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Basics of heat transfer

Three basic mechanisms 

�CONDUCTION – Heat transferred within an object or 

between two objects in contact

�CONVECTION – Heat transferred by movement of 

currents within fluids or air

�RADIATION – Transfer of energy by electromagnetic 

waves (does not require matter to transfer thermal 

energy)



Heat conduction

Fourier’s law of heat conduction

dT - is the temperature difference across an infinitesimal 

thickness dx

- is the rate of heat transfer (heat flux) across the material 

thickness (the amount of energy that flows through a unit area per 

unit time – W/m2)

- is the conductivity (W/mK)

The minus sign in equation indicates that heat flows from the higher 

temperature side to the lower temperature side.

dx

dT
Q λ−=
.

Q
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Radiant heat transfer of black body surfaces

The total amount of thermal radiation emitted by a black body 

surface is a function of its temperature only 

where 

σσσσ is the Stefan-Boltzmann constant = 5.67x10-8 W/(m2K4) 

T is the temperature in K

4
b TE σ=



Radiant heat transfer of grey body surfaces

No real material emits and absorbs radiation according to laws of 

the black body.

The total radiant energy emitted by a general surface

where 

εεεε is the emissivity

σσσσ is the Stefan-Boltzmann constant = 5.67x10-8 W/(m2K4) 

T is the temperature in K

4TE σε=



Thermal actions are given by the net heat flux to the 

surface of the element. 

The net heat flux hnet is given as the sum of effects of 

convection and radiation

The design value is given by

where

hnet,c is the heat flux from convection [W/m2]

hnet,r is the heat flux from radiation [W/m2]

rnet,cnet,dnet, hhh +=

Net heat flux



The net convective heat flux [W/m2] is given by

where

ααααc is the coefficient of heat transfer by conduction

• ααααc = 25 W/m2K for standard curve

• ααααc = 35 W/m2K for parametric curve

• ααααc = 50 W/m2K for hydrocarbon curve

• ααααc = 35 W/m2K for zone models and localized fires

θθθθg is the gas temperature in the vicinity of the fire exposed    

element [°C] 

θθθθm is the surface temperature of the element [°C]

( )mgccnet, θθα −=h

Convective heat flux



The net radiative heat flux [W/m2] is given by

where

φφφφ is the configuration factor, usually φφφφ = 1,0 (a 

lower value may be considered, to take into account the 

shadow effects – see Annex G of EN1991-1-2)

εεεεres is the resulting emissivity, see next page

θθθθr is the radiating temperature [°C ], which

can be taken equal to the gas temperature θθθθg

θθθθm is surface temperature of the element [°C ]

5,67�10-8 is Stefan-Boltzmann constant [W/(m2K4)]

( ) ( )[ ]4

m

48
resrnet, 2732731067,5 +−+⋅= − θθεφ rh

Radiative heat flux



The emissivity is changing during the fire, influenced 

by the amount of carbon particles and dust in the smoke, 

the colour and the temperature of the surface.

Its value has a significant effect on the accuracy of the solution

where

εεεεf is the emissivity of the fire, usually εεεεf = 1,0

εεεεm is the emisivity of the material surface 

• carbon steel element, concrete εεεεm = 0,7

• stainless steel element εεεεm = 0,4

• aluminum alloys εεεεm = 0,3

mfres εεε =

Resulting emissivity



Equilibrium between the quantity of energy (heat) that penetrates 

in a body through its surface and the energy used to modify 

the temperature of the body in a given time period ∆∆∆∆t

or

where 

m     is the mass of the body

V volume of the body [m3] 

Am surface area of the body [m2]

c specific heat of body [J/kgK]

ρρρρ density of body [kg/m3 ]

hnet,d net heat flux received by the surface of the body  [W/m2 ]

∆∆∆∆t time period

mc A h tθ∆ = ∆m net,d

Heat transfer

The heat 

received 

on surface

Increase 

of body

temperature

Vc A h tρ θ∆ = ∆m net,d

/A V
h t

c
θ

ρ
⇒ ∆ = ∆m

net,d



Step by step procedure 
for the fire unprotected steel elements in EN1993-1-2



Section factor Am/V

for the fire unprotected steel element

Perimeter

Area

Exposed perimeter

Area

h

b

2(b+h)

Area

The figure – I. Burgess, STESSA project

The surface area of the element per unit length of the member 

divided 

by the volume of the member per unit length .





Shadow effect 
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The shadow effect takes into account that 

there cannot be more radiation reaching the 

surface of the member than the radiation 

travelling through the smallest box 

surrounding the section.

For temperatures normally encountered in a 

fire, the radiation is the dominant heat 

transfer mode to the elements.



Shadow effect 



Section factor (Am/V)b
for shadow effect, unprotected steel element

Perimeter

Area

Exposed perimeter

Area

h

b

2(b+h)

Area

The figure – I. Burgess, STESSA project



Thermal properties
of carbon steel at elevated temperatures

Specific heat

Model in EN1993-1-2:2005
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for  20 °C  ≤≤≤≤ θθθθa <  600 °C

ca = 425 + 7,73 ×××× 10-1 θθθθa - 1,69 ×××× 10-3 θθθθa
2 + 2,22 ∙∙∙∙ 10-6 θθθθa

3 J/kgK

for 600 °C ≤≤≤≤ θθθθa <  735 °C

ca = 666 +   J/kgK

for 735 °C ≤≤≤≤ θθθθa <  900 °C

ca = 545 +   J/kgK

for 900 °C ≤≤≤≤ θθθθa ≤≤≤≤ 1200 °C

ca = 650  J/kgK

where:

θθθθa is the steel temperature   [°C]



Thermal conductivity

Model in EN1993-1-2:2005

Thermal conductivity  [ W /  mK ]

Temperature  [ °C  ]
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for  20 °C  ≤≤≤≤ θθθθa <  800 °C

λλλλa = 54  - 3,33 ∙∙∙∙ 10-2 θθθθa W/mK

for 800 °C  ≤≤≤≤ θθθθa ≤≤≤≤ 1200 °C

λλλλa = 27,3  W/mK

where:

θθθθa is the steel temperature [°C]



t Θ g h net,r h net,c h net,d c a ∆Θ a,t Θ a,t

min sec min 20,0 J/kg K 20,0

0 0 0 20,0 0 0 0 440 0,00 20,0

0 5 0,083 96,5 448 2679 3126 440 1,18 21,2

0 10 0,167 147,0 937 4402 5339 441 2,00 23,2

0 15 0,250 184,6 1435 5650 7085 442 2,65 25,8

0 20 0,333 214,7 1928 6610 8538 444 3,18 29,0

0 25 0,417 239,7 2412 7374 9787 446 3,63 32,6

0 30 0,500 261,1 2885 7998 10882 449

t

Technique of step by step precedure

Spreadsheet technique (excel, etc.)

Gas temperature (according to temperature-time curve)

Components of the heat flux Specific heat

of steel

Temperature increment

th
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/
=

Temperature

of the element

at time t

Time



Temperature 

of the fire 

unprotected steel 

θa,t

as function 

of time t

and 

section factor 

Am / V

Result of step by step precedure
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Tables and graphs – unprotected steel 

http://www.ct.upt.ro/users/RaulZaharia/Introduction_fire_design.pdf



Passive structural fire protection

� Composite steel and concrete structures

– In the past lining by bricks, embedding in concrete

– Today preferable with structural function as well

� Insulating Boards

– Gypsum, Mineral fiber, Vermiculite

+ Easy to apply, aesthetically acceptable

- Difficulties with complex details

� Cementations Sprays

– Mineral fiber or vermiculite in cement binder

+ Economy

- Esthetics; normally used behind suspended ceilings.

� Intumescent Paints

– Expands on heating to produce insulating layer

+ Decorative finish under normal conditions

+ May be done off-site

- Durability



Exposed from three/four sides

Columns:

Beams:



Insulating Boards
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Cementations Sprays

W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



Intumescent Paints

W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a



W
it

h
 p

e
rm

is
s
io

n
  
In

g
. 
P

e
tr

K
e
jk

lí
č
e
k

P
ro

m
a
t

P
ra

h
a





θg

θa

θm

Principle for equation 4.27: 

The surface temperature of fire 

protection  is considered to be the 

same as the gas temperature (no 

shadow effect)

θg - θm << θm - θa

The heat transfer is performed through 

the fire protected layer. 

Insulation Steel



Section factor Ap/V

for the fire protected steel element

Perimeter

Area

h

b

2(b+h)
Area

Exposed 

perimeter 

of the boards

The figure – I. Burgess, STESSA project

The appropriate area of fire protection material per unit length

of the member 

divided by the volume of the member per unit length .

Area





If the specific heat of the protection material cp is conservatively 

neglected, Eq. 4.27 reduces to

All parameters that define the steel section and the protection may be 

grouped into one single factor :

For a defined fire, it is quite convenient to perform the integration of 

the equation above once for various values of this factor kp and to

build design aids in the form of tables or graphs.



Tables and graphs – protected steel 

http://www.ct.upt.ro/users/RaulZaharia/Introduction_fire_design.pdf



Temperature of the fire protected steel element 

heated by nominal standard curve 

Result of step by step procedure

Temperature, °C

0

200

400
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800

0 10 20 30 40 50 60 70 Time, min

Gas temperature

1000

Steel temperature of fire protected element  IPN240

5 mm

10 mm

15 mm

d   =p

Thickness of fire protectionnominal standard
fire curve



A common error that must be avoided is to consider the values 

of the thermal properties for the fire protection derived at 

ambient temperature, typically for applications such as thermal 

insulation in buildings.

This would lead to unsafe results in the fire situation, because

the thermal conductivity has a tendency to increase with 

increasing temperature in most insulating materials.

Caution !



Material  properties for preliminary design

Material
Unit mass

ρp [kg/m3]

Thermal conductivity

λp [W/(m.K)]

Specific heat

cp  [J/(kg.K)]

SPRAYS

- mineral fibre 300 0,12 1200

- vermiculite cement 350 0,12 1200

- perlite 350 0,12 1200

HIGH-DENSITY SPRAYS

- vermiculite (or perlite) and 

cement
550 0,12 1100

- vermiculite (or perlite)  and 

gypsum
650 0.12 1100

BOARDS

- vermiculite (or perlite) and 

cement
800 0,2 1200

- fibre-silicate or fibre calcium-

silicate
600 0,15 1200

- fibre-cement 800 0,15 1200

- gypsum board 800 0,20 1700

COMPRESSED FIBRE BOARDS

- fibre-silicate, mineral- & stone-

wool
150 0,2 1200

Concrete 2300 1,60 1000

Light weight concrete 1600 0,80 840

Concrete bricks 2200 1,00 1200

Bricks with holes 1000 0,40 1200

Solid bricks 2000 1,20 1200

EN 13381-4 “Test methods for determining the contribution to the fire resistance of structural members - Applied protection to steel members”



Thermal conductivity models 

of common fire protection materials



Fire behaviour

Thermal response

Structural response
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Thermal gradient on elements

Uniform temperature

Non uniform temperature

X
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Z
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Temperatures development in structure during 

CTU edge bay test in Cardington



Recapitulation

� Describe the three models of heat transfer.

� Describe the major components of the net heat flux.

� What is influencing the emissivity during the fire?

� Which is the principle of the step by step procedure 

of heat transfer for the fire protected steel element?

� Which are the material thermal properties of fire 

protection that are taken into account in the 

evaluation of transfer of heat to the fire protected 

elements?

� Which is the difference in the calculation of the 

section factor for the fire protected and unprotected 

steel elements?



Thank you 

for your attention

Raul ZAHARIA

raul.zaharia@upt.ro


