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Last time 

•  Conduction 

2 



HW 1 

•  Turn in HW 1 now 
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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) 
–  Structural elements form what we call “thermal bridges” 

•  The studs are wood and are 2 inches (5 cm) wide and 6 
inches (15 cm) deep 

•  Problem: Find the R value of this assembly and heat flux, 
and compare to the previous example 
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High conductivity elements in enclosures 

•  What is the thermal conductivity of steel? 
–  Ch. 33 ASHRAE Handbook of Fundamentals  

•  What is the heat flux through the steel columns in this 
classroom right now? 
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Conduction in other geometries 

•  Often heat transfer is not limited to one dimension (1-D) 
–  Example: a pipe is carrying a heated or cooled fluid from a central 

plant, underground to a building for heating or cooling 
•  Radial heat transfer 
•  Interactions with surroundings in all directions 
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Thermal resistances of other shapes: cylinders 

•  Thermal resistances can be defined for non-planar elements 
–  For example, to determine heat transfer through the walls of pipes 

and pipe insulation, we should also understand heat transfer through 
cylinders 

•  For example, a hollow cylinder with length L, inner radius ri 
and outer radius ro: 
–  If you integrate        in cylindrical coordinates: 
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Conduction in other geometries: 2-D effects 

•  One way to account for this is the use of a “shape factor” 
–  Shape factors account for 2-dimensional effects 

•  Another approach is a full two-dimensional analysis, 
although we don’t cover in this class 
–  Some coverage in CAE 463/524 Building Enclosure Design 
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Q = kSΔT Where S = shape factor [m] 



Shape factor example 
•  Example: Heat loss from a buried pipe 
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Ground coupled heat transfer 

•  What about heat transfer through a basement or floor slab of 
a building? 

•  This is fairly complicated 
–  Depends on estimation method, soil type, etc. 
–  Because this is one of the least accurate procedures of any building 

thermal analysis, and the level of complexity is rather high, we will 
save this for CAE 463/524 
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CONVECTION 
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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 
temperature, 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 temperature far enough not to be affected by Tsurface
hconv = convective heat transfer coefficient [W/(m2 ⋅K)]

and  Rconv =
1
hconv

= convective thermal resistance [(m2 ⋅K)/W]
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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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Also known as 
Newton’s law of 
cooling 



Convection is really a field of its own 
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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 is important for natural convection 
–  Convective heat transfer coefficients for natural convection can 

depend upon the actual fluid temperature and not just the 
temperature difference 
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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) 

–  hc 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 science 

•  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 
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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
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[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 from horizontal pipes in air 

•  For cylindrical pipes of outer diameter, D, in [m] 
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For turbulent:  hconv =1.24 ΔT( )
1
3 [Kreider 2.21SI]



Free convection for surfaces: Simplified 

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

L=Average 
side length 
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[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 orientation 
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[Kreider 2.25SI]

*Velocity is in m/s 



Convection example 

•  Estimate the convective heat transfer coefficient along a wall 
in the classroom, assuming either forced or natural 
convection 
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hconv for exterior forced convection 

•  For forced convection, 
hconv depends upon 
surface roughness and 
air velocity but not 
orientation 
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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 like walls and windows 
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Internal flows within building HVAC systems 

•  Flows of fluids confined by boundaries (such as the sides of a 
duct) are called internal flows 

•  Mechanisms of convection are different 
–  And so are the equations 
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Forced convection for fully developed turbulent flow 

•  Air through ducts and pipes: 

•  Water flow through pipes: 
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Dh = the hydraulic diameter: 4 times the ratio of the flow conduit’s 
cross-sectional area divided by the perimeter of the conduit 
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4 πD2
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Example: Forced convection in a duct 

•  Air is flowing in a 2’ x 2’ square duct at 1600 CFM 
•  What is the convective heat transfer coefficient between the 

surface of the duct walls and the air moving through the 
duct? 
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Convective “R-value” 

•  Convective heat transfer can also be translated to an 
‘effective conductive layer’ in contact with air 
–  Allows us to assign an R-value to it 

Rconv =
1
hconv
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Convection example 

•  What were the convective resistances from the previous 
example of the classroom wall? 

•  How does the convective thermal resistance compare to that 
of insulation in building walls and roofs? 
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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 fluid 
flow (e.g., air or water) 
–  Fluids, such as air, have the capacity to store heat, so fluids flowing 

into or out of a control volume also carry heat with it 
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Qbulk =m
•

CpΔT [W]=[ kg
s
⋅
J

kg⋅K
⋅K]

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



Convection and heat exchangers 

•  Heat exchangers are used widely in buildings 
•  Heat exchangers are devices in which two fluid streams, 

usually separated from each other by a solid wall, exchange 
thermal energy by convection 
–  One fluid is typically heated, one is typically cooled 

•  Fluids may be gases, liquids, or vapors 
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UoAo =
1

Rconv ,i + Rpipe + Rconv ,o



Heat exchangers 

•  Parallel flow: fluids flowing in the same direction 
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Tcold,in 

Thot,in 

Tcold,out 

Thot,out 



Heat exchangers 

•  Counterflow: one fluid flows in the opposite direction 
–  More efficient than parallel flow 
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Tcold,in 

Thot,in 

Tcold,out 

Thot,out 



Heat exchangers 

•  Heat transfer in heat exchangers 

•  Method for predicting heat transfer rate in heat exchangers: 
–   -NTU method: Effectiveness number-of-transfer-units approach 
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Heat exchangers:    -NTU method 

•  Define effectiveness: ratio of actual to maximum possible 
heat transfer rates 

•  This maximum rate of heat transfer is limited to the product 
of the maximum temperature difference across the heat 
exchanger and the minimum fluid capacitance rate: 

•  The idea is that heat transfer will almost never be its 
maximum because the hot and cold T’s are constantly 
changing (and changing the driving force) 
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∈ =
Q
Qmax

Q =∈( mCp )min Thot ,in −Tcold ,in( )



Heat exchangers:    -NTU method 

•  The effectiveness of different types of heat exchangers can 
be described with various equations, all using the term 
number of transfer units, or “NTU” 
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NTU =
UoAo
( mCp )min

Where the denominator is the smaller of the two fluid capacitance rates: Cmin = ( mCp )min



Heat exchangers:    -NTU method 
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This subject is 
covered in detail 
in CAE 464 
HVAC Design 



Heat exchanger example 

•  Example: Potable service water is heated in a building from 
20°C at a rate of 70 kg/min by using nonpotable pressurized 
water from a boiler at 110°C in a single-pass counterflow heat 
exchanger 

•  Find the heat transfer rate if the hot water flow is 90 kg/min 
•  Also find exit temperatures of both streams 

–  Note: The overall U value is 320 W/(m2K) and the transfer area is 20 m2 
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