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Last time 

•  Introduction to building enclosures 
–  Keep the indoor in and the outdoor out 

•  Unless we like what the outdoors has to offer 

•  Environmental conditions/parameters 
–  Temperature, humidity, wind, precipitation, solar radiation 

•  Nature of heat, air, and moisture 
–  Pyschrometrics (ASHRAE Chapter 6) 
–  Calculating dew point temperatures, humidity ratio, enthalpy, etc. 
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Objectives for today’s lecture 

•  Building science review 
–  More specifically on heat transfer and building enclosures 
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Campus projects 
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Name Campus Building 
Johnson, Ajay T. 
Lizama Velazquez, Sara 
Nicolau De Souza, Bruna Franciele 
Fan, YiYun 
Jose, Ivan A. 
Azimi, Parham 
Fazli, Torkan 
Hoover, Kyleen Minerals and Materials 
Hubert, Janis M. 
Khan, Imran A. 
Mele, Andi 
Pinzon Latorre, Andres A. 
Toonen-Talamo, Allison R. Minerals and Materials 

•  Need to do thermal assessments by March 1st  
•  13 students: We need 3 teams of 3; 1 team of 4 



•  d 

5 
Does anyone have any questions re: psychrometrics? 



HEAT TRANSFER 
Review of building science 
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Heat transfer 

•  Heat flow can be steady-state or transient 
–  Steady-state (temperature & heat flow do not vary w/ time) 

•  Heat in = heat out 
–  Transient (temperature & heat flow vary w/ time) 

•  Can have storage of heat 
–  Choice depends on complexity of the problem you’re investigating 

and the types of materials involved 

•  Heat flow occurs in 1, 2, and 3-dimensions 
–  In almost all real situations, heat flow occurs in 3-D 
–  1-D is often acceptable from a practical standpoint 
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Heat transfer 

•  Three modes of heat transfer 
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Conduction Convection Radiation 

*Note: Change of physical state is also a mechanism of heat transfer 



Example of heat transfer in a building enclosure 

•  The sun transmits heat by radiation to the earth 
where it can be absorbed by a brick wall. Heat is 
then transferred by conduction through the brick, 
then transferred by convection to indoor air and by 
radiation to other indoor surfaces, which also affect 
indoor air temperatures by convection. 
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Building enclosures and heat transfer, visualized 
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Storage 



Units of heat transfer 

•  We denote the total rate of heat energy transfer by the 
symbol Q 
–  It is a rate of energy transfer (i.e., a power) 
–  So the units are W (J/s) or Btu/h (1 W = 3.41 Btu/h) 

•  We denote the rate of heat transfer per unit area by the 
symbol q 
–  By definition q = Q/A  

•  Where A is the area through which the heat is moving 

–  The units of q are W/m2 or Btu/(h·∙ft2)   
•  1 W/m2 = 0.317 Btu/(h·∙ft2)  
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A tale of two Q’s: Q and q 

•  Some books work with the total heat transfer Q as their 
fundamental quantity 

•  Most textbooks use heat transfer per unit area [ q = Q/A ] as 
the fundamental quantity 

•  Using q instead of Q makes it easier to compare the thermal 
properties of assemblies without regard to the actual size of 
them  

12 



Conduction 

•  Conduction heat transfer is a result of molecular-level 
kinetic energy transfers in solids, liquids, and gases 
–  Think: analogous electrical conduction in solids 

•  Conduction heat flow occurs in the direction of decreasing 
temperature 
–  From high T to low T 

•  Example: heat loss through opaque walls in winter 
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Conduction 

•  Conduction follows Fourier’s Law: q = −k∇T
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where:

q =  heat flux per unit area [Btu/(h ⋅ ft2) or W/m2]
k =  thermal conducitivity [Btu/(h ⋅ ft ⋅°F) or W/(m ⋅K)]
T =  temperature [°F or K]



3-D Conduction 
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2-D Conduction (simplified) 
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Even more simplified conduction: 1-dimension 

 If a material has uniform thermal 
conductivity throughout & consists of 
parallel surfaces with uniform 
temperatures, then: 

q= k ΔT
Δx

= k T1−T2
x2−x1

=
k
L
T1−T2( )

Here T1 and T2  are the surface temperatures at x1 and x2
Notice that this equation differs from the last by a minus sign
I suggest you use the ΔT Δx  formulation and note that heat
will always flow from high to low temperature

Δx 

 q 
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Δx = L 

q = −k dT
dx

•  In 1-D, this becomes: 



Conduction 

Remember:  
•  To get Q in [W], simply multiply q [W/m2] by A [m2] 
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Q=qA= Ak
L
T1−T2( )

where:
Q =  heat flux [Btu/h or W]

A=  area normal to heat flow [m2]



Thermal conductance and resistance 

•  Conductivity and length can also be described in other terms 
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Q= Ak
L
T1−T2( )

where:
U =  unit thermal conductance [ Btu

h⋅ft2⋅°F
] or [ W

m2K
]

R = unit thermal resistance [ h⋅ft2⋅°F
Btu ] or [ m2K

W ]

k
L
=U R= 1

U
and 



Thermal resistance of common materials (SI units) 
•  We will often be concerned more with the ability of a material 

to resist heat flow rather than conduct it 
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q= k
L
T1−T2( )=U T1−T2( )= 1R T1−T2( )

Here the thermal conductivity (k) divided by thickness (L) yields
"Conductance" of a material, with units of [W/(m2 ⋅K)]. Conductance
is also called the U-value.
The inverse of conductance (C) is the resistance (R), or R-value.
Where 1/C = R, with units of [(m2 ⋅K)/W].
Therefore:

C =U =
k
L
=unit thermal conductance = U-value [W/(m2 ⋅K)]

R = 1
U
=
L
k

= unit thermal resistance = R-value [(m2 ⋅K)/W]



Units of R and U-Value 

•  R values are typically used for insulating materials 
–  For example: wall insulation materials 

•  U values are typically used for conductive materials 
–  For example: windows 

•  SI units are easier for most to work with, but most products 
in the US are sold in IP units 
–  So, REMEMBER THIS CONVERSION! 
–  R(IP) = R(SI) × 5.678 

1m2KW = 5.678 h⋅ft2⋅°FBtu
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R-SI 

R-IP 



Second important note on conduction 

•  The R value of most materials is temperature independent 
(in most conditions), so … 

•  The rate of conductive heat transfer depends ONLY on the 
temp difference ΔT between the two sides of the material 
–  Just as must heat is transferred if the interior is 90 and exterior is 70 

as when the interior is 70 and the exterior is 50 

•  There are some exceptions to this 

22 



Conduction through multiple layers 
•  Just as in electrical circuits, the 

overall thermal resistance of a 
series of elements (layers) can be 
expressed as the sum of the 
resistances of each layer 

–  Do not forget the interior and exterior 
convective resistances! 

 

•  By continuity of energy we can write 

q =
T1 −T2
R1

=
T2 −T3
R2

=
T3 −T4
R3

     so

q =
T1 −T4
Rtotal

 where  Rtotal = Ro + R1 + R2 + R3 + Ri

t1 

Δx1 Δx2 Δx3 

T1=To 

T2 
T3 

T4=Ti 
 k1 k2 k3 

Ro = 0.044  R1 =
Δx1
k1

 R2 =
Δx2
k2

 R3 =
Δx3
k3

  Ri = 0.11

23 Can only add resistances (R-values) in series, not conductances (U-values) 

Typical “film” 
values 



Limitations to the summation rule 

The summation rule for finding Rtotal has several limitations: 
–  Only works for layers 
–  Layers must be same area 
–  Layers must be uniform thickness 
–  Layers must have constant material properties  

•  This is the biggest limitation 

What do we do with more realistic constructions? 
    Parallel path or ISO thermal equivalents 

 Will cover in subsequent lectures 
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Convection 

•  Convection heat transfer is a result of larger-scale motions 
of a fluid, either liquid or gas 

•  The higher the velocity of fluid flow, the higher the rate of 
convection heat transfer 
–  Also the greater the temperature difference the greater the heat flow 

•  Example: when a cold wind blows over a person’s skin and 
removes heat from it 
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Convection 
•  Convective heat transfer occurs between a solid 

and a moving fluid 
–  Since heat transfer to a still fluid causes buoyancy which 

moves the fluid, all solid-fluid heat transfer is convective 

•  The heat transfer coefficient, hconv , relates the heat 
transfer to the difference between the solid wall 
temp, Tsurface,  and the effective temperature of the 
fluid far from the surface, Tfluid 

qconv = hconv Tfluid −Tsurface( ) =
Tfluid −Tsurface

Rconv
=
ΔT
Rconv

where Tfluid =  fluid temp far enough not to be affected by Tsurface
hconv = conductive heat transfer coefficient [W/(m2 ⋅K)]

and  Rconv =
1
hconv

= convective thermal resistance [(m2 ⋅K)/W]

t1 

Tsurface 

Tfluid 
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Types of convective heat transfer 

•  In general, the higher the velocity of fluid flow, the higher the 
rate of convection heat transfer 

•  Two kinds of convection exist: 
–  Natural (or free) convection: Results from density differences in the 

fluid caused by contact with the surface to or from which the heat 
transfer occurs 

•  Buoyancy is the main driver 
•  Example: The gentle circulation of air in a room caused by the presence 

of a solar-warmed window or wall (no mechanical system) is a 
manifestation of natural/free convection 

–  Forced convection: Results from a force external to the problem 
(other than gravity or other body forces) moves a fluid past a warmer 
or cooler surface 

•  Usually much higher velocities, driven by mechanical forces (e.g. fans) 
•  Example: Heat transfer between cooling coils and an air stream 
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Q versus q for convection 

•  Same story as conduction… 

•  To get Q, just multiply by surface area, A	
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qconv = hconv Tfluid −Tsurface( )       W
m2

"

#
$

%

&
'

Qconv = hconvA Tfluid −Tsurface( )       W"# $%
Also known as 
Newton’s law of 
cooling 



Important notes on convection in building science 

•  Convective heat transfer coefficients can depend upon 
details of the surface-fluid interface 
–  Rough surfaces have higher rates of convection 
–  Orientation matters for natural convection 
–  Natural heat transfer coefficients can depend upon the actual fluid 

temperature and not just the temperature difference 

•  Convection is really a field of its own 
–  We use specific cases for our work in building science 
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Convective heat transfer coefficient, hconv 

•  The convective heat transfer coefficient, hconv, will take on 
many forms depending upon whether the convection is forced 
or natural 
–  Natural convection occurs when buoyancy effects induce air motion 

•  Temperature-dependent density differences 

–  Forced convection occurs when an external force (e.g. fan or wind) 
imposes air motion (more random and chaotic) 

–  hconv is also known as the film coefficient or the surface conductance 

•  The next few slides show some of the important convective 
equations that arise in computing heat transfer to/from walls, 
floors 
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ρ =
n
V
=
P
RT

T ↓ρ↑ T ↑ρ↓
Hold P and R constant… 



Convection and building enclosures 

•  Laminar versus turbulent 
–  When the temperature differences are high enough the natural 

motion is turbulent, the result is more mixing and higher heat transfer 
•  So, for high temperature differences, the heat transfer coefficient is larger 

and has a different equation than for lower ΔT 
–  Nearly all forced convection is turbulent 
–  Free convection can be either 

•  Laminar flow occurs for cases when:  
–  Indoor environments are almost always turbulent 
–  Outdoor environments definitely are 
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L3ΔT <1.0 in SI units



Convection: Complex approach 

•  Convection coefficients depend on orientation, air speeds, 
and temperature differences 

•  There are fundamental approaches to estimating convective 
heat transfer coefficients 
–  And then there are A LOT of empirical/experimental estimates 
–  For a wide range of conditions 
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Example: hconv vs. ΔT for vertical walls and a heated floor 
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Khalifa and Marshall (1990) Int J Heat Mass Transfer 



Example: hconv vs. ΔT for a ceiling and a heated floor 
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Khalifa and Marshall (1990) Int J Heat Mass Transfer 



Example: hconv vs. ΔT for heated walls 
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Khalifa and Marshall (1990) Int J Heat Mass Transfer 



Example: hconv vs. ΔT for a wall w/ a radiator on it 
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Khalifa and Marshall (1990) Int J Heat Mass Transfer 



Example: hconv vs. ΔT for interior walls 
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Khalifa and Marshall (1990) Int J Heat Mass Transfer 



Example: hconv vs. ΔT for interior ceilings 

38 
Khalifa and Marshall (1990) Int J Heat Mass Transfer 



Free convection in air from a tilted surface: Simplified 
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hconv	  in [W/(m2 K)] 
	  

For natural convection to or from 
either side of a vertical surface 
or a sloped surface with β > 30°  

For laminar:   hconv =1.42
ΔT
L
sinβ

!

"
#

$

%
&

1
4

[Kreider 2.18SI]

For turbulent:  hconv =1.31 ΔT sinβ( )
1
3 [Kreider 2.19SI]

β	  

L 

Note that these equations are dimensional, so they are different for IP and SI 



Free convection for surfaces: Simplified 

•  Warm horizontal surfaces facing up 
–  e.g. up from a warm floor or up to a cold ceiling 
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L=Average 
side length 

q 

L=Average 
side length 

q 

laminar:  hconv ≈1.32
ΔT
L

!

"
#

$

%
&

1/4

[Kreider 2.22SI]

turbulent:  hconv ≈1.52 ΔT( )
1/3
[Kreider 2.23SI]



Free convection for surfaces: Simplified 

•  Warm horizontal surface facing down 
–  Convection is reduced because of stratification 

•  e.g. a warm ceiling facing down (works against buoyancy) 
•  Also applies for cooled flat surfaces facing up (like a cold floor) 
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L=Average 
side length 

q 
L=Average 
side length 

q 

hconv ≈ 0.59
ΔT
L

!

"
#

$

%
&

1/4

   both laminar and turbulent



Forced convection over planes: Simplified 

•  Does not depend on their orientation 
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L	


v	


laminar:  hconv ≈ 2.0
v
L
!

"
#

$

%
&

1/2

[Kreider 2.24SI]

turbulent:  hconv ≈ 6.2
v4

L

!

"
#

$

%
&

1/5

[Kreider 2.25SI]

*Velocity is in m/s 



Summary of hconv equations for natural convection (SI) 
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hconv for exterior forced convection 

•  For forced convection 
hconv depends upon 
surface roughness 
and air velocity but 
not orientation 

•  The figure at right is 
taken from ASHRAE 
HOF 
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Most used hconv for exterior forced convection 

There are two relationships for hconv (forced convection) which 
are commonly used, depending on wind speed: 

•  For 1 < vwind < 5 m/s 
 hc = 5.6 + 3.9vwind     [W/(m2·∙K)]   [Straube 5.15] 

•  For 5 < vwind < 30 m/s 
 hc = 7.2vwind

0.78       [W/(m2·∙K)]   [Straube 5.16] 
 
*Good for use with external surfaces 
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Convective R-value 

•  Convective heat transfer can be considered an 
conductive layer in contact with air and so we can assign 
an R-value to it 

•  Looking back at our definitions we can see that the  
equivalent R value is simply the reciprocal of the heat 
transfer coefficient so  

Rconv =
1
hconv
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Typical convective surface resistances 
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•  We often use the values given below for most conditions 

 
Surface 
Conditions 

Horizontal 
Heat Flow 

Upwards  
Heat Flow 

Downwards 
Heat Flow 

Indoors: Rin	
 0.12 m2K/W (SI) 
0.68 h⋅ft2⋅°F/Btu (IP) 

 

0.11 m2K/W (SI) 
0.62 h⋅ft2⋅°F/Btu (IP) 

0.16 m2K/W (SI) 
0.91 h⋅ft2⋅°F/Btu (IP) 

Rout: 6.7 m/s wind 
(Winter) 

0.030 m2K/W (SI) 
0.17 h⋅ft2⋅°F/Btu (IP) 

Rout: 3.4 m/s wind 
(Summer) 

0.044 m2K/W (SI) 
0.25 h⋅ft2⋅°F/Btu (IP) 



Bulk convective heat transfer: “Advection” 

•  Bulk convective heat transfer, or advection, is more direct 
than convection between surfaces and fluids 

•  Bulk convective heat transfer is the transport of heat by 
airflow 
–  Air has a capacity to store heat, so air flowing into or out of a building 

carries heat with it 
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Qbulk =m
•

CpΔT [W]=[ kg
s
⋅
J

kg⋅K
⋅K]

m “dot” = mass flow rate of air (kg/s) 
Cp = specific heat capacity of air [J/(kgK)] 
 



Bulk convective heat transfer 

•  Bulk convective heat transfer can also be described in terms 
of the “air exchange rate” 
–  Rate at which indoor air is replaced by outdoor air 
–  Volume normalized 
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Qbulk =m
•

CpΔT =V
•

ρairCpΔT

V
•

= AER ⋅V

Qbulk = AER ⋅ρair ⋅Cp ⋅ ΔT ⋅V

V “dot” = volumetric flow rate of air (m3/s) 
ρ = air density (kg/m3) 
V = volume of indoor air (m3) 
AER = air exchange rate (1/hr) 



Radiation 

•  Radiation heat transfer is the transport of energy by 
electromagnetic waves 
–  Exchange between two surfaces at different temperatures 

•  Radiation must be absorbed by matter to produce internal 
energy 

•  Example: energy transported from the sun to the earth 
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Radiation 

•  Radiation should really be dealt with in terms of wavelength 
–  Where different wavelengths of solar radiation pass through the 

earth’s atmosphere more or less efficiently than other wavelengths 
–  Materials also absorb and re-emit solar radiation of different 

wavelengths with different efficiencies 

•  For our purposes, it’s generally appropriate to treat radiation 
in two groups: 
–  Short-wave (solar radiation) 

•  More on this later… 
–  Long-wave (diffuse, refracted, or re-emitted radiation) 
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Radiation: Short-wave and Long-wave 

52 

Terrestrial long-wave  
Radiation (diffuse/reflected) 
Avg. λ = 10 µm 

Solar short-wave  
Radiation (direct) 
Avg. λ = 0.5 µm 



Solar radiation striking a surface (high temperature) 

•  Most solar radiation is at short wavelengths 
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ID = direct solar radiation 
Id = diffuse solar radiation 
IR = reflected solar radiation 

Isolar = ID + Id + IR
W
m2

!

"#
$

%&



Solar radiation striking a translucent surface 
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Absorptivity, transmissivity, and reflectivity 

•  The absorptivity, α, is the fraction 
of energy hitting an object that is 
actually absorbed 

•  Transmissivity, 𝜏, is a measure of 
how much radiation passes 
through an object 

•  Reflectivity, ρ, is a measure of how 
much radiation is reflected off an 
object 

•  We use these terms primarily for 
solar radiation 
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α +τ + ρ =1



Surface radiation (lower temperature) 
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•  All objects above absolute zero 
radiate electromagnetic energy 
according to: 

 

•  Net radiation heat transfer occurs when an object 
radiates a different amount of energy than it absorbs 

•  If all the surrounding objects are at the same 
temperature, the net will be zero 

qrad = εσT
4

Where ε=emissivity

σ = Stefan-Boltzmann constant = 5.670×10−8 W
m2·K4  

T = Absolute temperature in Kelvin



Surface-to-air radiation 

•  General surface-to-air radiation 

•  A note on emissivity 
–  Fraction of energy re-radiated – depends on material 
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Qrad = εσ A(Tsurface
4 −Tair

4 )

See ASHRAE 
HOF for many 
more 



Radiation heat transfer (surface-to-surface) 
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•  If a material follows Kirchoff’s law, 
(absorptivity = emissivity) we can write 
the net radiation heat transfer between 
surfaces 1 and 2 as: 

 

A2, T2, ε2 

A1, T1,ε1 

Q1→2 =
A1σ T1

4 −T2
4( )

1−ε1
ε1

+
A1
A2

1−ε2
ε2

+
1
F12

where ε1 and ε2  are the surface emittances, 

A1 and A2  are the surface areas

and F1→2  is the view factor from  surface 1 to 2

F1→2  is a function of geometry only 



Emissivity of common building materials 
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View factors 

•  Radiation travels only in a straight line 
–  Areas and angle of incidence between two exchanging surfaces 

influences radiative heat transfer 
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Some common  
view factors 



Typical view factors 
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•  Other common view factors from ASHRAE HOF 



Simplifying radiation 

•  We can also define a radiation heat transfer coefficient that is 
analogous to other heat transfer coefficients 

•  When A1 = A2, and T1 and T2 are within ~50°F of each other, 
we can approximate hrad with a simpler equation: 
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hrad =
4σTavg

3

1
ε1
+
1
ε2
−1 Tavg =

T1 +T2
2

where 

Qrad ,1→2 = hrad A1 T1 −T2( ) = 1
Rrad

A1 T1 −T2( )



Simplifying surface radiation 

•  We can also often simplify radiation from: 

•  To: 
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Q1→2 =
A1σ T1

4 −T2
4( )

1−ε1
ε1

+
A1
A2

1−ε2
ε2

+
1
F12

 

Q1→2 = εsurf AsurfσF12 T1
4 −T2

4( )  
Particularly when dealing with large differences in areas, 
such as sky-surface or ground-surface exchanges 



Notes on radiation heat transfer 

•  Radiation heat transfer depends upon the view factor, which 
is a function of geometry 
–  Also depends on both absolute T and differential T 

•  The view factor from one side of a wall cavity to the other 
does not change much at all as the cavity gets wider.  This 
means that radiation heat transfer does not change much as 
cavity spacing is increased! 

•  Radiation heat transfer depends on T4, which complicates 
things mathematically 

•  Obvious importance of low-emissivity materials 
–  Generally only important that one material is low-ε 
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Multi-surface radiative transfer 
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•  If we have more than two dominant surfaces we have a 
fairly complicated system 
–  Best solved using computers rather than by hand 

•  To do these by hand we would need to develop full 
thermal networks for multi-surface radiation 
–  We are not going to do that today 



Emissivity and absorptivity for various materials 
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State change 

•  When materials change state, they release or absorb a 
material-specific amount of latent energy 
–  Usually concerned with water evaporation/condensation 

•  All materials above absolute zero contain some heat energy 
–  This amount of energy (E, in J or kJ) is equal to: 
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E =CpmT

where Cp  is the specific heat capacity [kJ/(kgK)]

m is the mass (kg), T  is absolute temperature (K)



State change 

•  The amount of heat energy required to change a material 
from one temperature to another is: 
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E =CpmΔT

where Cp  is the specific heat capacity [kJ/(kgK)]

m is the mass (kg), ΔT  is the temperature difference (K)



Single-mode heat transfer examples 

•  Let’s perform some example calculations, first treating 
conduction, convection, and radiation individually 
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BASIC HEAT TRANSFER THROUGH 
BUILDING ENCLOSURES 
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Example 2.1: Single-layer conduction 

•  A 2 m wide, 3 m high, and 50 mm thick piece of extruded 
polystyrene material has a surface temperature of 20°C on 
one side and 40°C on the other 
a) Calculate steady state heat flow rate and heat flux 
b) Calculate conductance (U-value) 
c) Calculate resistance (R-value) 
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ASHRAE HOF (2005 Ch. 25): 



A note on insulation materials 

•  All materials in an enclosure assembly will have some 
resistance to heat transfer 

•  Materials with thermal conductivities (k) less than about 0.05 
W/mK are used specifically for insulation 
–  0.05 W/mK divided by 3-inches of typical thickness (0.076 m) yields 

U-value of ~0.66 W/m2K 
–  R = 1/U = 1/0.66 = ~1.5 m2K/W RSI (or ~R-9 in English units) 
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Example from 
product literature 



Another note on insulation materials 

•  Still air is also a low-cost insulator 
–  Density ~1.2 kg/m3 

–  Conductivity, k ~ 0.03 W/mK 
–  So many insulation materials rely on creating air voids 

•  Example: fiberglass insulation 
–  Glass, with a density of 2500 kg/m3 and k = 1 W/mK, is spun into 

fibers and made into a fiberglass insulation batt, which is ~99.4% air 
voids (~0.6% glass fibers) by volume 

•  Yields a product with a density of 16 kg/m3 and thermal conductivity of 
0.043 W/mK 

•  Both values are very close to that of still air 
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Example 2.2: Convection 

•  The interior face of an insulated exterior enclosure wall 2.4 m 
wide and 2.4 m high is 3°C cooler than the indoor air (Tindoor 
= 21°C) 
a)  Calculate convective heat transfer coefficient at the face 
b)  Calculate rate of convective heat transfer 
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Example 2.3: Bulk convection 

•  An 800 m3 building has an outdoor air exchange rate of 0.5 
air changes per hour. The outdoor temperature is 35°C. The 
indoor air temperature is 20°C.  
a)  Calculate the rate at which heat is added to the indoor air from 

outdoors 
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Example 2.4: Radiation 
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•  Interior surfaces of two perpendicular walls (both are 2.4 m 
by 2.4 m) are 3°C different from each other. One is at 294 K, 
the other at 291 K. They both have an emissivity of 0.90. 
a)  Calculate the rate of radiative heat transfer between the two 

surfaces 

b)  What if the emissivity of one surface decreases to 0.1? 



Combined heat transfer 
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•  In some cases, heat transfer from a surface is dominated 
by either convection or radiation 
–  In many cases both are about the same magnitude 

•  In cavities (window spaces, wall cavities, crawl spaces) 
this is usually the case 
–  So, heat transfer is fairly complicated 

•  We need to be able to describe all heat transfer 
mechanisms acting on each surface of an enclosure to 
understand how the enclosure affects heat, air, and 
moisture performance 



Bringing all the modes together 
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•  Exterior surface example: roof 
Once you have this 
equation described, 
you can do just about 
anything regarding 
heat transfer in 
building enclosure 
analysis, leading into 
full-scale energy 
modeling 

qsolar + qlongwaveradiation + qconvection − qconduction = 0

Steady-state energy 
balance at this 
exterior surface:  
What enters must also 
leave (no storage) 



Bringing all the modes together 
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•  Exterior surface example: Roof 

qsw,solar
+qlw,surface−sky
+qconvection
−qconduction = 0

αIsolar
+εsurfaceσFsky (Tsky

4 −Tsurface
4 )

+hconv (Tair −Tsurface )
−U(Tsurface −Tsurface,interior ) = 0

Solar gain 

Surface-sky radiation 

Convection on external wall 

Conduction through wall 

q∑ = 0

We can use this equation to estimate 
indoor and outdoor surface temperatures 
At steady state, net energy balance is zero 
•  Because of T4 term, often requires 

iteration 



A note on sign conventions 

•  Move from left to right (or top to bottom) 
•  Assume that the temperature to the left (or upstream) is 

higher than the temperature to the right (or downstream) 
–  The signs will work themselves out and let you know if that is not the 

case 
–  Be consistent! 
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A note on sky temperatures 

•  Many ways to get sky temperature 
–  Varying levels of detail and accuracy 

•  For a partly cloudy night sky: 
–  50% cloud cover 

•  For daytime: 

–  For a clear sky: N = 0 
–  For 50% cloud cover, N = 0.5 
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Tsky = Tair 0.8+
(Tdewpoint − 273)
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Tsky = εskyTair
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Where N = cloud cover (tenths) 

εsky = 0.787+ 0.764 ln
Tdewpoint
273
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A note on typical view factors, F1-2 

•  Some typical view factors from surfaces to ground or sky 

T  ground

Tsurface T  air

T  sky

View (“shape”) factors for: 
  

Vertical surfaces: 
•  To sky (Fsurface-sky)     0.5 
•  To ground (Fsurface-ground)  0.5 

Horizontal surfaces: 
•  To sky (Fsurface-sky)   1 
•  To ground (Fsurface-ground)  0 

 
3) Tilted surfaces 
•  To sky  (1+cosΣ)/2 
•  To ground (1-cosΣ)/2 

Σ	


ground 

surface 

*Note that other surrounding buildings complicate view factors, but their net 
temperature differences probably aren’t that different so long-wave radiation can be 
negligible 

Tground = Tair
Typically assume: 



Example 2.5: Roof surface temperature 

•  Estimate the surface temperature that might be reached by a 
bituminous roof (absorptance of 0.9) installed over a highly 
insulating substrate (R-20 IP) exposed to intense sun (qsolar = 
1000 W/m2) on a calm, cloudless day with an ambient 
temperature of 20°C and RH = 30% 
–  Indoor surface temperature is 22°C 

•  Then: what happens if α is reduced to 0.3? 
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Example 2.5: Solution 
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Adjust Tsurface until 
sum of all heat 
transfer modes 
equals zero 

Surface energy balance Add Subtract
W/m2 W/m2

Solar (short-wave) 900
Surface-sky long-wave radiation -511
Convection on roof -371
Conduction through roof 17

SUM 0

Given alpha 0.9 bituminous membrane
Given Itotal, W/m2 1000
Assume Fsurface-sky 1
Assume e,surface 0.9
Given Tair,out, K 293.15 20 degC
Assume Tair,out,dewpoint, K 275.06 1.91 degC psych chart
Calculate e,sky 0.79 N = 0
Calculate Tsky, K 276.61 Tsky equation for clear day
Guess Tsurface, K 354.95 81.8 degC
Given Tsurf,in, K 295.15 22.0 degC
Constant stef-boltz, W/(m2K4) 5.6704E-08
Given R-value IP, h-ft2-F/Btu 20
Given R-value, SI 3.52
Given U-value, W/m2K 0.28



Example 2.5: Solution (low absorptivity) 
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Surface energy balance Add Subtract
W/m2 W/m2

Solar (short-wave) 300
Surface-sky long-wave radiation -203
Convection on roof -92
Conduction through roof 6

SUM 0

Given alpha 0.3 bituminous membrane
Given Itotal, W/m2 1000
Assume Fsurface-sky 1
Assume e,surface 0.9
Given Tair,out, K 293.15 20 degC
Assume Tair,out,dewpoint, K 275.06 1.91 degC psych chart
Calculate e,sky 0.79 N = 0
Calculate Tsky, K 276.61 Tsky equation for clear day
Guess Tsurface, K 314.85 41.7 degC
Given Tsurf,in, K 295.15 22.0 degC
Constant stef-boltz, W/(m2K4) 5.6704E-08
Given R-value IP, h-ft2-F/Btu 20
Given R-value, SI 3.52
Given U-value, W/m2K 0.28



Bringing all the modes together 

•  Similarly, for a vertical surface: 
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qsolar + qlwr + qconv − qcond = 0

αIsolar
+εsurfaceσFsky (Tsky

4 −Tsurf
4 )

+εsurfaceσFair (Tair
4 −Tsurface

4 )
+hconv (Tair −Tsurface )
−U(Tsurface −Tsurface,interior ) = 0

Ground 

αIsolar
+εsurfaceσFsky (Tsky

4 −Tsurface
4 )

+εsurfaceσFground (Tground
4 −Tsurface

4 )
+hconv (Tair −Tsurface )
−U(Tsurface −Tsurface,interior ) = 0

Next couple of lectures 



Bringing all modes (and nodes) together 

•  For an example room like this, you would setup a system of 
equations where the temperature at each node (either a 
surface or within a material) is unknown 
–  12 material nodes + 1 indoor air node 
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Room 

F

C

L R

1

1

11

2

2

22

3

3

33

A air node

internal surface node

external surface node
element-inner node

C
on

ve
ct

io
n

Rad iati onmcp
dT
dt

= qat boundaries∑

At surface nodes: 
 q∑ = 0

At nodes inside  
materials: 
 

Based on density 
and heat capacity 
of material… 

Heat Xfer @ external surfaces: 
Radiation and convection 



Bringing all modes (and nodes) together 
•  To get the impact on indoor air temperature (and close the system of 

equations) 
–  Write an energy balance on the indoor air node 
–  Air impacted directly only by convection (bulk and/or surface) 
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(Vroomρaircp,air )
dTair,in
dt

= hiAi Ti,surf −Tair,in( )
i=1

n

∑ + mcp Tout −Tair,in( )+QHVAC

F

C

L R

3

3

33

A air node

Ei
QHVAC In plain English: 

The change in indoor air 
temperature is equal to the 
sum of convection from 
each interior surface plus 
outdoor air delivery (by 
infiltration or dedicated 
outdoor air supply), plus the 
bulk convective heat 
transfer delivered by the 
HVAC system 

Qinfiltration 



BASIC CONDUCTION IN ENCLOSURES 
Multiple layers 
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Conduction through multiple layers 
•  Just as in electrical circuits, the 

overall thermal resistance of a 
series of elements (layers) can be 
expressed as the sum of the 
resistances of each layer 

–  Don’t forget the interior and exterior 
convective resistances 

 

•  By continuity of energy we can write 

q =
T1 −T2
R1

=
T2 −T3
R2

=
T3 −T4
R3

     so

q =
T1 −T4
Rtotal

 where  Rtotal = Ro + R1 + R2 + R3 + Ri

t1 

Δx1 Δx2 Δx3 

T1=To 

T2 
T3 

T4=Ti 
 k1 k2 k3 

Ro = 0.044  R1 =
Δx1
k1

 R2 =
Δx2
k2

 R3 =
Δx3
k3

  Ri = 0.11

90 Can only add resistances (R) in series, not conductances (U) 

Typical “film” 
values 



Simple conduction through multiple layers 

•  Calculate the R-value of an enclosure assembly 
 
Steps: 
1.  List each material in the assembly 

–  And its conductivity and thickness 

2.  Calculate conductance of each layer  
–  U = k/L 

3.  Calculate thermal resistance of each layer 
–   R = 1/U 

4.  Sum the individual thermal resistances to get Rtotal 
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Conduction through multiple layers 

Example problem: 
•  Calculate the total thermal resistance, Rtotal, and overall heat 

transfer coefficient, Utotal, of the wall shown below 
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Conduction through multiple layers 
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•  Refer to ASHRAE 2005 HOF Ch. 25 for data 

Conductivity Thickness Conductance Resistance 
Layer material k = [W/mK] L = [m] U = [W/m2K] R = [m2K/W] 
Interior film n/a n/a 8.3 0.121 
Concrete 1.8 0.15 12 0.083 
Type 4 XPS 0.029 0.075 0.4 2.564 
Air space n/a 0.025 n/a 0.17 
Brick 1.3 0.09 14.4 0.069 
Exterior film n/a n/a 34 0.029 

Rtotal (m2K/W) 3.04 
Utotal (W/m2K) 0.33 



A note on R-values of air cavities 

•  ASHRAE has measured the combined convective + radiative 
R-values for thin planar cavities of various orientations and 
depths with various “εeff” 

•  These are the best data to use for air spaces in assemblies 
–  If you do not know that the material in the cavity is reflective or “low 

e”, just assume that both walls of the cavity have ε=0.9 for each 
surface, so that when combined, εeff = 0.82 
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 εeff  = ε1ε2 



ASHRAE HOF 2005, Chapter 25 (small cavities) 

Usually we use values from the εeff = 0.82 column unless one material is low-e 
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R-values for different air gap characteristics 



ASHRAE HOF 2005, Chapter 25 (larger cavities) 

Usually we use values from the εeff = 0.82 column 
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R-values for different air gap characteristics 



Conduction through multiple layers 
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•  Refer to ASHRAE 2005 HOF Ch. 25 for data 

Conductivity Thickness Conductance Resistance 
Layer material k = [W/mK] L = [m] U = [W/m2K] R = [m2K/W] 
Interior film n/a n/a 8.3 0.121 
Concrete 1.8 0.15 12 0.083 
Type 4 XPS 0.029 0.075 0.4 2.564 
Air space n/a 0.025 n/a 0.17 
Brick 1.3 0.09 14.4 0.069 
Exterior film n/a n/a 34 0.029 

Rtotal (m2K/W) 3.04 
Utotal (W/m2K) = 1/R 0.33 Rtotal (IP) = 17.3 hr·ft2·°F/Btu 



R-values of deeper cavities 

•  The R-value of cavities stops increasing much at 3 inches 
(75 mm) depth 
–  Beyond 3 inches (75 mm), convection and radiation dominate 
–  For a deep cavity, either compute R-values with more advanced 

methods or use the 3 inch (75 mm) value 

•  Do NOT take the R value of a 1 inch (25 mm) cavity and 
multiply by the thickness of the cavity for thick cavities   
–  If you did that, you would guess that an 8 foot attic would have an R 

value of about 100 hr·ft2·°F/Btu, which is a factor of 20 too high! 
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Conduction through multiple layers 
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•  Utotal = 0.33 W/m2K 

•  Calculate steady-state  
 heat flow through the  
 enclosure 

 
•  q = UΔT 
•  q = (0.33 W/m2K)*(Tinside - Toutside) 
•  q = (0.33 W/m2K)*(30 K) = 10 W/m2 

–  From inside to outside 



Conduction through multiple layers 
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•  Calculating the temperature 
 gradient through an  
 enclosure of i materials 

Conductivity Thickness Conductance Resistance ΔTi Ti 
Layer W/mK m W/m2K m2K/W °C °C 
Interior film n/a n/a 8.3 0.121 20 

1.2 
Concrete 1.8 0.15 12 0.083 18.8 

0.8 
Type 4 XPS 0.029 0.075 0.4 2.564 18.0 

25.3 
Air space n/a 0.025 n/a 0.17 -7.3 

1.7 
Brick 1.3 0.09 14.4 0.069 -9.0 

0.7 
Exterior film n/a n/a 34 0.029 -9.7 

0.3 
Rtotal (m2K/W) 3.04 Exterior T: -10 
Utotal (W/m2K) 0.33 

ΔTi =
Tinternal −Texternal

Ri
i=0

n

∑
Ri



Conduction through multiple layers 
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•  Calculating the temperature 
 gradient through an  
 enclosure 

18.8 18.0 

-7.3 
-9.0 

-9.7 

18.8 18.0 

-7.3 
-9.0 

-9.7 



Total heat transfer through multiple layers 

•  We can continue to use the electrical resistance analogy 
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Limitations to the summation rule 

The summation rule for finding Rtotal has several limitations: 
–  Only works for layers 
–  Layers must be same area 
–  Layers must be uniform thickness 
–  Layers must have constant material properties  

•  This is the biggest limitation 

 
What do we do with more realistic constructions? 

–  Parallel path or ISO thermal equivalents 
–  Computer modeling 
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