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' ' ABSTRACT
¥
A two year experimental and analytical study of the
energy flows in a dinsulated masonry structure in
a northern climate was-undertaken. The experimental part. .

of the study involved thellfesting of a single storey,

P
, ™~

"uninhabited, “electrically heated _masonfy . modulé,

'

7400 x 6800 mm in plan, with full height double wythe walls
: . 9
and concrete basements. The insulation used in 9QZ of the
wall area Qas polyurethane foam, the remaining 10% was
insulated with’vermiculite. - For éomparison, a co;vectional
wood frame module of similar diménsions on the same site was-
also tested. Duringb pmg first heafing season the only 
difference between the fwo modules was their above grade
. : . {
"walls. For - the second heating season, two.skuth facing‘
windows were installed in the masonry modulﬁ,“ and vno
mod%fications were made to the wood frame module?

During the first heating season the heat transmission

losses of the masonry module were 81% of. the wood frame
. . ‘\\J

.module. The addition of the south facing windowskyﬁcreased
the relative heat transmission losses of the masonry module
3%, to B84%Z of the xgpd< frame module. The natural air
infiltration rates of the masonry module ‘were 60%, and 757,
of the wood frame module for the first and second heating
seasons, respectively.

The thermal resistance of the walls and ceiling of the

masonry module were measured, and were 1in good ' agreement

Gv)



L]

with resistances calculated using'loné dimensional steady
state heat transfer theory. The measured thérﬁai resistance
of the walls indicated that the conductivity of the
"~ polyurethane 1is that of an ‘unaged foam. There was no

measurable aging of the polyurethane over the two years of

»
Y

this study. s

The influence of wthe metal ties in the walls were
modelled with the finite élement method. Results for a
. simplified wall' model showed that phz wall's thermal
resistance should be  lowered by 107Z. This result cduld‘not
be confirmed experimenta]ly. ’

The use of masonry was found to have a significant
effect on the time 1lag of the heat transfer through the

walls, but during cool down there was no energy recovery

from the masonry back to the air in the module's interior.

(v)
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HAPTER 1

[}

P

INTRODUCTION
» B

]
i

Iy

In the 1970's rising energy ggs%gvbrought an a@areness
of the need for energy conservation. A re§iew of the
sectors of energy consumption‘in Canada shows that- almoét
20Z of all the energy consumed goes tdyards rgsidential
heating (1) . The potential for energy savings from home

. : |
heating is therefore 1large, and of national priority when
faced with potential.futuré energy supply problems.

v

Concerns about fhelamount of energy used in residential
) :
buildings 1led to many suggestions for the modification of
existing housiﬁg deéign; These suggestions varied‘widely,
from simply ‘upgrading insulétion'levelé, to more élaborate
schemes involving passive‘and/or active solar heating. A
major. problem existed as little qrfno.quantitaﬁive data‘wés
available for proper evaluation of many of these schemes.
Compounding the problem for CanadaA,was that little-research
had been done in a northérﬁ climate.
. One building QeSign of ‘interest inyéiy§5i.ﬁﬁe“QSé% df‘
large quantities of masonry in the abovewgféﬁé f%éiié&?§fé
structure, This typé of house designjis capggiéﬁbfA;ﬁéfing

+

‘relatively large quantities of energy in 6 its above grade

* numbers in parenthesis indicate references



walls. This work will summarize the results of a two year
investigation conducted at the Alberta Home Heating Research
. - \\ N

Facility (AHHRF) into the thermal perfoxmance of a masonry

Structure. ’\
The objective of this study was té better understand

y

the above grade envelope losses of a rekidential masonry

. _ . . e .
structure in a northern <climate. Primary concerns were

with
1) ‘the overall thermal performance ¢f the masonry
structure relative to a more poﬁventional wood
framéd stru;ture

2) the influence of the thermal mass on the above grade

transmission losses

3) the air-tightness of a masonry structure

A) the thermal performance ofl the foamed-in-place

N

insulation e

5) the effects of adding south facing windows

Before going into details about the‘masonryv module, a
brief description of the entire Facility may bé useful.
. Since 1979 the AHHRF has been used to studylthe envelobe
losses from both conventional and . non-conventional
demonstration modules. The AHHRF is an experimental
‘research facility , consisting of six“siﬁgle storey modules,
each 7400 x:6800.mm in plan, with full height walls and

-

concrete basements. As shown in Figure 1. these

"uninhabited modules are located in a single east-we€st row on
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Figure 1.1 Alberta Home Heating Research Facility
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Fach

University of Alberta Farm, near FEllerslie, Alberta,.

module was designed with a conservation and heating

strategy different from the other modules:

Module 1 : Masonry module - contains a large amount of
.

structural mass 1inside the wall's main insulating

layer.

Module 2 : Retrofit module - ‘Constructed with very

low levels of insulation in the ceiling and walls, and

none in the basement. The module's insulation levels

are slowly beiﬁg upgraded to determine the

effectiveness of retrofitting a étructure.

Module 3 : Conservation module - represents the extreme

limit of insulation 1leWls in the c%iling, walls, and

basement.

Module 4 Passive Module - has two very large south

facing windows, and a substantial amount of thermal

~mass inside the module.

“Module 5 : Reference module - construction is typical
of post - 1975 wood framed residential houses.

.Module 6 : Active Air module - similar to Module 5,

except module is fitted with an active air solar

collector system.

The insulation values for each of the modules are listed in
Table 1.1, and other construction details relevant to the -
modqfes' performancé are listed in Table 1.2. .Complete

construction details for the Facility have been reported

previously (2).



Table '.' Nominal Insulation Values for Modules (RSI, (R English))

Vermiculite section (10% of wall area).

Depth below grade.
1

Module Ceiling Basements
- PR (a) ()
1. Masonry 2. (12) 2.59 (14.7) 1.76 (10) to 610 mm
g | 1,06 (6.0)(P)
2. Retrofit 1.41 (8) ] none
3, Conservation: 7.04 (40) - 3.52 (20) full height
4. Passive 3.52 (20) 1.76 (10) to 610 m'c)
5. Referende.y 1.76 (10) 1.76 (10) to 610 m¢)
6. Active Air 1.76 (1n) 1.76 (10) to 610 mm (€)
(a) Polyurethane section (90% of wall area), based on conductivity of
: fully aged foamed-in-place polyurethane from ASHRAE Fundamentals
1981,
(b)
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_____ s

The philosophy of the project has been to make anpual
changbs to the modulés, and through comparison with an
unmodified reference module, quantify *the effects of the
changes, The reference module used fér comparison with the
masonry module is Module 5., There were Qovvral reasons for
solectiné Module 5

" house construction

I') Module 5 represents "standarc
2) Module 5 has remained unmodified for five years

3) Differences in construction details ~  between

s |

Modules 1 and are limited to the above grade

walis{ as the basements and ceilings are identical.
M Construction details of Module 5 are 1listed in
Tab}e Al (or A2 - FEnglish units)
What gollows in this Chapter is a detailed description
of the masonry module, the modifications‘ made to it between

heating seasons, and the data collection system used in

monitoring its performance.

1.1 Construction Details of the Masonry Module
= . .

V¥
The masonry module, shown in elevation in Figure 1.2,

has most of the same overall dimen-ions as the other
modules. Common features ‘to all modules are their gable
roofs on élevated roof trusses and full concrete basements,
The elevated roof trusses permit var&ing thicknesses of
insulation to be installed without structural modificatidns.

The basements extend 1900 mm below grade with weeping tiles
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-

around the perimeter of their foundations. All modules,
except Module 3, have a 152 mm class B flue vent terminating
1300 mm above the basement floor. These vents are usvd’to
induce pressure distributions similar to those found in
residential structures.

The above grade walls of Module 1 afe commonly known as
a double wythe, or cavity, walls. Figure 1.3 showslthv
double wythe wall in cross section. This type of wall was
selected for study because it contains a significant amount
of mass inside its ~main insulating layer. qu types of

insulation were installed in the 64 mm gap hetween the

facing bricks and the load carrying concrete blocks. All
"east, west, and south walls are solely foamed-in-place
polyurethane insulation. One third of the north wall was

insulated with poured-in-place vermiculite, as indicated in
Figure 1.2. The remainder of the north wall is
polyurethane. It should be noted that during construction
of the walls, great care was taken to ensure that the wall
cavity was kept clear of mortar té avoid thermal bridging.
Plate 1.1 1is a photograph detailing the walls under
construction,

Plate 1.2 is a photograph of the masonry module taken
after its construction in the fqil of 1983, The masonry
module was constructed without'south facing windows. During
the‘§ummeﬁ of 1984, two south facing windows were added to

the module, as shown 1in Plate 1.3, The addition of south

facing windows were the only structural modification made to
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Plate 1.1
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Photograph of Double Wythe Wall durlng
Construction
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Plate 1.2 Photograph of Masonry Module - 1983-4 Heating
Season 4
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Plate 1.3 Photograph of Masonry Module - 1984-5 Heating
- Season '



the masonry module during this *study. ..The reference module
. ‘ - A ) . )
did not have south facing windows in either the 1983-4 or

1984-5 heating seasons. The basic dimensions and

construction details of the masonry module are given in

Tables 1.3A and 1.3B.
The only other modification made to Module 1 was to
install a proportional controller on the heating system
. . .

dufing the summer of 1984. This type of controller allowed

the heating system to vary the module's energy input as

¢

changes in the heating 1load occurred. The controller

yeliminated furnace cycling "and much of the interior
/,{_‘; . . Sy .

temperature fluctuations, which are normally encountered

with an Qﬁ—off type thermostat. Being able to control and

|
measure the subtle changes. in module heating load helps in
studying short term phenomena (example - effects of solar

gains).

1.2-Data Acquisition System

In'order to obtain a good unaerstanding-pf the thermal
behavior of any of the modulés,'severalffparameters must be
accurately measured and recorded. bn sitel at the Alberta
Home Heating Research Facility there are two Hewlett-Packard
HP-85 computerbbased data acquisition systems., One system
is . used solely to control and monitor hatural air
infiltretién experiments and several related paramefers.

»

The second system, the main data acquisition system, records
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Table 1.3A

- SPECIFICATIONS - MODULE 1 - MASONRY MODULE (SI units)

*

Exterior Dimensions ' 6800 x 7400 mm
I'nterior Dimensions 4% 6250 x 6860 mm
Main Floor Wall Height 2440 mm
Basement: Wall Height 2440 mm

Wall Thickness : 200 mm

Floor Thickness - 100 mm

Ceiling Construction.

- standard truss with 610 mm bobtail

- 38 x 89 mm rafters, 610 mm on center
fibefglass insulation, RST = 2.11 ‘
0.152- mm polyethelene air-vapor barrier
13 mm gypsum wallboard

Wall Construction .
- 76 mm (nominal) burn clay brick
- 64 mm insulating layer
(foamed-in-place polyurethane - 90% of wall area
poured-in-place vermiculite - 1G% of'wall area)
100 mm (nominal) concrete block -:
0.152 mm polyethelene air-vapor barrler
- 25.4 mm air space . BT ) o
13 mm gypsum wallboard h
LT
Windows ’ -
North Wall - 1000 x 1950 mm sealed unit (double glazed)
South Wall - none, 1983-4 ; 2 - 1220 x 1220 mm sealed
units, 1984-5 :

|

Eaiﬁ Wall - 1000 x 1950 mm horlzontal slider, aluminum
frame

West Wall - 1000 x 1950 mm horizontal slider, ’aluminum

: frame M :

Door .
- 910 x 2030 mm solid core fir

Basement Insulation ‘
- 51 mm polystyrene extending 610 mm below grade
RSI = 1.76 ' o
- 13 mm pressure treated plywood covering

Aux1llary Heating
- 10 kW electric duct heater

Interior Finiéh
- painted walls
- icarpeted floor

15
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Table 1.3B

SPECIFICATIONS - MODULE 1 - MASONRY MODULE (English units)

Exterior Dimensions ‘ 22.3 x 24.2 feet
. Interior Dimensions 20.3.x 22.5 feet
Main Floor Wall Height 8 feet .
Basement : Wall Height 8 feet
Wall Thickness 8 inches
Floor Thickness 4 inches

Ceiling Construction

- standard truss with 2 foot bobtail

-~ 2 x 4 inch rafters on 24 inch center
- fiberglass insulation, R-12

- 6 mil polyethelene air-vapor barrier
- 1/2 inch gypsum wallboard

v

»

Wall Construction
- 3 inch (nominal) burn clay brick
~ 2.5 inch insulating layer ‘
(foamed-in-place polyurethane - 907 of wall area
poured-in-place vermiculite - 107 of wall area)
- 4 inch (nominal) concrete block
- 6 mil polyethelene air-vapor barrier

- 174 i ce
- 1/2 inch gypsum wallboard

Windows ‘
North Wall - 40 x 76 inch sealed unit (double
glazed) .
South Wall - none, 1983-4 ; 2 - 48 x 48 inch sealed
units, 1984-5 , .
East Wall - 40 x 76 inch horizontal slider,
: aluminum frame
West Wall - 40 x 76 inch horizontal slider,
aluminum frame
Door

- 36 x 80 inch

Basement Insulation .
- 2 inches polystyrene extending 2 feet below
grade, R-10 . ‘ ’
- 1/2 inch pressure treated plywood insulation
covering ' :

Auxiliary Heating
- 10 kW electric duct heater

Interior Finish
- painted walls
- carpeted floor



all module and environmental measurements., The main
computer. system, throuéﬁ‘ a multiplexer, is cabable of
accepting multiple inpﬁts from seﬁéors located throgghout
the Facility. . Once évery two minutes the logger %cans
through iﬁsﬁwmore than one hundred channels of inputs, and
temporariy& étores the signals. At the end of each hour the
i
signals.af; averaged and transferred to magnetic tape. The
magnetic”tape is then brought baék to the university where
Cn
the data is transferred to the main frame pomputér for
.analysis.
Measurements taken at the Facility include:
1) Environmental ﬁeésurements

i - ambient temperature
ent temperat

- several ground temperatures

- exterfor éurface temperature on a
south facing wall

- radiation at various orientations

- wind speed and direction at 10000 mm
heighg, at two locations

2) Module Measurements

electrical energy input

- interior temperatures

component heat fluxes

natural air infiltrdtion rates
A detailed description of all the environmental and module
measurements, taken at the Facility are presented in

Appendix B.
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1.2.1 Measurement Detajlg;bf the Masonfy Module

The masonry  wallsy unlike many other building
components, do not have their therha] properties dominated
by a single material. The combination of similar
thickgesses of both masonry and insulation elements, aldng
with the air gap and wallboard, makes the study of the
wall's dynamic heat transfer fairly complex. Since the

overall thickness of the walls are almost 270 mm, and the

insulation and concrete blocks having low thermal
diffusivities, the masonry wall's response to changes in

, ,
~ambient <conditions will be relatively slow. Tt is expected

to take several héurs for changes in exterior temperature to
d,bé realized, in terms of heat flux changes, at the modules
interior surface. .This large delay in wall response limits
the usefulness of heét flux measurements in the ShortAtérm.
Therefore, to monitor more <clearly the effects of each of
the different materialé in the wall, several thermocouples
were installed inside the wall section.

“A total of twelve thermo;ouples were installed within
the walls at three locations. Two sets of thermocouples
were 4loca£€d inside the module's north wall - one in‘the
vermiculite section and one in the polyurethane section.
The third set was installed inside the module's south wall.
At each lccation Fhree thermocouples were mounted inside the
insulating layer. One thermocouplé wags fixed to the

interior side of the facing bricks, one fixed to the

exterior side of the concrete blocks, .and the third



positioned 1in approximately the center of the insulation
layer. At cach location a fourth thermocouple was also
mounted to Lhe interior side of the concrete blocks.
Figure 1.4 shows the positioning of the thermocouples within
the wall, and Figure 1.5 shows their location within the
module. Also shown in this latter figure are:the locations

of the twelve heat flux transducers in thé masonry module.
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. CHAPTER 2 s

LONG TERM THERMAL PERFORMANCE OF MASONRY MODULE

, )
There are two different approaches that can be taken

when analyzing the energy aspects of a structure, one being
the "short term" (typically a few hoursj and the other the
"long term" (typically a few days or longef).v This chépter
will deal solely with the léng term thermal pprform;nce-of

the masonry module.

The concepts of "short term" and "long terms'" may seem
[ ]
ambiguous at first, but, in terms of this work, they are
given formal definitions. The "short term" approach refers

to the transient, or periodic behavior of a structure in
response to the changing ambient conditions. The "short
term" is then‘usually confined to events héppening within
one day. The '"long term" approach looks beybnd the short
term transient behavior of a building, and concentrates ohly
on the overall results. The '"long term" can usually avoid
the effects of the transients by averaging oWer a
sufficiently long period of time. |
Consider for example the heat transfer through a slab,
one side of which?is held at avconsténg temperaﬁure, and the
other side is subject to a harmoniﬁall} varying temperature.

In general, the slab is not only transferring heat but is

also Eemporarily storing (or releasing) energy. When

—
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averaged over one cyele, ovefl the long term, there %s no
N . 4 ‘ . .. . ]
change in internal energy of the slab, and net heat transfer
then becomes independent of the cycling temperature,
Therefore, the long term often refers to the averaging ovey
a period long enough so that any change in internal energy
is negligible compared to the amount of \énergy transfored,

(Further discussion of this approach can be found in (39.)

Since changes in internal energy are ignored, the long term

performance of a module will appear independent of its

“

thermal capacitance, and deperdent just on its thermal

resistance.

The first part of this chapter will be a prediction of

the long term heat 1loss from the masonry module. The
’ ' . o h‘
prediction method used 1is that presented in the American

Society of Heat;ng, Refrigerating, and Air—Conditioniﬂg
_Ehgineers (ASHRAE) Fundamentals Handbook (4). A more
detailedopredicﬁion w&}l also e made for fhé masonry walls,
including the use of finite element techniques to deal with
the effectsvﬂof theb metal ties that thermally bridge the

3

~wall"s main insulating layer. The last part of this chapter
will present the ' 1long term experimental results of ‘the
~

masonry module that were <collected over the two heating

seasons.

[
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2.1 Predicted Long Term Energy Loss

The approach commonly ‘used in predicting the energy

i

loss from a building is relati:-ly straight forward, but can

often be'difficult'to,apgly. A building is first divided up

into 1its components, and each . component's energy loss is

4 .
calculated separately. The building's total energy loss 1is

then theléum of the individual componen; losses.

The above grade portiéﬁ of a building (walls, cei}ing,
doors, - and windows) have theif oyerail thermal resiétaﬁce
caléulated uSing one dimensional steady state heat transfer
‘theory. The heat transfer tﬁrough‘ Qalls and .doors 1is
stﬁélly.simplé en:ugh to calculate, but ceilings and wiadows

o . 7

can be' more difficult. The héét.(transfer through the

ceiling can be strongly dependent on the type of roof

; structure which is on the .building. The roof keeps the
(."” . S B . . .

% attic temperature somewhat above  ambient ‘temperature,

therefore reducing the heat loss through the ceiling. Since

windows allow. solar radiation to entefv directly into a
; building; the window's net energy transfer can be very
“difficult to calculate.

The energy loss from the below é}adé portidn of a

building is generally more difficult ntd“predict “than the

, above grade portion.  Heat loss from the basements are not,
only to the atmosphere, but also to the deep ground. To
. complicate the prediction, soil conductivity is hard to
. &y . _ : .

. estimate since it is highly dependent on its water content.
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The'finai energy loss one would like to predict is the
loss due to a buildings natural air infiltration. Air
infiltration rates are a function of indoor-outdoor
temperature difference , wind speed, wind direction, and the
number and: type of holes ®in the ©building's gnvélope;
Predictions of natural air infiltration rates are often no
better than educated :'guesses. Because the natural air

infiltration rates were to be measured in this study no

prediction was attempted. ’ .
. ¢ / /'

It is obvioué that a complete and thofoUgﬁ predictﬁdn
of, a. building's energy. con&mption would be an enormous

undertaking. There are simpli§fied ~methods available that.

.allow a rgasonable prediction of energy consumption to be

3

made without extensive calculations. The ‘recognized
stgpdard‘amohk‘ﬁhese simplified methéds is presented in the //
. ASHRAE Fundamentals Handbook (4). _ , ;S
2.1.1 ASHRAE };ediction | - : 4ﬂ’;@
This ,sectibn will present the results of. the ASHRAE (
prediction 'for the masoﬁry and references modules. Tﬁe |

calculations dinvolved in the ASHRAE prediction are rather
long .and tedious. These ' calculations are presented in

Appendix C.

The major_}difficulty in using the ASHRAE Handbook is

accurately estimating the in-situ thermal properties of some
fl

building materials. The ASHRAE Handbook contains an

extensive listing of building material properties, but it is

b
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sometimes difficult to determine which property applies to @
specific situations. In many cases, materials-are listed in

ASHRAE - as ha;ing a range of thermai properties; depending

'

upoh other related  parameters. .For example, the
conductivity of the foa;ed—in:placé polyurethanevinsulation
that was used in the'mgsonry module can véry between 0.0144
and 0.0317 W/m-°C (4). The actual‘.conductivity of any
particular specimen of polyurethane is a function of its
density, "age",‘éell size, surface‘finish, méan temperature,

type of Dblowing gas used in expanding the foam, and -the

relative humidity of the air within the foam cells_(5,6).

A
L o . .

Many of these related-parameteré‘are difficult to estimate

"in a non-laboratory situation.

To get around this problem of uncertainty\in some of

~the maperials' properties , the ASHRAE prediction was done

for the range of those materials' possible properties.

0 - %
. Thereby defining an upper and lower ©bound for kthe ASHRAE

prediction: | Sho@n in Table 2.1 are the results of the
ASHRAE prediction for the ‘masonry module (with and without
the south facing windows), and for the reference module.
The lowefl’bound of' the ASHRAE prediction was calculated
using the mést reéistive thermal properties that could be

éxpected for any of the building materials that have

uncertainty associated with them. This 1dwer_pound of the

€

ASHRAE pfediction 1is shown in brackets 1in Table 2.1. The
uppegw bound of the ASHRAE prediction‘was calculated using

the building materials' least resistive thermal properties.

20



‘ Table 2.1
Summary of ASHRAE Predicted Overall Transmission Coefficients (W/°C)
(not including air infiltration)

Module 1 | Mo.du1e 1 i
Component Without South With South Module 5
. ' Facing Windows Facing Windows : Co
Ceiling . | 19.2 | 19.2 | 22.0
Main Walls 23.6(0) (15.4)(3) | 22.7(2) (14, 9)(a) 2.9 |y
Doors I 5.2 - 5.2 2.0 :
Windows 18,5 - 26.8 15.8
Basement Walls 3. . 32.4 : 35.4(§)
Basement Floor 6.8 . . 6.8 . 6.8v{\\-‘
« Total . 05,7 ‘(97.5) 4 113.1 (105.5) 114.9

Note: Values in brackets are the lower bound of ASHRAE prediction,
otherwise the value are the upper bound.

(a). fndudeﬁst space



The upper bound of the prediction, as well as component
predictions that had no uncertainty associated with their
!

thermal properties are shown as regular entrees in Table 2.1

(that is, not in brackets). ' /

~

‘The results of - the ASHRAE prediction are in'terms( of

overall transmission coefficients (uA) for all Q\F
components of thevmodﬁles. At the bottOmlof Table 2.1 are

the totals of 'the transmissipn coefficients for the two

modules. It “should be noted that these ASHRAE predictions do

not include the heating 1load from the modules' air
infiltration.
The expected heat transfer through any of the

components, or from the entire module, can be calculated

from Equation 2.1.

Q = UA x AT (2.1)
where: Q - rate of heat transfer (W)
UA - overall transmission coefficient (W/OC)
AT - indoor-outdoor temperature (°C)

The overall transmission coefficient can be related to

"the overall thermal resistance by

R = A / UA (2.2)

where: R - overall thermal resistance (bC/W'mZ)

28
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A - area (m2)
" UA - overall transmission coefficient (W/°C)
The percent contribution of the total'predicted heat
loss for each of the components in both Modules 1 and 5 is
shown in Table 2.2. The distribution of the heating load

for both modules shows that the modules' walls are only a

small ﬁart of their heating energy requirements. With the.

" two modules having identical basements, and very similar
ceilings, doors, and windowg., their heat overall loss should

also be very similar.

2.1.2 Detailed Eredictiog;for Masonry Walls

—_——_— 3

A review of Table 2.1 shows that the above gréde walls

r

of the masonry module' is the only component ‘with any
uncertainty in its'ASHRAE' prediction. Some elements within
‘the walls, ylike‘ the vermiculité,'cohcrete blocks; facing
bricks, and wallboard, pose no ;;oblem in estimating gheir
thermal properties. Other elements, like the polyurethane,
. the air gap, -and the métal ties, all have some notable
uncertainty in their thermal properties.

In this. section: - a closer analysis~'of the masonr'y

module's = walls - will be made to remove some of the
. ‘

uncertainty in the ASHRAE prediction.

o

PolyurethaneuFoam

)

By far, the most significant uncertainty in predicting

29



Table 2,2

ASHRAE Predicted Percent Contribution of Heating Load (%)
(not including air infiltration)

u Module 1 Module 1
Component Without South With South Module 5 .

Facing Windows Facing Windows

Ceiling 18.2 (19.7) 17.0 (18.2) 19.1

Main Walls 22,3 (15.8) 20,1 (14.1) 28.6

Doors 4.9 (5.3) 4.6 (4.9) 1.7

Windows 17.5 (19.0) 23.7 (25.4) 13.8

Basemené Walls 30-6« (33.2) 28.6 (30.7) 30.8

Bésement Floor 6.5 (7.0) | 6;0 (6.4)

© 5.9

Note: Valdes in brackets are the lower bound of ASHRAE prediction,
\\?5herwise the value are the upper bound.
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the heat transfer through the masonry walls is estimating
the thermal conductivity of the polyurethane foam. The
foamedgin—place‘ polyurethane atts as the main inéulatfhg
layer for,902‘ of thé module's wall area. " As pointed out
- previously there are man? fac%oré. th;t kcan' effect the
conductivity of the polyuretﬁaﬁe foam. The dofinate among
these factors are the foam'q density, the gas used to'exgénd
the foam.,‘and the "age" of the foam (5;6).

The foam installed in the masdnry module was expanded
with the refrigerant R11 to an intended density of 40 kg/m3.
Assuming the actual density of the foam is 40 kg/m3, the
conductivity of the foam can still range between 0.0159 and

- 0.0226 W/m-°C, depending on the age of the foam.

The age of a foam describes how much its thermal

properties have deteriorated since it was first foamed,

which is not related directly to a foam's chronological age.
All polyurethane foams age in a similar manner, but the rate

of aging 1is strongly dependent upon environmental factors

(5;6). IInitially, the. cells of foam are filled almost
exclusively with the.blowing gas. If the blowing gas has a
high molecular weight, 1like a refrigerant, the thermal
'conducﬁivity of  the foam will be ;relatively low. Aging of

-the foam begins as air diffuses inward, and since air's

¢

molecular weight is less than that of a refrigerant's, the

thermal conductivity of.  the foam increases. This inward
diffusion of air is sometimes called the foam's '"primary

aging" . tage. Primary aging stops when the air inside the



cells reach some equilibrium concentration. Also occurring,

but usually at a much slower rate, is the outward diffusion

of refrigerant gas. As the refrigerant diffuses outward,.
called "secondary aging", the thermal conductivity of the
foam slowly increases. Aging finally stops when there is

only a small percentage of the refrigerant remaining in the
cells. Depending on many fachrs, ‘the complete aging of
polyurethane foams can reportedly occur in less than one
year, or take more*than one hundred years (6)..

Certain conditions can accelerate the aging process.of
polyurethane foams, =such as, elevated temperatures, cut
specimen (the removal of the outer'skin), thin specimen, and
high humidity. Most laboratory tests to determine the aging

rate of polyurefhane foams have been done on 25.4 mm thiék

cut specimens which have been held at elevated témperatures 

for specified lengths of time. Very 1little data 1is
available for the aging of polyurethane foam under the
conditions similar to those found in the wall cavity of

" Module 1. Knox (5) does report that an uncut specimen, at
. A - - A./——_ﬂ

—— e, -

room temperature, did not shOW\fny signs of aging over a 720
i
day period. Noting that the ‘polyurethane used in Module 1

is 64 mm thick, uncut, and has a mean temperature generally

below room temperature, then, probably no aging has occurred

32

during this ‘study's test period. The expected 'conduct;ivit}’

of the foamed-in-place polyurethane is therefore estimated

to be 0.0159 W/m-°C.



Air Gap

To provide a conventjonai interior finish to the
masonry module it was necessary to use furrings to mount the
wallboard to the <concrete blocks. These metal furrings
created a 25.4 mm air gap between the concrete blocks and
the wallboard. On the exterior side of the air gap, against
the concrete blocks, is the wall's air-vapor barrier.

The heat transfer across an air gap is a $om5ination of
conduction, convection, and radiation. The approach usually
taken in estimating the heat transfer across a plane
vertical air space is to divide up the heat transférred into

its different modes. The conduction and natural convéction

is calculated separately from phe radiation heat transfer.
The rate of heat transfer by conduction and convection 1is
based on -experimental results, and the radiation heat
transfer is approximated from the solution for two iﬁfinite
parallel planes (7,8).

As long as the air gap reméiné a uniform thickness, the
conduction/convection component .can either be calculéted
fromisemi—empirical relationships (9) or approximéted from a
set‘of figures (10). There is very good agreement among
methods for predicting (the heat transfer by conduction and
convection. i

The radiation heat transfer would be simple to
calculate if all the material properties were known. The

problem is in calculating the effective emittance between

the two surfaces. The emissivity of the wallboard. surface,



like many construction materials, can be approximated as
0.9, The emissivity of the polyethelene air-vapor barrier
is not known. Picking two extremes for the emissivity of
the polyethelene surface as being 0.05 and 0.9, the
effective resistance of the air gap, including conduction,
convection, and radiation modes of heat transfer, would be
0.655 and 0.173 m2-9C/W, respectively. This wide range
for the effective resistance of the air gap shows the
importance of the radiation component of heat transfer,
With no other data available to help in the prediction, the
mean value of 0.414 m2-9C/W is taken as the effect;vé

resistance of the air gap.
N ,

Effects of the Metal Ties

w

Metal ties between the 1inner and outer wythes of the .

.

masonry walls are wused to transfer all or' some of the wind

Joad on the outer wythe to the inner wythe of the wall (11).

The steel ties used 1in the masonry module are 3.2 mm in
diameter, and extend approximately half way through both the
concrete block and facing “brick layers. The positioning of
the ties are inside the mortar beds of the bricks and

concrete blocks. The ties, spaced 406 mm apart, were laid

-,

down in strips on alternate levels of concrete blocks. The

concern created  is that highly <conductive metal ties

FER

thermally bridge the main insulating laxef‘gf the walls.

The governing-relation for one dimensional conduction
o

heat transfer is Fourier's Law,

34



0 = - k A dT/dx (2.3)

where: Q - rate of heat transfer (W)
k - thermal conductivity (W/m-°C)
A - arca of heat flow (m2)
dT/dx - temperature gradient (°C/m)

The two' physical parameters that are important to the
rate of heat transfer are the material's conductivjty and
area, Calculating the ratio of 1insulation area to area of
metal ties in the masonry walls is approximétely/Q0,0UO:].
One would normally assume to neglect vthe ties, e#cept the
“ratio of conductivity of the steel to the condﬁétivity of
polyurethane is just under 3000:1. Treating the steel and
polyurethane independently, and applying Fourier's Law, the
heat transfer through the steel ties would be approximately
1/7 of the heat transfer through the polyurethane,’ if the
tempepaturé gradieﬁts were the same.

In general the heat transfer through the metal ties and
insulation will not be one diﬁensional o; independent of
each othef. ASHRAE does have a hethod to deal with heat
transfer +hrough panels containing metal. The method is
referred to as the "zone method",vthis is the method used in
calculating the ASHRAE prediction shown in Table 2.1. The
details of the zone method's calculation are shown in

Appendix C. The =zone method shows an increase in the heat

transfer through the polyurethané wall section of 2.2%»dﬁeab



to the stecel ties,

There is no\analytical solution available to calculate
the multidimensional heat transfer around the metal‘ties.
Even’a numerical approximation to this problem would bhe very
difficul® to calculate because of the heat transfer afross
the air gap. A numeric solution could be done for a
simplified wall section that did not include tho air and
wallboard layers. The results for this simplified wall
socfion would not be directly appljcable to the actual wall
section, but wou]d give the order of magnitude of the heat
transfer.

The numerical technique used to analyze the temperature
field around the meta] ties was the finite element method.
The finite element method was wused so a fine mesh of
elements could analyze the temperature field near the tie,
and a coarse mesh could be Qséd farther away from the tie.
The type of element used to discretize the temperature field

within the wall was a two dimensional triangular element.

“~kEach element having three nodes, the nodes are located at
the vertices 6f\\the\gijang1e. At each node there is only
one degree of freedom, the field variable temperature. A

linear interpolation function was wused to approximate the.

temperature within each element. A complete descriptﬁqn\pf
the finite element model is given in Appendix D. .
To model the wall section, the assumption was first

made that the metal ties were suffiéiently isolated from

-~
-4 . ‘ .
each oLﬁ}r that it was only necessary to model the region
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around one of the ties. Figure 2.1 shows the mesh of

% X ‘
assemhbled elements wuscd in approximating the temperature

1

.

. . ¥ - . . .
field within the wall. Since the heat transfer is the same:

in all directions around the metal tie, only half of any
section taken through the tie needs to be modelled. The

entire mesh is made up of 271 elements, and has 159 degrees
1] X ‘
of freedom.

Betfore the finite element mode}l was used to predict the

temperature field within the masonry walls the computer code

E
Yt e

B o S

L.

NEL .

e

was tested on a less complicated wall section. The finite# '
g

element program was used to ©predict the temperature field

1

-
around a copper rod inside of a homogeneous styrofoam wall

section. This type of wall section was constructed,

s

instrumented - with thermocouples, and tested between two
environmental ' chambers. The results of thq\finite element

model were compared to the actual . measured temperatures

inside the styrofoém wall.  There  vas reasonably good
\\ A
agreement between these measured and predicted temperatures.

The finite element model was considered to be“borking, and

could then be used to predict the heat transfer through the

o

of thé finite element model is presented in Appendix D.

.

Thé'boundary conditions applied to model the masonry

4
walls were:
'1) Interior surface (concrete Dblocks) - specified

temporeture of 20°C.

2) Exterior surface (facing bricks)‘ - specified

simplified masonry wall. Further description of the testing
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Figure 2.1 Finite Element Mesh for Simplified Wall
Section : S



tempergmure of 0°0C. : B .
§

3) Axis uof symmetry at the metal ties - adiabatic or
zero heat flux. o =
»
4) Infinite boundary - adiabatic or zero heat flux.

The sdlution to the finite element model approximates’
the value of the temperature at each of the 159 nodes, To
present these results in a useful manner a plot of selected
isotherms are shown in Figure>2.2.( Figpre 2.2 ghows there
is significantldistortio; of what would normally be parallel
isotherms if the metal tie ‘were not present: "From this
distorted temperature field the 'direction and magnitude\of
the  heat flow can .be a;proxiﬁated. The direction of the
heat flow.is always perpendicular to the isofherms, and the

“magnitude gcan be <calculated from Equation 2.3 +once.the

temﬁerature gradient is known.

The magnitude of heat transfer that is important to the
overall effect of “the metal.tiés is thelﬁgagaflowing either
into, or out 6f the wall section.- The heat transfer is
calculated from ﬁhe' témperature gradient"in:the boundary

0

elementé, the area associafed with eaéh. element, and tﬁat
ele@ent's thermal conductivity (Equatidn 2.3). Eagﬁhsurface
element actually represents a ring, or annulus, concentric
a;ound the iie, see Figﬁre‘2.3;

Using the node temperatures »that are presented in

Appendix D the temperature gradient at the'intefior surface

‘of the concrete blocks were calculated” for both cases - with



~— concrete block —«— insulation —~}«— facing brick —
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Figure 2.2 Selected Isotherms
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and without the metal tie in  the wall. These temperature

gradients are listed in Table 2.3. Multiplying these

remperature gradients by the areas represented by the

§
ot

boundary element (Figure 2.3), and summing, gives the totals
listed at the bottom-of Table 2.3. Compafing these values

to Equation 2.3 shows that the rate of heat transfer (Q) .can

2

be ~calculated by multiplying these total values by the

material's thermal <conductivity (conductivity of concrete’

blocks = 0.37 W/m-°C).. Comparing the ratés of heﬁﬁ transfer
for the wall section, shown below Table 2.3, with and
without the metal ties indiéates a 107 increase in heat flux
dﬁe to the ties. |

These results do nog; relate directly to,ﬁfhe wall

section. in the masonry module since the air gap and ")

wallboards were not included in the finite element model..
Without properly being able to deal with the conduction,

convection, and radiation across the air gap, it 1is

;

difficult to estimate the effect of the ties on the actual

wall section. Also, both the concrete blocks and the faciﬁg

P

-

bricks «¥re modelled as a continuum, neglecting thei&
: . ; \
internal air spacés. ‘The effect of the ties on the éctuaﬂ

wall section would be less than the 10%Z predicted for the
simplified wall section. The ASHRAE zone methoa pyedictioﬁ
of the masonry walls appears to 5e of the right magnitude,
and can be considered a reasbnable'prediction to the effect

of the metal ties.
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In this past section a ”detailed analysis of the

polyurethane foam, air gap, and metal ties has been made to

better estimate their thermal properties, Using these
detailed estimations, along with the ASHRAE prediction, a
single prediction of the masonry module was madé. Table 2.4
ig a \‘summary Uof the ; predicted long term overall

transmission coefficients ' of the masonry and reference

modules.

44



X Table 2.4 :
Predicted Overall Transmission Coefficients
for Modules 1 and 5 (W/°C)

(not including air infiltration)

, Module 1 Module 1
Component Without South With South Module 5
Facing Windows Facing Windows

Ceiling ' 19.2 A 19.2 22.0
Main Walls 16.2(3) 15.6(2) 32.9
Door ' , 5.2 ; 5.2 2.0
Windows 98.5 26.8 15.8

e (a)
Basement Walls 32.4 32.4 35.4
Basement Floor 6.8 6.8 1 6.8
TOTAL ' 98.3 106.0 114.9

(a) Includes joist space



2.2 Long Term Experimental Results

2.2.1 Total and Relative Energy Consumption

The simplest measure of a module's overall thermal

performance is its total energy consumption over a heating

season.' The total energy that is consumed by a module is a
function of the severity of the ambient conditions, and the
envelope characteristics of that module. The customary

measure of the severity of the ambient conditions 1is the
indoor-outdoor temperature difference, expressed in units of
heating degree days (HDD). (The'heating degree day is a

unit, based on temperature difference and time, used

normally in estimating energy consumption, and specifying -

the nominal heating load of a buiiding during the . winter,
For any one day, when the mean ambient temperature is less
“than 23°C, the degree days are equal® to the number of
Celcius deg:ees differeﬁce between mean ambient temperaturé
for the day and the mean room temperaturé.) It ié important
that each module have .its own HDD calculated separately,
since_even'a slight difference in thermostat set point over
an entire heating season can _greatly efféct the"epergy
consumption of that module.

The cumulative énergy consumed by Modules 1 and 5 are

plottea against each module's own HDD in Figures 2.4
and 2.5, the 1983-4 ‘and 1984-5 heating seasons,
respectively. The slopes of these lines are related to each

module's overall transmission. coefficient (UA), including
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and 5 for the 1983-4 Heating Season
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Figure 2.5 Electrical Energy Consumption for Modules 1

and 5 for the 1984-5 Heating Season
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air infiltration. The lines in Figures 2.4 and 2.5 have

subtle changes in their slopes over the heating scason.

This would suggest ;hat the overall UA values of the modules

are not constants, but change with the time of year. These

subtle b@ndé occur because the HDD does not fully éescrjbe

the severity of the ambient conditions. The measure of HDD
_ _ ,

ignores variations in ground temperature, solar radiation,

and wind velocity, all of which effect the module's energy

R
e

consumption.

There is a sharp change in overall UA for Module 1 at
apbroximate]y the 2600 HDD point of the 1983-4 heating
season., It was discovered at that time that thg makeup air
vent in Module 1 had not been properly sealed after the
module's construction. Conséquentlyi Module 1 wak severely
over }entilated for the first three and a half months of its
operation. ' mplete discussion of this part of the
Section 2.2.3 on air

module's perfoimance can be

infiltration.

It is common not to be o?@rly‘ concerned with the
absolute value of the slopes of the 1lines in Figures 2.4
and 2.5. As stated before, these lines are subject to
influences by ambient <conditions that are not included in
the measure of HDD (example, ground temperature). Since

' A
ambient conditions are the same for all modules, a large
degree' of seasonal variation in results can be removed by

'

defining a module's '"relative position'" with respect to the

reference module, The "relative position'" meaning simply

49
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the ratio of the performance of any of the &odules to the
performance of Module 5, multiplied by 100, TIn terms of
energy consumption, the 'relative position” also jép]ies
that any difference in HDD is accounted for between the
modules.,

Figure 2.6 shows the month by month relative overall
transmission coﬁ%ficient, including air iﬁfilt‘ation, for
Module 1. At the start ‘ofw the 1983-4 heatingvseason the
relative posltlon of Module 1 was greater than unity. This
iﬁ%tially high re]atlve UA  for Module 1 was caused by the
over ventilation problems mentioned ﬁreviously. There was a
similar debugging problem at the start of the 1984-5 ﬁeating
season when Module 1's windows were first installed.
Cogsidering only thé periods when the air infiltration rates

were reasonally stable, the relative overall UA for Module 1

was 797 and 837 over the 1983-4 and i984—5 heating seasons,

[

fespectively;~

f

Historicélly at ..the , AHHRF the relative UA values for

the modules would remalﬂ con§tant when no modlflcatlons were
N \.,'.‘; e . ' &n\ . ;L !
made to the modules (123 S.Therefor@w e 3@1 tive UA of a
e ; N g@* g
module could ™ be=useﬁ to esnlmate &her*overail

ef@eg% of any

i
RN -

é&;ng seasons wa’s the

it -

S wae L Se

to have increfse @the&module s:jrelativé energy consumption
b 3 PR A ’
4% over. the hngxng sedson. i

L : \ . R
<F : B . &
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5

. Othérﬁproblems did occur in the testing of the modules
t\hat

could strongly /gﬁfect these regulﬁs, Primarily,‘bhe

relative | natural ~air infiltratiops rates between,
, ] | ;o |
Modules 1 and 5 changed from 60% to 75% for much of the

1984-5 heating season (see ‘Sectgon 2.2.3). Some ' of this

increased 'air,infiitfation-bould ‘possibly be attributed to

"increased air infilt;ation would 'be the door of Module 1

which became ngticeably warped. It is,ppssible to subtract

th%; heating load created by the air infiltration fromasthe

‘total energy'consumed;by the 'modules. The energy consumed

N B . 0 . B
without the air infiltration would constitute the heat
. R . o ' ’ )
trangmission . losses from_fthe modules. The effects of the

o «

52

»

‘the installation of the windows. Ancother sources of the

windows could then be evaluated ‘in terms of increasing the -

&

module's‘vheat"transmission’ lcsses. The measured heat

N £

transmission 10Sses can also be compared to the‘predicted UA
values for the modules that were presented, in Table 2.4.

The cumulative heat transmission losses of Modulei 1

hénd,S‘ arej plotted againét each " modules own HDD in

Figures 2.7 and 2.8; for the 198354v and 1984-5 heating

seasons, respectively.  For the same reasorns as before it is

necessary to observe the changes between heating = seasons 1in
-

. terms of a module's pelative position. Figure 2.9 shows the

monthly relative heat ‘transmission losses of Module 1.
Durifrg the 1983-4 heating season the relative transmission

losses of Module 1 were 817, then rcse 37 to ' 84% for the

1984-5 heatiﬁg season. The effects of the "south facing
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i

windows would therefore have to be considered a dgtriment to
Module 1's heating energy requirements. - ’

. From the slopes of the lines in Figures 2.7 and 2.8 the
measured trangmission coefficients ‘without air infiltration
can bé calculated. éomparison of these measured UA values
to the predicted values are shown in Table 2.5. Considering
Taﬁlé 2.5, Module 5 SHOWS‘ that “there can be a large
variation in the measured UA from year to yeaf. .This is not
to surprisiné cbnsidering that almost haif of a module ‘is
Below groﬁnd level, and that’the below gr?de heat 1055 is
not directly. a function of the mgasured HDD. This also
stresses the' need for bésfng comparisons 5etween heating
seasons on the ";elat{ve positi6n" of a modhle's
performaﬁce., Table 2.6 shows the measured and predicted
relative UA values for Module 1. Note that in both hea&&%g

seasons the prediction would over estimate the heat

transmission losses of Module 1 relative to Module 5.

In" the previous sectign, the <concern was with the
- L4 g{
measuring . of the total energy  consumption of the masonry

module. No attempt was made to determinew,the energy loss

‘

associated with the module's individual components. In this

section, the measured effective thermal resistances of sSome

of the above grade <components of the masonry module are

.calculated, These measured thermal resistances are then

cbmpared to their predicted resistances.
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Table 2 5"

Compar1son of Measured and Predicted UA" Values for Modules 1 and 5

(w/°C) (not including air infiltration)
Heating Modu]e 1 . Module 5
Season - . - b s
' Measured Predicted Measured*’xi Predicted
LI M ,
1983-4 102.3 98.3 126.0 | 114.9
1984-5 92,2 106.0 1109.4 } 114.9 F




iwt

Table 2.6

Comparison of Measured and Predicted Relative UA for ‘Module 1
(not including air infiltration) -

-

Heating Season Measured Predicted

1983-4 81.0 85.5
1984-5 . 843 92.2
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Combining :Equations 2.1 - and 2.2 together, and

rearranging, the thermal resistance can be written in terms

/
!

of two measurable quantities - temperature difference and

.»heét flux.

q =Q/ A =AT /R (2.4)
where: Q - rate of heat transfer (W)
A - area (m2)

q - heat flux (W/m?2)
AT - temperature difference (°C)
R - thermal résistance (mz-OC/W)

Plotting long term-averages of heat flux through, and
temperaturé ‘difference across ‘a component of the module,
allows one to measure the in-situ thermal resistance of that
component . Figuresv2.10, 2,12, and 2.13 show the measured
reiationship between heat flux and temperature difference
for four of the masonrylmodules heat flux transducers. In
all the cases shown in these figures the avéraging peribd
for eéch-data point was 48 hours. The thermal resistance is
the inverse of the least squares regression of the data
points. This measured resistance includes the resistance of
the heat flux transducer (approximately O.18 m2:9C/W), and
“can bé subtracted off to give the component's resistance.

Table 2.7 contains the measured thermal resistances of
some of the above gréde components of the masonry module.
For comparison, the predicted the;%al resisfances of these

components are also shown in Table 2.7, The predicted
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.I
resistances of these components were ralculated as part of

%

predicting the long term overall heat transfer coefficients
shown in Tab@k 2.4.
]

Main Wall Results - not including West’ Wall

Section

data used in Figure 2.10 to calculate the thermal
resistance of the masonry walls was taken from both heating

seasons. This was done because there was essentially no

measurable” difference in the walls regsistance for the two

: LY :
years. The thermal resistance of the north polyurethane
wall section was also «calculated on a monthly basis. ‘The

monthly measured resistances are presented in Figure 2.11,
’ B

along with the ﬁonthly measured resistances of Module 5's
above grade walls. . The monthly .resiétance of tﬁé
polygrgthane varied up to 5% from its mean resistance over
bcth heating Qeasons. The measured average " thermal
resistance also decreased 37 from the first to the. second
heatiﬁg season, This = 37 change in resistance is not
Cénsidered to be” within‘.the accuracy of the measuring
system, and therefore cannot be attributed to the aging of
the foam. Especially since the: tend% within each heating
season are not of a consis;g’gly depreasing' thermal
yw?

resistgnce of the wall section.

Table 2.7 shows there 1is good agreemenk between the
measured and prediétéd resistances for all of the wall
éettions. This agreement wpuld tend. to validate some of thé

assumptions used in making ghe predictions of the

polyurethane wall sections. That is; g@



1) The conduetivity of the polyurethane foam is close

gte 0.0159 W/m+-°C, the -value associated with um

polyuretpaﬁe.

2) The effecf of the metal ties are not Veéry

significant when:”the .wallboard and air gap are

préseht.
. By taklng ad?antage. of the therﬁocouples iqstalied
w1th1n tﬁe wall sectlon the>eff%ctive resistance of the air
1gap vcen be estimateq._ fhe resietanie ef the air gap,

wallboérdr and interior air film can Beycalculated from the

measured heat flux, and the tem%efatufe difference acroés”
y o ‘ - ‘ -

just those -glements. . Figure 2.14 1is a plot of 48 hour

~averages of heat flux through-the north wall's polyurethane
T B : ’4 : ] ‘. B . N - “ ) R #

section, and the appropriate temperature difference. From
Figure 2.14, - the overall! resistance of ‘the air gep,

wallboard, ‘and-air film is 0. 52 m2. OC/W. Subtracting off
'the tﬁefméllresistance of the.wallboagd and air film, listed.

£

in the ASHRAE handbook - as .0.979 'and O.@3”m2-°C/Wﬁ
_respectlvely ,'The_‘effective thermal resistance .of the -

’\

AP .
25 4 mmAalr gap 1s D416 m2 OC} , which.compares_well to the

..

estgm@te made,rm Sectlon 2. 1 2. Further extrapolation of

R s ' 1 - . ’ - .
‘this:lreSult :wduid ~suggest that the}-emfssivitﬁ of ., the

CI . e

“ - ~ B ~ iy
'polyéthelene a1r vapor barrler ‘to ‘be approx1mate1y O S v

'. R N . i . ) 3 N .
eEelllng_Besu ts ‘{ﬂ" . ,q,‘ "_'

. !;3_— ’ N JERNS S g T s i \

> 4 ‘t [
fm For the* case of ftHe; celllpg measurements shown in

i . &
Flgure 3 12 the temperaturé dlfferegce used 'was between the»
« 5 . ’ o VY . : -

room and\attu; températgrésf not the“tempenature'dlfference
. N v . v . ~ : ,
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between the/roém and. ambient temperatures. Therefore, the

measured resistance of the ceiling does not include the
' - o .
effects of/ the roof structure. Table 2.7 shgwsyvery good

I

agreement |'between the measured and predicted thermal

resistance ' for the ceiling. . ‘ : i

West_Wall Results: k . . .

i

A 356 mm wide strip of wallboard was removed from the
‘west wald of the masornry module. In that area a heat flux

transducer was mounted directly onto the concrete blocks.

The intention ~ of this west wall transducg?\\:ig to

substantiate the effective resistance, of the 25.4mMm air

L e ’ '
gap. Also, if the transducer was fortunate enoug to be

v

placed over a metal tie, the finite»elemeﬁt model could be
tested. g >
'ﬁ?é ‘average measured- thermal resistance of the north

and south polyurethane .wall sections  is 4.79 m2.0C/W.

Subt;;cfing off the %?eyiously m%asured. rejistance.éf the,
air gap (0.416 mz-OC/W), and the 'res%sténée of the
wailboa%d,_~ 1éaV¢sA a ‘resigﬁégcé ‘ of 4:29 m2-PC/w.‘ F¥Om'
.Tabye 2.7, the.m?gshred»resiStanée of the Qest wall was only-
) /

2.77 m2.9C/W, a difference of 55%. ~ P )
It Qas‘necessary4to remove some ﬁf the concrete blocks
! . L " ‘ ) o
inorder tokfind\ﬂ$e'lo¢ation of. the metal ties. -Suspecting

N }

that the metal [ties, =~ if located directly under the
transducer, would account for some of this discrepancy in
wall resistance. -~ Figure 2.15 shows the _positioning of the

N X oo 2 A
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metal ties relative to the heat flux transducer. The
M

- location of the ties are too far from the transducer to have

any significant influence on the measured heat flux,

[
i

After completely removing the concrete blocks, a gap in
the pquurethane'foam Vwas'discovered immediately north of
the transducer. Figure 2.15 shows the approximatg size and
location of the missing insulation. There was esséntially
no insulation between the facing bricks and the concrete
blocks in this area. |

This gap in the insulation made any results of the west

;ngl heat flux transducer 1impossible to interpret. It
does ‘Eppugh highlight one majo;“ problem with the use of
foaméd—in—placeeinsulatibns.‘Thaﬁa\ﬁs, without being able to

4

visually inspect the placement of the insulation there are
. : : ‘ @ )

no assurances that the wgll gavities are cbmbletely'fille&

~with. insulation. It shoul also be noted that this was not
O ! . . 2

¥

the ohi?ygap in the'polyurethane‘insulgtibn that was found. g

N

‘Duﬁﬁng‘=£he remdﬁgl of the’ brické to ‘imétéll fhe‘module;é\'
P -

o . :

3

. . g "l_q )
south facing windoaws a similar gap 41 %%é@ginsulation was

discovered. v

&
i
N L . ‘I
L , T , . . y | ;
2.2,3 Measured Air Infiltration ° g%
: Weekly averagé air infiltration rates for‘Mddu}esll

e

i

and 5 over the’1983—4, and  the 1984—5~heating ééasons\aye:

ﬁ' .

shown in Figures 2.16 and 2.17,‘respéctiWely., There can be*{

- . { : : o
large variations in infiltration rates from week to week
. \ ¢ . . : '

depénding on ambient conditions findoor-outdoor temperature’
, : . 4 ‘

; . . - -

o
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difference, wind speed, wind direction). Therefore, it is

commaon to ratio the infiltration rate of the masonry module

to "the infiltration rate of the reference module to
S - T : )
calculate the "relative" infiltration rate of the masonry

module. Figure 2,18 shows the relative weekly air

-

infiltration rate of Module 1 for both heating seasomns.

-,
4, -
., - u Tyt
ISP | . ¥
wd
! »

1983-4 Heating Season ;

Initially the air infiltration rate for Module 1 was
substantially higher:- than the infiltration rate for the
réferencew“module. ~0n January 12, 1984 (day IOA)viﬁ was

~discovered that the makeup air vent in Module. l-had not .-been

73

properly seajled following its construction. Once the méke@p@ﬁﬂ@

v 5 o

. R W e I T AT -
airgvent © had be#wh sealed ythHe &vera €$5L13>ﬂf11tré%10n rate:
11l gvent o ha 2l 8 W .

for‘v ModJle 1 was cut in‘ half from 0.4

to 0.2 air changes/hour. The relative idinfiltration rates

shows« more clearly the effect of sealing the makeup air-

vent. priginaliy, the air infiltration rate of‘Module 1 was
1.6 timesjghag of Module 5, and then dropﬁed sharply to only
6.6 of that of Module 5.

.This _large change in air infiltration fatp was
responsible far the 157% éhange in Mpdule 1's relagive
overall Beat vtfansfer' coeffici'ent from the pefiod before
_S%alinglthe vent tg the period after (see Figure 2.6).

r

1984-5 Heating Season L .

After installing *the " two south facing windows if
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Module 1 the relative air infiltration rate increased
substantially, and the windows had to be resealed. The
weatherstrippiné on the door of Module 1 also‘had to be
adjusted periodieally because the door was warping. Once
these problems had been solved, Module l's average air
infiltrétion rate was about 0.26 air changes/hour. 'Thiééis
up. slightly. from the 1983-4 \heatihg,season's air change
rate. Ccmparjsons between ﬁeating' séasoﬁs\should nét be
made usiné.the absolute value of the air infiltration rates
because‘of‘thelr dependency on ambient conditions. Instead
comparisgns of Modgle l1's nétural air infiltration rate
between heating .seasons: shou}@ bé base% on its relative

infiltration Qith Module 5. Since both moduyeé‘ éxpérience

similar «climatic conditions the relative infiltrgtion rates

. are not stfongly ~dependent on ambiegt conditions‘ The .

relétive infiltration rate of | Modulé 1 was 0.75 for the
$984-5 heating season, up from 0.6 "in the previous heating

. . " vl ' . . . .
season. This is a -15% , increase in #.he relative air

4

ng geason.

infiltration ré%e;from the 1983-4 heat+

)

The possible sources of rair infiltration can be located
by depressurizing a module 50 to 100 Pa below afﬁospheric

pressure. With .this severe  'depressurization of a module,

~

] \

"outdoor .air will be drawn in through)holes in the module's

envelope, gnd using a smoke source the location of thé holes
can be identified.

Below 1is a listing of the leakage sites detected -in

i)



Modules 1

and 5.

Module 5:

;Modul

around all windows and window frames

around door and door frame

at instrumentation cable conduits

makeup air vent

no (Jeakage at the sill plate above the
basement wglls ‘

e_l:

around all windows except the south facing
‘windows ‘

around door and door frame i

at instrumentation cable conduits ,
between the main floor walls and the basement
walls in. the vermiculite wall section only

no leakage at makeup air vent

. [ .
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In the previous chapter discussion centered around the

long term thermal performance of the masonry module.
Viewing the masonry module, or‘anﬁﬁof its cdmponents in the

long term allowed the analysis to ignore the cyclic or

periodic nature of the ambient condf&dons. In this chapter ,
. - , —

analysis will focus ~primarily on the masonry module's
sponse to the changing ambient conditions. )

The first part of this chapter will present an -

analytical solution to a composite wall's response to é,

-

sinusoidally varying  ambient temperature. Experimengald,

results from the masonry module will then he presented tg¢

show the actual wall response. The masonry watl's respohse
B . . . . - rd |

has important implications for the module's overall heating
. , .

¢

load in .the short  term. The final part of this cﬁapter'

presents other short term experimental result's that show the
effect of "the ~south facing wipdows, and the results of
- W'a ,\J-ﬂ

~
temperature decay tests.
ios e . ' . . ” T
"'u ’ ’ ’ o8 s
. . ] .
w1 Qe N . . v 2 .7 S
3.:1» Stteady Periodic Heat Transfer # - .
» ' . v 4 v

- + - N t

» : . = - _ : . o .
In general, the heat transfer through;ther;above grade v
- . e Coe, o - )
‘portionﬁ Qf " bu11d1ng ;gsAunom
: : Ch TR e




.conditions, and the simplified ambient conditions.

temperature inside a building is . held almogt qustant
(20 + 1°C), but the ‘ambienti fgpper;ture 'iswigéntiﬁ%flly
changing. This continually.%kchanéing} almost random,
boundaryvcondition on one sfﬂe of thujQéLJv makes tﬁe heat

transfer analysis very complex. - Id order 'tq‘éﬁudy”the heat

e vy

transfer through a 'wall of . a%lding' iti is necessary to

P )
S ) R
,,t‘.lo;n\:‘ " . 5‘1“-)‘3‘1?&

fow”

simpiify the ambient bbundafy

¥

at the ambienf'temperature

Common experience suggegt

is not random, but is somewh&.periodic, in a diurnal cycle.
-

~the amblent temperature can be

o .

assumed to be varying, “usoidally with a period of 24

hours. Using this simplifitation, the heat 'trausfPT/fE;;ugh
a single component wall is shown in Figure 3.1. ‘The walls
of the bui}ding are representedv by an infinite slab of
thickness L. The boundagxy conditions applied to the two

surfaces of the slab represent the building interior

]
3y

%
i

- The important quantity .in terms of building heating

. . ' : a
load is the, heat. flux at the wall's interior surface.

A
N

Figure 3.2 .shows qUalitatively the respons& of  a ’wall

secpigniiﬁ terms of the intertet heat flux when subjected—to
. . . ’ . . e

the bound%py" %?ﬁditions stated previodgiy. There are two
- ¢ Y - : . T s v

‘different r wall responses shown  in Figure.3.2 - one the

P X L
the heat flux through the wall for a given te@ﬁgraturé
IR G . R ; 8 AL ~ o, B oy

; B S A ' . R R ~,

i

.

Mpotential' heat flux and the other the "actual" " heat flux.
Lol N . . 5 . . ) -

The "potengial” heat flux is the idealized maximum limit >

. .
: . £,
a 1 : . , . ; AJEI OO
L » EE . e ., € A - , . ~ C el . a7t

>
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difference. The 'potential .heat flux can be calculated

\

from  ‘th instantaneous interiorjexterior . ‘temperature

’dlfference and the wall's thermal resistance, assuming the

wall has mno energy storagﬂ capablllty _and con51der1ng the
N :

problem . to ‘be qua51—steady state Since the dlffu51on of -

| , ~ )

heat through“ the‘wgll section reQuiLes_awfinite amount of

tlme the problem is not qua31 steady state The actual heat"
N .

-

f%ﬁx- Lags‘ behind the potential heat" flux; and is also . ..

somewhat reduced in amplitude.. Nhen“éna1§z@ng_the masonry

“walls 1in the short term.the timg lag and the attenuation in’

heat flux amplitude Wwill ‘be theée two quanfities used to
- . . h \\ ) B

qhantify the wall's reSponseT*\\The Hgfinition of the time

“lag of 'a wall section is shown in Figure 3.2. The.

attenuation in heat flux is defined a the ratio of the

actual heat flux to the potential heat’z&ux

;. The wiilé of the masonry module are constructed bf,

layers of different materials, and‘\theLeﬁoré’/EEH be

considered to be a composite slab. An analytical solution
. ) 3 .

for tﬁe-steady periodic heat transfer through a composite

slab can be found in Carslaw and ‘Jagger (13), To use this

solution the concrete ‘bloek, facing brick, .and the air/gap

‘have to be idealized as homogeneous materials that. transfer
heat only by conduction..
AICOmpdter program has been'writte% based. on Carslaw

7.

and Jaeger's soldtion and is given in Appendix E. The

program was written for the boundary conditions:

el)'Specified "constant temperature of a medium on the

81



Iy \

. S

interior”side of . the slab.

\_/J , S N \
PR

. #
2) Specified sinusoidal temperature of a medium on the

tow

.. ‘ L™ ‘ . -
C\ : exterior side of the slab.

The output of the program is thefamplibude, “ahd time

-

~lag of .the heat’ flux at the interior =surface of the

B i ‘ -
, composite slab. Shown in Appendix E is an example prob}fm -

for 'the .heét‘tfansfer‘ th{ough the idealized form.of the
polyurethane section "of the masonry walls.: The predicted
fime lag for the interior heat  flu* is 9.9 bours, “and the
attenuation from thg potential heat.flux is 6.15( A osimilar
prediction for the vérmiculité wallfsection shows é time lag
_of 8.8 hour sk and.an‘éttenuagidn of‘aﬁgﬁzwﬁf?TT\\§\
AnA.intefesting';esult ~from the wuse of the é alyticéi

o

solution is the response of a composite slab is dependeagt on

the order of ‘the;lafefs. That is, both the time lag and’

amplitude of interior heat flux can be changed.lby simply-

¥ S
exchanging® the positdaon of the different materials. Another

N .

I ; ~ » .
result exemplified by the use of this solution is that the

i
i

time lag 1is a function of a material's thermal diffusivity,

and not  just its thermal capacitance.

3.2 Short Term Experimental Results - ;/j

2 ) “

\ o . . :
3.2. 1~ Response of Masonry Walls

The actual response qu*fhe masonry walls tovchanging
~ambient tempefatures can be observed - by wusing the

thermocouples inside the wall section. Figures 3.3, 3.4

L
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¥ -

shew the ‘hqur by hour temperature reading across the

and 3.5

+

wall section at three .ifferent locatiofs. Figyres 3.3

and 3.4 are the measured temperatures in the north
| ¢ . .

{

polyurethahe wall and the north' vermiculite wall sectipns, -«

respectively. . Figure 3.5 1is the measured temperatures

»

across the the south wall section., Plotted concurrently on

* ~ . . .
all these figures are the ambient and room air temperatures,

D

and the temperature on the exterior surface of the south

o

wall of Module 2. Though this exteribr temperature iskhot
: - , b ‘ .
directly applicable to the masonry medule, due to different

material properties of the wood frame walls of - Module 2, it

qoe§-giv§ a good indigat}on of the temperatures experienced
by south fécing walls.- h

In Section B.i the assumptipn was.maae that the ambient
boundary condition could be approximated as % sinusoid. For
the two days of April 12 and 13, 1984 shqwn 1in Figures 3.3

'-thfough 3.5, the ambient température is roughly a sinusoid.

Figure 3.5 shows that the heat transfer through the south

.facing wall section is strongly ¢ -influenced by solar
. -
radiation. The temperatures 1inside the south wall follows

the exterior surface temperature, and not the ambient air
temperature. The exaerior surface temperature is also
roughly siﬁusoidal in shabe 'but with allafger amplitude
then the amBient temperature, ﬁy comparing the time that
peaks (or troughsj occur in,fhe different ‘temperatu;e lines

the devélophent of the time lag within the walls can be

followed.

L3
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In Section 3.1 the time lag of a wall ‘was defined in
terms of the heat flux at the interior surface lagging
behind the outdoor temperature changes. Figure 3.6 shows

”the-measured hour by hour heat flux at the interior surface
of the 'masonry module for April lZ,Mand 13, 1984. The time
lag can be measured by comparing the time that the largeét

indoor-outdoor temperature- difference occurs (Figures 3.3

- 3.5), to the ‘time the Iargest heat flux occurs
-

(Figure 3°6). The time lag between the interior heat flux

and the ambient temperature is approximately 8 hours for the
A, ‘. ' ,
‘hhe south polyurethane wall sections. The

vermicu i

: } o ‘ g i ,
time oJT tWe north -poVuw & wall-section appears to
. .";!' 4

18

. VS;‘ 5 ‘ L . ’
be slightly longer at about Ié”ﬁpur' The faster response of

the south polyurethane wall compared to the north
polyurethane wall section is believed to caused by the rapid
changes in exterior surface temperature of the south wall

during ' certain times of the day. These rapid changes no

longer represent a sinusoid of a 24 hour period, but having

a period somewhat shorter, and therefore making the wall's

) .
’ ¥

‘response faster. Comparing the measured and predicted time

lags Tor the two north wall section shows good agreement.

a

The aftenuation in the amplitude of the heat flux cagld'not
be 8T mated from the experimentally measu%ed heat flux.

As a result of this time lég, the fime of the largest
wall heat 1losses and the coldest ambienf teﬁperatures no
longer c?incide. For the two day‘period shown here the

3

largest wall heat loss froem the north polyurethane section

A

8/
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occurs  at nppxuximdtvly 16:00 MST  (The smallest heat loss

.

from the walls occur at 04:00 MST.)

Another result of  the wall's tiﬁ; lag can be vaﬁ hy
observing the interaction of the wall's heating load with
the rest ofr the modu&o's. load. The overall module heating

. .

load can bhe separated into walls, ceiling, "basement.,- and air
infiltration loads., The basement can be considered to be a
type of base load that remains constant on a daily basis.
All other component loads vary periodically, but not
necessarily in—phasé with cHanges' in the ambient
temperature., The air infiltratjon hoad is in-phase with the
ambient temperature changes because the jnfilt;ation
rate,and /i(j energy confained .in the air, are rklated
directly,/to the indoor-outdoor temperatu;o. The heating
loads i/or the <ceilings of the modules, as well as for
standard wood frame walls, are almost in-phase with respect
to changing ambient temperature. The masonry walls because
of their thicknéss, and overall low\thermal diffusivity are
out-of-phase with the other loads by several hours.

Summing the <component loads together will give the
overall heating.energy fequirement for the module. In the
case of a standard wood frame mo@ule all the components of
the module would have their peak loads coincide,ucreating
la;ge diurnal swings in heating energy requirements. In the

case of a masonry module not all the component loads are

in—ﬁhase with each other, and consequently the heating load

is more balanced. For both ises, the sum of the energy.

- °
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Lransferred™ would be the same” when integrated over ont¢

complete cycle (given that the ¢omponent thermal resistances

is the same). These points are confirmed in Figures 3.7
and 3.8 where Module 5 shows a much larger day-night
vurinri0n~'in power consumption than Module 1. Theresfore,

the effect of thodmééﬁpry walls iy to balance the overall
heating requirpn@:fs of the module more evenly over the day.

X .

(The lower mean ‘power consumption of Module 1 shown in
Figure 3.7 is due to higher thermal resistance of the walls
and lower natural air infiltratio? rates than Module 5.)

& Takigg these arguments one step further, there exist a
time of year‘whvn real energy saving become possible sihp]y
hecause of the wall's lagginé response. Consider a time of
iear when the daily ambient temperature creates a situation
of alternate heating and cooling loads for the module. The
masonry walls, because of their load balancing effect, would
not allow extreme nighttime heating loads or extrémg.daytime
cooling loads to develop. Therefore, less energy would be
regquired for both heating and fooling in order to maintain
constant room temperature in a masonry module.

To quantify the magnitude of thisttime lag effect, the
relative overall heat transfer coefficiént (UA) can be split
into "day" and "nighg” values. Using only data during the
1983-4 heating season (no south facing windows) affer_the

"sir infiltration rates of Module 1 had stabilized, the
relativé UA of Module 1 was 79%. The '"day" relative UA was

87%, while the '"night" value was only 72%. That is, if the
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indoor-outdoor temperature difference dygre the same for

L4

Modules 1~ and 5, the euorgy’Eanumpt11l$,;

dule.l wbuld’

‘have been 87% of Module 5's during the "day'!"and 727 ddrihg

4 '

. i ) \ )
the "night"..: "Day" ' is defineﬂ as per%o&s when the total

’

shorizontal radiation, is gfeatér than 5 W/mz.',All other'

)

times of the day are defined as'“niéht". : o

3.2.2 Short Term Effect of SouEh'Facing Window 3

During certain times of the day “he south facing

windows allow solar radiation to enter directly into the

masonry module. This Solar'radiatiod<can of fset some of the
heating enérgy normally required from the furnace te -
maintain. -the module at a constant temperature. . In some

cases, when the heating load of thé module is relatively

low, and the rate of incoming solar radiation ™ts high, the

- L , . , ,
module. cannot adequately store the dincoming radiation
.withoBt overheating. . . ° g SN o

/“s

In.the previous section, the masonry module was shown
. . . . . . \

to = ha&e a more balénced Eeapingyload than fpe-reference
.médule: Prgpf of‘thisﬂmore balanced'héating load_ was based
oh Eaiéulating.the relative UA of the masonry module dufing
the ﬁday"‘ andv"night" separately. Over the 1983—4 heating

- : -~

season the masonry module's réelative UA during the”"day" was

-~

87%. .During the . "night" period, when a modules heating
energy requiremegts'increaseé dramatitally (seé_Figurés 3.7

and 3.8), the masonry module's relatiVe~UA was only 727,
. : . ,

During the 1984-5 heatingfseason the "day" relative UA of

/-
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O ‘ .

Module 1 was 79%, and the "night" relative UA was %ﬁ%. The

"day" relative UA fell 8% because of sélar gains dffsetting

'
. "

.the module's «furnace. load.. | The "night" ;V%lative UA
increased 14% because of the higher transmissiqﬁ losses from
the masonry quule'S»windows. It should be noted again that

, during the 1984-5 Eeatfng season ‘Modu%éAS had no south
. ’ /

‘

~facing windows as  did Module 1, and oqﬂ must be cautious

when interpreting -these results. /

4
o ,'/ !
The short term effect of the /south facing windows is
' ' /

therefore to destabilize the hea@ing load of the masonry
Y

module relative to the previoqé heating season. - That is,
the diurnal variation inRMOQﬁI% l!s power consumption has
L E . ‘

became larger after the iqétallagion of the south facing
windows. Figures 3.9 .and 3.10- show hou{ 'by hour power
consumptioh»of Modules 1 and 5 over a two day pefiod in the

1984-5 heating seasonn/' There is very little difference in
/ .

the amplitude of /fhé ‘daily power ' tonsumption between
\!q’ N

&

- / . :
Modules 1 and 5. /The 'déstabilizing effect of the windows

,/ -

can be .seen by ﬂbmparing Figures 3.9 and 3110\from 1984—5:
to 'Figures 3.7/ and 3.8‘ from 1983-4. Note the smoothe;
hourly power/éonsumption fdr Module 1 in 1984-5 compared to
1983-4, 'Tﬁis is a result of installing a.propért10nél

controller on Module l'é furnace to pfevedt on-off Cycling

of the heating systém.
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' 3.2.3 Temperature Decéy Test - p
Temperatﬁ;e decay tests are used to dgtérm{&g the
effective thermal capacitanées' of the modules.: Theé decay
tes;s are done éimply byyshutting off thé modules' heating

system, and measuring the decay in interior temperature with:-
| .

time. The circulation fans are left on to maintain uniform

3w

air temperaturé throughout the modules. The tests 1aét about -
eiéht ho;rs during the night, when the ambient conditions
“are mo;t stable. ' .

To help interpret fheuresults of the tempé%atuge decay
tests a sihplifiéd model qf the modules has been <created.
The. model treats the, mpdules_ as lumped masseé with‘an

~internal “energy source (the «circulation . fan). It is

necessary to include the fan pdwer in the model because in
\ &i .~ . L .

some ~modules - the fan ©power can._be large portion of its
o L N

auxiliary heating requirements.

An electrical vénalb%; to this modé}\\;s shown in
Figure 3.11. At the bottom of Figure 3.11 is a\ETBL of the
laﬁalogous quantities used in the model. Using KircH;Bfiig
current law tﬁe differential* equation for the electricaf\\\\

analogy can be formulated:

av(t) 1 v,
it RC S C R

//,,

' whei74/%V(t) - node 'voltage (V)



" Heat Transfer - Electrical Analoéy

Heat Transfer Quantity

Electr_ical Quantity

UA- overall heat
transfer coefficient
of mod_ule

| pVC - effective thermal .
capacitance of
module

Q- fan energy

T(t)- rbom temperature
of module

T - ambient tevmpe‘rature

R- . resistance
C- .capacitance
Q- current source

V() - 'node;voltage

’ » LT v . Lot
g P e

Vo' nodleoltgge s

Figuré 3.11 Electrical Analogy of Modules during
Temperature Decay Tests v
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v - node voltage (V) ' ' \
Q - current source (A) . ‘ \
C - electrical capaciténce‘(ﬁ) \
R - electrical resistance (Q)
t - time (s) |

Substituting in the analogous quantities for hebt transfer

\

results in a first order differential equation rebresenting

the modules. Spec;fying the initial temberatrre.of the
" module aS'TO'allows the differential equation to be solved.
Giving; .
T(t) = T, +'Qf/UA'+ (v, - T, - Qf/éJA)epVC g3.2) ,
Qhere: T(t)m— interior temperature (9C)
T, ~ ambient temperature (oC)
Q¢ - fan perr (WS
T, - init%%ﬁfinterior‘temperature (°C)
pvC -~ eff9££i;g thermal capacitaﬁcé (J/9°C)
t - time (s)
UA _ overall transmission coefficient (W/oC)

4

Ll
¥

Rearranging equation 3.2 to a more useful form;

9

T(t) - Te - 0. /ua | . tUA
1n 4 = - —
- T, - UA ve

To Teo Qf/ P

(3.3)




i ,/*"

K ,

where: t - time (s) |
pVC , 4 K
-~ =~ time constant s)
UA

t - - UA ! .
T(t) To Qf/ non~dﬁmensaonal

ln

- Te - UA
?o T Qf/

s

temperature difference
The “UA and Qf are measured quantities for each of the

modu]es. The UA of a module is calcu]a{ed simiTarly to that

shown 1in *® Section 2.2.1 from a module's measured[enegl; '

consumption'ahd indoor-outdoor temperature difference. For
the purpose of, the temperature decay tests the UA 'for a
module is based oniy én_the nighttime daté from the month
that the test was conducted (ﬁot including the nights of the
tests). ‘ The fan power, Qf, includes all the inlernal
electric gains of the module, not just the girculation fan
(examples: computer system, vacuum pump, sumg pump, etc.).
Table 3.1 lists the measured UA and Qf for the moduies.

p ty

Figure 3.12 ‘ sths the non—dimeﬁ§i§nal tEmeifggre
difference plotted against time for a fypical gemper;ture
decay test. ‘ The inverse of “the .Slopes of the lines in
Figure 3.12 are thé time constants for the modules. “The
lines in Figure 3.12 are not |straight, ihdicating that the
"fime;'cbﬁstant" of a module is not a constant. "Time
constgnts" are therefore calculated .near the start of a test
(t = 1/2.ﬂour), and near the end of the tést (t = 6 hours ).

3
o

Table 3.2 1lists the average ‘values of the measured time

100
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‘ Table 3.1
Measured UA and QO
during March 1984

for Modules 1 and 5
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Table 3,2

Measured Time Constants for Modules 1 and 5
with Flue Pipes Open (hours)

Module 1/2 Hour Time Constant 6 Hour Time Constant
1 15.3 58.3 .
5 1.1 38.7 ‘
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constants for the modules. These results are.based on
N .

1983-4 tests when the modules wunderwent the temperature
decay test simuitaneously. The gésts were performed
gsimultaneously so that all the modules would experience the
same ambient conditions. One interpretation of the rapid
initial decay is that the lower thermal capacitance elements
of the module are losing their stored énergy firsr'(example,
air), while the slower decay ;fter 6 hours is dué to the
larger thermal capacitance elements losing their energy.

The time constant of a module is a function of both its
overall heat transfer coefficient and effective thermal
capacitance. The effective thermal capacitance of a module
Can*beggalculated by ﬂﬂltip]ying the measured time constant
(Table 3.2) by the modules measured UA (Table 3.1). ;

The effective thermal capacitance of the moduleé over
the first 1/2 hour are more important than the thermal
capacitance after several hours. During normaiqueration of
a building in the heating seasqgn a st;ndard thermostat would
sgldom allow the building to cool down for several hours.
Instead the building 1is cycled through a series of short

<

term cool downs, and the effecﬁive thermal capacitance
during that period 1is important to the opgiation of the
furnace. The effective thermal capacitance for the modules,
;based on the 1/2 hour time constant, are listed in
uTéble 3.3. Note the very -sim{iar' effective thermal

capacitance for 'Modules 1, and 5. during the first 1/2 hour

of the temperature decay tests. This would suggest that in
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Table 3.3
Measured Effective Capacitance at 1/2 Hour of
Temperaturé Decay (MJ/°C)

R

Module .- Effective Capacitance '

1 : 7.0
5 7.0




’ ‘ . f( )6

the short term Modules 1, and 5 respond almost the same, and

the large thuwmnW<Cé¥acitanco clements in the masonry walls
are essentially decpupled from the module's interior.
A closer analysis of the masonry walls can be made by

‘observing the changes in internal wall temperatures during a

temperature decay test., Figure 3.13 shows the approximate
hour by hour temperature ofile across the north wall ofy
the masonry module during the December 26, 1984 test, The /

locations of the fhermocouples wused to approximate the
temperature profile are shown in Figure 1.4. Two points can
be madé about Figure 3.13 . Firstly, the temperature profile
is such that the direction of heat flow 1is always dutward.
And secondly, the thermocouple measuring the interior block
temperature is unaware of the module cooling down for over
two hours. The implication of these results are that no
energy can be recbvered back from the masonry to the room
+ir during any part of an eight hour cool down of the
module. Two reasons for this are:

1) The natural air infiltration rate of the masonry
module is so ;ow that the room air temperature does
not decrease fast enough to reverse the flow of
heat in the walls.

2) The wallboard and ,;ir gap have decoupled the
masonry elements of the walls from the modulé's

interior,
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CHAPTER 4

9
CONCLUSIONS

-

Based on a two year study of a masonry module with

double- wythe walls and foamed-in-place insulation several

conclusions have been drawn. The nclusiwns are grouped in

o’

three categories: 1983-4 heating fseason, 1984-5 heating

season,
8
season

and general - conclusions. In *the 1983-4 hearing

the masonry module had no south facing windows. 1In

. ) '
the 1984-5 heating season the masonry module had two south

facing windows.

'1983-4 Heating Season

1

2)

3)

The overall energy loss of the 'masonry module

including air infiltration was 79% of the reference

imodule. The reference module is a wood framed unit
on the same siFe, and the only significant
différence between » the masonry and reference

modules during the 1983-4 héating seéason were their
above'gyade walls. | . ;
The reasons for the 1owe{ overall energy loés for
the masonry module was  due tovhigher insulation
levels in the walls and a lpwer mnatural air
infiltration-féte.

The average rate of natural air infiltration for

108
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the masonry module after sealing the make up air

vené was 0.2 air chahges/hou}. This rate was about

607 of the referénce module's ai; change rate.

'4) Subtracting ofﬁ“ the energy loss from air
infiltration the masonry andAvreference module were
compared on their heat trgnsmis§ioh lossgs. The
heat transmission lossés of the'masonry module were
817% of the reference/‘ module, accounting for
diﬁference§:‘in the heating degree days_between the
moéules. The bredicted heét transmission lo;ses of
the - masonry vmodule were 847 of the reference,

[

module .

19§4—5 Héating Season
‘5) The overall enérgy loss - 'of the masonry'module
including air infiltration was 837 of the reference
module . During the 1984-5 heating season.nthé
‘masonr; module had south facing windows which did
'\ . not exist in khe referencé‘moduié.

6) The south facing Qindowg of the masonry moddle.
iﬁcreased its relative owverall energy'loss 47 over
‘the ﬁeatiné‘seaso from 797 té 837% of'the reference
module .. |

7) The heat transmission losses of the masoh;y quule
were 86% of the thearefgrence module. .The southi
facing windows of the masonry module increased the

x

relative transmission 1losses 57 over the heating

-
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3

season. The ‘predicted trénsﬁiésion losses of the
masonry module were 9é% of the reference module. |
85 The averaée rate of natural air iﬁfiltration for
the masonry module was 0.26 air changes/hour. This
rate was about 75% of the reference modu}e's air
change vféte. This is a 15% dincrease |iq the
reiative air infiltfation rate from the 1983-4

: 5
s
heating season.
&

I

9) The addition of the south facing windows in the

masonry module destabilized 1its ‘daily auxiliary |

heating. requirements. The windows increased the
nighttime auxiliary hea ing requirements, but
decreased - the d%ytime auxiliary heating

requirements by introducirg solar gains.

" General Conclusions

R

B

10) The measured overall thermal resistagce for the
. : t
masonry walls were:

‘North Wall - Polyurethane  &.76 m20C/W

‘North Wall - Vermiculitg 2.10 mZOC/W

) South Wall - Polyurethane  4.81 m20C/W

11) 'The measured thermal resistanpe of fhe. walls
éuggest that‘the conductivity of the poiyufethane
'is close “to the vqlue of wunaged polyurethane
kO.dlSQ W/mOC), and the effects of> the metal
reinforcing ties are not very.significant when the

wallboard and air gap are present. No aging of the

,



12)

13)

14)

15)

16)

17)

'module.

polyurethane foam was detected" over the two heating
seasons.
The measured effective thermal resistance of the

25.4 mm air gap was 0.416 mZ-0C/W.

A finite element approximation of the heat transfer

through the masonry walls not including the

.wallboard estimates .the metal ties increase the

o

overall heat transfer th;ough'the walls by 107Z.

Based on steady periodic . heat transfer theory

through compoSite slabs the time lag introduced by
\ .

\

the masonry walls wés predicted to be:
Polyurethane Section - 9.9 hours

Vermiculite Section - 8.8 hours

The . time.lag is defined-as ‘the time for heat flux

at the interior surface to respond to changes in

.

the exterior temperaturef
The measured time lag df.the two north wail section
are: |
‘Polyurethane éecticn - 10 hours
Vermiculite Sec;ion. - 8 hours
The time lag created by the'dbuble wythe wails was
shown to balance the heating ener%y requirements of

the masonry module relative to -the reference

‘

/

The use Qf temperature decay tests allowed the
effective thermal capacitance of the modules to be

calculated. The results shows the masonry module

111
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A
to respond the same as the reference

-short "term (1/2 hour) cool down,
quantitiesﬁof high thermal capacitance
the masonry modulé‘“were . shown to be

decoupled from the module's interior.

module in a

The 1érge

‘elements of

effectively
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APPENDTY A

CONSTRUCTION DETAILS OF REFERENCE MODULE

Table A.1

SPECIFICATIONS - MODULE 5 - REFERENCE MODULE (ST units)

Exterior Dimensions 6700 x 7300 mm
Interior Dimensions 6500 x 7100 mm
Main Floor Wall Height 2440 mm
Basement: Wall Height 2440 mm

Wall Thickness . 200 mm

Floor Thickness 100 mm

Ceiling Construction
- standard truss with 610 mm bobtail
-~ 38 x 89 mm rafters, 610 mm on center
- fiberglass insulation, RST = 2.11
-~ 0.102 mm polyethelene air-vapor barrier
- 13 mm gypsum wallboard

Wall Construction
- 10 mm prestained plywood exterior finish
~ 38 x 89 mm framing, 410 mm on center
- fiberglass insulation, RSI = 1.76
- 0.102 mm polyethelene air- vapor barrier
13 mm gypsum wallboard

I

Windows : v
North Wall - 1000 x 1950 mm sealed unit (double glazed)
South Wall - none - _ .
Fast Wall - 1000 x 1950 mm horizontal slider (vinyl
frame’)
West Wall - 1000 x 1950 mm horizontal slider (vinyl
: frame)

Door .
- 910 x 2030 mm urethane foam core

Basement Insulation
- 51 mm polystyrene extending 610 mm below grade,
RSI = 1.76
- 13 mm pressure treated plywood covering

Auxiliary Heating
~ - 7.5 kW electrlc duct heater

Interior Finish.

- painted walls
- carpeted floor
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Table A,2

SPECIFICATIONS - MODULE 5 - REFERENCE MODULE (FEnglish

t

Exterior Dimensions

Interior Dimensions

Main Floor Wall Height

Basement: Wall Height
Wall Thickness
‘Floor Thickness

Ceiling Construction

22.0 x 24.0 feet
21.3 x 23.3 feet

8

8
8
4

feet

feet -
inches
inches

- standard truss with 2 foot bobtatl
- 2 x 4 inch rafters 24 inch on center

tiberglass insulation, R-12

- 4 mil polyethelene air-vapor barrier

- 1/2 inch gypsum wallboard

Wall Construction

- 3/8 inch prestained plywood exterior finish
- 2 x 4 inch framing, 16 inch on center

- fiberglass insulation, R-10

- 4 mil polyethelene air-vapor barrier

- 1/2 inch gypsum wallboard

Windows

units)

North Wall - 40 x 76 inch sealed unit (double glazed)

- South Wall - none
. East Wall - 40 x 76 inch
frame)
West Wall - 40 x 76 inch
frame)

Door

horizontal slider

horizontal slider

- 3.0 x 6.7 feet urethane foam core

Basement Insulation

- 2 inch polystyrehé extending 2 feet below grade, R-10

- 1/2 inch pressure treated plywood insulation

covering

Auxiliary Heatihg
- 7.5 kW electric duct heater

Interior Finish
- painted walls
- carpeted floor

(vinyl

(vinyl

vl l()



ENVIRONMENTAL AND MODULE MEASUREMENTS

ENVIRONMENTAL MEASUREMENTS

Temperature

All temperatures at the Facility arebmeasured using
copper—consténtan thermocouples with cold junction
compensation provided by an ice point ceil
(Omega - model TRC-T111).

The ambient air temperatufe is measured 1in a shéded
location just to the north of Module 2 in order to negate
direct solar radiation foects on the therm:couple.

Many ground temperatures are measured at the site in
order to.evaluate methods used in calculating the heat loss
from the below grade portion  of structures. To measure
ground temperatures, metal probes w;th thermocouples
attached were driQen into the ground on the north sides of
Moduies Q‘andAA. The thermocouples are.attached with 667 mm
spacing aloné a 2000 mm probe. ?he proBes are centered on
_the north sides of the modules at a distance of 300, 1840,
and 6150 mm away from the Dbasements. Figufe B.1 shéws the
thermocouples’ location in tﬁé*’gfound. The ground probes
have their temperatures read manually on a weekly basis.

The exterior surface temperature of the south wall of

T
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s .
Module 2 is measured with a thermocouple embedded in the

L)
plywood exterior,

J

Solar Radiation

Five solar radiation levels \are measured at the
‘Facility using Eppley pyranometers. Total wvertical
radiation, diffuse radiation, and total vertical radiation

transmitted through a south facing window are measured by
Eppley model 8-48 black and white pyranometers, Total
horizontal radiation and total radiation falling'on the

active solar collectors are measured by Eppley model PSP

”
4]

precision pyranometers.

Wind Speed and Direction

Towers for measuring wiﬁd speed and direction at a-
1000b mm height were installed at two "locations - one
30000 mm ndrth and the other 30000 mm south of the diﬁsles
approximately mid distance along Ehe row of modhles.“
Monitoring at theée two locations was required to give a™™

measure of "up wind" conditions. The sensing heads used on

g

the towers are the Athabasca Research model-540,
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MODULE MEASUREMENTS ’ :

Flectrical Power Input

At the onset of the project it was decided to

. , -

electrically heat the modules so their energy input could be
, ' ‘ ) “

accurately measured. Also, since the modules have lights

. < . '
and fan motors, the electrical energy they contribute would

¢

have to be determined. ‘yeasurements.of energy input to each

Sy
module is done by using calibrated Sangramo residential watt
. . *
meters modified to be read remotely. As of the 1983-4

heating season, Modules 3 and 4 have been heated altefmate]y

with electric or natural gas' furnaces..

-

Interior Temperatures ' -

.- -

Each of the modules had three thermocouples installed

to record attic, room, and basement air temperatures. The

~attic air temperatures a
\ e s
the modules ceiling heat ¥ losses. Attic temperatares are

‘normally somewhat. higher than ambient Eemperatures and

* “

significantly affect the predicted heat loss through the
ceilings. The basement ' air.temperatures are monitored to
» .

check the uniformity of interior temperatures.

-

1
3

Component Heat Flux

{

”@alls,

4

Measurements of actual heat flux "through
R N ‘ S
ceilings, a#d basements are needed to breakdown the oyerall

i
~ 1

S s

energy load of a module into its component heat losses.

eeded to aid in the mod¢llingqof,



' , - " 121
. (" “ “) i ‘ j{‘ ‘-‘:(u
Heat flux transducers designed and built at the University

1l

of Alberta are used at  the Facility. The tran§ducers[5'

consist of ~a <cork resistance element, 6.35 mm thic&y~_ .

laminated .between two lavers of

L

3,98 mn thick plexiglass.”

Fourteen pairs of copper - constantan thermocouples measure
‘ ‘ . :

the température difference across the plexiglass surfaces Z
/ .” e . .
a measurement, which 'is. related to the heat flux. The

transducers cover a rectangular area of 152 x 406 mm. The

406 mm dimension was chosen so that the transducer would:

~

average heat‘fluxv over a width of wall equal to standard
stud spacing. In the dedign of the transducers there was a

trade off to be made between sensitivity and resistance.

L)
.

. () . .

The transducers, as built, have  a resistance value of
. _ e

'RST = 0.18. This resistance value can significantly effect

8}

the heat flow through low resisiance elements, such as an

uninsulated concrete basement wall.
o : M

"standard"

"{fl TR _ . . . . .
w Each - transducer was calibrated against a
commercial transducér_ which was provided with National

Bureau. of Standards traceable calibration.

\

Air Infiltration

The final component of heat loss to be accounted for.is

air -infiltration. That is, the energy loss due to the
natural exchanging of cold ambient air with warm interior

air. Measurement of air infiltration rates were done on a

@

ok . P
continuous basis in all the modules, and recorded as an

)
o

‘average rate over -one hour. A schematic diagram of the



“system used is ;shown in Figure B.2.* The system functions by

injecting discrete volumes of Sulphur Hexafloride (SF6) into

"a module to maintain its inside air’ concentration of SF6 at

a constant level of 5 ppm. This constant concentration is.

maintained using an Heﬁlett—Packardv HP-85 <computrer data

acquisition system monitoring a .Wilks-Miran 103 infrared
concentration detector. Using two concentration detectors

allows each of the modules to be sampled eight times per

i

hour throughout the day.

. I
Knowing, N, the number of injections of SF&6 -per-hour
and, V;, the volume of each injection required to maintain

the constant concentratid 1eve1, 'G, allows one to easily

calculate the air infiltration rate by
: : ,

o

- ’

o

where Q, is the flow rate in units volume/hour. Dividing Q,

' . AL -

by the module volume produces the air change rate per houT s
. b . L

To compliment the continuous air infiltration
measurements all of the modules periodically undergo
blowerdoor tests. All of the modules have been fitted with

special blowerdoor vents on the inside of their east

windows. This allows ‘the blowerdoor fan assemble .and
pressure probes to be easily hooked up. The blowerdoor unit
itself was constructed at the University of Alberta,

‘designed:espeqially for research applications.

122
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APPENDIX C

. | ASHRAE PREDICTION
A prediction of the overail heat transfer coefficient
for Modules 1 and 5 by the method prgposed in the ASHRAE
Fundamentals 'Handbook is presented'in‘ this Appendix. .Tﬁe
dncertainty and variébility of some material properties
SUggesté £hat a single prediction would not be appropriéte.
Instead the ASHRAE“prediction is done for the range of
possible méte;ial propérties. This {esults in an upper aqﬁﬂ
: : e
lower bound for Fhe ‘ASH§AE prediction. -Shown in tgé
calculations is the* ASHRAE prediction using the .1east
resistive properties for. the modﬁlesf maferials. Shown
.béside, in brackets, isithé result‘using tﬁé' most resiétngu

=

properties.

”
S

- MODULE 1 - no south fdcing windows

-

A) Ceil! | | -
_ - C¥ing Area = 42.8 m?

percent framing - 6.25 7
percent insulation - 93.75 7

I

Thermal Resista&ge of Materials (mz-OC/W)
fibreglass insulation - 2.114.
wood studs - 0.766
wall board - 0.079

Surface Resistances (m2.0C/W)
interior -:0.107
exterior - 0,107 .

| 1) Path 1 - Through Framing

A] = 0.0625 x 42.8 = 2,675 m?
?
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2) Path

B) Main Floo

Ry = 1/hy + Ry + Ry + 1/hg

0,107 + 0.079 + 0.766 + 0.107

Ry = 1.06
Up = 1/R] = 0.944 W/m2-0C
2 - Through Insulation : (
Ag = 0.9375.x 42.8 =40.125 m2 \\
Ry = 1/h; + Ry + Ry + 1/h, \
= 0.107 + Q.079 + 2.114 +.0.107
Ry == 2.407 -
Us = 0.415 W/m2.0C
= Uia +_U2A£ |
= 0.944 x 2.675 + 0.415 x 40.125 c
- 19.2 w/oC

r Walls and Joist Space

- Wall

Joist

!

Surfa

Area = 61.4 m?2

polyurethane section - 54.8 m2

vermiculite section - 6.6 m2
Space Area = 7.2-m2

polyurethane section - 6.5_m2

vermiculite section - 0.7 m2

the joist space is calculated as part of the
main floor walls because the double wythe walls
extend down bélow the floor level to the
basement walls..?

Thermal Resistance of Materials (m2-°C/W)

facing brick - 0.058
vermiculite - 1.100
polyurethane - 2.447 (4.00)
concrete block - 0.244

air gap - 0.178 (0.615)
wallboard - 0.079

ce Resistances (m2-°C/W)
interior < 0.120
exterior - 0.030

“

The main walls have steel reinforces ties that bridges



0.12 + 0.079 + 0.178 + 0.244 + 2.447 + 0.058 + 0.03

UA

, o\ ) o
the insulation 1layer, as shown in Figure C.1. The
'steel ties have a diameter of 3.2 mm, and are placed
between every second layer of <concrete block. To try

to account for the steel ties the °zone method'

described in ASHRAE will be applied.

Diameter of zone A (W)

W =m + 2d.
m - diameter of metal (3.2 mm)
‘d - distance from end of tie

to wall surface (88.9 mm) "
W=3.2+2x88.9=18lmm=0.18n
Total ‘Area = 0.165 m2

Area of Zone A 0.026 m?2

J

Area of Zone B = 01139 m2

1) Path 1 —'Polyurethane

- see Table C.1
UAzone o = A/R = 0.00938 W7oC (0.00600)

Zone B

Rg = 1/hy + Ry +Rp +Re +Rg + Ro +1/hg

Rg = 3.156 (5.146)

UAyone B = 0.0440 W/0C  (0.027)

U:A+B = 0.0533 W/°C  (0.0330)

Uasp = 0.324 W/m2-0C (0.20)

For the entire polyurethahe wall section

poly = 17.76 W/°C  (11.0)

'2) . Path 2 - Vermiculite Section

- using the same procedure as above

UA,one 4 = 0.0151 W/0C (0.012)

UAyone B = 0.0713 W/0C.  (0.0570)
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«—Basic Area=0.165m2 —» ' o
Facing Q ' j
: Brick @ J
lati S Metal
y | Insulation @ | ) Metal &
| Concrete @ )
o Bk%ﬂ(QD 43
, ‘ ‘ -
- 1
AirGap (& }*Zone-» <— Zone A—>[«Zone>|
B B
Wallboard@——— | Slan View

Metal Ties/

Elevation

Figure C.1 Wall Cross Section for ‘Zone Method' Calculation
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Table c.l . g
Resistance Calculation For Zone A of WaTl Section
by ASHRAE's 'ZonefMethod'

ol
f

. N
Section Area x Conductance (W/°C) [A % C (N)°C) R/A (°C/W)
Air .026 x 33.3 * 0.867 1.153
1 © 0.26 x 34.5 ' 0.897 1.115
2 Steel 1 g.04 x 1078 x (15/.045) 0.00271 }
| | 1.1
2 Brick : .026 x 34.5 0.897
3 Steel 8.04 x 10°% x (15/.064) 0.00190
, o1y 79.37
3 Insulation .026 x 0.41 0.0107 '
4 Steel 8.04 x 107% x (15/.051) 0.00237
| | 1 4.64
4 Block I .o26 x 8.2 0.2132
5 .026 x 8.2 1 0.2132 4.69
6 Tl 026 x 5.62 0.1461 6.84
7 .026 x 12.6 . 0.3276 3,05
Ajr .026 x 8.3 : 0.2158 4,63

Total = 106.6 °C/W
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For the entire vermiculite wall section
UAyerm = 3.68 W/OC (2.96)

UAyalls = UApoly +UAverm

UAyalls = 21.4 W/oC (13.9)

3) Path - Joist Space (Polyurethane)

W

Ay = 6.5 m2
Ry = 1/hy + Ry +Rp +R¢ 1/hg f
= 0.12 + 0.244 + 2,447 + 6.058 + 0.03
R4 ='2.9 (4.45) |
Us = 0,345 W/m2-°C  (0.225)
UsAg = 2.24 W/OC (1.46)
neglect vermiculite joist space becéuse of small area

UAtotral = VAwalls + UsA3
UAprgral = 23.64 W/OC  (15.4)

C) Windows - no south facing windows

— Window Area = 5.85 m? . v
aluminum frame,horizontal slider - 3.9 m2
sealed unit - 1.95 m?2

- Thermal Resistance of Materials (m2°OC/W)

aluminum frame,horizontal slider - 0.30
sealed unit - 0.359 ‘
1) Horizontal slider }
. i

Uy = 1/R] = 3.35 W/m2-°¢C
2) Sealed unit
Up =1/Ry = 2.78 W/m2:°C

UAtoral = UrAg +U242 . { ’

3.35 x 3.9 + 2.78 x 1.95

i}

UAtotal



D) Door
- Door Area = 1.85 m 2

- Thermal Resistance-of Materials (m2:0C/W)
solid core fir - 0.359

E) Basement Walls - based on path length method,
: see Figure C.2

Basement perimeter = 26420 mm -
width of path 1 - 400 mm :
width of paths 2 through 7 - 310 mm

Thermal Resistance of Materials (m2-0C/W)
51 mm styrofoam - 1.76
13 mm plywood - 0.11

: concrete - 0.12
soil, concrete, air films:
. path 2 - 0.43
path 3 - 0.79.
path 4 - 1.14
path 5 - 1.48
path 6 - 1.83
path 7 - 2.23
Surface Resistances (mZ2:9C/W)
interior -~ 0.12
exterior -~ 0.03

1) Path 1 - above grade

10.57 m2

=g
—
It

Ry = 1/hj + Rg +Rp + R + 1/he
: = 0.12 + 0.12 4+ 1.76 + 0.11 + 0.03
Ry = 2.14
Uy = 0.467 W/mZ2.0C
‘U1A1 = 4.94 W/OC a

2) Path 2 - (grade - 0.31 m)

Ao 8.}9 m2

R2 Ra + Rb + RC

1

1.76 + 0.11 + 0.43
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Concrete Block Insulation

Floor Joist

Plywood _\ r /—Facing Brick
( 7.8 Insulation

Plywood

Path 1

Ground Level

\{:y ‘\\ ';-\_:\'\ 1_4_\\"’7\‘
A E LR
Path 2 NN RN A AT
<.
A\

2
S

i

S

Path 3

Path 4

Path 5

Path 6

Path 7

” % L
38
W

O AN AL TR, RP ORI e IRTHATION
(TR 9 b B TN e g R e v b

Figure C.2. Basement of Module 1
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=

DUy = 435 W/ml-0C

2
L
2
UgAy =.3.56 W/°C

similarly for paths 3 through 7

3.08 W/OC

[t}

UsAj
Ushy = 7.18 W/oC
UsAs = 5.54 W/OC
UgAg = 4.47 W/OC
U7A7 = 3.67 W/OC

UAtOtal = 32.44 W/OC

F). Basement Floor

Foundations are approximately 1900 mm below grade
Width of module - 6800 mm

= 43.5 m?

=4
[

U = 0.157 W/m2-0C

MODULE 5

A) Ceiling

- same as ceiling in Module 1 except-area larger by
6.3 m4, therefore :

Udiotal = 22.0 W/OC

B) Main Floor Walls

- Wall Area = 60.6 m? ‘
percent framing - 13.6 7
percent insulation - 86.4 %

- Thermal Resisténce of Materials (mz-OC/W)
fibreglass insulation - 1.76



wood studs - 0.766
wallbgoard - 0,079
plywood - 0.083

_ Surface Resistances (m2.:0C/W)
interior - 0.12
exterior -~ 0.03

{) Path 1 - Through Framing

A] = 0.136 x 60.6 = 8.24 m2

i

Ry = l/hi + R, + Rp + Ro + l/he

0.12 + 0.079 + 0.766 + 0.083 + 0.03

1Ni78
0.528 W/m2.0(C

UjA] ="7.64 W/OC

#

Ry

[}

i

i

2) Path 2 - Through Insulation

Ap = 0.864 x 60.6 = 52.4 m2

i

R2 ____.;}ﬂf_h_i/\qx.Ra + Rb + RC + l/he

= 0.12 + 0.079 + 1.76 + 0.083 + 0.03

~

Ry = 2.072

]

Up = 0.483 W/m2.0C
UgAp = 25.3 W/OC:

UAtotal = 32.9 W/OC =

C) Windows

- Wirdow Area = 5.85 m? .
: vinyl frame, horizontal slider - 3.9 m2
sealed unit - 1,95 'm2
/ . -
- Thermal Resistance of Materials (m2:9C/W)
vinyl frame, horizontal slider - 0.374
sealed unit - 0.359 ' :

1) Horizontal slider

:{'i: :
¥

s Uj = 1/Ry = 2.67 W/m2-0C



.
2) Sealed unit
Ug = 1/R
UAlrotal = U1A] + U

Uhtoral = 2.67 x 3

g = 2.78 W/m2.0¢

2A2
9 4+ 2.78 x 1.95

Ubltotal = 15.8 W/OC

2

D) Door -

~ Door Area = 1.85

m2, )

.

-~ Thermal Resistance of Materials (mz-OC/W)

urethane

Uhtora] = 2.0 W/OC

E) Basement Walls

space

Joist Space Area

!

38 mm so
51 mm st
plywood

- Surface Resistan
N “interior
s exterior

R = 1/hy

= 0.12

.T" . ) R = 2.35
A :

: e U = .426

UA = 3,03 W/O¢C

UAtotal = 35.47 w/

F) Basement Floor

- same as Modu%e 1

foam core - 0.927

, . y
same as Module 1 except includes the floor joist

7

= 7.2 m?

Thermal Resistance of Materials (m@-OC/W)

ftwood - 0.33
yrofoam - 1.76
- 0.11

ces (mZ-OC/W)
- 0.12 . ;
- 0.03 ) ‘k

Ra + Rp + Re + 1/h§‘

+

+ 0 33 + 1.76 + 0.11 + 0.03
w/ﬁZ.PQ
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Summary of ASHRAE Predicted

Table C.2
verall Transmission Coeff1c1ents (W/°C)

(not 1nc?ud1ng a1r 1nf11trat1on)

7

%odu]e 1 Module 1
Component Without South . With Seuth Module 5
Fac1ngvy1ndows Facing Windows : ,
Ceiling 19.2 19.2 22.0
*Main Valls 3,602 (15.4)(®) | 22.7(8) (14.9) (@) 32.9
Doors 5.7 5.2 2.0
Windows 18,5 26,8 ©15.8
R 5 (a)
Basement Walls 32.4 3%{4 . 35.4
_Basement Walls 6.8 6.8 6.8
Total '05.7 . (97.5) | 113.1  (105.5) 114.9

(a)

Inc]udes joist space
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APPENDIX D

. . ) ) CD ‘
Finite Flement Model of Simplified Wall Section
— ~

t
A

With no analytical solution available to <calculate the

multidimensional heat transfer around the metal s ties a

i

_num@fical approach  was taken.  The masonry walls were
simplified to include only the concrete blocks, the
insulation layer, and the facing bricks. Figure 2.1 shows

the region modelled by. the finite element method. This
anpendix will desnribe the assumptions made in modelling the
wall “section, the finite élement modél itself, the testing
- of . thet modelﬁj and the results predicted for the masonry

walls. The last ﬁart'of this appendix contains & listing of

the finite element program.

~Assumptions: -

f),The_metal ties.are sufficiently i@%latéd from each

other that it is only‘netessary‘to model fnelregion
around one 6f the ties. , .

2) A1l the materials . K are homogeneous and 4isbtropic[
The‘ internal air spaces in the‘blocks and bricks
were neglected.

o i
13) The heat transfer around’a metél tie 1is independent

of the angular coordinate when. viewed in the..

cylindrical coordinate system.

El
Y
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(THe Finite Element Model

oThéwelements used to model the temperature field wére
two diménéiqnal triangular elements. Each element h&ving
three nodes, the nodes were locatea at the vertices of the
triangfes. At each node there is only one degree of
f;eedom, the fi;ld variable temﬁéréture. The'interpolétion
funFtion uéed within each element was linear.‘THe approaqh
taken to derive the element equatioﬁs'for twe diménsional
theat conduction was the method of weighted residuals or
Galerkin's_method. The deriv;tion of the>e1ément equations,
their assembly, and the application of boundary conditions
‘can : be found in any standard text on the- finite element
method (14,15).

The assembled mesh .of eléments‘used to model the wall

section 1is shown in Figure 2.1. The mesh around the metal
‘ | . bR
tie is very fine because the temperature field was expe

‘

to change ‘rapidly - with location. . Further away

metal tie, the temperature field was expected k most
’ : @

uniform and & coarse mesh of elements was uset

~

there are 159 nodes, and 271 elements 1in the’ The

globad numbg%ing of the nodes startsrft'the bottom, left hand

, - # s
corner of the mesh shown in Figure 2.1. The numbefing
increases léft to right acrdss the bottomAroQ of nodes. . The
sgcgnd row of nodes is‘theg numbered successively left to
right starting with node number 24. The matérial properties

used ithhe finite element model are listed in Table D.1.

The boundary conditions for the model are:

137
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Table D.1

Material Properties used in Finite Element Model

Vx

Material

Conductivity (W/me°C)

Thickness (mm)

- Concrete B1ocks

Polyurethane

Facing Bricks .

Steel Ties

0.37
0.01586
1.316

45.0

89
63.5
76

146
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1)  Interior Surface - specif;ed.temperatﬁre
é) v?xierior Surface - specified temperature
‘§3H  3) Symmetric Boundary at MetallTie - adiabatic or zero
heat flux
4) Infinite Boundary - adiabétic or zero heaf flux
| L 4

Testing the Finite Element Model

Before the finite element model was used to predict
the températﬁre field within the masonry walls it had to be
tested. Two tests were applied to the model:

TEST 1) Without any steel tie in the wall section the heat

flux would be predicted wusing the finite element

model, and compai®* to one .dimensionalmgteady heat.

transfer through a plane composite wall section. ﬂ

TEST 2)Y™onstruct a wall section that  could , be
experimentally testef. Have the wall section
instrumented with thermocouples, and compare the’

measured temperatures to temperatures predicted by
the finite element model.

S
-

TEST 1 .

The heat ~flux through -~ the simplified wall section
withéut any metal ties. can be _cal&ulated fromv one
dimensional heat transfer theory. Using the material
properties in Table D.l1 the overall resiétance of the wall
section is 4.30 °C;m2/W} Assuming a temperature difference

of 20°C across the wall section, from Equation 2.4, the heat
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flux through the wall sectioﬁ would be 4.65 W/m? .

The same boundary conditions were applied td the f%nite
element model. Using the nodal temperatures, the
temperature gradient at the ‘interior surface of the wall
‘could be approximatedl ‘Associating the proper areas to each
surface element the rate oflheat transfer thrbugh‘the wall
section was calculated in Tablé‘2.3. The rate of heat
tfansfer.predicted by the finite element mode}‘is 0.7675 W.
Dividing the rate of heat transfer by the overall area
(0.1652 m2) gives a heat flu# through the wall section of
4.65 W/m2. There is essentially no difference between fhe
heat flﬁx predicted by one dimensional héat transfer theory,

f

and' the finite element model.

TEST 2
The physicél model tested was a wall 740 x 575 mm made
of four layers of styréfoam éach 38.1 mm thick compressed
between two 13 mm thick plywood covers. The metal tie used

in the styrofoam wall was copper to exaggerate any effects
. £

on the <temperature field. Figure D.1 shows a croSg
séctional view of the physical model tested. Figure D.l

. ) »
=also shows the positioning and numbering of the

thermocouples used .to measure the temperature field at
discrete points in the wall.
The wall was placed between two environmental chambers
‘s

so a large temperature difference across the wall could be

created. One chamber was left at room temperature, and the
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Plywood ~ Plywood
- Styrofoam r -
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- ZCopper 1.6 MM je>
12.7 12.7
mm . 152.4 mm - mm

Figure D.1 Cross Settion of Experimental Wall



b;her was set to provide approximately a 50°C temperature
difference, The model was then allowed to come to sLeady
state ;onditions, ‘and the 1Lhermocoup1e voltages were
recsrded.

The finite element model was then used to predict the

temperatures at thé locations corresponding to the
thermocouples. The finite element model is 1.5 times larger
than the physical model. Care was taken to insure that the

positionihg of éll the thermocouples and the copper rod were
diﬁensionally -similar between the models. The boundary
conditions applied to finite Flement model were based on the
experimental results. The interior surface temperature was
L] .

set equal to the average reading of thermocouples 1 and 6,
Lhé exté;ior’ surface temperature was set equal to the
average reading of thermocouples 5 and 10.

Table D.2 shows the resuits of - the measured and
predicted temperatures at the thermocouple locations in the
styrofoam wall. _The difference - between ‘the méasured and
predicted 1is appfgfimately 10C at. all 1oc§tionS' when the
entire wall sectiom is subjected to a temperature difference
of 47.49C. This . was considered good enough to accept the

results of the finite element model when predicting the

temperature fieid"inside the walls of the masonry module.

Finite Element Model Results for Simplified Wall Section

The boundary conditions at the interior surface were

set at 20°C, and the exterior surface at 00C. The



Table D.2?

Measured and Predicted Temperatures Within the Styrofoam Wall (°C)

Predicted

Thermocouple Measured
‘Number Temperature Temperature
1 18.5 18.45
2 5.6 4,6
3 - 44 - 5.3
4 - 14.0 - 15,1
5 - 29.1 - 28.95
6 - 18.4 18.45
7 6.7 5.7
8 - 40 - 5.3
9 - 15.3 - 16.3
10 - 28.8 - 28.95

143



temperatures predicted for the 159 nodes in the finite
element model are listed on the following page. Using the
nodal .temperatures, the temperature gradient at the dinterior
surface of the wall could be approximated. Associating the
proper areas to each of the surface elements (Figure 2.3)
the rate of heat transfer through the wall was calculated in
Table 2.3. Comparing the rates of heat transfer with and
without the metal ties shows a 107 increase in the heat flux
due to the ties.

Following the list of node temperatures is a listing éf

the finite element program and its subroutines.
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a

NODE TEMPERATURE NODE TEMPERATURE NODE TEMPERATURE

1 20.00 54 - 11.58 107 0.0
2 19.73 55 8.73 108 20.00
3 19. 44 56 5.88 109 19.87
4 18. 83 57 2.98 110 19,62
5 18.38 58 1,47 111 19.35
6 17.80 59 1.20 112 19.09
7 16.96 60 0.70 113 . 18.81
[ 8 15.74 61 0.39 114 18.46
9 15.00 62 0.22 115 18.26
10 13.73 63 0.12 116 14.65
11 11.14 64 0.03 117 11.07
12 8.54 65 0.0 118 7.55
13 5.92 66 20.00 119 4.00
14 3.30 67 19.86 120 0.45
15 2.01 68 19.58 121 0.39 /
16 1.52 69 19.22 122 0.32
17 0.79 70 18.75 123 0:23
18 0.42 71 18.52 124 0.15 .
19 0.30 72 18.03 125 0.07 -
20 0.22 73 17.45 126 0.0
21 0.12 74 16.93 127 20.00
22 0.03 75 13.61 128 19.68
23 0.0 76 10,47 129 19.26
24 20.00 77 7.3%8" 130 18.61
25 19.86 78 4.27 131 11.28
26 19.59 79 1.03 132 3.99
27 19,21 80 0.76 133 0.34
28 18.37 81 0.47 134 0.23
29 <18, 11 82 0.28 135 0.12
30 17.43 83 ) 0.16 136 0.0
31 16. 41 84 0.08 . 137 20.00
32 15.02 85 0.0 138 19.58
33 12.44 86 20.00 139 19.18
34 9.84 87 19,73 140 18.80
35 7.23 88 19.43 141 9.53
36 4.61 89 19.09 142 0.28
37 1.99 30 18.92 143 0.14
38 1.09 91 18.55 144 0.0
39 0.57 g2 18.17 145 20.00
40 0.29 93 17.82 146 19.61
41 0.16 94, 17.70 147 19.22
42 0.08 95 15.91 148 18.84
43 0.0 96 12.47 149 9.56
44 20.00 97 g.12 150 0.27
45 19.73 a8 5.79 151 0.18
46 19.42 a9 2.41 152 0.09
47 18.91 100 0.68 153 0.0
48 18.57 101 0.63 . 154 20.00
49 18.04 102 0.48 155 19.42
50 17.35 103 0.33 156 18.85
51 16.46 104 S 0.21 157 0.27
52 16.03 105 0.12 158 0.13
53 14.50 106 0 0.0

.03 159
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C***********************************************************
C************“***********'***********************************

'sXeXsXsXe Xzl

PROGRAM NUMBER 1

PROGRAM TO CALCULATE THE STEADY - STATE TEMPERATURE
DISTRIBUTION IN WALL SECTION INCLUDING STEEL TIES
APPROIMATED AS 2-D PROBLEM

C***********************************************************
C*****************************i":***************************

+C

OO0 (@]

OO0 OO0 OO0 OO0O0

. DIMENSION A(158,159),AE (3,3},

10

30

X{159),Y(159),NGE
DIMENSION XE(3), YE(3], ST(20) NS 20),T(158),R(1
A - GLOBAL CONDHCTIVITY MATIX
AE - ELEMENT CONDUCTIVITY MATRIX
X - X COORDINATES OF NODES
Y - Y COORDINATES OF NODES
NGE - MATRIX,RELATING ELEMENT NUMBERS TO NODE NUMBERS
R - LOAD MATRIX CUASED BY IMPOSED TEMPERATURE BC'S
XE - ELEMENT X COORDINATES
YX - ELEMENT Y COORDINATES
ST - SPECIFIED TEMPERATURE BOUNDARY CONDITIONS
NS - NODES WITH SPECIFIED BOUNDARY CONDITIONS
T - RESULTING TEMPERATURES AT NODES

CALCULATE COORDINATES OF NDDES
CA.. “ODE(X,Y)
DE.. . OPE NGE MATRIX
CALL PNGE(NGE)

DO 10 I=1,158
DO 10 J=1, 159
A(1,J)=0.0

DO 20 I=1,271
DEVELOPE ELEMENT CONDUCTIVITY MATRIX

YE(d) Y(N G
CALL COND(
CALL DEVY(
CALL TRIST

M~ —m
- ——C_C

XE,YE, XK)
ASSEMBLE GLOBAL CONDUCTIVITY MATRIX



OO0 (@]

40

OO0 o XeoXe]

100

Cookkx
C ok % %

OO0

N -

w

o O

< O > 0T < O < < 3¢ >HEHE > D > XD > X P > D B>
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20 CALL ASSMG(A,AE,3,1,3,158,NGE,1,271)

SET CONSTRAINTS (BOUNDARY CONDITIONS)

DO 40 1=2,20,2

ST(1-1)220.0 |

ST(1)=0.0 ,

DATA NS/1,23,24,43,44,65,66,85,86,107,108, 126,127,136
&,137, #4145, 153,154, 159/ :

APPLY BOUNDARY CONDITIONS

CALL SETBC(ST.20.NS,A,R,159)

SOLVE SYSTEM OF EQATIONS

.

CALL SOLIN(159,A,R,T)

WRITE(6,100) (T(1),1=1,159)

FORMAT (3X,F10.5) |

STOP A L
END '

*******************************************************

************_*******ﬂ"****************!‘k******************
SUBROUTINE NODE (X,Y) ,

"DIMENSION - X(159),Y(159)

SUBROUTINE TQAf‘GENERATES X AND Y COORIDINATE OF NODES

O
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HHHHHHHHHHUxxxxxxxxxx%;/

: )
{GE.24 AND.1.LE.43
.GE.44.AND.1.LE.B5
.GE.B6.AND.I.LE.85

= .86, AND.1.LE. 10
.GE. 108 .AND.1.LE.1
.GE.127 .AND.I.LE.1
'GE. 137 .AND.I.LE.1
.GE. 745, AND.ILLE 1
LGE.154)Y(1)=8.0

(148)=3.5 ~
(149) =475
(150)26.0
(151)=7.0
(152)=8.0
(153)29.0
(154)=0.0
(155)=3.5/2.0,
(156)?3;5
(157) 6.0
(158)=7.5
(159)=9.0

0 17 11,158
F(1.GE.1 AND.1.LE.23
:

:

.

.

F

F

.

F

.

17 CONT.INUE.

RETURN

'END

C***********************************************************

—— s el e e e 1
= — 1O
vvvvllOOO
o
h)diD
- . - OO
OO0 O arno

D D

Vi1
)Y (
)Y (
M
7)Y
26)
36)
44)
53)

"o nno-

BN —-

(G2
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C*********************************************************** .

\kﬁ()rnncvcv

NGE (1
NGE (
CALL

- NGE(2

SUBROUTINE PNGE (NGE)
DIMENSION NGE(271,3]

'PROGRAM TD PRODUCE NGE

MATRIX

NGE MATRIX RELATING THE ELEMENT NUMBERING T0 THE NODE ~ .

NUMBERING

CALL
NGE (

37,NGE, 28)
8, NGE )

,40,NGE, 35)
25  NGE )



0

NGE (42, 3)=44
CALL SP2(24,44 NGE,42)
CALL EVEN(7,42,NGE)
NGE (58,1)=32
NGE (58,3)=53
CALL SP1(32,53, NGE 58)
CALL ODD (4,58, NGE )
NGE (89, 1)=37
#ENE (69,3)=59 4
®F) L SP1(37,59,NGE,69)
ALL ODD(5,689, NGE)
NGE(82,1)=44
NGE (82,3)=67
CALL SP1(44,67,NGE, 82)
GALL EVEN(7,82, NGE |
NGE (98, 1)=52
NGE (98,3)=74
CALL SP2(52,74 ,NGE, 98]
CALL ODD(4,98,NGE)
NGE (109, 1) =58
NGE (108,3)=79
CALL SP2(58,79,NGE, 108)
CALL ODD(5,109,NGE)
NGE (122, 1)=66
“NGE(122,3)=86
CALL SP2(66,86,NGE, 122)
CALL EVEN(7,122,NGE)
NGE(138,1)=74 . + -
NGE (138, 3)=85
CALL SP1(74,95,NGE, 138)
CALL 0ODD(4,138,NGE)
NGE (149, 1)=79
NGE (149,3)=101
CALL SP1(79,101/NGE, 149)
CALL ODD(5, 149, NGE ) ,
NGE (162, 1) =86 /
NGE (162,3)=109 I
CALL SP1(86,109,NGE, 162
CALL EVENL2.16 \NGE) '
NGE ( ,1)=89 ' /
NGE ( 68 '3)=111 J
CALL SP2(89,11 1., NGE, 168)
NGE(170;1)=80 - |
NGE(170,3)=113 C
CALL SP1(80,113,NGE, 170)
NGE(172,1)=91 .
NGE(172,3)=113 '
CALL SP2(91,113;NGE, 172)
CALL ODD(1,172,NGE).  _
NGE(177,1}=84 .
NGE(177,3)=115
CALL SP2(94,115,NGE, 177)
CALL '0ODD(4,177,NGE)



. NGE( 18

. DO 10

o

NGE (18
0

, 120, NGE 188)
8 NGE )

8
8
CALL SP
-CALL OD
NGE (201
NGE (201
~ CALL SP

I

[ o JRS QU QY g SN QY
- NDo@m- NO

8
8
128 ,NGE,201)
NGE (202, 1)+1

GE(202,2)+]1
G (202, 3)
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s

NGE (202
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NGE (206
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A

NGE (239,3)=142 - o
CALL SP2( 133,142, NGE,239) ) ST A
CALL ODD(1,239,NGE) . |
NGE(244,1)=137, -
NGE (244,3)=146 .
CALL SP1(137, 146 NGE, 244)
CALL EVEN(2,244, NGE)
NGE (250, 1)=140.
NGE (250,3)=148
CALL SP2(140,148,NGE,250) :
NGE(252,1)=141 _ o

NGE(252~3)=1 9 : C
CALL SP2( 141,148 ,NGE,252) | LU
NGE (254,1)=142 - -
NGE (254,3)=151 . -
CALL SP1(142,151 NGE, 254) "\
CALL ODD( 1,254, NGE) | !
NGE (259, 1)=145 - r
NGE (259,3)=154
CALL SP2(145,154,NGE,259]
CALL 0DD( 1,259, NGE)
NGE (264, 1)=148
NGE (264,3.)=156
CALL SP2(148,156,NGE,264)
NGE (266, 1)=149
NGE (266,2)=150 °
NGE (266,83 )£ 157
NGE(267,1)=150
NGE (267, 3)=157

. CALL SP2(150,157,NGE,267)
CALL 0ODD(1,267, NGE) -
RETURN , »
END A .

C***********************************************************
C***********************************************************,

OO0000000OON

C L XK2

SUBROUTINE COND(NEL, XK)

SUBROUTINE TO PROVIDE THE PROPER CONDUCTIVITY OF
MATERIAL 10 EACH ELEMENT

NEL - ELEMENT NUMBER

XK - CONDUCTIVITY (WATTS/METER*DEG CEL)

XK1 - CONCRETE BLOCK =.37
STEEL <45.0
FACING BRICK

| = 1,316 - o
INSULATION = 0.01586 - N

XK1=0-, 37

XK2=45.0

XK3=1.316

XK4=0:01586
IF(NEL.LE.8) @0 TO 10

XK3
XK4

S T



IF(NEL.LE.34) GO TO 20 !
IF(NEL.LE.41) GO TO 30
IF(NEL.LE.57) GO TO 10
IF(NEL.LE.B8) GO TO 40
IF(NEL.LE.81) GO TO 30
IF(NEL.LE.SQ7) GO TO 10
IF(NEL.LE,108) GO TO 40
IF(NEL.LE.121) GD TO 30
IF(NEL.LE.137) GO TO 10
IF(NEL.LE.148) GD TO 40
IF(NEL.LE.161) GO TO 30
IF(NEL.LE.176) GO TO 10
IF(NEL.LE.187) GO TO 40
IF(NEL.LE.200) GO TO 30
\ IF(NEL.LE.210) GO TO 10
IF(NEL.LE.218) GO TO 40
IF(NEL.LE.227) GO TO 30
IF(NEL.LE.233) GO TO 10
- IF(NEL.LE.238) GO TO 40
IF(NEL.LE.243) ‘GO TO 30 ,
IF(NEL.LE.249) GO TO 10
IF(NEL.LE.253) GO TO 40
IF(NEL.LE.258) GO TO 30
IF(NEL.LE.263) GO TO 10
IF(NEL.LE.266) GO TO 40
IF(NEL.LE.271) GO TO 30 .
10 XK=XK 1 o SRS
GO TO 989 :
20 XK=XK2
GO TO 999
30 XK=XK3
GO TO 998
40 XK=XK4
999 RETURN
“END.

C***********************************************************
C***********************#***********************************

SUBROUTINE DEVY (L, xg

SUBROUTINE TO MODIFY CONDUCTIVITY OF MATRIALS
FOR CYLINDERICAL COORDINATES B

MODIFICATION INCREASES THE CONDUCTIVITY AS
A FUNCTION OF THE DISTANCE FROM THE ROD.

XK - CONDUCTIVITY
I - ELEMENT NUMBER.

OOOO0O0OO0OOO0O0

LE.41) XK=XK=*0,03125
.GT.41.AND.I.LE.B1) XK=XK*0.08375
.GT.81.AND.I.LE.121) XK=XK*0.1875.
.GT.121.AND.1.LE.161) XK=XK*0.375
.GT.161.AND.1.LE.200) XK=XK*0.75

et
M T

(
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(
(

— bt
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.GT.200.AND.1.LE.227) XK=XK*1.5
.GT.227.AND.1.LE.243) XK=XK*3.0
.GT.243,AND.I1.LE.258) XK=XK*5.0
1.G7.258) XK=XK*7.0

RETURN Y '

END

—

C***********************************************************
C*****************************************n*****************

OOOO0 eXeleleXeleXeXeXeXe)

1
10
20

CONTINUE
CALL INVER

SUBROUTINE TRISTF(AE,XE,YE,P) .

DIMENSION AE(3,3),XE(3),YE(3),T(3, 3\-11Nv(3 3)
DIMENSION CX(3,3),C(3, 3)  TINVT(3, 3) ,,,,,, r

SUBROUTINE FORMS THE ELEMENT STIFFNES§ MATRIX FOR Q&
TRIANGULAR ELEMENT , )

AE -~ ELEMENT MATRIX

XE - X - COORDINATES
YE - Y - COORDINATES

EQUATION OF THE FORM AE=AREA*(TINVT)*(C)*(TINV)
T - TRANSFORMATION MATRIX

TINV - INVERSE OF T
TINVT - TRANSPOSE OF TINV

N ———H
> U | R | N | B | QT Y
mim- —a aaa0- -
—— O - = - e W
—— A2ADOOO O

)
)
)

S(T,TINV) .,
CALL TRANPO(TINV,TINVT,3), -
CALL COORDT(TINV,TINVT,CX, AE,C,3)
CALL TRIAR(XE,YE,XA)
DO 20 I=1,3
DO 20 J=1,3 .
AE(I,d)= P*XA*AE(I J)

. RETURN

-END

(C % 4 3k ok oK ok ok ok ok K o ok ok ok ok ok 3k ok 3k ok ok 3 oK o K ok o oK oK ok oK ok 3k K ok o oK ok 3 oK o ok ok K oK oK ok K oK o 3k oK oK 3K oK KK K
ok ok ok o 3k o ok ok 3k 3k ok 3k 3K sk ok 3k ok 3 ok ok ok 3 o 3k 3k ok 3k 3 oK ok ok ok ok ok oK oK ok oK ok oK K oK 3 3K ok 3k 3k e ok ok 3K 5K oK oK ok A oK o

OO0

SUBROUTINE ASSMG(A,AE,NCORN,NUN,IEX, IOX,NGE, K NEL)
REAL A(IOX,I0X), AE(IEX IEX) . -
INTEGER NGE(NEL NCORN) ™ - '

GENERAL SUBROUT%&? TO ASSEMBLE ELEMENT MATRIX INTD
GLOBAL MATRIX



OO0

10

1A T+NUN* (NGE (K, NR)-1), J+NUN*{NGE
2AE(I+NUN*(NR-1).d+NUN*(NC-1))

v
: Al
= £l
"

A - GLOBAL MATRIX

AE - ELEMENT MATRIX

NCORN - NUMBER OF NODES PER ELEMENT

'NUN - NUMBER OF UNKNOWNS PER NODE

IEX - NUMBER OF ELEMENT DEGREES OF FREEDOM
10X - NUMBER OF GLOBAL DEGREES OF FREEDOM. -
NGE - NODE NUMBERS OF "ELEMENTS TO BE ASSEMBLED
K --ELEMENT NUMBER

NEL - TOTAL NUMBER OF ELEMENTS

DO 10 NR=1,NCORN

DO 10 NC=1,NCORN

DO 10 J=1,NUN

DO 10 I=1,NUN

A(T+NUN* (NGE (K, NRT™1) d+NUN*(NGEE

K,NC
K.NC
CONTINUE |

RETURN )
END

C***********************************************************
C***********************************************************

oXeleleXeielelieieie il i i)

.]'

SUBROUTINE SETBC(ST,NNS,NS,A,R,NGDF)
DIMENSION A(NGDF,NGDF),R{NGDF),ST{NNS) NS(NNS)

~ SUBRQUTINE TO APPLY TEMPERATURE SPECIFIED BOUNDARY

20

" CONDITIONS TO TWO DIMENSIONAL STEADY STATE PROBLEM

FORM OF EQUATION BEFORE APPLYING BC’S AxT=0

CFORM OF EQUATION AFTER APPLYING BC'S  AxT=R

A - CONDUCTIVITY MATRIX

ST - VECTOR CONTAINIG SPECIFIED NODAL TEMPERATURE

NS - VECTOR CONTAINING NODE NUMBERS WITH SPECIFIED
TEMPERATURES

NNS - NUMBER OF NODES WITH SPECIFIED TEMPERATURES

R - LOAD VECTOR CREATED BY 'SPECIFYING TEMPERATURES

DO I 1,NGDF

°R(1)=0.0

DO 10 I=1,NNS )

A{(NS(I),NS(I))=1.0

DO 20 J=1,NGDF

R(J)=R(J)=A(J,NS(I))=*ST(I)

DO 10 L=1,NGDF .
IF(L.EQ.NS(I)) GO TO 10 = e
A(L,NS(I))=0.0 : :
ACNS(I),L)=0:0

CONTINUE |

DO 30 I=1,NNS

R(NS(I))=5T(I

155
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RETURN y

/

END /
C***********************************************************
(0 ok ok 3k ok ok sk ok o ok oKk ok ok Ok ok ok ok ok oK ok ok 3k 3k K 3k ok ok ok K K 3k ok ok ok ok oK ok K ok kK ok 30k oK 3k XK K XK

SUBROUTINE SOLIN(N,A,F,X)

DIMENSION A(N,N),F(N),X(N)

A - INPUT MATRIX . v

F - INPUT VECTOR

X - OUTPUT VECTOR

THIS SUBROUTINE SOLVES FOR X BY GAUSS-ELIMINATION FOR
THE MATRIX EQUATION OF THE FORM A*X=F

OOOOO0

DO 10 J=1,N
B=A(J,J)
DO 20 I=J,N
1)=A(J,1)/B
20 CDNTINUE :
(d
E

B
.0) GO T0O 50

, *A(J,1)-A(U+11,1)

40 CONTINU
CF(J+IT1)=B*F (U)-F(u+I1)

30 CONTINUE . '

10 CONTINUE

BACK SUBSTITUTE TO FIND X

50 X(N)=F(N)
KK=N-1
DO B0 J=1,KK
B=0.0
DO 70 I=1,d
B=B+A(N-J,N-1+1)*X(N-1+1)
70 CONTINUE
X(N-J)=F (N-J)-B
60 CONTINUE
RETURN
END -

C***********************************************************
C***********************************************************
SUBROUTINE SP1(K,M,NGE,NN)
DIMENSION NGE(271 3)

K=NGE (NN, 1)
M=NGE (NN, 3)

OO0

OOO0

NGE (NN+1
NGE(NN+j

NGE (NN, 2)=M- 1
1) =K
,2) =K+1

1
2



NGE (NN+1,3) =
RETURN : ' o,
END

C***********************************************************
C***********************************************************

OO0

10

C***********************************************************

SUBROUTINE EVEN(N,L,NGE)
DIMENSION NGE(271, 3} v

N-" NUMBER OF ELEMENT IN PATTERN
L - ELEMENT NUMBER THAT STARTS PATTERN

"V
%

0O 10 I=1,N "
DO 40 J=1,3 : .
NGE (I1*2+L,J)=NGE(L,J)+

NGE(I*2+L+1 J)=NGE(L+1, d) I

RETURN ‘

END

C***********************************************************

L OO0

SUBROUTINE, SP2(K,M,NGE,NN) -
DIMENSION NGE(271 3) . L2

K,M,NN - SEE SP1

NGE (NN, 2) =K+1

NGE (NN+1, 1) =K+1

NGE (NN+1,2) =M

NGE (NN+1,3) =M+1 |
RETURN | |
END \

C***********************************************************

OO0

10
20

. C***********************************************************

SUBROUTINE ODD(N,L,NGE)
DIMENSION NGE(271 3)

N , L - SEE SUBROUTINE EVEN

DO 10 I=1,N
DO 10 J=1.3
NGE (1%2+L )=
NGE (1*2+L+1,J
DO 20 J=1,3
NGE (1#2+L+2,J) =N %?ﬁ J)F1+1
RETURN

END

NGE (L, J)+ )
J=NGE (L+1, d) +]
L

C***********************************************************
C***********************************************************

OOO0

SUBROUTINE INVERS(T,TINV)
DIMENSLQN T(3,3), TINV(3 3)

SUBRD&§$ME 10 CALCULATE THE INVERSE OF A 3X3 MATRIX
% .

[Wal

~4
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TINV - INVERSE OF T
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INV(1,d)/DETT

C***********************************************************
C***********************************************************

OO0

SUBROUTINE TRANPO(D,DT,M)
DIMENSION D(M,M),DT (M, M),

SUBROUTINE TO TRANSPOSE SQUARE MATRIX
DT - TRANSPOSE OF D

END

C***********************************************************
C***********************************************************

OO0

“CALL MATMUL (XLAMT,C,

SUBROUTINE COORDT (XLAM,XLAMT,AE, AET,C,N)
DIMENSION XLAM(N,N),XLAMT(N,N),AE(N,N),AET(N.N),C(N.N)

SUBROUTINE TO PERFORM THE COORDINATE TRANSFORMATION
OF THE FORM AET=XLAMT*AE*XLAM :

XLAM - LAMDA MATRIX
XLAMT - LAMDA TRANSPOSE

“AE - ELEMENT STIFFNESS MATRIX

AET - ELEMENT STIFFNESS MATRIX IN GLOBAL COORDINATES
DO 1 I=1,N |

- DO 1 J=1,N

C(1,d)=0.0 )
CALL MATMUL (AE,XLAM,C,N,N,N)

AET,N.N,N)
RETURN

END

| 58

- ‘
C***********k***********************************************‘
C***********************************************************
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SUBROUTINE TRIARE Y, XA)

X
DIMENSION X(3),Y(3)
SUBROUTINE CALCULATES AREA-OF A TRIANGLE FROM ITS S
VERTICES . '

) - X COORDINATES
) - Y COORDINATES

OO0

>< O o >

C***********************************************************
C***********************************************************

SUBROUTINE DET(A,DETA)
~ DIMENSION A(3,3)

SUBROUTINE TO CALCULATE THE DETERMINATE OF A 3X3
MATRIX ‘

A - MATRIX o
DETA - DETERMINATE OF MATRIX A

OOOO0O00

END

C***********************************************************
'C***********************************************************



‘ APPENDIX E

:

Steady Periodic Heat Conduction through a Composite Slab

The éeneral solution to steady periodié heat transfer
through a composite slab is ﬁ;ggented in Carslaw and Jaeger
(13). The solution relates the temperature and heat flux at
one surface to the temperature and heat flux at the other’
§urfate_oby abmaLrix equation. This matrix equation is of

the form (omitting a time factor):

e T f B

where: T - temperature
q - heat flux .
A,B,C,D - complex quantities that are calculated
from material properties and the

angular frequency of the heat transfer.

By specifying any two 6f T(x=L), Q(x=L), T(x=0), or Q(Q;O)

‘boundary conditions, the remaining two can be calcuiated:
For the problem of steady heat transfer through a wall

section the boundary conditions are shown in Figure E.1., In

{

terms of Carslaw and Jaeger's solution these boundary

conditions are (omitting the time”vfactor): T(x=L) = T, and
T(x=0) = 0. The heat flux at either surface can then be
calculated. A compuﬂer program that solves this problem is

160
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presented at the end of this appenaixm

) , . .
| .
o {8 . '

3

~Exampl¥® Problem
w | o
Calculate the amplitude and time lag of the heat flux

at the interior surface of the masonry module walls when
Interior‘Iemperature = 200C
Ambient Temperature = 10sin(wt) .
wo= 71.272 ngO’S 1/s (period of one day)

surface resistancés (mZ-OC/W)
interior - 0.120
exterior - 0.030

layer - thermel diffusivity thickness conductivity

. (m2/s) (mm) (W/m-°C) .
wallboard 1.837 x 10_7 12.7 0.1602
" air gap’ 6.0 x 1072 25.4 . 0.0721
concrete block 2.3 x 10~/ ' 88.9 0.3643
polyurethane 2.5 x 107 " 63.5 0.0159
facing brick 7.9 x 10-7 76.2 1.3100

Air gap 1s not solely a conduction element, but also
transfers heat by convection and radiation. Therefore, it
was necessary to approxiﬁatebsome effective properties for
the air gap. ' | |
‘'a) The long term measured ré:istance of the air gap is

0.416 m2-9C/W (from Section 2.2.2). Dividing the

thickness of thé aihxggp by the measured resistance o

givés an effective conductivity of 0.0721 W/m-OC.

b) Calculate the thermal diffusivity of the air gap

using the effective conductivity of the air gap, and

v %
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the density and specific heat of ai%. The effective

< /Qhermal~diffusivity of the air gap is,aggrb‘v

‘ // 6.0-x 10-5 n2/s. ' /
) N .

} v
. . )
. .

-

Solution

“Solve by superposition of two problems -

“ ,
™ 1) Steady.<stateAheat.transfer across the wall wiéh the
- -exterior'temperaturewéqﬁa} to OOC}:and thé interior

;; .~ temperature equal t; 20°C. _}
2) Steady periodic ‘heat tranéfer acrgss,the wall with

’ N ' .
_the.‘interigr\,temper;&ufe‘ equal td OOC; andiyhe
1 $W-experiof téﬁp;rature equal to 10sin(wt)..

1) Steady Stéte Solution:;dés S .
o : ‘ ‘ _ B & & A * v
“Total resistance of wall (R) = 4,88 m2~°C/W'
Qss = T/R.= 20/4.88 = 4.1 W/m2 . .
2)‘Steady Periodic Heat Transfer, dsp. -~ fro computer ” .
program - - IR . L Y . v
S agp = %ﬁ3lsiﬂ(wt—2.438) o K S .
X :‘;Theréfore,'Thepfotal-héat. tfanlfer, qT, at the walll's -
- x . . . v T ] . . ] ' :
;Qﬁmefior surface s, ’
b" .- - ' R : - T, ‘ . ;. o '-. \,". “ .
S0 4T ='9ss * dsp [ e ke R
T Q7 = 4.1 4 0,31sin(wt-2.438) ... v oL
R T ST o
yA@plithde?ofAthe ihtefior”ﬂeqt'fluxf= O(gl-W/mz
b . . : . b et . : ¢ T . Ty 2
. e toe ‘ S s 5T - LT ' s 1
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L) N

Time lag of the interior heat flux'= 9.9 hours
If the  "potential” periodic heat tr%;sfer was
. ' |
- calculated, considering the problem to be quasi-steady-

_state, amplitude of the heatb flux would be 2.05 W/m2.

Therefore, the attenuation of the heat flux is 0.15.
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C**************** 3k 2k 3k 3 oK ok 3Kk ok ok sk ok e kK ok 3k Sk 3k oK K kK k ok 3 ok ok 3K K ok ok Xk ok K K ok kK k kK

C*
Cx*
C*
Cx*
C*

C*

Cx*

O(3CH3C)O(OCHWC)O(ﬁ(ﬂﬁ()O(ﬁ(ﬂﬁ()ﬂ(ﬁ()ﬁ(?(ﬂﬁ})O()(Hj()ﬂ(ﬁ(ﬂﬁ()ﬂ

@

*

ey,

LINEAR FLOW

‘PROGRAM SIMULATES COMPOSITE WALL SECTION OF A BIULDING

-

|

23

PROGRAM NUMBER 2

PLANES - %TEADY PERIODIC TEMPERATURES IN COMPOSITE

SLABS

k]
C***********************************************************

SUBJECT TO-THE FOLLOWING BOUNDARY CONDITIONS:

PROGRAM CALCULATES THE AMPLITUDE AND PHASE LAG OF THE
INTERIOR HEAT FLUX WITH RESPECT TO THE

1)

INPUTS REQUIRED ARE
: AMPLITUDE OF EXTERIOR TEMPERATURE

1) INTERIOR ROOM TEMPERATURE 1S HELD CONSTANT
2) EXTERIOR .TEMPERATURE VARIES AS A SINUSOID AND

OF HEAT IN A SOLID BOUNDED BY TWO PARALLEL

*

*
*
*
*
*
*
*

WHOSE MEAN VALUE EQUAL TO THE ROOM TEMPERATURE

2) PERIODIC FREQUENCY OF THE EXTERIOR TEMPERATURE

3) MATERIAL PROPERTIES OF EACH LAYER OF THE SLAB S

- THERMAL DIFFUSIVITY
- THICKNESS :
- THERMAL CONDUCTIVITY

4) SURFACE HEAT TRANSFER COEFFICENTS AND CONTACT

INPUTS;

-

¢

QUTPUT:

RESISTANCES BETWEEN LAYERS

DEFIRITloNs RRD UNITS | :

AL=THERMAL DIFFUSIVITY (M*x2/ST
%L=LAYER THICHNESS (M) .
XK=THERMAL CONDUCTIVY (W/MC)
T= TEMPERATURE;AMPLITUDE (C)

* "W=PERIODIC FREQUNCY (RADS/S)
. N=NUMBER "OF .LAYERS, UP 10 5

R=CONTACT OR CONVECTIVE RESISTANCES EM**ZC/W

- RO= INTERIOR SURFACE HEAT TRANSFER COEFRF.

R(1)-R{N-1)=CONTACT RESISTANCES

fR(N) EXTERIOR SURFACE HEAT TRANSFER COEFF

S
Q=HEAT FLUX AMPLITUDE _W/M**2
PL=TIME LAG (HOURS/DAYS/MONTHS)

T

I

E%lERiOR TEMP.

/
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C;k******************************************_*****************

C* ¥ *
C* FORMAu OF INPUT FILE *
C* N FREE FORMAT DATA - DATA SEPARATED BY BLANKS %
C* *
C*  ROW 1 ‘e , ,“J' *
C* NUMBER OF LAYERS , PERIODIC FREQUENGY Of HEAT *
Cx* " FLUX, AMPLITUDE OF TEMPERATURE *
Cx* %*
Cx* ROWS 2 THRU 6 (IF NECESSARY) *
Cx* - LAYER MATERIAL PRDPERTIES + START WITH - *
C* . INTERIOR MOST LAYER AND WDRK TO EXTERIOR *
C* MOST LAYER *
C* THERMAL DIFFUSIVITY , THICKNESS , CONDUCTIVITY *
C* i H ) 1 *
C* " 4 " n ) *
C* : ¢ *
Cx* LAST ROW : ‘ *
Cx* INTERIOR HEAT TRANSFER COEFFICENT , CONTACT *
Cx* RESISTANCES IN ORDER OF INTERIOR, TO EXTERIOR *
C*x EXTERIOR HEAT TRANSFER COEFFICENﬁ *
Cx* *
C************************************************************
c. : . cagd

 LOGICAL*1 FREE(11/" %"/ o < ‘ a ‘

" DIMENSION AL(S) XL(5) XK({5)R(B),CX(5),CL(5 )

RE'AD NUMBER OF LAYERS, FREQUENCY AND AMPLITUDE
5 DF,TEMPERATURE , .

i - .
OO

READ(11,FREE) N, W, T~ .
COMPLEX A(S), 8(5) (5),D(S).XM(Z,Q),XXM(Z,Q),G,CMHEX

READ” MLTERIAL PROPERTIES | . -

OO

OO0

o - \
.DO 50 1=1,N & . S ™
.~ READ(11,FREE] %in (1), XK{I) -
50 CONTINUE - _ ‘ )
CALCULATE MATRIX ELEMENTS FOR EACH WALL LAYER
| S h
DO 10 1=1,N B | .
X{1) SQRT(W/(2 O*AL ( 1))) : R e
(I) X{I)£XLLT) - ' il :
8)§§)=CMPLX(CDSH(CL( ))*COS(CL(I)),SINH(CL(I))*SIN(CL(I
TT=-1.0/(2.0%XK(1)1*CX(1)) ) -
Y=TT*{SINH(CL(1))*COS(CL(1))+COSH(CL(1))*SIN(CL(T]))
Z=TT*(COSH(CL(1))*SIN(CL( ) )-SINH(CL(I))=COS(CL(I)})
B(1)=CMPLX(Y,Z) - - .
AA=z-1.0%XK(1)*CX(1} : o
UzAA* (SINK{CL (1) )*COS(CL(I))-COSH(CL(I))*SIN(CL(1})) )
| V=AA*(SINH(CL(1))=COS(CL L(1))+COSH(CL(I))*SIN(CL(1}})
oy :
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C(I1)=CMPLX(U,V) : / -
D Ir=4(1) , '
10 CONTINUE S
READ CONVECTIVE AND CONTACT RESISTANCES
READ(11,FREEJRO,R(1),R(2),R(3),R(4),R(5)
ECHO INPUT DATA
WRITE(6,101) - c
101 FORMAT (10X’ Number of Layers Angular Frequency (ra
&ds/set) " Temperature Amplitude’,/)

WRITE(6,102) N,W,T

.,102 FDRMAT(18X I, 22X E8.3,25X,F4. 1, ///)

T

OO

WRITE(B, 103)
103 FORMAT(SOX ' Layer Data',//)
WRITE(6.104)
104 FO?MAT(1OX,’D1ffusivity Thickness Conductivity
&l y ) i .

. DO 70 I=1,N -
& RITE(6.105) ALIT) XL(1) XK(T)

70 CONTINUE .

105 FORMAT({ 12X ,E8.3, 8X FE. 4 g&,F6.4T‘ . . ‘ *
WRTTP(G 1061 RO, P’N

106 FORMAT(///,10X, ' Surface Heat Transfer Coeff. - Interior

&=' ,F6.3,’ Outgide=',F6.3, //) . .
tFINEQ. 1) Guf0 38
WRITE(6,107) a | . | . .
107 JDRMAT(1OX ‘Contact Resistances.- inside to outside'./)

F NN=N- : ' L B .
& 00 80 I=1.NN b o Q .
CWRITE(S 108) R{I T SR = L
80" CONT IND®, o
108 FORMATI T6x.Fe™ % e
33 CONTINUE | SRR

CALCULATE “THE TRANSFER MATRIX ACROSS ALL LAYERS

=

- e AV %
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CALCULATE INTERIOR HEAT FLUK (NOT INCLUDING
TIME' FACTOR) ‘ |

BY DEFINITION HEAT FLUX IS GIVEN BY qg=-K*xdt/dx. THAT

# IS ,HEAT FLOW IS IN THE DIRECTION OPPOSITE TO THE SLOPE
OF THE TEMPERATURE GRADIENT. THEREFORE TO ACCOUNT FOR
THIS APPAWRENT 180 QEGREES PHASE SHIFT THE HEAT FLUX
MUST BE MULTPLIED #Y-NEGATIVE ONE. ‘ '

G=(-1.0)%T/XM(1,2)

MULTIPLY BY TIME FACWDR AND CALCULATE REAL
.AND IMAGINARY . PARTS k

H=REAL (G)
P=AIMAG(G)

CAKGULagi AMPLITUDE OF HEAT FLUX
ool .mhp#g*» +P*x2) ey

\PHASE LAG OF HEAT FLUX

POO OO0

BAGOS (H/0)

IF(P.GT.0.) GO TO 12 | o .
PL=PL*(-1.0) « - " 3
12 CONTINUE : R :

OO O

WRITE QUTPUT

PRINT 109,Q a |
,109 FORMAT (- /7 107" AMPLITUDE OF INTERIOR-HEAT FLUY =
& F10. 4 WATTSr SC. METER . .
PL=PL/W/3600. .-
PRINT 110 o o ‘ , .
10 FORMAT (///.10%,' TIMZ LAG (if negatdve! OF INTERIOR HE&
" &T FLUX BEHIND THE EXTERIOR TEMPER URE FLUCTUATION’)
& . PRINT 111,PL
111 FORMAT [/,30X,F8.4,' hq rs’ 1
PL=PL/24, |
©  PRINTZ 112,PL v
112 FORMAT (30X,F7.4," days’ | ) :
PL=PL/30. . . : o
PRINT 113,PL , | S . »
113 FORMAT (30X,F7:4,' months’ ) L 4
STOP o .
END -



