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ABSTRACT 

-;'"hi: pacer desc-i bes a genera 1 ;iurpose sofbiare, 
Florida Soft•.¥are for Engineering Calculations (FSC:C 
l.: ; , that is capable of solving nrious tnnspor: 
'!aua:ions used in building science (e.g., combinec 
ne:i.::. and moisture transfer, ~iuid ~low, contaminant 
di ~ ;;ersion equations, etc:.). The governing .:quations 
are solved by finite element "ethods. 

Ger>.eral c apab il "t i es and an overv i ew of .he soft•,,are 
s;::-.. JC-!.l re are given. Resu 1 ~s are presented for 
several types of comoined heat and ] Oisture transfer 
s1muia tions: l ) in"builu1ngs: 2) n the presence of 
nat:iral convect .on; 3) i n at: i cs ~) in a typical 
'Na j ~. 

I ITTRODUCTI ON 

The advent of computers has prov ided a tremendous 
imoetus to he development of comput~ticinal analyses. 
Hign-speed computers have made it possible for us to 
so ive ever more comp l ex problems and. as a result t~ 
ga in much better in s ight into complex processes. . t 
is quite accurate to say that mooern technolog i ca i 
ac .1 · evements in such areas as space. automotive ana 
at m1c energy would have een impossible without 
hi _n-speed comouters and advances i n numerical 
te~: niques. For i nstance , automakers are coming ·a 
re i :1 on superc:omputers for computa t i ona 1 ana 1 yses 
tha complement, and someoay ~ay even re? l ace 
pnysical experiments. When applied early In the 
c1c .e of developmen t, computational methods enable 
researchers and designers to bypass several cycles of 
t: :::e-consuming and expens i ve prototype tests. In t:ie 
1 as · few years comouters have become so fast. so 
inexoens ive. and so a<.cess101e • at now for the f i rs: 
t i ~e in history, man and computer are rapidly forming 
a symbiosis. that can be of ,?narmous benefit •o 
mank. ' nd . Neither the new c:imput.it i onal techniques 
nor ·he power of compu ters have been used to capacity 
in juilding science. 

982 the Florida Solar Energy Center (FSEC) began 
~udy on the interac:1on of mois:ure and 
idification systems ;, , southern buildings (l]. 
1ckly became aooan .. :::. .hat both the ava il able 

11 data nd comoucational cools were 
: cient for c e asi< . • lo existing pubi ic doma in 
· ~g energy ana ly s is sof:·"'are w...s caoaole iJ f 
.. g combined he:lt and moiscure transoort. (n 
to study the problem, an ex is t ing software 

Jed at the Nat iona l aureau of Standards (now 
NIST) (2] was modified to al l ow moisture 

·q using a s i ngle lumoe1 moisture caoac1t anc~ . 

~ vls ed software ~a s cal l ea Moisture Adso rpt ion 
~sorption Thermal Anal;sis Research Program 

(MAOT . .),RP) [ l}. The code "as preliminary and unaol e 
to fully couple the heat .:ind moisture transoor': in 
buildings. ~lonethe.less, it provided significant 
insiont on the signifionce of 11oisture sor:ition in 
builaings (3}. 

Du r ing the same per i oo a mor<? aeta i. ed. eneral 
,node i : ng c:ioao 1 i ty ·11as a· ~ o under de•1e l ocmen t by 
FSEC researchers ( J.] . This sof"'.¥are. known as ;:::~ALP 
( Fi nite Element Method Aop l: cat ' on Language P:-i:igram ), 
prov ioea "he general c:ipao ·1i t i es to ac:~rate l y solve 
many :irooiems , including ~::imbined heat ana -r.o · sturia 
crans~ort. Since i ts deve : i:iomenc. this sof~~are has 
oeen used in FSC:C resear'.:.1 and stuaent theses to 
study thermal, moisture, ~iuid flow. struc:ural and 
many other prool~ms. 

The software introduced by this pacer ~s called the 
Flor ·da Sof >iare for Eng 1neenng Caic:iiat ions {FSEC 
1. ). rtbu ilci son th e :i.oao il ";: iesof:he;irecea i nc 
so~t~are as aool ied o the stuoy of omolex ju i ain~ 
science proolems . Examples i nc ude comb i ned · ea and 
moisture transport, t hermal bridges, cavity 
radiation, alr ;io1lutant a i soursement, convec: ve a i r 
flows, etc. 

Interested researchers may obtain copies of a main 
frame version (VAX/VMS) -Jf the software and •.isers 
manual by written request :o the Floriaa Solar Energy 
Center, 300 State Road 401, Cace Canaveral. Florida 
32920, Attn: Or. A. Kerestecioglu. 

The remainder of this paper describes the structure 
and capabilities of the software and gives selected 
examoles of results from a variety of simulations 
using this capability. 

SOFT'~ARE STRUCTURE 

."lany of the caoabil ities ·of 
soft·,.are structure itself. 
the struc~urai capabilities, 
disc~sses the technical 
caoaoilities. 

FSEC 1.1 derive from the 
This section discusses 

whereas the next section 
or problem solving 

The seneral architecture Jf the soft'"are is given in 
Figure 1. The Computational Processor Segment (CPS) 
and the segments above it are From the original 
FEMAL?. The C?S is the heart of the software. It 
per~0rms the following major operations: 

o Computes the capacitance, stiffness and Jacobian 
matrices and force 'lec':ors on an element basis, 
using numerical volume and surface int~grations. 

a As:;embl es the element matrices and force vectors. 
o Solves the resulting 1 inear or nonlinear algebraic 

ecuations. 
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Th i ~ port i on of t he software can oe i ndependent l y 
exe-::J ted withou t interf ac ing ·11 1 .n Us er · De fi ned 
P 1gr~ms (UDP ) . The buil d i ngs s i mui -l t or i s connected 
to : :ie C?S th rough a co mmon inter".ice . Si mi la r ly , 
oc:ier UOPs can be connected to th e C?S t hrougn th i s 
interface. UOPs are stand-alone ::;oft·11are elements 
{!ucr1ut i nes ) ; th ey ma y get some · cuts f om th e CPS 
anc retu rn some out puts t o the ?. . For i ns t ance, 

:i e Ju 1l d i ng s i mu l ato r ge ts su r~ a c e :emoer a t ures and 
mo1 ' ~re condi ti ons f r om t he ( ?S ina r ~~~rns t he zone 
a i r :emoe!"atures and moi st ure cone : 1ons to ' he CPS 
through the interface . 

Ou r ~ n g each i terat ion or t ' me ste:i , certain 
par~meters can be modified th r ough User Def ined 
Ro ut ines (UDR ) . These mod i f icat i ons can be l ocal or 
g l .1:;.; I ( see Figure l ) . Loca l nodi fi cat ions are 
pe r.:or:ned on an el emen t l eve l .:! . f ; eld var i ab l e 

e-:iendent mater i a l properti es -lnd/o r boundary 
c:;na 1 . ans. Gl oba l mod if ' cat i ons are ::ierfo rmed at 
:ne jeginning of an iteration or c~~e step. Examples 
of ]lobal modifications are time ~eoendent material 
~rooerties or boundary conditions, 1ariable time-step 
s~~ulations, numerical solution schemes (direct 
iceration versus Newton type iterat ions) etc. 

i he soft~are ut i l i zes a s i ng l e vec: or array to store 
a, ;; informa ti on. The array i s imens i oned to the 
:nax 1mum caoac ity of the ·harcware be i ng used. 
Oe~endi nq on user input t he ar ay i s a priori 
Ja r~ · t ·~ned to separate t he d iffer~nt data segments. 
ih 1s vector i s conceotual l y d i v . d e~ i nto s tat i c and 
-dy nami c por ions . The st at ic po n i on contains the ' 
oata -t hat are st at i onary dur i ng =xecut 1on. such · as 
noaal coordinates , nodal connec: i v ' ty , material and 
ooundary condition fh gs etc . ihe dyna.mic port ion 
o n· a i ns t he data that are calculated duri ng 
execJtion, such as global capacitance and stiffness 
~at r ices, force vectors and nodal unknowns at various 
t~me steps and iterations, etc. 

Vec:or-array s to~age of fers severa l advantaaes (see 
a iso [ SJ) . One of t hem i s he reduct i on· of the 
s ~ ;5 r age requ i rement of t he oe ff i c i ent ma tri.x 
( ;:> roduct of capac itance and st i ffness matrices ) . For' 
i ~ s t ance, one-dimens iona l c~ lcu l at : ons us i ng n number 
or nodes wil l requ i r e n- st or39e l ocat i ons for 
nonvectorized arrays but onl.y 2n-l for vectorized 
arrays. (If used properly, finite element analysis 
results in a banded matrix.) 

A )econd and very powerf ul advantlge of si ng l e vec t or 
ar :-ay storage i s hat it allows Jccess to software 
var ' ab l es for UORs or UOPs . This obv i .ates he need 

o alter program common bloc ks or su brout. i ne call 
s::a tements in th e ma in body of r. he sof twar":! . 

~AJOR CAPABILITIES 

FS~C 1.1 has a wide variety of problem solving 
:1oabilities that can be used to $tudy building 
s.:: '. enc~ problems at :nany levels Jf detail _5] . The 
~a J or caoabilit!es are as follows : 

o Jne-, two- or three-dimensional simulations using 
· jistorted or undistorted elemencs . 

o ~utomatic mesh generation with iutomatic bandwidth 
ninimization for minimizing storage and computation 

time. 
o Abi 1 it:; to 

governing 
equations. 

:;elect from a library of built-in 
equations or to define additional 

o Ability to modify t ime steps, boundary conditions, 
numerical solut i on schemes, material properties, 
and other variables on a run-time jasis. 

o Utilities that inc l ude: detailed. inter -eiemenc 
thermal radiat~on modelling, psychometr~c 
algorithms , and matrix and ·1ec:::ir manipulation 
algorithms. 

o Provisions for interfacing user defined r~JUtines 
and programs. 

o A building simulator. 

Due to its ability to use a wide ~ariecy of numerical 
solution schemes the computational soeed is highly 
user dependent . 'lie have r•rn the soft•"'are for pure 
conduction problems where it was as fast as a 
conduction trans fer model . The remainder a f this 
section provides a detailed discussion of some of 
these caoabi lit i es and the phi 1 osoony beh i na their 
inclusion. 

The soft·liare is designed to sol'le uo to 25 coupled 
linear or nonlinear, spatially-distributed, steady
state or transient partial differential equat:.ions. 
The equations wi·th their boundary conditions can be 
either selected from an eouation library or defined 
by the user . The following equations are available 
to the user directl:; from the equation library and 
they are invoked through the inout data file : 

o Energy equation. 
o Various moisture transport equations. 
o Fluid flow equations (in primitive 'lariables for 

one-, two- or three-dimensional problems or using 
vorticity-stream function equations for two
dimensional problems). 

o Turbulent kinetic energy equation and diss i pat i on 
rate equations (k-! model). 

o Contaminant diffusion equation . 

'Add iti onally , the user i s allowed ·to modify any_ of 
the govern i ng equat ions that are i n the li brary 
Th i s feature can be bes t expla i ned with the fo l low i n~ 
example. Le t ' s ass ume that the user wants co so l ve 
a three-d i mens iona l adve~t i on-conduction prob l em 
defined by the following equation. 

pC? OT / Or " ( k T.) . i -+- Q in o ( 1 ) 

If Eq. (1) did not exist in the library then the user 
must apply the standard finite element techniques to 
arri'le to the following algebraic statement [~]. 

(C~9K.:.r)ar-ur,.[C-(l-e)K..ur)ar~e~rfr~~r,.(1-~)urfr (2) 

[n Eq. (2) e and ~r denote the time integration 
constant and time step, respectively. The C and K 
matrices and f vector for the problem are defined as: 

-r c Jc N" ( >'} N de ( 3) 

K = f o NT ( A \ 
-

,)\.? ) N u, N dr. ... In N· ; (k} N .i do (4) 
.~ ' ... 

f"' fo NT (Q) do ( 5) 



In c'JS. (3-5) N denotes the shaoe function and N; 
jenotes the derivative of the shaoe func':ion in tA~ 
ith coordinate direction. Equations (3-5) consist 
of eignt different types of integrations, they are 
aool ic able ta any three-dimensional element. The 
soft·,;are utilities offer an extensive ·1olume and 
surface integration library. The integration library 
consists of several integral types that ;night be 
encountered in transport phenomena. The user invokes 
any 1esired integral by defining the :nagnitudes shown 
in () in Eqs. (3-5). For user defined equations, the 
user :nust supply these values (material property and 
boundary condition data) in order :o construct the C 
and < matrices and F vector. For instance, if ·the 
user supplies Q•O then no force ·1ector ·11ill exist. 
For 11ser defined equations and :noaifications, the 
integral equations as shown in C:-:is. (3-5) must be 
deri~ed by the user. 

The soft·11are uses severa 1 numeri ca I so 1 ut i ans 
schemes. Solution can be ootained either by 
assemol ing and solving n numoer of equations 
simultaneously or successively assemoling and solving 
the equations one by one. The latter, eYen far 
linear problem<: requires an iterative scheme but 
uses less storage soac:. The second option is 
es<Jecially acprooriate for personal computers. For 
nonlinear problems both options ~equire iterative 
solutions. Both· options impact stability ano 
convergence rate. 

COMBINED HEAT AHO ~OISTURE TRANSFE~ C~LCULAT!OHS 

The software allows the user to perform combined heat 
and moisture transfer simulatians at different levels 
of detail. Conceotually, a building is composed of 
severa 1 so 1 id and air interfaces. The solids may 
consjst of ths envelope, internal ·11alls or furniture 
and the air can may be indoor or outdoor air. 
Spatially lumced or distributed eauations may be usec 
to define the characteristics of the solid and air 
-doma~ns. Based on this classification the following 
simulation options are available: · 

o Distributed heat and moisture transfer calculations 
for sol id and air domains. Beth the·iolid and the 
air domains are discretized and the problem is 
solved as a co~!~"~um. This option requires either 
the solution of the flow equations (laminar or 
turbulent) or the specification of a flow field. 

o Distributed heat and moisture transfer calculations 
for solid domains exposed to user defined boundary 
conditions. This action requires that convective 
boundary conditions be specified by the user (e .g. 
time de:?endent UDR). 'ilith this option the 
performance of a stand-alone solid structure can be 
investigated in detail. For instance, the 
'Jerformance ·of a 11all configuration (e.g. possibie 
cJndensation, structural damage, impact of air 
penetration. etc.) can be ;:uaied in detail by 
using the ambient Jata at one boundary and 
scheduled indoor conditions at the other. 

o Distributed heat and moisture calculations for 
solids and lumced heat and moisture calculations 
for air. This option is part:cularly appropriate 
for whole-building simulations where bulk indoor 

conditions and associated mechanical s:1stem loads 
are desired. 

o Distributed heat transfer calculations for :;olids, 
lumped moistun? transfer calculations for :;al ids 
and lumced heat and moisture calculations for air. 
Similar to the third option, this option allows the 
calc'Jlation of inooor conditions and associated 
loads. The lumped ~oisture transfer ca1c'Jiations 
for the sol ids are per~ormed by the building 
simulator. 

Di ::r 4 but2d combined he:i. '1nc:l mass ::>-ansfer 
c~iculat~ons for solids: Mathematical descriotion of 
heat transfer (pure conduc:'.on) in building sol ids 
is straightfor11ard and ·,;ell '<nown. However, combined 
heat and mois~ure transfer in bui !ding solids is very 
comclex_ The complexit ies are due to definition of 
the driving potentials and transcort coeff1cients. 
Moisture can migrate in liauid and/or vaoar form and . 
its transport is governeo by 1Ji•1erse for~es (air 
pressures, liquid or cacillary pressures, vapor 
pressures, thermal gradients, etc. ). Jetailed 
theoretical and comoutat~onai investiaacion of 
various combined heat and :no i sr.ure ~ransf:{r :heori es 
are given in (6]. 1ne maJor a1r;erences oetween 
theories result from mani pul ac ion of the driving 
potentials and transport coefficients. A recent 
study (10] relates all these theories to each other 
through chemical potentials. The var1ous ~otentials 
are relatea to each other throuch the definition of 
the transcort coefficients. FsEe 1.1 allows users tc 
define their own chemical potentials and eauations. 
Additionally, most well known theories are available 
from the equation library. 

Lumoed mois ure tra nsfer calc•Jlations for . solids: 
The concept and ma thema ti ca 1 for.nu 1 at ion of lumped 
transfer calculations are also straightfor,;ard and 
well known for heat transfer problems. Their use in 
moisture transport problems is discussed in detail in 
(6,7,8]. The theory assumes that a very thin surface 
l ayer is actiYely participating in moisture exchange. 
The thickness of this surface layer is called the· 
Effective Moisture Penetration Depth (EMPD). In tht-s 
layer, the moisture content is assumed to be uniform. 
Simulations using the EMPD theory compare favorably 
with excerimental data, under soecific circumstances 
[7]. However, proper selec!ion of the EMPO value is 
problematic [7,3]. Different ~aterials and buildi~; 
operating conditions require different EMPO values 
(e.g . . a change in ooerating or initial conditions 
·,;ill require a change in EMPD values). This theory. 
has recently been imolemented in the public domain 
comouter program TRNSYS (3] . 

EXAMPLE RESULTS 

This section gives selected results from a number of 
simulations aoplied to buildings using the software. 
They are given to demonstrate the diver.~ 
capabilities of FSEC l. l . 

Combined Heat and Moisture Transfer in Buildings: In 
building applications, where yearly simulations are 
sought. it is not always feasible ta use the detailed 
heat and moisture transfer equations . Some form of 
sirnolification is nec:~ssary. The EMPO concept is a 

-~ 
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·11.:ible choice for many of these applications. The 
the1Jry, assumptions, limitations and results of the 
E~PQ concept have been dealt with at great length in 
[.J-3]. [n the example given here, temperature 
di:tributions in the ·~alls were obtained through 
di::ributed equations, and the lumoed approach ·.-as 
u:ed For the zone air and the moisture transport in 
tne walls. Figure 2 compares indoor conditions (2.a) 
anc loads (2.b) obtained from the simulation ·.-ith 
exoerimental data [12] . 

C.:moined Heat and Mass Transfer in the Presence of 
Mat~ral Convection: This example presents some 
results from a study of the comoined heat and mass 
tr•nsfer in a square cavity in the presence of 
nat~ra 1 convection [ 11]. 3oth heat and mass 
tnnsport, and fluid flow ·.-ere .node led in detail. 
ihe geometry and boundary conditjons far the square 
ca·1ity are shown in Figure 3. rigure 4 shows the 
1e :oc i ty ( a ), temper tu re (b ) and vaoor ensity 
~ : s ·ribut i ons (c) fo r a como ined ~ayleigh number (d ue 
:: :emperature and mois•ure potent i als ) of 10°, ratio 
or ·.iall to air conduc: i vit y ( k"' ) 10 . and r at i o of 
~a i to air water vapor dif"us vity rat i o (D*) 0.01. 

C~moined Heat and Mass Transoort in Attics: Combined 
heat and moisture transport {n attics was analyzed in 
'.!etail and comoared to measured data [13]. Figure 
5.a shows the layout of the attic. A multizone 
; umoed mode 1 was used for the air and the at: i c 
enve looe was simulated using eta il ed temoerature·and 
:nois :ure ~quations. Figun! 5.J shows the measurea 
;nass. Flux carried by th e att i c ventilation a.ir- and 
~~moerature predic ion errors oc:urring at the at i c 
~ . oar for cases with and without moisture simulat i on. 

CJmoined Heat and Moisture Transfer in a Typical 
Wall: A conventional wood frame wall has been studied 
us1ng detailed temoerature and moisture equations 
['.O]. The wall analyzed is shown in Figure 6. The 
=xternal surface of the wall is subjected to typical 
Juiy, Miami ambient conditions. The internal surface 
was subjected to a constant convective temoerature of 
27°C and relative humidity of 55~. Wall temperature 
~istribution far selected hours is shown in Figure 7. 
r 1 gures 8 and 9 shaw the tot a 1 moisture flux and 
partial water vapor pressure distributions within the 
·.-ail, respectively. 

CONCLUSIONS 

FSEC 1.1 has been successfol l v used to simulate a 
variety of building science pr;olems . The software 
offers extensive capabi 1 it i es, but input fi 1 e 
~reparation is tedious. The current version is 
intended for users with an extensive numerical 
analysis background. 

'.:i the future, program FSEC 2.0 will be made 
available to a ·11ider, les:; exoerienced audience. 
3efore this can ·JC::.ir additional war'<. on the inout 
lnd output processors and an enhanced users manual 
are required. This work is in progress . The authors 
would ·.ielcome any suggestions or comments that may 
:irove useful in comoleting ~his task . 
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history for a conventional woad frame wall (10] . 
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