygrometer. The insulation layers showed 45 %WME.
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 65 %WME

For this preparation, a plastic box is filled with water up to 40 mm. A horizontal platform

was set just above the water level. The PT was placed on top of the platform and the box 

was sealed to allow saturation. The moisture level was monitored continuously until it 

reached about 65 %WME; this typically takes 24 hours to reach the desired moisture 

percentage. 

 98 %WME (comparable to a raining condition)

The insulation layers were prepared to imitate the environmental condition of the wet 

humid day by dropping several water droplets on the insulation layers. Then the moisture 

percentage was measured using the hygrometer and the reading was 98 %WME. 

3.3 Calibration and Data Collection

The purpose of the calibration process is to determine a relationship between the measured 

surface temperature and the ideal surface temperature. These data can then be utilized to 

develop a correlation between the ideal surface temperature and the received heat flux. 

WCRM was used to measure the incident radiant heat flux under the cone calorimeter along 

with the PT. Objects under the cone calorimeter heater are generally exposed to both

radiation heat from the cone heater and the convective heat from the surrounding gas. The 

contribution of convective heat transfer should be minimized to optimize the results' 

accuracy. According to previous studies, the maximum variation in the radiation heat flux 

on the center of the cone calorimeter is 2% in a horizontal orientation and 7% in the vertical 

orientation. The main reason behind this deviation in vertical orientation was identified as 

the availability of pronounced convective heat flux (Babrauskas & Parker, 1986). 

Therefore, the horizontal configuration was selected to arrange the calibration setup with 
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the WCRM and the PT aligning the middle of the frustum under the cone calorimeter 

heater. The PT and the WCRM were fixed close to each other as 50 mm and 25 mm under 

the center of the frustum, complying with ISO-5660 as in.

Figure 9: Experimental set up of Radiometer and PT under the cone calorimeter

The calibration was done by gradually increasing the temperature of the cone calorimeter 

(Fire Testing Technology). The cone calorimeter heater standing in the ambient 

temperature at the beginning of the test was heated up to 200oC as the first step. This 

temperature was maintained for about 300 seconds at a constant to provide steady-state 

condition to the specimen before raising the temperature again by 1000C. This process was 

continued until the cone calorimeter heater reached 9000C. During the entire calibration 

process, the cone calorimeter delivered an incident radiant heat flux within the range of 0-

75 kW/m2. Since the Rayleigh number was less than 103 the contribution of convection to 

the calibration process was considered negligible. When the Rayleigh number moves more 

than 104, the convection contribution becomes significant and the surface boundary layer 

gets thinner. (Sheikholeslami & Ganji, 2016) The two major contributors for this minimum 

convection are; the horizontal configuration and the new small size of the PT. During the 

entire calibration process, surfaces of the WCRM were cooled by cooling water. This 
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indeed ensured maintaining the environmental temperature on the surfaces of the WCRM, 

which then resulted in negligible convection from the surface to the environment. This 

ensures the environment as convection free, radiation only environment hence all 

components under the cone calorimeter can be considered as being exposed to the same 

incident radiant heat flux.

The PT heat balance equation for a steady-state mixed radiation/convection environment 

is shown in Eq. (18) below.

40 ( )
s idealPT inc rad PT s ideal gq T h T T  
     (18)

Considering the radiation only environment, Eq. (18) can be modified as Eq. (19)

'' 4 0PT inc rad PT idealq T     (19)

The incident heat flux values measured in the calibration process can be used to determine 

the corresponding ideal surface temperature values in a steady state. Using the calculated 

steady-state ideal surface temperature and measured surface temperature values, a relation 

can be developed between these two temperatures as in Eq. (20),

2(1.52 4) 1.22 58.3ideal measured measuredT E T T     (20)

4

''

s ideal
p PT s ideal

inc rad

PT

dT
c T

dtq
   









 (21)

In a radiation only environment, by combining Eq. (14) and Eq. (18), a unique equation for 

incident radiant heat flux can be derived as following Eq. (21).

The PTs representing all the scenarios; unheated, preheated, 0, 45, 65, and 98 %WME were 

tested under the cone calorimeter heater in the same manner to measure the metal surface 
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temperatures of the PT. Using the equation above, incident radiant heat flux was calculated 

from the measured surface temperatures. 
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CHAPTER IV

RESULTS & ANALYSIS

4.1. Analysis of Experimental Results

Figure 10: Temperature and heat flux readings from unheated PT
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Figure 11: Temperature and heat flux readings from preheated PT

Changes of temperature and incident radiant heat flux of the unheated PT and preheated

PT are shown in Figure 10 and Figure 11 respectively. The starting moisture percentage of 

the unheated PT was 15% while the preheated PT had approximately 5% moisture.

The insulation layer of unheated PT exhibited an abrupt change upon the temperature of 

the cone calorimeter reaching 600oC (approximately 2800 sec - 3200 sec). Incident radiant 

heat flux from PT showed a higher value than the WCRM in the range of that abrupt 

change. The gap of measurements was conjectured as the amount of heat required to break

the internal bonds of the fresh ceramic fiber insulation layers.  

In the preheated PT, the surface and the insulation layer temperatures increased without 

any noticeable deviation with the increment of cone heater temperature. The main reason 

for these consistent temperature readings was that the PT has been used previously and the 

internal microphysical bonds have already been broken. As a result, no further heat was

required to break these internal bonds. That makes the measured incident radiant heat flux

calculated by the PT match with that from WCRM. Further, this proves the calculations of 

the incident radiant heat flux of preheated PT have high accuracy than the unheated PT.
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Temperature and incident radiant heat flux fluctuations with %WME: 0, 45, 65, and 98 are 

shown in Figure 12, Figure 13, Figure 14 and Figure 15 respectively. Respective Moisture 

content for the %WME in the PT insulation layers can be calculated from Eq. (10). The

range of densities of woods is in between 0.320 g/cm3 to 0.720 g/cm3. Hence, 0.520 g/cm3

was considered as the average value for the calculations as shown in Table 3 below.

Table 3: conversion of the %WME to the moisture content of ceramic fiber

WME percentage Moisture content percentage in ceramic fiber

0 0

45 87

65 125

98 188

Figure 12: Experiment results for 0 %WME
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Figure 13: Experiment results for 45 %WME

Figure 14: Experiment results for 65 %WME
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Figure 15: Experiment results for 98 %WME

Graphs for moisture 0, 45, and 65 %WME show comparatively similar trends in the sense 

of temperature and the incident radiant heat flux. Both metal surface and insulation layer 

temperatures increase with the cone heater temperature without exhibiting any 

abnormalities. On the contrary, for 98 %WME in Figure 15, temperature reading of the 

Inconel alloy plate and the insulation layer is very close within the first 2700 seconds. This 

observation agrees with Kočí, who suggested that the moisture acts as a better thermal 

conductor. When the insulation has more moisture inside, the heat gradient will be less due 

to high heat flow throughout the insulation until adequate moisture exists. 

To explain this phenomenon further, a comparison between the average incident radiant 

heat flux from WCRM and PT is shown in Table 4 below.

Table 4: Average incident radiant heat flux values for 0, 45, 65, and 98 %WME in steady 

state

Con

e T. 

(oC)

0 %WME 45 %WME 65 %WME 98 %WME

Average incident radiant heat flux (kW/m2)

WCR

M

PT Error

%

WCR

M

PT Error

%

WCR

M

PT Error

%

WCR

M

PT Error

%
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200 1.47 1.48 11.77 1.16 1.17 0.89 1.60 1.26 21.02 1.23 0.69 43.73

300 3.36 3.08 8.41 2.95 2.79 5.44 3.34 2.97 11.18 3.03 0.96 68.17

400 6.76 6.26 7.26 6.28 6.22 1.04 6.76 6.13 9.25 6.44 1.16 82.05

500 12.31 11.68 5.15 11.67 11.68 0.03 12.35 11.44 7.34 12.00 4.35 63.75

600 20.53 19.95 2.83 19.93 19.84 1.07 20.51 19.68 4.04 20.17 18.90 6.33

700 32.11 31.44 2.11 30.71 31.19 1.55 31.71 31.36 1.11 31.82 31.07 2.36

800 47.72 46.59 2.36 45.73 46.20 1.02 47.11 46.96 0.31 46.78 46.13 1.38

900 68.04 65.51 3.72 65.36 64.93 0.65 67.19 66.40 1.18 66.67 65.56 1.67

The above table shows approximately similar average incident radiant heat flux values in 

0, 45, and 65 %WME. The percentage error in small incident heat flux values (< 10
2

kW

m
) 

is relatively larger than that of higher heat flux range, especially for 0 and 65 %WME. But 

when observed closely, even though the percentage error is relatively high, the maximum 

difference between the incident radiant heat flux values can be calculated as 0.63 
2

kW

m
for 

the above mentioned range. Even the value difference is small, in small measuring heat 

flux values; it could give relatively high percentage error values as Eq. (22) follows.

" "

"
[%] ( ) 100inc rad WCRM inc rad PT

inc rad WCRM

q q
error abs

q

   

 


 

(22)

The main possible reason for this small percentage error incorporate with 0, 45, and 65 

%WME is the uncertainties associated with WCRMs as explained in the above section. 

Further, the higher percentage error associates with the 98 %WME for cone temperature 

level less than 500oC can be explained with the use of Table 5 below.
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Considering the Incident radiant heat flux value of the WCRM as a reference, the heat 

difference between the WCRM and PT was calculated. Incident radiant heat flux and heat 

values for the aforementioned %WME are tabulated in Table 5 below.

Table 5: Details of moisture content and vaporization energy (0, 45, 65, and 98 %WME)

%WME Mass of 

moisture 

(g)

Energy  to 

vaporized 

moisture from PT 

(kJ)

Calculated heat 

(difference of WCRM 

and PT (kJ))

% Error between 

calculated and 

measured incident 

radiant heat flux

0 0.00 0.00 0.97 7.5

45 0.96 2.48 0.28 9.6

65 1.40 3.58 1.10 9.6

98 2.10 5.40 7.01 51.5

Calculated heat from WCRM and PT was much lower than the required heat to evaporate 

moisture content from the PT insulation layers for 0, 45, and 65 %WME. Additionally,

incident radiant heat flux values from Table 4 prove the negligible amount of heat allocated

by PT to vaporize the moisture inside. However, it was obvious that the moisture could not 

withstand the temperatures above 100oC. There could be limited possible reasons to resolve 

this conflict, which are explained below.

Since the comparatively less mass of moisture available in the PT, there could be a high 

chance that the wool blanket wrapped around the PT could absorb moisture from the 

insulation layer. As the wool blanket exposed to the thermal environment, the inside 

moisture content also reduced drastically with the high temperature. These void spaces 

would allow moisture to transfer from insulation to wool blanket. In a practical situation, 

there could be some loose points where the mechanical wire that ties the wool blanket was 
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not tight enough to block the surface. This helps moisture to evaporate from the insulation 

layer without getting any additional heat from the plate and not changing the calculated 

incident radiant heat flux from the measured value.

In addition to that, the incident radiant heat flux readings of the WCRM in the moisture 

level 98 %WME is noticeably higher than that of the PT. The main reason for this 

considerable amount of incident radiant heat flux difference is considered as the 

evaporation heat absorbed by water. The evaporation heat required and measured heat from 

the experiment listed in Table 5 above. The difference between the incident radiant heat 

flux of WCRM and PT is found to be approximately similar to the energy needed for the 

evaporation (Appendix C). The incident radiant heat flux showed a value different until the 

cone calorimeter heater temperature became 500oC (approximately 2700 seconds in Figure 

15). Moisture inside the insulation layers took the exact time to evaporate according to the 

graph and the calculations. After moisture evaporated during the first 2700 seconds, 

incident radiant heat fluxes were observed to be the same, which illustrates no heat was

allocated to vaporized moisture, as there was no more moisture left. This shows the incident 

radiant heat flux calculations done using the PT with high moisture levels as 98 %WME, 

are not accurate in low-temperature environments (below 700oC, 30 kW/m2). 

The highest %EMC observed under the maximum possible weather condition of 100% RH

lies in between 27 to 30 percent as in Figure 5, which is well below for all 45, 65, and 98

%WME. The calculated moisture content percentage from Eq. (10) proves that all 

considered moisture levels contain more moisture than it should be in 100% RH. In 

addition to that, 98 %WME represents high moisture percentage as 188, which elaborates

on the real environmental conditions on a possible rainy day. As this was gained by 
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dropping water droplets onto the PT insulation layer, it consists of more water than the 

EMC. This phenomenon demands the PT to allocate more heat to vaporize the water inside 

and gives low readings for incident radiant heat flux, which is less accurate. This analysis 

proves that even with more moisture content inside, PT would give accurate enough 

temperature readings to calculate incident radiant heat flux given that no water droplets 

inside the PT, as a rainy day.

To calculate the incident heat flux in both radiation only and mixed radiation/ convection 

environments, the researchers developed a spreadsheet program using the ideal surface 

temperature correlations. The interface of the developed program is shown in Figure 16

and Figure 17.

Figure 16: (a) interface of the incident heat flux calculation program (calibration)



40

Figure 17: (b) interface of the incident heat flux calculation program



41

CHAPTER V

CONCLUSION

The purposes of the current study are to investigate the effect of moisture content in the PT 

insulation on the measurement of incident radiant heat flux and to investigate the effect of 

preheating of PT on the measurement accuracy of the incident radiant heat flux. To 

compare the heat flux measurements, the study was conducted in two phases; (i.) unheated 

PT against preheated PT, (ii.) different moisture levels inside the PT. The incident radiant 

heat fluxes received by PT under different conditions was evaluated. WCRM was attached 

to all tests with PT and the unit was tested under the cone calorimeter. The equation used

to calculate the incident radiant heat flux has been developed using the ideal surface 

temperature method. As the first phase of the study, an unheated PT was tested against a

preheated PT. In this test, the calibration equation was developed using the preheated PT. 

The results using this calibration equation show that the preheated PT provided 

comparatively accurate enough results than the unheated PT. The second phase of the study 

was to compare the calculated incident radiant heat fluxes from PTs with different %WME. 

Four moisture contents were studied equivalent to 0, 45, 65, and 98 %WME. All %WME
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were converted to actual moisture content inside the PT by using a correlation. 

Considering the relationship between RH and %WME, the values of 40, 65, 98 %WME 

were deemed to contain more moisture than the equilibrium with a 100% RH. The findings 

of this study showed that the incident radiant heat fluxes calculated using PT of 0 to 65

%WME did not deliver any noteworthy difference with that from the WCRM. A factor that 

might have supported this under-represented difference is explained descriptively in the 

results and analysis section. The evaporation of moisture from the PT with 98 %WME is 

accountable for the difference between the calculated and measured heat fluxes. To 

conclude, the researchers recommend the use of a preheated PT with any weather 

conditions. for accurate enough incident radiant heat flux measurement given that no water 

droplets have been poured into the PT.
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APPENDICES

APPENDIX A

* Calculate %WME to moisture content percentage of generic concrete using dry 

basis moisture content method.

3

3

% %

,

     [0.72 g/cm ]

   [2.40 g/cm ]

wood

material

wood

concrete

MC WME

where

density of wood highest

density of concrete highest















Calculated values of the moisture content percentage of generic concrete using the dry 

method and %WME are shown in the figure below. Reference values for the moisture 

content percentage for generic concrete are taken from Table 1
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Figure 18: Regenerating moisture content percentage values for generic concrete using 

%WME and dry moisture content method
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APPENDIX B

* Calculation of Biot number

ch L
Bi

k


Assuming 
W

mK
= 20

2

W

m K
, k =14

W

mK
at 298K 

20*0.000584
0.000727 0.1

14
Bi   

Since the Biot number<0.1 based on the calculations above, the lumped thermal 

approximation of PT should be valid in our experiment. 
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APPENDIX C

* Calculation of moisture vaporization energy (required)

100

             = 

,

   [ ]

    [ / ]

  [ ]

  [ / ]

ovap LC

v

v

Heat Heat Heat

mc mL

where

m mass of moisture g

c specific heat capacity of water J gK

temperature difference K

L latent heat J g





 











   98   ,     2.1 

2.1 *[4.2 / . *(100 22) 226 / ]

             = 5433 J

 65   ,    1  .4 

1.4 *[4.2

vap

vap

Considering percent moisture content water mass is g

Heat g J g K K J g

Considering percent moisture content water mass is g

Heat g J

  

 / . *(100 22) 226 / ]

             = 3622 J

g K K J g 

 

 

      

                       

                   

Calculate heat different between radiometer and PT

Used trapezoidal method to calculate the area under the heat flux curves

The area between the curves of WCRM and PT considered





 4 2

    

                     .

         A      6.5 10 0.0254   0.0254     

98 WME,  

                 

as the heat

required vaporizing the moisture content inside the insulation

rea of the PT x m m x m

heat different between WCRM and

 

2

2

   7.01 /

65 WME,  

                    1.10 /

the PT kW m

heat different between WCRM and the PT kW m
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