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A first order correction to uni-
.!irectional heat tran•t•r is propo••d, so 
~hat multi~dimen•ional heat tranata2 •ffacts 
can be accounted foa with only a moda&'ate 
!.ncrease in atoira~ and CPU time 
:equirements. ~h• modal has b••n implemented 
:.nto the ESP buildinq anarqy simulation 
o:ogram and ia 11\01"1 to be able to predict 
~he orda:i: of 11\aQll.itude of chanqas due to 
corner •ffects and tha:i:mal bridq•a. 1'h•1• 
effects are shown to b• !\on-n•qliqiol• •••n 
in full scale buildinqa, especially if one is 
~nterestad i.n an accu:i:ata prediction of 
internal surface temperatures. As expected, 
the effects are particula:i:ly siqnificant in 
~caled test calls, for which u.se of tbe 
algorithm results in an iapro••d agreement 
~ith some e¥pertm.ntal results. 

'"'!'JTBQQtlCTXON 

Th• us• of comprahaJlsive buildinq ene:i:qy 
~ imulation proqru.s bas considerably 
i ncreased duxinq the last ten years. 'l'be 
::ia j o r building •narqy si:llulation proq:i;&lllllle in 
e he &uropean ComunU.y is &SP (Energy 
Simulation "roqram), developed by &SRU in 
Strathclyde Uni?exaity, Glasqow, Scotland, 
vh .i.ch has been choaan as the simulation 
program tor the &uropaan cooerative effort 
eor passh·• solar systems · '• (PAS SYS) . 

Although &SP (Clarke 1985) can be used, 
i n princ.i.pJ.e, to 111odel two and thr•e
d imensiona'l heat txanfer in buildinq 
e.lements, in most cases heat transfer in 
buildinq elemant.s (valls, partition11, roots 
e t c . ) is modelled a11 uni-directional, the 
enormous increase in sto:i:aqe and CPU tillle 
requir&111ants beinq seldom justified in terms 
of increase in accuxacy . 

The uni-di:i:ectionality as11umption can 
l ead to e:i:i:oxs in th• v·icinity of the 
i nterface , L"b·•tvean tvo d.is11imila:i: buildinq 
e l e.ments, ' ''.$har·e l ateral temperature g:i:adiants 
may be a'pp-taci:·'able . 1'h•s• phenomena can lead 
t 'o · d~viat'ions in the p:i:edicted loads and 
ntd-rnal surface temperatures (which are 

important i n co~ort and condensation 
c alcu.lat .i. ons) . ·Al.thouqh these effects do not 
j ust i fy switchi.nq to th• full three 
dimensional equations, it i s possible to 
obtain sat i sfactory results using simplified 
methods at a vary sm&ll incree,11• in cpu and 
storage requirements . This is particula:i:ly 
inlportant for the PASSYS proqramme , i n which 
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a lot of effort ia invested in d•ecuribJ.oq t.lle 
behavioux Of scaled models, in wbicb. tbanial 
bridqa etfect• ar• 1110•• iapo11tant than l.n 
full-scale b11ildinq1, d\I• t.o tba l.ncraa••d 
perimater-to•suxfaca area ratio . 

tn p:i:evious publication• (Hassid 198P, 
1990) 111&thods have bean proposed to correct 
uni-dii:•ctional heat tran•t•r algorithms, to 
account for heat tiranatair acc:i:oss thermal 
bridqes between parallel elements . 

In thio work, an alqorithm .i.s proposed, 
vhich can account foz: several two-dimensional 
heat transfer phenomena >fithout deviatinq 
•••antially from th• simplicity of the one
dim•nd.onal calculation. Th• alqoxl.thm will 
be introduced within the &SP pxoqrumie, so 
that compaxisons of heat transfer 
calculations with and without multi
dimensional heat transfe:i: can b• made. 

THJQBX 

The probl- of heat tranafar u:ound a 
riqbt-anQ"lad corner admit• an analytical 
solution, which is baaed on a Schwarts
Chr.istoffel transformation of th• flow domain 
(Caxsla>f and Jaaqer 19!9) 

vhaxe Qb .i.s the corner heat txanot•r (ia the 

heat transfa.ir paz: unit lanqth ad.itional to 
the one cal<:ul.atad from a uni-directional. 
alqorith.m, ;\. i11 th• conductivity and d 2 and 

d 1 axe tha thicknesses of. the sides of tba 

eo:i:nax. B'or the paxticulax case that ~ • d 1 , 

&q. (1) qiv•• 

Qb = 0.559 A. (2) 

Zquation (l) can be •••ily qenaral.ised 
to th• case ot tvo walls >fhich are 
homoqenaous, but have diffez:ant therm&l 
conduct.i.~iti••· when the borderli ne bat.,..n 
than two construc1:1ons is the line join.i.nq 
the intarna.l: and th• exte.=al corner : 

Q,= 2f1..,~an· 1 (~) +2A.2~tan- 1 (~)]+ ltl. d1 d2 d2 d1 

+l[A.1ln(d22+ d 12)+!..'2ln(d22+ d1 2J 
lt 4d22 4d12 ( 3) 



The above equations have some usafull 
properties. Ona of them is that contrary to 
what is assumed sometimes, the solution of 
taking th• lateral dimension of the wall 
equal to average between its internal and its 
aztarnal dimensions is an not satisfactory 
and leads to an overestimate of heat transfer 
from a wall. 

In the approach chosen in this work, 
heat flow in a corner between two homogeneous 
constructions is simulated using the 
electrical analogue in Figura 1, in which 
walls A and B are represented by two 
conductors. !'low through th• corner is 
rapraaanted by two resistors with conductance 
(},A+ A.8 )/2 and 3(A.A+ A.8 )/2, respectively, 

with additional resistors connecting the 
inside, midplana and outside nodes of the 
resistors representing the walls. A property 
of trhe proposed network is that in the 
particular case of a corner between two 
homogeneous walls of equal width, one 
obtains, approximately, Eq. (2). 

Figure 1. Corner Electric Equivalent 

i'or corner!!! bawtean multi-layer walls, 
one can divide th• corner into layers and 
nodes, ina way similar that constructions are 
divided into layers in ESP and draw a balance 
around each node, lateral heat transfer being 
taken into account through the electrical 
analogue of Figure 1. i'or example, the heat 
balance in a node communicating with in the 
midplanes of two homogeneous layers would be 
(Saa Fig. 2): 

( 4) 
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Fig. 2. Schematic representation of 

corner construction 

TN is the temperature at node N 

TAN•TBN are the temperatures at the 

d 
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w 

T . 
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corresponding nodes of the adjacent 
surface constructions A and B. 
is the thickness of the layer whose 
midpoint is node N 
is the total thickness of the 
construction 
is the width of the corner 
construction at node N 

is the value of TN at time t - i:l.t 

Note that : 

a. Th• inner surface node does not 
communicate with the internal surface air by 
convection or the internal surface 
temperatures· by radiation; it only 
communicates with the internal surface nodes 
of the adjacent wallls by conduction. 
b. The outer surface (node 1 in ESP) 
communicates by radiation and convection to 
the outer environments of both constructions 
A and B, the convection coefficient and 
radiation intensity assummed equal to the one 
of these walls. Of course, this assumption 
can be questioned, but it is the only one 
that can be made without needing to consider 
multi-dimensional radiative and convective 
heat transfer. 
c. Contrary to the Crank-Nickolson canter 
diffarnced scheme used for the plane 
constructions by ESP, a forward differnceing 
scheme for numerical stability reasons. 



Tha algorithm davalopped in tha previous 

~ection has bean implemented in ESP (Clarke, 

;;and ' Strachan 1990). The algorithm, which 

.::an ba invoked in the programme if required 

;>nd consists of several stages: 

a . For each building zones, all "line" 
constructions are identified and 
characterised by their two vertices and the 
surfaces adjacent to them . 

b . If the angle of the construction is convez 
inside, the program invoques the algorithm 
described in the previous section . If the 

angle is 180° or more, than only intra
construction heat transfer is taken into 
account. 

c The properties of the layers of each line 
construction are determined from the layers 
of the adjacent constructions . It is assumed 
~hat the internal nodes of each construction 
are at the same plane. The matrices 
describing heat transfer in the corner 
constructions and the cross-construction heat 
transfer conductances are calculated . 

d . At each time interval, the temperatures at 
the nodes of the line constructions and 
cross-construction heat transfer rates are 
calculated prior to th• zone matriz 
inversion of ESP. 

The proqram with the corner heat 
transfer requires, for 5000 line construction 
nodes, a 2 0 'II increase in memory 
requirements and a 50-80 'l increase in CPU 
time requirements, in comparison to Version 
6 . 27 . 

SAMfI·Ei BJ;SUX.TS 

Presented in Tables l and 2 are the 
results from a sample run based on Test l 
(Sea Fiqure 3) in the ESP Handbook (Clarie• et 
al 1990), run with and without the algorithm 
presented hara. One can sea that as a result 
of accounting of two-dimensional heat 
transfer with tha alqorithm presantad in this 
work, the pradictad heating energy 
requirements are shown to be approzimately 20 
% higher and the predicted peak heating 10 'IJ 
higher, for a full scale buildinq . This figure 
does not account for the thermal bridges 
around the vindovs and doors . 

A much larger difference can be observed 
for scaled test-cells, like the PAS SYS Test 
Cell of Strathclyde University, Glasgow, 
Scotland (Strachan, 1990 See Figure 4). In 
this run the heat input in the cell is 
considered a casual gain and the predicted 
results are shown in Figure 5 and compared 
with tha measured internal temperature 
variations. The version of ESP with the two
dimensional algorithm described in this work 
results in somtl improvement in comparison 
with the original ESP 6 . 27 Version . l!'or 
example, the mazimum pradictad temperature is 

35°c, versus 38°c without the 2-0 algorithm 
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and 30°c the measured result. Tha above 
improvement, though, is consistent with the 
analytical result for a similar test cell 
whose wall thickness is 40cm and further 
improvement is impossible without accountinq 
for the particular details of tha corner 
construction. 

In i'iqure 6, the internal surface 
temperature variation' of two adjacent surface 
constructions of testl is shown: Surafce 1, 
an eztarnal wall and Surface 8, a wall over 
the ground. It is seen that in addition to 
influencing the values of the internal 
surface temperature, the algorithm predicts a 
much lower surface temperature at the line 
joining them. This phenomenon is . very 
important if one is interested in 
condensation calculations . 

3m 

Fig. 3. Test 1 of E~ 
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Fig. 4. PASSYS Test Cell 
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Table 1 Output. frgm teot,1 i p esp bapdhook <yithgut 2 - p olggri;,hml 

P•riod simul.ated from day 22 of month 2 to day 7 of month 3 
zone Mx Air tm:p Mn Air tmp Max h•at Max cool. H•atinq Coolinq 

(deq . Cl (deq. C) (KW) (KW) (Kwhrs) (Kwhr.!1) 
1 21.50 13 . 98 l. 697 0.00 0 68 .3 0 . 

Ul . 50-2-3 9 6 . 50-5-3 @ 9 . 50-24-2 8 0 . 50-22- 2 
All .:ones 
Max. T9m:p. "' 21 . 5 in zon• l on day 2 of month 3 at 13.50 hrs 
Min. T9m:p . .. 14 . 0 in Zon• l on day 5 of month 3 ae 6.50 hrs 
M&x. H•at. = 1 . 7 in Zon• l on day 24 of month 2 at 9 . 50 hrs 
Maz. Cool . 0.0 in Zon• 1 on day 22 of month 2 at 0 . 50 hrs 
Total h•atinq r•quirem9nts 11 68.30 (Kwhrs) 
Total cooling requiremants 2 0.00 (Kwhrs) 

Tahlo 2 Qutput from t•;ptl in ESP bnpdbggk (with 2-p alggrithml 

Period simulated from day 22 of month 2 to day 7 of month 3 
zone Mx Air tmp Mn Air tmp Ma:c heat Max cool Heatinq Cooling 

(deg. C) (deg. C) 
l 21.19 13. 60 

@13 . 50-2-3 @ 6.50-5-3 @ 

All rones 
Max . Temp. 21 . 2 i .n Zone l 
Min . Temp. = 13.6 i n Zone 1 
Max. Heat . 1.9 in zone l 
Maz . Cool. .. 0 . 0 in Zone 1 
Total h•ating requJ.remants ,. 
Total cooling requirements .. 

7/3 

96 144 192 240 288 336 
(hours from OhO • 22 Feb 89) 

Predicted and measured internal 
temperature in PASSYS cell . 

(KW) (KW) (Kwhrs) (Kwhrs) 
l . 871 0.000 81.2 0 . 
9 . 50-24-2 @ 0 . 50-22-2 

on day 2 of month 3 at 13 . 50 hrs 
on day s of month 3 at 6.50 hrs 
on day 24 of month 2 at 9.50 hrs 
on 
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day 22 of month 2 at a.so hrs 
81.21 

0.00 
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A mode.L haa been pro.posed, which can 
<• ~e 4 f rst: order correction to uni-
·~ , .. ci: iona.L beat transfer so that multi-
• ,;on!I .1.on•l. effects can be accounted for . The 

::..:.: .. l t-.a!I been mp.Lacnented inco the S:SP 
: " • :.:tinq energy simulation program and ia 
•l' .: .. n :o tie able to predict the order of 
::..oqnitude of changes due to mu.Lei-dimensional 
!'••= t ransfer , while l<eepinq the basic 
•~=pli c icv of the uni-directional heat 
::ansf .. r a.Lqoritbma used by most building 
"'••= eransfer simulation programs and with 
· "·:y a moderate increase in storaqe and CPU 
:~=e requirements. 

Tvo-dimensional and thermal bridge heat 
:: .. n 3 fer effects are shown to be non
~dq:igible even in full scale buildings, 
•j?ecially if one is interested in an 
·~=u"ate prediction of internal surface 
:-=peracures, as well as heating requirements 
·~,! internal air temperatures . As expected, 
=~• effects are particularly significant in 
•ca led test cells. 

Of course, the model has several 
:•:itacions, the most important one being 
:~at it cannot account for the particular 
.!e: ail" of the corner construction between 
:wo !I Ur faces. To fully account for this 
e!!ect, one has to introduce the particular 
ce:ails of the corner construction, solve 
"·=erically the relevant two dimensional heat 
:=ansfer equations and attempt to simulate 
:!:.e results using an •lectrical analogue 
• :..::iilar to Figure l, proper consideration 
t:eing given to the thermal storage 
properties, too. Such work is currently under 
w,ay . 

A""jcnowlgdqgment 

The author wishes to thank Prof. Clark• 
!or making ESP available and allowing the use 
o! the ESRU facilities durinq his visit to 
::sr.u in sWlll'ller 1990 . The author is indebted 
:., Prof. Clarke and Ors. J. Hand and P. 
S~ =achnan for many useful! comments on tha 
work . 

13 

Cars.Law, H.S., and 
Conduction oL Heat: 
University Prass, 

Jaeger, J . C. 1959. 
in Solids Ozford 

London, 2nd edition . 

Clarke, J.A. 1985. Energy Simulation in 
Building De.sign, Adam Hilger Ltd, Bristol 
Boston. 

and 

Clarke, J.A., Hand, J. and Strachan, P. 1990 . 
ESP A Building and Plant: Energy Simulation 
System Version 6 Series. S:SRU, Univ. of 
Strathclyde, Glasgow, Scotland. 
Hass id, S. 198 9. "Thermal Bridges in 
Homogeneous Walls: A Simplified Approach". 
Building and Environment, 24: 259-264 . 

Hass id, S . 1990. "Thermal Bridqas across 
multilayer 
walls An Integral Approach". Building and 
Environment:. 25: 143-150. 

Strachan, P. 1990. Private communication . 


