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ABSTRACT

A finite difference combuter program {HRBATING 5) has been
acquired.aad is utilized to vpredict the thermal performance
of basements. | This ptoqrim has been validated by coﬁpdtinq
results - with data acquired from. an actual instrumented
;ésidentiaL baseament in Colunpus, Ohio.- Tae model,ignsiders
a two-dimensional cross-section “and incorporates tije—
varying soil therzal properties; all soil/air interface

boundary heat transfer is charactkized by associated

-

uniform convective coefficieats. In all calculatioas,
except one, radiation aad evapo-transpiration effects are
neglected. ‘

-~

A parame;ric study 1is done on the Ohio basement to
icvestigate the effectg of the folloyinq parameters on the
baseszent heat 1555 -

1. Soil theraal comductivity
P .
2. Proximi@y to adjacent structures ' .
3. Ground water level
4. G:oﬁnd surface coanditions
a) 5D0OW CcOowver

b) Asphalt cover

5. Insulation placeaent



a) Placement on the full length of the exterior
wall
b) Placement on the top half of the exterior wvall
6. DBasement tenperature

It 'is found taat the s50il thermal conductivity can
exert a siqnizicant-influence on tne basement neat loss.
It 1s essential tuat valueé‘close to the actual soil tnenmaf.
conductivities be used for heat loss calculations.

Similar structures (Dot  closer than 32 rrom the
basemenf wall) do not si&hiiicantly arfect the wall- heat
losses (only up to 8%, but can reduce the raxizum floor
neat loss by as nuch as 5%%. | ’ —

The grouad u#ter 1evei plays an important role 1n ' the

determination ©r tae fi0or aeat loss, but its efrfect on the
. .

wall heat loss is almost neqligihle.

T
The grouad cover can have a significant influeace oo

J—-—\

the wall and <rloor aeat loss (especially tne walil heat

loss). Snow cover is very effective ,in reduciag the wall
b

heat loss. A 5.7 inch snow cover can reduce the wall and

floor heat lo3s by as- auca a3 33+ and 8% respectivelv. An

asphalt cover ainimizes the heat loss due to evaporation
rroxr the Jrournd. A 4 inca dsphalt cover can reduce tne
wall and rfloor heat loss 5y 19» and 9.4% respectively during
tahe neating season.

It ©nas also been round that £full length icsulation

placement 1is more effective thar palfi length insulation



Sea>
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placement. But the beneficial cooling season heat losses

are also cteducad by the 1ddad'insnlation.

4
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Chapter I

¢

"INTRODUCTION - C o

In an era of uncectéin ene:qf supp;ies, interest in building
.enerqgy conservation has xncréésed steadilv duFinq- the past
few years.i ﬂistoricall? there nas Dbeen a lack Sf interest
iﬂ the below grade portion of‘buildinqé even £houqh the heat
loss can.be 10-20% [17 of the total heat loss of dDh average
North American home. But with the. advent of super-insulated-
"buildings, - the above-grade heatr losses have been reduced
‘sigaificantly ;he:éov‘ mak;aq the below'qrade peat loss a
nore s}qnificanﬁ component of the total heat loss.

8ligh [ 2] uaas féported onithe -benefité of building
underground shelters; sartu_shelterinQ°uses.the edarth as a
barrier and a moderator. The earth moderates temperature
extTemes in tae air and acts as a barrier to storm and uind

ieﬁfects. An undergfound bpuilding can eifect an energy
saving of 75% or more-‘

To dace, tane on;v wlidely accepted procedure for
calculating below grade heat loss from basements is that
recormended bf ASHRAE [ 31 uhicg is directed towards winter
gdesiqn heat loss for conventicpnal basements. The circulér
aeat flow pattern is assuﬁed to be the only path of néat

ftlow between the paseldent anu ground surface. For insulated



. . 2
basement walls the same circuldr heat transfer paths ace
assumed with tﬂé resistance 9f the insulation added to that’
of -each péth., |

This approach has some major drawbacks. It is based on
4 sSteady-state approximation and does not consider the
storaqe'capacitylof the soil. " When insulétioh is added to
the wall, the heat flow paths dre distorted and no longer
¢circular. ~TSeIASHRAE zmetnod cannot distinquish between the
interior,and exterior insulation applications.

4ith the increasing cost of gner}v, accurate modelling
of each componemt o©f a - building's thermal envelope 1is
necessarye. " Therefore a ‘more detailed and accuraté
understanding of_the transieut heat transtfer froa basements
is needed.

The followvwing seé;ions " present a  respoase tol fhese
needs. A literature survey investigates previous studies on
the factors which effect belov grade pbuilding acat traansfer.
A detailéd description of the moﬁel esed to study the

transient W?at transfer 1n basements, Lts validatica ard a

paracetric study optained from it are also presented.

1.1 LITERATTEE SORVEY

This survey 1is di&ided iato two parts. The first is a study
of the <factors influencing the soil temperaturés and so0il
thermal properties and subsegquently basement heat loss. The
second 1s a study of soae or the methods used to calculate

basement heat loss and greund temperature districution.
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1.1.1  SOILL- TEARERATURES-

The ground ténperatnre is ome of tﬁe most important

parapeters effec;igg 7 ﬁeatt transfer‘ in. Undergroand

Iﬁstalla;ions-. -The qgrouand tgnperatnres qré dependant on'a

pumber of wvariables. Th2y aay be.claséifigd és [4]:~ _

1. Geoqrahhic, inclad;qg latitade, altitude and solar
radiatioﬁ.

2. Meteorological, including soow cover, rainfall, cloud
cover, local air temperature, and vind speed..‘

3. Site-épecific, i:c}udinq topoqraphy, surface cover,
and shading effects of nearby trees. ‘

4. -Subsurface, includinqg the thermal and physical
propetties of soil, and the level_and movement o:
éround vater in‘éhe_soil.

Geographic distribation of the ground climate ha#
received very little attention from the building industrj,
which has been concern2d aainly with the dep;ﬁ}of frost
ﬁénetration for fouandation design. :Singe ng\private or
public agency hés'sponsared a nationali program of ground
temperature measureﬁent, exiétiﬁg ground temperggure records

\

are scattered and few, collected by individual resea;chers.'

for their own wvork, 5r by state agricultural research

stations on their own ini tiative.

The first recorded measurement of soil temperature
studies in Capada were made at McGill University in Montreal

{1882-1883) and reportel by Callender {S] and Callender and



-
McLeod [6]. Electric resistance tﬁeraoneters vere installed
" to” a depth of 2.784 m and observations iére made on the
teaperaturé equalizing ef fect of rainfali and thé'insnlating
effect of snow cover oa- the so0oil -teaperatures near the
surface. They showed.that daily variations in temperatures
;occur only .fo iebths of a fev centimeters, ' wvhile changes
below 25.4 c¢n \f011QI' ;n annual cycle. The range of
temperatara variation decreases uitﬁ'depth below the surface
and a nearly constant teaperature is éeached_at about 6.1 n.'
The respective temperature variations at a depth of 2.583,
10.16, 25.4 and 50.8 cm. were 13.33 C, 10 C, 3.33 C, 1.67 C
and 0.56 C. The mean aanual soil temperature was shown to
be-2.26 C higher than the mean annual air temaperature.

ECrabb 2t al {7] stodied the influence of vegetative
cover on sail.tenperatdres at East Lansing, Michigan. Their
studies 1indicated that solar radiatiom is an influencind
fgctor on tke soil tenpefatuces. But veéetal cover tends to
reduce the reééipt of solar hgat in proportion to the
density of that cover. fhey also showed t;at the efféct of
veqetati?e cover 15 more widespread ihan/its solar shielding
effect. It markedly influences each of the following :-

1. Moisture content at different soil depthss
2. Porosity, permeability, and the aeration of the soil.
3. The length of time  snow will rémain on the soil

surface.
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Conpﬁr@#on of air and soil tegperatures at &épths of 1,
12, °,18 and;33 inches wer® made. Temperatures at the 1 and
12 inch 1;%215 ‘showed the. hourly effect of atmospheric
tenperétgres_ and insolatipn. . but at lower depths these
effects are ;qulidihle.. —rhey' councluded that soil
temperature v&éiati%ns. at .the lower depths, are?inot the
resuIE!‘of hourly, o£ even daily air tehpefatureé, ‘but of
accumulations of the hzat ~gradually stored in the soil
profile.

Crawfofi [8] measured ground temperatures and showed
that quund surfice tenperatgreé are éignificangly effected
by tﬁe su:f;ce conditiosns (snrow cover etc.) and solar
radiation.

n Gold (9] demonsf¥rated the influence of snow. cover and
size of the convective caefficient on the difference between
average air and corzespondan ground surface temperatnres._
Observations H;;e made t Ottawa on ground. temperatnres
under a grassel surface aad two neacby parking lots, one
snov covered in wianter and the other clearéd- In winter,
the monthly average sﬁrface texzperature of the snow covered
'parking lot was about 3 C warmer than the ibvest monthly
average air temperature while that of the grassed sits was
about 10 T warmer. At the grassed site, the monthly average
~surface temperature in summer vas a littlg warmer than the
average air temperature, bDut was alvays within 1.7 C of it..
The average snrface' temperatures of the parking lots uere:

on the other hand, upto 15 C warmer.
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The refiécfivity "of the sﬁrfaces of the parking lots
with respect to solar-radiation was about the same as that
for.the grassed surface (about 90% of the incoming solar
radiation was. absorbed). As the parking lots did not have a
covér of vegeiation anl were vwell drained, no heat was
dissipated by tranépiration and evaporation.

In an earlier study &f the drassed site, Gold and Boyd
{10] showed that.durinq 1 period of_nptil 1 to Septeaber 30
about 48% of the mnet solar radiation, absorbed by the
ground, was dissispated by evapotranspiration, ‘about 42% by
longwave radiation, ‘and about 7% by convection, and that
only 3% was conducted into the qrodnd.

Soil surzacze temperaturas ip six ome-meter square plots
with different s0il covers vere studied by Johnson and Davis
f111]. The maximum sarface temperatures for tarnac; bare
ground and grass soil covers were 53.33 C, 47.78 C and 38.33
C, respectively,  with a corresponding maximum  air
tenperature of about 26,57 Ce

Kusuda [12] studizd soil teaperatures under‘ five

-

different soil covers. The summer month asphalt covered

surface was 8.3 C warmer thhn the a;erage air temperature,
vbhile the grass c;ver .cemainéd consistantly below ambient
conditions by 2bout 0.6 C to 3.9 C. The asphalt covered
gurface 2liminates the effect of transpiration and

evaporation and this accounts for the higher temperatures of

the asphalt surface.

4
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Gilpin and Wong [13] have developed a'lo&el to predict
the effects of variable surface c;vers on the surface-
temperatures. |
The nost"iﬁflnentiaI' ground ciiﬁate vork ﬁas been
.petfotned‘bv Te Kusnd; and P.BRa. -lchenhach of the National
Bureaa of standardsit1H]; The uﬁrk ¥as co nissioned-br“ihe
Department of Civil Defencé in order to obtain a Lethod for
éstinatinq ‘tﬁé natural qround. tenpecaﬁure, vhich wvonlid
provide a basis for detaraining the eqyipnent requirements
fof veatilation, air c§ndit;oning 5nd heating of various
size fall-out shelters-l They collected available gfoﬂnd
tegperatare records for forty-sevea differen£ iocatiows;in
the United States. “The data ﬁpt each-station vere analyzed
by a least square procedure to obtain a best £fit to a
simplified sinusoidal temperatnfe model. |
Chang [15.16] has prggared global maps of estinated
grouad temperature at dep£hs of u inches, 12 inches and 4§
feet. The annual amplitude of_tﬁe 4 inch depth is almost
identical with tﬁat‘of the surface, so Chang's map of North
America has been ased far éalcnlatinq basement Qeat losses

by ASHRAE (1977). . )

1.1.2  SOIL- THERBAL PROPERTIES-

An understanding of the fundamental mechanisms involved in
vheat <flov through the so0il is required before accurate

prediction technigues’ can be developed for determinirng the
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heat transfer froa basemants. Soil thernalrproperties are
very difficu;t to define prgcisely because of the infiuence
of density, porosity, ;qiﬁtnre content, soil ty#e and
temperature, which .aré all functioans 5: tine_and dapth.
Considerable. work .bas baen doﬁe by researchers to better
defice these parameters. .

Smith [{17] determined the thermal conductivities of a

nuaber of soils using a juarded bhot box method under steady-

state conditions. The s0il saamples vere disintegrated and
repacke& during " the testing.. The thermal conductivi£ies
vere considerably decreased when the soils were reduced to a
finely ffaqnented state.

Kersten [ 18] used a steadf—state method for determining
~thersmal conductivities in which-a bheating element is.placed
'in the cz2ater of a cyl%nirical soil contajner. He concladed
that the thermal conduétivity increases almost linearly with
an iacreass in moisﬁﬁré content, provided the soils wvere
below the saturation point. |

'Dé:VrLes [19,20] p:eéented a theoretical treatment of
the influence of naisture vapour diffusion on the apparent

tharzal canductirity' of soils. The apparent thermal

conductivity of the soil was couposed of two components;

the real conductivity and a vapour migration term. The main -

factor which increases the vapour conductivity term is the

temperature.

T}
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Kiabell et al [[21] provided a sﬁmnary.of this procedure
and examined the accuraéi of the theory bf comparing it with
aeasurerents and with a survey of énpirical investigations.
By doing this, it uas.obser}ed that the soil heat flux
prediction is not improved by the inclusion of ‘the
isothermal wvapour flax fqr intermediate and low-moisture
contents and that a good prediction .of the soil heat flux
can ke obtaiggd based on conduction.
L ;RolIin; -et al r2§1 studied the relative amounts of
liquid aand vapour lmoisture migration under "a thermal
gradient under steady-state conditioas. He concluded that
the predominant method of soil moistupe movement is not in

‘the liquid state.

Kersten | 23] carried out tests op 19 different soils
o ” - :

which represented a. wide textural variety., qravei, sand,
sandy lqgm, s5ilt loam, and clay, as well as some crushed
roéks and a <fibrous peat. Moisture contents for the test
varied from air-dry to values greater than the thimum
molsture content. The deasities varied from a” icoselv
poured condition to the maximum obtainable by heat¥y ramming.
He found that density affects the thermal conductivity in
apout the same manner for all soils, at any moisture
content, and for either frozen or anfrozen conditions. On
the average, each c¢oe pound per cubic feet increase 1in
density increases the thermal conduactivity by about three

percent. An increase 'in noisture content causes an increase
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in the therlal conductivity. Ih;s is-,tf;e ap to the point
of'saturation;_ The tharmal conductivity of a soil, -at a
éiveﬁ density and moisture conéenﬁ. varies in gemeral with
the textare of the Soil, being relatively bhigh for coarse
textured soils and relatively low for fine te;tured sﬁils.
The mnineral coamposition of éhe soil also affects the
‘condnctivity. ‘Quartz tends to give bhigh values whereas
"minerals such as plagioclase feld;par and pzroxene; vhich
are coanstituents of basic rdcks, £end to give low values of
theraal conductivity. ' o i

Baladi et al [24] used a one-dimensional (Spherieal)
transport model to pfeditt the coupled heat and. moisture
migration phenomena ia soils qnder truly transieat
conditions. sélutiods for theoretical calculations were
compared to expérinental measuréuentb. He concluded that
soil_energr ‘transpért is.aidéd by higher nmoistare content
and that_dty soils, and slightly less accurately well-graded

soils,  can be modelled guite accurately by using pure heat

conduction.

It is seen fron this portion of .the literatare sdrvey
that the uppernos£ ;gvels of the so0oil are greatly affected
by the irrequlacitieé of radiation, surface cover, wind and
‘Taile " This complica;es the thermal procésses_and makes
thersal m>delling -very difficult. -~ Despite the thermal

iriegularities of the surface regime, thermal processes in

the soil below a depth of 2 or 3 feet camn be described
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reaarkably vell ;vef the _couﬁée of a ‘year Dby the bkeat
conduction theory.. The levelopment of a seni—iﬁfinite solid
‘'with periodic teaperature variation. at the suffa;e is

~discussed in texts by Carslaw and Jaeger [25]} .Ingérsoll
261, and Junikas [27] '

L C A
'1.1.3  BASEMBET BEAI- LOSS-STUDIES-
One of the earliest.nethods fog calculating basement heat
loss vas de;ivéi from ra2search perfdrned by Houghten et al
[28] at the ASHVE Research Laﬁoratdry. Houghten construEted
a totally €arth covered Eoom, 8.57 x 4.57 x 2.84m in
dimension with the ;allg and floor coustructed of concrete,
and  two Hai@s and th2 roof covered with 2.54cm thick
structural imsulation board. Based on ~his work, the’
resuiting acceptedldesiqn practice fﬁr deteraining heat loss
throudh the walls of a basement was to determine the
baéem;nt'floo;'heat loss @riof‘“to calculating the wall heat

; 1oss.i The floor heat 1555 ¥as based solely on the deep.
ground temperature, whiczh was equated with the ground water
tenperéture, wvith no further provision for depth, soil type,
climate, or seasonal vaﬁiatians. Ap overall transamission
‘coefficient for the heat Eonduction path from the basement
air to the déep ground temperature was takem as 0.57 yw/m C.
The below grade wall heat loss was assnmed to be twice the
basemené floﬁr heat loés,, This method was adopted by ASHRAE
;o estimgte winter design heat losses and is given in the

-

pre - 1977 ASHRAE Pundamesntals.

O
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A very thorough _analvsis of .an_undefqround -survival
shelter using a transieﬁt three-dimensional finite
difference analysis was presented by Kusuda“  and Acyenbéch
[29 J. Comparisons. ©of calculated and <experimental data
. showed good aqreement. But Ehis study was limited to a
small structure and was carried oﬁt fbr a ‘short-tera
occuypancy (14 days). The so0il was considered to be
hqmoqeneous with no soil mé%stute nmovement.

Boileau and Latta {3071 devised. an approxipately
graphical procedure to detérmine winter heat losé from
baseﬁeéts. In this procedure the hneat flow from 'the
baséﬁent #all is assumed to travel along ci:cula:l paths
centéred .on the 1intersaction = of thg ground surface and
pasement uall.' .For the rloor these paths are gontinued
around.circular arcs ceatered o tae intersectios of tﬁe
basement floor and wall. The heat flow'pathg are shgvn in
Ffigqure 1. The basic heat £low equation used. is:-

dQ = K AT dasL. - B

' The lenéth of ' the meat flow path, L, 1is the circular arc
length centered oa the intersectlon 6f,tﬁe qround surface
and the face of the basement wall, Plus an allowance to
. : , )
express the thermal resistance of the wall, internal wall
énd external soll surface ailr £films aad. iasulation as
equivalent thickness of the soil. Tue total basement wall

heat loss is d;te:mined ny ‘inteqgrating equation {1) over the

full deptk or tae wall. i
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Hea# Flow Paths
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Fig.l. Heat flow from basement to ground surface.
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Thi§ procedure bhas been recommended by ASHRAE and is
published in the ASHRAB Handbook of" Pundanent&ls
(1977,1981) - Thissprocgiure is based on the.assnnpfion that
duricqg the course of the iinter montks a stgady—state
condition is daveloped. The dround sarface is considered
the only siak. . Deep qrouad teupetatnfés are di#reqarded'on
the basis that the walls are more closely coupled to the
surface than to the deep qrﬁund, Aand that most of the floor
..area of 3 resid2atial baseaenat is a2lso more closely coupled
to the .surface than tq- the deep grouad. .This assumptioﬁ
¥oqld not be trus if the baseaent uere\loéated below qrouad
water characterized by an appreciable flov. -
McBride et al [ 31] instgunented a basement and recorded
_daté during ome complete }ear.- L-transieﬁt“tuo-dinensional_
 finite d;ffe:enée calculation procedure was developed for
determining the hourly aeat loss from the basement. ° The
comparison of. calculated results and experimental " data
shoved very good aqfeeneﬁt- Soil thermal coqductivity
variations throughout.the year were modelled by periodic
changes in the soil thermal conduétivity during the model ‘
operation. Solar radiétion in£énsity at tﬁe ground surface,
the freezing and thawiag of the soil and moisture migration
was neglectel in an effort to ceduce‘ihe complexity of the -
ﬁodel. scBride's experizental results have Been used in the

present study to wvalidatz HEATING 5.
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’ Szydlsiski 'et..al .[3é] develoée& a t;ansient’ t¥o -
dimensional finiﬁe dif ference teeﬂnidue- to calcalate
basement heat losses. The basement used by McBride was uégd
as the test basénent._ Their bnodel'coﬁsidergd different
'iypes of'belov grade confiéutations, ‘the effedﬁs of earth
berming, and analysis of the‘the;lal inpact:of varying level
‘pf interior. and. exterior insanlatioas on coaventional
baﬁelents, éarth-ﬁernéd walls, and ea;th covered structures.
Az economic apalysis was also done t2 ipdicate the cost-
'effectiyeness Ef the insilation levels analyzed. " Changes in
soil thérndl condnctivity caased by variations~in the soil
moisture. content were épproxinatgd by including time-varying
soil thermal.propertiés in.the model. Thé latent heat of
fusion of soil mwmoisture  .under fréezinq and thawing
_conditions and the latent heat of vapourization "duriag
sur face drying were not #dnsidered.

Wang 33}, developel a two-dimensional fimite element.
computer ptoqram:'and stuodied the ‘effects of insulation
placement on the basement heat lossgs. He coanclonded thatz—

1. .éxteripr wall ipsulation applications are 25 to 32%
pore efficient than interior applications.

2. Box sill and sill plate insulation have a'significant
impact on foundatibn heat 1oss.‘ They may reduce the
heat loss throuagh the foundation wall by 20 to 36%.

3. Insulation locateil near the top half of the wall is

pmore beneficial than insulation placed at the bottom

of the wall.
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ueixél et al [34] developéd a ,transient, finite
dif ference computer ﬁcoqran to stady tﬁe | impact ﬁbf
insulation placement oa fhé seasonal heat loss through
baseszent and earth shkeltered structures. They ﬁresented
evidence for tha possibility of freezes/thaw 6r frost-heave
danage due to inapﬁ;opriately insulated basement walls and.
demonstrated the bemefits to the annual enerqgy bé;ance that
can be achieved . through appropriate insulation to take the
maxinun advantage of - both  the thersal buffering
characteristics of the s>il mass and its potential as a heat
sink. ‘

Ship at al [(35] developed a traﬁsieéi‘tuo—dinensional
finite difference analysis ;o - predict the . thermal
characteristics of a larqge earth shel@ered building that
penétrated béyond‘a single storey below the ground surface.
Data fronm iillianson Hall (at the University of Minnesota)
vere successfully used t> ialid§te the model. The effect of
wall insulation ' depth and . thickness, pavement versus sod
covered ground cover, effect of soil ﬁerus and soil property
chapqes were presented in their study. ‘

According to Swinton and Platts [36], there are many
variables to be determiied while calculating basement heat
losses. Thesz variables have defeated all gttempés of
mathematical ana17§is and cbmputer based @modelling. Théy
have developed an znginea2riag méthod for estimating bégement

heat 1losses and insulation performance. This metheol is
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offered as a fit against ioniteréd cold-country anditions.
The'enqineerinq aethéd can be uased directly when the so0il is
not very wet or subject to moving water in winter, and where
snow cover is present ovar much of the‘uintét.

G.P. Mitalas [37] of the Baiional Research Conncil;
Ottaia.  ha$;devi§éd an . enpitical method for predicting
ionthly values 5f the basemeat heat losses. This method is
based on actual measuraments and computer siaulations of
actual basements. He concluded | that the basenent
température, soil thermal conductivity, and ground water
level'signifiCantlyrinfluénce the h&selent heat losses.

Raff [ 387 has suggested the possibility of altering the
ground temperatdres-to suit the needg of an underground
stfucturé. This can be achieved by having different soil

covers, paving, south facing slope or glazing.

1.2 OBJECIIVES- _
In ;iew of the literaturz survey, it is seen that there has
been very littlzs transieat thermal modelling of basenénts in
which 'annual(~tine spans are considered. . Most of; the
technigques are capable of handling limited geometries.

In an effort to proiide some added in§;ght on the
thermal response of earth shéltered Etructures, a trampsient
finite - differsnce coaputer program sufficiently general to

accommodate numerous earth sheltering confiqurations was

acquired. This HEATING 5 [39] computer program was selected
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on the basis of its versaﬁility and ease in programming.
This -“program was validated against one complete year of
experimental data acquiresd froW an actual residence basement
by McBride (31] in Ohio.

Several assunptiéns are made tb sinplify.fthg baseaent
analysis. Changes in the aocisture content and heat transfer

by moisture movament are npot explicitly calculated. These

effects are incorporated by includirng’ tine-varying thermal

properties of the soil. -° A1l soil/ air interface boundary

heat transfer .is characterized by associated uniforms
convective coeificients,, The heat transfer from the
baserent is éssuﬁed to bes tw>-dimensional. Iﬁis assumption
is valid ' throughout the basement wall except for reqions
near the corners. This has been assumed by Rang ({33],
Mitalas [37], and Szydlowski [32]. '

A parapetric study was made to investigate the effects
of the f£ollowing parameters on the basement heat losses.-
They are:- .

1) Soii thermal conductivity
2} Proximity to adjaceamt structures
3) Sround water level
4) Ground surface conditions
a) Snow cover
b} Asphalt cover
5) Insulation placement
a) Full length placa2meat, o exterior wall

by Half leagth placement on exterior wall
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6) Basemeat Iglpefhture . -

Sach an analysis ié important because the effgct' of
most of ihe 'abote-nentioned parameters, except for
insnlagion plasement, have not been studied by other
researches. Their effects have oﬁli'been speculated.

It is comaon practice to assume a constant thermal
conductivity for the s3il sﬁrroundihg ;hé baseaent. If
exact values are nét inoun the mid-range values are chosede.
The effect of choosing aid-range values. or incdrrect values
of the soil ther§§l conluctivity on basement heat loss are
studied. The eéfect of adjaceat structures, different
-ground water lavels, and grouad éurface conditions are

LS

quantified in this study. This -sfudy is limitel to
relatively shallow basem2nts (i.e. basements that extend to
about 2 meters below grade).

This work 1is essential bécausé it presents a better
undérstandinq of basemeat heat losses. It defines the

important paraaeters which have to be considered while

calculating basement heat losses.



Chapter II

. HEATING S5 CONPUTER PROGRAN

This programa has been daveloped at the Oak Ridge National
Laboratory by ¥.D. Turmer, D.C. Elrod and I.I. Sinan—rov.
It 1s designed to solve steady-state and/or transient heat
conduction problems in oae-, two-, or three-dimensional co-
ordinates. The thermal conductivity, density, and specific
. heat may be both spatially and temperature dependant.
Materials nmay underqo 21 change of 'phase..' The boundary
condition parameters wmay be time apd/or temperature
dependant. The mésh spacing can be ?ariable along each
axis. '

It ingluies a temperature distribution plottinéf
progran; HEATPLOT, uh}cﬂ can be used with tﬁe plotting data
set producad. by HEATING 5, to plot temperature contours
(isotherms), teaperature - time profilés, and temperature -
distance profiles.

The steady-state finite difference equations are solved
by the point successive overrelaxation iterative method and
a iodification of the Aitken delta **2 extrapolation
process.

The transient problex may be solved by an implicit

technique or aa explicit method. The solution of the
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equations arisinq"-from‘ the implicit technique is
accomplished "by ~ the point successive overrelaxation
itération, and includés procedures“.to estinate‘the optimum
acceleration paraneter; |

HEATPLOT approximates contoﬁr plots by ﬁsinq the
&uadrilaterqls formed by Iour nodes. The temperature at tae
cenﬁéc of the qua@rilqteral 15 taker as the‘averaqe of tae
temperatures at the four nodes. The quadrilater;l is then
diviaed'into four triangles,_ and eabh side of the triangle
is tested to determine if _the contour lime passes through
that side. - )

The HEATING 5 coamputer program has the following
ligitations:-

a) 3700 Iat£ice‘points per 1 megabyte of core

D) 106 reqions

c)y 50 materials

dy 50 boundary coﬁditions

e) S materials with chance of phase capabilities.

211 of the above-mentioned features were not used
during this analysis. A two—diﬁénsional analysis was
selectea along with time varyinq thermal properties aéd
bourdary conditions. ‘A variable mesh spacing was chosen so
that accurate results could be obtained in a shorter time
periogd. The transient problem was solved by t&e implicit

{(Crank Nicolson) technigue. HEATPLOT was also invoked to

L . . .
qét the tezperature-time (isotherms) profiles.-
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2.1 SINGLATION PROCEDURE
This chapter explains how. the HBATING 5 program accepts the
input to fhe heat transfer rroblen. _Ii vill explain how to
represent the'qeometric’conﬁiquration of. the problem with a
;attice ‘of polints. In preparing the inpu£ data, " any
) consistent set of uniﬁs may be used in the progran except
for probleas inyolvinq radiation. ' Then, all temperature
units nust be in either deqrees centiqrade or Fahrenheit.

2.1.1 REGIONS

The confiquration of tpelproblém is approximated Pv divi@}nq
it into regiots, dependihq on the shape, ﬁatetial,
indentations,. cutouts and otaner deviations from the general
geometry. In sope cases, zouaing into ;eqions nust be done
in order to describe a specific boundary 'conditioﬁ or a
material whose thermal conductivity, density or specific
heat is a runction of Fosition. There are taree rules
governing the reqion division. They are:-—

‘1. Boundary‘ liges or planes oust be barallel to the
‘coordinatg axis (twc points, four lines, oOr sSix
planes are required to enclose a region in one-—,
two—-, or three-dinensional qeometrv,‘:espectivelQJ.

2. A region may contain only one material. However the
same material may Dpe contained in a nuaber of

regions.
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3. When a boundary condition is defined along the

boundary of ; rejion, it must apply alonq the full

leagth of the binndary_line for a ,tuo-dinensiénal

probler and over all of the boundary plane for a
three-dimensional problea.

The three rules for defining a reqion.néy be better

understood if we are to refer to Figures 2a § 2b. A two-

dizensional :ectandular zodel is considered. There are two
materials, material 1 and material 2. The various.boundary
conditions on those naterigls are shown in Figure 2b.

If is ;een the Dboundary lines are parallel to the co-
ordinate axis. To satisfy the secopd rule, the
confiquration can be divided into 2 regions ?bn the basis of
the materials only). If.the upper right corner of thé
material is omitted as iLs in Fiqure 2a, three regions are
required, although rejions 2 and 3 contain the _Same
material. -

-How the boundafy‘canditions are considered and zoning
is done on the basis of rule 3. The left boundary of the
left-most rectaagle cont;ins 2 different bouﬁdary typés.
Thefefore zoniny is done to satisfy rale 3. &he region 1 is
now divided into 2 regioas, i.e. ;1 and 4. The regionél
description of the two—-dimensiomal model - is shovﬁ in Figure

2b.

i
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2.1.2  LATTICE ARRANGENEWT

The second requiremeat fof describiﬁq the  overall
confiquration is to construct a set of lattice limes
perpendicular to each axis and extending the entire lenqgth
wof the remaiﬁinq co-ordinates. The lattice lines are
~actually.points, lines, or_pianes for a one-, two-, or
three—dimensiﬁnéiuﬁﬁﬁbiéh;'“-The*lattice.i; ééﬁ}ned in the

folloéinq manner.- The.  lattice lineé are divided .inféltuo
claéses; gross . lattice lines and finme iattice lines. A
gross lattice line npust ﬁe_ specified at both 1reqion
bounaaries‘élonq each axis. Fine lattice lines, which are
equally spaced, may appearrlbetween-two consecutive gross
lattice lines éo create a finer nmesh. If unequal . mesh
spacing 1is desifed wiihin a pafticnlar feqion; then gross
lattice lines nmay éppear within thet region. A nodal point
is defined by each lattice point " in one-dimensional
problens, by each int;rsection of- two lattice lines in two—

dimensional problems, and by eack intersection of three

lattice planes in three-dimensional probleas.

2.1.3  ANALYTICAL AND TABULAR PUNECTIONS

The analytical and taﬁular functions are built in functions
which may bé usad to aid_in the description of some of the
input parameters. The analytfcal function in this proqran

isz—-

P(v)= A,tostl) +A,C0S (2X) +A,COS(2X) —A,CO0S(3X)
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+R5COS (3X) +AsSIN(X) -3,SIN(2X) +A4SIN{3X) ~

—E9815(3I) +d;y SIN (3X)

vhere X= 2% (v/24 +A, )/365, and A, - Ay are constants

that are inputted into the program to describe the

analytical function.

A tabular fungﬁion is defired by a set of ordered

pairs, vwhere the first eleacnt of a pair is the independaat

variable and the secoad is- the corresponding value of the
function. In order to evaluate the tabulaf fuﬁétibn at some
point, the progqram uses linear interpolation in the interval
containing the point. A set of ordered pairs must be chosen.

so that the independant variaple 1is arranged 1in .ascending

order. .

2.1.% BOUNDARY CONDITIONS

HEA?ING 5 posses a variety oI boundary conditions to enable
the modelling of the physical problem as accurately as
possible. The boundary condit;pn is applied along a surface
of a reqiop and heat 1s traasrerred from a ;urface node to a
bounacary node or to the the éorrespondinq node on” the
opposing parallel surface. The boundary ‘conditions which
can pe applieda over tne surface of a region are listed

below:z-

1. The tenmperature on the¢ surface of a reqion can be
& .

specified as a coastant or a function of tinme.
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2. The heat flux across the sarface of a region can be

specified direcglyk as a coastant of a function - of
time and/or gh:face telpefatuée.

3. The heat flux acros§ the surface of a region can be
specified indirectly by defining the heat . tfansfer
mechanisa to be forced convection, radiation and/or
natural convection;

s;nulation ié not required for insulated boundaries.
Heat is nst allowed to cross éﬁe sucface. .Ihe‘bonnaafy
conditions are classified as either surface—tO*bounda;y
"(type i), isothermal (type 2), ot surface—-to-surface (type
3). BohnaacY_conditioﬁs of thé-éﬁffétg-toboﬁﬁdatr'type are
used to definé heat transfer between a Surface mode .and a
bouniary node. The teaperature of the boundary node is
specified and can be aAfunction of tine: surface nodes are
actuilly internz2l podes which are located on the edée of the
region. Bounilary noles are dumzy nodes and their
- tepperatures are oot calculated by the pPrograa- but are
specified as an input to the model. Surface-to—surface
boundary conditions are used to define heat traﬁsfer bet ween
parallel surfaces. In this case heat is transferred betwseen
a node on one surface to the correspoanding node‘pn the
opposing surface. A more detailed deséription of the
simulation technigue can be referred to from the Beference

Manual prepared by the Jnion Carbide Corporation, Nuclear

Division [39].
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A- description of the Hune:ipal technigue uéed by_the

HEATING 5 ‘'proqram is listed ‘in Appendix A and a referance

.manoal has been <compiled to use EE&TIHG_S for basement heat .

loss calculations and is listed inm Agpendix B; A sanple
problem alongy with the 135 control cards required to run the
progran on an IBH_3031 Systea are preséntéd on Appendix C.
Appendix D congains the instruétiops required to runr

HEATPLOT (the plotting pcoqr;u) and also contains an example

‘along with the job coitrol cards required to run this

program on the ZETTA plotter {Model 1453SX).



Chapter III
NODEL ASSUAPTIORS

Several initial sinplifrinq.assunptions have been =maile to
~develop a manageable aad reasonably accurate nodgl- Changes
in the moisture content aﬁd heat transfer by moisture
movgnent are not explicitly calculated. These effects ;re
approximated by includiny time-varying thermal properties_in
the model. The latent heat of - fusion of soil moistnre.under
freezing and thawing is nat considered. | ill -soil/sair
interface boundary. heat trénsfer is characterized by
. associated uniform convective coefficients. In all
calculations exca2pt oane, ,,raﬁiatiou and evapo—transpiraiioﬁ
are neglected. It is assumed that thé heat gairned by solar
insolation at the ground surface is offset by the heat loss
due to evapo—transpiratioh and long wave radiation from soil
to'air. ~ The Jeep ground water flow is assumed to be such
that the temperature remains constant'throuqhout_the year.

The moiel considers a tws-dimensional cross—section,
bounded by a vertical adiahagic éenter line and .a second
vertical adiabatic boundary sufficiently removed to mipimize
its impact on the basemeat heat loss. |

A variable- grid size haé been chosen to get accurate

results in shorter time periods. The grid spacing near the

- 29 -
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basement wvall is about 15 cm. and that near the the
basement floor is'abont-zo cm. A grid size of 434 nodes u&s'
chosen. . A similar analysis was berforned uith. 880-nodes
{vith a closer grid spacing away froa the basement walls and
floor). There . Haé no siqgnificant change 1in the uali and
floor heat loss. Therefore the use of 444 nodes can be
justified in an effort to save computer time.

The lover horizontal bouandary consists of an isothermal
sink (set at thg deep jyround water temperlature) and the
upper horizontal boundary is set by a seasonally varying
convective film coefficient.

The forcing fonctions for the heat conduction model are

the teapertures of the q:éund vater table, basement air and

ambiernt zir.

.
3.1  NODEL- VALIBATION-

The HEATING 5 compunter program is validated against data
acquired from -an actual basement in Columbus, Okio, by
McBride [31] vho instruaented a basement and recorded data
for a conﬁlete year. Tae resldence selected for the study
was an unoccupied hounsz that was built specifically . for
e;teasive,testinq ﬁurposes as a part of a research pfojéct.
A description of the resideace can be found in references
[40,41,427. Instrumentation 5f the test bas?gent consisted

of temperature probes  located at different levels along an

outside basement wall and at distances of 0.91m and 1.83m
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: . e { ‘
froa the basement wall. Figure 3 shovs ;he-location.of the
-tenperafﬁre probes. Since the house vas built before
instrumentation began, temperatures below the bﬁsenent floor
could not be measared. lemperatures at two locations in the
.éoil, outsids surface bf thp basemeat wall, ambient air apd
interip: basement air vware recordgd daily at 4.00 p.m. by
KcBride. The basement wall (concrete’ blocks) and floor
{poured coacretez) theraal properties vere extracted froa
ASEEAE. Earcth thermal properties were exiracted from Smitk
[43]. The tharmal conluctivity of earth im the Coluabus
regisn ranges from 0.69 to 2.42 w/m C depéndinq on the soil
density, moisture content and coqposition;' McBride selected
a mid-ranqe value of the thermal conductivities and varied
them to account for moisture effects. Thesé values were
conéidered in the model analysis.

The thermal properties of the basement floor, -wall and
soll are listed in Table ia. The surface film coefficients
are listed in Table 1b. ' Figqure 4 shows a diagrai of the
assumed model.

Fourier curve fits >f tﬁe ambient air and basement air
tempeiatures are used as iaputs to the model. The third
order Pourier fit of thz ambient a;r- temperaturé according
to Szydlowski [32] is :=- ‘

Ta= 13.65 +1.321C0S(2) +1.072C0S(2Z) +0.8706C0S (32)
+4,271SIH {2} +0.425S5IN(2Z) -1.181S1KH{32)
and the Fourier fit of the. basement alr temperature is:-

Th= 22.355 +3.328C0S (Z) +0.548C0S5(2Z) -0.735C0S (32)
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Table la. BUILDING AND SOIL PROPERTIES

ELEMENT DENSITY  SPECIFIC HEAT THERMAL CONDUCTIVITY
. (ka/m®):  (KI/kg C) - (W/m C) :
Basement wWall 977 .84 _ 1.16
Basement Floor 2243 @.84 1.73
Soil {Nov.-Mar) 1922 1.67 - 1.99
Soil (Apr) 1922 1.67 1.38.
Soil (May-Sept) 1922 1.67 1.21
Soil (Oct) . 1.67 1.38

1922

hY

Table lb. ‘SURE‘ACE CONVECTIbbf FiLM COEFFICIENTS

BCUNDARY CONVECTIVE CQOEEFICIENT
. - (W/m? Q)

Soil/Ambient Air -

November-March 34.07

April 28.39

May-September 22.71

October _ 28.39 .
Building Interior

Floor 6.13

Wall 8.29

33
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+1. 26351&! {2) —0.334SLH(22) +0.8SIN(3Z)

vhere 2= 2w (t/24 + 133)/365 and t is in houﬁs étartinqj:
ffon January 1.: ' |
Figures 5 and & show. tie measured and Fourier fit of the
measured ambient air  and basement air - temperatures
respectively. |

A variaole grii sizz has been chosea to better pfedict
the basement heat loss. The qrid spacing near the ba;emént
wall is about 15 cms ani thé grid spacing near the basement
floor is about 20 cas. A time step of 5 days is usel for
the model analysis. Th2 simulatiom procedure involves the
use of 'bqthvthe steady-state and transient models. The
steady-state model is used to obtain a temperatnreaa
distribution which is then used as aa impaut to the initiai
temperature Jdistribution for the transient model. Studies
by Szydlowski [32] hafe showvn that this tyﬁe of apalysis
reduces the transition period between the imitial éteady-
state solution and the transient solution to about 4 months
"{i.e. it takes about 4 months tor _the soil to wara up to
actual conditions)e. Duﬁing this ana;ysis # 6 maonth warming
period is assumed and thz results for the first 6 months are
discarded. The Crank Hicolgon method is used because it is

stable for all time steps.
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3.1.1  RESURES
Figure 7 illustrates the relationship ‘of the calculated
’iveraqe basement wall -sutside surface temperature and a
tkird order P;urier curve fit .of the correspohdinq :ecoréed
data. Results for the two locations in the soil (0-91m féoi
the baseneni vall and 0.61m deep, and-1.83m " froa ihe'
basement wall ani 0.3:= t> 2.13n.deep). aée aiéo presented in
Figures 8 and 9. Table 2 lists‘the: monthly'avérage below
-grade vall heat 1os§ calculated by dcBride from the neasureﬁ
temperatures and those calcalated by HEEATINGS 5. _ The
maximum monthly below éra@e ¥all heat 'loss. during the
heaiing season is withia 8% of that calcuiated by McBride.
But the average"yearly éqreement is excellent. -It_”is
within 1.1% of that calculated by ¥cBride. Considering the
sipplifyinq assumptions incorporated in the model, the
results are in very good agreemé%t. L |

The ASHRAE procedure was othen used to calculate the
belo# grade " wall heat -ioss usiﬁg ~the actual soil tharmal
conductivities Eor Columbus, Ohio. B overprediéted the
wall heat loss by 32.9% and 25.5% for the months of January
and Pebruary. The @method Qresented by the 1981 ASHRAE
.andaﬁentals [3] assu&es a soil thermal conducfivity'of_1-38
¥v/n K. The design heat loss calculated by this method is
7% hiQhef than that reported by HMcBride éfdt the month of

February) -
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Table 2. Comparison of monthly average below grade wall
heat loss using HEATING 5 and values calculated

by McBride.
MONTH CALCULATED BY MC BRIDE FROM CALCULATED BY
MEASURED TEMPERATURES (W/M3) HEATING 5 (W/M?)
JULY 8.42 6.17
AUGUST | . 5.08 5.23
SEPTEMBER 4.13 4.84
- OCTOBER 5.08 . 4.68
NOVEMBER 11.86 12.81
DECEMBER 17.7¢ ®17.73
JANUARY 16.@3 16.40
FEBRUARY 17.13 16.88
MARCH 17.51 18.12
- APRIL 17.32 17.64
MAY 11.29 16.93
JUNE 5.46 4.22
VEARLY AVERAGE 11.42 11.30

42
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HEATPLOT is then used to plot the teaperature profiies

near the basement. . Tha temperature p:ofile; are shown ia

Figures 10 - 21. It is seen that duaring the months of

R

January, February  and tarch, the isotherms are somewhat
rédial. The assumption made by ASHRAE can be . valid only

durisg this period.

The storagqe effects of the s2il can be observed from -

Figures 10 - 25. During the cooling season i,e- the latter
part of May to early October the soil qaims heat from the
atmosphere, while the soil starts 1losing heat to !lhe
atmosphere daring the heating season i.e. early October to
late May. The heat flow paths from the baseaent wall extend
downvards into the soil (i.e. avay from the qrbund surface )
durina the cooling season, while the heat flow paths dﬁring
the heating season exteni towards the ground surface. h

The soil acts as a heat sipk-during the summer months.

This effect can be seea by referring to Figure 10. The

upper portion of the basement wall {down to about 0.5 =&

. 15
below graie) gains heat from the outside air and the

surrounding soil, while the rest of the basement wall loses
"heat to the soil. This effect assists in reducing the
enerqgy required to cool 'the basement during the suommers.
The floor heat éosses are guite significant during the
summer wmdonths as 1s evidenced from the closely spaced
isotherms below the floor, indicating a large thermal

gradient.



a4
Dnriﬁq the heating séason_the floor heat loss decreases
‘while there is a siquificant increase in the wall heat loss.
Figure 16 (for January 10{ shows the c¢losely spaced
isotheras in the upper partion of the walls. The insulatiné
effgct of the soil can be seen from this fiqufe. The louerz
portions of the wall, as ueli as the floor, have a
sidnificantly lower heat loss thanrthe-upper portions of the

wall. -

]
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) Chiptar IV
.~ BRESULTS AED DISCUSSIONS OF THE PARAKETRIC STUDY

The sanme base?ent cogfiquration, ambient air and basement
_air temperatures thét'hawe been used for validation purposes
_ igill be used for tﬁe parametric stndi. The soil thermal
conductivities yary with time. The model that has been
vaiidated will be referred to as the Base Case throughoat

this thesis.

-

N\ %1 SOLL THERNAL CONDIGTIVITI-

It is known that the‘iocal surface conditions can exert a
dominant influence on the heat loss of an underground
structute. As isﬁevidenced froa the literature survey, soil
propertieé can vary gréatly with climate and soil type..
Therefore it ié worthxhilé to examime the.extent to which
soil properties can infiuene basement heat losses.' If the
soil thermal conductivity of a particular location is not
known, the nprmal procei;re is to take the aid-range value
of the soil thermal conductivity of that réqion. Since this
range may Serquite large, it is essential to know how much

of an effect this approximation can -make oo the basement

heat loss. This analysis is presented in tvo parts:-

- 57 =
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s.1.1  SEASOWAL- VARIATION CONPARED- Q- PIXER SOIL-

+

The soil thermal conductivity in the Columbus, Ohio area
ranges froa 0.69 to 2.42 w/a K. The mid-range value for
that area is 1.55 w/= K. The HEATING 5 cogputer program was
run E5Fthese three soil thermal conductivities and the
baseaent heat iosses are.'dbmpared against the base case.
The base case considers -seasoually varying soil thermal
conductivigiiﬁf fuhqse average value is 1.56 H/mvﬁ) and
represents the actual basement. The other three theraal
conductivities are coanstant throughout the year and
represent the errors that can be induced taking incorrect
soil thermal conductivities. The comparisons are shown in
Pigures 22 - 24, It is seeh that the nid-ranqaéfalues of
_ the soil thermal conduétivity can cause a uéll heat
ce&ﬁction_ by as =much  as 8. 3% - during February and a

_corresponding rzduction in the floor heat loss by 50%. The

—

averaqe.uali anld floor aeat loss during the heating season
is reduced by aboant 5.4% and 17.9% respectively.
~N :

‘A soil thermal_ conluctivity of 2.42 w/m K, which is
~the upper end of the ramge, can increase thé ¥all heat loss
by 6.25% and the floor bkeat loss by about 20% during the
month of February. The wall and floor heat loss during the
heating season 1s increased by about 6.2% and 62.525
respectively. ' _

Soil with a2 thermal conductivity of 0.69 w/m K, which

is the lover end of the range, can reduce the wall and
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floor heat 1os§ by about 27$j;£d 125% réSpectively during
@he month of Féb:nary.; Phis means that the floor is qaining
heat dufinq this pe:iod.. The average wall ‘and flo&r hgat!
l;ss during the heating season is redubéd bf aboat 24.3% and
54% respectively.

It is seen that the amount and direction of heat flow
caﬁ be.affected by the s3il thermal conductivity. Although
both the wall and floor aeat losses are affected by the soil
lthernal conductivity, thz floor héat losses, on 'a percentage
basis, are wmore susceptible to soil thermal conductivity
- changes. It is essential that values close to the actual
soil  thermal conductivities be used for heat 1oSs

calculations ani not the mid-ranqe values.

%.1.2  CONPMEISQH- OF FIXER-SOIL THERMAL- CONDUCTIVITIES

A comparison is made between the basement wall and floor
heat loss for thfee different soil thermal condactivities -
0.69 w)m_K,’ 1.56 Q/n K apnd 2.42 w/m K. The soil thermal
conductivities were assined to be coastant throunghoat the -
year and the correspondiag basement heat‘losées are show¥n in
Pigure 24.1.

It is se2n that by increasing the soil thermal
cénductiviﬁy from 1.56 w/m K to 2.42 w/m K the wall and
floor heat loss increases by 37.7% énd 36.5% during . the
heating season. - ~ But 1f the soil thermal conductivity is

reduced from 1.56 ¥/m K to 0.69 w/m K, the basement wall
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64
and floor heat loss " is reduced by about 17.8% and B4.4%
during the heating seasons. . ' _

It <can als> be observed fﬁon Figure "24.1 that the
variation of -the soil thermal conductivities have a greater
influence on basenent vall heat loss during . the~l1nters than
during the sulners. On the othe: hand, the. varxatlon of
the soil theraal conductivities effect the: basement floor
heat loss throuqhont the year (in sumber as well as wlnter).

It can be .concludei that the basement heat losses are
dependant on the‘.éoil thermal conductivity, but no

mathematical relationship could be made from this analysis.

8.2 = PROFISIIY OF ADJACENT 2IRUCTUREG- _
In all the basement analysis done till now, it bhas alwvays

been assumed that the basement is isolated froa any adjacent
heat SOnrce._ But in actual cases it is very likely that the

basezeat will not be iéplated and a sihilar structure could

‘be as close as 2 or 3 meters away from the tést basement.

It was decided +to find out the effect of adjacent

structures on the basemeat heat loss. During the course of

this analysis it was assimed that the adjacent structure is

similar to the test basement. ) The eifect of this adjacent
basement can be inputted by restricting the distance of the
vertical adiabatic boundary froa the basement wall.

The boundary was first restricted to 3 meters (i.e the

»

adjacent basement was 6 zeters) from the wall. The result
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of the basement wall and heat loss for this conditioh is

"Shown in Pigure 25.  The maximum wall heat loss, which

occurs in Janunary, is raduced by abbnt 2% while at the.§ane
time the floor heat loss is redﬁced‘hr about 23%. - On an .
average, the wall and floor heat loss during the heating
season is reduced by aboat 3.2% and 20.2% respectively.

The aiiabatic boundary was then restricted to a
distance of 1.5a (i.e. the adjacent basement was 3 aeters)
avay from the baseament wall. The wall and floor heat losses
for. this condition are shov%_ig Pigure 26. The maxjimum vall

bheat loss, which occurs during Jannary, is réduced by about -

'.-5% while the floor heat loss 1is reduced by about 50%. The

average wall and floor heat loss during the heatinq season

. “

is reduced by 8% -and uzﬁ reSPectiveiy.l-
Although the adjaceat basement does increase the ground
temperatures around the test baéeneﬁt, the decrease in wall
heat loss is quite smatil in comparison to the floor heat
loss. This is due to the fact'tﬁat the wall heat lpss is
more dependant on the ground surface cohditions than to thei
proximity of the .adjacent basement. Sipce the basement
floor heat loss 1is coupled t> a lesser extent with the

grouad surface, the effect of the adjacent basement is more

-pronounced. The temperatures are noted at four positions.

The basement wall/gqrouni sprface temperature increases by
about 0.03 C and 0.01 2 due to restricting' the adiabatic

boundary at 1.53 and 3.02 from the wall, while the

~ ¥



-
d

i - * ' {[®A °2y) woij wg INIONAIE ® uIpA 807 Ay Tenuvy gz’ mE

c . . ) ot cc:_; wo.J 4 sfeg v owi) .
0o %€ 00¢ oz ~oaf ozf .ON
TTRE . T mw.v.....mﬁ D& | hon «.8;...... ais’ ony - anc
L 1188 woxi .
. w9 @an3dpaIg ‘' - ; .
‘" asse) @sef — |
DT e ML HONS W9 TUNLINMLS Y HLIN S500 LU

g9t 0g- 00°0
( H°DS/M ) SsoT 1R

oY °c

oc’e

—01%



@

. . . Of avhp woug sfeg u] oul)
0zy 09 .. 008 0% coar ol

- |

“ITes 9113 WOaJ wE VINIdONLIE B suﬁ..- ggo| um‘cs Tenuuy *9z'314

09 -0

N

THAC T NACT AVH ¢ dav ' uvH ' 8dd T NVO T DAV AON T 100 ' 448 ' oonv ' Iac

.,
L K
. -
e,
..

1oy woag
w ¢ eInjonayg ‘**
. ogp) oteg —

09 t
01X (H"DS/M) ssoT I=3H

00°8 o8-

p8”

gv°c

0z°g

e



AT

COICPURTY

4.3 GROUND JATER LBVEL - :

The level and flow of ground water affects the ground

68.

vall/gromnd temperatare at a depth of 1.833m. increases by

about 1.1 2 and 0;0 C respectively. The tesperatures at the
ground surface at d .distande;of 0.91x f:on the wall are

increased by about 0.1.C and 0.02 C for the restricted

\boundary baing at 1.5a and 3.0m from the wall, vhile the

ground temperature at a distance of 0.91m from the wall and
1.833n deep increases by as nuch as 2.5 Cand 0.8 €
respectively. This neans‘tpat if the basement is‘deeper

into the qrbund, the effect on the uali_hea; loss would be

‘sore sigmnificant. '

temperatutes beneath the basement. This is becgnse vet soil
has a larger thermal conductiviﬁy éhan dr{ soil and thaé
néistnre-miqcation effects are more pronounced due to the
ground water ff&v. Thé qroand water flow ié assuped to be
abnormally 'high during the analysis; The effect of
different levels of grouad water can be simulated by varying
the .déep grouni isothermal Boundar?.- During the amodel
validatioan, the ground water level was 11.67m below the

basement floor. This level was then reduced to & meters and

1 meter below the basem2nt floor. The resulting wall and .

floor heat losses ‘are shown in Figures 27 - 28. When the
: : > ' '
ground water level is 4 meters bflow the floor, the floor

heat loss during the heating season increases by as much as

' | /
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18.8% while the wall heat loss incieéses py about 1% oniyw‘

When the water level is 1a below the floor, the floor heat

"loss during the heating season increases by as much as 150%-

vhile the vall heat loss increases by about 6%. It'can be

concluded that the gromad vater level plays an important -

role in the basglent floor heat losé. Its effect- on the

-wall heat loss is almost negligible..

It vas decided to use HEATING 5 to calculate the heat’
ids# from an actaal baseaent uith,an abnornally high ground
uatéf tahle.» After carefull evaluation of the literature
av;ilable, the bésénent maintained by the. Division of‘
Builainq _Research, National Research Council of Canada-
(DBR/NRC) was selec;edff:r évaluation PUrpoSsesS. The qronn&,
water level was 0.5m Balﬁw the basement floor,- A more
detailed description of the DBR/NRC basement and the resulis

of the study are presented in Chapter: V.

‘4.8 GEOUND- SURPACE CONDITIONS-

It 1is knduh that the ~ground temperatures are sensitive to

" changes in the surface cover. The surface cover determines -

the amount of solar'gadiatiop absorbed, the availability of
uatet for evapor&tion, .and the'a;ount of heat to be
dissipated by convectioan. it the .groaond surface, the heat
transfer mechanisas taking place are:- diréct and diffuse
radiation absorﬁed by thé ground, heat 'loss by evaporatioﬁ
and transﬁiration from the ground, heat loss by long wave

LY

-
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radiation from the ground and heat ~loss or gain bV
convection. In some cases the heat gqained by solar
radiation is balanced by tﬁe heat lost by eéappration,
transpiration and -lond Hévé- radiation. from  the gqround.
surface to the air [9]. |

Snow cover tends to decouple the air temperatures from
tae ground temperatures due to the ihsulatinq biankét that
it forﬁs on the qround. It insulates the ground duriag
periods of time wher the air.is colder than the qround aad
the heat floﬁ is upwag@s.

The effect of paving the groumd is siqniiicant.ﬁecause
it causes all the precipitation to run off and prevénts the
movement of moisture to tne surface. The heat loss due to
evaporation and transpiration froﬁ the ground can be.iqnored
if a paved surface is considered. ) )

. N »
Trhe effect of these two c¢copditions on basement heat

loss will be studied.

8.4.1 SHOR COVER

Monthly snow cover . data for the Coluabus, DOhio region was

‘taken from Heieoroloqical records [ 4417 for that reqgion.

These values were ' then converted to effective convective

coefficients and added as inputs: to the nodel. The snow

thermal conductivity value was taken to be 0.598 w/a K

{ASHRAE Fundaazentals). The thermal capaclty of snow

-

vas
neqlected. The monthly sSnow cover thickness for the Ohio
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regiaé‘is'listei in Tabla-3. fThe vall aﬁﬂ.?loﬁr-yeii lésses .
for tﬁese conditions ars shown in Pigure 29.. It " is seen
that about 5.7inches (14.978gis.) of snoi cover can reduce
vall heat losses by as much as 33% (during the sonth of
February) while the correspondinghfloor"heat 1osseé are
reduced by 8%. %ﬁe snow cover acts as an in;uiator and
causes 'the-qfound‘ tenpqggtnres to bé'higher than those

vithout = snow COver. The far field ground surface

temperatures (bslow the snow cover) for the aonths of

'Janﬁary. Fehru;rv and March increase by about 0.15 C, 0.89 C

an&‘o.iA\ c respeétiiely as conparéd to.‘tké' base case.
The wall/gcound su;face tenperatutés. (below the snow cover)
are bhigher by about 0.72 C, 8.37 C and 1.92 ¢ for_thé months
of January, Februa;y’and March respectively as compared to a

similar basement without snow cover. On ar average, the

'wall and floor heat loss during the heating season decrzases

by about 11% and 2.4% respectively due to the snow cover.

8.8.2
ASPHALT- COVER-

The ground near the half basement was assuzed to be covered

“ By an asphalt sufface. It was assumed that the asphait

surface was on the south facing side of the basenent'and-
pheré ¥as no shaie ove# the pavement, and that the bggg&ary'
at the center of the basement remained adiabatic. The
thickaness of the asphalt cover was assumed to be 4 inches

anpd its thermal propertias were taken from the ASHRAE



SNOW QOVER IN INCHES

DAYS NOVEMBER DECEMBER JANUARY FESBRUARY MARCH
1 - - .T 7 4
2 - - T 7 4
3 - - T g 7
4 - - - 5 7
5 - - - 5 5
6 - T 1 7 7
7 - 1 T 7 7
8 - 1 - 7 S
9 - ’ 3 5 7 7
19 - 3 5 7 6
11 - 3 4 6 4
12 - 3 4 6 2
13 - 2 5 6 1
14 - - 5 7 T
15 . - - 6 7 T
- 16 - - 6 7 T
17 - - 1@ 6 T
18 - - 12 6 T
19 - - 11 . 6 -
28 .- - 15 6 -
21 - ST 17 - 6 -
22 - T 17 5 -
23 - T 17 5 -
24 - ‘- 14 6 -
25 - - 5 5 -
26 T T 5 - 5 -
27 T by 6 5 T
28 2 T 7 4- -
29 1 T 6 - -
30 - - 6 - -
31 - - 7 - -
AVERAGE £.192 G.523 5.746 5.714 2.069

T= Trace. ( assumed to be §.025inches )

Table 3. Snaw Cover in Inches For Chio (1977-78).

74
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rnndaneﬁtals.- The deasity, specific heag. and thermal

. conductivity of asphalt are:z- 2110 kg/n® , 0.92 KJ/kg C and
0.74 w/a C respectively. . The solar absorbtiyity'of asphalt

wvas takez to be 0.9 {45}  The amount of heat absorbed due

to.solar radiation was taken from 'PhrSical élilatology' by

ISellers.[QSJ., A Pouriar curve fit of the solar hea£ was

developed and sol-air:teaxperatures were then calculated from

this fit. The equivalznt aabient air teamperatare can be

' expressed by the following Fourier equation:-

Ta= 16 3224 +16.7181C05(ZI +1. QO1CDS(2Z) +0-6967C0$(32}
+3 3961513(2) +0.1725518(22) -1-1878513(32)

vhere Z= 2 (t/24 + 183} /365 and t is in 'hours starting

from January 1.

The asphalt surface ués assumed to be cleared of snow dnrigg
the winter. The basem2nt wall and floor heat 1osses were
calculated nsxng HBATIHG 5 and are shoun in Pigqure 30. It
is seen that durlng the winter ' nonths, " the south wall beat
loss is reduced by about 18% (during the month of February)
while the floor heat loss is reduceﬁrby about 25%  On an
average, the wall and f£loor heatulos§ daring the heéting
season 1s redaced by about 19% and 9.4% respectively.
During tke sSummer months (i-e. the . middle of June to the
middle of Auzqust) the south base;egt wall heat loss 1is
negative and the walls are actually gaining heat. This is

g~because in addition to the above grade portion of the wall,
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the belov grade walls receive heat down to a &epth 6£ 1.012
below the groumi. In this”in;lysis it_uﬁsrassuled_that_thé_
asphalt cover ﬁednces the evaporation and hence‘the heat
loss by evaportion andltranspiragion froa the qroﬁnd surface
to'zero.' The jtound‘gains heat . due to the absorbhtion of

solar radiation.

' Ihe"calculated surface temperatures far from' the

“Basenent_ are about 6 C wvarmer than the air temperatures

&uring the summer aonths (mid June to @mid Augnét). Gold
[9].ﬁeasu:ed an average grﬁund air temperature differeﬁce of
15 c‘duriné the summer months for a p&nkiné lot in Ottawva. |

Baff {38] estimatel that élininating the evaporative
heat loss would resnlg in a yearly average grouad to éir
temperature difference of 3.2 C (for the‘iashington,ﬁ-c, -
ﬁaltinore area) . The yearly average ground to air
£enpera£;ré' difference for sarfaces far from the test
bésenent is 3.1 C. o

The wall/ground surface temﬁeratures (below the a%phalt
cover) for the months.of May, June, Julf, January, PFebruary
and March in;reases by &bout 4.2 C, 2.2 ¢C, 2¢C, 83.95¢C, 3.8%
C and 4.29 C respectively as compared to a basement without
an &sphalt cover. The far field gfound surface te;perature
{below the asphalt surfacé):’ i;creases for the abové

mentione& months are 3.4 C, 4.18 C, 4.36 C, 1.47 C, .0-38 C,

1.89 C respectively. The far field soil temperatures below

, the asphalt covered surface and the grass covered surface

*
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are “shown in Piqg;e 3.1 The ground isotheras for t;e

asphalt covered surface aire sh§un ir Pigures 31 - 40. It is

_seen' that the temperatures qﬁder a . paved  surface are
<

significantly warmer than that undet a grassy surface and

these effects significantly redoce the basement wall and

floor heat losses.

4.5 INSULATION- PRACENBET- -

Since there are a larqge number of vays that.insulationAnay
be placed on the basement wall, it ;ould not be feasible t§
study all the placements. Wanqg [33]) and ASHRAE recoanend
that é;teriar insulation placement 1is more effective than
interior imsulation plazeseat. Therefore fﬁll length and
balf length insﬁ;ation placeaents were considered, the half
lengqth being insunlation oon the top half of.thé basement
wall. The insalatiomn material vas taken.as 5.08cz thick
and its b:operties were sigilar to those of polysiyrene.
The thermil properties of polystyrene .wefé taken from
Szydlo;skifs report [ 32] and afe listed below z-

Thermal Conductivity - 0-0274 w/n C

" Specific Heat - 1.21 kd/kgq é

Density : ‘- 56 kq/o°
HEATING 5 was then run far both cases and the basement wvall
and floor heat loss for the full length and-halﬁ length
insulation placement are shown in Pigures 41 and 42. The

full lenqth.insuiation placement reduces the wall heat loss
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| 102
by abdﬁt 80% during fhe mooth of February while the floor
. heat l&és is incréﬁsed by about }315.'- . The half length
'iﬁsulation placement f§: the:sane month reduces wall heat
loss gy about 60% while the floor heat loss is increased by
about  15%. . On’an average, the wall heat loss during the
heatinq‘season reduces by about 75.4% and 56.2% for full
' lenqth and half lenqth insulation piacement :espectiveiy.
I'he averagqge floa:‘heat loss for full length and half length
insulation placement during the same period is increased by
about 5.4% and 0.2% respectively.
| The insulation teads to reduce the effect of the
basenent temperatures on the  temperature of the surrounding
soil. This effect can be seen by referrinq.to Figures 43 —-
51 which show the isothrerms around a basement with fully
»nsulated walls. It is seen that qrouﬁd teaperatures under
the basement floor are lower than those under an uninsulated
basement. Another point to note is that the iéotherms
around the basement iall are no longef radial, even during
the months of February, and ihis shows that ASHEAE's
assuaption of faiial isotheras are not. valid for an

insulated basemsnt. r
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8.6  DASESEST IEMPERATORE-
During this ;ﬁalysis. the basement air was maintained at a
fixed-tenperature"of 22 C throughout the year. All the
other conditions were assumed to be the same as thﬁt for the
ﬁase Case.”  HEATING 5 was then used to calculate the
basement heat loss.

In the Base Case tQE'basenent ﬁir ¥as maintained at a
floating temperature (i.e. it varied with time). Fiqure
51.1 shows the basemeat wall and floor heat for a fixed
basement temperature of 22 C and for the Base Case. It is
seen that by maintaining the basement at 22 ¢, tke basement
wall and floor heat loss during the heating season increases
by abou£ 10.67% api 27.3% respectively as conmpared to the
Base Case. From Piqure 51.1, it is seen that the shape of
the basem2nt wall and floor heat loss curves ‘can be

attributed to the floatiacg basement temperature.
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Chapter V

.LHLLISIS OF THE DéR/HRC BASENENT IN OTTARA

A basement malntained by the DBR/NBC at Ottawa was selected
in an efrort to predict the erfect of the level of tie
ground vater table on the basement nheat loss. The ground
water rflow was “abnogmallv naigqa for that region. A
drainage ditch .waé duag _aro&nd the test site to lower the

water table uniformly and to reduce the water flow at the

footings. Tne ground water tabtle arter coastruction cf tihe -
draicaqe aitch, _ ¥as about 0.5m below the baseaent <rfloor
surrace. Tae baseaent was constructéd in an area of Leda
clav.' The _hasement wall and- fl;or heat lésses vere

meésurég and rceported in a repoft published by Mitalas [37].
There were three test basenments maintained by the DBE/NEC,
“and Easeﬁent A was chosen for this analysis. |

The basenent was insulated on the iﬁside over the full.
'eiqht of the wall. ihe hasemert walls aad floor were made
of concrete and tne 1insulation material! was glass fibre.
The thermal and pnysical properties of the materials used in
the basement cénstruction are listed in Table 5.
‘Controlled eilectrical heaters were used ian the basexzent to

maintain the interior tenmperature constant at 21 C.
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€ .
‘ The floor heat loss could not be accurately predicted
by uitalas due to the very high ground water table. ‘It was
decided to use the-ﬁ%lIIsG 5 computer progran to discover a
better way to account for the effect of a hidh ground water

table on the basement heat loss.

5.1 - HOREL- ASSUNRTIONS-

Several simplifiinq ‘assumpt;ons vere made to develop a
manageable .and :easbnabiy ~accurate molel. - Bost of the
assumptions made were tha,sﬁme as thaﬁ used in the previous
apalysis (Chapter III). The dnly.difference being z-
1. The éoil' therzal = properties —remainr constant
throughout the year.
2. The aﬁbient air t2mperatares for the Ottawa area are
represented by tha Fourier equation -

Ta= 6.0912 +15.3684%C0S (2) ~1.3074%COS (23)
+0.4841*«C0S{32) +1.8927*SIN(Z) -0 5,999*SIN (22)
+0.0125%SIN (32) ‘

where 2= 2 7w (t/2% +183)/365 and t is in hours from

Jangary 15.

| The basement was maintained 'at a constant

tepperatare of 21 C tﬁroughout the analysis, as was
done’ by Nitalas during his eiperiment.

3. The snow é;;er varies monthiy apd its valueé were

takzn from the report published by Scanada

Consultants [47] as listed in Table 4. The thermal



SNOW COVER IN CENTIMETERS

DAYS NOVEMBER DECEMBER JANUARY FEBRUARY MARCH APRIL

13

Table

4. Snow Cover In Centimeters For Ottawa (1978-79).

1 - 43 62 55 -
2 - 15 32 67 58 -
3 - 14 33, 67 57 -
-4 - 16 33 67 54 -
5 - - 13 33 6% 48 3
6 - 12 33 69 40 2
7 R V. 33 65 38 3
8 - - 12 34 71 34 1
9 - 14 34 . R, 34 T
19 - 14 34, 72 34 1
11 - 14 34 72 . 32 -
1z - 16 34 72 32 -
13 - 18 34 72 32 -
14 - 18 42 72 . 3@ -
15 - 18 42 72 32 -
16 - 20 42 69 32 -
17 T - 28 42 69 32 -
18 - 29 58 68 32 -
18 - 25 5@ 68 29 -
208 - 29 5@ 67 27 -
21 - 33 51 - 65 22 -
22 - 32 71 . B3 16 -
23 - 32 71 62 15 -
24 5 32 74 56 9 -
25 3 2 79 52 7 -
. 26 5 48 77 52 6 -
27 3 46 72 57 6 -
28 18 45 66 57 6 -
29 11 46 69 - 4 -
38 - 46 62 - 4 -
31 - 47 60 - @ -

107
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- ELEMENT THERMAL QONDUCTIVITY DENSITY  SPECIFIC HEAT

. W/m Q) - (kg/m>) (k3/kg C)
Wall . - 1.73 - 2243 .84
Floor 1.73 : 2243 9.84
Insulation F.8433 : 32 @.84
Soil ‘(measured) .88 - 149¢ 1.765
Soil (8@% wet) - 1.56 - 1400 1,756

Soil (16@% wet) 2.135 1650 o 2.062

Table 5. Building and Soil Thermal Properties.
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capacity of snov is neqlected in this analysis.
Its thermal condu:t;vity is taken to be 0.113 v/m C
{a amean value beéueen dense and loose snow w¥as
consideied and‘ is taken fron a papef.ﬁy Labs (4] -
The ﬁontﬁly avéraqe " snow cover is considered and it
is conver;ed into an effective convection

'coefficient. Snow cover data forki§78—79 was used
because tﬂe data Eo:_1980781-vas not available at the
time of this analysis. .

The basement f£loor, wall, anrd soil thermal properties
uére taken from ASHRAE [3] and .the ;epo#t published by
Mitalas [37] amd aré_shoun in—rable S. A variable grid size
vas chosen to better preiict the basement heat losses. Tﬁe
grid spacing near the basement wall was about 12cms. while
the grid spa:inq near th2 floor was about 20cms.d A total
of 361 nodes vere used with time.stepé of 146 hours (6-.08333

days) .

5.2  MODEL- ANALISIS-

The mdodel =2mploys a two-dimensional cross-section, bounded

by a.vertical adiabatic boundary sufficiently removed to
'minimize its impact on the basehent heat loss. The upper
horizontal boundary-- is sét by a seasonally varying
convective :oefficient and the lower boundary consists of an
isothermal sink. Fiqure 52 shows the basement

configuration.
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EEAIIHG,S ¥as used to calculate the Baﬁgment wall and

- floor heat loss.: A thifd order Fourier fit of the ambient

air tenpérature was uséiras.an input to the model. The

baseizent was maintained at a temperature of 21 C during this

analysis. - Three different models were considered for
~analysis. The models wa2re :-
1. MODEL 1 =

The lower isothermal boundary was set at 8.62m below
qraﬁe and the d=2ep qround temperature was 8.9 "C.

The effect of the ground water was neglected and the

- soil properties vere assumed to be constant

"throughout the amodel configquration. The soil

therpal properties are :-

thermal conductivity = 0.88 w/p K

density = 1490 kq/m® at 42%
. moisture.
specific heat . = 1765 Js/kq K

—

These values were the same as those measurgd by
Mitalas. The Talculated basement wall and floor heat
losses are shown in Figqures 53 and 54.

MODEL 2 :

The lower thermal bouyndary was set at 0.5m below the
basement.floor. The temperatures at 0.5z below the
center of the basement vwere measured by Mitalas [48].
Thése tenmperaturzs were assumed to° be -ﬂ{}form

throughout the lower boundary, but varying—with tinpe.
. / /

s

.;\/

7



WALL HEAT LOSS (W/SQ.M)

FLOOR HEAT LOSS (W/SQ.M)
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- "« calculated by HEATING 5
®
O
- Foerier fit ,
of measured
b
o [ 4 i i 1 (1 L ] 1 1 1 4 1 1
T73 146 219 292 365 438 511 584 657 730 803 876
March 28/80 TIME, hr x 107 MARCE- 28/81
Fig.53. Wall heat_loss for Model 1
©
p-measured
() .
- F . calcutated by HEATING 5
g
m =
) £
~ F
P 1 ] 1 1 1 1 ] L 3 ] -‘_J 1 1
) 73 146 219 292 365 438 511 584 657 730 803 876
March 28/80 TIME, hr x 107 March 28/81

Fig.54. Floor heat loss for Model 1
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A third order Fourier £it of the lower isothermal |
boundary was "useil as an input to the model. The
Fourier eguation used in ihis nodel was :-

Ts= 18.61 +0.3175%C0S(2) -0. 1003*COS (22)
+0.461*COS(32) +0.9095%SIN(Z) +0. 1329*%SIN (22)
-0.1063*S1I% (32) |

where z='2 x® (t/28 ¢+ 183)/365 and t is time in hours

froama Jaauary 15. H Y, _

It was assumed thi£ there was safficient ground water
flow to keep the temperature of the thermal boundary
gniform.

Twvo types of soil (cléy wvith different moistuare
contents) were used durinq this analysis. Since the
groind water tabl2 is 0.5m below the basement gloor,
the soil between the basement flooé apnd qround uatef
taple was assumel to be 80% wet and its thermal
properties were.e:ttacted from *Thermal Geotechnics®

[27] and are list2d below :-

thermal coanductivity= 1.56 w/a0 K

density 1408 kq/m°

h

specific heat 1756 J/kg K )
- - I'\\" \-
The thermal properties of the soil between the ground—=—
surface and the basement floor were assumed to be the
sape as that measured by Mitalas and are :=-
thermal conductivity=0.88 w/m K
density =1490 kq/m3

specific heat =176S J/kq K



WALL HEAT LOSS (W/SQ.M)

FLOOR HEAT LOSS (W/SQ.M)

0
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« caleculated by HEATING 5

‘Fourler fit.
of measured

L 1 (] 1 1 1 ] 1 1 1 L 1

73 146 219 292 365 438 511 584 657 730 803 876

March 28/80 TIME, hr x 10~ March 28/81

14 16

12

4

Fig.55. Wall heat loss for Model 2.

measured -
- ol

. calculated by HEATING S

'Fourier fit of
measured

1 1 1 1 1 I 1 1 1 L b | 1

73 146 219 292 365 438 511 584 657 730 803 876

March 28/80 TIME, hr x 10~ . March 28/81

Fig.56. Floor heat. loss for Model 2.
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The calculated basement wall and floor heat loss
for. this model are shown in Figures 55 and . 56.
respectively. ' '
MODEL 3 :
The lower isothernailboundary.uas set at 8.62m belou-
graie and the deep drouqd temperature was -8.9 C (as
in Nodel 1). Siﬁce the ground'uat;: table is 0.5m
below the basemént floor, = all éhe soil below the
qrouﬁd'vater table }as assumed to se vet soil. It
vas a#sumed that the soil (clay) 0.5z below the
baseament floor wais 1005 saturated and its thermal °
properties were extracted ‘fro=z 'Thermral Geotechnics®
{27} ;nd are listad below :~-

thermal conductivity
t\-—;

n

2. 135 w/m.K

density 1650 kq/m*

specific heat

2062 J/kq K
The soil betvween the basement floor and the qrouﬁd
water taole vas assumed to be 80% saturated and its
thermal properties -are listed below :-

thermal conductivit}= 1.56 w/m K

1400 kg/m*

density -

specific heat 1756 Jskg K

The thermal propecties of the soil between the ground
surface and the basement floor were assumed to be the

sam2 as that pneasured by Mitalas and are :-
[ 4
thermal conductivity= 0.88 w/m K
-

density = 1490 kq/n°
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- _
« calculated by HEATING 5

Fourier fit
of measured

WALL HEAT LOSS (W/SQ.M)

o~ e
o 1 [} 1 [l I 1 1 1 T ] 1 —
73 146 219 292 365 438 511 584 657 730 803 876
 March 28/80 TIME, hr x 107 ' March 28/81

Fig.58. Wall heat loss for Model 3.

V=] -
< F
= Ppeasured
" ~ kL
o -,
51
2 St . calculated by HEATING 5 -
2 -
e «
B2 5 1 ny Fourier fit of
= Jmeasured
g T
=

~ F
o 1L 1 1 1 1 1 1 - 1 X 1 1 .
73 146 219 292 365 438 511 58& 657 730 803 876
March 28/80 TIME, hr x 10~ March 28/81

Fig.59. Floor heat loss for Model 3.-
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1765 3/kqg K

specific heat
The mod2l configuration is shown in Pigure 57.
Figures 58 and 59 show the basement wall and floor

beat loss using this model.

5.3  BBSULTS |

As is evidenced from Figures 53,55 and 58, Models 1 and 3
predict the ualll keat liosses reasonably well, despité the
féct that Model 1 neglezts the effect of the gfbund vater.
Thére 1s a variation during the months orf Decenber, January,
February and March. This could be due to three reasons.
The first beinq, the thrermal conductivity of the soil is
different than the value assumed for the winter months. -
Durionqg this apnalysis the so0oil thermal properties were
assuzed to be coastant throughout the year. The second'
reason being, the thermal conductivity of the spov was
dif ferent from that assumed for this analysis. And
thirdly, this analysis vas done for 1980-81 agd spow cover
records £or this 'period vere auaot available. Therefore
1978-79 records were usad. Any of these three reasons
could. account for the variations in the wall heat loss.
Bodel 2 constantly underpredicts the wall heat loss. This
1s most prob;;ly due to the fact that the ground water flow
was guite negligible. Another reason could be that there

vas an error in recordingy the soil temperatures.
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Altﬁguqh there is hardly any difference betieen"the
vall heat loss for uodeis 1 and - 3, ‘it is seen from Figures
54 and 59 that Model 3 predicts a better floor heat loss
than does HNodel 1. Bat Model 2 gives a relatively poor
prediction as.conpared t> the other two models: It is most
probab;e that §he ground uatér flowv was significantly lower
than anticipatei and that could accou&; for the failure of
Model 2. :

It could bz speculated from this apalysis that by
assuming different thermal properties for the soil near the
ground water table, reasonably accurate wall and floor heat.
losses could be zalculated. The snly limitation being that
the flow of the qround water should not be large. ‘More
vork shoulld be dome to see if this model would holl for

other basements with a high ground water table.



Chapter YI -
Al . .
.COICLUSiOHS AED RECOMNMEEDATIORS

6.1 CONCLUSIONS-

The BEATING 5 conputgr program is sufficiently general to
sizulate variable geometries, boundary éonditions, soil and
building properties. rhis'p:oqran has been validated and
indicates that the enecqy. performance c¢an be accurately
predicted (within 8% of that ¢alculated by KcBride during
the heating Season) usiny & Pourier fit approximation of the
actu&l boundary condition, and approximating the soil
property variations by p2riodic step changes.

It 1is found that.;he soil. thermal conductivity <an.
exert a siqﬁificant influence on the ‘heat loss fronm
basements. The upper value of the soil thermal conduwtivity
range for the Columbus, aﬁio area (2.42 W/% C)}) overpredicts
the basement wall and floor heat heat loss by about 6.2%1and
62.2% during the heating season. The lower value of this
range {(0.63 ®/X C) andarpredicts the wall and floor heat
loss by 24.3% and 54% during the heating season. The miq-
range values of the thermal conductivities underpredict the
heitinq-season wall and. fioor heat loss by abont 5.4% and
17.9% for the basement in ColumbuEJOhio. It is essential
that values close to the actumal soil thermal conductivities_
‘be used for heat lossvcalculations and not mid—-range valpes.

- 120 -
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It is also found that similar structures (not closer

than 3 aeters. from the basement wall} do not sign;ficantly

] effect the wall heat -losses. ;rhe floor heat losses can be

reduced by about 42% 3daring the heating sSeasom. - . The_

reduction ia tpe vail heat loss -would be more .brofbund if
the basement eitends deepe£'into the ground.

The iével of the'dronnd water has a conSiderable effect
on the basement floor kheat loss. Duing this analysis it wvas
assumed that the lbuérr ground thermal boundary is at tke
saze leveljas' the drouni water table. This assunption is
valid ohly "for areas with an abnormally high ground water
floi. The depth of this bounaarv is varied and it is found
that it plays an iﬁpbrtant role in the floor heat loss while
ité effect on the wall heat loss;is almost negligible. §hen
the boundary is 1 w@meter below the basement floor, ‘the
heétinq season - £1oor heat loss nmay increase by about 150%

while the wall beat loss may increase by about 6% only-

The grouni surface coandtions also play am importaant _

role in basement heat losses. ¥hen there is snow cover on
‘the ground, an insulation blanket is created wkich redncés
thé bheat loss significantly. 5S.7inches (1u-478cms.) of snow
can reduce the wall and floor heaé 1oss by as much as 33%
and 8% for the Jhio baserent. An asphalt surface eliminates
the heat loss from thé ground surface due to evaportion and
transpiration. This can reduce the south wall and floor

heat loss by about 19% and S9.4% during the heating seascn.

r
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burinq the ;ﬁnler_lonths the wall bheat loss 1is alldst‘
negligible. This is because in addition to the above grade
port;on of the vwall, the below gragde ualls.qain heat ffon
theiéﬁrtqundinq soil dowa to a depth of aﬁoqt 1 meter below
. .grade. - | |

rhe‘;iaitioﬁ bf'insulation.on ;he exterior walls of the.
basement significantly reduces the. ¥all heat léss &ﬁ#indsiﬁé
heatinqg season. -Pull langth insulation reduces it by about
75-%§-while haif length insulation {on the top half of the
‘uaill reduces it by about 56.2% for the ohio basement. The
floor heat loss during the same period increases Sy about
5.4% and 0.2% for £ull leangth and half length insulation
placement. A complicating factor is that,‘ althougﬁ the

- heating season heat lossa2s are redaced by added insulation,

the bepneficial cooling s2ason heat losses are also reduced.

T

6.2  RECOSSBNDATIONS -
For future investigations the following recoamendations are
%ugqested -

1. The develbpment of .a hace detaifed model for
calculating basem=nt heat logges is reguired. It
should be_an-extension"of.the nadel developed in this
étuﬂy. The presznt model, like otﬁeté'ﬁresented in
the literature, assumes many factor% that infiuence

the_thermal behavioar of the so0il to be negligqible,

’ : <
which may not be true under @ail conditions. R '.l‘hes
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lateat heat of fﬁsion of soil moisture under freezing.
and thawving éondiéibns should be éonsidereé. BEATING
S has provisions for<inco:porating phase changes in
the aodel. Chanjyes in moisture content and the heat
transfer by. liquid migration during shorter time
intervals should pe inésrpordted in the model. These
effects E?ve been  approximated by including
seésoqally varying soil thermal properties in the®
present aodel. The heat transfer process taking‘
place at the soil surface requires more detailed
characterization. -fhe effect of solar radiation and
heat loss due to evapéﬁtranspiration on the ground
surface should b2- included. Nore information on
these effects zan _ be obtained from texts én
Climatqloqy.

Most - of the data available fronm instrumented
basements 1s 1ncoiplete and this makes validation of
any model intonpiete. Therefore, the acquisition
of detailed experimental data, 'over an extended time
periocd, on a variety of basement .confiqurations is
required. Grounad temperatures below and around fhe:
bﬁsement should be neasured. Q‘For :the former,
instromentation siould be done before the basement is
constrqcted- The ground water level, flow and

temperature shoull be measured. This cén be done by

drilling a well near the test-site and recording all
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the reguired data.._ Soil thermal properties should
be‘qeasured,at various depths of the soil to include
moisture effects. . These measurements shonld be
performed for at least a year to take into account
the seasonal effects. L _
Similar studies should be carried out for differeant
climates where enerqf demand patterns may vary

considerably from those used in this analysis.

Althouqhk an extansive paragsetric study has been

" performed, more simulations should be done so that

*

an empirical relatioaship could be developed between
the basement heat loss and the different types of.
parameters (soil thermal comductivity, qround water
level, type of sarface cover, insulation .placement
etc.). This would greatlv-assist in the development
of empirical relationships to more accurately predict
heat losses than from existing methods. Using these
relatiﬁnships a less SOphisiicated fhaﬁafggid
calculator software package could be develoﬁed for
engigeers or designers who do not bhave access to
larqge coaputers.

A thrze-jimensiocnil study should be done to find out

the corner effects on the basement heat loss.
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Appendix A
NUNER ICAL TRECHNIQUE

This‘sectién deals litﬁ the numerical technigques used by the
HEATING 5 computer proqram to solve heat transfer'probléns-
It contaias extracts >f the relevent portions of the
nuner;éal téchnique ~provided by the reference naﬂual

*

prepared by the Upion Carpide Corporation (39 ].

-
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2. NUMERICAL TECHNIQUE *

o 2.1. Statement of the Problem
The HEATINGS Program solves the steady-state or transient heat conduction:problem in
citber one, two, or three dimensions for either Cartesian or cylindrical coordinates or onc
dimension (radial} for spherical coordinates. For illustrative purposes, the equations and the
- discussion which follow are written for a three-dimensional problem in Cartesian coordinates. |
First, the physical problem is approximated by a system of nodes cach associated with a
small-volume I3 order to define: the nodes, 2 system of orthogobal planes is superimposed on .
the ' probler=. The planes may be unequally spaced, but they must extend to the outer
boundaries of th= problem. A typical, internal node, which is defined by the intersection of any
three planes is depict=d in Fig. 2.1. Heat may flow from a node to each adjacent node along
paths which are: parallel to cach axis. Thus for a three-dimensional problem, heat may flow
from an internal pode to each of its six neighboring nodes. The system of equations describing
the teorperature distribution is derived by performing a heat balance about e2éh node. i
The finite difference heat balance cquation for node o in Fig. 2.1 is

g et a s e ‘
.C.T—:.-A—T:-=P:+2.K-m—m e
t m=1

* where TR is the temperature of the mth nede adjacent to oode o at time . K. is the
conductance betwesn nodes 0 and m, G, is the heat acapacitance of the material associated with
node o, and ‘P7 is the heat generation rate in the latter material at time t. Since planes go
through the nodes: and the material is homogenecous between any two successive plancs along
any axis, a node mav be composed of as many as cight different materials, and the heat fow

- path betwesn zdhceat nodes may be composed of as many as four different materials
positioned .in ‘pamiiet. For a three-dimensional problem, one C, onec P, aad six K's wili be
associatsd witk =2 internal node at a particular time, t,. These parameters are calculated as

foliows {or nod= o: . - . ®
. § - :
C. =3 CopV; A : . (2.2)
=l
8-
Pi= X Q' - (23)
El -
. : 4
- oK = T:.,E;kmv“mv (2.4)

o

“This section is reproduced from "HEATING 5 - An IBM 360
Heat Conduction Program" with permission from the National
Energy Software Center ( U.S. Department of Energy )
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CUSE INCLUDING SIX |ADJACENT NODES
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Fig. 2.1. HEATINGS Nodal Description for
Three-Dimensional Problem
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where
Cn = specific heat for region /,
pr = deasity for region /,
"V} = volume of region /,
Q?k = heat generation rate per unit volume in region [ at time t,
1. = distance between node o and adjacent node m,
Xy = thermal conductivity for region vy betwc:ﬁ nodes o and m,

Any = cross-sectional area, normal 10 heat ﬂow path, of region betwesn
‘nodesoand m. :

With referencs to- F'g. 2.1, the Vgs and A....,s are further defined, by uung examples, ax
follows: i

- T,

v, = o= x) Gm =y (a2
2 2 - 2

(2.5)

| 5 o (et = ) = .
rd A= (mzzo G .. @

Since nodes lying on 2 surface or nodes from oné- or two-dimensional probl:ms will not’
necessarily have six neighbors, the g:ncml heat balance equation for nodc 1 having M,
ncxghbo:s can bowaltten as -

-

T -Tr M |
G TEF X K (T, -T)

- ' . - (2.?)

whert e is the =th ncighbor of the ith node. By choosing the increments between Lattice lines
small eaough. the soiution to the system of equations ynclds a practicl appraximation to the
approprizte differential equation.

22. Steady-State Hezt Conduction

. For a sicady-state.-heat conduction problem, the heat balance equation reduces to

M,

. P+ mzljxam (To:,.. - T} =0 (2.%)

since the left-hand side of Eq. (2.7) is zero.

If there arz 1 nodal points, then since Eq. (2.8) will be apphcd at ecach node, there will he
a system of I equations with 1 unknowns. The iterative technique which Is used by HEATINGS
to solve the sysiem of equations s outlined below. First, solve Eq. (2.8) for T..
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P+ I Ko To. :
M, - ) | 29
Z | V.

m=l

Sinee the values of T, are unknown, the temperature at node i cannot be calculated dircctly
from. Eq. {29). However, an iterative procedure based on Eq. (29) can be used to estimate the
stcady-siate - tecrpematmres distribution. If 2o estimate to the ternperature distribution exists, then
Eq. (259) can be appiied at cach node, and hopefully, a better estimate to the temperature °
distribution will be obtained. ‘Then, this new estimate can be used in Eq. (2.9) to produce an
cven better estimate: This iterative process can be written as

Pt 3Ky TG,
= =1 . _ (2.10)

M
b
. : m=I

-

where the supcs:rpt {n) implies the nth iterate, Ins:md of wsing the ltsu!ts ol Ey, (2.10} ax

© the (atl)st itemmte, 2ssume that it only yiclds an estimatc and denote it as TI™™. Then dufine
the {atl)st iterate20 be

..n.'.-n o ﬁ-& + ﬁ["ﬁ"’“ - ’I'}"] . he (2.11)

whers ths rodexedon factor, £, is limited to 0 < B << 2. Not.é: that when 8 > I, the new
iterate 5 ctanz=< more than Eq. (2.10) specifies, and thus, the iterate is overrclaxed. Likewise,

when 8 < 1, the iterate is underrelaxed. If Ti™" is replaced by Eq. (2.10), them Eq. (2.11) can
be written as .

M,
P+ % K, T2 ' <
m=] :

T = (AT + B = . 2.12)

M,
2 Kg,
m=1

If the nodes are numbered along the x-axis from left to right, then along the y-axis from
-bottom o top and finally -along the z-axis {rom the smallest plane to the largest, then the rute
of convergence for the iterative procedure can be increased by using the most recent value of -
the temperature in Eq. {2.12). This algonthm can b= written as
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L M, C o
Py + 2 JKQ_T;::, + __E_i_!txa.-r‘;r’- b <’
-ﬂ-l)_: (l_ﬁ)ﬂl’ + ﬁ M‘ m""l-a (2.‘3)
2 Ko,

m=1

- -

where L is defined so that apy < i < aryer. Varga (Refl 5) refers to this method as the point
succsssive- overmsiaxation iterative mcthod. To increase the rate of convergence, an exponential
approximation for Eq. (213) is made based an the temperature change from one iteration to
the next. The algorithm based on this approximation is used instead of Eq. (2.13) to calculate
the new temperatures for nodes having relative temperature changes exceeding 107, However,
the algorithm is designed to bound the temperature change so that the new temperature cannot
be more than two times the old temperature. This prohibits the technique from diverging due
to a bad estimate of the initial temperaturc distribution. The exponential approximation
seduces to Eq. (2.13) for small temperature charges. Successive iterations are carried out by
HEATINGS until T -

- .n-j__ -nml: : .
-ﬁ?ﬁ_ gt - ’ . R (2.'4)

a

where ¢ is the spe—F=d convergence criterion. _

Another” o=xpolation procedure which is commonly used to increase the mte of
convargencs Ingm iteative solution to 2 system of equations is the “Aitken & extrapolation
procsdure” Bricfly, If TV, T, and TV are the temperatures at a certzin point at the n-Ist,
ot and r+1st iemtions, respectively, and if -

O = T > - T A

and -

T =T [T = T > 0. | e

* then, a better estimats of the temperature is

[T =1

e =' T{”‘” + n =1 1)
K T = T77 = [T = T
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Acmally. HEATh\GS uses a modification of Aitken's & method by calculating an
extrapelation factor, B, and approximating Eq. {2.17) at each node with .

.T.é»u =T+ -l . | e

‘ whc-c"l""“ ttpr:scms the o1st iterate at node i before c:umpohnon.

A HEATINGS extrapolation cycle is defined as follows. The code eomplct::s 20 iterations

. _and <hecks to see i the maximum of the absojute values of the relative ‘temperature ch.mgc-c

. over an iteratton “fxs deciexsed monotonically over the last ten iterations. I nol, the oyele’

starts over: If so, the code will extrapolate only if the relative change in extrapolation factors

_ over two consecutive: iterations is less than 555 and the maximum of the absolute values of the

relative temperature changes decreases monotonically over the same two itemations. The
extrapolation factor, B, which is the same for each node, is based on two maximum relative
temperature changes; between the n-Ist and the nth iterations and between the nth and the

_oFlst iterations.

- The valee of B in Eq. (13) which will produce the opnmum convcrscnc: rate for ail
points is difficlt to obtain analytically for simple geometries and is practically impossible to
obtain for complex geometries. If an input value is not supplied for 8, then HEATINGS uses
the defzult valuc -of 1.9, If the rate of convergence appears to be slow, then HEATINGS
reduces S by 0.1. The code determines whether or not the rate of convergence is slow in the
following mamner.’ It was noted above that during an cxtmpolanon cycle, the relative
temperature changs over am iteration is monitored over ten ‘consecutive iterations. If. the relative
temperature charnges do not decrease monotonically over these ten iterations, then the current
relative temperares= change is compamd with the one arising ten iterations carlier. If thc.

~ current relative t=perature change is greater than two-thirds of the old one, then the SOR

tcchmquc is converging slowly. This process may be rcpcatcd until g2 = 1.0 Howevcr the code
will not increase ;3.

23. Trmnsient Heat Conduction
HEATINGS 's’dc:ignsd to solve a tmansient problem by any one of severn] numerical
schemes. The first is the Classical Exphc:t Procedure (CEP) which involves the fint forward
difference with respect to time and is thus stable O'ﬂy when the time step is smaller than the
stbiiity criterion. Levy™s modificetion to the CEP is the sccond scheme, z2nd it reguires the
temperators disitidbotion at two times to caleulzte the temperatures at the new time level. The

" technique is sizble for a time step of any size. The third procedure, which is written quite

generally, 2cteaily contains several implicit techniques which are stable for a time step of any
size. One can use the Crank-Nicolson heat balance equations, the Classical Implicit Procedure
(CIP) or backwards Euler heat balance equations or a linear combination of the two. The
resulting system of equations is solved by point successive overrclaxation iteration. Techniques
have been included in the code to approximate the optimum acceleration® parameter for
problems involving constant thermal parameters as well as- those whose effective thermal
conductances ‘zad capacitances vary with time or temperature. The implicit procedure in
HEATINGS has not been designed to solve problems involving materials which are allowed to

.undergo a change of phase. _ .

The implicit procedure using the Crunk-Nicolson heat halanee cquation is  the

_recommended technique for solving transient problems. Levy’s modification to the CEP cin he

a useful too! for obtaining the solution to problems. However. one must experiment with the

time step size pefors accepting the resulting solution.
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. e

The smbility criterion for the CEP is a funcuon of 2 tcmpcratun:-dcpcndcm hcat
gcncr:mon raic or heat flux. This fact is not accounted for in HEATINGS. Also, Levy's
modification to the CEP is based on 2 constant heat generation rate or heat flux with respect
to temperature, 1f one attempts to use one of the explicit transient algorithms along with z -
tcmper’mrc-dcpﬂdcn: source or heat flux, then the code will write out a warning message
indicating that the time step 2llowed by HEATINGS may not yield:a stablé solution.

Equation (2.7) is the basic heat bafince equation for n-a.nstcn: problems. However, tl'u.
right-hard side is modified for all but the CEP. :

23.1 Clessicol Explicit Pracrdm

: For 2 tra:mmr. heat conducnon problem, thc heat balancc cquanon Eq. (2.7) can he
solved for Ti ' to

M, :
= T"'*'Q[P'*‘E:Ka.ff'a.-m] - 2.19)

“Since Eq. (2.19) expresses the temperatare of the ith node at the nilst time level in terms of
temperatures at the nth time level, it Is an explict technique, and the algorithm is known as
the Classical Explicit Procedure (CEP) or the Forward Difference Equation. HEATINGS uses
Eq. (2.19) to solve transieat heat conduction problems. The numerical solution obtained by
using this technique is stable, provided the time step satisfies the following incquality (Ref. 6).

G
M;

- e
) JK. minimum forall nodes - (&2

m=1 ) . - -

At <

232 Lnj"s Modificztion to the Classicel Explicit Procedure

Ths ExStatton on the size of the time step as indicated in Eq. (220) means, in many
pr'c:.c.ﬂ probicms, 4 very .high mtio of computcr ttme to actwal time. In some cascs
CC!"‘D\.-!Z‘.L.O'I cosis become so high that the use of the algorthm defined by Eq. (2.19) becomies
impractical. Levy [Ref. 7] proposed 2 modified explicit method which is stable for any time
step desired. This method has been incorporated as an oPtlon in HEATINGS. The bas:c
equation used is L \

: M
'IT‘=’IT+—.l- == 2 Ka ('r:,r -1 + P +z,rr' ™'} - qz,zn
l"'zl C.rm - m
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where

Z. = a factor for node § which will insure o stable’solution
“for any time step At.

If from Eq. (2.20). (Ate.)is the maximum time step allowed at node i for & stable
solution in the regular explict method, then the factor Z, in Eq. (221) is defined as

At

= : . . _' .
‘ At - 7. At _ ‘ (2.22)
0S5|—— — 1},if >1 . :
[(Ar...,), : ] ( Atk .

Levy (Ref. T) says that the accuracy is good if Z, is zero for somewhat over half of the
nodes. Of course, one must cxperiment with the size of the time step in order to obtiin an
gcceptable solution. - .

233 lmp!' cit Procedure -
a. Heat Belerce Eguation

If the right-hand side of Eq. (27) is .cvaluatcd at te ms:e:.d of ta, thcn the scheme is
. known as the Tlassizl Imphc:t Procedure (CIP) or the backwards Euler proc:durc. If the -
.right-hand side -of Eq. (27) is evaluated 2t teysz, then the 2lgorithm is known as the
Crank-Nicolsor (TN} p'-oadurc. A general algonthm which includes both the’ CN technique
_and the CIP i . . )

- M!
=0 T — + X
& 17“.1:1?—??-!-84'9 E-Kﬁ.e pud "7'3]"‘
| m=1
" (2.23)
. S + ’ ‘
d-& | 3 x5 %ar, - 'm]
=1

where 0 < © <1 and where the superseript n+6 implics that the parameter is evalunied at
time t.p. If © = 0.5, then Eq. (223) becomes the CN technique and if 8 = 10, the alporithun
is the CIP. When © is less than 0.5, the technique is'no longer stable Jor any time atep. Notice

that Eq‘:*(l.la) reverts to Eq. (2.7) when € = Q. This algomhm has been incorporated into
HEATINGS for 0.5< 8 < 1.0.

—
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h. Numericel Technique

. If there are 1 nodes in the problem and if the heat balance eyuation, Eq. {2.23). i written

for each node. then there' will be 1 equations and 1 unknowns, and the resulting system of
- equations can be solved iteratively. The procedure that ix used in HEATINGS i -uulliucd
below. If Eq. (2.23) is rewritlen so that the temperatures at t».; arc on the left-hand side. then
the equation becomes .

; M; o n+8 - M, ) .
) &i\ﬂzl'xz-:s Tou)* C‘t-\t " e(r-;:fK::e T = H, 23
where
. v - n+8 . R Ml e, -
TG o+6 . . ote _— ’
Hi=—x THP o+ u_m[m};l'xa. (Ta.~ "ﬂ ” - (229
fwelet - B )
e [‘M‘
’ C; nt+6 . 26) -
. D= At -+ € Z—I‘Ka‘“ ) - (2.26)

and if we dedetm the supcrséﬁpt. o+, on the tcmpcmturé. T. then Eq. {2.24) can be rewritten
as

. 'Ml : .
- o .
- e(z Ka., "r.,_) +DTi=H - (2.27)
=1 - "

where it Is now understood: that T; represents the temperature of node i at the new time level,

- f Eq. 227} is solved for T,, then :

T = . : (2.2%)

[
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Since the values of T, arc unknown, one cannot directly solve for the temperaturs at node i
However, if an estimate of the temperature distribution at the new time level exists. .then
Eq. (228) can be solved ‘at each node, and hopefully, one will have a better estimate for the
temperature distribution. The pr(':ecdurc can be repeated using this better estimate. This process
can be contimued until the estimates have converged to the approximation of the temperature
distribution at the new time level, This algorithm can be written as

. M‘
o ( z k5O T(;;-) + B,

* .;u - m=1 -
™ = o ‘ e 29)

where the superseript (o) on T; refers to the nth iterate of the temperature at node 1 at the
new time level

Instead of using Eq. (229) in the iterative process, the technique can be refined further.
First, consider Eq- (2.29) as only an approximation to the (nt1)st iterate or

N
.M _

9( b3 JKﬁe T‘&L) + H
m=1

(2.30)

' "l"i" = B
and -thc:; defizrthe (rH)st =!=ra=cas .
T = T + o [T - ﬁ;’] | Q.ﬁlJ
or
LT = (e T+ @ T _

(2.32)

where 0 < & < 2. Thus, the change in temperature based on the value at the last ferution is
more {w > 1) or less (o < I) than the czlculated value. Usually, the iterutive procedure
converges faster when o # !, and thus, w is commonly referred to ax the accclermtion
perameter. Combining Eqs. (2.30) and (2.32), one obtains
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M,
o ( s xo6 1*;_) + H,
T = () TN + o m=] = . {2.33)
(

-
-

. If. e always use the most recent iterates on the right-hand‘_.v;idc of Eq. (233). then the .
algorithm redoees to ’ -

- : L | M |
. . [( b3 ;K::G T‘;j’) +( pX .Kﬁe- 1*;'_)]+ H.
ST = (] - o) TIY F s m=1 m=L+1

- D,

(2.34)

where ar, <1< azge. It was pointed out in the previous section that this method is referred
to as the point syccessive overrelaxation iterative mcthod. HEATINGS applies Eq. (2.34) to
cach node until the convergence criteria have been met.

The convergemee criteria are derived as follows. When the nth itemation has been
completed, substitete-the nth iterates into Eq. (2.27) and denote the heat residual as

. M‘
. L ae 7]
R =+ e( zl‘xa”f 'r‘&’..)— DT® . 2.35)
. . m=

Now normaliz= the heat residual by dividing by the right-hard side of Eq. (2.24) or

u

-

M;
Hi+ 0 ( zltﬂfe. T&i) - DT
m:

(u; ’ :
R” _ . (2.36)
H H T

"HEATINGS uses two convergence criteria based on this normalized heat residual. They are

Rj'ﬂ .
(H- ) s . {2.37)
4 max
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and

R
G

(R}“ Se - o (2.3%)
Hi “max : '

Tes itemtive procedure is started in the following mannar. For the fint time step, the
siarting estimate is equal to the initial temperature distribution. Thercaflter, the starting extimate
at Ty is-Getermined by L N '

S Ak r e i, VS P VS S | (2.39)

-

. 'Tﬂnpmmréoepmdm: Properties

For problers involving temperaturc-dependent thermal properties, the iterative procedurg iy
as follows. Initizily, the thermal parameters are evaluated at the initial temperutures, Then, the
point successive averrclaxation iterative method as described above is applied to obtain the
temperatvre distibution at the new time level. However, since none of the thermal parumeters
are updated -during this procadure, the converged temperatures are only an estimate to the
temperaturs-disthetion. Thus, the thermal propeatics are reevaluated and the entire prucedurc
ts repeated ‘bntli the technique converges to the temperature distribution at the new time Tevel.
This process cozmins two levels of itemation. The inner loop is the basic ilerative process in the
point succzssive overrelaxation iterative method while the outer loop iterates on the thermal
parametess: ‘L=t T, denote the tempezatyre of node i after the mth iteration on the outer loop
.at time-t. Upew the completion of the mth outer loop, the temperature at which the thermal
paramezers 2re cvahmted is calenlated as ) : ‘

=g -eTmreTr, - : (2.40)

The temporuss dist-ibution Ras converged 2t iimc t, when the L; norm of the reiativized
temperature dffsreace over successive iterations is less than the prescrbed value or

AT € o (2.41)

-wher=

L]

”AT"'HI =

- (2.42)
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d. Estimation of the Optimum Acceleration Parameter

The rate of convergence of the point successive overrelaxation iterative method is strongly
dependent on the value of the acceleration parameter w. The optimum value of the purimeter,
denoted 23 ., is usually not known_ prior to the solution to a2 problem, and it is a function of
time for problems whose effective thermal conductances and capacitances viary with time or
temperature. Several techruqua have been developed to estimate w. for transient problems with
constant thermal properties. The method developed by Carrd (Ref. 8) has been incorporuted

"into HEATINGS. Bdcfly. this method consists of estimating o based on the behavior of a
norm of the resdual vector during the iterative procedure. The estimates are computed 25 a
func:'on of the iteration number until the process converges to 2 best estimate to the optimum
valte, Theraafters trecode uses this converged value as the acceleration parameter.

It was observed that this process was not satisfactory for problems involving temperature-
and timedependent conductances and capacitances, so an empirical process was dcvclopcd and
added to HEATINGS to estimate am.. For the initial time step @ §s equal' to unity. The code

~will_attempt to update @ every Ny time steps relative to the last time @ was changed. The
criteria- which are applied to determine whether or not the current value of  is a good
estimate to w, arc based on the number of iterations required for the inmer iterative loop to
converge on the first pass'through the outer iterative loop at some time step. When the code

.determiries that .2z attempt to update & should be made after completion of a particular time _
step. then the number of iterations for this time step is compared to the number for the time
step immediately following the last modification to as If the change in the number of iterations
is equal to or exeseds the criterion I, (2n input value), then o s Increased according o

T e"=a 0120 o) T S (2an .

where the- upess=ipt nrefers to the value of @ at time t.. On cach subsequent lime sep a
rew. estimate is ==zde for w, using an algorithm similar to Eq. (2.43). ;-Iowcvcr w may be
either increased or decrzased accotdmg to Table 2.1.°When the change in the number of
iteraticns for two consecutive time steps is less than the eriterion J,, (an input value), the code
assurmss that it l:':-.s 2 good estimate for w, and It uses this value for the subsequent time steps
urtil it is time 1o amt=mpt 2nother w update. At this time, the entire proccdurx: is rcpca[cd

. Table2.l.. Logic to Determine Whether w Should be
. Increased or Decrmased

Change in number of
- itcrations compared
o previous

) - lime step Increase Deerease
Last )
update resulted
in w being .
Increased Decrease Increass
Decreased

Increase - Decreass
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Appendix B
CARD INPOT POR EEATING 5

This appendix Contains i1 detailed déséripéion of the card
input. ﬁ:cept for Cardl 1, the M czards, and the deck
compbsed of the IT cards, the‘ inpﬁt data are arranqed on
each card in-9 :olﬁnh fields. . All integers must be right-
adjusted, i.e. thg last 1iqit of each;integer must appear in
a column which is a multiple of 9. Except for'Eﬁe IT cards,
colunn 73 throagh 80 of eack card are reserved for
identifiction. The dessription of the ﬁard input is taken

from the reference manual provided by the Uniom Carbide

Corportion [39] and is modified to suit our needs.

B.1 . CARD-1-= TITLE- OF PRQBLREX-

This card contains a descriptive title for the problerm. It
can extend to the first 72 columns. This card cannot be

omitted but it may be left blank.

B.2  CARD 2-= INEUT PARMIETERS-
A1l the eight entries in this card are integers. The

eptries are:zs-

- 143 -
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B.2.1  BAKE8DY-CRU- IIHE-
When a2 job is subaitted to the coaputer, the maximum CPU
tiae that the jab is ex pected to ﬁﬁn is indicateg on the
Class card. If the CPU tihe exceeds this time, then the job
will Se pulled 57 the systeh iithout printing out. the
current temperature distribution. In order to preveat this,
the maximua CPU time (in seconds) is specified as the first
entry in Card 2. As a safety factor the code subtracts five
seconds from this specified time after each iteration or
_time step, a éheck is iade to see if the CPU time exceeds
the .specific time. If so, it completes all of thke cutput
options which :are specified and attempts to read tﬁ?‘&ata

for the next problem;.if any. This time should be less than

CPU time specified on the CLASS card.

B.2.2 IYPE GEONETRY-
The HEATING 5 program offers nine possible geometries which

are listed below. The number associated w the possible

geometry is inputted as the second entry in Card 2.

Cylindrical Rectangular Spherical
1 R:e-z' | ' 6 X-Y-2 10 R

2 R-® 7 x-Y

3 B-2 8 x-2Z

4 R 9 X

5 12
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B.2.3 IQI!&-!!!EIB'QI-IiiiQIE-_.
The total nember of rejions of the entire configuration
entered as the third entry. - A marximam of 100 :egions'is

alloved.

B.2.4  TOTAL NU#BER OF SATERIALS-

The total numﬁer of materials are specified as the fourth

entry of this card. A maximun of 100 regions is allowed.

’

B-2.5  NUSBER OF-WATERIMLS ¥WIIH CHANGE- OF REASE-
SARABILITIRS- .

The total onumber of aaterials with a change of phase
capabilities is the fifth emtry of this card. Theré cam be
a waximum of five such natérials. If phase change is-not to
be considered in the problem, this entry is to be left

blank.

B.2.6  TOTAL NUNBER OF-JEAT GENERATION FUNCTJONS
The total number of different Leat generation functions
(maximum of 20) 1is the sixth entry of this card. This is

left blank if there are no heat gemeration functions.

Be2.7 LOIAL BUMBER-OF L¥ITIAL TENPERATURE- FUNCIJOES

This entry is the total number of different imnitial
temperature funstions {a ;éximum of 25). . If there are no
initial tempefature functions, this entry is left blank agd'

the program will assume the 1initial temperature distribution

to be zero deqgrees.
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B.2.8  TOTAL-NUHBER- OF -BOUNDARLES- |
The eighth entry of Ca:d‘z contains the total ﬁnlber of ‘
boundary conditions (a marizua of 50). If there are no

bouﬁdary conditions, this entry must be left blank.

B.3  CARD 3-

Each entry of this card is an integer.

B.3.1 GROSS- LATTICE SIZE- _
The first threa entries of this Card contaias the total

nunbar of gross lattice lires in (1) X or R direction, (2) Y
~or O direction, and (3) 2 direction. There can be 2 maximum
of 50 gross lattice lines along each axis. If any digension

is omitted, 2 z2ro or a blank is inserted in the appropirate

entry.

B-3.2  IOTAE BG#BER OF ANARLITICAL- FUNCTIONS-
The fourth entry containslthe_ total number of different

analytical functions. There can be a maxidus of 25 of these
functions. If there are no analytical functions, this entry

is left blank.

B.3.3 19:Aé'ﬁﬂlﬁ§£jQI-tiEﬁLlB-IE!EIIQﬂﬁ-

The total number of tabular functions 1is the fifth entry of
this card. There can be a maximum of 25 functioms. It

there are no tabular fun-tions, this entry is left blanpk.
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B.3.3  LENRERATOURE- UEITS-
The sixth entry contains the temperature units. A zero or a

blank signifies it is in F and a 1 singnifies C.

B.3.5 THRER-PLUENSIONAL- OUTPUY - NAP PLAG-

This entry is only used for three-dimensional problems. The
temperature output map tis brinted for each XY or B® plane.
'If this entry is non zers, then the temperature output map

vill be printed for each XZ or RZ plane.

B-3.6  URDATING TENRERALURE-DERENDENT PROPERTIES: |

The eighth entry on tais card. specifies the namber of
iterations whizh are allowed .before the temperature
depéndant thermal propefties are revaluated for steady;state
proSIems. Oazz the coavergance criterion has been
satisfied; the code continues to - iterate, but the
tempefature—dependant tharmal prqperties are nov revaluated
after every itefation antil the convergance criterion is
satisfied a second time.’ It is recommended that this
parameter be in the order of 10 or 20. If it is blapk or

zero, then the default value is uanity for nom linear

problems.
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B.&% CARD- &-

Each entry on this card is an infeqer.

B.8.1 ° TRANSIENT-QUTRUT- | | A
FPor .transient problems, - the ountput may be specified in
either of tnoliays: |
51. The temperature iistribution may be printed. ocut at
equally spaced tiués. The first entry oﬁ Card 4 must
contain the numbar of initial tine steps Dbetveen
ogtputs and‘ the second entry must be blank. For
example; if a value of 5 is entgtgd, .the teﬁperature.
diétribption ¥ill be printed at times whose spacing
is equal to five times the initial time step.
2. The_tenperature. iistributisn may be printeﬁ out at
" unejual time incranents.- To choose this option{ the
first entry om Card & must be left blank and the
‘Second‘entfy must contain the number of times the.
temperature distribution will be printed out. The
actual 6utput‘times.uill be enteréd o; the 0‘cazds.
The temperature distributionm is automatically printed
prior to the first time steﬁ for transient calculatioans and
prior to‘thé fiést iteration for steady-state problems. For

steady-staté o%iz,salculations, the .first and second entries

may be left blank. ) _ - ;

H
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B.4.2  GRARHICAL- QUTRUT

The third_entry‘ on Cari 4 indicates whether a - graphical
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qntput is reguired or not. By ‘entetinq a non zero integer
in this field, a data set lili be cfeated which contains ‘the
teaperature distribations Valoﬁq vith certain paramseters
uhi&h'_identify the 'problem; ' Iﬁe value oﬁmzthé integer
identifies the anit nemoer on which the data set is to be
created; fIhis data set is then nseé by HEJTPLOT to qét
plots of the témperaiureidistribution. A data set can be )
created on Unit & iguonr computer system. If a.graphical
output is reguired tﬁeq'n should be the third entry onKCaré
8. If a gqraphical output is not required then this entry

should be left blank. : -
‘ i

B.4.3  FREQUENCY- OF OUTRYT-EQR-RLOTS-

-- \'
This entry (the fourth) specifies the number of time steps

between each output of thke temperature distribution on the

data set d=2fined in B.4.2 (i.e. the qraphical outpauat). If

this entry is left blamk or zero and if the preceeding entry

l-‘

(i-e B.4.2 in Card 4) is nom zero, then tat temperature
distribution will be wcitten on the data set each time that

2 normal printout as defined in B.4.1 of Card 4 occurs.



B.%.%  SPECIAL-NONITERING OF - TEHPERATURES-

If it is reguired to tabulate the temperatures of a. few
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‘"nodes without getting exqessive onﬁpnt“ by havinq‘ to print
out éhe ediiteltelperature disttibut§on- then this-opgion is

‘invoked. The number of itertions between. print oﬁt§ is
entered in the £ifth field:;f card 4. If this entry is non
zero, - the node numbers: whose tenperaturés are to be printed
out are specified on the é ;at&s- “If this’opt;on is not

desired, this eatry is laft blank.

B-4.5  INITIAL IENRERATURE LNRUT UMIT- .

The sirth eatry of this sard specifies the unit number from
vhich the eiélicitly specified ‘lattiée' point iqitial
temperatures are read. If:the entry is a_positive intggef,
then it sLecifigs the anit anuaber froa which ‘theiinitial
temperatares’ are rg;d.in a forﬁatggg fotn, If it 1is
neqative, then the temperatures ﬁre_ read imn én upformatted

‘forn.

B-4.6° FPINAL- TENPERATURE- QBTPOT UNIT- o

If .thé final temperature distribution is to be éaved “to
facilitate the restarting of the problem, it is saved.on the
unit number entered on the seventh entry of Card 4.  This
eﬁtry is laft blank if the final temperature 6utput is not

r

to be saved. .
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B.8.7  PROELEA-STATUS UNIT-POR RENOTE USERS-
This feature is designed to allow remote users to deterninel‘
the status of the problea without having to wait for normal
computer tarnaround. If a positive number is eniered‘in the
eighth field of Card #, then this desiqrates the anit number
on which error messages and selected inforaation concerning

-

the status of the problem is written.

B.5  CABD 3-
Each entry on tkis card is a floating-point naumber except

for entries 1, 2 and 6, vhick are integers.

a~r

B.S.1 ZIRE-OF PROBLEM

The first entry om this card specifies the type of problem.
It.may be stea@g-state onl;, transiept only; of combinations
of both. The number to be entered is in accordance with the

following list:-

1 Steady Stata (S-S) oaly - 1 transient {trans.) 6n1y
2 S-S, trans. " - 2 trans., S-S

3 s-s5, trans., S-S . - 3 trans., S-S, tramns.

4 S-S, trans., S-S, trans. - 4 transS., S-S, trans.

n S5-5, trans.,S—S,irans., - 1o trans, ,S-S,trans.,

5-5, trans. etc. S5-S,trans. etc
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1f, for example, a 3is entered, the program will first
éerférn'a-steady-staie Salculation at time zero; | next the
transient calculation: then a steady-state calculation at
-the final -transient time esing the final transient
telperitures as the 'initiai gJuess for thé steady-state

temperatures.

B-5-2  SAIINUS-OF STEADI-STATE ITERATIOBS ALLONED-

Normally 200 to 500 iterations are sufficient to converge to
the solution. If this entry is zero or blank for steady—,‘
state p:&blems, a default o£“500 is used. If the maximenm
number of‘ steady-state itertions 1is reacged, and tae
converge;ce criterion is not satisfied, then the calculation
wili be 'terminated énd in error message YEND STEADI-STATE
CALCOLATIONS, COKVERGENZE HO.T SATISPIED". will be printed:.

This_entfy is left blank for pure transient problens,

B-5.3  STEADY-STATE CONVERGENCE CRITERION- |

This eniry contains the steady-state convergence criterion
and »ay be left blank for a transient-only problem. If this
eatry is left  blank for steady—state. problems  the

convergeaca criterion is assumed to be 1.0B-S.

’ N



153
B.5.%  STEAPY-STATE QVER-RELAIATION -PACTOR-

The value of the steady-state over-relaxation fctor is the

~

fourth entry on this card amnd it should be in the range 1 <
B < 2. This entry is left blanok for transient only

probleas, B is assumed t3> be 1.9.

-

B+3.5 - IIAE INCRESENT-

This entry contains the tnitial tine.incré%ent'for transient
problem that will be solved. using  ome of the explicit
techniques. For transient problems which are to be solved
using the imp;icit techni gue, tﬁis entrr;must be left blank.
For the Classical Explizit Procedare, the _tim: increment

must satisfy cartain criteria to insure stability. For

steady-state onz}\problens,-this entiy is'left blank.

B.5.6 LEVI'S EIRLEICIT SETHOD OPTION-
This sixth entry (an iateger}) is a factor by which the
stable time increment is onultiplied to form the time

increment for Levy's explicit method. —-If this entry is

blank or lass than 2, then this method will not be used.

B.5.7  INITIAL- TI#E-

This entry affects both transient and steady-state problems.
It indicates the initial time for problem with a negative
type and the time at which the time~dzpendant functions are

evaluated for problems wnose types are greater tham zero.



B-5.8  PINAL TINE-FOR- TRAFSLENT-CAKSULATION- ‘
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The finmal time for th: first trapsient calculation is

specified s the eiqhth a2ntry on Card S. For steady-state

problers this eatry is left blank.

B-6  CABDS-B1-A¥D B2 = REGION- DATA- .

Each region is described by two cards which pust appear in

~ pairs. The cards are repeated for eacﬁgkegion. The nuaber

-0f pairs of cards is the third entry om card 2. There must

be at least one reqion for each problem.

Be6.1 CARD-R1-
1. BREGION NURBER: i

This entry contains the namber of the region to be-

described.

2. -MATERIAL IN REGION:

The second entry >f this card indicates by an integer

the number of the material vhich occapies the region

naaed in the first eatry of this card.

3. BEGION DIMENSIONS:

The dimensions of the region boundaries are entered

as floating -point numbers and are arranged in the

following order:z-

a)
b)
<)

d)

Smaller dimension of the X or R regiomn boundary.
Larger dimension of the X or R reqgion boundary.
Smaller dimension of the Y or 6 region boundary.

Larger dimension of the Y or & reqion boundary;
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e) Snéller dinensién of the Z tregion bdundary.
f) Larqger dirension of the Z region boundary.
These dinensions are entered as the third through
eigqhth entries, raspectively. If the problem is one-
or tuo—dinénsional. then the redion dimensions for
the EBrFESpondinq unnecessary ‘coor&inate . or

coordinates are oaitted.

Bu.b.2 ;‘gﬂ_n_

This cﬁrd must be incladed with the appropriate R1 Card,
even it iﬁ_ is\Plank. The entries on tyis card are as
follo¥ss -

1. INITIAL TEMPERATURE bF REGION:

The initial temperature functioa number of the reqioﬁ
is specified by the first entry oa this card. If
this entry is left blank, the péoqram assumes the
"ipitial temperature far the ceqiog to be zer@. The
entry is an inteqer number.

2. HEAT GEBERATION OF THE REGIOSN: LN
This eptry contains the number of the heat qenera?ion
fupction associated with the region. If the entry is
left blank the prdqtam assumes that the region does
not generate heat. ‘

3. BOUHD&RY BUNMBERS:

The remaining entries of this card are yhe boundary

nupbers defining the - boundary conditions
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corre;pondinq to the six boundaries .of the Eegion
described by the first card of this pair'(i-a R1
Car§). The nuaba2rs are iateqgers  and are entered as

Afollous:- |
Bach entry contains the boundary nueber o{ the
region Boundary appearing in the correspoading entry
of Card B1. 1 boundary condition camnot be specified
on 1 bohndary dividing two regioms . unless it is a
type 3 boundary condition. For onme- Cor  two-
dimeusional caszs, tegion  dimensions are  npot
specified for the ' unnecessary coordiﬁate or
coordinates, and the cortésponding bound;ry nembers
are left blank. The entry is also left blank for

boundaries .which ire insulated.

B-7  NAREBIAL DATA - CARDS-N-AND-EC-

A group of cards cohsistinq of an M card and possibly a PC

card is required to describe each ‘material. The total

nunber of groups is the fourth entry on Card 2.

1.

2.

CARD-B
NATERIAL NUMBER:

The first entry is an integer and contains the number
2 | :
of the material which is to be described.

MATERI AL NAME:
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The second entry, vwhich must begin in column 11 and

may extend td coluan 18, contains the pame of the

material. .
3. CbHSiAHT THERNSAL pnopxnrrss: =
Entr{es 3, 4 and 5 are floating-point numbers and
respectively contain the . constant thermal
coniuctivity, constant denéity. and constant specific
heat of the material. Sipce the density and épecif;c
hgat are not used 1in steady-state caiculatiéns,
entries & and 5 wmay be 1left blank for type 1
pcoblens.: l
4. TEMPERATURE-DEPENRDENT THERMAL PROPERTIES:

Entries 6, 7 and 3 (integers) identify the analytical

or tabular functions describing the .thermal

condustivity, density and specific heat respectively.

B-7.2  CARD-BC-

For materials with a change of phase capability, the phase-
change or transition température and the corresponding
lategt heat are entered as—floatinq point numbers in the
first and second fields respecfively, of Card PC. The
follawing conventioné aust be adhered to in describing
materials with change of phase capabilities: thEBe
materials must be the first ones described on the M cards,

and the PC card is omitted for those materials which do not

underqo a change of phasz.
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B.8 CARD & - HEAT- GEEERATION-FUNCTIOR DATA-

AEaéh differenp heat Jeaneration fuanction is nuqbéred,

beginning with nunﬁer 1, CDnsecntively.up to a maximuz of 20

such functions. . This heat generation function nayi be

dependant on position, time -and tgnperature. The first_
entry indicates the fnn:tign naaber and the second.'entry

indicates the comstant volumetric bheat generatidhf rate. .
Entries 3, 4, 5; 6 and 7 indicate the analytical or tabular

function describing the x—. or E-dependant fuanction

paradeter, the Y- or e—dffendant function parameter, the 2

dependant function paraieter, the time dependant fungtion

paraieter, and the ténparature dapendant fupction parameter

respectively. The total nunbef of cardslis indicated by the

' sixth eatry -oﬁ Card 2. The bheat gemeration rate for a

reqion nay'bé positive (heat source) or negative {heét

sink) . The & cards ara onitted if entry 6 onm Card 2 is.

blank or zero. All entries except the second are integers.

B.9  CAED I---INITIAL IBNPERTURE-FUNCTION DATA-

Bach ipitial temperatufe function is nambered heginniﬁg with
"1 to a maximum of 25. TEEE_?ard consists of 5 entries. The
first cont;ins the initial temperatﬁre function naumber. The
~second entry contains the conétant factor describing the
constant temperature function. fThe 3rd, 4th and Sth entries
identify the tabular or analvt;cal functions pertaining to

 the - or R-, Y- or ©-, and Z dependant function parameters.
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'~ The total number of caris is the seventh entry om Card 2,
and if this eptry is left blank, the I cq;ds are omitted and
the initial temperature listribution is -assumed to be zero.

All entries except for the second are integérs.

B.10 . CARDS- Bi» E2» B3 MED B4 = DOUNDARY DATA

- Excluding insulated or contact type boundaries, -each unigue
.boundary is numbered coarsecutively upto a maxiaum of 50.
The B1 and B2 cards are om;tted if the eighth entry on Card

2 is blank or'zero.

B.10.1  CABD- Bi- ,
1. The first entry is an inteqer and contains the
boundary number. |
2. The séc&nd entry {aa igteger} %ndicates the type of
boundary i.e. -
1 surface-to-boundary
2 prescribed surface teiperature
3 surface-to-surface.
If this entry is blank or zero, then no heat transfer
.connections will be made and this boundary will be
treated as an insqlated boundary.
3. The thirl entry (a floating point namber) contains
tﬁe constant boundary tempeéature. This entry is

left blapnk for a type 3 boundary.
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Since the boundary temperature can be a function of

tine,' §Qg fourth entry of.this card contains  the

_tine—iepenaant parametér {an inteqer) which

identifies an apalytical or . tabular function. This
eatry is -left blanpnk i the boundary 'tenpecature is
independaat of time or if it is " a type 3 boundary

condition.

CARR- B2-

Bach entry on this card is a floating-point aumber except

Entrcy 6 which 1is an integer. _This card is left blank- for

type 2 boundary condition.

1. .

2.

6.

Entcy 1 contains the heat transfer coefficient, for

forced convection.

BEatry 2  coantains ﬁeat transfer coefficient for
radiatioﬁ.

Entrcy 3 cdntains the heat transfer coefficient for

natural convection.

..The_faurth . entr? contains the exponent £for natural

convection (or for othér npon lipear heat traunsfer
process).

The fifth entry contains the prescribed heat flux
acrsss the boundary.

The time- and teaperature-depeadant parameter flag;
an integer, is the sixth aprd final entry in this

Card. If any. of the five preceding parameters are
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functions of time and temperature, tﬁen additional
information must be entered on B3 and/or B4 Cards.
The -time- and tzaperature-dependant flaq indicates
uhethe:-or not the B3‘and B4 Tards are present for
this particular boundafv condition. Its value is

determined according to the following table.

Entry 6 . ‘ Additional Cards’
0 . _ None
1 _ B3 only
2 B4 only
3 ’ B3 and B4

5.10-3 CARP-B3-

A1l five entrigs of this card.are integers. Each iﬁteqer
identifies the analytical or tabularlfunction that defines
the time-dapendant fﬁnction associaied with the reépective
parameter on Card B2. It an entry is blank 6r~;ero, then

the associated parameter is not tise dependant.

B.10.4  CARD- B4-
This card is - jost lite Card B3 except each integer
identifiés the éﬁalytical or tabular function that defines
the temperature dependant fuﬁction associated with the.
respective parameter on ﬁard B2.

The B1 and B2 Cards muost appear in- pairs and a pair is

entered for each boundary.



| . ‘ | 162
B-#1 CMRRS-L1, Hls k2, 2, &3-AND-N3-=- LATTICE-DESCRIRTION-
For each‘axi;, gross lattice data are eatered on t®o sets of
cards, the first specifying the lattice dimensions apd the
second indicating the iésh division betiepd: qtossilattice
lines. All of the numbers on the first set of cafds (L
~ Cards) are floating point numbers.  The second sef Ei'Cards)
‘ﬁpecify the number of eqﬁal igcrenegts vhich aré between the
gross lattice lines vhose dimensions are qivgp on_the‘ L

Cards.

Bo11.1  CABD- k1-

The L1-ca:ds' correspond to the X or R coordindte, and_the
nuaber of 2atrias correspond to Emtry 1 of Card 3. If there

are more than 8 epntries, subsequeat cards are used.

Ba11.2 gﬁ.ﬂ_ !i-

The N1 cards correspond to ‘the X or R coordipate. There
¥ill be one less entry oan this Card than there are on the L1

cards. - Additional-cards are used for more than 8 entries. ~—

e

B-11.3  CARD-12-

The L2 caris correspond to the Y or 8 coordinate.

- &
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B-11.3  CARD B2-

'The N2 cards correspond to the Y or ® coordinate. - There
will /be one less entry bhere .than there are on the L2 cards.
B-11.5 CRED L3-

‘The 13._cards co€§espond to the Z coordinate.

B-11.6  CARR ¥3- - -

The N3 caris correspond to the Z cordinate and there is one

less entry here than there are on the L3 cards.
; > .

. B-12  CABDS- A1-AND" 32 =- XHARYTICAL FUNCTION DATA
Each analytical fuanction is described by an A1 card and one

Or more A2 cards.

A
~

Bo12.1  CARB- A3- - | |

Bach different anélytical functipﬁ is numbered, : and‘there'
can be a maximum of 25 functions. The firét entry on Card
A1 is the uni;ue gnalytiéal function number (an integer).
The second entry (als> an infeqer) is the number - of
coeffiéients_ghich are onltheiai cards. if this entry is
Zero or blaék, the qodé assumpes ‘that a uSef-supplied
fonction will bs suppliel for the Earameter uh;ch uses this

-

particular analytical function.

S
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B-12-2  CARD A2-
This card conta}ns' froa one- to £ont. ordered pairs. An
. ordered pair consists of two elements, an .intéger and the
' value of the éoeffiCient cﬁrtesponding to that inﬁeger. If
the second entry on Card A1 is blank or zero, ‘ then the .
‘related 12 Card is omitted. ' ;.
. Example:- The analytical faactiomn in the HEATING S

prograa has been modified to:-

F(v)= &; +3;COS(X) +23C0S(2X) -4, COS(3X) +A5COS(3X) -
" +A SIN(D -A,SIN(2X) +AgSIN(2X) —2pSIN(3X)

+A;p SIN(3X) o o

where X= 2 » (v/24 +Aiy ) /365. ¥

To generate an analytical -function

F{v)= 20.0 +20.0C0S[2 7 /3565(v/26) ]
+10. 0SIN[ 2 7 /365(v/24) §

the A1  and A2 Cards will be pEésented ih a tabular form
. - : R L
below:-
Coluamn § 18 - 27 33 45 5% 63 72 CARD
1 3 . g Al

120.0  2-30.0.. 6 10.0 a A2

The total number of analytical functions is the fourth
entty on-Card 3. The A cards are omitted if this entry is

blank or zeroa.
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B.12.3  CARDS-T1-ANR X2 = DABULAR-PUECTION-DATA-
Eéch tabular function is nuabered dbnsecntirely hegiﬂninq

from 1 to a maximoua of 25 functions. The .tabular funztion
is assdned to be a set.ﬁf lineaily connected §oints. The
fhnction is described by specifyinq a set of ordered pairs.
Each Srdered pair contains an independant variable and its

founctional wvalue. A linear interpolation is performed

between the points by the prqqrém.

B-12.% CARD T31- .
This first entry on the T1 card is the tabular function

number and is an inteqer.

B.12.5 CGARD I2- | ‘ : .
The '§3\332d contains the; first four ordered pairs, all
floating poinf nuﬁbers. If there are nore than four ordered
pairs‘in the function, they ﬁrg entered on subsequent :2
éards.
EXANPLE: If the tabalar function is inputted in the
folloving manner:
Column 9- 15' 27 35 4s 54 63 72 CARD
1. 9 _ ' T1
0.0 25.0 1.0 30.) 2.0 30.0 2.5 35.0 T2
3.5 35.0 4.0 30.) 4.5 30.0 5.5 20.0 13
5.501 10.0 - | 4

then the plot of the tabular function will be:z-
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lul‘
/

L3

Plot of a Sample Tabular Function
. ' .

‘The total cmaber of tabular functisns 1is the £ifth entry of
Card 3. Tte T cards are omitted if this‘entty is left blank

Or Zero.

B-13  CARD- - —-0OZRUT CARDS-

Each entry on.thié card is a floatind—point namber. sinCé.
the second entry on Card 4 indictes the. total pumber of
outprt timzs which are £$ be ;re&d, the 0 cards are oaitted
if this entry is blamk oc zero. The transient output'times
are 2ntered in the 0 Cacrds and there can be"eiqht entries
per éard. There may be a paximum”of-IQO output times, not
countinig the aantomatic print out which occurs prior the

initial time step.

\
\
/-
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B.18  CARD-S- = NODE- NUSRERS - :gg SRECIAL - u.:x:znx:s or
TESPERATURE-

As an.optional oatput upto 20 nodes may be specified whose

teaperatures niil_be printed as a fanction of the nunbgr of
iterations for steady—state‘calculations or the number of
time steps for transient calculétions. The first entry on
the S card, contains the total nuaber of nodes vwhose

teaperatures are to be tabulated. The remaining fields

contain the acutal node nuabers. If more than seven nodes

are specified their onnabers will appear on additional S
cards. All entries on the S cards are integers. The
frequency for printing >ut the teaperatures of such nodes

appear as the <rifth entcy on Card 4, and the S cards are

"+~ omitted if this entry is zego or blank.

B.15  INITIML TENPERATURES AND- NERTING EATIOS-

These cards are generated as ouput -by HBATING S if a
positive nunber appears- in 'Entry 7 on Card &, and,
generally, they are ugsed only eben restarting a‘job 7§y
Anserting the generated dack. One wnust enter thé anit

nunber of the card reaier in the s;xth field of Card u.

Entry 6 on Card 4 specifies the unlt on which these data are

to be reai. Tf the unit spec1f1ed s . other than a standard'

card input an appropriate DD Card should be supplied to
describe the unit. -If£ 2ntry 7 on Zard 4 is non zero, then
the code qgenerates these data at the end of a problem and

writes it on the unit specified in Entry ?.' The user must
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insure that: tha appropriate DD Card hés been supplied to

“correctly identify the unit specified on Botry 7. p
 Sincé the aser iny. wish to explicifly specify the
initial teamperature or melting ration at some point or

points, a description of these data is given below.

B-15.1 CJBD-IT3 --JOB DESCRIPTION- _ |
This card image gives a descriptive title. Tyis card may be
blank but cannot be omitted. It may contain 72 alphanumeric

Ccharacters. .

B.15.2 - CARD- IT2 =- IEITIAL-TINE- A¥D- LATTICE POINT NUNEERS

The ficst entryt a floatinq.point agaber which'occupies the
first -ten <columas on the IT2 card, specifies the ipitial
problem t%EF. The second eng;y on the IT2 card is ‘an
integer add contaians the total number of lattice points
whyse 1initial teuperatureé are explicitly specified. it
o?;upies columns 11 through 15 of Card IT2. The third
entry.. also an integer, contains the total number of nodes
whose initial melting ratios are'explicitly specified. It

occupies a five-columm field i.e. columas 16 through 20. .

L
B.15.3 - CARD- I3 -- LATTICE POIND-TENPERTURES-
The IT3 card can comtain upto five pairs of numbers. PRach

pair is defiped as follows:-
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The first number of the pair is a lattice ﬁoint

nuaber. It is an integer and occupies a five-column
field.

The sécond number is thé initial teaperature of the
lattice point. It is a floating point nﬁnber and

occupies a ten-column field.

The nuaber of - pairs t> be entered on the IT2 Cards is

specified on Entry 2 of Card IT2.

B.16

CABR- 114 = LAITICE- POLNT- IEITIAL- MELIING RATIOS

The IT4 cari contains initial melting rtios for each node

which is currently underqoinq a phase éhange. The format of

the IT4 card is as follows:

f\'

1.

3.

the first. 2otry Ls the number of a node which is

curgenilv undergoing a- phase change. It is an

integer and the field occupies the first five
columns.

The second entry is the material number currently
uaodergeing a phase change for the node which was
defined In the previous field. This entry is an
integer which occupies the sixth tﬁrouqh the tenth
colunns. '

The third entry, a fibatinq point ©number occupying
the eleventh throuagh tﬂe tventieth columns,. contains
the initial melting ratio for the portion of the

mitarial associated with the pode defined on the

-
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first two entries of this .card as-curreatly changing

'phasér

B.17 IlEEiEII !lll&lﬂll LRCHNIQUE- PARANETERS -
If the problen anolves transient cal;ulatlons and if the

implicit te:}niqne is used to cdlculate -estimates to the
transient temperature disttibntion. thern the fifth entry of
Card 5 must be left blank and additional data must be

supplied on the IP and TP Cards.

Bel17.1 CARD IP-

This entire card or any of its entries may be left blank,
and the default values will be‘ used. Ihere.are eight
entries on this card. TQg_ first five aré. floating pbint
numbefs, and the last three are integgrs-

1. The first entry contéiné one of . two convergence f
criteria which must be get in order for the iterative
technique to terminate"su;cessfullf at each step.
The dafault is 1.J3E-5S.

2. The second entry comtains —tﬁe second convergeace
criterion. Tbe d=fau1t for thls parameter is 1.0E-3,

meaningqg the maxinum normallzed residual must decrease
by three orders of maqnltude. .

3. The third entry cantains_thelcﬁvergencg criterion for
problems involviny temperature-dependant parampeters.

The default is 1.J0E=5.°
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This entry, tha fourth, ‘defines the ' implicit

-——— = — technique-vhich wtltl—be—used—to solve the tramsient

6.

& . .
problexm. The default is 0.5 (i.e Crank-Nicolson

Technique) .

+

The fifth entry defines the initial  va1ue of the
point sncéessive ovgrrel;xation' iteration
accaleration parareter. It also defines the method
that will be used to upd;te the acceleration
parametgt. If this‘_gn::v is positive, then ;he-
accaleration ‘paramé;er will remain constant
throughout the calculations and iill be equal to the
value_of.this entry. If it is blank or zero, then
the Tac:aleration parameter uillt be opﬁimized
empirically as a function of time. This appears to
be the best optiol for non linear problems. If it is
negative, then the acceleration paramefef will be
calculated d4asipng Carre?s’ technique; The ‘absolute
eatry of this entry aust be less than 2.0. ‘
This entry, an - integer, defines éhe qunbér of time
sSteps betuween 'attempts to optimize the acceleration
parameter empirically. It is-used only‘vhen entry 5
is zero.or blank. The default value is 1.

Por the case when the 7§¢celeration parameter will be
upda ted ampiriéally {Entry 5 i;'blank or zero), then

this entry defines the change-in-number-of-iterations

~criterion which 1ust be met before the acceleration
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ﬁaraneter will be updated. The ‘defanlf i;_S. For
qpeagése vhen the SOR acceleration parameter will be
tpdated using Carre's techniqne,‘ then this  entry
defines the nuabar of iterations between updates.

| The default is 12.. | «
Ba Ihé last entry 4is the change-in—nulber-of-iterafions
. criterion which is. used to determine when a good
estimate to the Dptimam "acceleration paraneteg has
been found. This entrf is used only wkhen entry S on

this.card is blank or zero. ‘The default is 2.

4
B.17.2  CARD IB-

- ¥hen an iaplicit scheae is used to solve a tfansient
proble;, the gine step may be variable. This allovws the
time step to increase as the so;ntion--snooths out azd to
decrease when some parameter'vaties rapidly uith‘ting. The

-

. information controlliang the valie-of the time step is
contained in on2 or more of the TP Cards. -The size of the
time step is automatically adjusted in order to get print
outs of the temparature listribution at the specified time.
All seven entries are floating point nambers.
1. The girst entry is the initial time step.
2. Aftér-‘ the  temperature _dis;ribuiion has been
| calculated, the_:urrent tize step is multiplied by a
fastor. The value of this factor is entered,ig the
second field of the fe Card. The -default value is

1.0. , L ..

-—
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B.18
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The . marimun value of the time step is the third

entry. © Once the tiame step reaches this value, it is
no lonéer.increased- The default is 1.0B850.

The fourth entry contains the maxiaum ﬁine that the
time step infocyation on this card applies. If the
tiae reaches £his value, thén a nevw TP Card is read.
The default is 1.0E50. 5

The ﬁifth entry contains fhe naxinqﬁ temperature-
change allowed at a node over a time step. If this
entry is blank or 'zero, then this feature is not
iovokazd in calculating the time step size.

The. sixth entry contains the maximum percent of
relative temperatire change allowed at a node from
one time 1level t> the next qée. If this entry is
blank or zero, then this feature is not invoked in.
calcuylating the time step . size.

The seventh and final entry én this card contains the
mininum};glge of the time step. Once the time step
reaches thiélvalna it 1s po longer decreased. The

default is onetenth of thé ipitial time step size.

BLAKE CARD

user wishes to solve several probleams with one run, a

blank card is inserted between each problenx deck.



Appeadix C . =

This appendir lists the format of the JCL to rum HEATING S

at the University of ¥Windsor. A sanple problem is also

presented in this appendix.
A sample basengni-haé be2n simulated by the proqraa and its
dimsensions are as follows:-
FLOOR:
i=. The floor is 2.42 meters below qrade.j
2. Its’thickness is J.203 meters and its properties are
listed in the program.
3. The film coe;ficient-petueen the floor and basement
air is 6.13 w/n C..
WALL:
i. The wall is 2.443 neters lonq-and 0;41 meters of it
is above grade. |
2. The wall thickness is 0-203 meters and its properties
- are listed in the prograa. -
3. The filam coefficient between the wall and basement

air is 8.29 w/m C..

¥

1« The so0il thermal properties are listed in the

prograp. The thermal} conductivity is a fanction of

tine.

- 174 -

o
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2. The convective coafficient between the qround and air
ié,taken to be a function Sf tiae. o - o v '
TEMPERATURE: ‘
The air and baéement teuperapures are inputigd as Fourier
equatioas and are functiohs of time.
The results of these calculations &re printed out and are

stored on Unit 4. e

-~

-

If it is pnot desirel to ~store this outbut for plotting

~ purposes the following lines have to be deieted from thé.
JCL2

// EXEC PGM = IEFBR14

//D DD DSN = NENG.FILENANE.DATA,UNIT=330-1,
//  VOL=SER=DISKO4,
//  DISP=(OLD,DELETE)
//FTO04F001 * DD OUNIT=3330-1,VOL=SER=DISKO4,
' // - DISP=(NEW,KEEP) ,DSN=MEKG. PILENANE. DAT A,
. //  SPACE=(TEK, (1,3)),
//  DCB=(RECFN=YVBS. LRECL=3620,BLESIZE=3624)
The second entrf on Card 4 (i.e 4) shonld be deleted.
XXXX=ACCOUNT NUMBER
YYY=INITIALS '
Z =CLaSS

L0
FILENAME=the file on which the output is stored. It should

-
~ .

occupy eight columns.
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The JCL raquired to ran HEATING S5 aloag with a saaple

.problenm are presented below:-

//HEATINGS JOB (XXXX,YII),'NARE',CLASS=A,

72 MSGLEVEL= (1,1) ,REGIOF=750K
s/ EXEC PGN=IEPBR14
V22 B - oD

-nsn=uaus.rerunns.uara,usxrﬁ3330—1,vop=sEx=oxsxon,
7/ DISP=(OLD, DELETE)

el |
7/ EIBC‘PG3=HE3T§gGS‘

//STEPLIB DD nsn=usns.rucxsa.npan;:s;
//  UNIT=3330-1,VOL=SER=DISK01,DISP=OLD

//FTO1F001 DD UNIT=SYS §K.SPACE= (TRK, (1,3)) '

' ,/PT02PQ01 DD UNIT=SISWK,SPACE=(TRE, (1+3))
//PTO3F001 DD USIT=SYSK,SPACE= (TBK, (1,3))
/)zrouroo1‘ DD GEIT=3330-1,VOL=SER=DISKO4,

7/ | : . ‘

DISP= (NEW,KEEP) , DSN=MENG. PILENANE. DATA, SPACE=(TRE, (1,3))

//  DCB=(RECFE=VBS,LRECL=3620, BLKSIZE=3624) |
J/PTO5F001 DD UNIT=SYSEE,SPACE= (TEK, (1,3))
//FI06F001 DD SYSODT=4
//PTOTRO01 DD SYSODT=3
//PLO8F001 DD , DDNANE=SYSIN
//PT10P001 DD UNIT=SISWK,SPACE= (TRK, (1,3))
//SYSIN DD * '

SAMPLE PROBLEM FOR CALCOLATING BASEHENT H.E.M.' LOSS
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1800 | 7 9 3
9 8

7 g 2 2 1
'3 ' 4

2 ) .

0.0 13400.0 , .

1 1 3.0 2.44 2.28 2.443
1 1 )

"2 2 . 2.0 2.44 2,443 14323
2 8
3 3 2,48 2.643 0.0 0-41
3 3 4 |

4 3 2,44  2.683 0.51 2.28
I 2

5 T3 2.44 2.643 2.24 - 2.6843°
5

6 2 2. 44 2.643  2.843 14.23
6 7
7 2 2.643 8.32 0. 41 2.24
7 5

8 2 2.643 - 8i32 2.24  2.%43
8

9 2 2.643 8.32  2.843  14.23
9 ’ . 6
1 ZONFLOOR  6228.0 2243.0  840.0

2 SOIL 1.0 1922.0  1670.0 -1

3 CON.WALL  4175.0 977.0 . 840.0
ﬁ
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-

18.0

13.0
3.0
14.5
15.7
12.9
6-5
8.0

10. 0

1.0
22065.0
1.0
29844.0
1.0
29844.0

1-0
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-8.32

4.4

11

11

2880

2

7

116 4

0.0 2. 44

8 2
0.0 0.41
8.4
14.23 -
4 6
2
1 8
1 22.355
0.735
6 1.263
183.0 |
2 8
1 13.6472
0.8706
6 4.2709
183.0
1 18

0.0 7164.0

.0 4968.0

881.0 4355.0

"7256.0 4568.0

297.0 7164.0

3.0 4968.0

2.643

1.01

2160.0

6552.0

10320.0

3.553

2.24

3.328

©0.334

13. 2061

 0.425

7164.0

4356.0

7164.0

4.473

2-.843

10

2161.0

-~

6553.0

10921.0

179
6473

2.64

0.584

0.8

1.0718

1. 1805

4968.0
4968.0

4968.0
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11681.0 8356.0. 15312.0
16056.0 4968.0
16057.0  7164.0 1752).0
2 18
0.0 122652.0 2160.0
2880.0 102204.0
2881.0 B81756.0 6552.0
7296.0 102204.0
7297.0 122652.0  1092).0
11640.0 102204.0
81756.0° 15312.0°

11641.0

16056.0 102204.0

4356.0

715&.;
122652.0
81756.0
122652.0

81756.0

16057.0 122652.0 19683.0 1226520

120.0 1.0 1.0
/7 '

»
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15313.0 3968.0
2161.0 102204.0
6553.0 102204.0
10921.0 102204.0
15313.0 102204.0

Qo



Appendix D

A reference manual has been prepared to rua the HEATPLOT

program. .
D.1  INPOT- DESCRIRTION-
D.t1.1 CARD- 1, FORNAT- (A3,2X,2E10.0}
1. PLOTTER:
The first eantry specifies the type of plotter to be
used. ?t is EAI if the piots are to be made on the
ﬁen and ink plottar, CAL if the plots are to be made
on the CALCONP paam and ink plotter, or CRT if the
plots are to be made on the CALCOMP CRT plotter.
2. XAx:
The lenqth of th2 horizontal axis in inches is the
second entry on this card;# If bliank tyeQAefault is
" 10 ipches.:
3. YaX: d

The thiri entfy is the length of the vertical axis in

h
inches.  The default is 9.0 inches.

- 181 -



D.1.2
1.

2.

o 182
CARD- 2, ROREAT(13IS) ~

NL: & . )

The first eﬁtry is the nuaber of contour levels to be
plotted. If neqatife the contour values will be
calculated by th2 prograa. The number of contour

values will be equal to (NL). If zero, hno contours
¥ill be plotted. If positive, the contour values
will be read in. H§L should be equal to the number of -

values on the VALS Card. 0 < ¥L < 50.

A

N TINE:

The number of timé positions fbr uhich ~contours or
temperature vs. iistance profiles are to be plotted.
If not zero, .the times will be read from the TINES
card. 0 < X TIXE < 20.

¥ PLANE (1):

The number of Y-Z or 9-2 planes for which contours

are to be plotted if the probler 1is three

dimeasional. The X-axis position will be read from

the X PLANES cari. 0 ‘€< N PLANES (1) < 10. This
value is left blank for a two-dimensional problem.
N PLANE (2):

The number of ¥-Z or B8-Z planes for which contours

are to be plotted if the problea is th ree-—

" ’

dimansional. Th2 Y-axis positions are read in the Y
PLANBES cards. This value is left blank for a two-

dimensional problzm. 0 < ¥ PLAKE ({(2) < 10.

-~
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6.

7.

Ba
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B PLAEE (3):

The .number of X-Y or R-0 planes for which coantours
are to be plotted if . the préblen is three—-
dinensional. The Z-axis positions w®ill be read from
the 2 PLANBS card.. 0 < N PLANES (3} < 10.

NSCAL: .
The éixth eptry is an option to ippnt the scale
factors. If any scale factors are‘to be read in,
NSCAL must be T The scale factors will be read from
the SCAL1 and SCAL2 cards. If this entry is zero or
blank, the program Iill.conpute the scale factorg-
ITHVIP:

The seventh entry is an option for temperature-tige
profiles. If negative, teupe:atufés for ITEVIP nodes
will be plotted on one gcaph. If zero, . no

temperatire-time profiles will be made. If positive,

temperatures for ITMVTP nodes will be plotted one

- noda on zack graph. The node pumbers will be read

from the NODES card. 0 < ITEVIP < 20.

LPLOT:z

-
)

This entfy is an optioﬁ for temperature-distance
profiles. If -1, profiles aloaq a line at every time
will be one plot. If_zero, no temperature-distance
profiles will be plotted. Iz 1, one profile will be
on each graph. The timés will be read from the TIMES

cari.
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11.

12.

13.
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LRES:

The ninth entry specifies an option to specify region
on which temperature coantours will be plotted. If
the reqion‘is ﬁo be read in, LREG must be 1. The
reqion will be read from the REGION card. I1f zero,
contours will be drawn over the entire reqion for
each plane specified.

LREV(1):

This is an optioar to reverse the X-axis of contour

plots. If zero, the X-axis will be from a aminimum to

naxiﬁmm. If 1, it will be from a maxioum to minioun.
LREV(Z}:

This is an option to rewersé the Y-axis of the
contour plots. VIf Zero or blapnk it will be from a
minpimom to maximaum, and if 1,A it will be from a
maxioua to miniaum.
LREV(3): ..' .

This 1s an option to reverse the Z4axis- of the
contoﬁr plots. If zero or blank, it will pe from a
pinimum ta maximum, and if 1, it will be from a
maximum to minimum.

Lax{1) =

This is an optioa to switch the Y-Z or 6-Z axis of
the contour ploté., If zero or blank, the axis will
not be switched aand 1if 1, it will be switched.

Lal{2):
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The fourteenth entry is an option to switch the X-2Z

or R-2Z axis of the contonr plots.

15. LAX(3):

This is an optioca to switck the X-Y or R-8 azxis of

contour plots.

D.2  CARD UBITS —UBLTS DATA- (EOREAT- (3{A%, 1))
This cagd coantains the data for the units used.
1. ONITS (1) | | _
This entry contains the time anits  for labels and
leqgends.
2. . UNITS (2) .
This entry contaians the temperature uaits for labels
and legends.
3. ORIIS (3):=
This contains the distaace apits for . labels and

leqgeni.

D.3 CARD-ViLS, FORBAT (7E39.0)
This card contains th2 values of the isotherms to be
plotted. It is omitted if NL is egual to zero. There can’

-]
be a maximum of 50 entrizs. VALGE (I}, I=1,HL.

e,
—
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-4  CARD TI#ES, PORNAT (7B0.Q) - .
The times for which contsurs and temperature versas distance
profiles will be nade ite entered on this ca:d; if - the
ipput time is not the same as a time on the temperature
distributipn data set, the time on the datﬁ set close;t to

the inpuat time will be plotted. TINE (I), I=1,N TIME.

-

D-5  CARD XB, EORNAT (103

This card contains positions om the X-aris for which Y-2 or
©-Z contours are to be plotted. It is omitted if N PLANE

11) is eﬁual to zZero. Taere can be a maximum of 10 entries.

D.6  CARD IR, EOREAT (1945} . '

This card contains the positions on.the Y-axis for whick X-2
or BR-2 contouzﬁr;}axgg;be plotted. It is omitted if N PLANE

{2) is zero. There can bYe a maximum of 10 entries.

D.7  CABD ZB» PORBATI (1315}

This card contains positions on the 2Z-axis for which X-Y or
BE—-9 csontours are to be plotted. It is omitted 4if N PLANE

{3} is zero. There can be a maxiaum of 10 entries.
<
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. D8 CAED-SCAL-1-=-SCALL¥G PACTORS, PORBAT- (3E1Q.0)
Scaling factors are : ia Units/inch for axis ihvolvinq

teaperature contours. - @ .

D-8.1 R SCidk SR $

This is the scale factor for X- or R-azis.

D.8a2 u EQH

This entry contaias the scale factor for the Y-or 8-axis.

D.8.3 2 SCAL-

~This entry contaiaos the scale factor for the Z-axis..

D.9  CARD SCAL-2 - FORBAT-  (8810.0}

D.10 TN SCAL-
This entry contains the scale factor, 'in units/inch, for

Time in Time vs. Temperature plots.

D.10.1  IP- SCAL-
‘This entry contains the Temperature scale, in uanits/inch,

for Time vs. Temperature plots.
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p.10.2  TYTB{N-

This entry contains the miaimum temperature for Time vs.

-

Teaperature plots. *

.

 D.10.3  DSCA%-

Tois entry contains the scale factor, in upits/inch, for .

Distance in Distance ¥s. Temperature plots.

D-10.3  ISCAL-

This entry contains the Teaperature scale factor, in

anits/inch, for Distance vs. Temperatuce plots.

D- 1 0. 5 ﬂnan‘

This contains the goinigum temperatare for distance vs

Teaperature plots.

Card sScaL1 and Card SCAL2 are coupled. If NSCAl=1,
both cards must be incluiled. Scale factors wvwill be computed
for those scale factors 1left blank. Minipum temperature

will be zero if left blank. Omit botk cards if NSCAL=0.

D-11  CARD REGIOF - CONIOUR- REGIOE, EQGRHAT (1515}

This card contains the grid line numbes boundinqg the region
for which temperature coatours are to be plotted. Omit this .

card 1f LREG=0.



-

b.11.1 1B -‘(_1}_ - ‘ { -
This eatry is the nuaber corresponding to the-fine
_of the ainimum X value in region.

y

\
D.11.2 EE- (1)

This entry is the number corresponding to the fine

Pf the mariacm I value in region.

D-11.3. EB-(2)
Tais enttv ;contains the number corresponding to

N . .
'qrid line of the minimum Y value in region.

D.13.8 ™ BE- (2)

This entry contains the number corresponding to

grid line maximum Y valuz in reqion.

D.11.5  HB- {3

This entry contalns the number correspondiang to

grid lipe of the minimum Z value in region.

»

D.11.6  HE- (3)

-
&

This entry contains the npumber corresponding to

grid line of the maximum Z value i region.

189,

grid‘i%ne

grid line

the fine

the fine

the fine

the £fine
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D.12  CARD-¥ODES —-NODES- POR -IEURERATURE-TIBE PROFILES

" This card containd the node numbers for. which temperature-

time profiles are<sto be plotted. There can be a maximum of

20 entries. This card is-plitted if IPNMVTP=0.

—

D.13  CAND- BROPI&BS - NUNBER-OF TEMPERATURE-DISTANCE
PROFIRES - -

This card is omitted if LPLOT=0, or if the model is one-

dimensional.

D.13.1  MNRREIL (1)

The first entry contains the number of temperature-distance
profiles to be plotted parallel to the XY-axis, or normal to

1

Y-Z2 plane, for two- or taree-dimensional nodels.

D.13.2  NPREIL- (2)

The second entry 1s the nugpber of temperatare~distance
profiles to be plotted parallel to the Y-axis, or normal to

the X-Z plane, for two~ or three-dimenstional models.

D.13.3 EPRPIL- (3}

This contains the number of temperature-distance profiles to

be ploatted parallel to the Z-axis, or normal to the X-¥

.
plane, for tYo- or three~dimensional msdels.
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D.18  CARD INDE-1-= X PROPILES, FOREAT: (18I3)
Ihé nqiber of the fine grid’ lineslof the Y and 2 axes,
respectively, which defiae the IZ and XY planes whose
intersection is the - line along ¥hich the teamperature-
distance profiles are to be plotted parallel to the X-axis.
For two-dinénsiénai'pfbblens, the number of the fine grid

line for the nmissing axis must be one or zero. omit if

NPEFIL (1) =0.

.

-

D.15 CARD-INPI-2 = I EIOFPILES, FORNAT (18I5)

This card is similar to the INDX 1 card but it contains the
punbers of the fine grid lines of the X and 2 axes. This

card is omitted if NPRFIL (2)=0.

D.16 CARD-INDE-3 = PROFILES, FORMAT (18I5)
This card is similar)to the INDX 1 and INDX 2 cards, but

contains the number of the fine grid lines of the X ‘and ¥

axes respectively. This card is omitted if NPRFIL(3)=0.

D.17 JCL REQUIRED - TO RU¥- BEATPLOT- OF- ZETAPLOTTER-
//BEATPLOT JOB (X;XI,III),'HAHE‘,CLASS=A,HSGLEYEL=(1,H
// EBXEC ASMPC, PARM.ASM='NOLIST,LOAD,NODECK®*

insert assembler portion of Fortran Deck
//SYSIN DD %
//ASM.SISIN bp =*
/7 éXEC ZEIAPLOT,REGIO{:QQOK,

Va4 PARM. LKED='LET,XREF ,LIST'



insert Portran Deck here

J

//FORT.SYSIN DD =

//G0.FTOSF001 DD UNIT=SYSNK,SPACE=(TERK,{1,5))

//G0.FT08F001T DD =

CAL 7.0
17 15
HR C M
0.0 2.0
12.0
14.0 16.0
26.0
28.0 30.0
0.0 960.0
5760.0 |
' §720.0 76300
12480.0
13340.0

4.0

18.0

32.0
1920.0

3640.0

6.0

20.0

2880.0

9600.0

22.0

3840.0

10560.0

//7GO0.FT10F0017 DD UNIT=3330-1,VOL=SER=DISKO4,

// -DISP=0LD,DSN=MENG.BHARDWAJ.DATA

//7G0.S5YS0DUN? DD SYISOUT=A

/7

192

10.0

240

4800.0

11520.0
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