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No. 1949 

G. P. MITALAS 

An Assessmen 
ommon Assump ions in Es 

The instantaneous air-conditioning cooliilg load for a 

building is not eciuul to the instant:ui~cous Iieat gain 
I~ecuuse of the non-steady nature of the heat g ~ i n  and 

tlie associated hcat storaic by the building dements. 
This fact is recognized in the ASHRXE Guide And 
Data Rook,' but no adequate metllod of taking ac- 
couilt of Iieut storage is given in the determination of 
tllc cooling loacl. Anotllcr \\,idely kuo\\7n reference for 
tlic dcsign of air-conclitio~~ingg systeins', presents tables 

of factors that relate tlie room lient gain to the room - 
cooling loacl. Ikcausc of the large n~umber of possible 
combinntions of tlle piurametcrs affecting the heat 
storuge, tliesc tables :we incomplete. Some of the 

parameters, such as tllc geometry of the rooin and 
furniture, are omitted, \vllilc others arc lumped into 

;I single variable. For instance, the floor, partitions, 
outside \\,all and f~unisliings are accountecl for by a 

single factor-mass of the room cnvelope per square 
foot of floor area. Information on the error introduced 
In7 these simplifications has not 11een pul~lished. 

In the last t\vcnty yciurs, various analogue siinll- 

1;ttions 1iku1.e been uscd to provide information 011 

cooling load. Xiiilloguc sinlulation is not usually p1.a~- 
tical for tlie actual design problem because the ann- 
loguc computer is rclntively espensive, is not readily 
u\.ail;ublc, and rccluires considerable skill to set up  

iund run tlie i~ ro l~ lem.  \\'ith tlie advent of electronic 
cligitnl computers, tlie possibility csists that cooling 
loud can 1)c prcdictccl at reasonable cost using only 
digital cnlculations. I t  is impossible to set up a math- 
cmatic;il nlodcl that ~vill  esactly represent the builcl- 
ing thcrmnl 11ellavior because the heat transfer in a 
l~uilding is very complcs. Various assumptions and 
simplificntiolls m~is t  be nladc. One of the basic as- 
smml~tions ~vldch m~tkcs tllc all-digital calculation np- 
11ro;ich practicable is thiut the builcliag thermal be- 

Iiavior can l?e clescribed suflicicntly accurately for 
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practical design problems, by a linear mathematical 
model; the components of cooling load from each 
source (driving f~iilction) can the11 be deterininecl 

indepenclently and the net effect determined simply 

by aclclition. 
This papcr records an analytical study that \+]as 

carried out to determine the errors associated \\lit11 
vnrious sin~plifying uss~ull~ptions as \veil as to evalu- 
ate the significance of the various room construction 
features. A system of linear ecluations \\.as derived to 
describe the thcrlnal behavior of a typical air con- 
ditioned office. Tllcsc ccjuations tool< separate account 
of the radiati\.o a i ~ d  con\lecti\~e heat transfer in the 
roi)111 as \\?ell as the hcat storage of tlie room. Appro- 
priate convective heat transfer coefficients \\]ere se- 

lected for insicle and outside surfaces, window air 
space, and suspenclccl ceiling air space to define a 
"standard moclel." Using this model, cooling load and 
surface temperatures Ivere clctt.rmincc1 \vith a coupled 
digital-analogue computer. The convection coeffi- 
cients were varied, and different simplifications \yere 
introduced, one at a tiine; the results \\;ere conlpared 
with those for the strlndarcl inoclcl, the difference be- 
ing the error attributable to the simplification. 

The follo~ving lxuainetcrs \\'ere cllecked: 

( 1 )  The inside surface convection hcat transfer 
coefficient. 

( 2 )  Tlie comhinccl inside surf-ace hcat transfer 
coeficicnt. 

( 3 )  The outside lieat transfer coefficicl~t. 
( 4 )  Tlie subdivision of tlic room enclosure for 

modelling. 
( 5 )  The roo111 enve1011c construction and tlie 

presence of lightweigllt objects in the roo111. 

The room selected for these culculations \\ias an 
office module, 20 x 20 x 10 ft, with 160 sq ft  of 

glass in the outside \\,all. The \<leather conditions 
selected \\-ere esscntirllly the same as given in the 
Guide -1nd Data Rook for 40 cleg K latitude and 
August 1. Internal load d ~ ~ e  to lights \\.as taken into 
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Fig. 1 Maritncl~n cooling load and ~ ) i a r i ~ ~ l ~ ~ t n  srlrfncc tem- 
perature cs sz~rfnce cm1l;ection coefficients 

account in soine of the calculations. The room details 
and the methocl of setting up the mathematical model 
are givcil in Appendix A. 

The main unverified assumptions involvecl in the 
standard model are: 

( 1) the effect of corilers on the heat balance in 
the room, 

( 2 )  the air circulatioil and the temperature 
gradients inside the enclosure. 

The c~~lculations \4ere made using a l~ybrid com- 

puter, i.e. an electronic analogue computer coupled 
\\lit11 an electronic digital computcr. T l ~ c  circuit repre- 

senting the room (or t11c circuit to solve the set of 
ccluations representing t l ~ e  thermal bel~avior of the 
room) was sct up on the analogue computer. The 
digital computer \\us used as the driving f~unction 
generator as well as an output device for the analogue 
coinputer. T l ~ e  various analogue voltngcs reprcscntinji 

the room temperatures and heat flo117s were sampled 
at regu1'1r intervals ancl these vcllues Irere stored in 
tlic digit,~l computer for listing at the end of the run. 

THE INSIDE SURFACE CONVECTION HEAT 

TRANSFER COEFFICIENTS 

To set LIP a lincar rnatl~en~atic;~l model, it is assuillecl 
that tlic con\.cctiou and racliation heat transfer horn 
t l ~ e  surfncc to tlic ail. nnd thc otl~cr s~~rroundings is 

directly p1.oportionol to t l ~ e  respective tcml~esat~uc 
diffcseiiccs. In an  actual case, the ri:cliant heat i11tcr- 
cl~iuigc I~et\\.cen tllc surfaces is a function of the dif- 
fcrcnee of tlic fourth po\\,cr of tlie absolute surfi\ce 
tcrnl~cri~turc~i. The heat intercliange by con\~cction 
delwilcls on tlic surface iund air tcmpcrnture diffcr- 

Fig. 2 Cooling load and drape temperatiire cs time of 
d(iy for drape surface convection coeficient h = 0.6 and 
11 = 1.0 B t t ~  pel ( sq  ft) ( h r )  ( F )  

ence to a power y ,  which is usually not equal to one. 
The power y depends on the contributions of natural 
and forced coilvection in the room as well as on the 
surface orient a t '  ion. 

The effect of the surface convection heat transfer 
coefficient, 11, on the cooling required to m ~ ~ i u t ,  '1111 ' a 

constant room air temperature was evaluated by con- 

sidering the following vi~lues of 11 for one of the sur- 
faces a i d  11 = 0.8 Btu per ( sq  f t )  (l lr)  ( F )  for the 
other surfaces ( i t .  h of the standard model): 

( a )  Floor slab surface 11 = 0.6, 0.8 and 1.0 Btu per 

(sq f t )  (1Il.l ( F )  
( b )  Furniture surface 11 = 0.6, 0.8 and 1.0 Btu per 

(sq f t )  (11r) ( F )  
( c )  Inside shacle surface 11 = 0.6, 0.8 and 1.0 Btu per 

(sq f t )  (11r) ( F ) .  

The values of h = 0.6 and 1.0 Btu per ( sq  f t )  ( h r )  
( F )  were selected for these calculations because they 

bracketed the value of 0.8 Btu per (sq f t )  ( h r )  ( F )  
which is reconlinended by the ASHRAE Guide Ailcl 

a ions. Data Book for cooling load calcul t' 
These three s~uf ;~ces  were selected because of 

their distinctly different influence on cooling load: 
the floor slab surface (a surface of a massive slab); 

the furniture surface ( a  surface of a lightweight ob- 
ject inside the rooill); and the inside shade surfi~ce ( a  

surface of a light-weight object close to the room 
boundi~ry ) . 

For ( a )  and ( b ) ,  the cooliilg load \\?as cva l~~atcd  
at two clifferent solar inputs: one t11;lt would occur 
\\-it11 clear \vii~do\v glass (KL = .O5) ", and tlie ot l~er  
\\lit11 heat nbsorl~ing \vindow glass (KL = 0.6). The 
results are given in Figs. 1 and 2. I11 Fig. 1, tlie daily 
masim~uin cooling lone1 anc1 tlic daily maximum SLIS- 

face tempcrnturc ;Ire plottccl versus h; in Fig. 2, tile 
daily cycle of t11c cooling lad and the surface tcm- 
perat~ucls arc gi\.c.n for insidc drape stlsfncc cocffi- 

ciciits of 0.6 iuncl 1.0 13tl1 pcr (scl f t )  (111.) ( F ) .  
The importance: of racliunt licat intcl.eliange 1Ie- 

t\\.ccn the s~~rf;lccs that cnclosc the room \\:as cvalu- 

I; = rndi :~t ion c\tinction cocfficie~it fur Lhr gl.rss 
L. = tllicknca5 of the glnss shcct 
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culations are given in Fig. 3. 
The results given in Figs. 1 ancl 2 indicate that 

the cooling load required to maintain the room air 
temperature constant is quite insensitive to changcs 
in the inside surface convectioil coefficients. The 
change in the convection coefficient for the drape has 
the greatest effect, but even in this c2ise a change in 
h of 0.4 Btu per (sq f t )  ( h r )  ( F )  only changes the 
daily maximum cooling load by approxim'itely 2%. 

The change in the drape convection coefficient has 
the greatest effect since this change affects the frac- 
tion of solar radiation that is absorbed by the drape 
and dissipated to the outside, and also, the effect is 
greatest when the solar input is at the maximum. 

The results given in Fig. 3 for the emissivities 
E = 0.9 and E = 0.0 indicate that the heat interchange " 
by radiation between the inside room envelope sur- 
faces is not a major factor affecting the cooling load. 
The cooling load with zero radiant interchange may 

be 10 per cent higher than that with an emissivity of 
0.9 for the room-envelope inside surfaces. It is con- 
cluded, therefore, that the model for the calculations 
of cooling load can be set up, assuming that the sur- 

face convection coefficient has a constant value and 
that the radiant heat interchange can be represented 
by a linear relation. 

The surface temDeratures are sensitive to the 
change in the convection coefficient, h, particularly 
where convection is one of the major heat transfer 

mechanisms j c.g.. drapes, furniture 1. Thus, in cal- 

culations of comfort conditions, \\.llcrc t11c me;un 
radiant tcnlperilt~~rc is t'tkcn into consideration, thc 

surface coll\.ection corfficicnt, 11, must bc kno\\.n and 
accounted for accurately. For esamplc, in ;I room 

\\.it11 drapes, thc meal) r a d i u ~ ~ t  tempcrattue ncar thc 

dr~tpes changes approximately by 5 F for a change in 

11 of the drapes from 0.G to 1.0 Btu per (sq f t )  ( h r )  
( F )  (from the results @\-en in Fig. 1 ) .  

COMBINED INSIDE SURFACE HEAT 
TRANSFER COEFFICIENT 

Eq. (A-1) can be simplified by the use of a combined 
heat transfer coefficient H. The heat transferred from 
a surface to the room air by convection and to the 
rest of the enclosure by long-wave radiation is repre- 

sented by the following: 

q. = H3Ae (8,  - dl,) (1) 
where 

q, = lieat gain or loss by the surface by collvectioll and 

radiation 

8, = tcrnperilture of the surface 

0 ,  = room air temperature 
A. = area of the surface 

Eq. (1) cannot represent the surface heat trans- 

fer under the following conditions: 

(a) when the surface and the room air tempera- 

tures are equal and the temperature of the remaining 
surface is not equal to the room air temperature, 

( b )  when the solar radiation is intercepted by 
the light-\\eight rooin elements (e.g., drapes, slat- 

type shade, furniture). 

In situation ( a ) ,  the heat gain by or loss from 
the surface according to Eq. (1) is zero, but, in an 

actual case, heat interchange takes place betwecn 

the surface and the rest of the enclosure. In situation 
( b ) ,  according to Eq. ( l ) ,  all the solar energy all- 
sorbed by the surface appears as a cooling load with- 
out delay (assuming negligible heat storage by light- 
weight elements). In an actual situation, ho~vever, a 
fraction of the absorbed solar energy is lost by long- 
wave radiation to the rest of enclosure where it may 
be stored and appear as a cooling load with some 

delay. 
To evaluate the error due to this simplification, 

Eq. ( A-1 ) relating room enclosure surface tempera- 

tures, room air temperature and the heat input to 
the surface wns modified according to Eq. (1). The 
calculatio~ls were performed using values of I-I for 
all surfaces of 1.4, 1.2, 1.0 and 0.8 Btu per (sq f t )  
( h r j  ( F )  for a range of KL values of the window 
glass. The results are given in Fig. 3 where the daily 

maximum cooling load is plotted versus the combined 
coefficient H. 

The results sliow that it is not possible to select 
a particular value of the combined heat transfer co- 

efficient H which would approximate the radiant heat 
interchange by the inside room surfaces equally well 
in all situations. For this particular room, H = 0.8 

Btu per ( sq  f t )  ( h r )  ( F ) ,  gives a fairly good ap- 
proximation for the calculation of the cooling load 
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\\rl~cn the solar radiation illput to the room is rela- 

tivcly small ( K L  z 0 . 8 ) .  As the solar input increases, 

cvcii the value of 1-1 = 0.8 Btu per ( s q  f t )  ( l i r )  ( F )  

is too liigll. Tllc \~nluc of 14 - 1.65 Btu per ( s q  f t )  

(111.) ( F ) ,  recommendccl 11y t l ~ e  ASI-IRAE Guide Ancl 

Data Hook, n l o ~ ~ l d  give a considerably liiglicr iiinsi- 

ii1~111l cooling lo21d tl1:111 tllc st;~iid;~rd model. 

Tlic other disadvaiitnge of the coinbiiiccl coeffi- 

cient I-I is that the value: of I-I, \\~liicli gives a gooel 

approximation of tlic cooling load, introduces large 

errors in the cnlc~~lation of stlrl'ace tcmpcraturcs. 

THE OUTSIDE HEAT TEANSFER 

COEFFICIENT h., 

'1'0 c \ , n l ~ ~ a t c  tlic effect ol' t l ~ c  o<~tsiclc: surface hcilt 

transfcr coefficient 11,, on tlic cooling load, the sol-air 

te1npcr;1turcs \\.c,rc: cnlculatcd for I I , ,  - 1.5 and 3.0 
I3tu per (5'1 ft) (111.) (F) and t l ~ c  moclcl \\.as set up 

for tl~c,sc. \.al~~c.s of 1 1  ... X singlc,-gli1zcd ri~tllc~r tltnn 

a elo~~l)lc~-gli~xctl \\.iiido\\~ ..\.:is ~ t s c ~ l  IIccausc tllc 

cli:ingc~ it1 I] . ,  ~nalies a grciltcr cll;~ilgc in tlle ovcr-all 

tlicriiial rc~sist;~~icc of t l ~ c  former. 

Tllc c:llct~lntioi~s \\.csrc l~c~rfor~ncel for n rnngc: of 

KL \.;~lt~c>s. In Fig 4 t l ~ c  elail\, m;~\-imum cooliilg lor~el 

;inel tl~c, tl;lil!. ma\-imum gl:l,ss tc~inpernt~trcs for 11.. = 
1 3  ;u~tl 3.0 I3tu per (s(1 f't) (111.) (F)  arc: I~lottc.el \ .csrs~~s 

Kt,  of t I 1 ( ,  \\.iiitlo\\. glass, 

l ' l ~ c ,  \xluc' of: t l ~ c  ol~tsiclc sl~rf;lcc llcat trnllsl'cr 

coc~fficic.nt, I I . . ,  I I ; IS  a rcl:~ti\-csl\r sm;1ll cflvct o11 tl1c1 cool- 

ing loiicl ;IS intlic;~tccl 1,). Fig. 4. Tlic cffc'ct incrc;~scs 

\\.it11 increasing solar radiation absorption by tlie 

glass. IVIieii KL = 0.6, a difference of 1.5 Btu per (sq 

ft) (lir) (F) in li,, changes tlie diiily masiinu~n cooling 

load by approximately 5 pcr cent. 

The lieat gain by the roo111 froni tlie \viiidow can 

be considered to consist of t\vo parts: 

(1) heat transfer across tlie window due to the 

difference between outside air and inside tempera- 

ture conditions, 

(2) heat gain due to absorbed radiation by the 

window glass (mainly solar radiation). 

The heat transfer across the window increases as 

tlie 11, value is increased since tlie over-all window 

resistance is reduced. ?'he fraction of tlie solar mdia- 

tioii absorbed by tlie glass that is transferred to tllc 

rooin is r e d ~ ~ c e d  n.licn tlie li,, value is increased since 

tlie resistaiice between tlie glass to tlic outside sur- 

roundings is reduccd relative to tlie resistance be- 

tween the glass to the room air. 

Consequently, for estiniatioiis of masimuni cool- 

ing load and glass temperature, the 11, value should 

be  selected accorcling to tlie KL value of tlie glass, 

and tlie intensity of tlie solar radiation incident on 

tlie window. For example, \vitli heat absorbing glass 

in direct sunlight, realistically lo\v values of li,, should 

be  used; for clcar glass or any glass in shade, a 1iigl1 

value of 11, should be used. 

SUBDIVISION OF THE ROOM ENCLOSURE 

To reduce tlie n ~ u i i l ~ c r  of equiltions iiccdcd to tlc- 

scribc tlie room tlicrm;1I pcrformancc, tlic nunibcr of 

elcmcnts rcprcsenting the rooin cnclosurc, c.g., floor- 

cciling slab, partitions, \\rindow, and f ~ l r n i t ~ ~ r c ,  is kept 

to a minini~uii ;1nd e;1cIi is ; ~ S S L I I ~ ~ C Y ~  to be ; ~ t  a ~~iiiforlii 

tcniperature. T l~ i s  matliematical ~iiodcl, l);~rticul;~rI!~ 

where the direct solar racliiition input is su\~stantinl, 

cannot exactly rcprescnt the a c t ~ ~ a l  situation. T l ~ c  cli- 
rcction of the solar 11cnni tr;lnsmitted t l ~ r o u g l ~  tllc 

\\:indow cliangcts as tlic rclnti\!c position of t l ~ c  sun 

changes and, therefore, tllc location on tllc room sur- 

faces  here this I~caiii is intc,rccptcd cll:uigc~s *:Iring 

the day. Con:iecl~~cntl!-, tlic solor input to any one of 

tlic room clemcnts is not ~~n i fo rmly  distribr~tccl ovc,r 

its s ~ ~ r f a c e  and tllus tltc surfncc is not a t  a uniform 

tcmi~crnturc. 7'11~: 21ss~1nil1tion of uniform distril~ution 

of solni. radiation over tlie surface introducc:~ 110  error 

in tllc calculated cooling loacl \\,lien tllcrc is iio Irc>at 

storngc in t l ~ c  clciiic.nt. I\'hcn sigiiific21nt I ~ c a t  storage: 

is involved, 11o\\~evctr, it is ncccssary that t l ~ c  ratio of 

t l ~ c  fon. into the clcmcnt to tllc total ])cat input to 

tltc s~trfacc is tl~c: same for tlic model clement and 
actual I~~~i lc l ing  clc~~iicnt. l ' l ~ c  st~pcrl~osition tl~corc~ni 

il~diciltcs t l~a t ,  \\.ltcn tlrc 1,ouncl:uy cffccts arc ncglig- 

ihlc ( c . ~ . ,  slab of large surfilce area) :uid tllc surf;lcc 

coi1d11cti111cc's i ~ r c  constant, t l~is  ratio is tllc same for 
t 1 1 ( ~  follo\\.it~g contlitions: 

i l l  t l ~ c  solar raeliation is ~tnforlnly clistril)utccl 

o \vr  ;)I1 t l ~ c  slul) srtrfucc. rc~sr~lting in onc~-climcnsio~~i~l 

t c ~ t ~ ~ l x ~ r ; ~ t ~ ~ r c ~  li(~l(1 in t l ~ c ,  s1;11) (us nssumccl iii tllc 

inoelcl I, 

( 2 )  1110 sc11;ir r;icli;~tioi~ is conccntl.at-cc1 i l l  o ~ ~ c  spot 
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Fig 5 Tra~~srnitted solar radiation tlzro[rglz double-glazed 
u;indou; tc;ithorrt drapes 

wliich changes position on tlie slab surface with time, 
resulting in a three-dimensional moving temperature 
field (as actually happens). 

The surface conductance is the sum of the con- 
vective and radiative conductances. The radiative 
conductance is a function of position on the surface 
(i.e. the over-all view factor from the spot to the rest 
of the enclosure surfaces) and of the absolute surface 
tem~eratures. To check the effect of a change in the 
radiative conductance, the floor slab was divided in 
two parts-one part adjacent to the window which 
received all the direct solar radiation transmitted 
through the window, and the other part adjacent to 
the inside wall. The cooling load values obtained us- 
ing this model were essentially the same as the values 
using the model in which the floor slab was repre- 
sented as one element. The maximum difference was 
less than half of one per cent. 

The change in the surface convection conduct- 
ance as well as the radiative conductance due to a 
change in the surface temperature will be relatively 
small since the temperature changes of surfaces of the 
massive room elements are moderate even with large 
solar inputs. Thus the model in which the main ele- 
ments of the room are individually represented as a 
single unit, and where it is assumed that the radia- 
tion input is unformly distributed over the whole sur- 
face, will represent the actual elements with ade- 
quate accuracy for cooling load and average surface 
temperature calculations. 

ROOM ENVELOPE MASS 

Air-conditioning load calculations would be consider- 
ably simplified if the heat storage factor (i.e. ratio of 
the daily maximum cooling load over the daily maxi- 
mum instantaneous heat gain) could be related to the 

' mass of the room envelope by a simple expression. 

Calculations \\,ere made, therefore, to determine tlie 
effect on tlie heat storage factor of the mass of tlie 
room envelope, furniture, inside shading, interpane 
shading, solar radiation absorption characteristics of 
the window glass (i.e. KL of window glass), and 
orientation. 

To evaluate the effect of the room envelope mass 
on the storage factor, the floor slab and the partition 
thickness were varied from 3 to 12 in. in 3-in. incre- 
ments. To check the effect of orientation, south and 
west orientations were considered; the two curves of 
solar radiation transmitted througli south- and west- 
facing windows are given in Fig, 5, to show the dif- 
ference of the major heat gain coinponent for the two 
orientations. The results of these calculations are 
given in Figs. 6 to 9 where the heat storage factor is 
plotted versus the room envelope constr~iction. 

The effect on the cooling load of several com- 
binations and types of inside shade, interpane shade, 
KL of the window glass, and furniture was evaluated 
and the results given in Table I. 

The results indicate that it is not possible to re- 
late the heat storage factor to a parameter indicating 
room mass alone, since the storage factor is also a 

function of the shape of the solar radiation curve, the 
type of window construction, the furnishings, ancl 
other lightweight objects insicle the room. 

The most active layer of the room envelope ~ i t h  
respect to the heat storage is the one closest to the 
surface. As the thickness of a room envelope element 
is increased, the effective heat storage per unit mass 
is decreased. For the particular room under consid- 
eration, extra concrete beyond 12-in. thickness has a 
small effect on the heat storage factor as indicated by 
the results given in Figs. 6, 8 and 9. 

The results for the south and west orientations 
indicate a significant difference in heat storage factor; 
thus, in estimating this factor, the orientation should 

Table I Maximum Cooling Load for a Room 
With and Without Furniture 

(Double-glazed window, west, room air temperature = 75 F, 
light load = 0.0 Btulhr)  

With Furniture 
Max. 

Cooling 
Max. Load/ 

Cooling Max. 
Load Instan. 

Window and Shade x 1 0 - P e a t  
Characteristics Btu lhr  Gain 

Without Furniture 
Max. 

Cool~ng 
Max. Load/ 

Cooling Max. 
Load Instan. 
x lo-'' Heat 
Btulhr Gain 

KL = -05 25.1 0.67 20.7 0.55 
K L  = .60 20.2 0.72 17.4 0.62 
With lnslde Drape: 
KL = -05, t = -5, cu = .2 18.9 0.75 18.0 0.72 
KL = .05, t = -2, cu = .5 19.8 0.82 19.4 0.80 
With Interpane Drape: 
K L  = .05, t = .5, cu = -3 15.5 0.75 
KL = .05, t = -3, cu = .5 14.3 0.77 

t = Transmission of the shade 
a = Absorption of the shade 

KL = KL of outer glass sheet, the KL of inner pane = 0.05 in 
a l l  cases 



I I I 

Double-glazed window. KL ; 0.05 
Solar t r ansm iss ion  o f  
i n t e rpane  shading = 0.3 
Solar a b s o r p t i ~ n  o f  
i n t e rpane  shadinp '0.5 
L ~ g h t  load = 0.0 B t u l h r  

- *\ 

Floor slab t h i ckness  = 6 i n .  
Sou th  - 
W ~ n d o w  

I I I I I 

P A R T I T I O N  T H I C K N E S S .  I N  

Fig. 6 llccct storage factor us purtitiot~ t11ick11cs.s for a 
t.oot11 rcitl~ a s l~nde  

1)e takcn into consideration. From this it also follo\vs 
that tlle heat storage factor is a function of the tiine of 
thc year since the shape of the curve of solar irradia- 
tion versus tilnc of day changes during the year. 

The lightweight objects in the room significantly 
increase t11c 11cat storage factor as is indicated by the 
results given in Table I. The radiant energy absorbed 
1)y a ligllt\\~eigl~t object increases its surface tempera- 
ture rapidly and this energy is lost to the surrounding 

surfaces by radiation and to the room air by convec- 
tion \\.it11 little lag. \Vith a inassivc slab, the radiant 
clicrgy absorl~cd by its surface is partly conducted 
into the slab ancl thus the fraction lost instantane- 
ously to the room air is reduced. 

I11 general, shading reduces the cooling load al- 
tliougl~ the heat storage factor is increased. In some 
situations wit11 inside shading, or heat absorbing 
glass, it is possible that the reduction in the heat stor- 
age could be greater than the reduction in the solar 

Double-g lazed window,  n o  shad ing  
K L  = 0.05 
L i gh t  load = 0.0 B t u l h r  
F loor  slab t h i c k n e s s  = 6 i n .  

. - 
3 6 9 12  15 18 

P A R T I T I O N  T H I C K N E S S ,  I N .  

Pig. 7 Heat storr~ge factor u.s purtitiot~ thickness for a 
room without a s l~udc  

heat gain and thus the masimum cooling load could 
be greater with an inside shading device than without 
one. 

It should be noted that the furniture representa- 
tion in the mathematical model was very much ideal- 

ized, as described in Appenclis A. The results, there- 
fore, should be regarded as qualitative rather than as 
quantitative. 

SUMMARY 

The thermal behavior of a room can be represented 
sufficiently accurately for cooling load calculations by 
a linear mathematical model; tlie calculations ckul 
thus be carried out conveniently on electronic digital 
computers, which are widely available. 

A mathematical model based on a coinbinecl 
heat transfer coefficient for inside surfaces does not 
accurately represent the room thermal response. l'hc 

Fig. 9 Hcut storuge factor us  floor slab thickness for a 
room without a shade 

8 . S o u t h  
\Window 

P a r t i t i o n  t h i c k n e s s  = 3 in. 

- 

F L O O R  S L A B  T H I C K N E S S .  I N .  F L O O R  T H I C K N E S S .  I N  
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accuraqr  of modeling t l l c  r o o i n  t l l c r m i ~ l  l - ) c l i ; ~ \ , i o r  is 

i n ~ ~ x o \ ~ c d  1)). accounting s c l ) u r a ~ c ~ l ~ .  for t l ~ c ~  I~ca t  intcr- 
cl~ange insiclc t l i e  room c n c l o s ~ ~ r c  1,)' long- \ \ . a \ .c '  l . ad i i \ -  

tion ; \ l ld t l l e  convective l l c a t  intcrc11;ungc: b c t \ \ . c e n  t l ~ c  

room cnvelope surfaces and t l l e  r o o i n  air. 

A room element, c.g., f l o o r - c e i l i n g  slab, 1 ) a r t i -  

tions, of  uniform construction can be represented in 
t l i c  i n a t l i e m u t i c a l  model as a single l u n i t ,  and it can be 
assumed that the surface temperature of any one ele- 
ment is uniform without introduct: of large errors. 

L i g h t \ v e i g h t  room elements such as drapes, blinds 
and furnishings, as well as the heavy room elements, 
must be accounted for in the mathematical model. 

The heat storage factor cannot be related simply 
to the mass of the room envelope since such factors as 
the presence of lightweight elements in the room, 
orientation, and shading have a significant effect. The 
temperature of a particular spot on the room en- 
vclope cannot be calculatecl wit11 a high degree of 
certainty using this simple model. 
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APPENDIX A 

Details of the Room 

An office module with inside dimensions of 20 x 20 
x 10 ft with 160 sq ft of glass in the outside wall was 
selected for this analytic investigation. It was as- 
sumed that this room was surrounded by similar 

rooms 011 t l l c  r c ~ m i ~ i n i n g  t l l r c c  sitlcs so that the heat 

transfer t h r o ~ ~ g l ~  t l ~ c  l ~ ; u . t i t i o l l s  and tbc sum of the 
d i i i l y  a\-cragc I~ca t  t ra11s tc . r  t l l r o ~ \ g l \  t l ~ c  Hoor and ccil- 

ing surfaces a r c ,  z e r o .  I t  \\.;IS also a s s ~ ~ m c d  that  k ~ t  a11 
times suificient cooling \\.as ; ~ \ , u i l a l ~ l c  to 1 n ; l i n t a i n  t l i e  

room air temperature of 75 F. ?'l\c t l~ermal  properties 

of the room clcmcnts arc listed in  T a l ) l e  A-1. T l l c  

cmissivities and t l l c  surface convection coefficients for 
all inside surfaces of the room envelope were as- 
sumed to be constant and equal to E = 0.9 and 11 = 
0.8 Btu per (scl f t )  (hr) (F), respectively. 

Mathematical hfodel 

The equations used to describe the room thermal 
characteristics were as follo~vs: 
(1) Surface temperature 

1 

62 .F..0. + 110,. + p.. - ( G  2 3 "  + 1 = - 1 ( A - 1 )  
11-1 11:1 

where 
G = 4 u T J a v  

(T av = 540 R - assumcd. time ~Iverage of all thc insidc 
surface tcn~pcratures 

rr = Stefan-Boltzn~an constant) 

C = 

the sun1 without thc term, n = s 

over-all interchange factor from surface s to surface n 
teinperature of the surface n, which forins part  of the 
room enclosure 
surface convection coefficient 
room air tc~npcrature 
heat flow th rou~ l i  the slab surface 
teml>crature of the surface where n = s 
sl~ort-\\~avc ratliation and long-\\lave radiation from 
lights al~sorbed by the surface. 

(2) Temperatures at points \ v i t h i n  the wall or floor. 

These can bc calculated from the following, taken 
from Reference 3: 

Table A-1 Construction of Room Envelope Elements 

Floor and 6-in. heavyweight concrete slab with false 
ceiling slab ce i l~ng  

Thermal diffusivity = 0.046 sq f t  per hr 
Thermal conductivity = 1.00 Btu per (ft) 

Ihr) IF)  
~a ' l se  ceiling air space, over-all heat trans- 

fer coefficient = 1.6 Btu per (sq ft) (hr) 
(F) 

Partitions 3-in. lightweight concrete 
Thermal diffusivity = 0.0154 sq f t  per hr 
Thermal conductivity = 0.095 Btu per (ft) 

(hr) (F) 

Opaque 2-in. heavyweight concrete on the outside 
outside wall 4-in. lightweight concrete on the inside 

Window Single- or double-glazed with or without in- 
side or interpane shading 

Negligible heat storage capacity 

Furniture The furniture representation was idealized 
by assuming thin slabs covering half of 
the floor area 

The slab thermal resistance was assumed 
to be very great so that the heat flow in 
or out of the slabs was negligible 



The direct solar radiation incident on the outside 
wall is given by the following equation, taken froill 

Ref. 10: 

a = thermal cliffusivity of the slab material 
L = sl:~b thickness 
K = number of slices used in the approximation of the 

slab thermal behavior 

(3) Outside surface temperature 

( O , , ,  - ss:,,) ll,> + qn. = 0 ( A-3 ) 

where 

O , , ,  = sol-air temperature 
O,,,, = surface temperature 
11, = snrface heat trkulsfer coefficient. 
q,,, = heat flow through the outside surface of the wall 

Fundamentally, the inatheinatical model based 
on Eqs. (A-1), (A-2) and (A-3) is the same as the 

model to describe the room thermal performance in 
Refs 5, 6, 7, 8, and 9. 

DRIVING FUNCTION 

The time-dependent conditions used for these calcu- 
lations were: 

( 1 ) Window, outside pane, sol-air temperature 
( 2 )  Opaque outside wall, sol-air temperature 
( 3 )  Direct solar radiation transmitted through 

I = ~ ~ - a / c ~ ~  r . COS 8 
( '4-4 ) 

where 

I, = 368 Btu per ( s q  f t )  ( h r )  apparent solar constant 
a = 0.223, e.itinction coefficient for the atmosphere 

7 = solar Zenith angle 
0 = incident angle. 

The solar radiation values calculated by Eq. 
(A-4) are equal to the corresponding values given in 
the ASHRAE Guide And Data Book. 

The diffuse solar radiation incident on the out- 
side wall was calculated by 

where 

S = 10 = tllc ratio of tlie direct solar radiation inciclent oil 
a surfacc norinal to the solar beam, i.e. cos o = 

1 in E q  ( A - 4 ) ,  to the diff'usc solar rcidiation in- 
cident on a horizontal surface. Since the seasonal 
variation of X inay be betweell 1/.07 and 1/.12, 
10 is used and is constant throughout a clear clay. 

F (cos  8 )  = functional rclation hetwceil cos 8 and F(cos  0 )  

is given in Ref 11, p .  330 
F, = 0.1 = procluct of the geometric view factor from thc 

snrfacc to thc ground, ancl the ground reflection 
factor for the solar radiation. 

- 
the window 

The transmission and absorption factors for vari- 
( 4)  Diffuse solar radi:rtion transinitted througll 

orls window were tahn from R e f  12. 
the window 

It was assumed that 9054, of the direct solar radiation 
(5)  Solar radiation absorbed by tlre inner pane 

transmitted through the \vindo\v was absorbed by the 
of the double-glazed window 

floor and the furiliture in eclual portions a i d  the re- 
( 6 )  Solar radiation absorbed by the intcrp;ule 

maining 10% was absorbed by tlie other surfaces ac- 
shading or inside blind 

cording to the view factor from the floor and the fur- 
( 7 )  Heat generated by electric lighting. 

niture. 

The solar radiation absorbed by the pane of the 
single-glazed window or by the outer pane of a 
double-glazed window were taken into account by 
the sol-air temperature of the glass. 

The outside air telnpcrature cycle given in the 
ASHRAE Guide And Data Book for cooling load cal- 
culations was used as a basis for t l ~ e  cnlculations of 
the sol-air temperatures as \\;ell as the sky and ground 
long-wave radiations. These were calculated using 
Brunt's formula.' The dewpoint temperature for the 
sky long-wave radiation calculations was assuinecl to 
be 50 F. 

The trailsillitted diffuse radiation was distrib- 
uted over the surfaces according to the geometric 
view factor froin tlre windo\v. 

Lights were the only lieat source within the 
room taken illto account by the model. The lights 
were on from 0730 to 1630 hr. One-half' of the heat 
generated by the lights dissipated.to the loon1 air by 
convection and the other half was dissipated to the 

room inside surfaces by radiation accorcling to the 
geometric view factor from the ceiling to the other 
room inside surfaces. In some of the calculations, the 
lighting load was omitted due to a mechanical failure. 

DISCUSSION 

C. W. PENNINGTON, Gainesville, Fla.: An ho value of 3 was used 
throughout. Is this typical usage in Canada? The  ASHRAE Guide And 
Data Book ~ ~ o r ~ n e l l y  uses hu4 for sunlmcr conditions 21nd 6 for winter 
conditions. 

T h e  temperatures both for the glass and the draperies shown are 
quite low compared with our measured typical values. What was the 
sourcc of thc drnpery and glass te~nperi~turcs? 

AUTHOR XlITALAS: The value of hu  = 3.0 Btu/ sq ft, 111, F \VaS Se- 

lected ;~rbitr ;~ri ly.  
The  temperaturcr of the glass and draperies were calculated from the 

conditions of well mised room air at  75F. Since these conditions prob- 
ably are considerably different from those in >-our test, the ci~lcul;ltc.d 

;md measured glass and drapery t e ~ n p ~ r a t u r e s  cannot he  compared. 

L. F. SCHUTRUM, Creighton, Pa. (Written): The  room envelope mass 

and  its effcct on the heat storage factor are given in Figs. 6 and 8 for in- 

terpane shading, and in Figs. 7 and 9 for double glazed windows with- 
out shading. The  heat storage factor is influenced by the solar radiation 
passing through the window to a different degree than the heat gains 
are influenced by conduction from the outdoor air. The  greater amount 
of transmitted solar energy for the west orientation than for the south 
one, as shown in Fig. 5 (disregarding the difference in time period). 
indicates that a greater percentage of total load for the west orientation 
is d u e  to the sun. If the heat storage factor could be  subdivided into a 

solar component and an outdoor air temperature component, the CUNeS 
for these individual components for the south window and west window 
might bc closer together than when these two load inputs, solar rndi- 
ation i ~ n d  outdoor air temperature, are combined. 

Would the heat storagc factor for interior partitions be diffcrcnt 
from that for the floor, which intercepts the transmitted solar radiation? 

It \\.auld he interesting to attempt to correlate the overall heat 
3torage factor for the double glass da ta  of Figa. 7 and 9 with thc four 
component factors: solar radiation, outdoor air temperature, mass of the 
Hoor and  turniture, and mass of the partition. 



\\'ere the floor above the  roolrl unrlcr co~~\iclerut ion anrl tile ceiling 
hclow this room a \ \ u n ~ e t l  to I I ~  es[~o\er l  tu the r;lllle thal.lri.~l en! . i ron~nct~t  
as the  floor ant1 ccilinq of the ronln unrlcr con\ icler ;~t io~i? T h e  tr;unsmi\- 
sion a n d  ;~l,\(,rptioti t ; ~ c t ( ~ r s  for  v ; ~ r i ~ , u i  \\.inclow a t r ;~ngcn ten t>  \\.ere t'tken 
fro111 Ref. 12 .  W h a t  licat transfer covfficietits were nssulnecl for  the  
v;irious parts of thc\e  fertcstrations? 

AUTHOR RIITALAS, (Writ ten);  T h e  heat  s t<~r. lqe factors give11 it1 Figs. 
8 2nd 9 ; ~ r c  I)o\ic;~lly for the  solar heat  gain component ,  since the con- 
clrrction c ( ~ n ~ p ~ ~ n c - n t  is orily 8 to  l i f %  of thc total heat  gain ( the  lowel. 
percentaxe for cle;lr gl ;~ss  with no shading,  nnd the higher percentage 
for inside ahirdit~x). Also, the heat  s torage f;lctl~r for the conduct ion corn- 
poncnt  will Ilc close to one,  since approxilr~ately half of the  heat  gain 
Ily conduc t io r~  through window wil l  appea r  as cooling load instantane-  

ourly ( c o ~ ~ \ . c c t i o i ~  lor3 frotn glnss to room air) ,  a n d  onl! the other  half 
\vill Iw ;~ f fcc t r< l  I,? t l ~ e  r<~c,tn r l ~ v c l u p e  III;ISS. 

?'lie 11c.1t s t < ~ r ; ~ g c  f.lct(lr \volll<l IJC tliftcrrllt if the s ~ l ; i r  rirdintion 
\\-crt, . t l~so r l~ed  I,? t l ~ c  interlor p . ~ r t i t i o ~ ~ s ,  r;ltlrer th;111 11). t he  floor tlnd 
f i~ rn i tu re .  

T h e  floor ;111o\e i111d the ccililtq l~ r lo \ \ .  the 100111 ~t11c11.r cot~siderat ior l  
\verc nssutnrd to b e  e s p < ~ \ e ~ l  to  the  szrnte thert11;rl c r~ \ . i ron~nen tn l  con- 
ditions as the fluor and  cc i l~n j i  of  this room itself. 

Fenestrat ion heat  tr;111sfer coefficients were:  
1 .  Inside convect ior~ coefficient = 0.8 Btu/  sq ft, hr ,  1: 
2 .  Outsitlc heat  trttnsfer c<~rff icicnt  = 3 . 0  Btu/ sq f t ,  hr, I: 
3 .  T h e  h e , ~ t  t r ;~ns fe r  coefficient = 1 .32  Btu/ sq ft. 111, F for  inter- 

pzlne apace of t l o ~ ~ h l e  glazed \vindo\rs a n d  for the apircc I)et\veen glass 
a n d  d rape  whcu t l ~ c  dr;ipe was inside d o u l ~ l e  gl;lzetl window interpane 
space.  


