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 Fourier law Heat transfer 
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Steady-state

Transient
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 Steady-state and transient Heat transfer 
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 One-dimensional, steady-state Heat transfer 
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 Thermal resistance Heat transfer 



internal insulation external insulation

isolamento térmico no 
interior

isolamento térmico no 
exterior
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 Examples Heat transfer 
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One-dimensional heat flow 
Steady-state conditions 

Multiple layers
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includes surface resistance
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 U-value Heat transfer 
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 Equivalent resistance Heat transfer 
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 Exercise Heat transfer 



 U-value Heat transfer 



Two-dimensional heat flow 
Steady-state conditions 

Multiple layers
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Two walls connection
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 Psi-value Heat transfer 
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Surface-to-air heat transfer

 Fundamentals Heat transfer 



 Surface-to-air heat transfer Heat transfer 



hot surface

cold air

heat flow from 
surface to air

✓s ✓1

 Surface-to-air heat transfer Heat transfer 



Heat flow rate [W]

Quantification of 
convective heat transfer 

Empirical correlation  
Complex problems 

hc depends on: 
 - fluid properties 
 - geometry 
 - velocity 
 - turbulent/laminar flow 
 - forced/natural convection 
 - temperature

Convective heat transfer 
coefficient [W/(m2K)]

qc = hcA(✓s � ✓1)

 Heat convection Heat transfer 



Forced	convec*on Free	convec*on

Reynolds number: 
dimensionless parameter which 
relates inertia force and viscous 
friction

Re Grasshof number replaces 
the Reynolds for free 

convection, where inertia 
force depends on 

temperature difference

Gr

 Convective heat transfer coefficient Heat transfer 



Nusselt number

Reynolds number

Prandtl number

Grashof number

Fluid properties
Thermal conductivity [W/(m.K)]

Specific heat [J/(kg.K)]
Density [kg/m3]
Viscosity [kg/(m.s)]

Volumetric thermal  
expansion coefficient [K-1]

Characteristic length [m]

Fluid velocity [m/s]

Local parameters

Surface-fluid temperature 
difference [K]

Rayleigh number
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 Dimensionless numbers Heat transfer 



TsH

Laminar

Turbulent

H is the characteristic length (L=H) 
Air properties are evaluated at average temperature 
(surface and undisturbed air)

Ra < 109

Ra > 109

Nu = 0.59Ra1/4

Nu = 0.10Ra1/3

 Vertical surface Heat transfer 



Heated floor

Cooled ceiling

is the characteristic length

Laminar

Turbulent

Heat flow upwards

Nu = 0.15Ra1/3

Nu = 0.54Ra1/4

Ra > 107

Ra < 107

As

P
Air properties are evaluated at average temperature 
(surface and undisturbed air)
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 Horizontal surface Heat transfer 



Cooled floor

Heated ceiling

is the characteristic length

Heat flow downwards

As

P
Air properties are evaluated at average temperature 
(surface and undisturbed air)
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Nu = 0.27Ra1/4
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 Horizontal surface Heat transfer 



Laminar

Laminar and turbulent

Ls is the characteristic length (L=Ls)

Ls

Re < 5⇥ 105

Nu = 0.664Re1/2Pr1/3 (average value)

Nu = (0.037Re4/5 �A)Pr1/3
Re > 5⇥ 105

A ' 871

(average value)

U1
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✓1

 Forced convection Heat transfer 



Surface Heat flow hc 
External 20

Internal
Horizontal (wall) 2.5
Vertical upwards 5.0

Vertical downwards 0.7

hc = 4 + 4U1

External surface
U1  5 [m/s]

 Surface-to-air heat transfer Heat transfer 



Surface Heat flow hc hs Rs

External 20 25 0.04

Internal
Horizontal (wall) 2.5 7.5 0.13
Vertical upwards 5 10 0.10 

0.100.10Vertical downwards 0.7 5.7 0.17

hs = hr + hc

Rs = 1/hs

 Surface film resistance Heat transfer 



Surface-to-surface in air cavities

 Fundamentals Heat transfer 
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Advec&on

 Air cavities Heat transfer 



[W/(m2.K)]

only heat 
conduction

heat convection 
(diffusion+advection)

negligible 
advection

negligible 
diffusion

* radiative effects not included

hc

Nu ' 1
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�

 Non ventilated air cavities Heat transfer 



is the characteristic length

H

H/� < 40
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Nu� = 0.197Ra1/4
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2⇥ 103 . Ra . 2⇥ 105

2⇥ 105 . Ra . 107

 Vertical air cavity Heat transfer 



is the characteristic length

Nu = 1

heat flow downwards heat flow upwards
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Nu� = 0.059Ra2/5

1.7⇥ 103 . Ra . 7⇥ 103

 Horizontal air cavity Heat transfer 
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vertical air cavity
upward heat flow

downward heat flow

 Air cavities Heat transfer 



is the characteristic length

heat flow upwards
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7⇥ 103 . Ra . 3.2⇥ 105 Ra & 3.2⇥ 105

Nu� = 0.212Ra1/4 Nu� = 0.061Ra1/3

 Horizontal air cavity Heat transfer 



surface-to-surface heat transfer* [W/(m2K)]

*only for air gaps, not valid for other gases

Surfaces Heat flow
Gap width [mm]

5 10 15 25 50 100 300

Vertical 4.8 2.3 1.6 1.2 1.2 1.2 1.2

Horizontal upwards 4.8 2.4 1.9 1.9 1.9 1.9 1.9

Horizontal downwards 4.8 2.4 1.6 0.9 0.4 0.2 0

 Non-ventilated air gaps Heat transfer 
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Thermal network analysis

 Fundamentals Heat transfer 



isolamento térmico no 
interior

isolamento térmico no 
exterior

✓s1 ✓s2 ✓s3 ✓s4 ✓s5

✓s1
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R00

heat flux

 Network representation Heat transfer 



heat flow

temperature  
node

thermal 
resistance

 Network representation Heat transfer 



spatial  
average 

temperature

room  
temperature 

node 
=

 Temperature node Heat transfer 



surface 
temperature 

node

convective thermal 
resistance

solidair

air 
temperature 

node

conductive thermal 
resistance

 Network representation Heat transfer 



surface 
temperature 

node

convective thermal 
conductance

solidair

air 
temperature 

node

conductive thermal 
conductance

H
[W/K]

heat flow

 Network representation Heat transfer 



H = UA

A
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 Thermal conductance Heat transfer 



external air 
temperature

temperature  
source

 Network representation Heat transfer 



Despite local 
variations, external 
air 
can be 
considered a 
temperature source

 Temperature source Heat transfer 



solar 
radiation

heat 
source

 Network representation Heat transfer 



People and 
equipments are 

examples of heat 
sources

 Heat source Heat transfer 
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 Quasi-heat source Heat transfer 



qinqout

 Quasi-heat source Heat transfer 



qout = ṁc✓i
qin = ṁc✓e
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H overall thermal transmittance

 Quasi-heat source Heat transfer 
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H
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 Quasi-heat source Heat transfer 



room air temperature node

qin = qout + q

ṁc✓e = ṁc✓i +H(✓i � ✓e)

ṁc(✓e � ✓i) = H(✓i � ✓e)

Hve(✓e � ✓i) = Htr(✓i � ✓e)

 Quasi-heat source Heat transfer 
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Hve Htr

Transmission 
thermal conductance

Ventilation 
thermal conductance

Htr

Hve

 Ventilation thermal conductance Heat transfer 
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qin = ṁc✓e
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 Quasi-heat source Heat transfer 
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 Quasi-heat source Heat transfer 



energy balance at 
qaux = Hve(✓i � ✓e) +Htr(✓i � ✓e)
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qaux = (Hve +Htr)(✓i � ✓e)

 Quasi-heat source Heat transfer 
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Parallel conductances
HtrHve

 Quasi-heat source Heat transfer 
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1 2 3

 Solving approaches Heat transfer 
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ṁc✓b

qaux

ṁc✓e

 Solving approaches Heat transfer 
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 Solving approaches Heat transfer 



energy balance at ✓i

energy balance at ✓b
two equations 

at each node: heat flow in = heat flow out

 Nodal approach Heat transfer 
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 Nodal approach Heat transfer 



for each closed loop

for an open loop
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 Mesh approach Heat transfer 
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 Mesh approach Heat transfer 



MESH 
• Less equations 
• Appropriate for analytical 

resolution

NODAL 
• One equation for each unknown 

temperature node 
• Appropriate for numerical 

matricial resolution

 Mesh and nodal approach Heat transfer 



H1 H2 H3
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Heq= Heq = H1 +H2 +H3
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H1 +H2 +H3

 Simplification rules Heat transfer 
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 Simplification rules Heat transfer 
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 Simplification rules Heat transfer 



✓1

✓2 ✓3

=

C1

C2C3

✓1

✓2
✓3

K3K2

K1

C1K1 = C2K2 = C3K3 = C1C2 + C2C3 + C3C1 =
K1K2K3

K1 +K2 +K3

✓star

✓star =
K1✓1 +K2✓2 +K3✓3

K1 +K2 +K3

 Simplification rules Heat transfer 


