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Last time 

•  Reviewed energy concepts and unit conversions 

•  Assigned HW 1 (due Today) 
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Objectives for today’s lecture 

•  Begin our review of heat transfer fundamentals 
–  Generally follows Wang Chapter 3 (with modifications) 
–  Focus on applications of heat transfer in buildings 
–  First up: Conduction 
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BUILDING SCIENCE FUNDAMENTALS: 
HEAT TRANSFER IN BUILDINGS 
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Heat transfer in buildings 

•  Heat transfer is the transfer of thermal energy between 
objects of different temperatures 

•  If we can understand heat transfer in buildings, we can: 
–  Select and properly size HVAC equipment to maintain comfort 
–  Predict annual building energy use and energy costs 
–  Understand trade-offs in designing energy efficient buildings 
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Heat transfer in buildings 

•  In building science, we work with 
temperature differences between the 
interior and exterior of the building 
–  The element that separates indoors from 

outdoors is the building enclosure (or 
building envelope) 

•  Walls, roofs, floors, windows, doors, etc. 

•  We also need to understand heat 
transfer to understand HVAC systems 
and plumbing systems 

•  We also have internal heat gains that 
impact heating and cooling loads 
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Heat transfer in buildings 

•  Heat transfer is the science and art of predicting the rates at 
which heat flows through substances under various 
conditions 

•  The laws of heat transfer govern the rate at which heat 
energy must be supplied to or removed from a building to 
maintain the comfort of occupants or to meet other thermal 
requirements of buildings 

•  We will review heat transfer fundamentals here and then use 
these concepts later in the course to estimate heating and 
cooling loads for whole buildings 
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Heat transfer 

•  Three primary modes of heat transfer: 
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Conduction Convection Radiation 



Conduction 

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

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

•  Example: heat loss through opaque walls in winter 
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Conduction in buildings 
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Infrared image of a home w/ conductive losses 



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 in buildings 

Human thermal plume 
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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 
(short wave) or from the earth to the sky (long wave) 
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Radiation in buildings 
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Primary modes of heat transfer in buildings 
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CONDUCTION 
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Conduction equation 

•  Conduction follows Fourier’s Law: q = −k∇T
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•  In 1-dimension, this becomes: 

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]

“The time rate of heat transfer through a 
material is proportional to the negative 
gradient in the temperature and to the 
area, at right angles to that gradient, 

through which heat flows.” 



Simplified conduction equation: 1-dimension 

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

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 



Conduction: Heat flow vs. heat flux 

•  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 

q= k
L
T1−T2( )=U T1−T2( )= 1R T1−T2( )Conductive heat flux: 



Units of R-values and U-values 

•  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 
–  Remember this conversion! R(IP) = R(SI) × 5.678 

1m2KW = 5.678 h⋅ft2⋅°FBtu
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R-SI 

R-IP 



Thermal conductivity of some typical materials (k) 
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Thermal conductivity of building materials (k) 
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How building materials are actually sold 

•  Insulation manufacturers often sell their products in terms of 
“R-value per inch” 
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Owens Corning FOAMULAR 2 inch x 48 inch x 8 feet foamboard 
Extruded polystyrene (XPS) rigid foam insulation – closed cell 

Q: What is the thermal conductivity of an 
R-5 per inch (IP) XPS board? 



Thermal resistances of series/layers of materials 

•  Just as in electrical circuits, 
the overall thermal resistance 
of a series of elements can be 
expressed as the sum of the 
resistances of each layer: 

•  Rtotal = R1 + R2 + R3 + … 
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Δx2
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Δx3
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q = 1
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Example of conduction through multiple layers 

•  R-value calculation for a building wall: 
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The outside wall of a home 
consists of a 4 inch (10cm) 
layer of brick, a 6 inch (15cm) 
layer of fiberglass insulation, 
and a 0.5 inch (1.2cm) layer of 
gypsum board. 
 
1) What is the overall R-value? 
 
2) What is the steady-state 
heat flux through the wall if the 
interior surface temperature is 
22°C and the exterior surface 
is 5°C? 

Thermal conductivities: 
Brick = 0.9 W/mK 
Fiberglass insul. = 0.04 W/mK 
Gypsum = 0.16 W/mK 



What about more realistic constructions? 

•  Building walls rarely exist in complete, homogenous layers 
•  Structural elements – studs – are usually located within the 

envelope matrix at regular intervals 
–  Structural elements form what we call thermal bridges 
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What about more realistic constructions? 
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•  Building walls rarely exist in complete, homogenous layers 
•  Structural elements – studs – are usually located within the 

envelope matrix at regular intervals 
–  Structural elements form what we call thermal bridges 



What about more realistic constructions? 
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•  Building walls rarely exist in complete, homogenous layers 
•  Structural elements – studs – are usually located within the 

envelope matrix at regular intervals 
–  Structural elements form what we call thermal bridges 



Accounting for structural elements (studs) 

•  Parallel-resistance heat flow 

•  Simply use weighted average U values: 
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Utotal =
A1
Atotal

U1 +
A2
Atotal

U2 + ...

Treat 
resistances 
as resistors 
in parallel 



Example: Accounting for structural elements (studs) 

•  For structural reasons the wall described in the last example 
must have studs placed every 24 inches (60 cm)  
–  “24 in o.c.” = 24 inches on center 

•  The studs are wood with k = 0.075 BTU/hr-ft2-°F (0.13 W/
mK) and are 2 inches (5cm) wide and 6 inches (15cm) deep 

•  Problem: Find the R-value of this assembly and compare to 
the previous example 
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TRANSIENT HEAT CONDUCTION 
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Transient heat conduction 

•  Very often, conductive heat transfer in 
buildings does not occur at “steady-state” 

•  Instead, temperatures change in time at 
different places within and outside of a 
building object, so “non steady-state” 
conduction actually occurs 

•  When temperature changes occur, the 
system changes in time toward a new 
equilibrium with the new conditions, but it 
takes time for that to happen 
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Transient heat conduction: Accounting for heat capacity 
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•  All materials have at least capacity to store thermal 
energy for extended periods of time 

•  This is often 
referred to as 
“thermal mass” 

•  Thermal mass 
absorbs heat 
gains and 
release them at 
a later time 



Heat capacity, HC 

•  The heat capacity (HC) of a material is a measure of the 
ability of a material to store energy under a temperature diff. 
–  HC is the product of the density of the material and its specific heat 

capacity, with different thickness/area/volume formulations: 

–  ρ = density [kg/m3] 
–  Cp = specific heat capacity [J/kgK] 
–  L = thickness of material [m] 
–  A = projected surface area of material [m2] 
–  V = volume of material [m3] 

 

•  Heat capacity is important to thermal mass, but needs to be 
compared with thermal conductivity to get the whole story 
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HC = ρLCp HCA = ρLACp= ρVCp 
[J/m2K] [J/K] 



Thermal diffusivity, α 

•  Thermal diffusivity, α, is the measure of how fast heat 
can travel through an object 

•  α is proportional to conductivity but inversely proportional 
to density and specific heat capacity: 

•  The lower the α, the better the material is as a thermal 
mass (low conductivity relative to storage ability) 
–  The time lag between peak internal and external temperature is 

related to the diffusivity of the walls 
–  Steel has a high ρCp but also a high k so it is not as good a 

thermal mass as concrete or brick 
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α =
k
ρCp

   [m2 /s]



The transient heat conduction equation 
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Storage term: 
Flux terms: 
Net conduction heat flux 
into the control volume for x, 
y, and z coordinate 
directions 

Heat energy source term: 
Usually ignored 



The transient heat conduction equation 

•  If thermal conductivity is constant throughout the material: 

•  Under steady-state conditions, ρCp∂T/∂t = 0: 
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Thermal diffusivity 



Solutions to the transient heat conduction equation 

•  Analytical solutions: 
–  Case specific 
–  Simple geometries and boundary conditions 
–  Mathematically more complicated 

•  Numerical solutions: 
–  Finite-difference methods (explicit and implicit) 
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Transient conduction: Example numerical approach 

•  Conduction finite difference solution (implicit) 
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<	  0.5	  
Selecting grid size: 

Implicit = temperatures are evaluated at time j+1 as a function of temperatures at time j 

W E 



What happens when you account for thermal mass 
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Asan, H. 2006. Numerical computation of time lags an decrement factors for different building materials. Building and Environment 41:615-620. 

Lower 
thermal 

diffusivity, α 

Accounting for thermal 
mass will dampen the 
peak load and shift it to 
later in the day 
 



Heat transfer visualizations 
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Thermal properties of building materials (ASHRAE) 

•  All three material properties can be found in the ASHRAE 
Handbook of Fundamentals chapter on thermal transmission 
data (Ch. 26 in 2013 version) 
–  Thermal conductivity, density, and specific heat 
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Thermal properties of building materials (ASHRAE) 

44 From the ASHRAE 2013 Handbook (Ch. 26) 



Thermal properties of building materials (ASHRAE) 

45 From the ASHRAE 2013 Handbook (Ch. 26) 



Next time 

•  Continuing heat transfer (convection) 
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