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A B S T R A C T   

The aging of many of the installations in the oil and gas industry may increase the likelihood of loss of 
containment of flammable substances, which could lead to major accidents. Flame temperatures in a typical 
hydrocarbon fire may reach 1100–1200 ◦C, which are associated with heat flux levels between 250 and 350 kW/ 
m2. To limit or delay the escalation of an initial fire, passive fire protection (PFP) can be an effective barrier. 
Additionally, both equipment and piping may require thermal insulation for heat or cold conservation. Previous 
studies have investigated whether thermal insulation alone may protect the equipment for a required time 
period, e.g., until adequate depressurization is achieved. The present study entails the development of a nu-
merical model for predicting the heat transport through a multi-layer wall of a distillation column exposed to 
fire. The outer surface is covered by stainless-steel weather protective cladding, followed by PFP, thermal 
insulation, and finally an inner column of carbon steel of variable thicknesses. The model for the breakdown of 
thermal insulation is based on observed dimensional changes and independent measurements of the thermal 
conductivity of the insulation after heat treatment. The calculated temperature profiles of thermally insulated 
carbon steel during fire exposure are compared to fire test results for carbon steel with thicknesses of 16, 12, 6 
and 3 mm. The model’s predictions agree reasonably well with the experiments. The degradation of the thermal 
insulation at temperatures above 1100 ◦C limits its applicability as fire protection, especially for low carbon-steel 
thickness. However, the model predicts that adding a 10-mm layer of more heat-resistant insulation (PFP) inside 
the fire-exposed cladding may considerably extend the time to breakdown of the thermal insulation.   

1. Introduction 

The oil and gas industry involves equipment containing flammable 
gases and liquids; loss of containment and subsequent ignition represent 
a significant hazard. Two severe fires have occurred in this industry in 
Norway in recent years, i.e., the fire at the Hammerfest LNG (Liquified 
Natural Gas) plant on September 28, 2020 (Bakka et al., 2021; Hallan 
et al., 2021; Log and Gunnarshaug, 2022) and the fire at the Tjeldber-
godden methanol plant on 2nd December 2020 (Handal et al., 2021; 
Landro et al., 2021). Containment of the inventory of equipment and 
piping is important, to avoid a potential incident or escalation of an 
incident (Equinor, 2020). The use of passive fire protection (PFP) can 
prevent, or significantly delay, rupture of equipment exposed to fire 
loads. In addition, thermal insulation is often required to maintain a 

certain operating temperature (Bahadori, 2014; Scandpower, 2004; 
Standard Norway, 2018). Thus, a process equipment configuration, e.g., 
a distillation column, will typically consist of stainless-steel weather 
protective cladding, PFP, thermal insulation and a carbon-steel process 
equipment body. 

The aging facilities in the oil and gas industry are subject to regular 
inspections. These have revealed severe corrosion attacks, especially in 
situations where the thermal insulation is in direct contact with the 
carbon-steel surface (API, 2014). 

To avoid direct contact between the metal surface and the thermal 
insulation, and thereby prevent corrosion, current insulation methods 
apply spacers, typically made from polytetrafluoroethylene (PTFE), and 
a perforated metal plate, to create an airgap of typically 25 mm between 
the metal surface and the thermal insulation. A representative 
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distillation column is illustrated in Fig. 1. The layer of thermal insulation 
is typically 50 mm thick, followed by a 50-mm layer of PFP. An outer 
layer of 0.7-mm-thick stainless-steel cladding provides weather 
protection. 

The introduction of the 25-mm airgap, with unaltered thicknesses of 
insulation, increases the outer diameter of the equipment by 50 mm. In a 
densely packed process plant, there may not be room for this. Use of 
excessive fire protection should be avoided and only be provided where 
strictly necessary (Choi and Beyeon, 2021). 

Previously published small-scale testing of a mock-up of a distillation 
column wall has shown that 50 mm of thermal insulation alone can 
provide sufficient fire protection for a 16-mm carbon-steel wall (Bjørge 
et al., 2017, 2018). The small-scale test setup and the thermal insulation 
after a test are shown in Fig. 2. When exposed to high temperatures 
(1200 ◦C+), the insulation is sintered and partly melted, resulting in 
cracks. The thermal insulation after muffle furnace tests, where 50-mm 
cubes (a-d) and a 75-mm cube (e) have been heated to temperatures 
between 700 ◦C and 1200 ◦C, is shown in Fig. 3 (Bjørge et al., 2018; 
Gunnarshaug et al., 2020, 2021). The remains of the thermal insulation 
had a stone-like texture. 

Previous studies have revealed an exothermic peak at about 
800–900 ◦C in muffle oven heating tests and TGA (Thermal gravimetric 
analysis)/DSC (Differential Scanning Calorimetry) measurements 
(Bjørge et al., 2018; Gunnarshaug et al., 2020). Such a peak has also 
been observed for similar materials (Olsen et al., 2013; Ozawa, 1971; 
Shao et al., 2004; Sjöström and Jansson, 2012). It is important to ac-
count for the potential contribution of this peak to the temperature 
development in the total system during fire exposure. Lai et al. (2020) 
and Shao et al. (2004) investigated the crystallization kinetics of similar 
ceramics and found activation energies in the range of 225–300 kJ/mol 
depending on the composition of the material. 

Fire testing can be expensive and time-consuming, and a numerical 
model that can reliably predict the temperature development can be a 
valuable tool for evaluating whether thermal insulation alone provides 
sufficient protection. It could also allow the combined performance of 

thermal insulation and PFP to be evaluated. Thus, the aim of the present 
study was to develop a numerical model for predicting the behaviour of 
industrial thermal insulation and to compare model predictions and 
previous experimental results of small-scale fire tests (Bjørge et al., 
2017, 2018). The model is also applied to systems that include a layer of 
more heat-resistant insulation, PFP, to see if that can prevent or delay 
breakdown of the insulation. Results are presented for 16-mm, 12-mm, 
6-mm and 3-mm steel thicknesses (carbon steel), protected with a 
50-mm layer of thermal insulation alone, as well as with an additional 
layer of 10 or 25 mm of PFP. 

The materials and methods used in the study are outlined in Section 
2. Section 3 presents the results from the numerical model. Section 4 
presents the discussions and suggestions for future studies, and Section 5 
offers the overall conclusions. 

2. Materials and methods 

2.1. The thermal insulation studied 

The thermal insulation used in the present study was 50-mm Rock-
wool (ProRox PSM 971). This insulation is used in several installations in 
the Norwegian oil and gas industry. The technical data and thermal 
conductivity up to 350 ◦C provided by the manufacturer is presented by 
Bjørge et al. (2018). The insulation is certified by the manufacturer for a 
maximum operating temperature of 700 ◦C. Data for higher tempera-
tures are provided in other studies (Bjørge et al., 2017, 2018; Gunnar-
shaug et al., 2020). The insulation consists of several inorganic oxides, 
where the main components are: silica, magnesia, calcium oxide and 
iron (III) oxide, alumina and minor amounts of sodium oxide, titanium 
oxide, phosphorous pentoxide and potassium oxide. During production, 
the raw materials are melted at temperatures of up to 1500 ◦C; this is 
followed by spinning and cooling, and finally the insulation is cut to the 
desired size (Rockwool, 2023). 

The spun and cooled fibres are individually woven to the final mat, 
resulting in high porosity, beneficial for the thermal insulation proper-
ties. The nominal density of the insulation is 140 kg/m3 and bearing in 
mind the fact that the inorganic salts from which the insulation is made 
have densities that are about 20 times this value (silicon dioxide and 
aluminium oxide have densities of 2650 and 3950 kg/m3, respectively), 
the porosity volume fraction is about 95%. This results in very low 
thermal conductivity at ambient conditions. 

However, the maximum operating temperature of the insulation is 
700 ◦C, hence when exposed to temperatures above this, the insulation 
starts to sinter and shrink (Bjørge et al., 2018; Gunnarshaug et al., 2020). 
This increases the thermal conductivity. Thermal conductivity of 
heat-treated thermal insulation samples was studied by Gunnarshaug 
et al. (2020, 2021), see Fig. 4. The thermal conductivity was found from 
TPS (Transient Plane Source) measurements. The TPS method has a 
±2%–5% accuracy at ambient temperatures and at elevated tempera-
tures ±5%–7% (ISO, 2015). The results are further adjusted with the 
shrinking of the thermal insulation during heating, adding an additional 
uncertainty to the effective thermal conductivity. A total of ±10% un-
certainty is estimated for Equations (1)–(4) (Gunnarshaug et al., 2021). 

The correlations for the effective thermal conductivity of the thermal 
insulation, keff, in Fig. 4 are: 

keff,T≤700∘C = 0.0304 + 3.111⋅10− 10T3 (1)  

keff,700∘C<T≤1100∘C = 0.181 + 1.254⋅10− 4T (2)  

keff,1100<T≤1200∘C = 0.354+ 1.0843 ⋅ 10− 8⋅(T − 1373.15)4 (3)  

keff,T>1200∘C = 1.418 + 1.333⋅10− 5T (4)  

where T is the temperature in K. Fig. 1. Sketch of the current thermal insulation and passive fire protection 
methodology for corrosion prevention for a typical distillation column (Equi-
nor, 2019). 
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2.2. Activation energy of thermal insulation breakdown 

Results from differential scanning calorimetry (DSC) analysis of the 
thermal insulation performed from ambient temperature to 1250 ◦C, at 
5, 10, 20 and 40 K/min heating rates, are presented in Fig. 5. In both the 

DSC tests and the muffle oven tests, an exothermic reaction occurred 
between 800 and 900 ◦C (Bjørge et al., 2018; Gunnarshaug et al., 2020), 
followed by an endothermic peak at, or just above, 900 ◦C. 

This indicates that energy is released inside the insulation, i.e., heat 
is generated, most likely due to (re)crystallization. It must be verified 
whether this heat generation will influence the temperature develop-
ment in the numerical model. To account for this heat generation with 
varying heating rates in heat-exposed thermal insulation, the associated 
activation energy (Ea) and crystallization energy (Ec) had to be deter-
mined in the present study. 

To find the activation energy (Ea), the non-isothermal method, 
described as the Ozawa plot (Ozawa, 1971), expressed by Equation (5), 
can be used. 

ln α = −
Ea

R
1
Tp

+ C1 (5)  

where α, Ea, R, Tp and B1 are the heating rate (K/min), activation energy 
(J/mol), ideal gas constant (8.314 J/(mol⋅K)), absolute peak tempera-
ture from the DSC curve (K), and a constant (− ), respectively. The plot of 
ln α versus 1/Tp is expected to be linear, and the activation energy, Ea, 
can then be found from this plot. There are several similar methods for 
predicting the activation energy, e.g., by using the Kissinger method 

Fig. 2. Small-scale fire test (left) and thermal insulation after exposure to severe heat load (Bjørge et al., 2017, 2018).  

Fig. 3. Thermal insulation samples after heat treatment in a muffle furnace to (a) virgin sample, (b) 700 ◦C, (c) 1000 ◦C, (d) 1180 ◦C, and (e) 1200 ◦C (adapted from 
Gunnarshaug et al., 2021). 

Fig. 4. Thermal conductivity as a function of heat treatment temperature, 
presented by Equations (1)–(4) (Gunnarshaug et al., 2021). 

Fig. 5. DSC results as a function of temperature (adapted from Gunnarshaug 
et al., 2020). Fig. 6. DSC curve, exothermic reaction from Fig. 5.  
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(Kissinger, 1956) or the Matusita method (Matusita and Sakka, 1980). 
The area under each curve presented in Fig. 6 represents the released 

heat during the exothermic reaction, i.e., the crystallization energy, Ec. 
Values for the peak temperature, Tp, for each curve are presented in 
Table 1. The plot of ln α versus 1/Tp for the different heating rates is 
presented in Fig. 7. 

From the linear plot, an equation y = ax + b can be derived (Equation 
(6)). From Equation (6), the variables can be defined by Equations (7)– 
(10), and the activation energy can be calculated by rearranging Equa-
tion (5). The calculated activation energy, Ea, and the constant, C, are 
presented in Table 2. 

y = 3.9653⋅104x + 32.2 (6)  

y = ln(α) (7)  

x =
1
Tp

(8)  

a = −
Ea

R
(9)  

b = C1 (10) 

In order to account for the crystallization energy, Ec, and the acti-
vation energy, Ea, in the numerical model, the Arrhenius expression for 
the rate coefficient is used (Drysdale, 2011), expressed by Equation (11). 

k′ = A exp
(

−
Ea

RT

)

(11)  

where A, Ea, R and T are the pre-exponential factor (constant), activation 
energy, ideal gas constant and the temperature in K, respectively. 

The crystallization energy, Ec, found from the area under the 
exothermic peak, was simulated as closely as possible to reflect the DSC 
curve, shown in Fig. 8, using Equation (12). The Ec value from the DSC 
test with a heating rate of 40 K/min is used in the numerical model, since 
this is closest to heating rates observed in the fire tests. This was con-
servative, as it gave the highest energy release. The exponential factor A 
was chosen to be 2•1012 s− 1 to fit the DSC curve as closely as possible. 
The produced heat was calculated by Equation (12), until the crystalli-
zation energy, Ec, was consumed. 

Qprod,insu = k′EcΔt (12)  

where Ec is expressed by Equation (13), and Δt is the numerical inte-
gration time step. 

Ec = previous Ec − Previous Qprod,insu (13)  

2.3. The passive fire protection studied 

In the present study, high temperature fire protection (FyreWrap LT 
blanket, 50 mm, 128 kgm− 3, Unifrax) was studied as a representative 
PFP used in the Norwegian oil and gas industry. This PFP blanket is 
specifically designed for fire protection applications and certified for 
temperatures above 1200 ◦C. It consists solely of inorganic fibres, i.e., it 

does contain binder materials. When exposed to heat, it does not 
generate smoke. The main component in the PFP blanket is AES (Alka-
line Earth Silicate) fibres, of which the main components are SiO2, CaO 
and MgO (Unifrax, 2017). The detailed technical data and the thermal 
conductivity of the PFP are presented in Appendix A, Table A1 and A2. 

In highly porous materials, the thermal conductivity is limited by 
pore radiation at ambient temperatures. For the thermal insulation, it is 
demonstrated by Bjørge et al. (2018) and Gunnarshaug et al. (2020) that 
the thermal conductivity will be proportional to the absolute tempera-
tures to the third power. Similarly, the thermal conductivity can be 
expressed by Equation (14) for the PFP with density of 128 kg/m3. 

kpfp = 7.0821⋅10− 11T3 + 5.311⋅10− 8T2 + 8.642⋅10− 6T + 0.0438 (14)  

where T is the temperature in K. 
The thermal conductivity for PFP with densities of 64 kg/m3, 96 kg/ 

m3 and 128 kg/m3, as a function of temperature, is presented in Fig. 9. 

2.4. The numerical model 

The fire exposure in the model is based on the measured tempera-
tures in previous small-scale jet fire tests by Bjørge et al. (2017, 2018) 
presented in Fig. 2. 

In the process industry, 0.7-mm stainless steel cladding is used as 
weather protection. In the numerical model, shown in Fig. 10, this layer 

Table 1 
Peak temperature, Tp, for the different heating rates, α, from the DSC curve and 
the corresponding activation energy, Ec.  

Heating Rate (K/ 
min) 

Heating Rate 
(K/s) 

Tp 

(K) 
1/Tp (K− 1) ln(α) 

(− ) 
Ec (J/ 
kg) 

5 0.0833 1143 0.0008749 2.4849 39 884 
10 0.1667 1165 0.0008584 1.7918 23 219 
20 0.3333 1189 0.0008408 1.0986 81 847 
40 0.6667 1216 0.0008225 0.4055 112 

072  

Fig. 7. Plot of ln α versus 1/Tp for the test samples of Rockwool thermal 
insulation (least squares method applied for the curve fitting). 

Table 2 
Activation energy, Ea, calculated from 
Equation (5) and constant, C, from Equation 
(10).  

Ea (J/mol) C 

329 675 32.2  

Fig. 8. Plot of the DSC curve with heating rate of 40 K/min and the calculated 
heat production used in the numerical model (dotted line). 
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is marked as layer 1. The typically 50 mm thick thermal insulation layer 
(layer 2) is divided into 25 sheets, and the temperature is calculated 
from the weather cladding (layer 1), through the thermal insulation, 
perforated plate and, further, through the exposed and unexposed steel 
members. The thermal insulation and cladding on the unexposed side 
are also included in the model to mimic in the best possible way the 
mock-up used for fire testing. This setup resembles process equipment, 
for simplicity, compressed to a near flat structure. The build-up of the 
calculated configuration, with a base in the same setup as in the small- 
scale fire tests (Bjørge et al., 2017, 2018), is presented in Fig. 10. The 
unexposed side, layers 8 to 11, was included to replicate the set-up of the 
small-scale testing as close as possible. The modelling was completed by 
calculating temperatures in the layers and integration with time. 

The cladding and perforated plates were made of stainless steel, 
while the exposed and unexposed steel plates were made of carbon steel. 
The thermal insulation was 50-mm Rockwool (ProRox PSM 971, 50 mm, 
Rockwool). The heat transfer through the different layers is based on 
general heat transfer equations, presented by Equations (15)–(18). 

The heat in and heat out are calculated for each layer, considering 
proper boundary conditions, temperature-dependent parameters, etc. 
The fire exposure in the model is based on the measured plate thermo-
couple temperature recorded in the small-scale fire tests (Bjørge et al., 
2017, 2018). Through the insulation layers, conduction and convection 
are accounted for. As the thermal insulation starts to sinter and make air 
gaps, radiation is also included in the model. Through the air gaps, there 
are radiation and convection. Steel member dimensions and thermal 
properties, versus the thermal insulation dimension and properties, 
allowed the steel members to be treated as lumped heat transfer bodies. 

The heat transfer through the insulation layers is governed by heat 

conduction, which may be presented by Fourier’s law, given by Equa-
tion (15). 

q̇″
cond = − k∇T

(
W
m2

)

, (15)  

where k is the thermal conductivity (W/(m⋅K)), and ∇ is the temperature 
gradient (K/m). The material properties, i.e., the thermal conductivity, 
density, and heat capacity of the thermal insulation, will change as a 
function of temperature and are expressed by Equation (16). 

dT
dt

=
d
dx

(
k

ρcp

)
dT
dx

(16)  

where ρ is the density (kg/m3) and cp is the specific heat capacity (J/ 
(kg⋅K)). 

The internal convection through the insulation and through the 
airgaps may be expressed by Equation (17). 

q̇″
conv = hΔT

(
W
m2

)

, (17)  

where h is the convective heat transfer coefficient (W/(m2⋅K)) and ΔT is 
the temperature difference (K). 

The radiative heat transfer through the perforated plate, between the 
steel plates (air gap) and, after severe heat exposure, through the sin-
tered insulation layers, is expressed by Equation (18). 

q̇″
rad = εσ

(
T4

cladd − T4
n

)
(

W
m2

)

, (18)  

where ε is the emissivity (W/(m2⋅K4)), σ is the Stefan–Boltzmann con-
stant, Tcladd is the cladding temperature (K) and Tn is the temperature (K) 
in the current layer. 

All equations used in the numerical model are presented in detail in 
Appendix B. All the constants used in the numerical model are presented 
in Table 3. The thermal conductivity of the thermal insulation was, 
however, expected to vary much with increasing temperature. It was 
also expected to change significantly on the significant sintering and 

Fig. 9. Thermal conductivity of the thermal insulation (Gunnarshaug et al., 
2020) and passive fire protection with density of 64 kg/m3, 96 kg/m3 and 128 
kg/m3 (data from Appendix A). 

Fig. 10. Sketch of the fire exposure model. Weather protection cladding (1), 
thermal insulation (2), perforated steel plate (3), air gap (4), the exposed steel 
member (5), air gap (6), unexposed steel member (7), air gap (8), unexposed 
perforated plate (9), unexposed thermal insulation (10), unexposed clad-
ding (11). 

Table 3 
Constants used in the numerical model.  

Constant Symbol Value Unit 

Thermal insulation thickness Li 0.05 m 
Passive fire protection thickness Lpfp 0.01 m 
Time step Δt 0.1 s 
Length step, thermal insulation Δx Li

25 
m 

Length step, passive fire protection Δxpfp Lpfp

5 
m 

Cladding thickness Lkap 0.0007 m 
Perforated plate thickness Lperf 0.00059 m 
Steel plate thickness Lsteel 0.016 

0.012 
0.006 
0.003 

m 
m 
m 
m 

Heat transfer coefficient hs 10 W/(m2⋅K) 
Heat transfer coefficient hf 100 W/(m2⋅K) 
Heat transfer coefficient hinsu 4a W/(m2⋅K) 
Density thermal insulation ρinsu 140 kg/m3 

Density passive fire protection ρpfp 128 kg/m3 

Density steel ρsteel 7700 kg/m3 

Stefan Boltzmann constant σ 5.67E8 W/(m2⋅K4) 
Emissivity ε 0.85 – 
Initial temperature Tinit 15 ◦C 
Open fraction Of 0.32 – 
Closed fraction Cf 0.68 – 
Preexponential factor A 2E12 s− 1 

Activation energy Ea 329 675 J/mol 
Ideal gas constant Rg 8.314 J/(mol⋅K) 
Crystallization energy Ec 112 070 J/kg  

a Found by trial. 
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partial melting of the thermal insulation. 

2.5. Additional layer of PFP 

The numerical model was also tested with an extra layer of PFP, i.e., 
50 mm thermal insulation + a layer of PFP, where the same principle 
was used. A 10-mm and a 25-mm layer of PFP were added in the model, 
similarly to the thermal insulation layer but without any degradation 
mechanisms in the PFP layer, as presented in Fig. 11. The modelling was 
completed by calculating temperatures in the layers and integration 
with time. 

3. Results 

3.1. Thermal insulation 

The modelled temperature in the exposed and unexposed carbon- 
steel plate as a function of time, compared to the recorded steel plate 
temperatures during the small-scale high temperature fire testing, with 
16-mm carbon-steel plate thickness, is presented in Fig. 12. The cladding 
temperature used in the model is based on the measured cladding 
temperature during the small-scale testing. 

The modelled thermal insulation temperature is presented as a 
function of time in Fig. 13. 

The modelled temperature in the exposed and unexposed carbon- 
steel plate as a function of time compared to the recorded carbon-steel 
plate temperatures during the small-scale high temperature fire 
testing, with 12-mm steel plate thickness, is presented in Fig. 14. 

A value of h = 4 W/(m2⋅K) seems to give the best fit with the small- 
scale test results, as shown in Fig. 12. It should, however, be mentioned 
that the temperature time curve from the small-scale fire tests is an 
average of several tests, and that there were, as expected, some varia-
tions in recorded temperatures in the small-scale testing. 

In the small-scale fire testing by Bjørge et al. (2017, 2018), the 
small-scale mock-up was heated from below, i.e., there will be convec-
tion through the insulation layer. The convection is accounted for in the 
model; however, no literature supporting the selection of the internal 
convective heat transfer coefficient, h, for the insulation was identified. 
The value of h was therefore obtained by trial and error; the modelled 
exposed carbon-steel plate temperature as a function of time with 
different values of h is presented in Fig. 15. For the calculation, the 
convective heat transfer coefficient was chosen to be 4 W/(m2⋅K) for the 
16-mm and 12-mm steel plate thicknesses, as this gave the best fit 
compared to the results from the small-scale testing. To be conservative, 
h = 6 W/(m2⋅K) is, however, recommended for engineering calculations. 

The modelled temperature in the exposed and unexposed carbon- 
steel plate as a function of time, compared to the recorded carbon- 
steel plate temperatures during the small-scale high temperature fire 
testing, with 6-mm steel plate thickness, is presented in Fig. 16. A 

convective heat transfer coefficient of 4 does not seem to be valid for the 
thinner steel plates, i.e., 6-mm and 3-mm steel plate thicknesses, as 
shown in Fig. 16. Decreasing the convective heat transfer coefficient to 1 
for the thinner steel plates gave a better fit with the small-scale fire tests 
for the thinner steel plates, as presented in Figs. 17 and 18. However, the 
temperature in the unexposed steel plate is still overestimated. 

3.2. Thermal insulation and passive fire protection 

As demonstrated by Bjørge et al. (2018) and Gunnarshaug et al. 

Fig. 11. Sketch of the fire exposure model. Weather protection cladding (1), 
passive fire protection insulation (2a), thermal insulation (2b), perforated steel 
plate (3), air gap (4), the exposed steel (5), air gap (6), unexposed steel (7), air 
gap (8), unexposed perforated plate (9), unexposed thermal insulation (10a), 
unexposed passive fire protection (10b), unexposed cladding (11). 

Fig. 12. Temperature measurements during small-scale jet fire tests performed 
by Bjørge et al. (2017, 2018) and modelled temperature in the exposed and 
unexposed steel, when a 16-mm steel plate is protected with 50-mm thermal 
insulation (convective heat transfer coefficient of h = 4 W/(m2⋅K) for the 
thermal insulation). 

Fig. 13. Modelled temperature through the 25 layers of thermal insulation as a 
function of time, for carbon-steel plate thickness of 16 mm. 

Fig. 14. Temperature measurements during small-scale jet fire tests performed 
by Bjørge et al. (2017, 2018), black curves, and modelled temperatures in the 
exposed and unexposed carbon-steel, when a 12-mm steel plate is protected 
with 50-mm thermal insulation (convective heat transfer coefficient of h = 4 
W/(m2⋅K) for the thermal insulation). 
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(2020), when the thermal insulation is exposed to high temperatures, 
the insulation starts to sinter. Upon further heating, significant shrinking 
and cracking of the insulation occur, especially at temperatures above 
1100 ◦C. It is therefore interesting to see how a thin layer of more 
heat-resistant insulation, i.e., passive fire protection, can protect the 
thermal insulation from the highest temperatures and thus prevent the 
breakdown. Therefore, a 10-mm layer of PFP was added in the model, 
similarly to the thermal insulation layer but without the degradation 

mechanisms. The modelled temperature as a function of time for the 
16-mm-thick carbon-steel plates, with an extra layer of 10-mm PFP or 
25-mm PFP, is compared to the measured temperature during the 
small-scale fire tests with thermal insulation, in Fig. 19. 

The temperature development through the 10-mm PFP (stippled 
lines) and 50-mm thermal insulation as a function of time for the 16-mm 
carbon-steel plate is presented in Fig. 20. The temperature development 
for the 25-mm PFP is similarly presented in Fig. 21. 

It is clearly seen from Fig. 19 that the 10-mm-thick layer of PFP 
significantly reduced the temperature increase in the exposed steel 
member. The improvement achieved by, rather, adding a 25-mm-thick 
PFP layer does not result in much further increase in heat protection. 
This may possibly be explained by looking at the details of Fig. 20, where 
it is seen that the 10-mm-thick PFP helps protect the most exposed part 
of the thermal insulation, which does not exceed a temperature of 
1100 ◦C. Thus, the thermal insulation to a great extent has been pro-
tected from reaching temperatures where it starts to deteriorate. 

4. Discussion 

Previous studies have shown that industrial thermal insulation to 
some extent may serve as passive fire protection, especially when the 
fire-exposed carbon-steel equipment itself represents a significant heat 
sink (Bjørge et al., 2017, 2018). Exposing the insulation to temperatures 
above the operating temperature, i.e., above 700 ◦C, sintering and loss of 
thickness occurs in the insulation material. Exposing the insulation to 
even higher temperatures, i.e., above 1100 ◦C, shrinking occurs in all 
dimensions. Muffle furnace tests have indicated that the thermal insu-
lation has a breakdown temperature around 1200 ◦C (Gunnarshaug 

Fig. 15. Temperature measurements during small-scale jet fire tests performed 
by Bjørge et al. (2017, 2018) vs modelled temperature in the exposed and 
unexposed steel, for a 16-mm steel plate protected with 50-mm thermal insu-
lation, comparison with different values for the convective heat transfer coef-
ficient, h, for the thermal insulation. 

Fig. 16. Temperature measurements during small-scale jet fire tests performed 
by Bjørge et al. (2017, 2018) and modelled temperature in the exposed and 
unexposed steel, when a 6-mm steel plate is protected with 50-mm thermal 
insulation (convective heat transfer coefficient of h = 4 W/(m2⋅K) for the 
thermal insulation). 

Fig. 17. Temperature measurements during small-scale jet fire tests performed 
by Bjørge et al. (2017, 2018) vs modelled temperature in the exposed and 
unexposed carbon-steel, when a 6-mm steel plate is protected with 50-mm 
thermal insulation (convective heat transfer coefficient of h = 1 W/(m2⋅K) for 
the thermal insulation). 

Fig. 18. Temperature measurements during small-scale jet fire tests performed 
by Bjørge et al. (2017, 2018) vs modelled temperature in the exposed and 
unexposed steel, when a 3-mm steel plate is protected with 50-mm thermal 
insulation (convective heat transfer coefficient of h = 1 W/(m2⋅K) for the 
thermal insulation). 

Fig. 19. Temperature measurements during small-scale fire tests performed by 
Bjørge et al. (2017, 2018) and modelled temperature in the exposed and un-
exposed steel, when a 16-mm steel plate is protected with only 50-mm thermal 
insulation and protected by an additional layer of 10-mm PFP or 25-mm PFP. 
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et al., 2020, 2021). Keeping the temperature in the thermal insulation 
layer below 1100 ◦C, by adding a layer of more heat resistant insulation, 
i.e., PFP, would therefore prevent, or extend the time to, breakdown of 
the insulation. The objective of the present study was to create a nu-
merical model, resembling the test set-up as shown in Fig. 2 by Bjørge 
et al. (2017, 2018), predicting the temperature development through 
the thermally insulated system. In addition, a layer of PFP was added in 
the model, to evaluate the possible increased performance of this 
combination. 

The test conditions were based on a 4-m-diameter distillation column 
with an exposed side and an unexposed side, where the small-scale set- 
up is compacted for testing. Given a distillation column wall thickness to 
diameter ratio less than 1/100, the system could be seen as one 
dimensional. The numerical model resembling the test conditions was 
therefore also based on a one-dimensional system. 

The properties of the thermal insulation when exposed to high 
temperatures were also accounted for in the numerical model. 

The density was kept constant at 140 kg/m3. As the thermal insu-
lation started to crystallize and melt, it reached a more stone-like 
structure, i.e., the density of the thermal insulation increased with the 
increased temperature. However, the change in density is not significant 
before the temperature in the insulation reaches above 1150 ◦C. The 
effective thermal conductivity did, however, account for the change in 
thermal insulation dimensions, i.e., the density. At thermal insulation 
temperatures above 1150 ◦C, heat radiation through the cracks domi-
nated the heat transfer through the thermal insulation. 

Previous TGA/DSC at 5 K/min, 10 K/min, 20 K/min and 40 K/min 
and muffle furnace tests (Bjørge et al., 2018; Gunnarshaug et al., 2020) 
revealed an exothermic reaction at about 900 ◦C, most likely due to 
recrystallization. Whether it was necessary to include this in the nu-
merical model was therefore investigated. To be conservative, the 

highest activation energy observed, i.e., at 40 K/min heating rate, was 
chosen to investigate whether this crystallization had any influence on 
the modelled temperature of the fire-exposed steel. It turned out that this 
recrystallization did not have any significant effect on the temperature 
development. Regardless of that, it was decided to keep it in the nu-
merical model in case it should be required for other thermal insulation 
types in future modelling. 

Accounting for all the mentioned thermal insulation properties, re-
sults from the numerical model were compared to the small-scale fire 
exposure measurements performed in previous studies for 16-mm, 12- 
mm, 6-mm and 3-mm steel plate thicknesses (Bjørge et al., 2017, 2018); 
see Figs. 12 and 14 for the 16-mm and 12-mm carbon-steel plate, 
respectively. There is a small overestimation of the temperature in the 
unexposed carbon-steel plate, most visible for plate thickness of 12 mm. 
Small variations were observed in the different tests, as reported by 
Bjørge et al. (2018), and it should be kept in mind that the results from 
the experimental testing represent an average from three experiments, 
regarding both cladding temperature and the temperature measured in 
the exposed and unexposed carbon-steel members. It may generally be 
concluded that the modelled results fit quite well with previous fire 
testing. 

The numerical model displayed temperature instability in the ther-
mal insulation layers when the cladding temperature stabilized at about 
1200 ◦C, as presented in Fig. 13. This may be explained by the significant 
cracking and shrinking of the insulation occurring at temperatures 
above 1100 ◦C. As seen in Fig. 13, sheet 21 of the thermal insulation in 
the model is, at just around 1100 ◦C, on the verge of breaking down, 
probably causing the instability in layers 21 to 25 of the insulation. 
Smaller time steps were tested, down to 0.005 s, but no significant 
change in the stability of the modelled temperatures was observed. 

During fire testing, as shown in Fig. 2, the heat exposure was verti-
cally upwards. This testing would also lead to contribution in heat 
transfer by convection. As no literature data were revealed regarding the 
convective contribution, the convective heat transfer coefficient, hi, was 
determined by trial and error, as shown in Fig. 15. The heat transfer 
coefficient should have been a function of temperature, but the authors 
had no method for estimating the temperature dependency. A factor of 4 
W/(m2⋅K) was found to give a good fit with the experimental results. To 
be conservative, a factor of 6 W/(m2⋅K) is recommended for engineering 
calculations. 

Using a convective heat transfer coefficient of 4 W/(m2⋅K) results in 
too high temperatures for the thinner steel plates, compared to the 
experimental fire test results, as shown in Fig. 16. A convective heat 
transfer coefficient of 1 W/(m2⋅K) in the insulation layers gave a better 
fit for the thinner steel plates, as shown in Figs. 17 and 18. The authors 
have no good explanation for this observation. The overestimation of the 
temperature in the unexposed carbon-steel plate is also more visible for 
the 3-mm and 6-mm steel members than for the thicker ones. 

The previous insulation method typically included a 50-mm layer of 
thermal insulation, for heat or cold conservation, in contact with the 
steel member to be protected, on top of which an additional layer of 50- 
mm PFP was mounted. The new insulation method includes a 25-mm air 
gap between the steel surface and the thermal insulation. In an existing 
process plant, with piping, structures and other equipment in near 
proximity, there may not be room for a 50-mm increase in diameter 
without extensive construction work. However, there may still be room 
for a thinner layer of PFP, e.g., 25-mm or 10-mm thickness. It was 
therefore interesting to see whether adding a thin layer of PFP to the 
numerical model would at least theoretically protect the thermal insu-
lation from the dimensional changes and melting, by keeping its tem-
perature below 1100 ◦C. 

The passive fire protection used in the model is certified for tem-
peratures above 1200 ◦C, i.e., no breakdown or dimensional changes are 
expected to occur in the fire exposure conditions considered in the 
present study. This should, however, be confirmed by similar small scale 
fire tests and muffle furnace tests to those conducted by Bjørge et al. 

Fig. 20. Modelled temperature through the sheets of 10-mm-thick PFP (stip-
pled lines) and the 50-mm-thick thermal insulation for steel plate thickness of 
16 mm as a function of time. 

Fig. 21. Modelled temperature through the sheets of 25-mm-thick PFP (stip-
pled lines) and the 50-mm-thick thermal insulation for steel plate thickness of 
16 mm as a function of time. 
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(2018) and Gunnarshaug et al. (2020), for the thermal insulation, 
including an additional PFP layer of, e.g., 10 mm or 25 mm. Pore heat 
radiation is expected to dominate the heat transfer through the entire 
fire exposure for this PFP layer. 

During the first 20 min of the numerical modelling, no significant 
difference was observed between the temperature of the carbon steel 
protected with only thermal insulation or that of the two modelled cases 
with an extra layer of 10-mm PFP and 25-mm PFP. However, while the 
breakdown of the thermal insulation starts to dominate in the cases 
without PFP, the steel member temperature in the cases with PFP 
increased less and thereby significantly extended the time until the 
thermal insulation reached 1100 ◦C, as shown in Fig. 19. This can also be 
seen in the temperature development in the insulation layers, presented 
in Fig. 20, where 16-mm steel is protected with a layer of 50-mm thermal 
insulation in addition to 10-mm PFP. The temperature of the most 
exposed part of the thermal insulation stabilizes just above 1100 ◦C, i.e., 
no significant changes in the thermal insulation properties occur. Add-
ing a thicker layer of PFP of 25 mm further delayed the time to tem-
perature increase in the carbon-steel plate. For the carbon-steel plate 
protected with 50-mm thermal insulation alone, the plate-temperature 
increase started after about 10 min of exposure. Adding a layer of 25- 
mm PFP extends this time to 17 min. After 40 min, the temperature in 
the exposed carbon-steel plate was approximately 370 ◦C. Adding a 
layer of 10 mm or 25 mm of PFP reduced the temperature to 235 ◦C and 
202 ◦C, respectively, after 40 min. It may then be concluded that even a 
10-mm layer of PFP significantly extends the lifetime of the thermal 
insulation during fire exposure, by preventing the temperature of the 
most exposed part of the thermal insulation from entering the regime of 
significant thermal breakdown. 

When a 25-mm layer of PFP was added, the temperature in the most 
exposed part of the thermal insulation stabilized just above 1100 ◦C, as 
shown in Fig. 21, while the remaining thermal insulation was kept at 
temperatures below this level, i.e., the breakdown of the thermal insu-
lation would be expected to be very limited. Future research should 
verify the actual effect of adding a layer of PFP of, e.g., 10 mm or 25 mm, 
through similar small-scale testing as that in Bjørge et al. (2017, 2018) 
and possibly for full-scale jet fire testing. Such verification was outside 
the scope of the present work. 

5. Conclusions 

The presented numerical model including thermal insulation 

breakdown gives a good indication of the temperature development for 
thermally insulated 16-mm-, 12-mm-, 6-mm- and 3-mm-thick steel 
plates exposed to fire, as previously experimentally tested. There are 
some uncertainties regarding the internal convective heat transfer co-
efficient in the insulation layers giving conservative results, especially 
for thin steel plates. The numerical modelling indicates that adding a 10- 
mm layer of PFP will significantly extend the time to breakdown of the 
thermal insulation. It is, however, recommended that this be confirmed 
by fire testing. The model can easily be adjusted to radial coordinates, 
allowing for modelling fire exposure of smaller equipment, e.g., piping 
and valves. 
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Appendix A 

The technical data for the passive fire protection (PFP) are given in Tables A1 and A2.  

Table A1 
Technical data for the FyreWrap LT Blanket passive fire protection (Unifrax, 2017).   

Description  

Material FireMaster Marine Plus Blanket   

Performance Norms 

Maximum service temperature >1200 ◦C  
Reaction to fire Non-Combustible 

A1 
IMO FTP code Part 1 
EN 13501-1 

Nominal density 128 kg/m3    
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Table A2 
Thermal conductivity of the FyreWrap LT Blanket, 128 kg/m3 (Unifrax, 2017).  

Temperature (◦C) Thermal conductivity 
64 kg/m3 (W/(m⋅K)) 

Thermal conductivity 
96 kg/m3 (W/(m⋅K)) 

Thermal conductivity 
128 kg/m3 (W/(m⋅K)) 

200 0.06 0.06 0.05 
400 0.11 0.09 0.08 
600 0.17 0.14 0.12 
800 0.26 0.20 0.18 
1000 0.38 0.29 0.25  

Appendix B 

The fire exposure in the model is based on the measured plate thermocouple temperature recorded in the small-scale fire tests (Bjørge et al., 2017, 
2018) and is predicted by Equations B.1 to B.5. The heat transfer through the different layers is calculated by Equations B.6 to B.16, based on general 
heat transfer equations. Abbreviations used in Equations B.1 to B.26 are described in Table B1.  

Table B1 
Abbreviations used in Equations B.1 to B.26.  

Description Symbol Unit 

Cladding temperature Tcladd 
◦C 

Time t s 
Effective heat transfer coefficient, cladding heff W/(m2⋅K) 
Length step dx m 
Thermal conductivity of the thermal insulation kinsu W/(m⋅K) 
Heat transfer coefficient of the thermal insulation hinsu W/(m2⋅K) 
Radiated heat through the insulation layers Qrad W 
Time step Δt s 
Density of the thermal insulation ρinsu kg/m3 

Heat capacity of the insulation Cp,insu,T_i J/(kg⋅K) 
Produced heat in the thermal insulation Qprod, insu W 
Closed fraction perforated plate Cf – 
Inverse of closed fraction perforated plate InvCf – 
Open fraction perforated plate Of – 
Inverse of open fraction perforated plate InvOf – 
Thickness perforated plate lperf m 
Heat capacity of carbon steel Cp,cs J/(kg⋅K) 
Thickness steel plate ls m 
Heat transfer coefficient steel hs W/(m2⋅K)  

The heat transfer from the fire to the exposed object, where the first layer is the cladding, is expressed by Equations B.1 to B.5, representing the 
measured cladding temperature (radiated heat from the fire to the cladding) during the small-scale testing in Bjørge et al. (2017 and 2018). This 
corresponds to layer n = 0 in the numerical model. The calculated temperatures and input temperatures in Equations B.1 to B.26 are in K. 

If t < 30 s 

Tcladd = 1.268t + 293.53 (B.1) 

If 30 s ≤ t < 150 s: 

Tcladd = − 3.183E − 02t2 + 12.126t − 18.242 (B.2) 

If 150 s ≤ t < 712 s: 

Tcladd = − 9.502⋅10− 9t4 + 1.835⋅10− 5t3 − 1.358⋅10− 2t2 + 4.981t + 580.157 (B.3) 

If 712 s ≤ t < 1756 s: 

Tcladd = − 4.283⋅10− 5t2 + 0.1467t + 1353.037 (B.4) 

If t ≥ 1756 s: 

Tcladd = 1487.3 (B.5) 

The calculated temperature in the first insulation layer is expressed by Equation B.6. 

Tci,i,t+Δt,n=1 = Ti,n +

⎛

⎜
⎜
⎝

⎛

⎜
⎜
⎝

Ti− 1,n− 1 − Ti,n

1
heff,Ti− 1,n− 1 ,Ti,n

+
0.5Δx
kinsu,Ti,n

−
Ti,n − Ti+1,n+1

0.5Δx
kinsu,Ti,n

+
0.5Δx

kinsu,Ti+1,n+1

+ hinsu
(
Ti,n − Ti+1,n+1

)
+ ΔQrad,i,t+Δt

⎞

⎟
⎟
⎠⋅

Δt
ρinsucp,insu,Ti,n Δx

⎞

⎟
⎟
⎠+

Qprod,insu

cp,insu,Ti,n

(B.6)  

when both the previous and the next layer are thermal insulation, corresponding to layers 2 ≤ n ≤ 24 in the model, the calculated temperature is given 
by Equation B.7. 
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Ti,t+Δt,2≤n≤24 =Ti,n +

⎛

⎜
⎜
⎝

⎛

⎜
⎜
⎝

Ti− 1,n− 1 − Ti,n

0.5dx
kinsu,Ti− 1,n− 1

+
0.5dx

kinsu,Ti,n

−
Ti − Ti+1

0.5dx
kinsu,Ti,n

+
0.5dx

kinsu,Ti+1,n+1

+ hinsu
(
Ti,n − Ti+1,n+1

)
+ΔQrad,i,t+Δt

⎞

⎟
⎟
⎠ ⋅

dt
ρinsucp,insu,Ti,n Δx

⎞

⎟
⎟
⎠

+
Qprod,insu

cp,insu,Ti,n

(B.7) 

The temperature in the last insulation layer, i.e., when the next layer is the perforated plate, corresponding to layer n = 25 in the model, is 
expressed by Equation B.8. 

Tiperf,i,t+Δt,n=25 = Ti,n +

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎛

⎜
⎜
⎝

Ti− 1,n− 1 − Ti,n

0.5dx
kinsu,Ti− 1,n− 1

+
0.5dx

kinsu,Ti,n

−
Ti,n − Ti+1,n+1

0.5dx
kinsu,Ti,n

+
InvCf

heff,Ti ,Ti+1

−
Ti,n − Ti+2,n+2

0.5dx
kinsu,Ti,n

+
InvOf

heff,Ti ,Ti+2

+ hinsu
(
Ti− 1,n− 1 − Ti,n

)
+ ΔQrad,Ti− 1 ,Ti ,t

⎞

⎟
⎟
⎠

⋅
dt

ρinsucp,insu,Ti,n Δx

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

+
Qprod,insu

cp,insu,Ti,n

(B.8) 

The temperature in the perforated plate, corresponding to layer n = 26 in the model, is expressed by Equation B.9. 

Tperf,i,t+Δt,n=26 =Ti,n +

⎛

⎜
⎜
⎜
⎝

Ti− 1,n− 1 + Ti,n
InvCf

heff,Ti− 1 ,Ti
+ 0.5dx

kinsu,Ti− 1,n− 1

−
(
Ti,n − Ti+1,n+1

)
Ofheff,Ti ,Ti+1

⎞

⎟
⎟
⎟
⎠

⋅
dt

ρscp,s,Ti,n lperf
(B.9) 

The temperature in the exposed steel plate, for layer n = 27 in the model, is expressed by Equation B.10. 

Texp,i,t+Δt,n=27 =Ti,n +

⎛

⎜
⎜
⎜
⎝

Ti− 2,n− 2 − Ti,n

0.5dx
kinsu,Ti− 2,n− 2

+
InvOf

heff,Ti− 2 ,Ti

+
(
Ti− 1,n− 1 − Ti,n

)
Ofheff,Ti− 1 ,Ti −

(
Ti,n − Ti+1,n+1

)
heffTi ,Ti+1

⎞

⎟
⎟
⎟
⎠

⋅
dt

ρscp,cs,Ti,n ls
(B.10) 

The temperature in the unexposed steel plate, for layer n = 33 in the model, is expressed by Equation B.11. 

Tunexp,i,t+Δt,n=28 = Ti,n +

⎛

⎜
⎜
⎜
⎜
⎜
⎝

((
Ti− 1,n− 1 − Ti,n

)
heffTi− 1,Ti

)
+
(

εσ
((

Ti,n− 1
)4

−
(
Ti+1,n

)4
))

−
((

Ti,n − Ti+1,n+1
)
heffTi,Ti+1

Of

)

−
Ti,n − Ti+2,n+2

InvOf

heff,Ti ,Ti+2

+
0.5dx

kinsu,Ti+2,n+2

−
(

εσ
((

Ti,n+1
)4

−
(
Ti+1,n+2

)4
)

Of

)

⎞

⎟
⎟
⎟
⎟
⎟
⎠

⋅
dt

ρscp,cs,Ti,n ls
(B.11) 

The temperature in the unexposed perforated plate, for layer n = 29 in the model, is expressed by Equation B.12. 

Tperfunexp,i,t+Δt,n=29 = Ti,n +

⎛

⎜
⎜
⎜
⎝

((
Ti− 1,n− 1 − Ti

)
heffTi− 1,Ti

Cf

)
−

Ti,n − Ti+1,n+1

InvCf

heff,Ti ,Ti+1

+
0.5dx

kinsu,Ti+1,n+1

⎞

⎟
⎟
⎟
⎠

⋅
dt

ρscp,s,Ti,n lperf
(B.12) 

The temperature in the first insulation layer on the unexposed side, i.e., when the next layer after the perforated plate is the insulation layer, for 
layer n = 30 in the model, is expressed by Equation B.13. 

Tperfiunexp,i,t+Δt,n=30 = Ti,n +

⎛

⎜
⎜
⎝

Ti− 2,n− 2 − Ti− 1,n− 1

InvCf

heff,Ti− 2 ,Ti− 1

+
0.5dx

kinsu,Ti− 1,n− 1

+
Ti− 1,n− 1 − Ti,n

InvOf

heff,Ti− 1 ,Ti

+
0.5dx

kinsu,Ti,n

+

−
Ti,n − Ti+1,n+1

0.5dx
kinsu,Ti ,n

+
0.5dx

kinsu,Ti+1,n+1

− hinsu
(
Ti,n − Ti+1,n+1

)

⎞

⎟
⎟
⎠⋅

dt
ρinsucp,insu,Ti,n Δx (B.13)  

when both the previous and the next layer are thermal insulation on the unexposed side, for layers 31 ≤ n ≤ 53 in the model, the calculated tem-
perature is given by Equation B.14. 

Tiunexp,t+Δt,31≤n≤53 =Ti,n +

⎛

⎜
⎜
⎝

⎛

⎜
⎜
⎝

Ti− 1,n− 1 − Ti,n
0.5dx

kinsu,Ti− 1,n− 1
+ 0.5dx

kinsu,Ti,n

−
Ti,n − Ti+1,n+1

0.5dx
kinsu,Ti,n

+ 0.5dx
kinsu,Ti− 1,n− 1

+ hinsu
(
Ti,n − Ti+1,n+1

)

⎞

⎟
⎟
⎠ ⋅

dt
ρinsucp,insu,Ti,n dx

⎞

⎟
⎟
⎠ (B.14) 

The temperature in the last insulation layer on the unexposed side, i.e., when the next layer is the outer cladding, for layer n = 54 in the model, is 
expressed by Equation B.15. 

Ticladdunexp,i,t+Δt,n=54 =Ti,n +

⎛

⎜
⎜
⎝

Ti− 1,n− 1 − Ti,n
0.5dx

kinsu,Ti− 1,n− 1
+ 0.5dx

kinsu,Ti,n

+ hinsu
(
Ti− 1,n− 1 − Ti,n

)
−

Ti,n − Ti+1,n+1
0.5dx

kinsu,Ti,n
+ 1

heff,Ti ,Ti+1

⎞

⎟
⎟
⎠⋅

dt
ρinsucp,insu,Ti,n dx

(B.15) 

The temperature in cladding on the unexposed side, for layer n = 55 in the model, is expressed by Equation B.16. 
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Tcladdunexp,i,t+Δt,n=55 =Ti,n +

⎛

⎜
⎜
⎝

Ti− 1,n− 1 − Ti,n
0.5dx

kinsu,Ti− 1,n− 1
+ 1

heff,Ti ,Ti+1

⎞

⎟
⎟
⎠⋅

dt
ρscp,s,Ti,n lcladd

(B.16) 

The effective heat transfer coefficient as a function of temperature is expressed by Equation B.17. 

heff,i = εσ (Ti− 1)
4
− (Ti)

4

Ti− 1 − Ti
+ hs (B.17) 

The heat capacity of stainless steel as a function of temperature is expressed by Equation B.18 (Franssen and Real, 2015). 

cp,s = 1.340⋅10− 7T3 − 4.008⋅10− 4T2 + 4.690⋅10− 1T + 349.075 (B.18)  

where T is the temperature in K. 
The carbon steel heat capacity as a function of temperature is expressed by Equation B.19 (Franssen and Real, 2015). 
For T < 600 ◦C: 

cp,cs = 2.220⋅10− 6T3 − 3.509⋅10− 3T2 + 2.193T + 42.519 (B.19)  

where T is the temperature in K. 
The heat capacity for the thermal insulation is expressed by Equations B.20 and B.21 and is based on the composition of the thermal insulation, as 

documented by Gunnarshaug et al. (2021). 
For T ≤ 574 ◦C: 

cp,insu = 2.7427⋅10− 6T3 − 5.530⋅10− 3T2 + 4.1913 T − 52.826 (B.20) 

And for T > 574 ◦C: 

cp,insu = 0.1301T + 1019.2166 (B.21)  

where T is the temperature in K. 
Accounting for the sintered fraction of the thermal insulation and the corresponding radiation through the different insulation layers, the radiated 

heat through the insulation layers is expressed by Equation B.22. 

ΔQrad,i,t+Δt = εσ
(
(Tcladd)

4
− (Ti)

4)⋅
(
Af,Ti− 1 − Af,Ti

)
(B.22)  

where T is the temperature (K) and Af is the sintered fraction, expressed by Equations B.23 to B.26 (Gunnarshaug et al. (2021)). 
For T ≤ 700 ◦C: 

Af = 0 (B.23)  

for 700 ◦C < T ≤ 1140 ◦C 

Af = 1 −
(
− 8.201⋅10− 5T + 1.069

)
(B.24)  

for 1140 ◦C < T ≤ 1200 ◦C: 

Af = 1 −
(
− 1.023⋅10− 2 T + 15.406

)
(B.25) 

For T ≤ 1200 ◦C: 

Af = 0.7 (B.26)  

where T is the temperature in K. 
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