CVEN 5070

Answer all questions - Name:

Thermal Analysis of Buildings

Fall 1998

SotLunion

Open book, notes, and handouts

1. {25 points)
The wall section shown in Figure 1 consists of 4 1n.
face brick {material A) on the outside and 6 in.
concrete (material B) on the inside. The inside
convection coefficient is 1.64 Btu/hr fi2°F and the
outside convection coefficient is 5.88 Btwhr f2°F.
The thermal properties of the materials are given in
Table 1. An explicit finite difference scheme is to be
employed to analyze the one-dimensional heat transfer
through the wall. Spatial nodes are to be placed at the
two surfaces and at one-inch intervals through the
wall.

a) List the complete set of criteria that must be
considered to determine the maximum time-
step for stability.

b) What is the maximum time-step?

Table 1: Properties of wall materials

Property Material A Material B
Density 130 Ib/ft 140 Ib/ft3
Conductivity 0.75 Biwhr ft°F | 1.00 Brw/hr f°F
Specific Heat 0.19 BwIb°F | 0.22 BaIb°F
Thermal Diffusivity | 8.43 x 106 %/s | 9.02 x 106 a2/5
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Figure 1: Sample wall section
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2. (20 points) -
Consider a linear and homogeneous thermal system initially at zero. The response of the
system, %(?), to a unit step input can be characterized by the unit response Uf?).

Uty=1-e"*"

Instead of the unit step input, let the system be exposed to a sinusoidal input of the form

e —

at
Using Duhamel’s theorem and the attached table of integrals, develop an equation for the
response of the sytem.

F(f) = sin(9) dFO) ¢

t F(z)
Ao - | Uy B ae
.‘1: — —
wldy = [ (1-€ « T“V") 08 T AT
t TAh £
—+ \
= [s‘m 'c} — e r ___6:’____(-,; cost+55n'c)]
0 ]/_l,z" + | &
o S ) o
= <Sih - '“-{- _f_
oo ( L tost +Sint ) + e (b)
I Y
= éz“”l sint + [::(C b-—(‘c}&'f’}
Exam#ti PaGE 3 11/5/98




CVEN 5070 Thermal Analysis of Buildings Fall 1998
M

3. (10 points) -
The wall shown in the figure has been characterized \/\
using transfer function coefficients for use in a building
computer simulation program. The transfer function Py Cp K

coefficients have been generated for a specific set of
wall construction and thermal characteristics and
convection heat transfer coefficients using one hour
time intervals.

TTm,h2

a) Briefly describe the assumptions and limitations in Ty T

using these transfer function coefficients.

\/\

«— L —»

b) Bricfly describe how to include the effects of solar radiation on the outside surface of the
wall using the transfer function approach.
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4. (20 points) :
Building thermal analyses are often performed on an hourly basis using measured weather
data. Response factors are typically developed for one hour time steps using unit triangular
pulses with a base of 2 hours. Figure 2 shows the heat flux at the indoor and outdoor surface
for a wall exposed to a unit triangular pulse in outdoor temperature with a base of 2 hours.
Instead, consider the case of a response factor analysis with half hour time steps. Qualitatively
sketch (on the figure) the expected heat flows to a unit triangular pulse in outdoor temperature
with a base of 1 hour, and identify the X; andY; response factors for the analysis with half hour

time steps.
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5. (25 points) - - :
A typical frame wall with 4 inches insulation has the following transfer function coefficients

for use with 1 hour time steps. (b, and ¢, have units of W/m®*°C)

n b, d,
0 0.00270 1.00000
1 0.05585 -0.81542
2 0.06706 0.20105
3 0.00944 -0.01425

Scn = 043505
n=0

The wall is initially at 20°C. Assume no solar radiation on the cutside surface. Complete the
following table.

Qutdoor Indoor Indoor
Time Temperature  Temperature  Heat Flux
(r) (°C) 0 (W/m'’)
0 20.0 20.0 0.0
1 225 20.0 ©.00b7S5
2 242 20.0 0-1sb47
3 258 20.0 0. 5441

LI(,*) = p0027(225)+ (0065585 + 0 06700+ 0 00742 (20 )
- p.13505 (z0) - ©
%(,3 T 0.00675 W/in©
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G (3 = 0.00r7( 258) + 6.05Te5 (24T +
613505 (20) — (0. 8542 (015647 = 5, 2.0105 (000675
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MIDTERM TAKE-HOME EXAM &)LL\'HON

In Homework #3 you developed an analytical solution for the heat fluxes at the surfaces of a plane
wall exposed to a triangular pulse in surface temperature. In Homework #4/5, you used this
solution with superposition theory to develop the solution for the time-varying outside surface
temperature profile shown in Figure 1. The solution was based on the principle that the continuous
temperature profile could be approximated as the sum of a series of triangular profiles, giving a
trapezoidal approximation to the function. For this exam, you will essentially repeat these
developments using a rectanguiar temperature pulse to represent the continuous variation in
outdoor temperature.

Consider a wall, 20 cm thick, constructed of common brick. The thermal properties of the wall are
given in Table 1. The entire wall is initially at 20°C and inside surface temperature is held
constant at 20°C.

a) Using superposition and the response of a plane wall to a step change in surface
temperature, develop general expressions for the heat flux at both surfaces as a
function of time for a rectangular pulse in outside surface temperature. Consider the
wall to initially be at a uniform temperature of T, and the surface triangular
temperature to reach a maximim temperature of 7, and d as shown in Figure 2.

Define X3,Y;, and Z; response factors in the same way as previously defined, except that a

rectangular pulse of base d is used in place of a triangular pulse of base 2d. In other words, the &}
response factor describes the heat transfer from the outdoors into the outside surface at time 7=jd
for a unit rectangular pulse in outdoor temperature, centered around /=0 with base d. The }:,
response factor describes the heat transfer into the room through the inside surface for a unit
triangular pulse in outdoor temperature. (The }} response factor also describes the heat transfer
out of the outside surface 1o the outdoors for a unit triangular pulse in indoor temperature.) The Z i
response factor describes the heat transfer from the room to the inside surface for a unit tnangular
pulse in indoor temperature.

b) Ford = 1 hour, determine the values of X, -,I}-, and Zj

Consider that the outside surface temperature varies with time according to the steady periodic
profile of Figure 1. (That is, the outside surface has been exposed to this periodic profile for a
long period of time and will continue to be exposed to the profile in the future.)

¢) Develop the steady periodic heat flux profiles at the inside and outside surfaces using
Duhamel's theorem.

d) Develop the steady periodic heat flux profiles at the inside and outside surfaces using
the response factor method.

¢) Compare the solutions of ¢), and d) and discuss any differences.
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THERMAL ANALYSIS OF BUILDINGS

Tsable 1: Properties of common brick

Property Value

Density 1600 kg/m?>

Conductivity 0.69 W/m C

Specific Heat 0.84 kl/kg C

Thermal Diffusivity 5.2 x 10~ m%ss
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Figure 1: Qutdoor surface temperature

Rectangular Pulse Boundary Condition
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Figure 2: Rectangular pulse in outside surface temperature
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