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about Microinfo Ltd . .... . 
Microinto is an independent company established in 1970, specializing in 
the preparation and distribution of information products and services for 
industrial, government, academic, research, business and other sectors. 

The multi-media products offered include paper and microfiche copies of 
technical and scientific reports; subscription services-usually paper but in 
some cases microfiche editions; computer software on magnetic tape and 
diskette; computerised databases; online computer services and database 
services on CO-ROM (Compact Disc-Read Only Memory). 

Microinfo distributes information products and services for some of the 
world's most highly respected organizations including: 

* The NATIONAL TECHNICAL INFORMATION SERVICE (NTIS) of the 
United States Department of Commerce. 

* The UNITED STATES GOVERNMENT PRINTING OFFICE (GPO). 
* The INTERNATIONAL MONETARY FUND. 
* The WORLD BANK. 
* The UNITED STATES NATIONAL STANDARDS ASSOCIATION. 
* The JAPAN INFORMATION CENTER OF SCIENCE AND 

TECHNOLOGY (JICST)-an agency of the Japanese Government. 

Additionally, Microinfo undertakes special information acquisition, 
preparation and distribution programmes on behalf of official agencies. For 
example, the company has for many years contributed research reports 
from United Kingdom and European sources to the NTIS Bibliographic 
Database so enhancing the content of non-US material. Also, in late 1986, 
Micro info was appointed by the UK Department of Trade and Industry to 
operate the Department's TECHALERT technology transfer programme. 

Microinfo also offers a Book Supply Service for almost any English 
Language book title currently in print in either the UK or the USA. Orders for 
reference works of all kinds, business, professional, scientific and technical 
books, directories, yearbooks and so on can be supplied. 

For further information on any of the above and for general information on 
the full range of Microinfo services, please contact the address shown on 
the front cover. 

This document has been reproduced by permission ot the copylight holder, from the best availat:ue 'onginaJ' or mi(;:ofid!e t;Dfl'f. 
Lim1tat1ons associated w1tn the reproelucuon te<:nno1ogy sometimes give lise to leg1b1lity difficulties. Please repon any problems to 
MICROINFO w11nout delay. 
REPROOUCTION OR ENTRY INTO A DOCUMENT STORAGE. RETRIEVAL AND TFIANSMISSION SYSTEM BY THE 
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11011 r eder al ancl fm ei911 age11cies awf sowces. 

Cv11sisli11g of cilalio11s of US Government sponsoted resea1c/J, clevefopmenl amt 
c11virwr.1i11g WfJOrls, as ivelf as ollw1 ;uralyses f'Wf!awd lly Govm11111cnl ilgnm:ies. llwi1 
nmlraclvrs or grantees, Ille NrtS 1/alabase co~·ers nearly every lofJiC of practical impo1/am:e, 
lyf'ical s11/Jjecls inclucle: b11si11ess and fi11a11ce, e11gioeeri11g, e11viro111ne11I, e11e1gy, 
cnr11f111IC1s, u11111111111ir:alio11s, rofJolics. l1iolec/111ology amf lransf10rlati011. 

/lie NTfS database lras now been published by Slfve1Plaller l11formallo11 Services on 
Compact Disc. making one of tl1e world's leading sources of scientific and tecl111ical 
111!01111atio11 easily available. 

flesr.;11ct1 for NJIS rcpmts is olfen concluctecl /JV US co111oralions a11cl 1mive1sitics under 
co1111acl lo Government agencies. Appro>cimalefy 400,000 reports in ll1e collection me 
/llc>1l11ccd by foreign Go1•em111e11I agencies, acndemic i11stil11tio11s n11d otlwr mm ·US 
p1y;1111s;rl1011s rrom lflese sources some 70,0VO new 1epo1ts <1re adclecl to llie NJIS sloch 
eat/1 )•ear. 

A l1igl1 ruoportio11 of Ille doc11111ents ac1711irecf /Jy NTIS f1om Ille various agencies me fully 
/J1or:essc1/ l1y NHS. 1/1is irrclucles clesc1i(Jtivc catalou11i11g, s11l1jecl classificatio11 a11cl i11efexi11g. 
ancf ;ilJsfracti11g Oiiier 1loc11111e11/s au111ire1f by NrtS fiave been catafoguecl amt incfe>ced /Jy 
s11h1ecl specialists al Ille 0tigi11ali11g agencies. 

.~ flange seill cl1i11g of limit f1elcls. 

II Drowse Ille complete inclex of le1111s . 

II IJispfay sea1cl1 res11/ls. 

h Pt i11I searcf1 res11lts. 

>'• 1rn11sfer semc/1 res11/ls lo disk . 

Wiien you s11bscribe to NTIS on CD-ROM yo11 wil/ 1eceive: 

.~ ()11111 l<!tly 1111dates wf1id1 arn 111ovidmf cm re11lm:c111cmt 1/iscs. 
Simply 1et11111 l/1e old disc lo acfmowledge receipt of lfle update. 

11 Powerf11/, 11ser-lrie11dly Sifve1Pfaller l11formalio11 fletrieval Software. 

,\ New wleascs and 11pdi1les lo tl1e /11fo1mafio11 flelrieval Sol/ware. 

>'• 011/i11e I lfl.P screens relating to Ille software. 

,.. 011/i11e 1falabase Gulde scice11s l1igf1ligl11i11g <ialabase features. 

Ir Compre/le11sivu pri11tecl cloc11111e11tation. 

it fofepf1011e frotli11e for user em111iries. 
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Searching NTIS on Compacf Disc Sl/verP/aller NTIS on CD-ROM Is rl/slrlbuled In ll1e Unlled Kingdom by: 

Si/\ ei rta lier's sopl1islicated soflwme employs Ille same semcl1 amt rntrieval lccl111il111es for 
all databases. 

NTIS on CD·ROM allows t11e 11ser to: 

11 Searcl1 /or l<eywords 1f1To11gl1011I tl1e entire database, or in specified fields. 
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II f11111ca/ior1 of J<eywords. 
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ABSTRACT 

In StJite of its illrpor":Ance, the analysis of airflows has si~ficantly l.&g~~d 
che modeling of. other buildi:'l@: feat:J.res because of bited. c:.au. compu'tat:ional 
difficulties, and incowpai:i~l• a..thods for analj' :ing different: flo,.-s. .!athocis 
have been developed to analyze airflows in HVAC duets :ind t:o estimate infil
cration out t.he 1ntaraction b..eween building HVAC sysu=as and i~il~ration 
airflows !las seldom bee:l sl:Udieci. Ihit. report describes a coapucer pro~am 
f~r J10de ling networks of airflow eleaent.s, such as openings. dw:t:s, and fans . 
It urphuues the nwDe:::-ical a.spect:s of an airflow na:vork .. chod which would 
provide a unifiea ap'Oroach to bu~ ldJng airflow calc:ul.&t:ious. Ic also 
discusses the .i.imit:.&ti ons of tile mec.."iod a· i poorly imdarstood factors ci".1t 
could profit from further t•H&..":'ch. 
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1. INTRODUCTION 

Air movement models have been developed for P.stlm.ating airflows in buildings. 
Thes ~ airl"lo~·s inclut1· infiltration, natural ventL.at::.on, ir.ten:oom airflows 
through varioW' openings including door.rays, and flovs through tile HVAC 
system. The num~rical estimatiun of average charac:eristi~s of ~~=h airflow~ 
~s useful for moisture and contaminant dispersal analysis, inc~ud· · tg 1:he 
:iesign of smr~·: =ontrol syst2~s, and heat transfer an.a:ysis lncluo.ing lo~d 
and energy ~alculations. In spite of its importance, th: analysis ot airflows 
has significantly laggec the modeling of other building features ~ecause of 
limited data, computational d~fficulties, and incompatihl~ methods for 
~tu!.ly%ing differe~t flows. This is ~arti~ularly true of t..1e cot:lbined building 
and HVAC system simulation. MethGds have been developed tc analyze airflows 
in ducts (ASHRAE, 1985, ch 33) and to estimate 1nfiltrati~n (Liddanent & 
'l"hompsor., 1982) and ventilation (ASlffiAE, 1985, ch 22), but the intim•te 
relationship between these ?recesses hae seldom been stu1ied. ~en it has, 
tne results have ~om~times been surprising cr~=sily, 19!~'. 

Relatively few methods that could be applied to both processes have beer. 
developed ~ithin the building si~ulation community and desc=ib~d in detail. 
Several co~pu:er models deve opec fo:- sr.;Y.e control anal~sis are reviewed by 
Said (1988). Models for building energy <mc1lys:..s have been developed by 
Clarke (1985) and ioialtor, (1984). All of these methods are based upon the idea 
that there is a simple nonlinear relarionship bet~een the flo~ through an 
O?ening and the relative air ~ressure difference ocross it, and t~at a 
buildi~g can be considered to be composed of a lar~e nu:~er of r~oms whic~ are 
connec::ed by openings to each otber anc! to the out!:.ide. This i!:. a network or 
room~ (nodes) and openings (connections) which is concept~al~y similar to th~ 
air handling system netvork where the connections are the duc~ork and the 
nodes are the ductwork junc::ions. Conse!'Vation of ma~; for the flows into and 
out of each node leads to a set of simul:aneous nonline4r equa::ions which are 
solved iteratively for the airflows. This car. be callee an •airflow neework, 
methoc!. It!. relationship to pip net".l .... rk m.echods w~ll be discussed. Suc:h an 
analysis is also sometimes refer-::ed to as a multi-chamb~:- or multi-cell method 
(ASHRAE, 1985, p 22.13). This repor: draw~ extensively on Axley's airflow 
elem~nt (1987) and contaminant element (1988) methods which are, in tu=~. 
based or. r.umerical methods associated with finite elen:E.1:: mod"' ling techniques. 

Modeling of airflows requires: .1) detemina-:ion ~; the location and 
ma:hematical characterization of the airflow paths, (2) determination of the 
boundary conditions (primarily •~ind pressure), (3) calculation of the 
resulting airflo1o;.;, and ( 4) a user-friendly frame:·~ork in which t:o do the 
analysis. Progress has been made in such vital ar~ar AS wind pressure 
estimates (Swami & Chandra, 1988) and interroom airfl .... ·s (!arak1;,;, 19S7). 
Unfortunately. it is often thought that a network moael is so complex that: it 
requires a mainframe computer for its solution (ASH?.A.£, 1925, p 22.13) and is, 
therefore, impractical. This apparent imprac1...:cali:y disco~rage< gathering 
th~ data which is necessary for the use ot ne~ork models. 

This repcrt ~ill sho1."T! that a nerwork model is practical. It will emrhasize 
the numerical aspec.:s of the a.ir!lo"' ne:·.1c=k method which allo1.· it to provide 
a prac:ical . unified aFproach to builcin~ airflow calculations. Details of 
the pro;:::-a::: A:~:ET, a rr .. :rocor.p1...::er irr.plernen:c.tion cf this airflo._ neto,.;ork 
me:hod, ~ill be ~iscussed. I: ~ill also discu~s the li~itations of the me:hod 
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a.ta t-oorl:• unaerstood factors that could profit from fuz:the.i: research. 

2 , AN AIRFLOY RrlVORX MF!? ·o 

An airflow nat:vork consists bas:cally of a se: of nod~s connected by airflow 
el .. ents. The nodes may re~resent rooms, cur.nect! .n points in 1ucevork, or 
the A:bient environment. The airflow elements corres,ond :o discrete airflow 
pa1aages such as doorvays, con~t%'Uction cr•cks, ducts, and fans. Figure 1 i~ 
a .ietch of a por~ion of a building cunsisting of cvo -:ooms, a hallway, ar.:" 
air di$tribut1on e~uipment representing a VAV system. Figure 2 shows an 
altflov net::\lork supPrimposed on the physical structure of fi;ure l, The large 
do~ •re no . .l.es -- :. the connecting linc.s 011 .. the various airflow elements, 

2.1 Modular Approach 

Th• network approach make~ the developmen: of element mod~:s, exci~ation 
modals, and solution method somewhat independent. The co~uter p~ogram 
~odlles will obviously mirror the theoretical modules wi:h input and output 
moc:b.li:?s added to create a useful simulatio"1 tocl. The various modules provide 
a r~olki~ for the analyst to consider a practically infinite var.e~ of systeu 
moiels, 

Fot this study an airflou network simulat:ion corr.puter pro&ram, AIRNET, was 
du~lored V:im an earlier airflow analysis program (\falton, 1984). The new 
prGgra~ consists of: 
(!) a p~ocess for est:ablishing an initial set of values tc start tile 
i=e:-a~ive solution process, 
(2) a solution method for nonlinear equa~ions consisting of a traditional 
Ne~on's metilod c~mbined with Steffensen _teration to acctlera:e convergence, 
(3~ airfl~w element s~oroutines which comp~te the flo• rate and derivative of 
thf flow with respect to pressure difference needed to for.n the Jacobian 
matrix used in N~•ton's method, 
(4) a separate process for transferring the above data into the Jacobian 
mat.rix (callee the element assembiy process), and 
(5} solut:ion of r~e ;imul~ane~us linear equations involving the Jacobian 
inatrix, 

This discussio~ will begin with the solution method. 

2. 2 :1ewton' s Method 

Each airflow ele~ent, ~. rela~es the mass fiow ra~e. wi, through the element 
duP to the pressure dro~, ~pi, across lt, Conserv~tion of mass at ea~h node 
is e~uivalent to the mathPmatical statement that the su:ii of the mass flows 
eq~l zero (or the mass generaced, a~ in the case of a fire) at each node. 
The flows are related nonlin:?arly to the pressures at the nodes thus 
requi-:ing the i ,erative soi.ut:i.:Jt. <•a set of nonlinear eqi.:.•tions . In Newt:c:n's 
methoC.: (Conte & de Boor . 1972, µ •,J), a new estimate of the vector of ill node 
pressi..res, (Pl", is compuc:.ed fror:i c:he c:urrent es::izr.a..,.: of pressure:, (Pi, by 
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vh~re the correction vecto~. lCJ, is computed oy the ~trix re!acicnship 

[.:) lCJ = IBJ (2) 

(Bl is a column vector with eact ~lement given by 

!n = :l: "'1 (3) 
i 

where n i~ the node number and i indicates ~ll flow paths connecting node ~ to 
ocher nodes, anc [J) is che square (i.e. N by N for s net:Work of N nodes) 
Jacobian matrix whose elements are ,1ven oy 

I ~ Jn·• = aP (4) 
1 • 

In equations ~3) a~d (4) w1 and awi/oP0 are evaluated using the current 
escimate of pYessure (P). The AIR.NET prog~am conta~ns sub~outi~2£ ~~reach 
airflow el eme-:it wl-iic.:, return t:he 11ass flov 1·ates and t!-ie partial derivative 
values for a given pressure difference inpu~. 

2.~ Solutia~~: ~ne E~~a~ions 

~q~ation (2) represents a set of linear eq1.:.4t1ons which must be set up and 
solved for each i•,..rc. ~on until a convergei.:: solution of the set of nonlinear 
e4uacions is ach~_.cJ. In its full fo=m {J] requires computer mP~~ry for N2 

values, and a ~t~ndard Gauss elimination solution has execution time 
proportional to N'. Sparse mat:-ix methods can be used to re~~ce both the 
storage and execution time :equ~rements. 

A skylin, ·solution process following the m~::hod "'f Dhatt (198t. , pp . 282-192) 
was chosen. This met:hoc can~~ \tSed to _ solve equations with S)'1llllletric or 
nonsyr.unetrjc mat'L":.ces. It sP. ·.t: ,. no zero values above the highest nonzero 
element ir. the ..:ol.ua:::is al•ove the diagonal and no zero va.lues to the left of 
th~ fi:sc nonzero va ~ue in each row belov the diagonal. Analysis ~i the 
element models vill sho~ chat 

This condition allo~s a solution vithout pivotiug. although scaling may be 
useful. Modularizing the equation solutfon process and the wtrix assemLly 
proce~s will make it easy to ~ubstitute otiler solution processes. 

(5) 

Note that the degree of sparsity of Ja~obian m~trix is depe~dent o~ the 
ordering of thP nodes. ~rdering can be improved by various algorf:.hms or 
rules-of-thum: Also note that: it is ea~y to define an airflow network which 
has no unique solution. vne :equirement f~r solution is that &t le~st one of 
l .a node pressures be known. This :s usually the ambient node. All nodes 
ltllst be linked, through some path, to a known pressure. There may be se,aral 
kno._-n pressure notie~ . n.e ai_rfl'">•-· net'l."Otk l!lethod allows t•c types of nodes: 
chose 1.;ich kno:""O or unkno1.-n r : ·i-s•.ires . l .• AIP::Er ::::r.e constant pressure nodes 
are inciuded i~ the system of equations and equa::::ior. (2) proce~se1 sc as •~ 
not change c:.ose nodP pressurr.s. !"r.is &iv~s a.n ariried flexibility i11 definin& 
the airflow network ..:ich sr~cial proci:ssing maim:.a~nin; :.i: .. s_.T..-:: ·.:ric se::: of 
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equat:ious. !he fom c·f the equations for knovn pressure nodes combined vi eh 
the condit:ion in equa~iJn (5) for unknown press~res nodes is a sufficient 
condition for the Jacobian to be non:ing-~l~r (Axley, 1987). Al~"'E1' is 
presen:ly set '.l'p so e.."lat the u.!.>!.en: node pressu:-e is zero c:ausing tile 
comput;ed node pressures to be valtles relative to tile t:ru~ .mbient: press:.ire. 
This helps maintain numerical ~ign1ficance in calculating ~P. 

?.4 Convergence Criteria 

Conservat:ion of mass at 
is, if ~ w1 = C for all 
.olution has converged. 
attained by cueing foi· 

each node provide~ the convergence criterion. Tha~ 
nodes for :he current sy~t:e~ pres~ure esti~at~, ~e 

Many iterations can be saved ar.d Sllfficient: accuracy 
relative con7ergence at each node 

l6) 

vith a t:est co prevent 'iivisivn by 7.ero. The size oi ( .:an be established by 
considering t:he use o; t:he calculac-.d airflows, such&!" in an energy balance. 

2.5 Cor.ver;ence Accclerat:~on 

Numerical tests of Newton's method s~lution indica~ed occasional inst:an~es of 
very slow convergence, always with oscillath:& cGrrections on succi:ssive 
iterations. This is depicted graphically for the success~va values of 
pressure at a sir:gle node in figure 3. In t:he ca.:;i:: sbo"'•• each successive 
pressure correction is a constant ratio of ;he ~re,.ious correc~i~n. !he 
observed corrections co~e close to thi~ pat~ern. By assUI:ing a constant 
rat:!.", it !,!'; :- .. '!lplc to extr.a-polzte t:h.e cor':ections to an assumed solution: 

P, • = Pn - Ci:/(1-r) (7) 

where r is t:he ratio of Cn for the current iteration to its value for the 
p.evious it'!ration. This e:xt:rapola:;ed value nf norle pr~ssure is useC: in the 
next Ne'Wt.Jn iteration. At every ocher iteration, there are t'llO pressure: 
correction value~ tJhich n.ay be used for. an r.xtrapol.iti.,n. This mrt:ho<' is 
similar to a St:effensen i.ter3tion (Cont:e & de Boor, 1972, p Si.) which is used 
with a fixed point: iterat:ion me.:h"d ·fer individual nor.linear equations. 

The osc:.llating corr'.!ctions have been observed t-y ot:her invest!.gators (Yood, 
19fll; Den:uren, 1986). Demuren uses a constant: rela'X:acioo factor of 0.5 CC" 

prevent ~he oscillations. The iteration cor.ection method presented in 
equation ~7) gives a variable factor . When the solution is close to 
convergence, Newton·~ method ite•atior.s convLrge quadratic4lly. By limiting 
the application of equat~on (7) to cases where r is les~ than some value s~ch 
a~ -0 . S. it will not interfr::re wit~ the rapid conver~ence. Tests by the 
auc.hor confirm that this i.:: fast:er than the cons::.ant relaxation fac:or. It: 
has no::. been proven that equation (7) will always lead to convergence, but it 
can be sho'WT\ that it \.."ill not pre·1ent con..,ergencr::. 1-'ewton' s meth.'.>d converge~ · 
when the estima::.ed solu:ion values 3!'e wi~hin .somc dista~ce, callr::d ~he radius 
of con··e:::gencE:, of thE: correct: sol•.·tion. A?ply'..ni; equa.:ion Ci) 1.,1i,er-. 
-1 < r < O. \,;i ll causE: a smal l er currecr'ion than Ne~to~·s methoc. ~hich, 
therefcir.:.. canr.oc force: ::.he itera.:ion.s- outs ide t:hr:: rac~us of: c:cn•:err.,.~ce. 



The meanir.gs of ::it.her values 0£ r &?'e a; ·;i2 intp~est1.!'.t;. \.'1\en r < -l, tile 
solut.ion diverges in an oscillacory fashion. Yhen r ~ l, tll~ soluciar. &l.Jto 
civerges, but in a nonos~illa~oTy -.nner. For O < r < l, :.ite aolu~ion is 
approL:t~d fro~ o~e direction. In all d\ree case~. eqwi~ion (7) •P?lie~ as 
long as r is tr~ly con~~n~ over several ite~a:ions: · Hc-:.1ever, for the last 
ca~e. tilis invoives a true extrzpol•tion of cnrrection f•c~o~ vhich is very 
,aen.sit"ve to the acc·.lracy of r. This 1.& 1tast extrP-m~ for -r.e case of 
r = 1, vhieh vould cause an infinit.e correc~:on. 

2.6 Linear Initiali:at~=~ 

Nevton's method requ.ires an '.nitial set 0$' values for th• node ptessures. 
Thi:se II&)' be ootainec by includin& in ••ch airflow ele!!le:.:. llOciel a linear 
app~oximation rel&ting the flow ~o the pr~ssure ~r~p: 

(8) 

Conservation of mass at each node leads to a set of linear e-;uat!.ons of' the 
forr. 

:.~.; t:l = l?»: (9) 

T'1e ce~ffieient ~atrix :AJ in equatio~ (9) has ~he ~ame s1a:s!t~ pat~e1~ as 
[J: in eq~a,ion (2) all~~ing us~ of the samP spar~e matriY ~olution.pTc~ess 
for both ~quacions. !r s ini~~alization handic= ~:ack ef!er.::s very wel ~nd 
tend!'l t: estaoli.sh the ;.rope-: c!iree::ions for the flo·.:;;. ::~e li:i.eA::- £:'prov.· 
ima::io:-; is eon·.renie:1tly pro'l.':.dt!".i b;i ti-2 laminar regime of :ne element 111ddels 
desc:ri:..ed beloi..·, but it also may be ?· · •vid~d by a sec:art apt-roxiJ:lat_ion to t.hE< 
actual nonlin~ar behavior. 

Th~ ini.::iali.:at:.on :ias been c;ace oprior.oil : n A!F.!\ET. !Jhen solving a set of 
sir:.!.lar problems, su· ~. as wher. the nocl.e temperatures or 1.:i:id. pressures ar·.: 
ehange: b'-· s::: .. :l ar_our::s. it: 1tay be prefer:-.olt- to 1.!S'-' th~ previous solution 
ror the :ioc~ pressures •~ ~he ini~ial values for .he new proble~ . 

Flo- ~ithi~ each airflo~ ele~en~ :s ass..:med to be governed by Bernoulli's 
equar:ior. : 

t.. = (P: ,. pV, 2 ,'2) . (pl • pV42/2) + pg(Z1 - z,) 
where 

t.P : t.Jtal pre"".i::ure d::-op between pcints 1 and 2 
r:. P; = entry and c:di: static p:essures 
V:, v. = .. entry and exit velocities 
c = !luid d.tir:S it:: 
& = accehra::ic~ C'f gra,,.•i :!· \~.81 .:./s'2.) 

Z: • Zz = en::.r:: and u.i:: ele ..... ·ation~. 

pressure. te::r2ratu~e (to 

(10) 

T!., :~Llo~~r:r parace:ers a~p~y tr :he nodE3: 
eu~?~-e di~S~-.· and viscosi:y~. a~~ he!~h:. The r.occ he~~~= .aiues ~re ~sed 
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Ai'7'flow ~le::aeuc.:: aa~ conner.t vi th the r~~ at other ~n it:; rehr~nce height . 
.A~;>endix C. 3 ::hovs how to use the bydrosutic eql1~ti~n t<> relat.e :he pres:;ure 
d!.!ferern:e acres.!= • flow alei;ent to th~ l- .ight.:. o! the ele=ent ends and tilP. 
node he!.ghts, assuming t.'i.e air in the room is et consume i:.emperature. 
Press"L:re t£oas can be rea:::anged .and r. possible wind pressure for building 
envelope openin8s added co give 

AP = PD - P. + PS + PV 
where 

• total pressures a: nodes n and • 

(11) 

pr.. P. 
PS 
PW 

c pressure diff~rence due to densi~ and heig!it differencr•, and 
= pressu=• difference &1e to ~inci. 

Equation (11) e :~tabli£hes a sign conventien fo~ direc"::!.on o( flov: positive 
is from node n 1:0 nod£ 11. Since the airflo• elements vill be described by a 
relat.ionship of the for: w 2 f(.6.P), t:he partial derivative n~eded for [J] in 
equation (4) are related by aw/aP. = -aw/aPa vh1c~1 estahlishes the relation 
in equation ~5). 

3.1 Po-erla- Flow Elements 

Most infiltration models are hazed on the foilowing e~?irical (powerlaw) 
relationship be~een the flow and the pressu•:e difference across a crack or 
opening in the building shell: 

(t.P>O) 
or 

w1 = -c J;= (-~P) 7 

vhe:-e 
(t.P<O) 

wi = mass flow rate of air through element i from node n to node m, 
~ = fl~w coefficient:, 
p = air density of node n or m, 

~p =total pressure loss acros~ the element (Pn - P=), and 
x = flow exponent . 

(12a) 

(12b) 

Thect'etically, 
Large openings: 
near 0 . 6 5 ha'\·e 
equations <12) 

the value of che flow exponent should ll.e 
are characcerized by values very close to 
bee1:i. four.d for smai1 ~rac:k-like openings. 
is s':.lgges~ed by the o:-ifi.ce equa.tjon: 

between 0.5 and 1.0. 
0.5, while values 

The form of 

Q = Cd A J2t.P,°S (13) 
•-here 

Q = volwi:e.tric flo,_. (Q = w/;,). 
Cd = discharge coefficient, and 

A = ori!'ice opening area. 

Equation (11) sh.,uld be considered a correlation ra.~her than a phy.o:ical law. 
lt can be used with the element leakage ar~a formulatior. which has been u~ed 
to chc;.:-ac :: erize o~enings f=>r infiltrations calculations (ASHRAE, : ••ss, p 
22 . 16) . The author has used it :o desc:-ibe. flo1:s through ducts to an accur:i.cy 
of abou::: 2• ovt:r a range of flow ratE:S r.h.:.: vary by a factor of four. Su.:-h a 
variatio~ would be 'ound in a VAt sys~em . 
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The pri.D.a:-y advanuage of equations {12) for describing airflow components is 
tile simple c•lc:ulat:ion Gf the part:iAl derivat:ives for tile Hevec:n' s .. t:hod 
solut:ion of the simultimeous equ.at:icm:;: 

avi 
,. x '"°1 I ~P n4a) aPll 

and 
-5 • -x v1 I 4P (14b) aP. 

r:owever ' tilere is also a problem vitil equ.at:ion.s .(14): the derivat:ives become 
u~~ounded as the pressure drop (and the flov) go to %ero. A simple vay to 
.-void this p-roble11 is suggest:ed by what physically bappens at lov flov rates: 

physical ch.&racter of the !low (and the forn of t:he equation) changes. It 
J from t:urb~lent to laminar. Equation (12) can be replaced_by 

w s ·K p ~P / ~ 

where 
(15) 

K = flow coefficient, 
µ = viscosit:y. 

The partial derivatives are simple cotlstants. 

= K p/µ (16a) 

and 
~). 
apm 

= -K p/µ (l6b) 

The origin of this laminar reiationship is shovn by the duct equations in the 
next section. This technique has been independently discovered and used by 
several researchers (Axley. 1987; I~aacs, 1980). Although there i~ physical 
rezson for using equation (15) at low pressure drops, its =•al purpose i; to 
assure co11vergence of the equations when AP approaches zero for one of the 
many flow paths in a complex network, instead of accurately represerit:ing 
airflows ~hich are too small to be of interest. 

The AIRXtT functicn for powe=law elements calculat:es flovs using both the 
laminar and the turbulent models, equat:ions (12) and (15), and selects l:he 
method giving the smaller magnitude flow. There is a discont:inuity in the 

"derivative of the w(AP) curve where the two equations intersect. · This discon
tinuity is a violation of one of the sufficient conditions for convergence of 
Newton's method (Conte & de .Boor, 1972, p 86) . However, numerical tests 
conducted by the author for flows at: that point using a small airflow network 
have shown no convergence problem. 

3. 2 Ducts 

The theory of flows in ducts (and pipes} is well established and summari%ed in 
the ASHRAE Handbook of Fundamer.tals (ASHRAE, 1985, ch 33'. Hore extensive 
trec.tment is gh·en by Blevins (198l.) in a. lo""g chapter on pipe and duct floi.;. 
Analysis is !>ased on Berr.ou.l.li 's equa:ion and its assu::?tior.s. 
The fric::ion lo~ses in a section of duct or pipe are given by 

i • . . 

Ii 
r. 
r 
! 

I ... 
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~Pr = f·L/t•pV2 /2 . ... .:. -:- : (17) 
vbere 

f = friction factor, 
L = duct lengtil. anc! 
D =hydraulic ui&meter. 

The dyn&mic losses due to fittings and so fortil are given by 

AP4 = C0 pVZ /"! 
vt.ere 

(Hi) 

C0 = dynamic loss coefficient. 

Tot:.al pressure losses are given by 

Since w = pVA, where A is the cross section area, 

The friction factor can be computed using the nonlinear Colebrook equation 
(ASHRAE, 1985, p 2.9) 

l/./f = l.44 + 2•log(D/t) -2·log[l + Re·:i~·)f] 
where 

t = roughness dimens~on, and 
Re = Reynolds number = pVD/~ = wD//,JA. 

(19) 

(20) 

(21~ 

This nonlinear equation may be readily solved using the following ite-ative 
expression derived from equation (21) by Ne~on's ~~~hod: 

where 
g• = g - [g - a + ..., ln(l+g,8)] I [ 1 + -rfi/(l+g/J)] 

gsl/)f, 
a; 1.14 - -, ln((/D), 
/J = 9.3/(Re•(/D), and 
-, = 2·log(e) = 0.868589 . 

(22) 

The convergent solution is achieved L: 2 or· 3 iterations of equation (22) 
using g = a as a starting value . If the value of g has b~en saved from the 
previous time it was computed for a particular duct element, and the flow rate 
has not changed greatly, only one iteration of equation (22) will be needed to 
compute the friction factor . 

The exact derivatives of eGuation {20) a~e difficult to compute. However, 
reasonable convergence is achieved by assuming the the coefficienes in 
equaeion (20) are constant giving 

{23a) 

and 

(23b) 

8 
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!he abcve descr!.ptio:i of duct !low a;: I~ es only ~in c.~e ~fully .turbulent !lov 
regi• Above a Reynolds nuz:!>er of 04ut l..000. · iJher. the &.ynolds number is 
below aoout 2000, the flow is laminar vi~ the lamir..ar friction loss 
d.escribeci by .: . . . : · .• :.; ... 

vhere 

AP1 = 'k/Re•L/D•pV2 /2 

• l'I p• kl./ C2AD2) •v 

k • la:in.ar fric~ion fac:or. 

Lmainar dynamic losses are given by 

where 
Ka = laminar dyn.mic loss coefticient. 

(24) 

(25) 

EY.pr~ssions (24' ard (25) lead to a quadratic eq~tion for uss flow in tel"lllS 
of total ?ressure drop: 

a ,.,..z + b v + c s 0 
vhe!"e 

a = K0 /(2pA2 ) 

b = J..1kl./(·1.pAD2 ) 

c ... j a i 
~iv:ng 

w = s!gn(AP)[(b2 +4ac)1 - b] / 2a 

The pareial derivatives arc given by 

a... -1 
aP. = (b"+4acJli 

The derivatives at AP = u are finite (i.e. :l/b). 

3.3 Dc-orvays 

(26c.) 

(26b) 

(27a) 

(27b) 

Flovs ihrough large openings (e.i;. doorways) tend t 10 be more complex vith the 
possibility of flows in OJ>posite directions in diffierent pares of the 
opening. The umperature and resultinf. density dif:ferences beareen two rooms 
uy mean that the stack ef'.fec:t · causes a positive press".lre difference at the 
top of the doorway and a tnegative pressure differer.Lee at che '!>ot:tom (or vice 
versa). A S"UZtmary of research on hE.at ttansfer t.hx·ough doorways is present:ed 
by iarakat (1987). Most research has attempted to develop dimensionless 
correl&tions (using Nusselt, Prandit, and Grashoff numbers) of t~~ Jrm 

Nu:/Pr = C·Gr0 b 

whel.·e 
b is approxim-:ely 0.5 and 

(28) 
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. C lies ber;veen 0.22 and 0.33 depending on the teu:perat:ure differenc~ used 

for the correlation. It bas bePn shovn that su.:h a beat umisfer is equiv
alent: to an airflow which can be 110deled by powerlav element;S (~aleon. 1982) 
by dividing the total opening i.nto sever.al aaaller openings h.av'-ng the same 
~otal area but configured to properly accounr for cite aagnit:ude and cii~ection 
of airflows at differen~ heig.~ts in the ope1.ing. 

An alt:er:iatlv~ Kpproach is to create • si"lgle airflow eleman: which acr.Gunes 
for the flow .;rver the entire opening. A sisple theory which esti&ates die 
stack induced &i.r flow through a large opening in a ver~ical parti~ion is 
given by Brown and Solvason (1962). Ihe dcrivat:io~ ->f the doorvay element is 
based on the m~del shown in Figure 4. 

!y assuming that the air densi:y in each roCUD is const:ant, th• hydros'C&t:ic 
equation is used to relate pressures at vario\O.S heigh~ in each room: 

and 

and 

Following Brown & Solvason (19C2) it is assumed that d.e veloci~ of tile 
airflow as a function of height is given by the orifice equacion: 

vhere 
Cd = discharge coefficient, and 

p = dens i tj· of the air going through the area. 

(29) 

(JO) 

(31) 

At: the neutral height, Y, the velocity of the air is zero. From equation (31) 
ehis must occur when Pn(Y) = P.(y). From equations (30) 

(32) 

If 0 < Y < H, there is a two-way airflow through the door.ray. If Pn =Pm• the 
neutral height cannot be computed, but, since there is no possibili'C)• of t:Wo
vay flow, the doorway can be considered a simple orifice opening. 

Define~~= Pn-Pm anj a . transformed heigh: coordinate%= Y - y. Then ehe 
pressure difference across the doorway is given by 

~P(z) = -gz~p 
The mass flow through ehe doorway above the neutral height is given by 

z=H-Y 
w. = I (pV)1 y d: 

z=O 
i = n or m 

and the mass flow below the neutral height by 

10 
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(34) 
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:.=O 
,..= =- I (p'."i1 Y dz 

:.=-Y 

.· 

'• ... :,.-

(35 ; 

\."he ther the 
In:egration 
tile ai:'flo.,,· 
Defining: 

subscript i sh~uld be n or m depe~ds on ti:~ direction of flo ..... 
of e~uacions (~4) anJ (35) gives several differenc solucions ior 
dependinr on the v•lue of Y and til~ r.ign of A;. 

2 Ga 3 y Cd :2gJAplJ112 

G' 9 Y Cd l2/CglAp!)J 11 .l 

£ •• IH-YIJ/2 

f •• - IH-Yll/2 

fb I! IY!3 /2 .. 

& ' - IYll/'2. ... b -

gives th-- following equations for flows and deriv&~ives. 

Casel: Y~O 

Ap > 0: 

Ap < 0 : 

Case 7: YC!!:H 

:.p > 0: 

Ap < 0: 

Case 3: 0 < y 

Ap > 0: 

Ap < 0: 

·..ri t:h a·.:/aPc. .: 

< 

'° '"" -G hm If. -:b 'j 

W = G hn If. -fb I 

w = G Jpn 1£.-fbl 

w = -G jpm 1£.-f~I 

Ii 

w. '"" -G hr:. f . 
Wi:, = G Jpn f. 

v. = G )Pr. r. 

wb = -G he f. 

-a ... ;aP-::.. 

BY/aPn = G' h. If.' -.fa' I 

a .... ;orn = G' h,. I:.' -fb' I 

a-.: I a!' :t = G • Jpn I fa , - fb • · I 

CY/8Pn = G' .r;; f • 
• 

aw;ap::. = G' Jpn f • 
b 

aw/3Pn = G' he f . • 
ow/oPn = G' jp= ft. 

(36a ) 

(36b ) 

(37a ) 

(37p ) 

(37c ) 

(3 7c ) 

(3 7e ) 

(37f ) 

(37 g ) 

(3_7h ) 

(1~; '. _,_ , 

This . model of a ~oorway tends · to be faster that the multiple opening 
appr~ach. However, it also complicates the assembiy process for the Jacobian 
matr!.x because one or two ·flows u:ay exist (i.e. , case 3 above). More impor.
t.an:ly, cievel.1pme.nt of the doon•ay elemen: model requires knowledr;e o~· the 
vertic&l temperat~re profile used in the node model (here assumed to be 
constant) in order t:o compute tl.e pressure difference as a · function of height 
across the opening. This requirement co=promises til~ independence of the 
mo:ularity of airflo~ network program . 

3 .I.. Fans 

The tho:or: of flovi:; ind\!ced bv fans is sur..'T.crizcd in the AS~P-\E Equiprnl!-:'1: 
H.indbol'.lk .(ASHRAE. 19e3. ch 3·1". More extensive :rea:::->?::: is &iven by Osbc:--:o.: 
(!9i7) . Far. pe:-forr.:ance is 1.o:-l':".a:1:~ .charac:eri=fc b:: a pe:-forr.:ar:::e cur:e s\·::-. 



as si.01.•n in fig..:r:? 5. :his cur-1e relates t:he t:ocal pressure ~ to tht! flov 
race for a given £.an speed and air clensi ~. The fan perfo:c::l.iUlCe c:urve is wel.:. 
represent:ed by one or :ore cubic pol~omial~: 

(:38) 

K:Jlt:iple polyricmials might: convenient:ly be -,bc.ained by a cubic spline .fit co 
~he perfona.a.n~e tiata . There are two im;>ort&nt fa:tors to note on e.~e shape o~ 
toe fan perfot"!!: ~n~e curve. First:, it: is describe~ ~y a telacionship of t:he 
form F(w) instead of w(P) wnich would be more &f?ropr~a:e :~r tile c:alculaci vn 
of flow and partial deri vat:ives. The bAsic shape oi the perfort11.&nce curve 
C£nnot be we l l represen~ec by a simple polynomial vi th P as t:he independe~ t: 

variable. Equat:ion ( 3 8 ) requires an iterative solu~~on co determine the flo~ 
rate. A •~di fied false-posit:ion ~et:hod (Conte & de Roor, 1972, p 31) vorii:s 
~~ickly and reliably . Fortunat:ely, l:he dtriva:i ve dw/dP is SiXl'"'?lY t:he 
inverse of dP/dw , which is a simple expression for a pclyno~ial. 

Second, it: is common for the "Oerforma:ice r.·.:rve to c.:mt:.ain point:s of cont:ra 
fle~ t:ure , with up ~o three different f l ow rates possible at: cert:ain val ues of 
fa~ press~re . This causes diff i culty in solving f or the flo1.0 rate &nd , mo=e 
i::rpo:-tan-::ly, has points where the derb ·ztive goe!. to i;.! ir.it::· . Howeve=, i: i s 
·isua lly not recocn1ended t:hat: the fan oµerat:e in the regi.m of the cont:=<. 
flec:ure poir.ts . n1er2fore. de fan can be modeled wi-::h a performance c•.:.r:e 
that doe~ not include the contraflect~rP so iong as t:hP user checks t:hat t:ne 
air distribut:ion sy~t:em does not ~ ern: i c oparaeion i n that region. 

l~ is easy t:o ide~tify the poi~:s of contraflecture fro: the coeff.cien~s o: 
che pol:.-r.~c:ial hJ the evaluation of simple de=ivar.ive~ : 

p = ao ... a!w + a2v2 T a .. 3 '!. (39a) 

P' = a. + 2a2 w + 3a~~ (39b) 

P" = 2.a~ + 6;:~ \J (39c ) 

P' = 0 at r.ne po~n:s of contraflec:ure Soiving eGU-'ltio:i (39b) for ~- gi--es: 

(401 

!f (i.~2 2 - 12a1 aJ} > 0, there arP. two real points of cor.trafle=ture, with 
equation (39c) defi~ing t:he highest roct (a3 must be negative to give th~ 
t:yl>ical fan cur"•). If P" (1..:) > 0, the point is a ma.:dmu.-::; if P" = 0, it is a 
point of inflec~lon. 

The perfor."'.a:-:.ce of a gi••en fan at various speeds :.nd ai:- densities can be 
rela.teG to a single fan performance curve th·ough the "fan laws". 

and 

.,.;he'!"e 

wl 
,._ = (N1 P• ) I (N2 P~) 

4 

P. I F2 = (N:2P1) I (?:;: 2 P2 ) 

1.0 = vclume flo-..: rate, 
P = tot~l piessu:-~ rise . 
~ = :-c:ac:onal spee~. 

.. . 



p = liensi~f 

These laws are valid if all flo~ conditions at the two· speeC.S are silll.ilar. In 
particular, t!.2y vill ="t apply at very lov f~ovs vhere fully 1:Urbulent 
~~ndi~ions h~e no~ been develor~d. 

NJZDe=ical tests with AIRN~ fer flows at the lami~r~turbulent cransi:ion 
i:dicc.te some convergence difficult:r: about twice as aany iterations as us~l 
are needea for convergence. In one case the iterat1~ns sbcved potential 
divergence vi::!l r < -1, but the convergenc~ a~celeration alg~rit:hm a.ved the 
ca.ses testet and produced a solution. 

3.5 Quadratic Flow Elemants 

Baker, Sharples, and Yard (1987) indi,~te c.~at infiltration orenings C&?I be 
•ore acc~r•t•ly mo~~led by a quadratic relationship of the form 

.t..P = A Q + B Q2 (Q,.AP ?: 0) {43a) 
at . .;. 

(Q,.;.P s 0) (43b; 

!his form c•n b~ usec as an airflo~ element by solving the quadratic Pqua~ior. 
for '' (= pQ'. Letting a :s J../p .::n:i}) "'" B/.,:2 allo•.;s equations (43a,b) -=o be 

· rewritten a.s 

i.P = a v + b v2 
.ind · 

~"'2 = a • - b v2 

These quadratic equations solve as 

w = Ua• ~.:.o"-'P - a) I 2b 
anc 

.... = (.; - Ja2 ~otlP) I 2b 

The par-ci.;l derivatives a.:e gi·.ren by 

a•/5P~ = • 1 / (a+2bjw!) 

av/oPC = - 1 I (a+2blvl> 

(\;,AP?: C) 

(v,AP S 0) 

(l.P ?: 0) 

(AP :S 0) 

Equations (45) and (46) require t~at a and b bo't~ be nonz~:o tc preven~ a 
divi~io~ by zero. There is no proble~ as ~p and v got~ zero . -- :he 
derivatives are f~niee. 

4. SAMPLE CA!...'1Jl.A!10NS 

Several sin:ple airflo'" net-::orks have· been analyzed to demons-:::ate tl.e 
pr~cecure descr~bed in the pre~ious s~c~ions . 

. , 
•J 

(44~) 

(45a) 

( 45:_) 

(46a) 

(46b) 

... 
! jl . 
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4.l Simp:e Tes: Cases 
·. : 

Fi~rP. 6 S~J'S t:Vo cases involving poverlaw elecenes in series. The !irst 
case, cons .i.st:ing of three nodes a.nd nio flov element:s, _ c:.an ~ c~nsidered a.s 
u:ode!.:ug a rooa: VJ.th sn..all 0.01 ir.2 openings on opposice sides vit.h vind 
pressure drivir1g flow through che rooa:. The se:;ond case divides ehe single 
roe: into ~o room with a part:icion cont.ai:U.ng a l.rge 2 . 00 m:2 opening. This 
case vich a very low resist:.:nce (large oper.!.n&) rtlxed virh . large resisumces 
(si:..all openings) is difficult to s~lve vit.h some methods (\l&]con, 1982; 
Clark.?, 1985, p 206). In both cases A!R."iE": req:ii :ad onl; ,cvo i~erations and 
cocp~red t.he expect:ed nearly ident:ical flows. 
Figure 7 sho"·~ three cases involvi-r.~ do··rvay elemen-;s. !n chE: first case a 
o.e m by 2.0 m doot"Vay co:mects tvo rooos vit:h a 4°C tall[j)er&t:ure difference. 
r.,e compuced cwo-vay ai-flo~ is 0.259 kg/s. In che second c&Se ten 0.16 r:?
air:lov openings at different: heigh~s are used to represer.: a doon.-ay. !"ne 
compute~ ~Jo-way airflow is 0.261 kg/s. Tne thlrd case re?resents six roo~~ 
i·1 series connected by dootvay element:s. The COtr?~t:ed flo•;;s are idEntical to 
t:he first ca~e . All :hree cases were solved in t:wo icera~ior..s. 

Fi~ure 8 sno•s a test involving t;t.;~ fans in parc:~lel. TI: ~ s is a proble= in 
the texcbook by Osborne (1977, p ~s ) . The co=?i:.;;ed press~:-es a~ree orith the 
t:c.x: -:o 10it:hil" 2 Pa (ab.:,u ..: 0.5~\ and t:he flo·.;s to w.:.:hi:i 1.5\. These 
differenc.;s al:e probablj due to the inaccuracies i:'l chr.: polynocial fit: for th.e 
fan performance curve 4nd in ch~ gra~~ical sc l ucion u~eA in tiie t:ext. 
Fig'..lre 9 snr·Js a test: '-"ith t:"'·o fans in se:-ies (Ost,o:-:-;:?., p 76). The coti:putec! 
roo: prP.s~ure ~iffer free chr value reported by Qc~orne by 2.5 Pa an= the 
airfl~ws di~fer by less than l\ . 

Figure 10 sho•s one floor of a 36-room ~:.:: :.!.:..~ necwork c:-aa:e:! t:o t:est 
exec~:ion time for a larger necvork. Tnis test case describes a four st:or:· 
bui!.cing ,.,·ith six rooms, c: hallvay, an el£vator shaf:, a stairwell, and a nocie 
re-;:::-Esent::.ng aJ::bie•nt: on ec:ch floor . The nodes represent:ing i:..lie elevat:or shaf: 
and stairv~ll on each f rare connected by very large (2.cr.::) openings. 
Si:::ilar openir.gs connec: each room t:o the hall~ays. Very s::.all (0.0li::z). 
ope~ings connect the bu:.lci~g nodes to the o~tside. lnte:i:eciate size 
openings (0. li::2 ) conne=: t:-te large· '\·e:-t:ical shaf:s ~o the h.:;.ll•ays. !"nis case 
was solved, vi:h a O.Oi, convergence cri:erion, in 5 iterations and 2.89 
seconds on a ?C corcpa :ib ie cornpuce:- ( 4. 77 !"-'fa SO So CPU .,.i :~ 8087 ma :h 
cop!'""cessor). Tnis .::s abo::: 16 times faster than t1:le predecessor to JJRNE7, 
the AIR!-10\' prograir. 'waltc:-i. 1981.). co·Jld solve this sample p-:-oblem. 

n~pendix B discusses so~e of these ar.~ other test cases in g:-eater de~ail. 

4. 2 A Coc:par'ison of Mechods 

The ESP builjing thermal si~ulation p:-osr.arn (ABACUS, 1986} ir.cludes a 
sepa=ate rrogra::i, ESPhlR, for caicula:ing airflo•s. E~PAIR •as oocpa:ed to 
the AIPS~T prog:-am. Both progracs vet'e recotr?iled and run o:-: a workst:at::.or:. 
coi::;~:er u3ing the 36-roo= test case. ESPAI~ solved this c~se '..lsing default 
St conve:-gence in about S~QO itera~iO'-S re~~i=i~g a cctaL o: lSQ seconds. 
AI~:~: solved - using the defaul: 0 . 01~ co~v~r~ence in S i:e:a:ions re~~iring 
C.16 se · o~ds . c: abo~: lCJ: ci:e~ :as:e: . 

.. . 



Th:s extreDe d::!erence ~n ca~culation ti.mes occurs partially becau~e of the 
dif!iculty which the ESPAIR algor~thm h.as wieh l&rge o~nings (Clark.e, 1985, p 
206). ~imiting all the oper.ings to an area cf O.OlmZ allc~ed ESPAIR to reach 
a solution in only 137 ite=ation and 2.10 ~econds. AIP~~c:! vas also some~hat 
faster for this case: 2 iterations and 0.06 seconds, or about 35 times faster 
than t;PAIR. Greater acc~racy in the ESPAIR solution (0.S\ convergence) 
required •ore iterations (:2. 000) and aore time (400 seconds). This is a 
particularly extreme comparison, since it v&s concerned v1eh a relatively 
large prob-:..em and large interroom openings where ES.l?Al:Jl 1s weakest and doe.; 
not consider overhead calculati ons such as I/O, but it doas d.ellonstrat:e the 
potential of the nev me thod. !he ESPAIR results may explaln ~i'l.y airflow 
network calculations have a reputation for being slov. 

5. DIRECT!uNS FOR FU'TURE RESE:ARC.ri 

5.1 Alternate Solut~on Methods 

Alttough the simple tests of the AIR.NET program and its co~?arison to £SPA!R 
looY. very promisin;, some i?::ilortant questions remain. The most it:?orta~t · 
q1.;.:s::ion concerns the relia.::iil::.::; of the ll!ethod fo;: !:cl·::.:-.b the ai=ilo·.: 
n~t~ork equations . Solution of the nonlinear equations has been demonstrated 
in ~everal t~sts but has not been m~thematically p~oven . The literat~re for 
the solution of similar equations may be he ~pful. Tr :i.ir:luw net'ol,rk is very 
similar to a pipe nen:ork with the flow resistance of openin~s and ducts 
corresponding to e.;e resistance of pipes and fans cor~esp,nding to puc?~-

Much of the theory for cocput:ing fluid flows in pipe nec-.;orks is described by 
Jeppson (1976). The basic flow phenomena Are nonliniear and must be described 
by a set of nonlinear alg1~brai ~ equa-cions. These equations may be expresse:! 
in terms of the unknown flows in the pipes (referred to as loop equadons) or 
the unknovn heads at the junctions (node equatio~s). The equa~ions are 
derived from a form of Ki=choff's circuit laws: (l) the sum of flows into a 
junction equals the sum of outwa~~ flo~s. and (2) the total hea~loss around 
any loop in the system must be zero. wood and Rayes (1981) give an excellent 
compa=::.son of several algorithre: Five methods are described anc tested; 
tnree are based on the loop equations and two on the node equacions. !he 
le~st reliable methods (those least likely to converge ::o the correct 
sol·: :ion) are the method that adjusts each loop flow individually, the method 
th~t adjusts each r.ode heac individually, and the method that adjusts the node 
heads slmultaneously. 

It is interesting to note that ESPAIR solves the airflow problem with a 
version of the algorithm which adjusts node heads individually, Among the 
airflow algorithms used in smoke control algorithms, Klote & Fot~ergill (1983) 
use individual node head adjust.ment:s '"'~ile Sander (1974) use:s the simult;;.neous 
node head adjustment algorithm , both of •-hich are among the least reliable 
methods, according to ~cod and Rayes. The method used in AIRNET also does 
simultaneous node head acjus::-ment, bu:: it is s~ difierent that it should be 

· ev&luated separa::ely. It ac~resses the t'"'o problems observed by ~ood a~c 
Rayes : (1) Large O'Penings (lo., resista!'lces) give inexac: :10.,..s bec<>use !:mall 
dif!erences in the CO~?Uted pressures leac to larse c::.ffer•nces in the !lo~'· 
This is sol "·ec! by s:::-ir.~e:1:: ~e~u i remer.t:s o:-. mass ba!.ar.ce conve:-ge:-:ce at c>ach 

1 s 

. . . . . .. .. 



ncde. Such accu: ~y is no~ costly, because Ne-~jn ' s metilcd is qwadracicall7 
convergent - - nea::: the solucion eac!\ 1te:=&tion grea::.:y !.JQro·1e.s t.he r~c:ura:::y. 

(2) Failure of the node adjust:ment •ethod to converge because o: osc·al~ting 
corrections is handled by :he Steffensen iterz~i·.m applied :o t.he N.avt:on' s 
mechod correccion factors. 

The cvo siJ:rultaneous loop methods have a good hi~tO=Y of converge~ce for pipe 
necwork problems . On t:he nche-: hanc., t.hey are more difficu!.'! to set up t:har, 
Che node 11et.h1..'dS since ind.eper..dent loors DrlSt r "! def!.r.ed; t:hey tend CO 

require the solut:ion of more simultaneo:is equa· ~ons; d"'! eqUAtion.s ~ .... not have 
thP very desirable feature of diagcnal dominance; t:hey r~nd to be less sparse 
chan t:l::e node ~quations; and some airflo• elements CAY b.· d!.[f .i.cult ::-: 
implement. '!he doorway model may be diffic~l'! becsuse it ca~ have either one 
er C'JO flovs which may m..ake it · especi•lly difficult to define the loops. 

Oi particular interest to the idea of establ:shing & general ?odu!ar prog=a:t 
is chat che loe? cethods require t.he airfl~w elements to co~pute pr~s~u=e dr~p 

as a tunc:ion of flo"' rate, "1hich is opposite che ro:.q•Jiremen: ~or t~e noce 
method. For so~e of the airflow elements, s~ch a$ po~erla• elements , the 
t~ansforiut:iou is si=-ple . Othe:rs are described more n.::iturally in one form 
than the other. For exan:ple, the duct and fan mode l~ are describec more 
n~t:ur~lly for t:he loop methoc. This indicates the need co. consider the 
soiut:ion technique in the development of eleme~t models . 

The work of ~ood and ~ayes indicates :hat seve=a! apparently :easonable 
solu;:ion met!lods for the s~multzneous nonlinear eq:iatic."l.S are no:: ve~; 
re liable. The iceal solution ~~ tne ques:ion o: reliab!li:y vc~ld b~ 
mathematical proofs of tliP. cor .. ·~.:gent n<..ture of t:he solution a.1..gori l..iun and t:he 
limitations on the eleme~t m~cels . Such proofs may be diffic:il: to achieve 
for rionlinear systems. A.l :ernatively, ex ten:,, ive test:s of ai~f.arent :iechoci.s 
would give some confidence as to their reliability . 

5.2 Other Eleme~: Models 

The ~odular structure of AIRNET would allow many more .:f~o~ ele~ents to be 
developed. Tnese elements could provid£ either ne~ car~hi~itiE~ or more 
accur.:.;:e sirnulat:ion. The necessary requirements for eleme&1t mocels are v(.'1P) 
uniquely defined fo: all ~P. anc bounded derivat~ves fur all Ar. 

It apJ:ears possible to represen': dam~ers as va::-ia.ble flo .... resistance elements 
in an airflow nbtvork . The relationship betveen ·:esistance and act:uat:or 
position could be represenced by a polyno~i~l. Tne flo~ charac:eri~tics of 
some ai!"flo• elements may depend significantly on ..he c!!.rect~on of flo1o1. I;; 
pipe networks check valves ac: in suc:i. a manne:: . These coulci be reores"'. ·P.c! 
by elements wit:h sepRrar:.! performance curves applif':d to di., ~ c.rent pressu. ·E: 
drop vr flow regimes. 

Much r.:ore work co~ld be dcine on the deYelopmen-: of the doorway models. 
Complex fl.:>v patterns invc1!.·:ing boundary laye:- flovs ca:i. exist. !hese 
p~::e~ns a.re relaced to :he ger~~tries an~ sur,ace and a::..r te~?eratu~~ 

d : s:~ibu:ion~ in :hi acij~inirg rooms. For e~a~?le . Hill (1956) us-s a model 
·.:hi:::-. im.eirporat.es n::i:'lunifo:-r. ce::-:1>era:urei; : the roo:..': ...-:-.::..:::: leac:; :o 
rr.ul:i;le neu::.a: p:essur1:- le·:els in t.::e du?'.'1-"a;· a:-.-:' co:".'?<i:"es the C'C::'Ju - 0 ~ 
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air!lo"'s tc •easured flows. P.ere .:he intiluce relation bet:wee..1 r.he doorvay 
element .ad~l and 1.he node :oiodel.s is i.JI· ore.ant. The cons-;:.ant temperat:w:e node 
model c1..1uld be expa:-.ded to tr.ree •r·re c~mplex models: (1) te:pera~e "&rier 
unifor=.ly with heigtt, (2) two unifot~ tei::peracure layers in the room, and (3) 
ewo layers each having uniformly varying cea:peracure . It may be t.eces5ary to 
develop se'\•eral dooro1ay models tc account for different ~e of a!.=flo•. 
Detailed doorw~y calc~lations would then involve mephods to identify which 
model to use. 

The exper:im~ntal dat.a ~ase for ewo-way flows berween noaes at different 
heights ( throug!': sta:f n and ~levator shafts) appears 1nsufficien:: to de·:elop 
e!.ement m'>dels. It sho:..ild be possible ~o extend the airflo'-' network iaet~cd co 
incl·.ide 2- and 3-dimensional fluid elemer.cs for the detailed codeiing of 
airflows ~itrln rooms . Oi course, this wo~ld greatly increase comp~ca:ion 
time . 

5.3 Gener•l Limita~~on~ 

The sii:ple air:low r.:?twork method ou<:lined abuve has !'o:ne inhe:-ent !.imita
tio:is. These inclucie inabi.!.it:y to c;:ii~x.:y mode l a".:Lu-.. pa::e:-::is wit::tir. a 
rooir: c:- ":> moc.el the t=ansien: a. :::c-..: r ~c.~sec by sho::-t:e::-::. c:a~si~::::!. i:-: 
wiT"d plt.·.»..:.rl! disc:ribution!.. These t:!~ec:s car. possi't>ly be ap:::oxioc.ted ';)y 
di~iding too~s inco several nod~s and &ddinr cransient flo~s co the average 
flows, bu: the direct: modeling cf such effects would g:ea~:y incr~ase 
calculat:io~ time and would p:obably be i~praccical fo: most: er.gineerin& 
analysis . Tne existen.ce of such kno-wn li:i:itatic.ns, not tc ~ent:ion unkno·--n 
fac:ors, =akes expe:-imental validat: ior. of air!lo~ ne~•=rk c~lcu:ations 
essential. 

1:: m~st be expec:ec! cha: unrertainty in the in~~t pa:~ ~te:s will alw~ys 
limic che absolute a"'curacy of air:.:lo"'· calcuLn::ions. Howeve:, a ne-:·.;ork model 
based on ?hysical la~s will be useful for evaluating design o.l:~:na:ive~ 
because relative cha~ges in flow value~ should be fair ly ac:urr.te. Mod~lari:y 
can be usec further in the des i6n o: an air:l ow analysis ?rog:ai:i; . :igure :1 
shows a structure for such a program similar co ~1at used in ES~ (ASACtS. 
198€-). Tne program separates the evalu.:.tion of wind pr.:ssures f=om tiie 
airfl ow ~alc~lation to a llo~ alternate inpu:s : manual entries, measure~ 
values, or si.mi.:.l.atec! values. tnput ot airflo'"' eletrer.;. data wo.u:d invnlve a 
data ba.se of element data . The comj ".lted airflows &O :o an out;:u: file .... :-.ich 
cot.:.ld b~ used in ei:.her indoor air quality or loads calc~la:.ions. !he .. nt.ire 
procec!ure co~ld be incori;.c.:a::ed into an energy analysis program. 

6. SU!'"-".AR'." .A1:0 CONCL::SI:JNS 

This _e~~r: ~as discussed ho~ an airflow network method can be used ~~ 
~rovice ~ unifiel ~oael of major buiiding air:lo~s. Of par:icular it:?crt:a~ce· 
is che idea of modularity . ESP's mvcularity reade t~e co~?arisoTI tesc 
possible . it is often very c:fficuit to isolate a sin~le co~putational 
feature of a monolithic pro&::am. AIR.:~T includes modulari:;· of the airflow 
ele~en:.s, allo .... i~g ele~ent:s vith grea:ly diffe =:~: flo1.: charac:e::ist:ic~ ~u be 
co~:-.~c:eC. to :.he co':e a. lgor~:.htr. b:: a cor..--::on i:-.:eria.cr: . ~:.:-e ~~r:lo1.: elt.~erts 
co~ lc b~ ac~~ ~ . The sp~rsa tr.~:rih s0l~:io~ of t:he ~i~~ l :anr:ous equo::ic~o 
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involving d\e Jac~bian ~atrix allo~s larger sys~ems of equatior~ :o be h.andl~c 
·.;:i.:ho".lt the full exec"..lti~~ time cenci.lcy oi u.sing the corr;l;;ato? mat.:i:;;:. !y 
separating th~ ~olution and mat=ix as~e=bly processes, faster sulutio~ 
~roces~es ~ould be easily su.bstituted. 

The perfcrma.nce of AlRNET rel~t1ve to ~PA!A in~!ca~es cllat it -• prac:ical t~ 
.solve che flov ne. ' -Jrk in ~.:taU. Solu.tion of complex airflo,,; netvor.k.s for 
t.he steady-state . •,e i.s prac-::ical on cur=ent Sll'!P.ll co~..lte7'"3. Solut:!.oi. of 
the dyna.mi-: e.-;.se ! - ~· many t!.mest.t.~s is n°'· pos.sible. '!'t.e c~e of smal: 
cocpute=s wi.ll make ad-.ranced •Jser ir.;iut feat.ures available w!" 1.ch cou~d 
si;nifieantly aid in the airflow ana.ly~~.s ~recess. 

Research is still need~d in several 2reas. I"nese incluc~ detr:'t'lllination ot the 
~os: re:iable airflo~ net:i.1ork solution method, a i:.a~e::a:ical £nalysis of t~e 
net:"•OLk flow equc:.tions and :h~ solut~Jn mechod, ;!evelop~ent ~f additional 
airflow element:s (especi4l~y i.l:proved la~ge opening mode~s) , experjment:al 
validat:ion of t:he simplifying assuir.pt:ions !.n t:he elelD"!!lt "l.~:iPl.e; .,r.:i neo.-:::rk 
me..t:hod, expansion of t:he "Jind pre~:;ure and ai:-fl-,._. cl'!!:!er.: ~-:rforl"aTice 
dat:abase, and mod!:!ling 1..f int.raroom effec:s by si:?li:ied i:etho:'s an:=. by 
integrat:io~ vich ~icro~cupi~ modeling method_. 
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h4 =height of the base of the doorway, 
~. hs =heights of nodes n and m, 
Pu• Pm= reference pressures of rooms (nodes) n and m, 
Pn• Pm= air densities of rooms (~odes) n and:, 
Pou• Pom =reference pressures of rooms n and mat base of door•ay, 
H: height of doorway, and ij =width of doorway. 

neutral plane 
within doorway 

neutral plane 
below doorway 

neutral pla.~e 
· above doorway 

Figure i.. Doon:a~· Coordina ~e S:-·s-::et:". and Thref: Flow Patterns 
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Airflow Network Represep;ations 

a : . ' 1 a 2 b 3 ' 
·~~~~-·~~~~~· .-~~~~-~~~~---·~~~~--· 

Parame;er Values 

P~=--3.0834 (Pa) 

T2 =20 

. Elements a· w = 0.0084853 JpAP Element b: v = 1.69706 )pAP 

Computed Values 

AP=S.923505 AP=9.577095 (Pa) AP=S.923492 ~P=0 . 000239 AP=~.5768~5 

v-0.028815 wa0.028815 . (kg/s) ws:0.028815 w=0.028814 w=0.028815 

2 iterations 4 1 terations 

:'igure 6 . Powerla~ Airflo~ Elemen:s in .Series 
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APPENDIX A.: AIPSE':' User'!" Mapu.ql 

A.l IntroC~c~io~ 

AIR.'itT is a program for testi:lg a.irflov nc~ork ca.i.cula.tions vhich m:g.~t 
be used for modeling of infiltration, ·nat:ur£l ver.til&t:ion, inter:oam, and 
mechanical system ai:-flov~. T.1e progr.111 has been vrit:t:en :Or IBM pc• and 
co=?Atible computers using the Turbo C v 2.o•• compiler. !he C source code is 
included on the distribution ~sk to aUov aodification of the prog=aJD for 
research. £xecut:1on of the p~ogram is controlled ir.ter~ctively. bu: most c: 
the problem d.ata is stored in files vhi:h are ~reated by the user. 

A.2 lnterac;iv~ input 

The~e arP t:wo primary foI111s Jf interactive input. The first consis~s of 
a quc~t:ion of t:he form 

> Question? (y/n) 

tc vhich the user can press t:he Y anci ENTER key~ for a "yes" response or !; 
and ENT:c:R for a "no". The second form allows t:he entry of rr.:::ie::ic ca'::. · 

> enter parameter [mi.1 = Pl, max = P2, defa\ lt ~ P3] 

vhere the infonnatiun in the brackets in the mi~imum pen:itted value, the 
maximum anc t:he def~~l t . P:-essing only ente: is ;a qui valent . ri e:i;:ering t:ht: 
ce:ault value. lf a default is not give~. a value must be er.tered. 

Execution of A!RNET begins with se .• al quastions about t~e input and 
ou~put files. 4he user must first proviJe the name of tile netvork da~a fila . 
which c.ontains the cLsc:-iptio. of the airflu.1 nccwork an.:l. ele:iit:nts. Second. 
the name ot the wind pressure coeffici~!':t: :~Le ~~ ~nc.e!ed . 1n1ro i s en 
C?t ~ c;n to na"'e an output file which will hold the results of ~he cal::\.~lations. 
The names of the input files are vritten to the outpur. file :o hel) <io..,;cme"!'it 
the simulation. 

The \;Ser may :hen ente:r several ruT1 control pa:-ameters. TI-·~ fc llo'lo."ing 
p ~=a.ineters are requested: 
(1) •·output · control .flag". Higher values cause more writing to the out:?\;: 
file: 0 eives node pressures ; l adds ele::nent flOY rat:e~; 2 adds data 'J:'1 the 
iurations; 3 adds an echo of the input data which can be usef.il in loca:~r:~ 
error!" in tile inj>ut files; higher numbers can be used to dur.:p ititermediate 
cai.:-1.1.lations if che program· is recompiled with apiJropria:e del-·..:gging 
parame:ers defined . 
(2) "s~i? init:ializotion fla~". 0 means use the linea:- initialization 
method; 1 1?1ean.s use the current valuP.s for node rressures to beg::.n the 
Ne\Jt:on's m~:hcd. 
(3) "a:.axic:um i1.;er.lt:ions". Tl-i· : · -.he number c..f Ne•.Jton' s m~thc:i it:erat:"!.or.s 
t:-ied un:.il it is asscmed th~ s-..~ .•. m is no: com·ergir.e; . 

* Ir,:e:rna:ior-. B·.isir • .:c;~ :'1ac:-;ines Personal .:o.r.;·~:e:r - copy:ign:/-::-atler:._:~: 
** !u:bc C versicn 2.0 ~ ~orla~·i lnternati~nal · tra~~~ark 
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(4) •t:.axit"".J: ~ressure change (:a)•. Limit T:he IUXil"·:=. cr.:n~!' :.n node 
pressure during a single ~e~ton ir.eratior.. 
(5) •relat:ive ai:::-fiow convergence•. The soh:tior. .a: c. noC.e is assWllt:i 
c:onv~rgent if I ~ flows I / ~ lflows! < this f•ct:~t. 
(6) •ahsolute airflow con';ergenc:e (k&Js)•. 'nle ,·;clu:ior. -t a no~e is assume<! 
convergen: i! I : fiows I < t:his fact:or. 
(7) •cotrVergence accelerati~n licit". If ~te rat:i~·of successiv~ press~-, 
correc~ions is less t:h;in t:his li.itit, use Steffensen accelc.:;;.::ion &lgori:hm. 
Piocessing of tile run ~ontrol param0 ~ers CPa!es vhen :he user resp~nd.s til~t: 

all values ar~ correc~. 

The U£er may tilen enter se11eral "ea!:her ·1alues related eo virci pressure . 
(1) •ambient te~perature (C)". 
(2) •baroQetric pressure (Pa)". ':'he:e ~-we vr~~es are uced ~o dete:::'ll2ine the 
air c;nsiC). 7he barometric: rr~ssure snould be the ' absolut~ pressure for the 
siLe, i.e. not cor:::-ec:ted t~ se3 leve!. 
(3) •vind speed (~/s)•. 
(4) •wind direction". This i!. t~1e t'~.-:-e-:~ion, in c!eg=ees clockwise fro::. 
north, that ~~~ wind is blowing fro~. 
Again, prcce.ssing of .the weat:her dar.i> ceases vhen tile us~r res~~nd!" tnat all 
values are correct::. See s.ction A.~ for details on t~e ~ind p~es~u:e 
calcula. ti on. 

Both · dat:a file= are ther. processed including the a.i.location of mel"'Or) to 
stora the simt'l.ati.~n data. Tnis allo1o1s the size of the problec:: to be l!.mitec 
c.nly l:.iy the alDC'lU':'lt: of available memory. 1.larning· and e::or messages tr.".y be 
given The user c:G.n then p:- •. nt informat:ion r.ala-:jve to the st:"'.!c::-...::e :;f th: 
Ja::o'c::.iar. matrix. !his '\..·:ll in:iico..:e how effi<" . .1.entl:· the :.atiix :.s s:Y :d fo.: 
a s~~rse s~lution. SeP s~~tion A.5 for more detail: on this su:jec:. 

The user car: inrecactively change some of the net..,ork descrip;:ion data 
from the i~?Ut file. The use:- ~an chan~e the values of all cont:o~ v~lues 
from t.ll":ir defaul T: set":ings oi 1. See the inf.:irc.at• on with the airflo .. · 
elements for uses of com:rol values. The revised net:lJ'.l:·k des~:-i;:tion 
pa:-amet:e=s may be printej. !he user must then explicitly all~w th~ airflo1o1 
net\lork c~lculatio~~ to procead. This allows a chance to r~vise ar.y of :he 
above data . 

Af:er com·r'uting t:hr- airflo1o1s the: user can continue to .:x .. :·.Jte ;.r~;c::. 
The program re~u~"s to the point where the run control para.cete=s a~e 
r~viewed. Tne user can change t.hese parameters, :ht= weather C.c:lta, t!':e eon:.~ol 

value:s, or so~e of the airf~ow ~~twork para.me:er~ ~u create ~•edified 
problem, which ca;.1 then be solved. The folloving network param'!ters c.ir: be 
altered: the height, te.::perature, or pres.>!.:re o: -:..acr. node; the li:-.k :ia;g··::.s, 
eleruent:, wind ~rofile, or wind p:essura mod~fier of each li~k. 

f .. 3 The: A!!.NET data files 

Most: of the data require· to sii..u.l-te ar. ai:flc·.: net"Jork i::; cor.:aineci in 
tw~ data file~ . Files are us~~. r~.her tha~ ~nteractive inp~:. be:caus~ ~f t~ : 
po:~ntia~ size ~nd co~plexi:y ~t airflc~ nF:\lo-~ pr~~le~s . AS::: fil•r arE 
~~~d for p~··:a ·,ili:y. 
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A.3.1 ~i,d coe:ficier.ts file 

'l .. e vind coeffic.ie=t~ :.:.le cor.:..o.!.ns d.at:a rPlat:ing ti"~ .... 1:-:.~ pressure tc 
the wind di:~ction. The fi=st line of thP file is a t:itle vbi~~ is e~hoec t:o 
the output . The remaining lines eacn co':l.Sist of a prof.ile r.ace (of Ui' co 15 
ch.aract:ers) followed by lt: v~nd pre~sura aodifiers ccn-e.sponding to •ind 
ci=P-ctions nf o• , 22.5 " , 45•, 67 . S•, e:=. See sect:ion A.4 for det:a.ils on tile 
~inc pressure ~alculation. E&ch wind profile wust h.i.ve a diffe=ent n~a. 

;' .. 3 . 2 Ne~~=k dL :in~ tlcn ~ile 

The Al?.NE! 1. ; C'lolor°>~. d.a~a f i.a . -:>r.uin.s a co.ar let~ c!esc~ip:.:! ~~ cf ~'le s.i:- 
f l o"" ne1"VC:'lr... !he f :.le CO~. il- .IS nocie d.At.a , element data, and link.age d.: ':a. 

it. is intended that t t.a neo.iork dat.: file be self dcc::e:itins. ?lode. 
element, anc linkag~ ~a.mes m;:: each bf:I up to 15 characte!' la~ {no im.bedded 
blan~~). Kc.mes should be chosen for physical ~ignifica~~e. In addit:ion, an 
cp-::ion.? l :::oc::nenc can "oe .placed o:: any lin~ after t:he last dat& ent:cy. Empey 
lines may be Lnserted :o i.::~~ove read.abili:y. An au:~erisk in the fi=st colu...-n 
o: a line may be used to s i g:i.i:y e~d-of-d.at4 ; ar.y infonnatio~ af:~r that is 
not p:-ocessec . Th~ fi:st line c data is a title vhich is echoec on t:he 
out;>ut: listir.; s. 

ln the follo•i~6 description ~eyvords are sho~"'• underlined. 

A.3.2.l Ncde ca.ta 

Tile nodes in the airflc~ ne~crk ca~ represent eit:her rooms or duc~ork 
linkage poj m".. Each node description has the follo\.l'ing form : 

~ name · cype ht tem? pres 

node 
na":le 

tem~ 

pres 

Notes: 

- This wo r d ident i fies :he follcwin£ data as nod~ data. 
- Th~ name identifies the node fer later reference and in the output 

listings . Eac~ noce mus t have a different name. 
- node t}7e (sinE;le character ) (::! = variable or unkno'-""' pressure, .£. ~ 

cons:an: or k~~·-n pres~ure, £ = aabier~ node) rr.e an:bient. node ~s a 
const~r.: ~rassure no~2 who~e tecperat~re is set to aitbient 
temperature by tnP ~~ogra.it. 

ref~rence height (~) at whicn the ~oc~ pressure is computed. · 
- n"de a::.r t:e!!!peratur, (C). 
- noce pressure (Pa) (:his value is not required f~r typ~ ~nodes). 

The.re: must be at leas: one constant !Ssu:-e (or ambien-CJ noci<: in che 
n.ctwork in ,,rd~r :c have a soh.:tion t~ c:hP. !.imul:aneous equat:ions. ln 
addi ::ic~. p••e-:y node a:'..lst be connec::ed by so:lle pat:h tc a const:ar.:: prE..ssure 
node This c 'lndit: i or. is t:t>~t :?d by the: proQ!au:. . 

The sequence of nodes . ce~e!"Dlines :he spars~ty of t~£ Jacobian m.at:rix for 
th~ Newt::in' s method s olu:ior. ;i.n:" c.m. tllere:ore, signifi:ant:ly effect execu-· 

. tion tjme . The nodes cant~ easi l y .eo:~ered vi:h a t~xt pr~cesscr. See 
sec:: i on A.5 for ao!'e de t ai l s. 
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A.1.2.2 El~me~~ dco.ta 

Each air!lo~ element begins vit:h an ident:ifier (elemept), a name, &nd an 
clement type iollowed by performance parm::eter~ on one or more lines. Each 
element must hav~ a differenc name. 

elei;:e;1t name ~ ini t: la turb expt 

init 
la:: 
t:urb 
expt: 

ccP.fficient for linear i~1t1alizat:ion (this may oe the same as lax:); 
- coefficient !or laminar flov; 
- coef!icient for t:u~bulent: flov; 
- pressure difference exponert; 

Detailed duct element (Dar::y-tfeisback model / Colebroc.~ frict:ion correlat:!.on) : 

element name ~ le~ de a~ea rgh 
t:dlc lflc ldlc ini: 

len 
d.11 

- leng-:h (m); 
hy..lr;;:.1lic diameter (m); 

- cross section area C=2 ); 

roughness cilmension (m); 
area 
rgh 
tdlc 
lflc 
ldlc 
in~. t 

- turbulent dynamic loss coefficient; · 
laminar f:-ictior1 los.:. coefficient; 

- laminar dynamic loss coerficier.t; 
- laminar initialization coefficient. 

Doorway element : 

n3.rne c:ior 
dtt"in ht 

init lam 
wd cd 

turb expt 

init 
donin 
ht 
wd 
cd 

- expt: powerlaw coef:icients for 
minim~ temperature dif !erenc~ 

- height of doorway (m) ; · 
- wid:h of dcor.oay (m) ; 
- doorway discharge coefficient. 

Co1 . ..at:ant flow element: 

ele~e~t name ~tr · flow 

flo"W - rated mass flow (kg/s); 

low tempeTa:urP difference; 
tor i:wo-way flo• (C); 

Control parameter= acr.ual mass flo~ / r~:ed mass flow. 

Note .:~at since !lo'" is no.t a function of pressure, constant flo,,,. elemer:s 
cannc: be ~~un:ed as ?ar~ of :he linkdge of ~a~iable pressure ncdes to 
~onscant press~: 0 nodes (A.~.2.:). 

., ' 
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Det:.ailed f.an el~nt: 

elemen; name fan init lam t:urb expt 
rdens fdf sc'P ltt nr mfl 
all al2 al3 &14 mi2 
a2l a22 a23 &24 mf3 

mf n 

init: - eX\)t: powerlaw coefficients for fan speed= O; 
rdens 
fdf 

- reference fluid (air) density (kr./ml); 
!ree delivery flow (kg/s); 
shutoff pressure (Pa); aop 

ltt: 
nr 

lcinar/turbulent transition (RPM/rated RPM); 
m.mibet of ranges for perfot'111Alle~ curve; 
ainimum !l'ass f l ow of range 1 (kJi!:/S); mfl 

all-al4: 
ra.f2 

range l polyr.omial coefficients for f(p) at rated RP!!; 
uximum mass flow rat:e of range l (kg/s) = 
mir.illum mass flow of range 2; 

a21-a24: range 2 polynomial coefficients for f(p) at rated RPr.; 
mf2 - maximu~ mass flow rate of range 2 (kg/s); 

~fn - maxi=ui:: ~ass flow rate of range nr (kg/s); 
Control parameter = ict:ual RPM I rated RPM 

Gonst:ant: power fan element: 

elemen; n.amE ~ upo 

upo - useful power output of fan (V); 
Control parametar = actual power / rar.ed power. 

Quad::atic flow element: 

elemep~ name gf; a b 

a - flow coefficient:; 
b flo..,Z coefficient:; 

A.3 . 2.3 Linkage data 

The linkage data defines the airflow network. Each linkab~ description 
cons: . .tt:s of the icientifier (link) followed by six or seven paramet:er!'. 

link name node-1 ht-1 node-2 ht-2 eleme~e · wind wpmod 

name - This user assigned name identifies the link in the oueput lis~ings . 
. node-f - name of the first node . This refers t:o the nam11s vhich were 

assigned 1.:ith the node data. 
ht- l - he i ght (m) of the linkage p~int relative t:o th!! firs-: node height. 
node-2 - name of the secor.d node . Node-1 and node-2 define the cirecti~n c: 

a i rflo~ : f lo~ f=o~ node- 1 to node-2 is positive, the reverse flo~ 

. .. . . .. • ' . , , . ~ .. -



is negative. 
ht:-2 heigh: (m) of the link£ge point: relative to tile second node height. 
element - airfl~• element name. Tr.is rEf~rs t~ the names which vere assigned 

t.rith t.1E el4'r:e~~ data. 
wind 

vpmod 

- wind ;.ressu ~ coefficients profile. This is t~e name of tile profile 
given in the wind pressure coefficients file. The name •null" is 
reserved to mean that tiler~ is no vind pressure o~ a given link. 

- This wind pressure modifier is applied for t:he particular link. 
See section A.4 for ~et:&ils. 

Note tha~ ~he vind coefficien~ profile name must: exist in t:he vina 
~oefficients file and that the node a.nd element names au.st be defined in the 
net;"•ork file before they are referenced by a li~:. 

A.4 Ei.IJ.!:L_Pressure Cglculationg 

The wind pressure, PIJ1 , acting on link i is proportional to the kinetic 
energy of the airstream: ~p.v. 2 • The ambient air density, Pa, is de-~ri:in~d 
from the 1o1eat:her data pa.raJT'eter!": temperature and baromet:ric pressure. Tne 
vind velocity, 11 •, is also a weather data parameter. The wind pressul:'e is 
also a fi;.."'lct::on of the wind direction, D. Dis a weather data parameter; the 
function is given in the wind coefficients file in terms of 16 wind pressure 
modifiers for evenly spaced wind direc::ions. Th<! wind direc:::lon pl.essure 
modifier, f(D), is det:~rmined from the wind coefficien::s by linear interpo
la::ion. ~ind speed, and therefore pressure, also variez with height and local 
shielding of the surface. These variations can be include~ in the link w,i~.d 
pressure modifier, ~!!!od. Therefore, the wind pressure acting at a given link 
is 

(A. l) 

This procedure should give conside~able flexibility in defining tne wind 
pressure, but it does not say what coefficients should be used. That is left 
to the user . 

One particular aspect of the input should also be noted. A positive vine 
pressure tends to increase flov in the positive direction and vice versa f~r a 
negative val·.ie of -wind pressure. Floi.: direction .:..- cietermined by the ordering 
of the two nodes in the link command. Th~refore, in order for positive wind· 
pressures to push air into the building and negative wind p~essures to pull 
.air out, ~ach link i.:hich represents an opening in the envelope of the building 
should be defined with the ambient node first and t:he interior node second. . . 

A.5 Equation Orde;ing in t~e Jacobian 

The sequence in which the ~odes are listel in the network data file 
determines the ordering of the simultaneous equations and pattern in W~lich the 
Jacobian :s filled. Different: equation ordering can significantly effect: the 
sparsity of tne Jac~bian anc , therefore, the me~ory rPquire:ents and executio~ 
time of the pro£:-an:. l'!ecory reGuirerne~ts increase lit.early with the nu."llber of 
nonzeros in t:he Jacobian; corr.puc.o.-::ion time increases more than linearly. See 
chaptr~ 2 c! Spars~ ~arr!~ Techno l og~ (Academic Press, 196~) by S. Pissan~czky 

for a de:ailed discussion ~f ch i s cop~c . . 
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Consider t:he folloving ex.ample. Nodes B, c, D, and E are !.inked t:o node 
A but n~t to each otiler. If o~ly node A is con5~t pressure and are ordered 
A .. !, the diagram of the upper put of tile •)'llllletric Jacob1£D will lcok like 
(using • to indicate initial nonzero values, a to indicate zeros, and+ for 
nev nonzero values after fac:oring): 

• • • • • 
• 0 0 0 

• 0 I) 

• 0 

• 

• • • • • 
• + + + 

• + + 
• + 

• 
before and after fac:oring, respectively, shoving t:hat this mm:bering scheme 
resu~ts in non-zero element:s, or •fill•, belov ~e diagonal. 

If the nodes are ordered B .. E, A, t:he diagram of the Jacobian will :ook 
like 

• 0 0 0 • 

• 0 0 • 

• o .• 
• • 

• 

both before and after factoring, thus completely avoiding £ill. See section 
B.10 for another example of equation =eordering. 

To reduce the computations associated with fill, a rule of t:humb for the 
ordering of nodes is that the node which is linked to the greatest: nwuber of 
other nodes should appear later in the node list. In buildings co~sisting of 
many similar ~evels this is pan:ially ac-:omplished by grouping all nodes o•. 
ea=h level together . 

A.6 :iample Ou9ut File 

The folloving ouqiut file for a simple test netvork illustrates its 
contents by notes vhich are indicated in brackets: [ .. ] 

powerlaw tes~ input file 
vind coefficients file - no profiles 

~un control data: 
output control flag: 

skip initialization flag: 
maximum iterations: 

ma::imuI:l pressure change: 
rela~ive airflow convergence: 
absolute airflow conv~rg~nce: 

convergence acceleration limit: 

\teather data: 
20 c 
101325 Pa 
0 m/s 

3 
0 
20 
500 Pa 
0.0001 
le-0€ kg/s 
-0.5 

ar.:bient te~perature: 
barometric pressure: 

wine sper:~: 

vinci cirec-::ion : 0 CN=O, E=90 . . . . ) 
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noci1: node-1 c: a.a 20.a 50.0 [ 3) 
node node-2 v 0.0 20 .0 
node node-3 v o.a 20 .0 
node node-4 c o.a 20 .0 -50.0 

element: crf-0.0001 plr 7.2e-9 
elezwent: orf-0 . a1oa ;i lr 7.2e-6 

7.2e-9 
7.2e-6 

8.48528e-5 
a.00848528 

0.5 orf-0.0001 m~2 
0.5 orf-0.01 mA2 

link 
link 
l°ink 

link-l 
link-2 
link-3 

********* 

node-1 
node-2 
node-3 

o.a 
0.0 
0.0 

node-2 
nod"-3 
nod~-4 

Time to read ~ata files: 0.44 

1234 
1 : * 
2: +* 

3: * 
4: * 

1234 

Initial fill fraction : 0.5000aO 

Final fill fraction : 0.500000 

Number of nonzero ele~ents in AU: 2 
Number o! nonzero elements in AL: 2 

Unallocated memory: 54212 bytes 

nocie temp 
node-1 20 . 000000 
node-2 20.oaoooo 
node-3 20.000000 
node-C:. 2a .aa'1000 

linl~ Si-
lir.k· l :o.oooaoo 
link-: ·a.ooooc1 
link-3 ' 0.000000 .. 

Ini tiali.zaticn 
Pn: 5.0000e+Ol 3.7316e-02 
Begin iteration 1 
Rev: 2 l. 422954e-03 3 .41453Te-02 
Rev: 3 -l.422954e-03- -3.416223e-02 
Begin iteration :? 
Rev: 2 -l .919686e-03 -2.79a587e-a2 
Rev: 3 l_. 919'5S6e-03 2.793i33e-02 
:Se gin iterat:ior: ~ 

Rev: 2 7.775709e-C.'.. t...514769e-03 
Re·,· : 3 -3. ns:-:i~E:-C- ·'4:508i56e-03 

0.0 
0.0 
0.0 

orf-0.0001 
orf-0.0100 
orf-0.0001 

null. 
null 
null 

dens vise 
1. 204742 0.000018 
1;204148 0.00001'3 
1. 204148 0.000018 
1.203554 a.000018 

wt> dp 
0 . 000000 0.000000 
0.000000 0."000000 
0.000000 0.000000 

-1.2647e-02 · -5.0000e+Ol 

1.000000e+OO 3.170580e-03 
1 . OOOOOOttOO 2.15l550e-02 

S. 502771e-Ol l.BS26S4e-02 
5.50l2a4e-Ol . 6.146604e-03 

1.0vvOOOe+OO l . .:.Oll 77e-02 
l.OOOOOOe~co i. o6s.:. 76e-02 
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Begin iterat:ion 4 
Rev: 2 -l.189833e-04 -7.423793e-04 l.OOOOuOe+OO l.47S415e-02 
Rev: 3 l.l89833e-04 7.383248e-04 l.O:)OCOOe+OO 9.916436e-03 
Begin iteration 5 
Rev: 2 -l.083831e-05 -7.782953e-05 1.ooooooe+-00 .. i :4S3198e-02 
Rev: 3 1.083835e-05 8 .40847le-OS l.OOOOOOe+OO 9.83235le-03 
Begin iteration 6 
Fin: l O.OOOOuOe-+-00 0.000000e+OO l.204742e+OO· 5.000000e+Ol [lll 
Fin: 2 -8.919034e-08 1.316844e-03 1.204148e+OO 1.48319oe-02 
Fin: 3 8. 914 789e-08 1.316844e-03 1.204148e+OO 9.832351e-03 
Fin: 4 O.OOOOOOe+-00 0 . OOOOOOr +00 1.203554e+OO -5.000000fH-01 

Time to compute node pressures: 0.66 [12] 
Number of iterations: 6 

Link: i n m e pdror flow-1 flow-2 [13] 
link-1: 1 l 2 1 4.998517e+ol 6.584668e-04 o.ooooooe+oo 
link-2: 2 2 ~ 2 4.999629e-03 6. 583776e-04 O.OOOOOOe+OO -
link-3: 3 3 4 1 5.000983e+Cl 6.584668e-04 O.OOOOCLe+OO 

NC1de : n pres su::f ( 14 ~ 
node:-1: 1 5.000000e+Ol -6.584668e-04 
node-2: 2 l.483198e-02 8.917414e-08 
node-3: 3 9.83235le-03 -8.917414e-OB 
node-4 : 4 -5.000000e+Ol 6.584668e-04 

Notes: 
(l] TI.is is che echo of the input file titles. 
(2] These are the values of the run control parame~ers and weather data. 
[3) This is the echo of the input files as set by the outj)ut ·~ntrol fla;. 
[4) The input processing time is accurate to ±0.02 second. 
[SJ This sketch shows the s tructure of the Jacobian. *'s indicate a=ray 
positions filled by the airflow element functions; +'s indicate positions 
filled when the matrix is fac:ore.d (See Appendix C.1). The tvo fill fractions 
compare the positions in the sparse matrix to a full square matrix. AU and AL 
refPr to the upper and lower triangular matrices. · 
(6] Memory is allocated to store the problem parameters and variables and the 
vari ous arrays.. The 1.. • • allocated memory indicates that larger problems can be 
accommodated·. 

Notes 7 through 11 are for output generated by an oui:put control flag >= 2. 
[7} The.air temperae-..i=e, density, and viscosir.y are reported for each node. 
Rodes are identified by name and number, which is the sequence in which they 
occur in the inrut file. The :tack rressure, wind pressure, and total 
pressure drop are reported £or e~ch link. 
~8] The~e are the pressures computec by ~inear initialization and ~hich are 
\ised to start tile Newton's · metrod iterations .. 
f 9 J At eac:i iteration 4 ,,.alues are printed for each variable pressure t • .,de: 
the SI.Mii of the flows (kg/~) into the node, the co::puted pressure·correcti~n 
factor, a correction acceleration f~ctor (1.0 =no correction), and the ne~ 
estiQate of ~~de pressure. 
[ 10) Cn the secor.d itera-;:ion oscillating pressure c:orrections have been 
observed for both riode~ an~ correctic~ acceleratic~ factors co~?uted. 
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[11) Yhen :he converg~nce cri~~~i• have been ~et, 4 values are printed for 
&l l nodE.s: Z flows. ~ lilowsl. air densi~. and ~ode pressure. (Flows are 
not comput:e~ fur the constant pressure nodes.) 
112~ Ihe time to compute air properties and node prassures is accurace to 
±0 . 02 second. 
[ lJ] Tl'-e airflows through ea.c'.1 link are reported if the output: control flag 
>= l. Ihe following values are printed for each link: t:he link name, link 
n1J111ber, 1st: node nU11ber, 2nd node number, element: number, pressure drop across 
t:..he link, iaass flow rate (kg/s) , 2nd aass flow rate (possible for doorways) .' 
{14] The fin.al node values are reported if the output: control .flag>- 0. The 
fo llowing values are prin~ed for each node: the node n..ame, node number, t:he 
node pressure (Pa ) relative to an:~ient, and the sum of the flows int:o t:he 
node and the sum of the f l ows ignori ng directi on of flow . 

A.7.1 Distributio~ diskette 

A.FDATA. TI;J 
~-OATP .QFl 
AF"DATt .QF2 
Ar~ATA.08F 

inpur: 
input 
input'. 
input 

data 
data 
data 
data 
data 
data 
data 
data 
data 
de.. ta 
da:a 
data 
da::a 

for 
for 
for 
for 
for 
for 
for 
for 
for 
for 
for 
for 
for 

fan element t:est •3 
quadratic flow element test •l 
quadraric flow element test ~2 
8-floor ~xecution time test 
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A.7.2 The COMSEP pro;rai:: 

The COMSEP program is used to assist in tile compilation of the AIRNE'I' 
and El.E.'i!NT programs. COMSEP co::bines and separates files involved in a 
project and creates several useful project files . First, compile COMSEP. 
COMSEP autom.ati.:.o.lly creates files names based on the pro:jeet name entereC: hy 
the user. COM.SEP presents the user aeverai poss it.le acti1>ns to be performed. 

(1) •combine subfiles': 
t:hem into a single file. 
single line of the form: 

This option takes a list of filenames and -ombi11es 
Each of the individual files au.st be heade~ by a 

/*subfile filename ******/ 

Note that this line is in the form of a C co1111ent and does not effect 
compilation of the file. 

(2) •separate into subfiles": This option ~es a si~gle file and separates 
it into individual files based on headei: lines indicated above. AIRNE!. AU. 
must be separated for compilation. This process c=eates the lis~ of subfiles 
which is used with the other processes. Subfile naras may not be duplicated. 

(3) "create compile batch file": This option creates a batch file for use 
with the command-line version of Turbo C, TC:.EXE. Be sure to include the 
•.bat" extension in the nar.e of the bntch file. The co1111>ile optinns used to 
create AIRNET.EXE were "-ms -c -d -t87 -G -0 -Z". Other options ~av oe 
appropriate for a partl.cular computer" or problem. In par~icular, the -ml 
large memory optiin will allow the program to use the entire memory of the 
computer for solving large problems. Larg~ problems almost require ~he use o~ 
a math coprocessor. 

(4) "create link response file": This option creates a response file for use 
with !LINK.EXE to link the object fil:s and libraries. A particular directory 
~tructure is asstlil!ed (see below), but the link response file can be edited -o 
suit the user's individual needs. A:!RMET.EXE was linked with the small memoiy 
(s) and math elllUlation options. Emulation uses the coproce.ssor if one is 
present. The coprocessor greatly i~roves execution time. Compiling with thg 
math coprocessor option reduces ehe prog=am size by abo~: lOK bytes . _It does 
not significantly improve execution speed, but vi.Ll cause the progrc:m to fail · 
if a l!lath coprosessor is not .present. Theref-:·.e, the emulation option was 
chosen for the dist:·ibut.1on version of AIRN£"1. EXE. 

(5) "create library response file": This option create! a response · file for 
use with !LIB.EXE for the creation of an object library. 

(0) "exit": Exit the preproc~ssor program. 
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A.7.3 C~mpiletion 

The fellowing cirectory str-~cture is assumed: 
•.. \ TUF. ~QC contains ~"le Turbo C programs; 
... \TURBOC\INC c:>nt:ains ~e include files; · 
••. \Tt.'P..SOC\l.IB cont:a.ins the libraries and COx.O:sJ files; 
... \TTJR.BOC\A!RNEI con:ains the AIRN!!' program files. 
The filP T'UR!OC.CFG must be appropriately defined and \TUR!OC must be set in 
tile p .AT°rl CO'llllla.."1.d. 

Use COl'!SE? to splic AI RNET .All. into subfiles, create a compib file, and 
c:-eate a link res'Pons1; file . AIRNET .All cont.air.s t:hree header "files . Copy 
these f i les co the \INC directory. F.xecute the cotc;iile batch pr:>grax:i to 
create object files . Use the linker and lir.k response file to create an 
el;~c-11tab le vers i:m of Al R.NET. 

fhe header file AIRNET.H includes several defint&ble parame~ers (TESTI, 
TESTC, a.nd TESTS) vhich Pere used to test t:he program du ... ~. 71; development . 
~nen these parameters are noc defined , the dump ftr".~Cions (dua:ps.c, dumpv.c, 
dumpa . c, dumpf . c, an~ dwr,:in . c) are no~ called and can be removed !rem the l i nk 
response fi l e to reduce the siza of AIRNn. EXE. These functions increase the 
size of the program by about Sk bytes . They are not included i n AIRNET . EX.:: 9~ 
the di st=i oution diskette . 

A. 7. 4 The El.E?'.DIT Program 

The E!.EME."T! progrcur. is an aid for the creation of airflow elements ~r 
the AIRNET progra.i:. All input is interactive; an output file will include 
element descriptions that can be transferred ro the AIRNET ne~orl: data file 
by a wor~ processor. Bo::h EilME.""7. EXE and :t:I.F.~?IT. STR must be in the defa•..:.1-. 
directory when El.EME.~-r is executed. The compilation process for £~ENI.ALL 
is the· same as for AI.Rl'lET.Al.l.. 

There are presen:ly ten capabilities: 
1: convert: the physical characteristics of an orifice to a~ element; 
2: convert: the physical characteristics of a crack to a ?lr element; 
3: convert one or t~o pressure/flow test points t~ a~ element; 
4 : convert the physical charact:t:ristics of a duct to ~. tlr element; 
's: conve!'t: the physical characteristics of a ~~.::. to a~ element; 
6: convert t he physical characteristics of a door•ay to a dor element; 
7 : convert t he per:ormance data of a fan to a fan element; 
8: convert . the physical characteristics of a crack to a g:r element; 
9 : conve=t two pressure/flow test points to a gfi element:; 

10 : convert: the physical characteristics of a duct to a gfr clement. 
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APPE!-tu!X B: AIRN'E':" Validation Tests 

B.l 1nt;o¢~e;!op 

Validation is an essential part of t:he development of a computer 
simulation. In.accurate results are not always due ~o progr&lll errors as shovn 
in the SER! report on validation of building energy analysis F:ogra:s (1983) 
which identified seven error sources classified into ewe groups. External 
sources are Close which are not under che co~trol of the developer of t:he 
computer code. These errors include: 
t. differences becveen the actual weather around the building and t:he veat:..'i!!r 
used in che simulation; 
2. differences bet:veen the ac:ual effect of occupant behavior and t:hose 
effects assumed by t:he user; 
3 . user er=or, including inappropriate silllpl1fying assumptions, 1n deriving 
t:.he input files; and 
4. differences bet:veen the actual thenaal and physical properties of t:he 
b1-i lding and t..'-iose input by t:he user. 

Intern.al error sources are t:hose contained within the coding of the 
program. !hey include: 
l. differences oecween the actual heat/mass transfer mechanisms and the 
algorithl:tic representations of those mechanisms; 
2 . differences between the actual jnteractions of heat/mass transfer 
mechanisms and those interactions between t:he algorithms; ana 
3. coding errors. 

Thrde types of tests hav~ been used to validate building energy analysis 
programs. One is comparison to other simulation programs. Another is 
coc?arison to analytically calculated results. The third is comparison to 
experimental data. The following table from the SERI ~alida.:ion report 
suwnarizes the advantages ,anr: disadvantages of each method. 

Technique 

Comparative 
Relative test 
of differen.: 
programs 

Analy-:ical 
!est of 
numerical 
soiution 

Empirical 
Compa:-ison to 
measured building 
perforttance 

Vn.LIDATION TECRNIQUES 

Advantages 

No input uncertaintj" 
Any levP.l of complexity 
Inexpensive 
Many comparisons possible 

No input uncertainty 
Exae-t trutt. standard 

given the simplicity 
of the model 

Inexpensive 

Approximate truth 
standard within accuracy 
of data acquisition 

Any leveJ. of complexity 

Disadvant.J.ges 

No truth st1ndard 

Do~s not test the model 
Limited to cases for 

whicn analytical 
solutiors can be 
derived 

Measurement involves some 
input uncertainty 

High quality, detailed 
measurements are time 
consu:ning & expensive 

--------------------------------------------·------------------------ · -------
This re;.or: .... ~11 conci:n::::-a:e on analytic 'l."alicatior. tests 1o1h: ch are bes: 

!or revealiri codin[ e~ro~s. 
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B.l.l Simplified Analysis of Airflov Ele~ents in Parallel &nd in Series 

It will be necessary to develop analytic s~lutions ~ l~ airf:o~ 
net:Vorks 'to test t:.he AIRNET ·program. The analysis of l. e neevork.s !s 
simple oecause che elements are linear. The folloving : . ~n will show a 
similar JM.ans ~f ~et:Vork analysis for nonlinear a~:flov e.a..-M:s. 

(a) Laminar flow: v = (p/~) K i1P 

Flows through elements 1 and 2 are given by: 

Wl + Wz = (p/µ.) (K1 +i<:z) (P1 ·P2) 

w. + Vz = (p/µ) K. (P;. -P2 j .. 
Therefore, for eleme~t:s in parallel: 

a.s long as p and µ are cons~ant 

Series: 
•·======K1======•=======K2 • 

P3 
., 
• 2 

Pressure drops th=ough elements 1 and 2 are given by: 

or 
whe~e l/K. = 1/K1 + 1/K2 

Therefore, for elements in series: 
as long as p and µ. are constant 

These relationships are, of cc·urse, identical to the relationships for 
electric conductances. 

(b) Turbulent flow: w = Jp C J~P 

Parallel: 

j- K:~[ 
Pl . • I • P I r " 

L!:. ===Kz . 

4.'. 

(:S.Ll) 

(lLl.2) 



______ '--"-___. ........ ____________ , 

F~ow= th=ough e~e~ents 1 3nd 2 &~e given ~y: 

v 1 = .;; c~ JP 1 - P2 

Therefor,, for elements in parall~l: 
as long as p is constant 

Series: 
·---Cl - -·===='":..====· 
.' 1 P2 

Pressure drops throug:i. el~ments l and 2 are given b;-: 

or 

Therefore, for ele~ents in series: 
as long as p is constant 

l/C. 2. = I 1/Ci. 2. 

(B .1. 3) 

(:S.1.4) 

These relationships will allow the creat~on of relatively complex airflo~ · 
net:'-lorks whose analytic solutions can be used to test A!RNET. The rest c~ses 
will be lim:'..te1 t.-; constant p ·and µ,, that i.s, t.o t:eirperature or height 
diffe::-ences in the net·.;orks ., . Sli&:'ldy dif:erent versions of the turbuJ en: 
relationsh:'..ps (cq-.a.=ions E.1.3 andB.l.4) a-ppear inKlo.:e (1983. pp ::;i-:~6). 

B.1.2 '!her.nal Prop~rti~s of Air 

Two primary .,alucs are known ~or ~ach node n: the teu.peracure, Tu, an= 
the pres~ure, Pn '· relative to the abs" lute ambier.t t-·ress.ure, PB. F::or:: thE:sl
values the nodal density and 'l."isc:osity are comfuted: . 

Pn = 0.0034838•(P3+P~)/(!~+273.15) 
ar.:1 

;;n = u.00001i14:32 + 0.00000004828·!n 
where 

Tr. is in °C anc PB a~d ?. are ir. P:o : 
~ . 

(B.l.5) 

(.Ei . i . 6) . 

l: "1ould be re:lativ'l!!:: easy to · substitute '!he proper psyc!i.romnt:ric relat::.on
sh::.ps :o c~r.r;:u:; L:.i:;.sc- ·:.:.lu'!s. rr.ore ac:~·ra:ely ar.c incluc!e h\J:niJity as a :ac:c:: 
ir. air dE::1si:) 



B.~.l Fowerlaw Element !est~: 

T!i.is is a tes: of the powerla• element calcul~tior.s in bot~ the t:u=bul~nt 
and lb~inar regimes and of sol~:ion convergence &t t:he lar.inar-curb~lent 
tr.a.ns 1 tion. · 

The air in all nodes is &t 20·~; the ambi~uc pres~ure is 1~1325 P~ . 

ri:. = C.0034838-(::"B-+Pn)/(TD+273.15) = l.-Ot.15 kg/m~ (PD= C) 
µ...,,, = 0.00C017i43?. + O.OO~OOC04828·In = 0.0000181088 kg/ms 

(B.Z . 1) 
(l-.. ~.=· 

l1le coeffichnts for t:he powerl~:.1 elements used 'n tiiis test are ec:tiuted 
from an or!.fice model. The critical properties of an orifit;e· a:-e its are~, 1-:, 
hydra1,;.Ec diam~ter, D, and d!.scharge coefficient, ~. n,; o:·tfice fi o~ 
ec;ua\.ion is 

Q = c A )2t:.P: p (B.2.3~ 

'hich ~e~ be rearranged :c the po~erlaw eleeent eiuation 

w (= pQ) ~ C jpt:.P 

by letting 

I c = c A J~ 
Assuming t!la t' the flow is laminar 
'"" •D/µ.A) ea.~d. that the la.II1inar a:ld 
at ~hat p:ii:it' gives 

w = µA..~e/";) = pUP/µ and 

- µ 2 AF.e I pDt:.F a:-id 

I 

K = 2ADc:2 /Re J 

(:.L . L.; 

(B . '.' . 5; 

b~ l.ow a cert.:.ir. Reyno ::.ds nurn;)1: r (:?..::: = p\Tr, /1 
turbulent flo..,,· equations give the sa=e flo·.· 

w = µ.ARe/D = c.A.)2pt.P 

':he ::.rs-; po1o·erlaw element assu:nes D = 0 .1 i:: A = 0. 01 mi , c = 0. 6. anc 
transitior: at a Reynolds number of 100. These values g!ve C1 = 0.008t..852E. 
and 1'.1 = 0 . OC00072 . t.amL1ar flo~ occurs if .r1 (= µA..~e/D) ~ 0. 01)0181086 kg: L 

The: :.. ..:cond po·.: er law ~lement assumes D = 0. 2 II', A = 0. O'"- m2 , &r:.d the S..ilDe c .... _ 
Re . . This gives C2 = O.OJ394113, and K2 = 0.00005·6 . Laminar flow 01.:c-.:.=s if 
....-2 :S 0.000:5217€- k~/s. 

In t~i~ test the tYo powerlaw airf4ow ele~ents are arran&cd in series: 

·======c1======·=======c,======· 
P~ .. 

, .. 
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For curbuient. flow in boch e~e~ents, t~ equivalent: poverlaw coefficient is 

(B.2.7~ 

For laclnar flow in bo-:h elements, the equival~nc coefticien: is 

K. = [ l/K; + 1/1<2 ]"
1 = 0.00000~4 (lL2.e) 

Subs:it~:ing these cwo coefficiencs an~ the~l proper~ies :nco the &p?ro
pri&:P expressions give 

&TIC (B.2.9) 

Flow i.s t:ur"bulent in !ioth elemencs if P1 -P3 :i:: 0.00160752 ?a. Flov is lu.inar 
in botil elements if P1 ·P: ~ 0.000042552 Pa. AIP.NET should give the following 
flow values as a func::ion of P1 (assuming P3 • 0): 

P1 (Pa) v (ki;/s) 
l.OOG 0.00'303321 
O. lOC 0.00285655 
0.0!0 ·a. oooso3321 
0. 00161 0.000362.:056 
0. 00160i .~. O.OOJ~625::.1 

0.0000426 0.0000l810S 
J.000042 0.00001787.:. 
J.00004 O.GOOC17023 

Not.es: 
(l) AIRNC:: computed t:he expec::ed f.:..01o1s ;.n 4 or fewer i t!raci,,ns. 
(2) If cvo equal elemencs were used in the airflow necvork, the ~IRN~T 
ini tializacion algcrit:hm wc·..ild estimate P2 = Ci':. +P3 )/2, '1.·hich ir exactly 
correc::. The itera::ive solution process ~ou~d not be test.ec. 
(3 ) ~r.en fi o~ is lamina~ i~ bo~h elaments, the i~itialization gives the exac:: 
solu-:ion . 

!he followinng input daca is include as file AFDAT;.Pll on the hlRNET 
distrib~ .on dis~e~ce. 

powerla~ ~es~ •1 input fi~~ 

node 
node 
n.,de 

ele:::ent:. 
&lement 

link 
li:ik 

r.ode-1 
node-2 
node-3 

orf-0.01 
orf·0.04 

c 

r. 

0.0 
0.0 
0.0 

plr 
plr 

l!.nk-1 node·l 
iink-2 node-2 

. ... . 

20.0 
~l.0 

20.0 

7.2e-6 - -5e-~ . 

0.0 
0.0 

• • J 

0.0 

7.2e-6 0.008485:: 0. 5 c :ifi.ce - 0.01 
5.76e-5 0. 0339l.i.ll3 · 0.5 ori!ice - 0.04 

no<ie-2 0.0 orf-0.0l null 
node·3 0.0 orf-0.04 null 

~ I 

i:i"2 .. ., 
r • 



B.2.: P~werla~ Element: Test: ~~ 

This is a test of the AIR.~'E! convergence accelera~ion algoritiu:. It 
involvec a simple case which can be very difficul~ t:o solve. In tilis ::est 
tilree powerlaw airflow elemencs are arrance~ in series: 

•===c1===•===:c2===•====,..3===· 

'IJhen C2 is very la=ge compared to C1 and C3 , as in tile casP. of a doorway 
con.-ieccing t 10 rooms which have only small cracks conne:t:ing ~o ambier.t:, 
convergence can be verJ slow with so~e algori'thms. 

This ce~t uses a series of d~ffarent size orifices, eac~ vith c = 0.6 and 
D2 = A, varyine; in size from 0. OCOl r to 100. 0 rr:2. The- =o~ut:e~ flows can be 
checked by the equivalent: powe:law coefficient: (~rbulent: flow) which is 

(B.2.10) 

AIRNET should give t:he foliowi;1g flow values (P1 -P4 = 100 Pa) for each con:bi
natic.in of three elemen:s listed: The numbers of iterations are the res.J.lts of 
the t:es t . 

Elements w (kg/s) lt:erations Eleml'"nt:s w (kg/s) Iterations 
1 - · 1 1 0.00053758 2 (2) 2 - l - 2 0.00092195 5 ( 5) 
1 2 l 0.00065676 s (5) 2 

. 
2 O.OC537585 2 c) :.. ... 

l - 3 - 1 0.00065839 a (10) 2 3 2 0.00656764 5 (5) 
1 - 4 - 1 0.000658L- a (29) 2 - 4 - 2 O.OOE58388 a (10) 

1 - 5 - 1 0.00065840 ' (83) 2 5 2 0.00658404 9 (29> 
1 - 6 - 1 0.00065S40* 5 (>100) 2 - 6 - 2 0.00658404 11 (93) 
l - 7 - 1 0.00065840* 5 (>100) 2 - 7 - 2 0.00658404* 9 (>100) 

Not:es: 
(1) A!Rl'<"ET computed the expected flows. 
(2) * indicaces cases with laminar flow in t:he cencer eleme~:. 
(3) Ti1e ite:ations in ?arnethesP.s are without convergence acceleration. 

powerlaw test #2 input file 

node node-1 c 0.0 20.0 50.0 
node node-2 "I." 0.0 . 20.0 
noc'e node-3 v 0.0 20.0 
node node- 1• c 0.0 20.0 -50 :o 
element orf-0.0001 plr,7.2e-9 7.2e-9 8.48528e-5 0.5 orf - 0.0001.c:A2 
element orf-0.001 plr 2. 7.769e- 7 2.2769e-7 ' 0. 000848528 C. 5 o•-= - O.COl tr.A2 

element: orf-0.01 plr 7.2t--6 7.2e-6 0.0084.8523 0.5 otf - 0.01 A') 
i:: -

element orf-0.l plr .2.2769e-4 2.2769e-4 0.0848528 0.5 orf - 0.1 c-2 
e:lez:tent orf-1:0 plr 0.0072 0.00i2 0.848528 0.5 orf - !.O m-2 
ele~enr orf-10. plr 0.22769 0.22769 8.48528 0. s orf 10.0 A-- m."' 
element: orf-100. pl:- 7. 2 7.2 .84. !!528 0.5 orf - 100.0 mA:: 
link link-1 node-1 0.0 node-2 o.o· orf-0.0001 m..:.:.. 
lir:k link-2 node·2 0.0 node·3 0.0 orf-0.0001 ...,_,,, ··--
link link- 3 node·3 0 .0 node-.:. 0.0 o:d·0.0001 m.:.l 

. ..,.,..,...,,.*'*** 
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!.2.3 Powerl&v Element ~est •3 

Thi~ is a test of the convergence of the AIRNtT iT.erative solution .. thod 
for a relatively complex network of ~irflov elmaen~. It itr~olves 12 nodes 
and 20 powerlav airflow elements arr~nged in aeries and parallel: 

'l:sing i:he conve:-sio!ls for ~arallel airflo'W eleaencs ;:::es: 

•=,=·l~c10 c~=c,, ;, • · c~=•_::,=~~" ll·=c,,=• 
P1 Pz I P~ Pe P7 Pe P11 Piz 

C1s=• Cd • Czo 
'D 
• 9 

where 

.. 

c. = c1 + c2 • C3 • 
Ce= C6 + C7 + C8 , and 

Cb = C, + C~ , 
Cd= C!7 + C1a + C1a· 

Using the conversions for series airflow el~ments gives: 

J

r:=====::. l . 
• ~r -·' = =r ===I._,.. -P-: -. "s-Pz]I "'! f -"1.s-• . =====·~' p !l • p 12 !!:::===~c, . 

where 
~ .... = l/C.2 + 1/~Z + 1/Ccz -r •. 
c! = 1/C1 ~ 

2 + l/C111 + l/C1zz + l/C13 2 + l/C14 
% 1-• . and 

c, = l/Cis % + l/Cdz + l/~zo 2 i- .•. 

Again using the conversion for parallel airflow ele~ents ·gives: 

"'here 

• Cs==•=======ch=======•==C1~===· 
P

1
. P .. ~ P.. P .• 

• .. •4 

· c .. . 



---·------- -~· - .... 

Again using t:.he conversion for series ai=flow ele~ent:s gives; 

P1 •=====:c ======• P12 
where 

C1 = [ l/C9
2 + l/<;. 2 + 1/C'!. 3

2 r•, 
In order to test AlRNE! convergence, powerl&v 

created for orifices of greatly di!!erning areas: 
coefficien~ values are 

number 
1 
2 
3 
4 
5 
6 
7 
8 
9 

lC 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

c D(m) A(ll'2 ) C 
.6 0.1 0.01 0.00848528 
.6 1.0 1.0 0.848528 
.6 2.0 4.0 3.394113 
.6 0.05 0.0025 0.00212132 
.6 0.06 0.0036 0.00305470 
.6 1.0 1.0 O.G48528 
.6 1.0 1.0 0.848528 
.6 1.0 1.0 0.848528 
.6 1.0 1.0 0.848528 
.6 1.0 1.0 0.848523 
.6 0.01 0.0001 0.000084853 
.6 1.0 1.0 0.848528 
.6 i.J.02 0.0004 0.000339411 
.6 2.0 ~.O 3.394113 
.6 i.o i.o o.s4s52e 
.6 0 . 02 0.0004 0.000339411 
.6 2.0 4.0 3.394113 
.6 0.01 0.0001 0.000084853 
.6 1.0 1.0 0.848528 
.6 0.03 0.0009 0.000763675 

The coefficients for the simplified networks are: 
c. = 4.251126 
Cb = 0.00517602 
cc = 2.545584 
Cd = 4.242726 
c. = 0.00517601 
Cr = 0.00008232 
cs = 0.00031016 
ch = 0.00556848 
Ci = 0.00556824 

K 
7.2e-6 
0. 0072 
0.0576 
9.0e-7 
l. 555e-6 
0 .0072 
0.0072 
0 .0072 
0. 0072 
0. 0072 
7.2e-9 
0. 0072 
5.76e-8 
0.0576 
0. 00i2 
5.76e-8 
0.0576 
7.2e-S 
0. 0072 
l.944e-7 

which gives w = 0.0611024 kg/s for P1 -P12 = 100 Pa and p = l. 20415 kg/m3 • 

AIRN£! comr-uted the expected flo\ol' in 12 it:erations. This indicates that 
the number of iterations. increases with the complexity of ~he network. 
However, this large number of iterations is for a combination of large and 
small airflow resistances cho~en to be difficult to solve. The solution 
required 157 itera~ions without convergence acceleration. AIRNET solved the 
same net:York conta i ning 20 ider.tical airflow coefficients (C = .0084852ti) in 
only 6 it:erations . Tests ori diff erent computers and with different coi::pilers 
indicate tha;: the nt.:mbt>:- of iterations for this network ccnfiguration is ver:: . 
sens1t1~e to ro~nd-o!f errors. 

s~e the inpu~ fi:e AFDATA-PL3 on the disket~e. 
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E.3 Stack Effect Tests 

Once tile perfor:ance of tile pover law ele•ent 110del has been verified, it 
can be used to test the s~ck pressvre and vind pressure calculacions. 

B.3.l Scack Effect Tesr •l 

The follo~ing figure shows t:vo rooas r•pre•ented ~y airflov nodes l and 2 
connected by two simple openings at different heights. 

- % = lOm 

node : node 2 
z "' 0 • -- • 

T~ = OC 

The standard equation fot stack effect {Klote, !983, pl2i is 

where 

~P=...,;.. ':""·- h vP ( 1 1 ) 
R r 1 T2 

g =acceler ation of gr avi ty (9 . 80 m/s2 ), 

P = ebso k te pressure (101325. Pa), . 
R =gas constant (l/R = 0.0034838), 
T1 = ~bsolute temperatu.=e of node i (•K), and 
h = di stance from the neutral pl ane (m) •. 

( 1 ) 

The val ues i n parentheses are the numbers u~ed in.AIRNET. They give gP/R = 
3459 .36 (Kl oce 6iyes 3460 f or thi s va l ue ). Since tile openings are identical, 
the height of the neutra l plane shou l d be 5 m. Substituting into •GuatioTI (l; 
gives f.t = 4 . 3202 Pa . . · . 

AIR.NI:! givt:s slightly different resi.:.l ts for ~p at tile twc openings 
.because the relationship betveen flow rate and pressure c!.rop depends on the 
direction of flo.,.. The computed flow rate is 0.019G92 kg/s &t pressure d .. ops 
of -4.472866 and 4 . 167554 Pa for the upper and lower openings, respect:ively. 
The average pressure drop (neglecting sign) through the ··tvo openings is 4. 3202 
Pa. An extra iter·ar.ion produces a very small change in thes~ results. 

s~ack test •l input file 

node 
node 

node·l 
node-2 

c 0.0 
v 0.0 

0.0 
20.0 

elemen: orf-0.01 plr 7.2e·6 

link 
"link 

link-1 
link-2 

·node-1 0. 0 
r:ode-l 10.0 

0.0 

7.2e·6 

node-2 0 .0 
node -2· 10 . 0 

51 

0.001348528 

orf-0.01 
orf-0 .01 

.· 
0.5 orf • 0.01 ~·2 

null 
null 
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B.3.2 St:ac~ Effect Test •2 

The following figure sho"·s ~o rooms :epresented by airflow ncdes 1 and 2 
cormected by three airflow elemen~s which connect to node 2 at different 
heig~ts. 

% = Sm 

node 1 . node 2 

t • 

ll 
• % = 0 

- % = -5 

node 1 node 2 
• 

T 
• 

node 
• 

link 1 link 2 link 3 

The pressure of node 1 is 5 P; . great~r than node 2. The tempera cure of node 1 
is 0 C; node 2 is 20 C. Because of this temperature difference, :he flow 
through element 2· will ge less than the flo~ through element 1, and the flow 
through element 3 will be greater ( v2 < v, < ~3 ). The st3ndard stack effect 
equation indicates a pressure difference of about ±4. 3202 Pa _due to tile height 
changes. That is , AP 1 = 5 . 0 Pa, AP 2 

2 0.68 Pa, and AP3 = 9.~2 Pa. 
'!'he . first AIR.NET solution is computed with unknoW!l airflow directions. 

This gives: AP 1 = 5.0 Pa, AP2 ~ 2.84 ~a. and AP 3 ~ 7.16 Pa. Recalculation 
with known f l ow directions gives the expected results. See tne discus~ion 
about stack eifect calculation in Appendix C. 

Also note that AIRNE- "solve<!" c:. case where ill the node pressures are 
specified. Computer al&orithms often run into numerical problecs on such 
trivial cases -- they provide good t~sts for algorithmic errors. 

stack test •2 input file 

node node-1 c 0.0 
node node-2 c 0.0 

element orf-0.01 pl:::-

link link-1 node-l 
link link-2 notle-1 
link link-3 node-1 

*''*'·· ••••• 

0.0 
20.0 

7.2e-6 

0.0 
0.0 
0.0 

5.v 
0.0 

7. 2e-i:.. 

noc!e-2 
node-2 
node-2 

0.0 
:.o 

-5.0 

0.00848528 

orf-0.0~ 

orf-0.01 
orf-0.01 

0.5 or: - 0.01 m~2 

null 
null 
null 
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B.4 Yin1 Pressµre Ies~s 

A~RNET does not include a model for converting enviromaen1:Al variable~ 
such as wind speed a~d direction to wind pressure. lt does include a flexible 
vay fo= tile user to l:ransfer data from a wind pressure model (or measure=ents) 
to :ile appropriate airflov element. The following tests are cs.signed to 
1na~e that the AIRNET portion of that dau· transfer occur.; correctly. 

The vit:d pressure tests :cequire w;eo of the wind coeffici'ent:s file named 
YIND. The cont:ents of this file are: 

vin~ coefficients file 

Dort:h 1.00 0.924 0.707 0.383 0.00 -.38; -.707 -.924 -1.0 -.924 -.707 
east 0.00 0.383 0.707 0.524 1.00 0.924 0.707 0.383 0.00 -.383 -.707 
south -1. 0 - . 924 - . 707 - . 383 0. 00 0. 383 0. 707 0. 924 l. 00 0. 924 0. 707 
vest 0,00 -.383 -.707 -.924 -1.0 -.924 -.707 -.383 0.00 0.383 0.707 

plus-one l. l. l. 1. L l. 1. l. 1. 1. 1. l. 1. 1. 1. l. 
minus - one -1 . -1 . -1 . -1 . -1 . -1 . -1 . - l . -1 . -1 . -1 . -1 . - l . -1 . -1 . - l . 

The four l i n'!s of da-:a shot..-n with " ... n are actua.11:· co:plete c~ ~~e 
file; they c:e truncated he1·e because of margin requirements. The fou:
profiles given direction names have eoefficient:s equal to the cosine of angle 
~etween the wind direction and the direction indicated. 

B.4.1 ~ind Pressure Test •l 

The wind ?ressur~ tests are based on a simple three-element airflow 
netlo'ork: 

•===c,.. i===•===;Cz===•==='C3===• 

Power law .coefficients of 0. 000848528, 0. 00848528, ar.d 0. 000848528 are 
assumed for the three elements . These comtine to give an effective powerla~ 
coefficient of 0.000598506 . 

Assuming st:andard barorot:tric pressure, an ambient temperature of 2o•c, 
and a wi nd speed of S. 0 m/s gi·1es a potenti al ..-ind pressure of (\ipV2 ) 15 . 0519 
Pa . '!es:: •! ·uses wind coefficient profiler that are independent of wind 
direc~ion . a~::h links use a wind pressu1e modifier of Z. These combine to 
give a total 10ind pressure across the network of 60. 207-5 Pa . . Therefore, t:ie 
expected ~irflow through the network is 0.00509605 kg/s. 
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vinJ pressure tesT: #'l in?u= file 

node n':)de-1 c 0.0 20.0 0.0 
node node-2 v ·o.o 2C.O 
node node-3 v <'.fl 20.0 
node node-4 c 0.0 2~.o 0 . 0 

element orf-0.001. plr 2.2769e-7 Z.276~e-7 0.000&48523 o.s orf - 0.001 m"l 
element orf-C.010 plr 7.2e-6 7.2e-6 C. 0084!518 0.5 orf - 0.01 m"2 

link link-1 node-1 0.0 node-2 0.0 orf-0.001 plus-one 2.0 
lin!~ link-2 ncde-2 0.0 node..:3 0.0 orf-0.010 ncll 
link link-3 node-4 0.0 node-3 OJ orf-0.001 mi.nus-one 2.0 

**•**'*** 

Note how the order of the nodes in link-1 and link-3 is fro~ the •oul:Side• to 
the •inside" which requires a reversal in the numbering. 

B.4.2 Yind Pressure Test #2 

This test is almost the same as the first test except the "nor~· and 
•south" wind coefficient profiles are used, instead of •plus-one" and •minus
one". Sin~e th~se profiles vary as cosD, where D ·is che wind direction, the 
tot:al wind pressure across the netvork o: 60.207S•cPsD Pa, a:i.d ctle ex-pect2d 
airflow through the net"Work is ±0.0050960S•JicosDi ·~g/s. 

wind 
directions 
0, 360 
30. J30 
60. 300 
90, 27C 
12'), 240 
150, 210 
180 

expected 
flow rate 
0.00509605 kg/s 
0.00474241 
0.00360345 
0.0 

-0.00360345 
-O.OG474~4l 

-0.00509605 

computotd 
flow rac:e 
0.00';09604 kg/s 
0.00470292 
0.003570R7 
0.0 

-0.003570d7 
-0 . 00470292 
-0.00509604 

The difference between the computed and the expected flaw rates is apparently 
caused by the linear inc:ei:polat:ion of the ..rinrt coe:ficient: profiles. 



l 

l 
I 

1 
~ 

I 
l 
l 
! 

B. 5 Puc; ~lemept Tests 

This is a test o! the AIRNC:! Darcy·Yeisbach-Colebrook duct 90d.el. !ne 
expected flow rates are based on the AS~ friction chart (ASHRAE, 1985, pp 
33.5 & 33.26). It involves a simple netvork in vhich t~ree •erial duct 
elements are in parallel with a duct element of equivalent length. The flows 
in both sides of the ne~ork should be eqU&l. 

T"•o design points vere s~lected from the chart. The first point is for a duct 
2)0 llZll in diameter (area = a . a49a9 1112) vich a pressure drop of 0.9 Pa/m of 
duct, giving a flo•.J velocity of 4.0 •/s and a flow rate oi 195 l/s. The 
second point is for a duct 630 11111 in diamP.ter (area= 0.31172 m2) vidl a 
pressure drop of 4 .0 Pa/m of duct, giving a flow velocity of 16.0 a/s and a 
flow rate of 5000 l/s. The absolute roughness dimension of both ducts is 0.15 
mm. Duct lengths are 2 m, 3 m, 5 m, and 10 m for elements 1 th~ousn 4, 
respectively . 

In the first case the expected flow rate is 0.24 kg/s while in t:he second 
case it is about 6.0 kg/s. The v4lues COJllTl~ted by AIRNE: are 0.24: and ~.19 
kg/s, respectively. These values are within 3% of ::hose on the ASHi.AE cha~t. 

duct (Darcy-~eisbach-Colebrook model) test •1 input file 

node node-1 c 0.0 20.0 9 . (j 
node node-2 v 0.0 20.0 
node node-3 v 0.0 20.0 
node noC.e-4 c 0.0 20.0 0.0 

element duct-2x25 dwc 2.0 0.25 0.04909 0.001"15 duct 2m x 25cm 
0 . 0 64.0 0.0 128. 

"!lement duct-3x25 dwc 3.a 0.25 0.04909 o.oao1s due: 3m x 25cm 
0.0 64.0 o . o 128. 

element duct-Sx25 dwc 5.0 0.25 0.04909 0.00015 duct Sm x 25cm 
0.0 64.0 0.0 128. 

element duct-10x25 dwc 10.0 0.25 0 . 04909 o.noo1s due-: lOm x 25cm 
0.0 64.0 0.0 12S. 

link link-! nod.e-1 a.o node-2 0.0 duct-2x25 null 
link link-2 node-2 a . a node-3 0.0 duc':-3x25 null· 
link link-3 nocie-3 0.0 ncde-l. 0.0 duct-5x25 null 
link link-4 node-1 a.o node-4 0.0 duct-10x25 null 

********* 
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B.6 DooIJ:lav Element Test 

This t:est: comp•res cvo different vays t:o simulat:e t:he ~o-way airflows 
tiirough doorways . The eest represe~~s a 0.8 a by 2.0 m doorway connec~ing evo 
rooms with a 4•c temperat:ure difference as shown below. i1le comput:ed results 
can be compa=ed to t:he correlation present:ed by Yeber and Kearney (1980) for 
heat: transfer through a c:Ulcrvay: 

Hu = 
where 

Nu = 
Pr = 
Gr = 
Q = 

a•Pr•JCr 

Nc:iselt number 
Prandtl number 
Grashcf number 
experiment:ally 

= h•H/k, 
= c •µ/k, 
= p~•g·P·H3 •AT/µ2 , and 
det:ermined coefficient. 

In addi:ion, 
p = -'..ensity, 
µ=viscosity, 
cp = specific heat, 
k .= thennal conductivit:y, 
g =acceleration of gravity, 
P =coefficient of thermal expan.aion = ·Ap/(p·~T), 
H = door.iay height, 
h = convec:ion coefficient= q/(Y•H•AT), 
q = h~at f.1.UX rate= v•c'P•AT, 
w = doorway width, anc 
w =mass flow rate . 

Substituting into equation (B.6.1) and simplifying gives : 

(B.6.1) 

(B.6.2) 

Assuming the doorway behaves as an orifi~e leads to the relationship a = 
c/3, where c is the orifice coefficient. Substituting the values a= 0.26, p 
= 1.20415 kg/m3 , Ap = 0 . 0164312 kg/m3 , g = 9.80 m/s2 , H = 2.0 m, and Y = 0.8 m 
gives w = 0.25906 kg/s. 

ThE .door;.;ay element: test compares the doorway element mode.l- with an 
approximation composed of multiple orifice · elements . 

- z = l 

0.5 -

l. - z = 0 i. .z 
Pi 0 -= -

-.5 - -----
--- z = -1 

Door~ay si~ulated Doorvay simulated 
by door~ay element by ~ultiple 

po~~=~a~ elements 
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In the first case a doorway element vitil a dis~harge coefficien'C of 0 . 78 
u used giving compuud tvo-vay airflows of 0.25913 and 0.25899 kg/s. Ihese 
are essen'Cially exact. In tile second case ten 0.16 rr poverlav openings at 
equally .q>aced heights are used to represent a doorway. The cospu'Ced t:Vo-vay 
airflow is 0.261 kg/s which is vithin lt of the exact value. ~~ cases vere 
•olved in evo i'Cerntions. 

node node-1 
node node-2 

elemen'C orf-0 .16 

c 0.0 
v 0.0 

plr 
elemer.t dor-1.60 dor 

18 .0 
22 .0 

0.0 

0.0015575 0.0015575 
0.015575 0.015575 

0.176494 . 500 
1.76494 .soc 

0.0001 2.C 0.8 0 .78 

link link-1 node-1 0.9 node-2 0.9 orf-0.H null 
link link-2 node-1 0.7 nod"-2 0.7 orf-0 .16 null 
link link-3 node-1 0.5 node-2 0.5 orf-0 .16 null 
link link-4 node-1 0.3 node-2 0.3 oTf-0.16 null 
link link·S node-1 0.1 node-2 G .1 . c:::-~ ' h r.-l.l 
link link-6 nodf:-1 -0.1 nc.df:-2 -0.l orf-0.lo null 
link link-7 node-1 -0.3 node-2 -0.3 orf-0.16 null 
link link-8 node-1 -0.5 t ... d..,-2 -0 . 5 crf-0.16 null 
link link- 9 node-1 -0. ~ node-2 -0 . ., orf-0 .. 16 null 
link link-10 node-1 -0.9 node-2 -0.9 orf·0.16 n'.l.ll 
link link-11 node-1 -1.0 node-2 -1.0 dor-1.60 null 

********* 

opening-.l6m"'2 
doorway-1.6m""2 

Note the heights used with link-11 for the doorway element. In t:his case the 
reference heights of the two nodes is one meter above the floe~. so thP. 
doorway element must be locAted at -1.0 relative to each node. 
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B.7 eonstapt Flow ZlemP,nt Tests 

B.7.1 Const.ant Flow Test •l 

___ .. __ -·-· 
- - .. .,._ ... ~ ... .. ----- -- -· .. ----

In this ces~ a poverlav airflow elea.?ncs and a co~t:ant flov element: are 
arranged in series: 

•======~1======•======F1======• 

The flow raee is aet to 1. 0 kg/s. Since U.e flow through hc::h elements must: 
be the same anu the poverlaw coeffic~ent: is 0.0~48528, the ex~ccted pressure 
drop across the powerlaw element is 115.3~2 Pa. 

co~t:ant: flow test #l input: file 

node node-1 c 0.0 20.0 0.0 
node node-2 v 0.0 20.0 
node node-3 c 0.0 20.0 C.O 

element: orf-0.1000 plr 2.2769e-4 2.2769e-~ 
element: flow-1.000 cfr 1.0 

link 
link 

link-1 
link-2 

********* 

node-1 
node-2 

a.a 
0 . 0 

B.7.2 Constant Flow Test: #2 

node-2 
node-3 

0.0 
0.U 

0.0848528 0.5 orf - 0.1 ~A4 
constant: flow of 1.0CO kg/s 

orf-0.1000 
flo'-1-1. 000 

null 
.nu-11 

Th i s test uses the same airflow ne~-work as powerlaw t~st •3 except: that: a 
· constant f low element is added at: node 13. Node 12 .becomcs an unkno~"T! 
~ ressure and new node 13 must be a known pressure. If tre constant flow is 
se t to 0 . 0611025 kg/s and the pressure of node 1 set to 50 Pa, this test 
shoul d gi•re t he !..:-~ pressures and flows as power law te~: •3. 

It does give the same ansvets (to within tho co~vergenc~ limits) and dces 
this in only 6 iterations. See the input file AFDATA.CF2 on ci':e disket~e . 
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B.8 Fap E:e:~nt Tests 

The !aa element test:s ar~ based on problems ir. the t&xt:book '-. Osaorne 
(1977, p~ 71-75). All tests use a fan whose performance c.ave v~. velop~d 
from the follow~ng charac:eristics: 

YOlWlle ~low !ot&l rressure 
a.a m3 /s 750 :a 
1.0 755 
2.0 7)0 
3. (J 590 
4. 0 27 s 

'nte performance ~urve (assuming a density of l.204 kg/m3 ) 1:.: 

v = 764.429 • 18.2922·? + l9.46JJ.pZ - 7.63940·P3 

'ntis cu:v~ does not incl~de t:he con~rafle~ure evident in the t~ble of 
characte:".'istics. This was done by incraasi11s the prt.ssu.:e risa ae :ero flo·.: 
until the contraflexure was eliminated (765 Pa). 

B.8.l Fan Element Tes~ ~1 

This corresponds to problem 1 in Osborne. It consis1:S of a f~ in sAries 
with a powerlaw eiement . 'Ihe ex~ected answer is ·3.167 kg/s (2.63 m3 /s) at a 
toeal fan pressure of 66C PG. The compu~ed results are 3.158 kg/s a- 660.3 
l?a . 

B.8.2 Fan Element Tes: •2 

This corresponds to p:oblem 5 in C~borne . It consists of two f&ns in 
par<tllel and three powerl.aw elements forming a comple:fl!! circuit. 

values 
p" - Pi 
'W1 

wz 
. 'W3 

expected 
293 . Pa 
2.91 kg/s 
3.61 k, 
6.53 . · /S 

(2.42 m3 /s) 
(3.00 m3 /s) 
(5.42 m3 /s) 

computed 
291. l Pa 
2.909 kg/s 
:.616 kg/s 
6.524 kg/s 

'!'he differences can be attributed to the inaccuracies in the fit: o! the 
far. performar.ce coefficients ar.j the in.accuracies ~n the graphic proc~dures 
1ised to compute the textbook ansvers . 

. .. 
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B.8.1 Fan Elem~nt: !e~t: #) 

This corres'?'lnds to problem 6 in Osborne. I: consist:s of l:VO =ans ~~ 
series ~nd t:hre~ po~erlav eleme~t:s for.zaing. a~ o~en net:Vork. 

values expe:ct~d co;~uted 

P3 - r~ 70. Pa 72.5 Pa 
vl 4.:i.9 kg/s (3 . 48 m3 /s) I.. .171 kg/s 
v2. 3. n kg/s (3 . 10 m3 /s) 3. 71.3 kg/s 
"':i 0 .46 kg/s (0.18 m3 /s) 0.459 kg/s 

fa:. t:est #3 :nput ::.le: •:omparist'n t:o Osborne problem #6 

nod~ node-1 c 0.0 20 .i.. 0 (\ 
nod.;, node-2 v 0.0 20.0 
node node-3 v 0.0 20.0 
ncd~ node-4 v 0.0 20.0 
node node-~ c 0.0 20.0 o.c 

element fan-A fan 3.0@-5 
l.204 750.0 s.oc 
i64.429 -18 . 292.2 
764.429 -18.2922 
714.429 -18.2922 
restl plr l.Oe-5 
rest2 plr 1.0e-5 
restJ ?lr l.Oe-5 

7.2e-o u.oa.:.as3 . 500 
' 

element: 
element 
element: 

link 
link 
link 
link 
link 

link-l 
link-2 
Link- 3 
link-4 
link-5 

node-1 
ncide-2 
node-3 
node-3 
node- '• 

0 . 0 
0.0 
0.0 
0 . 0 

0 . l 0 3 - 100 . 0 
19.4G33 -7 . 63~4~ 

19.4633 -7.63940 
19.4633 -7.63940 

1.0 
5.0 
100 . 

l.585e-03 0.19~05 

1 . ~loe:os 0.1330~ 
4.092e-06 0.04907 

0.5 
0.5 

. 0.5 

nodc-2 0.0 fan-A 
node-~ c.o restl 
nocie-4 0.0 f<'n·A 
node-5 .o.o rest3 

o .o· f.Ode-5 0.0 rest2 
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Osiiorne fan A 

resist'"-nce l 
resistance 2 
resis'tance 3 

null 
null 
null 
null 

. null 
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The t:est of the quadra~ic ~lo.., ele11ent: 1.s an extension of tile du.ct: 
element tes::. !s also ~hows c:he possibilities of modeling ducts components by 
powerl~• or quadrat~~ flow element:=. 'nle airflow nec-.ork is: 

Do 

• -D2 .--:;3 I 
1l.p Pi. p~ :j . • • 2. 3 

?, p~ 

• 2 • 3 

P5 P, 

El ement D: is a 10 meter l ong duc t element ; elements D:, 02 , and 03 are 1 , 3 , 
and S me ce:- long duc t eiemen t s . Eleme~:s C1 • G2 , anc G3 are r.iower l a ·.i e l emer. ::!: 
wh ~ se coef=ic i ents were gene r ated by the E~~ program t o correspond to the 
du e:: e l e::e-:-.: 5 . The cl emer.::s i.:ere f i t t ed at Reyr:o l-is numbe:-s o: lOO OJ a: .d 
l.0000. E : eme~ts QL , Q2 , anci Q3 are quadrat i c f l o'I.· cie .en: s :·:. : :. c ::: e: !'!'i cien::s 
gene racc~ to correspond to t he due : elements . T:le r <: s houic ~e eq~a. fl ows 
through eac~ D4.::'\ch of ::he uecwor k. The r esul ts o f t:he tes:: are s~rizeci 

be l o~: 

~p 

0.01 
0 . 02 
u.c:. 
O.u8 
0.16 
0.32 
~.64 

i . 20 
2.56 
5.: 2 

10. 2.:. 
20.!..9 
40.95 

when. 

Fe Fa F_ diff Fe; dif f ,. 
0 . G0£..9.276 0. 0049276 C.0045302 -6 . 06% 0.0040626 -17.55~ 
0. 0073755 0. 0073 7:5 0 .0080704 +9.39% 0.0066006 -10.53, 
0. 0109604 0. 01096.:.:.. 0 . 0116082 +S.91\ 0 .1)103411 ·S . 65% 
0.C16174e 0.01617L.8 0 . 016u9EB +3.23' u.0157490 -2.63\ 
0. 0237102 0.0237108 0 . 0:!..0167 +l.29% 0.0234849 ·0 . 95• 
0 . 0345369 0.03453€:~ 0.0345440 +0.02% 0.0344891 ·O .14% 
0. 0500175 0.0500174 0 . 049687G ·0.66t 0. 0500971 +O. lb% 
c. 072(693 O.u720l91 0.07!1.681 -0~83\ 0.0722028 +O .18\ 
o . 1<>33972 0 .1033964 0 . 1027976 -0.58\ 0.1034881 +O. 09•. 
0 . 1"7822: 0.1478200 0.1478615 +0.03~ C.l4i- · 6 -0. 05• 
o.~107488 . 0.:::07428 0.2126813 +0.92~ 0.21035£..(j -0.18• 
0 . 2993266 0.2998018 ~.3019127 +2.03\ 0.29118997 -0. 31' 
0 . 42588i7 0.425S3i;2 o.~400.:.55 +3.~2' 0.42.'..1279 -0.41' 

~p = ?1 - Pe · 
F0 = mass flo1.1 (kg/s) through elecent 00 , 

Fd =~ass flol." t:hrou~h the 3 duct elemen:s .hranch, 
~F - 11.ass :::ol." :hrou&h the po1o·erla10 ele:::ent:s branch, 
. q = mass flo10 thro·..ish the quadracic flov eieme:"'.:s branch . 
dif:" = perc~.1: difference con:pared to Fe, and 
Re = Reynolds nu::::er co~~u::ed frc~ F~ . 

Re 
1371. 
2053. 
3050. 
4502. 
6597. 
9612. 

13920. 
200~'-
25776. 
411'19. 
5865:. 
83443. 

118~Li:. 

The- ag.reeir.e:-:: fo-:- 'oc:h f;cac e~=~~:-.::s is i;·.ii.te i ~ r: .. ::r.e :i.:::t..11:e:-:: regio:-: . 
Re > ,'..QI) ~ ' ·. · ::'·. :he c;~ac:-a::ii: ""•o·.; l'"ie!l';:;-:: gii,•ir.~ .:.:. ::>;>S: agreerr:e:-.: . c~oc 
: ra-e~~:-.: : s r:-:: c-xpec :.t = : ~ r;:-.c -::~ :~ s: :~o:: a.:~C la~ : :--.w .. -:- 0 ~ic:-. R"' < .:.c:: 

&: 
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quadratic flow rclat:!.onshi'P test: •1 irqiut file 

node ' soarc::e c 0.0 20.0 a.32 
node d•1ct:-l v a.a 20.0 
node C1uct-2 v 0.0 20.0 
node dpl.r-1 v a.a 20.0 
node dplr-2 v 0.0 20.0 
node dqfr-1 v 0.0 2C.O 
nocid dqfr-2 v 0.0 20.0 
node sink c 0.0 20.0 0.0 

element: d.u.ct-2x25 dvc 2 0.25 0.0490874 a.0015 ciw:t - 2.m long by 25cm dia 
0 64 0 64 

element duct-3x15 dwc 3 0.25 0.0490874 0.0015 duct - 3• long by. 25cd dia 
0 64 0 64 

element duct-Sx25 dvc 5 0.25 0.0490874 0.0015 duct - Sm long by 25c: dia 
o 64 o 64 

P-lement duct-10x25 dwc 10 C.25 0.0490874 0.0015 duct - lOm long by 25cm dia 
0 6.:. 0 6L. 

clement dplr-2x25 plr 3.40642e-05 3.40c42e-OS 0.133079 0.524431 plr-duct .. . 
element dplr-3x25 pl~ 2.27095e-OS 2.27095e-05 0.107587 0.52'-431 plr-duct ... . 
elemer.t dplr-h25 plr 1. 36257e-05 1. 3625-7e-OS 0. oa:z· "12 0 .5~4431 pl.r-duc:: 
element. dqfr-2x25 qfr 0.3°10242 44.&089 qf'r-duct - 2c- .Long by 25c:m dia 
element dqfr-3x25 qfr 0.4£5364 6r.2134 Qfr-duct: - 3m long. by 25c:m dia 
elemen~ dqfr-5x25 qfr 0 .775006 112.022 qfr-duct - Sm long by 25c~ dia 

link " 
link 
link 
link 
link 
link 
link 
link 
link 
link 

Nor.e: 

duct-0 
duc:t-1 
duct-2 
duct-3 
dplr-1 
dplr-2 
ciFlr-3 
dqfr· 1 
dqf'r-2 
dqfr-3 

source 
source 
duct:-1 
duct:-~ 

sou:i:.ce 
dplr-1 
dplr-'! 
source 
dqfl:-1 
dqfr-2 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

sink 
d1.4C"...·1 
duct-2 
sink 
dpl::--1 
dplr-2 
sink 
dqfr-1 
dqf:-2 
sink 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

duct-10x~5 

duc;-2x25 
duc:::-3x25 
duct:-Sx25 
dplr-2x2!: 
dplr-3xZ5 
dplr-SxZS 
dqfr-2x2S 
dqfr-3x25 
dqfr-5x25 

nul~ . 
null 
null 
null 
null 
null 
null 
n1.4ll 
null 
null 

The a and b values for the quadratic flov elements are propor~ional to the 
leng~h of ewch e~ement. This could be cor.venient: f~r modeling duct ner-.;~rks. 
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Thesa tests are desig:led to provide ai..mtJle benchmarlu: for rel&cively 
large airflow netvoxks. Analycie solutions have nae been developed far these 
cases. 'nle runs vere made or. a PC compatible coa:pucer (4.77 MHz 8088 CPU with 
8087 11&th coprocessor). This is a mini.m&l microcompucer by t:od&y' s scmdards. 

The 1:1!St:S are based on the 9-node floor module men:!oned in ehe main 
report and ahovn in fii;ure 10. Test f~ces vere developed for buildings of up 
t:Q 32 floors. Versions of AIRNET iu1ng bot:.h ehe 11111&11 and l&rge memory 
110dules are compared in the follov!ng tabla. 

S11&ll memory model ca~ culation time 
floors nodes icerations input airflows l.U'1&llocaced memory 

4 37 s 2.& s 1.6 $ • 44000 byt:es 
8 73 5 5.3 3.3 31000 

16 145 5 9.8 6.7 7000 
Large memory lllodel 

1C 145 5 12.4 7.6 333000 
32 289 s 24.7 15.3 265000 

Four poin:s to note are that (1) ca1culacion time increases almos: 
li:iaa: :: · ·,·: :!-. '(he r::.=~e= c: :.~des be=ac.u ot the sparse equation solver, 
~2) the ir.~ut files process slowly because of their length, (3) the large 
memory model requires slightly more time than the small model, and (4) cilis C 
~ersion of AIRNET is about 40% faster than :he FORTRAN version used in the 
comparisons in ::he mai:-. repor::. 

1bes~ network d~ta files can be easily modified to show the effect of 
improper node order on sparsity and performance by &leering the sequence of 
nodes on each floor . In the 37 node case the number of nonzero elements in 
[A] increases from 12i co 253 (an increase of 1008 byt:es) and execution time 
incr~ases from 1.6 co 2.6 seconds. The change in the fill patce~ of the 
Jacobian is sho\.ITI in the two figures below . 

• • • 
• • • • • • • •• ••• • •+ +• . ..... 

• •++ • •++ • •++ . ·• •++ ••++ ••• • •+ +• . -· . ·~ . ·• a++ ...... . ···••• 
•+ • • 

• +• 
+-• ·-. . ........ 

• •++ . ·. ·-· ·••• .... 
• • 

•••••••••• • • 
·~ . ·---·----+ ·---•++-+-++ •++-+-+ 

•+++ •••••••••• • • 
•I I I I I 1 I I 4 ·----. . 

•I I 11 I I . .._ .-.... ·•••••••••• • • . .. ·----·---+ •++....--.-. 
·~ ·••••••••• .. ·--·~ . ..-.;. 

. . .. .po~ 

•++ 
•-+-• • 

123456789Cl2345~759Cl234567e90123•Sc~ 
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APPClDL"< C: Calculat:ionel D!taUs 

C.: Nev~on' s !'!es;!';od 

This aectiou reviews t:he t:heoTY of Ne111:on' s -chad for simulc.aneous 
nonlinaar equadons (Stoecker, 1971) u applied ta the airflow equations. 

Assume a case consiating of t:hree· no~• Which are to be solved for t.~ree 
uiucnovn prHaures P1 , P2 • and P3 . Coaa•rvation of 11&&• at: each· node is used 
co aet up three nonlinear equations in t:•r11S of i:he unknovn pressures: 

f1 CP1' Pz' 

f2 (!\, Pi' 

f 3 Cl\, P2 • 

If t:be correct: 

P3 ) :a 0 

P3) :a 0 

pl) = a 

soluti:m is P1 c, Pzc• and P,c • 

(C.l.la) 

(C.l.lb) 

(C.l.lc) 

a Taylor .. ri•• expansion 
retaining only the low- order terms gives: 

(C. l.2) 

P 
,, 

- JC I 

and similarly for f 2 and £3 , where the variables P1 , P2 , and P3 are only an 
approximation to t.~e correct solution. 

bl • &11CP1 - Pie) + &12 (Pz - Pzc) + &1 J (P3 - PJ c) (C. l. 3a) 

~2 ... &z 1 < P 1 P1 c) + 4 2:: (Pz Pzc) + 4 23 (P3 P3 c) (C.l.:.ib) 

b3 :a &3 1 (Pi - Pi.c) + &32 (Pz - ·p2 c) + &3 3 (P3 - P3c) (C. l. 3c) 

\."h~?'e 
b1 ... £1 (P1 • Pz • P3) (C.l.3d) 

and 
af1 CP1c·· Pzc • P3c) 

aij = (C. l.3e) · 

aPj 

However, since the exact pressure values are not yet known, comput:1! the a:.: 
terms at the app~oximate pressure varues: 

a~ J "' 
(C.l.;f~ 

C?. 

Equations (C.l;J) are .a se: of simul:aneous linear alge~raic equacions in 
terrr.s of the unkno'l..'"nS: (P: · P::). (P;; • p2:), and (P3 ~ P3 ~). Solu~ion o: 
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che equations for tile~e values i.s wed to iml>rove the apfroximat.e pre.s~ure 
values· 

p • = Pi CP1 Pie) 
.. 

(C.l.4a) 1 
. . .; ,_ .... _ .. . ... . 

p • :a Pz - (Fz - l'z e) (C.l.4b) z 

p • 
l = P3 - (P3 - p:Jc) (C. l. 4c) 

Tbe new pressure values replace ate oi~ pressure values in equations (C.l.3) 
&%2.d solution cont:inues i:..,;:-=•tively i.mtil a suZ!ici'ent:l7 acc:.irac set: of 
11ressure values has. been coarpi.;.t:ed. : · 

'these relationships are expr~ssed in veetor/aatrix form in die main 
p.per: Ea.ch airflow element, i, rel.aus the ll&SS flov rate, v1 , dirough t:he 
element to t:he p=ese .ire drop, tP 1 , across i r. A new es~ilsate of the vector of 
all node pressures, (Pl*, is computed from die current estima~e of pre~sures, 
{PJ, by 

[P}* =(Pl - tCJ (C.1.4') 

where the cor=~~tion vec~or, (C), is ce=put:ed by the matr~x relatic~shiµ 

(J] (C} =(Bl (C.l.3') 

(El is a column vec~or with each element gi~en by 

Bn = l: ""'J. (C.1.31....') 
i 

where n is the node number and i b.dicates all flow paths connecting node n to 
other nodes, and [J] is the · square (i.e. N by N for a nel:'IJcrk of N nodes) 
Jacobian matrix whose e).&ment.s are given l..y 

\" aw 
Jll,:11 = '-: aP: 

l 

(C.l.3f') 

~inc=:. i:hE' airflows for the vu ious airflow elemer.:s are comput:ad from 
relai:ionships of .the form w .= f(AP), vhere 

AP = Pn - P• + PS + ?\.:, 
Pn, P_ = toe .l presst..~re~ at ncces n and m, 
PS - = pressure difference due to density anc bei&-1it: differencas., and 
PY . = pressure difference due to wind, 

the partial derivative needed for [J] in equation (C.l.3f') are related by 

(C.l.S) 

':'hese last two equations ir.~icate that t~e Jacobian h&s a strong diagcnal anc 
is symm~:ric, tvo properties which can ce u.sed to speed.the factoring of the 
Jacobian. 
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C.2 Solving Simultaneous Lipear Eguat!gns 

The following discussion is designed to provide a brief int::oduc:ion to 
th• method 1...Sed to aolv• aimult.neou.s equatior~ in AIRNET. See Pisaanet~~Y 
(1984) and Dhact & Tou:oc (1984) for de~ils. 

The general f ona "f the problem is 

(A] (Xl a (Bl (C.2.1) 
where 

[A} is a square ma~rix of coefficiencs, 
(X} is a vector~~ solution valu.s, 
(Bl u a uerix o! coeffici"ent.s. 

It is of .;en compuucionally preferable w f.ccor chr. (A] .. cr:ix into e:iangular 
aa::ices whic..~.are simple to solve ?N11erically. 

Original problem: [A} (X1 = (!I 

Factored problem: (L] [Ul (Xl = I.Bl (C.2.2) 

Forward subst:ituti:m: [LJ (B' 1 = (Bl (C.2.3) 

:Sack subscit:ucion: (Uj'{X! = (.B' J (C.2.4.) 

The processing of the matrices is dependent on the way the matrices are 
represented. In this case we are interested in the skyline starag~ method. 

[t.J [UJ = [A} 

I 
1 0 a. I o, u,, Un l [ E, 

ell.. C3 ! 

Lz l l c 

-~- ~~ -
Un . · R11 E2 C32 

~1· 1-:2 1 D3 · . .. = RH .R32 E3 
.. .. . . .. 

n = l·: l·D 1 = E:. implies: D1 • E1 
. n = 2: . Lz ! E1· = Ru 1.:1 = ~i/D1 

. l • l.i11 = C11 l111 a C11 
!.z 1 U21 + D2 = E2 Dz. ,. E2 - Li1 l121. 

n = 3: ~iE1 a R31 ~1 ,. R, 1 ID1 
~1\,j%1 + l.uE2 : R::..2 -~2 = C~i - ~1021)/D: 
l•U3 i -= C31 ·u31 = C31 
Li 1T:31 + U3z a C:u U32"" C32 - !.i1 Un 
~iuH + l.,zUu + 03 = E~ D, ,. E3 - !., 1U31 ~-.L,z'Cu 

n = 4. . eti:. 

6i 
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Factoring algorithm: 

for all val:ies of n from l co N: 

1-1 

~1 • <Ru1 - l L.ia.u1.> I Di 
m=l 

1-1 
u'lli 2 c;i - r ~.uu 

.. 1 

n-1 
D11 • ~ - L ~.u11• 

m=l 

For.rard substit:u~ion algorit:hm.: 

for all values of n from l to N: 

n-l 
B:i = B:i - I Li,jBj 

j=l 

Back substitution algorithm.: 

for all value~ of n from N to l: 

· <Xii = Bu when finished) 

1•1,:2, ... , n-1 

1 • 1, 2, ... ,. n-1 

i = 1, 2 o •••I n-1 

The development of the skyline method is based on .the simple observ~t:ion thac 
array locacions abo;te the topmost nonzero element in any column above the 
diagonal and to che left of the first nonzero element in any row below tile 
diagoi:ial must remain zero during factoring·. It. is unnecessary to allocate 
array space for those locations that are al~ays zero . The (A~ macrix is 
reorganized into the main diagon.~ vector· of N elements, the lowl!r triangular 
matrix of ~: variable length rows,- ·and the upper triangular matrix of N 

. variable Length columns. The ·faccor!.:::tg and solution algorit:hm.s are chen 
reorganized co accommo..!.a.ce this new data struct:ure with 1es new numbering of 
array locations. All operations can be performed in place, i.e., wichouc 
creating separate arrays for setting up the problem and for the factoring. 

I . • 
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C.3 Ar;avs in C 

C.3.l 2-dillensional arrays 

2-D arrays can be handled direcdy or by arrays of point:er.s. R.evievir.g 
the c declarat:ions (Kernighan & Ritchie, pp 103-110) for a 2-D array: 

double &a(3](4J; 
columns. 

is a declaration for an array of 3 rows and 4 

aa &::l.d &&~OJ --> aa{O ] (O) 
aa [O] (l] 
aa (O] [2] 
&&(0 ] [3] 

aa(ll --> aa(l ] [OJ 
aa ( lj{l ) 
aa[l)[Z ) 
aa( 1 I (3] 

aa[2] --> aa [2)[ 0) 
aa (2] [ l ) 
aa [ 2 ) ( 2 ] 
ilC:. '. 2; i 3 J 

where a.a(i][j1 i• both a locaeion in 
MmOry &11d Uie C acceu sync.ax for it. 
8 -->• .. ans •point:s to• . 

Note that the array indices start at zero for bo1:h colwm.s and rows. 

When aa is passed to a function che number of columns must be given in 
the declaration in the function: 

double aa [ ] l 4 J ; 
It is not necessary co stat~ the number of rows (the first dimension in a 
mult:idimenSional array). 

Now consider the use of an array of pointers: 

·double *Pa(4J; is a declaration for an array of 4 point:ers. 

pa[OJ --> aa(0,0) 
aa(O , l) 
aa(0,2) 
aa(0 , 3) 

pa[l) --> aa(l,0) 
aa(.1,1) 
aa-(1.2) 
aa(l,3) 

pa[2] --> aa(2 ,0) 
aa(2 , l) 

pa[3] --> 

· aa<2 . Z) 
aa(2 , 3) 

vhere &&(i,j) is a location in ~emory 
for the appropriate value. 

: 

Eleme~t aa(0,0) is accessed by *(pa+O+O) (=*pa) or pa[O](O) . Element 
aa(l,3) is accessec by *(pailj+3) or pa[l](3]. The pointer pas:: the er.d of 
the array is used t.o deter:::in~ . the end of che la.!-"t row during dUll!ps. The 
pointer vectot a:us:: be dimensior.ed one more tha01 the nUll'be:.- of rows in the 
array . 
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Since t:here is & problem in writing functioiu vhich are passed 2-D arrays 
and since ic 'is desirable to always us:: t:he saae Mt:hod of represent:ing such 
arrays, ve vill alvay,s represent a 2-D array by .. ans of an array of pointers. 

For arrays vit:h very few col~. che ~dd1t1on of an a:rray of poincers 
represents a significan'C increase in s'Carag~. In aany au.ch ca.ses ic may be 
more desirable 1:0 use a 1-D array of s'Cru.c:-cures, where the acruc:o.ire element 
Dalles can help docuzaenc the program. 

\le of1:.en vcnc to uae arrays with elemena l through H imeead of 0 
dlrough H-1. In t:his case, poJ.nt ca the loca<:icm jwst: before each row: 

double *P• ( 5]; 

pa( 1] --> 
pa{Oj --> 

pa[ 2] --> 

pa(3] : -> 

pa(4] --> 

is a .declaracion for an array of 5 poincer~. 

a.a(l,l) 
aa(l,2) 
aa(l,3) 
aa(l ,4) 
aa(2,1) 
aa(2,2) 
aa(2,3) 
aa(2,4) 
&&(3,1) 
aa(3,2) 
a;o ( 3 , 3) 
aa(3 ,4) 

The zero pointer is not used, and the final pointe= ls needed to 
· determine the end of .the last row during dumps. This means that the pointer 
array will have to be dimensioned two more tiian the number of rows (if we want 
row N accessed by pa(N] instead of pa(N-1]). Element u(l ,3) is accessed by 
*(pa(1]+3) or pa~1)(3]. 

1'h• user mus: know whether the array begins at zero or at one. 
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C.3.2 Vari&bl• Lengtil iovs 

Ye uy also want to use arr~ys vi th va.~1abl• · lengt:h rovs. In this ~e, 
the use of an array of poincers b ••••nci~l: · · .. · - . 

doubl• '*P• ( 5] ; is a d.ecbracion for ar. array of 5 poincars. 

pa[OJ --> aa(0,0) 
aa(O,l) 
aa(0,2) 

pa[l) --> aa(l,0) 
aa(l,l) 

pa(2] --> aa(2,0) 
&&(2,1) 

pa[3] --> aa(3,0) 
aa(3,l) 
&&(3,2) 
aa(3,3) 

pa[4] --> 

Element aa(O,O) is accesse~ by *(pa+O+O) (=*'Pa) or pafO][O!. Elemen: 
aa(2,l) is accessed by *(pa[2]+1/ or pa[2](!]. The pointer :o the enc cf ~he 
array is used to determine the end of the last row during dwq>s. The painter 
vector wiust be dimensioned, one more than tho number of revs in the array. 

In the case of arrays with elements 1 through N inste~d of 0 through N-1, 
point to the location just before each rcw: · 

double *'pa[6]; is a declaration for an array of 6 poi11ters. 

pa[ l] --> 
pa(O] --> aa(l.:) 

aa(l ,2) 
pa(2] --> aa(l, 3) 

. -aa(2,l) 
pa(3) --> aa(2,2) 

aa(3.l) 
pa(4] --> aa(3,2) 

aa(4,l) 
aa(4,2) 
aa(4,3) 

.Pa(S] --> aa(4,4) 

The zero pointer is not used, · and the final pointer is needed to 
determine the end of the l~st row during dumps. This means that ehe pointer 
array will have to be dimensioned tvo more than the number of rows. Element 
aa(l,3) is accessed by * (pa (l] +3) or partJ(3]. 

The user must know vher.her the ~rray begins ac zero or at one_ 



C.4 Stack Ef!e~ 

1'he following figure shows ?:Vo room.s represented by airflow nodes n and 
m, respectively. It is .. sWled that each node can. be ch&ract:eri:ed by & 
single t:emperat:ure and a single static pressure at some height relative to a 
common. data pl.ane. The tvo rooms are shown vit:h an airflow element connecting 
diem. The inlet and outlet eo the element are at different heights from aach 
ocher ard from the nodes representing the rooms to show the entire calcul&tion 
for height differences. 

I' I 
node n .z -- . I %z 

Zu -i.r node m . -
z .. 

%1 I 
reference height 

Analysis of airflow through the element i 1s based on Bernoulli's 
equation and its assumptions. 

AP1 
where 

APi. 

P1 • 
V1, 
p 
g 

=sum of all friction and dynamics losses (Pa), 
p2 =entry and exi~ static pressures (la), 
V: =entry and exit velocities (m/s), 

=density of fluid flowing t:hrough the element (kg/mJ), 
= acceleratior. of gravity (9. 81 m/s2 ), and 
=entry an~ exit elevations (m). 

(C.4.1) 

p may be either Pn or pf!J depending on the direction of flow. One possibility 
·is to let p equal the average of the tvo densities and accept ·the inaccuracy 
in -::ie computed airflow. The other poss;.bility is to select the press'1re 
based on the most recently co=;iuted flow direction and let the iterative 
solution of the airflow equation operate. 
· Equation (C.4.1) defines a sign convention for the direction of airflow: 

positive flov ' is from point 1 to point 2 -- node n to node m. Equation 
(C"~-1) can be simplified for use in the airflow computer algorithm by 
defining several related terms. Dynamic pressures are t~e pV1 /2 terms in 
equation (C.4.1) and total pressure is defined to be P s p + pV1 /2. If nodes 
n &nd m represent rooms, the dynamic pressures are effectively :er~. If the 
nodes are part of a duce network, !:here will be & positive dynamic pressure. 

The pres:;ures at the inlet and outlet of the airflo1o: element can be 
~elated to the node pressures by the hydrostatic law: 

pl = pn + Pn g ( :::"; - % : ) = pr. . Pn ghl where h1 = %1-=r:· (C.4.2a) 

and. 
l) = P,,, + P,,,g(z .. ·%2) = pr: ~= 6~\: where h~ = .- ( c. 4. 2b ) • z .. ;: -- . 
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TI1e relative heights, hi anl h2 , •re• cor.veni~~t vay of eXtJressin& tr~ 
ele;;iaenc inlet •nd ouclet heights. Si.Jlilar flow el~n~ in siailar rooms esnd 
to ~ve the same relative heigh~s eV-en though the rooll.S are at differenc 
heig.'its. If the ebmenc is part of a duct nec:work. t."le rebcive heighcs vill 
be zero. Equ.tion (C.4.1) is thwo reduced to 

(t:.4.3) 

TI1e ter.:s [pg(:n+h1 -z_-h2 ) - p~gh1 + p.gh1 J can be collectively called 
the stack pressure, PS 1 , acting on element 1. For airflow in the positive 
direction: 

(C.4.4a) 

For flov in the r.egaeive din. tion: 

(C.4.4b) 

If the direction of flow is unkno'lr.1, use 

(C.~.4c.) 

Equation (C.4.4c) could also be used if it is assun.ed that th~ air temperature 
wit~in ch~ elemen- is t:.~e average of cne cwo nodal temperature~. 

Elements in buildir.g envelope surfaces connec~ the room: to ambient air 
whic~ may be IDO"· ing at significan: speed. This speed is reduced to zerc.. z.s 
the ai= meet~ t:e b~.lding surface; the dynamic pressure oi the ambient Ai= is 
converted to an additional pressure on the elemenc, pt,;~, which wil.! be c.illed 
the wind pressur~. ~ind· pressure may ace in either a posit~ve or negative 
fashion on the elemenr airfloY . Equation (C.4.3) is ~us reduced to 

(C.4.5) 

Calculation of the stack pressure interacts wi::h Che iterative solu:ion 
for the nodal p·cessures. ·It ·:..s possible to recompute PS 1 at e··ery iteration, 
but this c.an mean that as the. estimated pre"ssures change with eacn iteration· 
flow direccions may al-so change leading to different values for PSi during the 
iterations. These changing estima.::es of the st:ack pressure interfere with the 
convergence of the nodal p~essure solution. It appears to be better to 
compu::e PS 1. for each component based o·n the mo.:;t recent node .;>ressures. and cc 
leave tbese values unchanged during the solution i;roce·ss. The new p-ressure ·· 
values can be used co reco~?ute PS 1 and then agair. solv~ for pressures · in a 
very few iter4t!ons because the pressures will prob~bly change by only ve~y 
small amounts. Because of the relacively S11:al.l effect of flow direc::i:m on 
the ~verall solution, it is probaoly not necessary to recompute PS1 during a 
given timestep i:1 a transient: bui.:.ding performance simulation . · 

More complicated stack effect~ ~an be created by assuming the nodal 
temperacure varies with height . r:.is could be used to model the ef!ects of 
various temperature s::=atificat1ons. Three fairly simpl2 temperacure 
variat!.ons corr.e co mind. F'irsc, t~.e temperature maj vary linearly -with 
height . Second, e:ach node: could co.1sist of c-.:o regions of constant 
ce::;:>ea::·.J:-e . pe:-hap!' wi::h the heigr.t o: ::~e 1ncerfaC'e va:-yi~i;. !hire!, t~e 
f:rs:: c~o codeis coulc be: corr.~inec . 
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C.5 Fittipg p~werlaw c~eFficient:1, 

Dau is .seldom •'·&ilaole fa:: direct subsciou:ion 1nt:o t."le pover~a.w 
equa~ion: 

v = C J; (4P~:w 
vhere 

v • ll&SS flo\i rat~ of ai=. 
c •flow coetficient:, 

AP • pressure di!ference 
p = air density, and 
x =flow extJonent. 

It is uaually necessary to conver: 1:he available dllu to t:hat !orm. 

(C.5.1) 

l.t x. is known or can be assumed (to be ~ f.or example), C can be comput:ec 
from th~ inverse of equation (C.S.l) 

(C.:..2) 

For example, this can be used with :he component leakage ar~a formulation 
which has been used to characterize openin~s for infilt=ations calcula~ions 
(ASHRAE, 19~5. p 22.16). The effect:ive leakage area is given by 

L = 10000 QI )2~P/p (C.S.3) 
whe:-e 

L ~the ef:ect:ive leakage area (c~2 ), 
Q =the volumet:ric flow (m~/s), 

AP= st:andard pressure difference (4 Pa), and 
p =density of air (1.2 kg/mJ). 

This corres?onds to a v~lue of C = 0.0001414 L .for use with equat:ion (C.5 . 1). 

lJhen t:wo values, w1 (~P 1 ) .and w: (AP:z) ! are known, both C and x can be 
computed: 

(C.5.1.) 

with C th~n cocputed from equat i on (C.5.2~. This can be used to con~er~ 
detailed duct calc~lations to powerlaw f~rmulatiun. Test:s ' indicace tha~ the 
characteristics of ducts ~ith fr i ction moceled by ·t:he Colebrook equation can 
be replaced by the powerlaw representation wi~h an accuracy of better than 2 ~ 
for flows that vary· by up to a facto: of four (a typical variation in ' a· VAV 
syste:::i) . Equation . (C . 5.4 ) would also pe useful for re<!·.icing a coliect~o;,1 of 
flow elements which are in series to a single fl~w element. 
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C.6 Cgps~~ns F!2~ Elrmert 

One · par~i.cularly si:ple buc usef'J.l airflow element. sec.s a cons~t. f:.av 
bet:Veen t:V~ nodes. ~ince t.he flow is const&nt, d1e ;:a~ial d.eri~acives ')f 
flow vith tespe~t to :he node pressurP.s muse be :ero. The con.scuic flow 
element elei::ent d~e!' not concributc to the Jacobian, [A], but it does add tci 
t:he right: siiie vei:~iJr, {B 1. · 

C.:onst:a.nc flov elmaent:s do not ucheiutically link ~e prestrures of ~~e 
a~jacenc nod&s. lt is necessary c~ac all node in the neo.ork be .linked c~ 
cons cane pressun nodu. in order to have a unia,1e ao!aeion. Viol1tion of ai: s 
res::riccio:l w~!.i. p:od~ce a divi.si:>n by :ero some ... -here in the s-:lueion of tile 
equations. Consic~r ere followir.~ simple n~tvurk: 

•==:1==•==F1==-• C2==• F2==•==c3==• 
P1 P2 P:, P, P~ ?! .. 

where P1 &~d P6 are known pressti-es, and F1 and F2 are lcnowr. flows. Since tile 
flow chrougL C2 i!; decermin~d by P3 -P4 , and no ocher flow is related .:o chose 
pressures, t:here .:re no;; eno·.J.gh equo:..tioni. t"' det.ermine p·3 !IJ.li P • 1.M."".iquely. Ir. 
addition, ic is poso;ible for F1 and F2 to be assigned differenc flows. which 
pr;:c...:ces a ph:.-sicaLy ii::?o.isible condit:ior.. 

One sii::ple fan model is ap~licable fo~ an asswi:?tion of near conscan~ 
o~\?rat::.nE; conditions. This is the cons~ant po:wer fan moc!e.i:. which as~~e·s 
:.~at a conscanc power is deltvered by the f~n co the airstreu:. The basic 
equacion is: 

H. : Q • ~? = w • ~~ I p 

H = po:wei.: ('.:) ·, · 
Q = volume flow race (n:~ /s). 

4P = pressure rise (?a)~ 

w = mass flow rate (kg/s), and. 
p = ai~ density (k5/m~) . 

Equaci~n (C.7.l) rea~ranges to 

for which the pa~:ial de~ivatives are : 

~j, 
"" ·Hi;/t.P4 

ae:. 
a.id 

a .... = H!" I!?:. •p a.: 

(C.i.l) 

cc.-.2) 

(C.7.;) 

(C. i .:.:· 



C.8 Relaciop$hips for Cracks 

.laker, Sharples, and Y~d (1987) inc.cate cha~ inf!lcracion ~·~ings ca~ 
be more ~ccurately modeled' by a quadratic relationship o! i:he form 

(C.8.l) 

They give 1:heoretical rel&tionshi?S becveen A and ! an~ the physica: 
chAracteriac~cs of the o~enings. 'n>ese are 

anf. 

vhere 
µ. :s viscosity, 
p = den.siey. 
z =distance alor.g the direction of flo•, 
d = crack widtil, 
L = er.ask length, and 
C = 1 . 5 + number oi bends in the flow path. 

(C.f.2,.) 

(C.8.2b) 

Eq1J..&tior.s (C.8.2a,b) ar~ easily converted to mass flov fo.cm for the quadratic 
flov eleme~t : · 

a = 12,uz/ pLd3 (C.8.3._ ) 
and 

(C.8.3b) 

Clarke (l 985) al.<>o · indicates a relationship for flo•.r through cra.:ks char: 
can be converted directly into a powerl•w airflow element. This relationshi? 
is: 

where 

x = 0.5 + 0.5 exp(-~/2) 

~ - 0.0097(0.0092)% 

W =crack width (m.~). ar.d 
a :s crack length (c). 

The powerlav equation is: 

Therefore, x is given by (C.8.4b) and 

c: J;":'. a 0.0097(0.0092ri: 

(C.8.4a ) 

(C.S . 4b ) 

(C.S . 4c J 

,c.a.s ) 

(C . S.c) 
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