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Ihe NS Bibliographic Dalabase is conynised of docimenis from thiee major agencies: (1)
The 1S Department of Energy (DOE), (2) The US Department of Delense (DOD), (3) The
National Aeionautics and Space Administration (NASA), plus hundreds of other Federal,
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all databases.
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4 Combine Keywords with Boolean operators (AND, OR, NOT).
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& Print search resulls.
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ABSTRACT

In spite of its importance, the analysis of airflovs has significantly lagged
the modeling of other building features because of limited data, computational
difficulties, and incowpatible methods for anal; :ing different flowvs. Hethods
have been developed to analyze airflows in HVAC ducts and to estimate infil-

) tration but the interaction between building HVAC systems and infiliration
airflows has seldom been studieda. Thi: report describes a computer program
for modeling networks of airflow elements, such as openings, ducts, and fans.
It emphasizes the numerical aspects of an airflow network method which would
provide a unifiea aporoach to building airflow calculations. It also
discusses the limitacions of the method a' 1 poorly undarstood factors that
could profit from further research.
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1. INTRODUCTION

Air movement models have been developed for estimating airflows in buildings.
Thes: airflovs includ- infiltration, natural venti_ation, interroom airflows
through various openings including doorways, and flows through the HVAC
system. The numerical estimation of average characzeristics of r.zh airflows
is useful for moisture and contaminant dispersal analysis, inciud 1g the
design of smcl: zontrol systams, and heat transfer analysis incluaing load
and energy calculations. In spite of its importance, thz analysis of airflows
has significantly laggec the modeling of other building features hecause of
limited data, computational difficulties, and incompatill’e methods for
anelyzing different flows. This is tarcticularly true of tae combined building
and HVAC syscem simulation. Methods have been developed tc analyze airflows
in ducts (ASHRAE, 1985, ch 33) and to estimate infiltraticn (Liddament &
Thompsori, 1982) and ventilation (ASHRAE, 1985, ch 22), but the intimate
ralationship between these processes has seldom been szudied. When it has,
the results have sometimes been surprising (Tizsily, 19835>.

Relatively few methods that could be applied to both processes have been
developed within the building simulation community and desecribed in dectail.
Several computer models deve opec for sroke control analisis are reviewed by
Said (1988). Models for building energy aunalysis have been developed by
Clarke (1985) and Walton (1984). All of these methods are based upon the idea
that there is a simple nonlinear relariomship between the flow through an
opening and the rzlative air pressure difference across it, and that a
building can be considered to be composed of a large nurber of rroms which are
connected by openings to each other and to the outside. This is a network ot
room~ (nodes) and openings (connections) which is conceptually similar to the
air handling system network where the connections are the ductwork and the
nodes are the ductwork junctions. Conservation of mass for the flows into and
out of each node leads to a set of simulctaneous nonlinesr equations which are
solved iteratively for the airflows. This can be called an "airflow network”
method. Its relationship to pip2 netwurk methods will be discussed. Such an
analysis is also sometimes referired to as a multi-chamber or multi-cell method
(ASHRAE, 1985, p 22.13). This report draws extensively on Axley's airflow
element (1987) and contaminant element (1988) metheds which are, in cturn,
based or rumerical methods associated with finite elemeat moduling techniques.

Modeling of airflows requires: (1) determinazion 3; the location and
mathematical characterization of the airflow paths, (2) determination of the
boundary conditions (primarily vind pressure), (3) calculation of the
resulting airflows, and (4) a user-friendly framew.ork in which to do the
analysis. Progress has been made in such vical arzac as wind pressure
estimates (Swami & Chandra, 1988) and interroom airfl..s (Barakai, 1967).
Unforturately. it is often thought that a network model is so complex that it
requires a mainframe computer for its solution (ASHRAE, 1985, p 22.13) and is,
therefore, impractical. This apparent impraciicality discourages gathering
the data which is necessary for the use of network models,

This repcrt will shown that a network model is practical. It will emrhasize
the numerical aspects of the airflow netwcrk method which allow it to provide
a practical. unified approach to building airflow calculations. Details of

the procram AIRET, a m.:rocorputer implementation cf this airflow network
metnod, will be Ziscussed. It will also discuss the limitations of the method

1
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and poorly understood factors that could profit from further research.

2. AN AIRFLOW RETWORK METF ‘D

An airflow network consists basically of a se: of nodes connected by airflow
elments. The nodes may represent rooms, cunnect! .n points in Auctwork, or
the azbient environment. The airflow elements correspond zo discrete airflow
pamages such as doorways, construction cracks, ducts, and fans. Figure 1 i=s
a sdetch of a porzion of a building cunsisting of ctwo Tooms, a hallway, ar‘
alr distribution ejuipment representing a VAV system. Flgure 2 shows an
alflowv network superimposed on the physical structure of fizure 1. The large
dots are noles »- < the connecting linecs a:- the various airflov elements.

2.1 Modular Approach

The network approach makes the developmen:t of element mode.s, excitation
models, and solution method somewhat independent. The computer program
modales will obviously mirror the theoretical modules with input and output
mocales added to create a useful simulation tocl. The various modules provide
a Tcolkir for the analyst to consider a practically infinite var.ety of systen
molels,

For this study an airflowv network simulation computer program, AIRNET, was
deweloped fyom an earlier airflow analysis program (Walton, 1984). The new
pregran consiscts of:

(1) a pyocess for establishing an irnitial set of values tc start the
izerative solution process,

(2) a solution mechod for nonlinear equacions consisting of a traditionmal
Nevzon’s method combined with Steffensen .teration to accelerate convergence,
(3j airflew element suoroutines which compute the flow rate and derivative of
the flow with respect to pressure difference needed to form the Jacobian
matrix used in Newton's method,

(4) a separate process for transferring the above data into the Jacobian
marrix (called the element assemb.y process), and

(5) solution of rhe cimultanecus linear equations involving the Jacobian
matrix.

This discussion will begin with the solution metchod.

2.2 ewton's Method

Each airflow element, I, relaces the mass fiow rate, w;,, through the element
due to the pressure dro,., AP,, across 1t. Conservation of mass at ea~h node
is equivalent to the mathematical statement that the sum of the mass flows
equal zero (or the mass generaced, as in the case of a fire) at each node.

The flows are related nonlinzarly to the pressures at the nodes thus

requiring the i.erative soiution ¢“ a set of nonlinear equations. In Neweten's
metho! (Conte & de Boor. 1972, p ~»>), a new estimatec of the vector of all node
pressures, (P)°, is compuced from the current estima.e of pressure:, (Pj, by

(P}" = (P} - .} (1]
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vhere the correction vectow, (C), is computed by the matrix relatienship
(-] (C) = (B) {2)
{B) is a column vector with each element given by

B, =2 v, 3)
i
wvhere n is the node number and i indicates nll flow paths connecting node r to

other nodes, anc [J] is the square (i.e. N by N for s network of N nodes)
Jacobian matrix whose elements are given by

Jn.-=§%§: 4)

In equations (3) and (4) w, and 6w, /3P, are evaluated using the current
estimate of pressure (P). The AIRNET program contains subvoutines for each
airflow element which return the mass flow rates and the partial derivative
values for a given pressure difference inpu..

2.. Solution nI zhe Eguazions

Equation (2) represents a set of linear equations which mus:t be set up and
solved for each irera ion until a convergei.: solution of the set of nonlinear
ejuations is achi_.ed. In its full form [J] requires computer memory for N2
values, and a ctendard Gauss elimination solution has execution time
proportional to N*., Sparse matrix methods can be used to reZ.:ce both the
storage and exeécution time requirements,

A skyline solution process following the method ~f Dhatt (1984, pp. 282-192)
was chosen. This methoc can be used to_solve equations with cymmerric or
nonsymmetric matrices. It s*..&:. no zero values above the highest nonzero
element irn che columns albove the diagonal and no zero values to the left of

the first nonzero va.ue in each row below the diagonal. Analysis nf the
element models will show that

lJn,nl =Z “I.—.',c! (&)
a*n

This condition allows a solution without pivoting. although scaling may be

useful. Modularizing the equation solution process and the matrix assembly

proce.s will make it easy to substitute other solutiun processes.

Note that the degree of sparsity of Jacobian metrix is dependent on the
ordering of the nodes. Ordering can be improved by various algoriihms or
rules-oZ-thum Also note chat it is easy to define an airflow network which
has no unique solution. OUne requirement for solution is that at least one of
t .2 node pressures be known. This s usually the ambient node. All nodes
zust be linked, through some path, to a known pressure. There may be sevaral
known pressure nodes. The airflowv necwork method allows twc types of nodes:
chose with kno'm or unknown r:2.sures. 1., AIR"ET the constant pressure nodes
are included in the system of equations and equation (2) processed sc as 9
not change those node pressures. Tnis gives an added flexibility in defining
the airflow network with special processing maintaining th. symz-cric set of

3
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equatious. The form cf the equations for known pressure nodes combined with
the condition in equation (5) for unknown pressures nodes is a sufficient
condition for the Jacobian to be noncingular (Axley, 1987). AIRNET is
presenzly set up so that the axbien: node pressure is zero causing the
computed node pressures to be values relative to the trus ambient pressure.
This helps maintain numerical zignificance in calculating AP.

2.4 Convergence Criteria

Conservation of mass at each node provides the comverpgence criterion. That
is, 1£ T v, = C for all nodes for the current system prescure estimat:, the
.olution has converged. Many iterations can be saved and sufficlent accuracy
attained by testing foir relative convergence at each node

|z w, ] 7Z)w| < ¢ (6)

with a test to prevent 4divisiun by zero. The size of ¢ can be established by
considering the use oZ the calculaced airflows, such as in an energy balance.

2.5 Corvergence Acceleration

Numerical ctests of Newton’s method snlution indicatzed ccrasional instan.es of
very clow convergence, alwavs with oscillatiiug corrections on successive
icerations. This is depicted graphically for the successive vaiues of
pressure at a sirngle noce in figure 3. In the cace shown each successive
pressure correction is & constant ratio of che nrevious correc=icn. The
observed corrections come close to this patzern. By assuming a constant
ratin, it is ~“mplc to extrapoizte the corrections to an assumed solution:

P,° =P, - C./(1-7) (7

where r is the ratio of C, for the current iteration to its value for the
p.evious iteration. This extrapolated value nf node prassure is usec in the
next Newton iteration. At every other iteration, there are two pressure
correction values which may be used for an extrapolatisn. This mrchoc is
similar to a Steffensen iteration (Conte & de Boor, 1972, p 54) which is used
with a fixed point iteration mechod for individual norlinear equations.

The oscillating corrzctions have been observed by other investigators (Wood,
1981; Demuren, 1986). Demuren uses a constant relaxation factor of 0.5 tc
prevent the oscillations. The iteration cor.zction method presented in
equation {(7) gives a variable factor. When the solution is close to
convergence, Newton's method iterations converge quadratically. By limiting
the application of equation (7) to cases where r is less than some value such
as -0.5, it will not interfere with the rapid convergence. Tests by the
auchor confirm that this is faster than the constant relaxation factor. It
has not been proven that equation (7) will always lead to convergence, but it
can be shown that it will not prevent convergence. MNewton's method converges -
when the estimated solution values sre within some distance, called the radius
of con—-ergence, of the correct solvtion. Applving eauation (7) wien

-1 2 r <0, will cause a smaller correcrion than Newton's method, which,
thereforc, cannot force the iterations outside the racdius of convergence.
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The meanings of other values of r are a0 intevesting. VThen r < -1, the
solution diverges in an oscillatory fashion. When r > 1, the solurion also
¢iverges, but in a nonoscillazory manner. For 0 < r < 1, the soluzion s
appro¢ :had from ore direction. In all three cases, equation (7) applies as
long as r is truly constan. over several iterations. Hcwever, for the last
cace, this invoives a true extrzpolation of cnrrection faczor which is very
mensizve to the accuracy of r. This is wost extreme for “he case of

T 1, wvhich would cause an infinite correct:on.

2.6 Linear Initializat/:m

Newton's method requires an ‘nitial set of vaiues for th: node pressures.
These may be obtainec by including in each airflow eleme.l model a linear
approximation relating the flow Lo the pressure drop:

W, = ¢, + b LP (8)
Conservation of mass at each node leads to a set of linear ejuations of the
forr ‘

& 181 = (3% (3
Tie cc.fficient matrix A} in equatior (9) has the .ame s, a.sitv patrein as
[J! in eguavtion (Z) alleving use of the samé sparse matrir solution prc:cess
for both eguations. TII s initlalization handizz szack efferts very vel ancd

tends to establisn the .roper directions for the flows. 7Tie linear aﬁproi-
imation is conveniently provideZ by ti: lamirar regime of the element mddels
descrised below, but it also mav be p.'wvid~ad by a secanrt approximation to the
actuai nonlinear behavior. ‘

The initialization has been mace oprioral
sicilar probiems, su X as

change2 bv small arourcts,
raor the nod-~ pressures a&

in AIRNET. VWhen solving a set of
wher. the node temperatures or wind pressures ar:
it may be preferible to use thz previous solution
che ini=ial values for .he nev problem.

3. = E7 ILE

EMENT MOL

Flow within each airflow elemenr is assumed to be governed by Bermoulli’'s

equarior.:

L. = (B, r gV.2,02) - (B, .+ pV,2/2) + pg(2, - %;) (10)
where

AP = total pre-sure drop between pcints 1 and 2

F,. P, = entry and exirt static pressures

V., V. = entry and exit velocities

c = fluid density

£ = acceleraticn of gravicy (9.81 2/s?)

Z., z, = eniry and exit elevations.
Tt fellowing paranmezers anply te the nodes pressure. tTezyerature (to
cumpuce censi. and viscositvi, and height The roce heignt .alues zre used
tu devermin. _écx efte~t pressurer. When the nod. Tefresenis a room, the
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airflow sleszents may commert with the room at other than its refercnce keight.
Anpendix C.3 chows bow to use the hydrostatic equstion to relate the pressure
difference across & flow clezent to the F2ight: of the element ends and the
node helghts, assuming the air in the room is at constant temperature.
Pressure teras can be reartanged and 2 possible wind pressure for building
emnvelope openings added to give

AP =P, - P, + PS + FVW (11)
where

P,. P, = total pressures 4T nodes n and m

BS = pressure difforence due to density and height differences, and

PW = pressur~ difference due to wind.

Equation (11) establishes a sign conventien for direc=ion of flov: positive
is from node n o nede m. Since the airflow elements will be described by a
relationship of the form w = f£(AP), the partial derivative needed for [J] in
equation (4) are related by dw/3P, = -dw/3P, which estahlishes the relation
in equation {5).

3.1 Powerlaw Flow Elements
Most infiltraticn models are based on the foilowing empirical (powerlaw)

relationship berween the flow and the pressuie difference across a crack or
opening in the building shell:

w, = C Jg, (AP)* (4P>0) (122)
or
w, = -C Jpg (-4P)* (AP<0) {12b)
where
w, = mass flow rate of air through element i from node n to node m,
¢ = flow coefficient,
p = air density of node n or m,
AP = total pressure loss across the element (P, - P;), and
x = flow exponent.

Thecretically, the value of the flow exponent should lie between 0.5 and 1.0.
Large openings are characterized by values very close to 0.5, while values
near 0.65 have been found for smail! crack-like openings. The form of
equations (12) is suggested by the orifice equation:

Q = C, A J24AP,» (13)
where

Q = voluretric flow (Q = w/g).

Cy = discharge coefficient, and

A = orifice opening area.

Equation (12) sh.uld be considered a correlation racher than a physical law.
It can be used with the element leakage area formulation which has been used
to charac:erize openings for infiltrations calculations (ASHRAE, :“85, p

22.16). The author has used it to describe flows through ducts to an accuracw

of abour 2% over a range of flow rates thz:t vary by & factor of four. Such a
variation would be ‘ound in a VAl svstem.



The primary advantage of equations (12) for describing airflow components is
the simple calculation ¢f the partial derivatives for the Newtun’s method
solution of the simultaneous equations:

2% ax v, /4P (i4a)

& wxw, /AP (14b)

rowever. there is also a problem with equations (14): the derivatives become

urbounded as the pressure drop (and the flow) go to zero. A simple way to

svoid this problem is suggested by what physically happens at low flow rates:
physical character of the flow (and the form of the equation) changes. It
35 from turbulent to laminar. Equation (12) can be replaced by

w=Kp AP / u (15)
vhere

K = flov coefficient,
# = viscosity.

The pazrtial derivatives are simple coustants.

%: =K p/u (16a)
and

aw,

3%, = K p/u (l6b)

The origin of this laminar reiationship is shown by the duct equations in the
next section. This technique has been independently discovered and used by
several researchers (Axley, 1987; Isaacs, 1980). Although there is physical
rezson for using equation (15) at low pressure drops, its real purpose iz to
assure couvergence of the equations when AP approaches zero for one of the
many flow paths in a complex network, instead of accurately representing
airrflows which are too small to be of interest.

The AIRNET functicn for powerlaw elements calculates flows using both the
laminar and the turbulent models, equations (12) and (15), and selects the
method giving the smaller magnitude flow. There is a discontinuity in the
"derivative of the w(AP) curve where the two equations intersect. This discon-
tinuity is & violation of ome 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 convergesnce problem. ;

3.2 Ducts

The theory of flows in ducts (and pipes) is well established and summarized in
the ASHRAE Handbook of Fundamentals (ASHRAE, 1985, ch 33). More extensive
trestment is given by Blevins (1984) in a lomg chapter on pipe and duct flow.
Analvsis is based on Bernoulli's equation and its assuzptiomns.

The friction lorses in a section of duct or pipe are given by

~1
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AP, = £-L/T-pV2/2 Vet e I (17
vheze New =

f = £riction factor, :

L = duct length, and

D = hydraulic diameter.

The dynamic losses due to fittings and so forth are given by

AP, = C, pV¢/2 (18)
wh.ere
= dynamic loss coefficient.

Total pressure losses are given by

AP = AP, + T AP, a9
Since w = pVA, where A is the cross section area,
w = [2pA%/(fL/D + T C,)]¥ - AP* (20)

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

1/JF = 1.66 + 2-1og(D/e) -2-log[l + R?i}—_i:?] ' (21

vhere -
€ = roughness dimension, and
Re Reynolds number = pVD/u = wD/pA.

This nonlinear equation may be readily solved using the following ite—ative
expression derived from equation (21) by Newton's me . hod:

g =g - [(g-a+7In(l+gh)] / [1 + 18/(1+g8)] (22)

¥ 7 &,

1.14 - v 1In(e/D),
9.3/(Re*¢/D), and
2-log(e) = 0.868589,

where

< ™R o
now o

The convergent solution is achieved i.- 2 or 3 iteratioms of equation (22)
using g = @ as a starting value. If the value of g has been 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 equation (20) ave difficult to compute. However,

reasonable convergence is achieved by assuming the the coeffxclen:s in
equation (20) are constant glvxng

v, .
| E—i:‘}wi/AP | , (23a)
and
%, o ko ‘ 21b
= = s w, / AP (23b)
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The abcve description of duct flow az-'fes only .in the -fully turbulent flow
regime above a Reynolds number of zbout 4000. When the Reynolds mmber is
below about 2000, the flow is laminar with the lamirar friction loss
describec by T

AP, = k/Re-L/D-pV?/2
= p/p-kL/(2AD%) ow ' : (24)
vhere
k = larinar friction factor. .
Laminar dynamic losses are given by
AP, = K, pV- 72
= K, /(2042 ) «v? (25)

vhere
K, = laminar dynamic loss coefticient.

Expressions (24) ard (25) lead to a quadratic equation for mass flow in terms
of total pressure drop:

aw +bw+e=0 (26a)
vhere

a= Ko/(ZpAz)

b = ukL/(2pAD?)

e = |LB)
ziving

w = sign(AP)[(b®+kac)? - b] / 2a (26b)

The partial derivatives arc given by

aw _ 1

gfn- (b*+6ac)¥ (27a)
aw -1 .
3P, (b +kac)" (275)

The derivacives at AP = (0 are finite (i.e. %1/b).

3.3 Dcorways

Flows through large openings (e.g. doorways) tend to be more complex with the
possibility of flows in opposite directions in different parts of the
opening. The temperature and resulting density differences between two rooms
may mean that the stack effect causes a positive pressure difference at the
top of the doorway and a negative pressure difference at the bottom (or vice
versa). A summary of research on heat transfer through doorways is presented
by Barakat (1987). Most research has attempted to develop dimensionless
correlstions (using Nusselt, Prandit, and Grashoff numbers) of t*~ Lrm

Nu. /Pr = C-Gry® (28)
vhere
b is approximu.tely 0.5 and

-
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C lies between 0.22 and 0.33 depending on the texperature differencs usec
for the correlation. It has been shown that such a heat tzansfer is equiv-
alent to an airflow which can be modeled by powerlav elements (Walton, 1982)
by dividing the total opening into several smaller openings having the same

total area but configured to properly account for the magnizude and direction
of airflows at different heights in the opening.

An alternative approach is to create a single airflow element which aceounts
for the flow over the entire opening. A simple theory which estimates the
stack induced air flow through a large opening in a vertical partiiionm is

given by Brown and Solvason (1962). The dcrivation uf the doorvay element is
based on the mecdel shown in Figure 4.

By assuming that the air densi:y in each rocm i{s constant, the hydrostatic
equation is used to relate pressures at various heights in each room:

Pon = Py + ppg(hy-hy) and By, = B, + pag(h,-hy) (29)

In (y) = POn - pngy and Pl(y) = PO- - pngy (30)

" Following Brown & Solvason (19€2) it is assumed that the velocity of the

airflow as a function of height is given by the orifice eguation:

V(y) = Cql2(P, (¥)-Pa(¥)) /)22 (31)
where
Ca
P

discharge coefficient, and
density of the air going through the area.

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

- [ o Prp-Fa. ]

& = 17
8(Pn-Fa) §(Pr-Py) S ek

1f 0 < Y < H, there is a two-way airflow through the doorway. If p, = p,. the
neutral height cannot be computed, buc, since there is no possibilicty of two-
way flow, the doorway can be considered a simple orifice opezning.

Define 47 = p, -5, and a.transformed height coordinate z = Y - y. Thern the
pressure difference across the doorway is given by :

AP(z) = -gzlp ; (23)

The mass flow through the doorway above the neutral height is given Ey

z=H-Y
v, = J (pV), Was i=norm (34)
z=0

and the mass flow below the neutral height by

10



2=0

we= [ (o), Vi i=rorc ' (35,
z=-Y &

Whether the subscript i should be n or m depends on th: direction of flow.
Inzegration of equacions (34) and (35) gives several differentc solutions for
the aizflov depending on the value of Y and the sign of &¢.

Defining: i
A G z%w Cq "2glag}yrsz £, = |H-Y|3/2 B m (YRR (36a)
an
G' =W C, [2/(glapl))tre £,' = |E-Y|!/2 £ = |Y|r/2 (36b)

gives the following equations for flows and derivatives.

Case 1: Y=<20

Ap > O: w = -G Jo, |£,-5] 2w/32, = G' Joo |£a'£n'| (37a)
8p < 0: w= G /o, |f,-£] 3w /6%, =G Jo. |5, £y (37b)
Case 2: Y2 R
s> 0: v= 6Jo |f-£] w/3%, = 6 Jp, |f.'-£5"] (37¢)
ap < O: v = -G /o, |£,-f] dw/ez, = 6 Jog |£.'-5 "] (370
Case 3: 0 <Y <H
Ap > 0: v, = -G Jp, £ dw/aP, =G Joo £,° (37e)
w = G Jo, £, dw/ap, = G Je, £ (37£)
Ap<0: - w, = G /o i, dw/3, =G Jp £, (37g)
w, = -G /o, f, Gw/3P, = G Jo, £,° (37h)
aith 6w/eP. = -6w/dP_ (3715

This model of a coorway tends to be faster that the multiple opening
apprnach. However, it also complicatas the assembly process for the Jacobian
matrix because one or two -flows may exist (i.e., case 3 above). More impor-
tantly, development of the doorway elemen: model requires knowledge o. the
vertical temperature profile used in the node model (here assumed to be
constdnt) in order to compute the pressure difference as a' function of heighc

across the opening. This requirement compromises the independence of the
modularicy of airfiow network program.

3.4 Fans

The theory of flows induced by fans is summzrizcd in the ASKPAE Egquipment
 Handbook (ASHRAE, 19€2, ch 3). More extensive treatment is given by Osberme
(1977). Tan performance is rormally characterize¢ by & performanze curve suv-h
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as stiown in figer2 5. This curve relates the tortal pressure Iise to the flow

rate for a given fan speed and air densizy. The fan perforaance curve is wel.
represented by one or more cubic polvnomials:

2= ay 4 4, W + a,w + ayv | (38)

Multiple polyncmials might conveniently be obtained by a cubic spline Iit o
the performance data. There are two important fa=tors to note on the shape o~
taoe fan performince curve. First, it is described by a relationship of the
form F(w) instead of w(P) wnich would be more agpropriate Zor the calculaticn
of flow and partial derivatives. The basic shape of the performance curve
cannot be well represencec by a simple polynomial wirh P as the independent
variable. Equation (38) requires an iterative solution to determine the flov
rate. A modified false-position method (Conte & de Boor, 1972, p 31) works
auickly and reliably. Fortunately, the derivative 4w/dP is sirply the

inverse of dP/dw, which is a simple expression for a pclynoz=ial.

Second, it is common for the verformance eurve to contain points of contra-
£lecture, with up to three different flow rates possible at certain values of
fan pressure. This causes difficulty in solving for the flow rate and, moTe
importantly, has points where the derivative goes to irfinity. However, it is
‘asually not recommended that the fan operate in the region of the contri-
filecture points. Therefore, tie fan can be modeled with a performance curve
that does not include the contraflecture so long as the user checks that the
air discribution system does not permit oparation in that regionm.

It is easy to identify the points of contraflecture from rhe coeff.cients of
the polimomial b, the evaluation of simple derivatives:

P=ay, + a,v+ a,w +a (39a)
P' = a, + 2a,w + 3a,v* (39b)
P" = Za., + 6ézw (39c)

P' = £ at tne points of contraflecture Soiving egquaticn (39b) for v gi-es:

w = (-2a, - Jua,- - 12a.a, ) / 6a, (&0)

It (4322 - 12a,a,) > 0, there are two real points of contraflezture, with
equation (39c) defiring the highest roct (a, must be negative to give the
typical fan curve). If P"(w) > 0, the point is a maximum; if P" =0, it is a
poinc of infleciion.

The performance of a given fan at various speeds and air densities can be
relatec to a single fan performance curve th-ough the "fan laws"”.

K
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p = densicy

These laws are valid 1f all flow conditions at the two- speeds are similar. In

particular, they vill =nt apply at very low flows vhere fully turbulent
conditions have no= been develored.

Namerical tests with AIRNET for flows at the lamincr-turbulent cransition
indiczte somc convergence difficulrv: about twice as many iterations as usual
are needea for convergence. In one case the iteratiuns shcwed potential

divergence with r < -1, but the convergence acceleration algerithm saved the
cases tested and produced a solutionm. '

3.5 Quadratic Flov Elements

Baker, Sharples, and Ward (1987) indicate that infiitration ofenings can be
more accurately moc:led by a quadratic relationship of the form

AP = AQ+ B @Q (Q,AP 2 0) (43a)
ar..

AP =AQ-BQ ' (Q,.P = 0) (438D

This form can be used as an airflow element by solving the quadratic equation
for w (= pQ'. Letting a = &/p and h = B/,? allo=s equations (43a,b) =o be

" rewritten as

5
and-
A? = aw - bW (v,AP < 0) T (LkD)

av+bw (v,AP 2 C) (443)

These quadratic equations solve as

w = (Jat-iptP - a) / 2t (&2 2 0) (45a)
anc I
w = (a - jEZ:GDAP) / 2b i (AP = 0) (45t)

The partial derivatives a.e given by

gw/apP,

+ 1 / (a+2b)v]) . (46a)

Gu/eE, = - 1 / (a+2blu])  (u6b)

Equatioms (45) and (46) require that a and b bout~ be nonzs=o tc prevent a
division by zerc. There is no probler as AP and w go t. zero -- the
derivatives are finite. §

4. SAMPLE CALZULATIONS

Several simple airflow networks have been analyzed to demonstrate the
procecdure described in the previous s:zciions.

. “- . Ei. i,
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4.1 Simplie Test Cases

Figure § shovs two cases involving poverlaw elements in series. The first
case, consisting of three nodes and two flow elements,_ can be considered as
model:ug & room with small 0.01 z? openings on opposite sides with wind
pressure driving flow through the roox. The second case divides the single
roc= into two room with a partition containing a large 2.00 ®° opening. This
case with a very low resistince (large opening) mixed with large resisctances
(small openings) is difficult to solve with some methods (Walton, 1982;
Clarka, 1985, p 206). In both cases AIRNET required onlr two iterations and
cocputed the expected nearly identical flows. '

Figure 7 shovs three cases involvir7 do-rway elements. In the first case a
0.2 m by 2.0 m doorway connects two rooms with a 4°C temperature difference.
The computed two-way ai-flow s 0.259 kg/s. In the second case tern 0.16 =2
airZlow openings at different heights are used to represernt a doorway. Tne
computed two-way airflow is 0.261 kg/s. Tne third case represents six roo=s
i) series comnected by doorway elements. The computed flows are identical to
the first case. All three cases were sclved in two iterations.

Fisure 8 shows a test involving two fans in parallel. This is a problea in
the textbook by Osborne (1977, p 75). The cozpuced pressuTes agree with the
text to withir 2 Pa (abouc 0.5¢) and the flows to wichin 1.3¢. These
differences are probably due to the inaccuracies in the polynomial fic for the
fan performance curve and in the graghical scliution used in the text.

Figure 9 shcws a test with two fans in series (Osbormz, p 76). The computed
roox pressure 4iffer from th- value reported by Octorme by 2.5 Pa ani the
airflows dilfer by less than 1%.

Figure 10 shovs one floor of a 26-roor 2i:Zi.~ necwork creaated To test
execution time for a larger network. This test case describes a four story
building wich six rooms, & hallway, an elevator shaf:z, a stairwell, and a node
recresenting acbient on ezch floor. The nodes representing the elevator shaf:
and stairwcll on each £ r are connected by very large (2.0=) openings.
Sizilar openings connect each room to the hallways. Very szall (0.01lc?)
openings connect the building nodes to the outside. Intermediate size
openings (0.1c?) connect the large vertical shafis to the hallways. Thnis case
was solved, with a 0.01s convergence criterion, in 5 iteratioms and 2.89¢
seconds on a PC compazible computer (4.77 MHz 8088 CPU wich 8087 math
coprnrcessor). TInisg .s about 16 times faster than the predecessor to AIRNET,
the AIRMCV program ‘Walten. 1984), could solve this sample problem.

Appendix B discusses some of these and other test cases in greater detail.

4.2 A Comparison of Methods

The ISP building thermal simulation program (ABACUS, 1986) includes a

separate rrograz, ESPAIR, for caiculating airflows. ESPAIR vas oompared to
the AIPNET program. Both programs were recorpiled and run o a workstation
comruter using the 26-roo= test case. ESPAIR solved this case using defaul:s
5% convergence in about 8800 iteramions requirzing a tetal of 150 seconds.
AIRNZIT solved it using the default 0.01s conmvargence in 5 iterations requiring
C.1¢ se-onds. er about 1037 tirmes Zascer.



This extreme diZference in calculation times occurs partially because of the
difficulty which the ESPAIR aigorithm has with large openings (Clarke, 1985, p
206). Limiting all the opernings to an area of 0.0im* allowed ESPAIR to reach
a solution in only 137 iteration and 2.10 seconds. AIPNET was also somewhat
faster for this case: 2 iterations and 0.06 seconds, or about 35 times faster
than ESPAIR. Greater accuracy in the ESPAIR solution (0.5% convergence)
required more iterations (72 ,000) and more time (400 seconds). This is a
particularly extrcme comparison, since it was concerned with a relatively
large problem and large interroom openings where ESPAIR (s veakest and does
not consider overhead calculations such as I1/0, but it do2s demonstrate the
potencial of the new method. The ESPAIR results may explain why airflow
network calculations have a reputation for being siowv.

5. DIRECTIONS FOR FUTURE RESEARCH

5.1 Alcternate Solutjon Methods

Although the simple tests of the AIRNET program and its comparison to ESPAIR
loox very promising, some important questions remain. The most irportant .
cusstion concerns the reliasility of the method for seiving the aziziiow
network equations. Solution of the nonlinear equations has been demcnstrated
in reveral tests but has not been mzthematically proven. The literature for
the solution of similar equations may be helpful. Tr airflow netwark is very
similar to a pipe network with the flow resistance of cpenings and ducts

corresponding to the resistance of pipes and fans corresvsnding to pumps.

Much of che theorv for computing fluid flows in pipe networks is described by
Jeppson (1976). The basic flow phenomena are nonlinear and must be described
by a set of nonlinear algebraiz equations. These equations may be expressed
in terms of the unknown flows in the pipes (referred to as loop equations) or
the unknown heads at the juncticns (node equations). The equations are
derived from a form of Kirchoff's circuit laws: (1) the sur of flows into a
junction equals the sum of outward flows, and (2) the total headless around
any loop in the system must be zero. Wood and Rayes (1981) give an excellent
compazison of several algorithm: Five methods are described ancd tested;
tnree are based on the loop equations and two on the node equations. The
lecst reliable methoas (cthose least likely to converge to the correct
sol:zion) are the method that adjusts each loop flow individually, the method

that adjusts each node heac individually, and the method that adjusts the node
heads simultaneously.

It is interesting to note that ESPAIR solves the airflow problem with a
version of the algorithm which adjusts node heads individually. Among cthe
airflow algorithms used in smoke control algorithms, Klote & Fothergill (1983)
use individual node head adjustments while Sander (1974) uses the simultaneous
node head adjustment algorithm, both of which are among the least reliable
methods, according to Wood and Rayes. The methed used in AIRNET also does
simultaneous node head adjusctment, but it is so different that it should be
evaluated separately. It addresses the two problems observed by Wood and
Rayes: (1) Large orenings (low resistances) give inexac: flows becsuse small
difierences in the computec pressures lead to large differ-nces in the flows.
* This is solved by stringen: recuiremencs cn mass balance convergence at each
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ncde. Such accu: ~y is nou costly, because Newton's meczhed is quadratically
convergent -- neax the solution each iteration greac.y improves the rccuracy.
(2) Failure of the node adjustment method to converge because of oscillating
corrections is handled by the Steffensen iterztion applied to the Newtan’s

method correction factors.

The two simultaneous loop methods have a good nistory of convergence for pipe
network problems. On the othe~ hanc, they are more difficulz to set up than
the node methods since independent loops must t 2 defired; they tend to

require the solution of more simultaneous equa-ionc; th2 equs=ions ¢~ not have
the very desirable feature of diagenal dominance; they ’»nd to be less sparse
than thke node 2quations; and some airflow elements may b. difficult =¢
implement. The doorway model may be difficulc because it can have either one
cr two flows which may make it especially difficult to define the loops.

Of particular interest to the idea of establishing & general modular program
is that the locp cethods require the airfleow elements to compute prescure drop
as a tunction of flow rate, which is opposite the requiremen:t for the noce

method. For some of the airflow elements, such ac powerlaw elements, the

transformation is sizple. Others are described more naturally in one form
than the other. TFor examgle, the duct and £an models are described more
naturally for the loop method. This indicates the need to. consider the
solution technique in the development of element models.

The work of Wood and Raves indicates that several! apparently reasonable
solution methods for the simultaneous nonlinear equaticns are not very
reliable. The iceal solution tc the question of reliability would be
mathematical proofs of the concergent niture of the solution algorithm and the
limications on the elemeuat mccels. Such proofs may be difficuls to achieve
for ponlinear systems. Alternmatively, extensive tests of ailferent aethods
would give some confidence as to their reliabilicy.

5.2 Other Elemer.z Models

The modular structure of AIRNET would allow many more .zflow elements to be
developed. These elements could provide either new capabiiities or more
accurace simulation. The necessary requirements for elemeut mocdels are w(AP)
uniquely defined for all AP, anc bounded derivatives four all aF.

t appears possible to represent dampers as variable flow resistance elements
in an airflow network. The relationship between -esistance and actuator
position could be represented by a polynomizl. Tne flov characteristics of
some airflow elements may depend significantly on ihe Qirection of flow. In

pipe networks check valves act in such a manner. These could be reoress -ad

by elements with separarn: performance curves applied to di“..rent pressu.e
drop ¢r flew regimes.

Much rmore work could be done on the developmen: of the doorway models.

Complex flov patterns invelwving boundary layer flows can exist. These
~trerns are relared to the germetries asnd surface and air temperatu.uec

d stributions in the adjcinirg rooms. For exarple. Hill (198€) uses a model

which inccrporates nonunifors temperztures i the rooz: which leads to

mulzizle neut:al pressure levels in tne dosrwav aré cowpares the corou~ed

¥



airflows tc measured flows. Here -he intimate relation betwee. rthe doorway
element modal and Lhe node models is in- orcanc. The consTant temperature nods
model cuuld be exparnded to three arre complex models: (1) texzperature varie-
uniforzly with height, (2) two unifor. temperature layers Iin the room, and (3)
two lavers each having uniformly varying temperature. It may be necessary to
develop several doorway models tc account for different type of airflow.

Detailed doorway calculations would then involve me~hods to identify which
model to use.

The experimental data base for two-way flows between noaes at different
heights (through stairs and elevator shafts) appears insufficient to develop
element mndels. t should be possible o extend the airflow network methcd to
inclade 2- and 3-dimensional fluid elements for the detailed modeiing cf

airflows within rooms. Of course, this would greatly increase computazion
tinme.

5.3 Generzal Limitat_.onr

The simple airflow n2twork method outlined abuve has scme inherent limita-
tions. These include inability to gui-~kly model a’rfluw patterns within a
room ¢~ .2 mocel the transient a rficur zzused by snort-terz ctransients in
wind pres-ure discributions. These ef“ects can possibly be apcroximzated by
dividing rooms into several nodrs and adding transient flowss to the average
flows, but the direct modeling of such effects would greaily incrzaase
calculaticn time and would probably be impractical for most engineering
analysis. Tne existence of such known limitaticns, not te z2ntion unknowm
faczors, makes experimental validation of airflow netwsrk czlculations
essential.

1t must be expected that unrertainty in the input pars aters will alweys
limit the absoiute arcuracy of airllow calculations. However, a mezwork model
based on physical laws will be useful Zor evaluating design alternatives
because relative changes in flow values should be €airly accurate. Modularity
can be used further in the design of an airflow analysis program. Tigure 1l
shews a structure for such a program similar to that used in EST (ABACLS,
198f). Tne program separates the evaluction of wind prussures from the
sirflow zalculation to allow alternate inputs: manual entries, measure-
"values, or simulated values. TInput of airflow elemerni data would invnlve a
data base of element data. The com;uted airflows go =o an output file wiich
could be used in eicher indoor air quality or loads calculations. The catire
procecure co:ld be incorporated into an energy analysis program.

6. SUMMARY AND CONCLUSIONS

This _epart has discussed hovw an airflow network method can be used =c
provice A unifiec zocel of major buiiding zirflows. Of particular impertarce-
is the idea of modularity. ESP’'s mucularity made the comparison test
possible. it is often very difficult to isolate a single computatiomal
feszure of a monolithic program. AIRNET includes modularity of the aizflow
elerents, alliowing elements with greatly different flow characteristics tu be
conricted to the core algorithm by a common interrface. More .irflow elemerts
coulc bs acce”. The sparse metrix soluzipor of the simuitaneous equaticrns



involving the Jacobian ratrix allows larger sysiems of equations To be handiec
without the full execution time tenzlty of using the corplete marrix. 3y
separating the solution and matrix assexbly processes, faster svlution
frocesses <ould be easily substituted.

The perfermance of AIRNET relative to ESPAIR indicates that it _s pracziecal ©>
solve the flow ne.ork in cztail. Solution of complex airflov networks for
the steady-state . -¢ is practical on current se2ll cocnuters. Solurtion of
the dynamic czse { .- many timesteps is nov possible. The vce of small
computers will make advanced user irput features available which couid
significancly aid in the airflow analycis process.

Research is still needed in several ereas. Tnese includ: detsrmination ot the
rost re.iable airflow network solucion method, a natnexzatical enalysis of the
network flow equztions and the solution mechod, developuent cf additional
airflov elements (especially improved large opening models), experimental
validation of the simplifying assurptions In the element 1:dels ¢rd necwsrk
method, expansion of the wind prassure and airflevw elemenz pirforrance
database, and modeling ¢f intraroom effects by sizplizied methods and by
integration with microzcopic modaling meched..
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[ y=8
node n
* P pp - node m
y * Py ra by
POn PO. yd) k
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with
hy = height of the base of the doorway,
h,, hy = heights of nodes n and m,
P,. P, = reference pressures of rooms (nodes) n and m,
Pn+ Pp = air densities of rooms (nodes) n and z,
Pgn» Pgp = reference pressures of rooms n and m at base of doorway,
H = height of doorway, and W = width of doorway.

neutral plane neutral plane ; neutral plane
within doorway below doorway

' above doorway

. Figure 4. Doorwavr Coordinate 3:-stem and Three Flow Patterns

23



Pressure Rise

actual performance
curve fit without
contraflexure

— o ——

Figure'5. Typical Fan Performance Curve
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Elements a w = 0.0084853 /paP Element b: w = 1.69706 /AP

omputed Values
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v=0.028815 w=0.028815 (kg/s) w=0.028815 w=0,028812 w=0.028815

2 iterations ' 4 iterations

Figure 6. Powerlaw Airflow Elements in Series



T=18°C || T=22°cC T=18°C || T=22°C

Doorway simulaced Doorway simulated
by doorway element by mulciple
poverlawv elements
T=18°C || T=22°c || T=18°c | T=22°c || T=18°c || T=22°c
i 2 3 K s g
P=20
.y | . e | JL J 1 = 4

Five doorway elements in series

Figure 7. Three Airflow Networks for Doorways
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Figure 8. Fans in Parallel (from Osborne)
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Figure 10.
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Elements: a = 0.0t m® orifice
b = 0.10 m® orifice
‘e =2.00 o orifice

Nodes 8 and 9 connected to similar nodes
on adjacent floors by type c openings

One Floor 9 the 4 Floor / 36 Room Timing Test Case
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Figure 11. Proposed Structure of Airflov Network Prograz
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APPENDIX A: AJPNET User’c Mapusa]

Al roducztion

AIRNET is a program for testing airflow network caiculations which might
be used for modeling of infiltration, natural verntilacion, interzoom, and
mechanical system airflows. T.e program has been written for IBM PC" and
coupatible computers using the Turbo C v 2.0°" compiler. The C source code is
included on the distribution disk to aliov modification of the progzam for
research. Execution of the program is coutrolled inzeractively, but most el
the problem duta is stored in files whizh are created by the user.

A.2 Interacsive input

Theve are two primary forms J>f interactive input. The first consiscs of
a question of the form

> Question? (y/n)

te which the user can press the Y and ENTER keys for a "yes" response or N
and ENTZR for a "no". The second form allows the entry of numeric dzz::

> enter parameter [mia = Pl, max = P2, defailt = P13]

where the informatiun in the brackets in the minimum permitted value, the
maximum anc the default. Pressing oniy enter is equivalent .n entering the
default value. 1f a default is not given, a value must be entered.

Execution of AIRKET begins with se. .al quastions about the input and
ouzput files. The user must first provide the name of the network daia file.
which contains the d.scriptio, of the airflu« network and elements. Second,
the name or the wind pressure coefficisnts fi,c is encered. Linira is zn

stion to name an output £file which will hold the resulcs of .he calsvulations.
The names of the input Iiles are written to the output. file to help document
the simulatioen.

The user may then enter several run control parameters. Th= fcllowing
p-rameters are requested:
(1) "output control flag"”. Higher values cause more writing to the outpu:
file: O gives node pressures; i adds element flow rates; 2 adds data oan the
iterations; 3 adds an echo of the input data which can be useful in locating
errors in the input files; higher numbers can be used to dump iutermediace
caiculations if the program is recompiled with appropriate debugging
paramecers defined.
(2) "s«ip inicialization flag". O means use the linear initialization
method; 1 means use the current values for node pressures to begin the
Newton’s mcthed.

(3) "maxicum iverations”. Tri- ‘- -he number c¢f Newton's methcd iteraciors
tried until it is assumed the su! __on is no+ converging.

S

* Ircernation Busincss Machines Personal Computer - COPYIignt/traden.r

*% Turbe C versicn 2.0 t: Borland Incernacicnal - tracdemark
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(4) T“maxiruc pressure change (za)". Limit the maxim-= ch:nge in node
pressure during a single hewton ireratior. :
(5) *"relative airflow convergence”. The solutior az z node is assumed

convergent if | T flows | / T lflovs| < this faczor.
(67 "absolute airflow convergence (kg/s)". The sciuzion .t a node is assumed
convergenz L{£ | T fiows | < chis factor.

(7) “comvergence scceleration lizmit". If <ke raczic of successive pressu—c
corrections is less than this lizmit, use Steffensen accelc:ation algorizhm.
Piocessing of the run control parameters ceaces when zhe user respcends thot
all values ar= correct.

The user may then enter several veather wvalues related to wird pressure.
(1) “ambient temperature (C)".
(2) “"barometric pressure (Pa)". These twc velies are uced <o determine the
air donsicy. The barometric pressure snould be the absoluts pressure for the
site, i.e. not corrected to sea leve!.
(3) "wind spced (m/s)".
(4) "wind direction”. This iz tae divection, {n degrees clockwise fro=
norcth, that the wind is blowing frorm.
Again, precessing of the wezther dama ceases when the usz2r resp~ndr tanat all
values are correct. See s.ction A.4L for details on tre wind pressure
caiculaction.

Both data filec are ther processed including the ailocation of memory to
stora the simvlaticn data. This allows the size of the problec to bte limited
cnly by the amount of available memory. Warning: and erzor messages m=y be
given The user can then pr.nt informationm relative to the structure >f ths
Jazotiar matrix. This will indicaie how efficuientl, the zmatrix is sI2-2d foo
a sporse solution. See section A.3 for more details on this sutjec:.

The user can inreractively change some of the network description data
from the input file. The user can chanze the values of all control vzlues
from tneir default settings of 1. See the inforcation with the airfliov
elements for uses of conctrol values. The revised netwsrk dessriztion
parameters may be printei. The user must then explicitly allew the zirflow
network czlculations to proczad. This allows a chance to revise ary of the
above data.

After computing thr airflows the user can continue to exczute AIRLET.
The program re.urns to the point where the run control paracecers are
r~viewed. The useyr can change these parameters, cthe weather casta, the control
values, or scme of the airflow n2twork parame-er. to create . zodified
problem, which caa then be solved. The following natwork parameters car be
altered: the height, temperature, or pressure of cach node; the link hefg-ts,
eiemenc, wind profile, or wind pressurs modifier of each lirk.

£.3 The AITNET data files

Most of the data require to siuwul.te ar airflcw network is cortzined in
tw> data files. Files are used, rz_her thar .nteractive inpuc, because of th.
potcntia. size ond complexity cr airile~ mecwe-v prouvlems. ASTIT fije- zre
Jdsed for pevrtalility.

(93]
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A.3.1 Wind coezficients file

7. wind coefficients £ile contains datca relating tre wizd pressure tc
the wind di::ction. The first line of the file is & title whica is ezhoea to
the output. The remaining lines eacn consist of a profile name (of up to 13
characters) folloved by 1f wind pressure modifiers ccrresponding to wind
directions nf 0°, 22.5°, 45°, 67.5°, e=c. See section A.4 for details on the
wind pressure zalculation. Each wind profile must have a diffecent name.

.3.2 Netwowk deifinftien Tile

The AIPNET u:twork data file .ontains a couylets descripiisn c¢f the air-
flow nerwerk. The {ile cor. &...s node data, element data, and linkage dita.

it is incended that the network datz file be self documenting. Node,
element, ancd linkage names mzy each be up to 15 character lonz {(no imbedded
blan%s). Kames should be chosen for physical significarce. In addition, an
cpzionel comment can be placed o any line after the last data entry. Exmpty
lines may be inserted <o i:;:ova readabilizy. An acterisk in the first colu=n
of a line may be usad to signify end-of-data; ary informaticn afzer that is
not processed. The first line c data is a title which is echoed on the
output listings. *

In the followin, description keywords are showm underlined.

A.2.2.1 Ncde dazta

The nodes in the airflcw netwcrk can represent either rooms or ductwork
linkage peints. Each node description has the following form:

node name: type ht temp pres

<

pode - This word identifies the follewing data as node data.

naze - The name idencifies the node fer later reference and in the output
listings. Each node must have a different name.

type - node CV?e (single character) (¥ = variable or unknown pressu*e o

constant or kn~wn pressure, g = aasbier~ node) Thie ambient node is a
: constant trassure noda whose temperazure is set to ambient
temperature by tne program.

nt - reference height (m) at whicn the =od: pressure is compuced.-

teny - nnde air temperatur. (C).

pres - nocde pressure (Pa) (chis vaiue is not required f:r typs v nodes).
Notes:

There must be at least one constant 2ssure (or ambient) node in the
netwosk in ~rder tc have a solution to che :simultzneous equations. In
additicn, every node must be connected by some path tec a comstarnt pressure
node Thls condition is test2d by the program.

The sagquence of nodes dezermines the spars.ty of the Jacobian matrix for
the Newton's method solution ans cdn, therefore, signifizantly effect execu-~
tion time. The nodes can bz easily _eorcdered with a text prucesscr. See

.

section ~.°5 for more detzils.




A.3.2.2 El2menr data

Each airllov element begins with an identifier (glegent), & name, anrd an
element type Iollowed by performance para:eters on one or more lines. Each
element must have a differentc name.

Powe ‘lav alement:

elerent mname plr init lam turb expt

init - ccefficient for linear irnitialization (this may oe the same as lax);
lam - coefficient for laminar flow;
turb - coefficient for turbulent flow;

expt - pressure difference exponert;

Detailed duct element (Darcy-Weisback model / Colebroux friction ecorrelation):

element name dwc len dn arvea rgh
tdle 1lflc ldle inic

len - leng:th (m);

éh - hydraulic diameter (m);

area - cross sectior arez (£?);

rgh - roughness dimension (m); -
tdle - turbulent dynamic less coefficient;

1fle - laminar friction loss coefficient;

ldlc - laminar dvnamic loss coerficientc;

init - laminar initialization coefficient,

Doorway element:

elem¢n- name dor init lam turb expt
derin ht wd cd

init - expt: powerlaw coefficients Tor low temperature difference;

dtmin - minimum temperature difference for two-way flow (C);
ht - height of doorway (m);

wd - width of dcorway (m);

cd - doorway discharge coefiicient.

Coistant flow element:

element mname cfr -flow

flow - rated mass flow (kg/s):
Control parameter = actual mass flow / r.ted mass flow.

lote that since flow is not a funetion of pressure, constant flow elemer:s
cannct be crunted as part of the linkage of variable pressure ncdes to
constant pressure nodes (A.2.2.:).

(98]
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Detajiled fan eicment:

element name fan init lam turb expt
rdens fdf sop ltz nr mfl
all al2 al3 al4 mi2
a2l a22 a23 a24 nf3
mfn

init - expt: powerlaw coefficients for fan speed = 0;
rdens - reference fluid (air) density (kp/m*);

fdf - free delivery flow (kg/s):

sop - shutoff pressure (Pa);

lze - laminar/turbulent transition (RPM/rated RPM);
nr - mmber of ranges for performancs curve;

nfl - minimum mass fiow of range 1 (kg/s);
all-al4: range 1 polyromial coefficients for £(p) at rated RPY;
mf2 - maximum mass flow rate of range 1 (kg/s) =

minipum mass flow of range 2;
a2l-a24: range 2 polynomial coefficients for £(p) at rated RPY;
mf?2 - maximuva mass flow rate of range 2 (kg/s);

rrfn - maxirum wmass Llow rate of range nr (kg/s);

Control parameter = actual RPM / rated RPM

Constant power fan element:

elemens name ¢pf wupo
upo - useful power output of fan (W);

Control parametar = actual power / rated power.

Quadratic flov element:

element name gfr a b

- flow cocefficient;
- flow? coefficient;

oM

A.3.2.3 Linkage data

The linkage data defines the airflow network. Each linka,2 description
consicts of the identifier (link) followed by six or seven parameters.

link name nocde-1 ht-1 node-2 ht-2 elemeat wind wpmod

name - This user assigned name identifies the link in the output listings.
node-1 - name of the first node. This refers to the names which were
? assigned with the node daca.
he-1 - height (m) of the linkage point relative to the firs: node heignt.
node-2 - name of the second node. Node-1 and node-2 define the ¢irectisn of
airflow: flow from node-1 to node-2 is positive, the reverse flow

£y
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is negative. ; :

he-2 height (m) of the linkage point relarive ro the second node height.

element - alrfive element name. This refers to the names which were assigned
with tie elerenc data. '

wind - wind rressu o coefficlents prof{ile. This is the name of the profile
given in the wind pressure coefficients £ile. The name ®“null” is
reserved to mean that there is no wind pressure on a given link.

wvpmod - This wind pressure modifier is applied for the particular link.
See section A.4 for decalls.

Note that <he wind coefficient profile name must exist in the vind
zoefficients file and that the node and eliement names must be defined in the
network file before they are referenced by a lin:.

A.4 Vind Pressure Ca ations

The wind pressure, PW,, acting on link i is proportiocnal to the kinetic
energy of the airstream: »4,V,2. The ambient air density, p,, is de-~rmined
from the veather data parameterr: temperature and barometric pressure. The
wind velocity, V,. is also a weather data parameter. The wind pressure is
also a function of the wind direction, D. D is a weather data parameter; the
function is given in the wind coefficients file in terms of 16 wind pressure
mocdifiers for evenly spaced wind directions. The wind direczion pressure
modifier, £(D), is det2rmined from the wind coefficients by linear interpo-
lation. Wind speed, and therefore pressure, also varies with height and local
shielding of the surface. These variations can be inzlude2 in the link wind
pressure modifier, wpmod. Therefore, the wind pressure acting at a given link
is i

PW, = wpmod + £(D) - hp,V, 2 _ (A.1)

This procedure should give considerable flexibility in defining the 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 winc
pressure tends to increase flow in the positive direction and vice versa for a
negative value of wind pressure. Flow direction is determined by the ordering
of the two nodes in the link command. Therefore, in order for positive wind-
pressures to push air into the building and negative wind piressures to pull
air out, each link which represents an opening in the envelope of the building
should be defined with the ambient node first and the interior node second.

A.5 Egquation Ordering in the Jacobian

The sequence in which the nodes are listel in the network data file
determines the ordering of the simultaneous equations and pattern in waich the
Jacobian ‘s filled. Different equation ordering can significantly effect the
sparsity of the Jacobian and, therefore, the mewory requirezents and execution
time of the program. Memory requirements increase linearly with the number of
nonzeros in the Jacobian; computation time increases more than linearly. See
chaptev 2 of Sparse Matrix Technolog™ (Academic Press, 1984) by S. Pissan=ctzky
for a dezailed discussion of cthis topic.
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Consider the following exampie. Nodes b, C, D, and E are linked to node
A but not to each other. If oaly node A is constant pressure and are ordered
A - E, the diagram of the upper part of the symmetric Jacobian will lcok like
(using ® to indicate initial nonzero values, o to indicate zeros, and + for
new nonzero values after factoring):

® 0o 0 0 0@ ¢ o o 0 o
e 000 e 4 4+ 4+
e 09 o 4+ <+

e 0O * +

e °

before and after factoring, respectively, showing that this numbering scheme
results in non-zero elements, or “"fill®", below the diagonal.

If the nodes are ordered B = E, A, the diagram of the Jacobian will look
like

e 0O
e 00O
o o 0 o @

both before and after factoring, thus completely aveoiding fill. See section
B.10 for another example of equacion reordering.

To reduce the computations associated with fill, a rule of thumb for the
ordering of nodes is that the node which is linked to the greatest number of
other nodes should appear later in the node list. In buildings consisting of
many similar levels this is partially accomplished by grouping all nodes om
each level together.

A6 e ut Fi

The following output file for a simple test network illustraces its
contents by notes which are indicated in brackets: [..] .

powerlaw test input file [
wind coefficients file - mno profiles

Run control data:
output control flag: 3 [2:
skip initialization flag: O
maximum iteratioms: 20
mazimum pressure change: 500 Pa
relative airflow convergence: 0.0001
absolute airflow convargence: 1le-0€ kg/s
convergence acceleration limic: -0.5

wWeather data:
armbient ternperature: 20 C
barometric pressure: 101325 Pa
wind speed: O m/s
wind direction: 0 (N=0, E=90. ...)
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node node-1 ¢ 0.0 20.0 50.0 (3]
node nmnode-2 v 0.0 20.0
node node-3 v 0.0 20.0
node node-4 ¢ 0.0 20.0 -50.0
element ¢crf-0.0C01 plr 7.2e-9 7.2e-9 8.48528e-5 0.5 orf-0.0001 m"2
elecent orf-0.0100 plr 7.2e-6 7.2e-6 0.00848528 0.5 orf-0.01 m"2
link 1link-l1 node-1 0.0 node-2 0.0 orf-0.0001 null
link link-2 node-2 0.0 node-3 0.0 orf-0.0100 mnull
link link-3 node-3 0.0 node-4 0.0 orf-0.0001 null
B e
Time to read data files: 0.44 (4]
1234
1: * (5]
2: L2
33 *
4: *
1234
Initial fill #raction: 0.500000
Final fill fraccion: 0.500000
Number of nonzero elements in AU: 2
Number of nonzero elements in AL: 2
Unallocated memory: 54212 bytes [8]
noae temp dens vise
node-1 20.000000 1.204742 0.000018 [7]
node-2 20.000000 1.204148 0.000013
node-3 20.000000 1.204148 0.000018
node-4 20.00n000 1.203554 0.000018
link sp . wp dp
link-1 :0.0C0000 0.000000 0.000000
link-C '0.0000CH 0.000000 0.000000
link-3 *0.000000 - 0.000000 0.000000
Initializaticn SR T
Pn: 5.0000e+01 3.7316e-02 -1.2647e-02 -5.0000e+01 [8]
Begin iteration 1 ‘ : :
Rev: 2 1.422954e-03 3.414537e-02 1.000000e+00 3.170580e-03 (9,
Rev: 3 -1.422954e-03. -3.416223e-02 1.000000e+00 2.151550e-02
Begin iteration 2 :
Rev: 2 -1.919686e-03 -2.790587e-02 5.502771e-01 1.852654e-02 (102
Rev: 3 1.91%586e-03 2.793733e-02 5.501204e-01. 6.146604e-03
Begin iteration 3 '
Rev: 2 1.77370%e-C. 4.51476%e-03 1.000000e+00 1.401177e-02
Rex: 3 -2.773708¢-C~ -4.508156€-03 1.000000e+00 1.065476e-02
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Begin iteratiom 4
Rev: 2 -1.189833e-04 -7.423793e-04 1.000000e+00 1.475415e-02

Rev: 3 1.189833e-04 7.383248e-04 1.000C00e+00 9.916436e-03
Begin iteration 5

Rev: 2 -1.083831e-05 -7.782953e-05 1.000000e+00 1.483198e-02
Rev: 3 1.083835e-05 8.408471e-05 1.000000e+00 9.832351e-03
Begin iteracion 6 .
Fin: 1 0.000000e+00 0.000000e+00 1.204742e+00- 5.000000e+01 [11]
Fin: 2 -8.919034e-08 1.316844e-03 1.204148e+00 1.48319ce-02
Fin: 3 8.914785e-08 1.316844e-03 1.204148e+00 9.832351e-03
Fin: 4 0.000000e+0C 0.000000r+00 1.203554e+00 -5.000000e+01
Time to compute node pressures: 0.66 [121
Nuzber of iteratioms: 6
Link: i n mn e pdror flow-1 flow-2  [13]
link-1: 1 1 2 1 4,998517e+01 6.584668e-04 0.000000e+00
link-2: 2 2 I 2 4.999629e-03 6.583776e-04 0.000000e+00
link-3: 3 3 4 1 5.000983e+C1 6.584668e-04 0.0000CCe+Q0
Node : pres suzf ) (14
node-1: 5.000000e+01 -6.584668e-04

n

1
node-2: 2 1.483198e-02 8.917414e-08
node-3: 3 9.832351e-03 -8.917414e-08
node-4: 4 -5.000000e+01 6.584668e-04

Notes:

[1] This is the echo of the input file titles.

(2] These are the values of the run control paramezers and weather data.

[3] This is the echo of the input files as set by the output -sntrol flag.

[4) The input processing time is accurate to *#0.02 second.

[5] This sketch shows the structure of the Jacobian. *'s indicate array

positions filled by the airflow element functions; +’s indicate positions

filled when the matrix is factored (See Appendix C.1). The two f£ill fractions

compare the positions in the sparse matrix to a full square matrix. AU and AL

refer to the upper and lower triangular matrices. )

[6] Memory is allocated to store the problem parameters and variables and the

various arrays. The u..allocated memory indicates that larger problems can be

accommodated. . g
Notes 7 through 11 are for cutput generated by an output control flag >= 2.

[7] The.air temperature, density, and viscosity are reported for each node.

Nodes are identified by name and number, which is the sequence in which they

occur in the input file. The stack pressure, wind pressure, and total

pressure drop are reported for ezch link.

18] These are the pressures computed by linear inictialization and which are

used to start the Newton’s method iterations. .

[9] At each iteration 4 values are printed for each variable pressure node:

the sum of the flows (kg/s) inte the node, the computed pressure correction

factor, a correction acceleration factor (1.6 = no correction), and the new

estimate of nude pressure.

[10] Cn the seconc iteration oscillating pressure corrections have been
observed for both rnodes and correction acceleraticn factors computzed.

s
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[11] When the convergence cri<ciia have been met, 4 values are princed for
all nodes: I flows. Z |flows|, air density, and node pressure. (Flows are
not computed fur the constant pressure nodes.)

[12] The time to compute air properties and node prassures is accurate to
+0.02 second.

[13] Tbe airflows through each link are reported if the output control flag
>= 1. The following values are printed for each link: the link name, link
number, 1st node number, 2nd node number, element number, pressure drop across
the link, mass flow rate (kg/s), 2nd mass flow rate (possiktle for doorways).’
[14] The final node values are reported if the output control flag >= 0. The
following values are printed for each node: the node name, node number, the
node pressure (Pa) relative to ambient, and the sum of the flows into the

node and the sum of the flows ignoring direction of flow.

A_7 414 hd i
A.7.1 Distribution diskette

The distribution diskette is a standard 360K byte floppy disk containing
the following files:

size
file (k bytes) description
AIRNET.EXE 58 prograr executable on a PC compatible microcomputer
CoMSzZP.C 10 compilable code for the preprocessor program

AIRNET .ALL 126 all header files and functions for the AIRNET program
ELEMZINT.EXE 56 program to help penerate element models

ELEMENT.STR 6 file used by ELEMENT.EXE to limit program length
ELEMENT.ALL 59 all header files and functions for the ELEMENT program

NOWIND vind coefficients file containing no wind profiles
WIND wind coefficients file with some wind profiles
ATDATA.PLL irput data for powerlaw element test =l
ATDATA.PL2 input data for powerlaw element test #2
AFDATA.PL3 input data for poverlaw element test #3
AFDATA.ST1 input data for stack effect test %]
AFDATA.ST2 irnput data for stack effect test =2
AFDATA.WP1 input data for wind pressure test =l

AFDATA .WP2 input data for wind pressure test =2
AFDATA.DW1 input data for durct element test =!
AFDATA.LW2 input data for duct element rest =2
AFDATA.DR1 input data for doorway element test =1

AFDAT# .CF1 input data for constant flow element test #l
ATDATA.CFL input data for constant flow element test #2
AFDATA.FN1 input data for fan element test =l

AFDATA.FN2 input data for fan element test =2

AFDATA . FN3 inpur data for fan element test =2

AFDAT? .Qrl input data for quadratic flow element test #l
AFDAT? .QF2 input daca for quadratic flow element test =2
ATDATA.Q8F input data for 8-floor execution time test
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A.7.2 The COMSEP prograz

The COMSEP program is used to assist in the compilation of the AIRNET
and ELEMENT programs. COMSEP cozbines and separates files involved in a
project and creates severial useful project files. First, compile COMSEP.
COMSEP automatically creates files names based on the project name enterec by
the user. COMSEP presents the user severai possille actions to be performed.

(1) “combine subfiles”: This option takes a list of filenames and ~ombines

them into a single file. Each of the individual files must be headez by a
single line of the form:

/*subfile filename W¥wwx/

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

(2) “"separate into subfiles": This option takes a siagle file and separates
it into individual files based on header lines indicated above. AIRNET.ALL

must be separated for compilation. This procass creates the list 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, TCZ.EXE. Be sure toe include the
*.bat" extension in the nare of the batch file. The compile optioms used to
create AIRNET.EXE were "-ms -c -d -t87 -G -0 -Z". Other options wav pe
appropriate for a particular computer or problem. In particular, the -ml
large memory optim will allow the program to use the entire memory of the

computer for solving large problems. Largr problems almost require the use of
a math coprocessor.

(4) "create link response file": This option creates a response file for use
with TLINK.EXE to link the object filcs and libraries. A particular directory
structure is assumed (see below), but the link response file can be edited <o
suit the user’'s individual needs. ATRNET.EXE was linked with the small memory
(s) and math emulation options. Emulation uses the coprocessor if one is
present. The ceprocessor greatly improves execution time. Compiling with the
math coprocessor option reduces the program size by abou: 10k bytes. . It does
not significantly improve execution speed, but vill cause the program to fail -
if a math coprosessor is not present. Therefz-e, the emulation ocption was
chosen for the distribution version of AIRNE:.EXE.

(5) “"create library response file": This option creates a response file for
use with TLIB.EXE for the creation of an object library.

(0) "exit": Exit the preﬁrocessor pfogram.



A.7.3 Compilation

The fcllowing directory structure is assumed:

...\TUr.30C contains the Turbo C programs;
.. .\TURBOC\INC contains the include files: -
. . .\TUCRBCC\LIB contains the libraries and COx.0BJ files;

.. .\TURBOC\AIRNET conzains the AIRNEI program files.
The file TURBOC.CFG must be appropriately defined and \TURBOC must be set in
the PATH command.

Use CCMSEP to splic AIRNET.ALL into subfiles, create a compile file, and
create a link response file. AIRNET.ALL contains three header files. Copy
these files cto the \INC directory. Execute the comp:ile batch program to
create object files. Use the linker and lirk response file to create an
exccutable version of AIRNET.

The header file AIRNET.H includes several definable parameters (TESTI,
TESTC, and TEZSTS) which vere used to test the program duv'zng development.
Wnen these parameters are not defined, the dump fu-ctions (dumps.c, dumpv.c,
dumpa.c, dumpf.c, an. dumrpn.c) are not called and can be removed from the link
response £ile to reduce the sizz of AIRNET.EXE. These functions increase the

size of the program by about 5k bytes. They are not included in AIRNET.EXE on
the distripution diskectcte.

A.7.4 The ELEMENT Prograx

The ELEMENT program is an aid for the creation of airflow elements for
the AIRNET program. All input is interactive; an output file will include
element descriptions that can be transferred to the AIRNET networl data file
by a word processor. Both ELEMENT EXE and ELEMENT.STR must be in the defauli:c
directory when ELEMENT is executed. The compilation process for ELEMENT.ALL
is the same as for AIRNET.ALL.

There are presently ten capabiliries:

convert the physical characteristics of an orifice to a plr element;
convert the physical characteristics of a crack to a plr element;
convert one or two pressure/flow test points t~ a plr element;
convert the physical characturistics of a duct to a plr element;
convert the physical characteristics of a ducti to a dwc elemenc;
convert the physical characteristics of a doorway to a dor element;
convert the periormance data of a fan to a fan element;

convert the physical characteristics of a crack to a gir elemenc;
convert two pressure/flow test points to a gfr element;

convert the physical characteristics of a duct to a gfr clement.

Owoo oW B WPN -

-



[N

e e

APPENDIX B: AIRNET Validation Tests

B.1 repducsd

Validation is an essential part of the development of a computer
simulation. Inaccurate results are not always due %o program errors as shown
in the SERI report on validation of building eneryy analysis p-ograms (1982)
which identified seven error sources classified into two groups. External
sources are those which are not under the control of the developer of the
computer code. These errors include:

1. differences berween the actual veather around the building and the weather
used in the simulation;

2. differences between the actual effect of occupant behavior and those
effects assumed by the user;

3. user error, including inappropriate simplifying assumptions, in deriving
the input files; and

4, differences between the actual thermal and physical properties of the
building and those input by the user.

Internal error sources are those contained within the coding of the
program. They include:

1. differences petween the actual heat/mass transfer mechanisms and the
algoricheic representations of those mechanisms;

2. differences between the actual interactions of heat/mass transfer
mechanisms and those interactions between the algorithms; and

3. coding errors.

Three types of tests have been used to validate building energy analysis
programs. One is comparison to other simulation programs. Another is
comparison to analytiecally calculated results. The third is comparison to
experimental data. The following tahle from the SERI validation report
swamarizes the advantages anc disadvantages of each method.

VALIDATION TECHNIQUES

- e e e e e W e e R e e N e e e e R e .

- e e M W S e e e e e e e e .

Comparative No input uncertaincy No truth standard
Relative test Any level of complexity
of different Inexpensive

programs Many comparisons possible
Analy=zical No input uncertaincy Does not test the model
Test of Exact truth standard Limited to cases for
numerical given the simplicity whica analytical
soilution of the model solutiors can be
Inexpensive derived
Empirical Approximate truth Measurement involves some

Comparison to
measured building
performance

...........................................................

standard within accuracy
of data acquisition
Any level of complexity

input uncertaincy
High quality, detailed

measurements are time

consuzing & expensive

-———— -

This repors will conceniraze on analytic validation tests which are bes:

{or revealirg coding

errate.
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B.1.1 Simplified Analysis of Airflow Elements in Parallel and in Series

It will be necessary to develop analytic solutions : le airflov
networks to test the AIRNET ‘program. The analysis of L t networks 1s
simple because the elements are linear. The following :- <0 will show a

similar means of network analysis for nonlinear aizflov e.zw..Ts.
(a) Laminar flow: w = (p/u) K AP

Psrallel:

ol

[* P2

-

Flows through elements 1 and 2 are given by:

v, = (p/p) K, (Py-P;) w, = (p/p) Ky (P;-F;)
Wy, + w, = (p/p) (Ky+K,) (Py-P,)
w, + w, = (p/u) K, (P,-P,) - where K, =K, +K,
Therefore, for elemeats in parallel: K, =LK (3.1.1)
as long as p and u are constant
Series:
® Ky * Kz *
P, 2, P,

Pressure drops through elements 1 and 2 are given by:

Py-P; = (p/p) vy /K P,-Py = (/p) vy / K
P,-Py = (P, -P,)+(P,-P3) = (u/p) (W /K, + wy/K;)
Since w; = w, = w | |

Py -Py = (u/e) w (1/K, + 1/K;)

or
w = (p/u) K, (P;-P;)  where 1/K, = 1/K, + 1/K,
Therefore, for elements in series: K, =7 l/Ki._J (B.1.2
as long as p and u are constant '

These relationships are, of ccurse, identical to the relationships for
electric conductances. ’ '

(b) Turbulent flow: w = Jp C Jap

Parallel:

. ° P

"~

T K. j




Fiowz through elements 1 and 2 gve given by:

w} o v/; c; JPg'Pz \?z . df; Cz JPI'P:
VI + Uz = ./; (CI+C2) .Pl'Pz

v, +v, = Jp C, JP,-7; vhere C, = C, + C,

Therefore, for elements in parall.l: €, = LGy {B.1.33
as long as p is constant

Series:

Pressure drops through elements 1 and 2 are given b;:

P, -P, = (1/p) (v, /Cy)* P,-2; = (1/p) (%, /C,)?

P.-Py = (P.-P;)+(P;-Py) = (1/p)[(w;/C3)% + (v /Cy)?)

Since w, = w, = v

P =By = (1/p) W (1/C,% + 1/C,%)

or
v=/pC, JP.-P, where 1/C,2 = 1/C,2 + 1/C,?
[
Therefore, for elements in series: L, 1/6. % w 771762 ' (B.1.4)

as long as p is constant

These relationships will allow the creat.on of relatively complex airflow
networks whose analytic solutions can be used to test AIRNET. The test cases
will be limited te constant p-and p, that is, 1.0 terperature or height
differences .in the networks.. Sligatly different versions of the turbulent
relationships (egquations B.1.3 and B.1.4) appear in Klo:ce (1983. pp 23-36).

B.1.2 Thermal Propertius of Air
Two primary valucs are known for each node n: the temperature, I,, and

the pressure, P, relative to the ebsclute ambient ,ressure, PB. zom these
values the nodal density and viscosity are computed: .

pn = 0.0034838- (P3+P,)/(T,+273.15) (B.1.53

ard

i, = 0.0000171432 + 0.00000004828¢T, (b.1.6,.
where .
T. is in °C an<¢ PB and P are in Pa.

¢ would be relatively easy to substitute <he proper psychrometric relation-
ships to computz tiise “zlues more ac:vrately and include humidity as a facscr

ir air densicy

«5
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Powerlaw Elemeps Tesre

B.2.1 Foverlaw Element Test #.

This is a tes: of the powerlav elemenr calcul:otions in both the tucbulent
and lanminar regimes and of solution convergence &t the larinar-turbulent
transicion.’

The air in all nodes is at 20°Z; the ambient pressure is 171325 Pz.

Fr
Ha

0.0034838-(7B4P,)/(T,+273.15) = 1..04615 kg/m’® (P, = C) (B.2.1)
0.0000171432 + 0.00000C04828-T, = 0.1000181088 kg/ms (5.2.20

The coefficients for the poverlav zlements used ‘n this test are computed
from an orifice mndel. The critical properties of an orifice- are its areaz, &,
hydraulfc diameter, D, and dlischarge coefficlenz, ¢. Tie orifice fiow
eguaiion is

Q=c A J2Pp (B.2.3"
thich can be rearranged zc the poverlaw element ejuation

v (= pQ) = C JpaP (Z.2.6}

by lectting

-~

]
| C=cayl (B.?2.5:

Assuming that the flow is laminar below a certzin Reynoids numoer (Xz = oVLZ/)
= wD/pA) and that the laminar and turbulenc flow equations give the sa=e flow
at that poinc, gives ‘

v = pAle/D = pKAP/u and W = uARe/D = cA/27AP
. = u®ARe/pDAF and © A2 = u?Pe?/2pc2D?
B |
K = ZADcz/Re.J (B3 2.6°

The first poverlaw element assumes D= 0.1z A = 0.01 m*, ¢ = 0.6, anc
transitior at a Reynclds number of 100. These values give C, = 0.0084852€E,
and k, = 0.0000072 . Lamiaar flow occurs if w, (= pARe/D) = 0.00C181086 kg, «=.
The c-cond poverlaw element assumes D = 0.2 m, 4 = 0.0s e, and the suame c aind
Re. .This gives C, = 0.03394113, and K, = 0.00005:6 . Laminar flow occurs if
=, < 0.000752176 kg/s. ‘

In this test the two powerlaw airfiow elements are arranged in szries:




! s e

For curbuient £lov in both elements, t! equivalenc powverlaw coefficient is

€, = [ 1/€,2 + 1/2;% 17 = 0.09820192 (B.2.7,
For laminar flow in both elements, the equivalient cAefficien: is

K, = [ 1/K, + 1/%X, }"? = 0.0000064 (B.2.8)

Substituting these two coefficients anc thermal properties into the appro-
priate expressions give

v, = 0.00903321 /P, -P, anc w, = 0.422570 (P,-P,;) (B.2.9)
Flow is turbulent in both elements if P,-P, 2 0.00160752 2a. Flow is laxinar

in both elements if P,-P, = 0.000042552 Pa. AIRNET should give the following
flow values as a function of P, (assuming P, = 0):

P, (Pa) v (kg/s)
1.00GC 0.0070332
0.10C 0.00285653
0.010 0.0005C3321
0.00121 0.000362556
0.0G1607¢ 0.002382541
0.0000426 0.000018108
J.000042 0.000017874
J.00004 0.400C17023
Notes:

(1) AIRNET computed the expected flows in &4 or fewer itzratioms. -

(2) 1I1f two equal elements were used in the airflow network, the AIRNTT
initialization algerithm wculd estimate P, = (P,+P,)/2, vhich ir exactly
correct. The iterative solution process would not be teste<.

(3) Wren £fiow is laminar in both elements, the initialization gives the exact
solucion.

The followinng input data is include as file AFDAT:.PL1 on the AIRNET
distribu .on diskette.

powerlaw test =1 input fiie

node r.ode-1 c 0.0 20.0 J
node node-2 - 0.0 Z2L.0
node node-3 e 0.0 20.0 0.0

element orf-0.01 plr 7.2e-6 7.2e-6 0.0084852- 0.5 <czifice - 0.91 m"2
element orf-0.04 plr - “Se-5 5.76e-5 0.03394113 0.5 orifice - 0.04 "7

link link-1 node-1 0.0 node-2
0.0

.0 orf-0.01 null
iink link-2 node-2 0

orf-0.04 null

e e o e s e o
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B.2.Z Poverlav Element Test =2

This is a test of the AIRNET convergence acceleration algorithm. It
involvec a simple case which can be very difficul= to solve. In this test
three powerlawv airflowv elements are arranged in series:

e { » { 'Y

~1 2 ; 3

Pl PZ PS Pa

When C, 1s very large compared to C, and C,, as in the case of a docorwvay
connecting t7o rooms which have only small cracks connezting o ambiert,
convergence can be very slow with some algorithms.

This tect uses a series of different size orifices, each with ¢ = 0.6 and
D* = A, varying in size from 0.0C01 o to 100.0 =*>. The =orsuted flows can be
checked by the egquivalent powe: law coefficient (turbulent flow) which is

c, = [ 1/C;% + 1/C,% + 1/C,% ]°% (B.2.10)
AIRNET should give the following flew values (P,-P, = 100 Pa) for each combi-

nation of three elemenzs listed. The numbers of iterations are the results of
the test.

Elemants w (kg/s) Iterations Elements w (kg/s) Iterations
1-1-1 0.00053758 2 (2) 2 -1-2 0.00092195 5 (5)
1-2-1 0.00065676 S (5) 2 -2 -2 0.00537585 2 ()
1 -3-1 0.00065839 8 1) 2-3-2 0.00656764 & (5)
1 -4 -1 0.000658L" 8 (29) 2 -4 -2 0.00€58388 8 (10)
i1 -5-1 0.00065840 7 (83) 2 -5-2 0.00658404 g (29;
1 -6-1 0.00065640% 5 (>100) 2 -6 -2 0.00658404 11 (53;
1 -7-1 0.00065840* 5 (>100) 2 -7 -2 0.00658404% 9 (>100)

Notes:

(1) AIRNET computed the expected flows.

(2) * indicates cases with laminar filow in the center elemen:.

(3) Tue iterations in parnetheses are without convergence acceleration.

powerlaw test #2 input file

node node-1 ¢ 0.0 20.0 50.0

nede  node-2 + 0.0 "20.0

noce node-3 v 0.0 20.0

node node-% ¢ 0.0 20.0 -50.0

element orf-0.0001 plr 7.2e-9 7.2e-9 8.48528e-5 0.5 orf - 0.0001x"2
eiement orf-0.001 plr 2.2769%e-7 2.276%e-7 0.000848528 C.5 oxi - 0.C01 m"2
element orf-0.01 plr 7.2e-€ 7.2e-6 0.00848528 0.5 orf - 0.01 ="2
element orf-0.1 plr 2.276%e-4 2.2769%e-4 0.0848528 0.5 orf - 0.1 ="2
elerent orf-1.0 plr 0.0072 0.0072 0.848528 0.5 orf - 1.0 =2
element orf-10. plr 0.22769 0.2276° 8.48528 0.5 erf - 10.0 m™2
element orf-100. plr 7.2 7.2 84 .8528 0.5 orf - 100.0 m"Z

link link-1 node-1 0.0 node-2 0.0 orf-0.0001 null
lick link-2 node-2 0.0 node-3 0.0 orf-0.0001 nuld
link  link-3 node-3 0.0 noce-& 0.0 orf-0.0001 nuii

PL R 2 D

4§



B.2.3 Powerlav Element Test =3

Thiz {s a test of the convergence of the AIRNET irerative solution method
for a relatively complex network of airflov elements. It involves 12 nodes
and 20 powerlav airflov elements arrznged in series and parallel:

i ) <, ——
PR W—— g L — -
— e [ y —
ﬂs -
A ——
- - P3 ?‘ 3
=S o g==1=—=C, ;=== Ly g===—=, ;==s==C,, _‘ e Cy s °
B P Py Py y, By . Py Py2
m———C., =
~ ’ ) ~ a8 ———
Cy g Cig Ty g =
Py Pio
“19
Using the conversions for parallel airflow elements gives:
<\ . Gy : C,
PJ P~ .
" g A Cy g T80 | T == T Ty e == A Cis .
Py P Py € 7 Py Py P2
M Cis ; Ca [} Ca0
P Pio
where :
C,L =C, +C, + ¢y, C, =C, + G,
CC=C5+C,+CB,apd Ci =C,y +Cyy + Cyy.
Using the conversions for series airflow elaments gives:
Ve
° :9 Y :{— L] 4.15 i
P Bl Big Pi2

1-
-
8

S, =1 1/6,2 +1/c,2 +1/C.%2 I°%,
[ 17€15% + 1/C1, 2 + 1/Cy,% + 1/C,% + 1/C,,2 1%, and
C, = [ 1/C.2 + 1/C4% + 1/C,4% 17X,

(2]
N
[}

Again using the conversion for parallel airflow elements gives:

s— ¢ Cr g Cis
Py P, P.. - P.,

- - - b

4G
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Again using the conversion for series airflowv elezents gives:

Py o —y * P,
where
c; = | l/C'Z + l/cx,z + 1/6152 ]-)‘-

In order to test AIRNET convergence, powerlaw coefficient values are
created for orifices of greatly differning areas:

number c D(m) A(m®) c X
1 .6 0.1 0.01 0.00848528 7.2e-6
2 .6 1.0 1.0 0.848528 0.0072
3 .6 2.0 4.0 3.394113 0.0576
4 .6 0.G5 0.0025 0.00212132 9.0e-7
5 .6 0.06 0.0036 0.00305470 1.555e-6
6 .6 1.0 1.0 0.648528 0.0072
7 .6 1.0 1.0 0.848528 0.0072
8 .6 1.0 1.0 0.848528 0.0072
9 .6 1.0 1.0 0.848528 0.0072
ic .6 1.0 1.0 0.848523 0.0072
11 .6 0.01 0.0001 0.000084853 7.2e-9
12 .6 1.0 1.0 0.848528 0.0072
13 .6 v.02 0.0004 0.000339411 5.76e-8
14 .6 2.0 4.0 3.394113 0.0576
15 .6 1.0 1.0 0.848528 0.0072
16 .6 0.02 0.0004 0.000339411 5.76e-8
17 .6 2.0 4.0 3.394113 0.0576
18 .6 0.01 0.0001 0.000084853 7.2e-5%
19 .6 1.0 1.0 0.848528 0.0072
20 .6 0.03 0.0009 0.000763675 1.944e-7
The coefficients for the simplified networks are:
C, = 64.251126
C, = 0.00517602
C. = 2.545584
Cy = 4.242726
C. = 0.00517601
C, = 0.00008232
c, = 0.000310156
C, = 0.00556848
C; = 0.00556824
which gives w = 0.0611026 kg/s for P,-P,, = 100 Pa and p = 1.20415 kg/m’.

AIRNET compuced the expected flow ir 12 iterations. Thnis 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 chocen to be difficult to solve. The solution
required 157 iterations without convergence acceleration. AIRNET solved the
same network containing 20 identical airflow coefficients (C = .00848528) in
only 6 iterations. Tests on different computers and with different compilers
indicate that the number of iterations for this network ccnfiguration is very
sensitive to round-off errors.

Sce the input file AFDATA.PL3 on the diskecc:e.

wn
(@]
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B.3 e ect Tests

Once the performance of the powerlaw element model has been verified, it
can be used to test the stack pressvre and wind pressure calculacions.

B.3.1 Scack Effect Test #l

The folloving figure shows two rooms ra2presented by airflow nodes 1 and 2
connected by two simple openings at different heights.

—— -z = 10m
node . node 2

° — ° z=0
T, = 0C L T, = 20C

The standard equation for stack effect (Klote, 1983, pliZ) is
B {1 at ,

AP = EE ( T1° ?2] h (1)
where
acceleration of gravity (9.80 m/s?),
absolute pressure (101325. Pa),
gas constant (1/R = 0.0034838),
absolute temperature of node i (°K), and
distance from the neutrai plane (m).
The values in parentheses are the numbers used in. AIRNET. They give gP/R =
3459.36 (Klote zgives 3460 for this value). Since the openings are identical,
the height of the neutral plane should be S m. Substituring into equation (1,
gives A7 = 4.3202 Pa. ' ‘ g g

AIRNET gives slightly different results for AP at the twc openings

i

e I N

nwn wou

because the relationship between flow rate and pressure drop depends on the

direction of flow. The computed flow rate is .0.019692 kg/s at pressure drops
of -4.472866 and 4.167554 Pa for the upper and lower openings, respectively.
The average pressure drop (neglecting sign) through the two openings is 4.3202
Pa. An extra iteration produces a very small change in these results.

stack test =1 input file

node node-1 c 0.0 0.0 0.0
node node-2 v 0.0 20.0 =
elemenz orf-0.01 plr 7.2e-6  7.2e-6 0.00848528 0.5 orf - 0.01 n"2

link link-1 node-1 0.
0

0  orf-0.01 null
link link-2 rode-1 10. 0

orf-0.01 null

Fevle e v e % e
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B.3.2 Stgack Effect Test =2

[ ]

The following figure shovs two rooms -epresented by airflowv ncdes 1 and
cormected by three airflov elemenus which connect to node 2 at different

heights.
-2z = 5m
ncde 1 nede 2 : mnode 1 node 2 : node 1 . node 2
. —— . . ° — ° . ° —_— ° z =0
: - : -z = =3
:’ link 1 link 2 link 3

The pressure of node 1 is 5 P:. greater than node 2. The temperature of node 1
f is 0 C; node 2 is 20 C. Because of this temperature difference, the flow
; through element 2 will ge less than the flow through element 1, and the flow
i through element 3 will be greater ( w, < w; < w; ). The standard stack effecct
: equation indicates a pressure difference of about #4.3202 Pa due to the height
i changes. That is, 4P, = 5.0 Pa, AP, = 0.68 Pz, and AP, = 9.32 Pa.

The first AIRNET solution is computed with unknown airflow directions.
This gives: AP, = 5.0 Pa, AP, = 2.84 Pa, and AP, = 7.16 Fa. Recalculation
with known flow directions gives the expected results. See the discuscion
i about stack erfect calculation in Appendix C.
i Alsc note that AIRNET "solved" z case where all the node pressures are
specified. Computer algorithms often run into numerical problems on such
trivial cases -- they provide good tests for algorichmic errors.

stack test ®»2 input file

node node-1 ¢ 2.0 0.0 5.V

node node-2 c 0.9 20.0 0.0

element orf-0.01 plr 7.2e-6 7.2e-¢ 0.00848528 0.5 orf - 0.01 m"2
link link-1 node- 0.0 noce-2 0.0 orf-0.0: tull

Link link-2 node-1 0.0 node-2 .0 orf-0.01 null

link link-3 node-1 0.0 node-2 =-5.0 orf-0.01 null

Fevedee i %

wn
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B.4 W ressu STS

AIRNET does not include a model for converting envirommental variables
such as wind speed a~d direction to wind pressure. It does include a flexible
vay for the user to transfer data from a wind pressure model (or measurements)
to the appropriate airflov element. The following tests are designed %o
insure that the AIRNET portion of that data transfer occurs correctly.

The wird pressure tests require use of the wind coefficients file named
WIND. The contents of this file are:

wind coefficients file

north 1.00 0.924 0.707 0.383 0.00 -.382 -.7C7 -.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 1.00 0.924 0.707 ...
west 0,00 -.383 -.707 -.924 -1.0 -.924 -.707 -.383 0.00 0.383 0.707 ..

plus-one s BRI (N DR G S 77y P W PR (R S Per il U (U (R -
minus-ope -1. -1. -1. -1. -1, -1, -1, -1, -1. -1. -1. -1, -1, -1. -1. -1.

The four lines of data shown with "..." are actually cozplete cn tThe
file; cthey ere truncated here because of margin requirements. The four
profiles given direction names have coefficients equal to the cosine of angle
between the wind direction and the direction indicated.

B.4.1 Vind Pressure Test #1

The wind pressur: tests are based on a simple three-element airflow
network: :

Y 8 ( 8 ( ®

Pl P2 P: Pa

Powerlaw coefficients of 0.000848528, 0.00848528, ard 0.000848528 are
assumed for the three elements. These comtine to give an effective powerlaw
coefficient of 0.000598506 . E

Assuming standard barometric pressure, an ambient temperature of 20°C,
and a wind speed of 5.0 m/s gives a potential wind pressure of (%pV%) 15.0519
Pa. Test ®] uses wind coefficient profiler that are independent of wind
direction. Bsth links use a wind pressuire modifier of Z. These combine to
give a total wind pressure across the network of 60.2075 Pa. Therefore, the
expected zirflow through the network is 0.00509605 kg/s.



winl pressure test #1 inpu: file

node node-1
node node-2
node node-3
node node-4

0440

elesent orf-0.001

0.0

G e M e

plr 2.2769e-7 2.2765e-7 0.000848523 0.5 orf

element orf-C.010 »pl
link link-1 node-1
linic link-2 ncde-2
link link-3 node-&

Frdrdrieiedeieirk

r 7.2e-~6 7.2e-6
0.0 node-2
0.0 node-3
0.0 node-3

0.
0.
0

Note how the order of the nodes in link-1
the "inside" which requires a reversal in

B.4.2 Wind Pressure Test #2

€.00848528

orf-0.001
orf-0.010

o o

o or£-0.001

0.5 orf

plus-one

nuell

pinus-one 2.0

- 0.
- 0.

2.0

- mmete

01
1

- .

n
o2

and link-3 is from the "outside" to

the numbering.

This test is almost the same as the first test except the "north" and
"south"” wind coefficient profiles are used, instead of "plus-ome"” and “minus-
one”. Sinze these profiles vary as cosD, where D is che wind directiom, the
total wind pressure across the network of 60.2075-c::sD Pa, and the expected

airflow through the network is *0.00509605:/|cosD| xg/s.

wind
directions
0, 360
30, 330
60, 300
90, 27C
129, 240
150, 210
180 -

expected
flow rate

0.
Q.
0.
0.
-0.
-0.
-0.

00509605 kg/s
00474241
00360345

0 ;
00360345
00474241
00509605

computed
flow race

0
0
0

0.

-0
-0
-0

.00509604 kg/s
.00470292
.00357087

0

.00357087
.00470292
.00509604

’
-

The difference between the computed and the expected flow rates is apparently
caused by the linear interpolation of the wind coefficient profiles.
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B.5 = = ests

This is a test of the AIRNET Darcy-Veisbach-Colebrook duct model. TIne
expected flov races are based on the ASHRAE friction chart (ASHRAE, 1985, pp
33.5 & 33.26). 1t involves a simple network in which three serial duct
elements are in parallel with a duct element of equivalent length. The flows
in both sides of the network snould be equal.

” .{—vl—;-z—.-_:gz ;3 4_a=7j.h

~4

Two design points were selected from the chart. The first point is for a duct
250 mm in diameter (area = 0.04909 =) with a pressure drop of 0.9 Pa/m of
duct, giving a flou velocity of 4.0 m/s and a flow rate of 195 l/s. The
second point is for a duct 630 mm in diameter (area = 0.31172 z*) with a
pressure drop of 4.0 Pa/m of duct, giving a flow velocity of 16.0 m/s and a
flow rate of 5000 1/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 thiougna 4,
respectively. ’

In the first case the expected flow rate is 0.24 kg/s while in the second
case it is about 6.0 kg/s. The values computzed by AIRNET are 0.24° and A.19
kg/s, respectively. Tnese values are within 3% of those on the ASHKAL chart.

duct (Darcy-Weisbach-Colebrook model) test #1 input file
node node-1 c 20.0 9.0
node node-2 v
node node-3 v
node noce-4 c

[eNeoNe N
OO0
N
o
o

[
o
o
o
o

element duct-2x25 dwe 2.0 0.25 0.04909 0.00015 duct 2m x 25em
0.0 64.0 0.0 128.

alement duct-3x25 dwe 3.0 0.25 0.04909 0.00015 duet 3m x 25cm
0.0 64.0 0.0 128.

element duct-5x25 dwc 5.0 0.25 0.04909 0.00015 duct 5m x 25em
0.0 64.0 0.0 128.

element duct-10x25 dwe 10.0 0.25 0.04909 0.M0015 duet 10m x 25cm
0.0 64.0 0.0 128.

link link-1 node-1 0.0 node-2 0.0 duct-2x25 null

link link-2 node-2 0.0 node-3 0.0 ducz-3x25 null

link link-3 node-3 0.0 node-& 0.0 duct-5x25 null

link link-4 node-l1 0.0 node-4 0.0 duct-10x25 null

Tk
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B.6 Doorwav Element Test

This test compares two different ways to simulate the two-way airflows
through doorways. The tesT represer~s a 0.8 m by 2.0 m doorway connecting two
Toomns with a 4°C temperature difference as shown below. The computed results

can be compa~ed to the correlation presented by Weber and Kearncy (1980) for
heat transfer through a docrway:

Nu = a-Pr-/Cr (B.6.1)
where : ' ;

Nu = Nusselt number = h-H/k,

Pr = Prandtl number = c_*p/k,

Gr = Grashcf number = pg-g-ﬁ~H°-AI/yz, and

a = experimentally determined coefficient.

In addizion,
p = “ensity,
B = viscosicy,
p = specific heart,

2]

k = thermal conductivity,

g = acceleration of gravirty,

B = coefficient of thermal expansion = -Ap/(p-4T),
H = doorway height,

h = convec:ion coefficient = q/(W-H-AT),

q = heat fiux rate = w-c, 4T,

W = doorway width, and

w = mass flow rate.

Substituting into equation (B.6.1) and simplifying gives:
w = a-We/pegebpek?® (B.6.2)

Assuming the doorway behaves as an orifize leads to the relationship a =
c/3, where ¢ is the orifice coefficient. Substituting the values a = 0.26, »
= 1.20415 kg/m®, ap = 0.0164312 kg/m®, g = 9.80 m/s?, H=2.0m, and W= 0.8 m
gives w = 0.25906 kg/s. '
The doorway element test compares the doorway element model with an
approximation composed of multiple orifice elements.

T,=18°C l T,=22°C | T,=18°C 1 T,=22°C
-0.5~- =
le === o2 -—2=0- le T o2
P, =0 P, =0 _
= 28 = —_—
- = w] -
Doorway simulacted Doorway simulated
by doorway element by nulriple

powerlaw elements
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In the first case a doorway element with a discharge coefficient of 0.78
is used giving computed tvo-way airflows of 0.25913 and 0.25899 kg/s. These
are essentially exact. In the second case ten 0.16 m* poverlaw openings at
egually spaced heights are used to represent a doorway. The computed two-way
airflov is 0.261 kg/s which {s within 1% of the exact value. Doth cases vere

solved in two iterztioms.
doorway test #l inmput file

node node-1l ¢ 0.0 18.0 0.0
node node-2 v 0.0 22.0

element orf-0.16 plr 0.0015575 0.0015575 0.176494 .500 opening-.162"2
elemer.c dor-1.60 dor 0.015575 0.015575 1.76494  .50C doorway-1.6m"2

0.0001 2.0 0.8 0.78
link link-1 node-1 0.9 node-2 0.9 orf-0.1€ null
link 1link-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 orf-0.16 null
link iink-5 node-1 0.1 node-2 G.1 cri-0 i& r.il
link link-6 node-1 -0.1 nede-2 -0.1 orf-0.16 . null
link link-7 mnode-1 -0.3 node-2 -0.3 orf-0.16 null
link link-8 node-1 -0.5 r.de-2 -0.5 crf-0.16 rnull
link link-9 node-1 =-0.7 node-2 -0.7 orf-0.16 null
link link-10 node-1 -0.9 node-2 -0.9 orf-0.16 null
link ink-11 node-! -1.0 node-2 -1.90 dor-1.60 null

Yedevesriedrie ki

Note the heights used with link-1. for the doorway element. In this case the
reference heights of the two nodes is one meter above the floor, so the
doorway element must be located at -1.0 relative to each node.
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B.7 Constant Flow Zlement Tests

B.7.1 Constant Flow Test #l

In this tes= a powerlaw airflow elemonts and a constant flow element are
arranged in series:

P . 71 Py
The flow rate is set to 1.0 kg/s. Since the flow through bezh ;Lcnents must

be the same and the powerlaw coefficient is 0.0848528, the expected pressure
drop across the poverlaw element is 115.342 Pa.

constant flov test #1 input file

node node-1 c 0.0 20.0 0.0

node node-2 v 0.0 20.0

node node-3 ¢ 0.0 20.0 0.9

element orf-0.1000 plr 2.276%e-4 2.2769%e-4 0.0848528 0.5 orf - 0.1 a2
element £low-1.000 cfr 1.0 constant flow of 1.0C0 kg/s
link link-1 node-1 0.0 node-2 0.0 orf-0.1000 null .
link link-2 node-2 0.0 node-3 0.0 flow-1.000 null

ek

B.7.2 Constant Flow Test #2

This test uses the same airflow nevwork as powerlaw tzst #3 except that a
constant flow element is added at node 13. Node 12 becomes an unknown
cressure and new node 13 must be a known pressure. If the constant flow is
set to 0.0611025 kg/s and the pressure of node 1 set to 50 Pa, this test
should give the cs—e pressures and flows as powerlaw tect =3, -

It does give the same answers (to within the corvergence limits) and dces
this in only € iterations. See the input file AFDATA.CF2 on the diskette.
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B.8 a ,ement Tescs

The Zaa element tests are based on problems ir the textbook L  Osoorme
(1977, pr 71-75). All tests use a fan vhose performance curve was . veloped
from the followiag characteriscics:

volume {low Total pressure

0.0 m°/s 750 Ta
1.0 755
2.0 730
3.0 550
4.0 275

The performance curve (assuming a density of 1.204 kg/m®) is:

v = 764.429 - 18.2922-2 + 19.4633-P* - 7.63940.P°
This cuzv: does not include the conzraflexure evident in the c¢able of
charactaristics. This was done by increasiug the pressurce rise at zero flow

until the contraflexure was eliminated (765 Pa).

R.8.1 Fan Element Test =l

This corresponds to prcblem 1 in Osborme. It comsists of a fan in s~ries
with a powerlaw ejement. The expected answer is 3.167 kg/s (2.63 m’/s) at a

total fan pressure of 656C Pa. The computed results are 3.158 kg/s z~ 660.3
Pa.

B.8.2 Fan Element Test #2

This corresponds to problem 5 in Csborme. It consists of two £fans in
parallel and three powerlaw elements forming a complece circuit.

l Fl . b | |

L

[;=P:L 3 I"z < G’:W

C2
| .
3
values expected  computed
A . 293. Pa 291.1 Pa
) 2.91 kg/s (2.42 m’/s)  2.909 kg/s
W, 3.61 ke (3.00 m/s) 3.616 kg/s
y 6.53 " /s (5.42 w/s)  6.524 kg/s

The differences can be attributed to the inaccuracies in the fit o< the

fan performanrce coefficients ard the inaccuracies in the graphic proc~dures
1used to compute the textbook answers.
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B.8.1 Fan Element Test =3

This correspands to proﬁlem 6 in Osborme.
series 'nd thre. poverlaw elements forming an open network.

—— I

I= consists of two Zans Iin

el

R

i £y B . Ps "®
1 P, ?31[ — Jﬂ'——__JJES
values expected cozputed
Py - D4 70. Pa 72.5 Pa
v, 4.19 kg/s (3.48 n’/s) 4.171 kg/s
v, 3.73 kg/s (3.10 @*/s)  3.713 kg/s
A 0.46 kg/s (0.38 m’/s) 0.459 kg/s

fa:, test #3 ‘nput Zile: romparison to Osborne problem #€

nodn nede-1 ¢ 0.0 20.u 0.0

nod: node-2 v 0.0 20.0

node node-3 v 0.0 20.0

ncda node-4 v 0.0 20.0

node node-: ¢ 0.0 20.0 0.0

element fan-A fan 3.0e-5 7.2e-5 (.084853 .50Q0 Oshorne fan A

©1.2064 750.0 5.0C 0Q.1¢ 3 -100.0

764,629 -18.2922 16.4€33 -7.63940 1.0 no contraflexure
764.429 -18.2922 19.4633 -7.63940 5.0
756.42%9 -18.2922 19.4633 -7.63%940 100.

element restcl
elemenz rest2
elemenc rest3

plr 1.0e-5 1.585e-05 0.10705
plr 1.0e-5 1.110e-05 0.1330¢
slr 1.0e-5 4.092e-06 0.04907

0.3 resistance 1
0.5 resistance 2
0.5 resistance 3

link link-1 node-1 0.0 node-2 0.0 £an-A null
link link-2 node-2 0.0 node-? (¢.0 vrestl null
lirk Link-3 node-3 0.0 node-4 0.0 fan-A naull
link link-4 node-?2 0.0 node-5 0.0 restld null
link link-S rode-% 0.0 rode-5 0.0 resc2 . null

Jrees dede e
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The test of the quadratic low element is an extension of the duct

element test. Is also shows the possibilities of modeling ducts components by
poverlaw or quadratic flow element:z. The airflow necwork is:

Jo 1“
R |
) = Ya = vi ‘l
Bye 2 Py i*Fa
-y ® 2 5 3
[} P: ]
Ny o —2 - =d3
Pﬁ P?

lement D. is 2z 10 meter long duct element; elemencs D,, D,, and D, are Z, 3,
and 5 meter long duct eiements. Elements C;, C,, and C, are powerlaw elements
whsse coefficients were generated by the ELEMENT program to correspond to the
duct elezents. The elements were fitted at Revnmolds numbers of 10000 a:.d
400C0. Eliements Q,, Q,, anc Q, are quadratic flow eiements izl ccefficients
generated to correspond to the duct elements. There should Se equal flows
through each branch of the unetwork. The results of the test are suz=marized
below:

AP F. Fa Fo diff Fo diff Re
0.01 0.0049276 G.0049276 (C.004530Z2 -8.0€% 0.0040626 -17.55% 1371.
0.02 0.0073755 0.0073735 0.0080704 +9.393% 0.0066006 -10.53% 20s3S.
0.C4 0.0109604 0.01096C. 0.0116082 +5.91% 0.0103411 -5.65% 3C50.
0.08 0.C1617428 0.0161748 0.01609%€8 +3.238 u.0157490 -2.63%  4502.
0.16 0.0237102 0.0237108 0.0240167 +1.29% 0.0234849 -0.95% 6597.
0.32 0.034336% 0.036536% 0.0345440 +0.02% 0.0344891 -0.14s 9612.
J.66 0.0500175 0.0500174 0.049687C -0.66% 0.0500971 +0.les 13920.
1.28 0.072C593 0.u7206%1 0.07:4681 -0.83% 0.0722028 +0.18% 200:7.
2.5¢ 0.1033972 0.10339€4 0.1027976 -0.58% 0.1034881 +0.09s 28776.
5,12 0.1478221 0.1478200 0.1478615 +0.03s C.147° 6 -0.05% 41179,

10.24 0.2107488. 0.2:107628 0.2126813 +0.923 0.2103340 -0.18% 586:2.
20.48 0.2953266 0.2998018 0.3059127 +2.03% 0.2988997 -0.31% 83442,
40.96 0.4258877 0.42583¢2 0.4400455 +3.22% 0.4241279 -0.41% 118:2-.
where

aP = 2, - P, ‘ .

F, = mass flow (kg/s) through element D,

F, = mass flow through the 3 duct elements hranch,

F. = mass €low through the powerlaw elements branch,

Tq = mass flow threough the quadracic flow eiements branch.

diff = perc.atz difference compared to F,, and

Re = Revnolds numter corruted frex F..
The agreement for beth fittec elesments is quite r ~¢ = the turbulenz regiom:
Re > 400, wizh the quacratic flow elerent giving b 2esT agreemenz. Gsoc
s reemen: is not expeciil in the sransicier gad lam®nu- recicx. Re € L0927



quadratic flow relationship test #1 input file

node  source c 0.0 20.0 0.32
node duce-1 v 0.0 20.0
node  duct-2 v 0.0 20.0
node  dpir-1 v 0.0 20.0
node  dplr-2 v 0.0 20.0
node  dgqfr-1 v 0.0 2C.0
node  dqfr-2 v 0.0 20.0
ncde sink c 0.0 20.0 0.0

element duct-2x25 dwe 2 0.25 0.0490874 0.0015 duct - 2m long by 25cm dia
066 064
element duct-3xZ5 dwe 3 0.25 0.0490874 0.0015 duct - 3m long by 25cd dia
0 646 0 €4
element duct-5x25 dwc 5 (.25 0.0490874 0.0015 duct - 5m long by 25c= dia
0 646 064
element duct-10x25 dwc 10 C.25 0.0430874 0.0U1l5 duct - 10m long by 25cm dia
65 0 64
.40642e-05 3.40€42e-05 0.133079 0.524431 plr-duct ...
.27095e-05 2.27095e~05 0.107587 0.524431 plr-ducc ...
.36257e-05 1.36257e-05 0.0827 .32 0.5.4431 plr-duc: ...
.310242 44,5089 qfr-duct - 2z long by 25em dia
.4€E5364 67.2134 gfr-duct - 3m long by 25cm dia
.775606 112.022 gqfr-duct - 5m long by 25ca dia

elemenc dplr-2x2S plr
element dplr-3x25 plr
element dplr-5x25 plr
element dqfr-2x25 qfr
element dqfr-3x25 qfr
elemenrt dqfr-5x25 qfr

QOO NWOo

link duct-0 source 0.0 sink 0.0 duct-10xz5 null
link duct-1 source 0.0 ducu-1 0.0 duecct-2x25 null
link duct-2 ducc-l 0.0 duct-2 0.0 dues-3x25 . null
link duct-3 ducc-2Z 0.0 sink 0.0 duct-5%x25 null
link dplr-l souzce 0.0 dplz-1 0.0 dplr-2x2% null
link dplr-2 dplr-l 0.0 dplr-2 0.0 dplr-3x25 null
link dglr-3 dplr-? c.0 sink 0.0 dplr-5x25 null
link dqfr-l1 source 0.0 dqfr-1 0.0 dqfr-2x25 null
link dqfr-2 dqfr-1 0.0 dqfr-2 0.0 dqfr-3x25 null
link dqfr-3 dqfr-2 9.0 sink 0.0 dgfr-5x25 null
B A aa

Note:

The a and b values for the quadratic flow elements are properzional to the
lengtn of each eiement. This could be convenient fur modaling duct nectworks.
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3.10 Execution Time Tests

Thes2 tests are designed to provide simple benchmarks for relatively
large airflow networks. Analytic solutions have not been developed for these
cases. The runs vere made on a PC compatible cowpucter (4.77 MHz 8088 CPU wich
8087 math coprocessor). This {s a minimal microcompucter by today’s standards.

The tests are based on the 9-node floor module mentioned in the main
report and shown in figure 10. Test faces were developed for buildings of up
to 32 floors. Versions of AIRNET using both the small and large memory
modules are compared in the following table.

Small memory model caiculation time
floors nodes iterations {nput airflows umallocated memory
4 37 ) 2.6 s 1.6 s = 44000 bytes
8 73 5 5.3 3.3 31000
16 145 5 2.8 6.7 7000
Larze memory model
1¢ 145 5 12.4 7.6 333000
32 289 5 26.7 15.3 265000

Four points to note are that (1) calculation time increases almosc
linezxi w<ith the number ¢l :.d2s because of the sparse equation solver,

{2) the input files process slowly because of their length, (3) the large
memory model requires slightly more time than the small model, and (4) this C
version of AIRNET is about 40% faster than the FORTRAN version used in the
comparisons in the mair report.

These network data files can be easily modified to show the effect of
improper node order on sparsity and performance by altering the sequence of
nodes on each floor. In the 37 node case the number of nonzero elements in
(A] increases from 127 to 253 (an increase of 1008 bytes) and execution time
increases from 1.6 to 2.6 seconds. The change in the fill pattern of the
Jacobian is shown in the two figures below.

° ° ee0ocooeee
. ° [} ’ e @
e [} © poe oot @
e ° [ o o e o e o
e o @ et
oo @ shbmdeods
oo ° © et
[T LX) © it
® +ro © wpimie
L] L L ([ FXX XXX L TR
® [ 3 d © pppiurdei=t= &
® Ot © pjmiiepapiis @
° L © i
® O © ~pipptme
O © i @ efpolotogimtats
eoe [ © ol
o +o @t
® D ad @ fempmin
° S teveccoeoo
] Lo d O et @
[ [ © i~ @
» L 4 @ = L D o o o e o
e Ot Gttt
@ Oep—im [ D o e o
[ XX ] [ ] & epimte
o4 o B o
[ ] ‘0 @ bt
L 4 @ e Goevavese
. [ L
° B i L e o
° O i © pfuieicts
* o4 B e
® @ e S by
(T X} o
S o+
L) e
° .

12349678090123456789012345067390123.547 1234567890123&5675901236567890123~567



B.11 Raferences
ASHRAE, 1985. ASHRAE Handbook - 198% Fupdagentals, ASHRAE, Actlanta GA.

Judkoff, R., Wortman, D., O‘Doherty, R. and Burch, J., 1983. °A Methodology

for Validacing Building Energy Analysis Simulations”, Solar Energy Research
Institute report SERI/TR-254-1508, Golden, CO. .

Klote, J.H. & Fochergill, J.W.Jr., 1983. ®Design of Smoke Control Systems <or
Buildings®™, ASHRAE, Atlanta GA. .

Osborme, W.C., 1977. Fans, 2nd editior, Pergamon Press.

Weber, D.D., and Kearney, R.J., 1980. °“Natural Convective Heat Transfer
Through an Aperture in Passive Solar Heated Bulldings®, 2 sl ve
Solar Conference, American Solar Energy Socilecy, pp. 1037-1041.

66 : .



.@‘

APPEDIX C: Calculational Decails

C.3 wton's Megkod

This section reviews the theory of Newton’s method for simultaneous
noniinear equations (Stoecker, 1971) as applied ta the airflow equations.

Assune a case consisting of cthree nodes which are to be solved for three
uninown pressures P,, P,, and P;. Conservation of mazs at each nods is used
to set up three nonlinear equations in terms of the unknown pressures:

£,(P,, B,, P,) = O ' . * (6.1.1a5
£,(°, P, ;) =0 : _ _ (C.1.1b)
£,(P,, P,, P;) = 0 o . (C.1.1e)

If the correct solutisn is Ple; P,., and Py, A-Iaylor series expansion
retaining only the low-order terms gives:

£,(P,, P,, P;) = ~ (C.1.2)

afl(Plc ’ ch ' P’.!e)

fl(Plc' Pl:' Plc) + [ ] (Pl b ?1¢)

9ty (Pye . Paev Pye) “ ag, (P, ., Py Pic)
+ [ ] (P - P:. ) + [
ap,

ap,

| (PJ - Pic)z
az, - :

and similarly for £, and f,, where the variables Px' P,, end P, are only an
approximation to the correct solution.

b, = a,,(P, - P;.) + a;,(P, - P;.) + a;5(Py = 25.) . (C.1.3a)
b] = a:l(Pl . ?1.‘) + aaz(Pz - Pz‘) -+ a::(?: - PJC) N (C.1.3C)
vhere ' ' ' . ,
o, = £,(P,, P,, P,) . . ; ©(C.1.3d)
and ;
af, (Py.+ Py Pye) :
aij . vx le 2¢ e . ' . (C.1.3e)
" 3P,

3

However, since the exact pressure values are not yet known, computn the a,.
terms at the approximate pressure values:

3£, (P,, By, Py)

a, = : ' (C.I.Zf\'

‘J . -
Y [+

.u

-

Equations (C.1.3) are.a set of simultaneous linear algedraic equacions in
terms of the unknowns: (P, - P..), (P, - P,.), and (Py - Py ). Solucion oI
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the equations for theie valuss is used to inprﬁve the approximate pres-ure
values:

P1. = ?1 - (Pl - PIG) ¥ e = (C.I.Aa)
P," =P, - (Fp - Py.) (C.1.4b)
Pa' = P: - (P: - PJC) (c.l.‘lc)

The nev pressure values replace the oid pressure values in equations (C.1.3)
and solution continues ii:vatively until a sulficiently sccurac2 set of
pressure values has been computed.

These relationships are expressed in vector/matrix form in the main
paper: Each airflov elemenc, i, relates the mass flow rate, v, , through the
element to the p-escire drop, AP,, across it. A new estimate of the vector of
all node pressures, (P)", is computed from the current estima=e of pressures,
{E}, by

(P}* = (P) - {C) ’ (C.1.6")
vwhere the corzc:tion vector, (C}, is cczputed by the matrix relaticaship

(J] (C) = (B) (C.1.3")
{B) is a column vector with each element given by

B, = 2 w, (C.1.34")
i
vhere n is the node number and i indicates all flow paths connecting node n to
other nodes, and [J] is the square ({.e. N by N for a necwork of N nodes)
Jacobian matrix whose elements are given Ly

Jou =1 %%i | (C.1.3£")
i

Sincz the airflows for the vaiious airflow elements are computad from
relationships of .the form w = £(AP), where
AP = P, - P, + PS + FX,

P,, P_ = tot.l presstres at nodes n and m,
PS = pressure difference due to density and height differencas, and
PW = pressure difference due to wind,

the partial derivative needed for [J] in equatioan (C.1.3f') are related by
dw/3p, = -dw/3P,. (C.1.95)
These last two equations indicate that the Jacobian has ¢ strong diagcnal and

is symmecric, two properties which can Le used to speed the factoring of the
Jacobian.
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€.2 Solving Simultapeous Linear Equations

The following discussion is designed to provide a brief introduczion to
the method used to solve simultaneous equatiors in AIRNET. Ses Pissaneczky
(1984) and Dhatt & Touzot (1984) for datails.

The general form of the problem is

[A] (X} = (B) (C.2.1)
vhere

[A] i{s a square matrix of coefficients,

{X) is a vector ¢I solution values,

{B} is & matrix o’ coefficients.
It is of-sn computationally praferable to factor the [A]marrix inco triangular
matrices vhich. are simple to solve numerically.

Original problem: [A]{X) = (B)

Factored problem: (L] [U](X) = (B) ' (€.2.2)
Forward substicution: ([L](B’) = (B) (€.2.3)
Back substitution: {UJ{X) = (B") (C.2.4)

The processing of the matrices is dependent on the way the matrices are
represented. In this case we are interssted in the skyline storage method.

(L] (U] = [A]
1 0o a D, U, Uy, L. G Cu
L, 1t ¢© 0 L Uy Ry B2 Gy
Ly La 1 ¢ 0 D =| Ry Ry; Ey
=1: 1-D, = E . implies: D, = E

n=2: LE =Ry, o Ly =R/
1oy = Gy R Rk '
L21U2; + D, = K Dy =E - LUy

n=3: LyE =Ry, Ly; =Ry, /Dy : -
Lybzy + 1,5 =R, " Ly = (By; - 1n,0;,)/D;
1:Uy; =Gy, L tp Uyy ™ Lgy ‘
2,85y + Uy, = Cyy B P PR TL

" Ly;Uy: + LUy + 0y = E Dy = Ey - Ly;Us; = Lyolse
.n = g etc. . . :
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Factoring algorithm:

for all valies of n from 1 to N:

i-1
Loy = (Byy = L LnaUiy) /7D, 1=1,2, ..., n-1
m=1 o gl
Gy =Gy - Z"‘:-Un- {i=1 2, ...,. n-1
1
n-1

L, =E - zlx'n-Un-
o=

Forward substitution algorithm:
for all values of n from 1 to N:

n-1

2 ZLBJ 3
j=1

B

Back substitucion algorithm: I .
for all values of n from N to i:
B, = B,/D,
B, =B, - U,,B, i=1,2, ..., n-l

(X, = B, vhen finished)

The development of the skyline method is based on the simple observation that
array locations above the topmost nonzero element in any column above the
diagonal and to the left of the first nonzero element in any row below the
diagonal must remain zero during factoring. It is unnecessary to allocate
array space for those locations that are always zero. The [A! macrix is
reorganized into the main diagonal vector of N elements, the lower triangular
matrix of ¥ variable length rows, and the upper triangular matrix of N

- variable Iength columns. The factoring and solution algorithms are then
reorganized to accommodate this new data structure with its new numbering of
array locations. All operations can be performed in place, i.e., without
creating separace arrays for setting up the problem and for the factoring.
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c.3 Tayv

C.3.1 2-dimensional arrays
~ 2-D arrays can be handled directly or by arrays of pointers. Revieving
the C declarations (Kernighan & Ritchie, pp 103-110) for a 2-D array:

double aa(3][54]; is a declaration for an array of 3 rows and 4
columms .

as and aa!0] --> aa(0][0] where aa{i](]] is boch‘n location in

aa(0][1] = memory and the C access syntax for it.
4a(0](2] "-->*" means "points to”.
aa(0][3]

aafl] --> aa[l][0]
aa1][1]
aa(1](2]
aa(l](3]

aaf2] --> aa(2](0]
aa(2][1]
aa(2])(2]

ac!2}13]
Note that the array indices start at zero for both columns and rows.

When aa is passed to a function the number of columns must be given in
the declaration in the function:
) double aaf]{4];
It is not necessary to statz the number of rows (the first dimension in a
multidimensional array).

Now consider the use of an array of pointers:
‘double *pa[4]; is a declaracion for an array of 4 pointers.

pal0] --> aa(0,0) where aa(i,j) is a location in memory
aa(0,1) for the appropriate value.
aa(0,2) ;
aa(0,3)
pall] --> aa(l,0)
aa(l,l)
aa(l1,2)
aa(l,3)
pa(2] --> aa(2,0)
aa(2,l)
aa(2,2)
aa(2,3)
pa(l] --> ---

Element aa(3,0) is accessed by *(pa+0+G) (= *pa) or pa[0][0]. Element
aa(l,3) ic accessed by *(pailj+3) or pajl]{3]. The pointer past the erd of
the array is used to deterzine the end of the last row during dumps. The
poincter vector must be dimensiored one more than the nurber of rows in the
array.
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Since there is a problem in writing functions which are passed 2-D arrays
and since it is desirable to always usc the same method of representing such
arrays, ve will alvays represent a 2-D array by means of an array of poincers.

For arrays with very few coluans, the 2ddition of an array of pointers
represents a significanc increase in storage. In many such cases it may be
more desirable to use a 1-D array of structures, wvhere the structure element
pames can help document the program.

Ve oftan want to use arrays with elements 1 through N instsad of 0
through N-1. In this case, point to the locazion just before each row:

double w*pa(S]; is a declaration for an array of 5 pointers.

pafl] --> ---
pa(Q] --> aa(l,l)
aa(l,2)
aa(l,3)
pa(2] --> aa(l,s4)
aa(2,1)
aa(2,2)
aa(2,3)
pa(3] --> aa(2,4)
aa(3,1l)
aa(3,2)
as(3,3)
paf4] --> aa(3,4)

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

The user must know whether the array begins at zero or at ome.
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C.3.2 Variable Lcngt‘n Rows

We may also vant to use arrays vith variable’ lnngth rous. In this case,
the use of an array of pointers is essential:

double wpa{5]; is s declaracion for ar array of 5 pointers.

pa[0] --> aa(0,0)
aa(0,1)
aa(0,2)
pa(l] --> aa(l,0)
aa(l,l)
Pa(2] --> aa(2,0)
aa(2,1)
pa(3] --> aa(3,0)
aa(3,1)
aa(3,2)
aa(3,3)
pas] --> -

Element aa(0,0) is accessel by *(pa+0+0) (= *pa) or pa{0]{0]. Element
aa(2,1) is accessed by *(pa([2]+l) or pa(2](l1]. The pointer Zo the enc cf che
array is used to determine the end of the last row during dumps. The pointer
vector wust be dimensioned one more than the number of rows in the array.

In the case of arrays with elements 1 through N instead of 0 through N-1,
point to the location just before each recw:

double *pa(é6]; is a declaration for an array of é pointers.

pa(l] --> ---
pa{0] --> aa(l,l)
" aa(l,2)
paf2] --> aa(l,3)
.aa(2,1)
pa(3] --> aa(2,2)
s aa(3.1)
pa(s4] --> aa(3,2)
aa(s,1)
" aa(s4,2)
aa(4,3)
pa(sS] --> aa(s4,4)

The zero pointer is not used, and the final poincer is needed to
determine the end of the last row during dumps. This means that the poincer
array will have to be dimensioned two more than the number of rows. Element
aa(l,3) is accessed by *(pa[l]+3) or pa[l](3]. : -

The user must know wherther the array begins at zero or at one.
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C.4 gStack Effecc

The following figure shows two rooms represencead by airflow nodes n and
m, respectively. It is assumed that each node can be characterized by a
single temperature and a single static pressure at some height relative to a
common data plane. The two rooms are shown with an airflov element comnecting
them. The inlet and outlet to the elemenc are at different heights from each
other ard from the nodes representing the rooms to show the entire calculation
- for height differences.

=
node n o2 ~
- /|2
z, node m
o =
-1 e z,
2y

reference height

Analysis of airflow through the element i js based on Bermoulli’s
equation and its assumptions.

AP, = (p; + pV,2/2) - (py + #V32/2) + pr(z, - 2Z,) (C.4.1)
where

AP, sur of all friction and dynamics losses (Pa),

Py, Pz = entry and exit static pressures (la),

Vy, V. = entry and exit velocicies (m/s),

P = density of fluid flowing through the element (kg/m®),
g = acceleratior. of gravity (9.81 m/s?), and

2;, 2, = entry anc exit elevations (m).

p may be either p, or p, depending on the direction of flow. -One possibility
is to let p equal the average of the two densities and accept ‘the inaccuracy
in =he computed airflow. The other possibility is to select the pressure
based on the most recently computed flow direction and let the iterative
solution of the airflow equation operace.

Equation (C.4.1) defines a sign convention for the direction of airflow:
positive flow is from point 1 to point 2 -- node n to node m. Equation
(C:4.1) can be simplified for use in the airflow computer algorithm by
defining several relaced terms. Dynamic pressures are the V3 /2 terms in
equation (C.4.1) and tocal pressure is defined to be P = p + pV3/2. 1f nodes
n and m represent rooms, the dynamic pressures are effectively zern. If the
nodes are part of a duct necwork, there will be a positive dynamic pressure.

The pressures at the inlet and outlet of the airflow element can be
related to the node pressures by the hydrostatic law:

o
o
i

S (C.4.23)

Py + £,8(2,-2.) = P - pogh; where by

‘o
1]
|

]

2 = P+ p.8(25-2,) = P, - £.gh; where hy, = z;-2.. (C.4.2b)
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The relacive heignts, h, anc h,, are a corvenient way of expressing tr:
elexent inlet and ocuclet heights. Similar flow elemencs in similar rooms tend
to have the same relactive heighis even though the rooms are at differenc
heights. 1If the element is part of a duct network, the relactive heighes will
be zero. Equaction (C.4.1) {s thus reduced to '

AP, = Pn = 1',l + pg(zn*hl'zn'hz) = ’u.shi + pggh, (C.4.3)
The terms [pg(z,+h; -2,-h;) - p,gh, + p gh;] can be collectively czlled

the stack pressure, PS,, acting on element i. For airflow in the positive
direction:

PS, = p,g(2z,-2,) + by g(pe-s.) (C.4.4a)

For flow {n the regative dire._tion:

PS, = pa8(25-25) + hyg(oy-2,) (C.4.4D)

If the direction ef flow is unknown, use
BS, = (8/2)[(£a+pa)(25-2;) + (pg-py)(hy+hy)] (C.4.4¢)

Equation (C.&4.4c) could also be used if it is assumed that the air temperature
wicthin the elemen. is tne average of tne two nodal temperatures.

Elements in building envelope surfaces connect the rooms to ambient air
which may be moving at significant speed. This speed is reduced to zerc as
the air meets tue bu,lding surface; the dynamic pressure of the ambient air is
converted to an additional pressure on the elemenc, PW, , which will be called
the wind pressure. Wind pressure may act in either a positive or negative
fashion on the elemenr airflow. Equation (C.4.3) is thus reduced to

AP, = P, - P, + PS, + PV, (C.4.5)

Calculation of the stack pressure interacts with the iterative solution

for the nodal pressures. It is possible to recompute PS, at every iteratiom,

but this can mean that as the estimated pressures change with eacn iteracioa-
flow directions may also change leading to different values for PS; during the
icterations. These changing estimates of the stack pressure interfere with the
- convergence of the nodal pressure solution. It appears to be better to
compuze PS;, for each component based on the most recent node pressures and tc
leave these values unchanged during the solution process. The new pressure -
values can be used co recompute PS; and then agair solve for pressures in a °
very few iterztions because the pressures will probably change by only very
small amounts. Because of the relacively small effect of flow direction on
the overall solution, it is probaoly not necessary to recompute PS, during a
given timestep in a transient building performance simulation. . ’

More complicated stack effects can be created by assuming the nodal
temperature varies with height. Tuis could be used to model the effects of
various temperature stratifications. Three fairly simpla temperature
variations come to mind. Firsc, tie temperature may vary linearly wich
height. Second, each node could coasist of two regions of constanct
tecpeczture, perhaps with the height of the interface varving. Third, the
firsc two modeis could be combinec. :



C.5 Firting poverlaw ccefficienrs

Data i{s seldom arailadle for direct substitucion inzo the powveria
equation: 5

v =C/p (48" (C.5.1)
vhere
w = mass flow ratz of air,
C = flov coerficlent,
AP = pressure difference
p = air densircy, and
x = flow exponent.

It i3 urually necessary to convert the gvailable data to that form.

1z x is known or can be assumed (to be % for example), C can be compured
from the inverse of equation (C.5.1)

C=w/ (/o (aD)%] (€.£.2)
For example, this can be used with the component leakage area Zormulation

which has been used to characterize openings for infiltrations calculazions
(ASHRAE, 1985, p 22.16). The effective leakage area is given by

L = 1000C Q / J2AP/p ' (C.5.3)
vhere '
L = the =ffective leakage area (cz?),
Q = the volumetric flow (m®/s),
AP = standard pressure difference (4 Pa), and
p = density of air (1.2 kg/m®).

This corresponds to a value of C = 0.0001414 L for use with equation (C.5.1).

When two values, w, (AP,) and w,(AP,), are known, both C and x can be
computed:

x = [ In(w;) - In(w;) ] 7/ [ 1n(4P;) - In(4R,) ] (C.5.4)

with C then computed from equaction (C.5.2). This can be used to conver:
detailed duct calculations to powerlaw formulatiun. - Tests indicate that the
characteristics of ducts with friction mocaled by the Colebrook equation can
be replaced by the powerlaw representation with an accuracy of better than 2s
for flows that vary by up to a factor of four (a typical variation in a VAV
systez). Equation (C.5.4) would also be useful for reducing a collection of
flow elements which are in series to a single flow element.



c.6 z=nt Flov z

One- parvicularly sizple but useful airflow element sets a constanc flow
betveen two nodes. 3Since the flov is constant, the partial derivatives »>f
filow with 1espect to the node pressures msust be zero. The constant flow
element element doer not contributc to the Jacobian, [A], but it does add to
the right side vecwour, (B}. '

Constant flov elewents do not mathematically link cthe presrures of the
aljacent nodes. It is necessary that all node in the network be Jinked to
constant pressure node: in order to have a unigue solution. Violetion of this
restriction will produce a divisian by zero somevhere in the s:lution of the
equations. Consid:r tre following simple necwurk:

e==¢, F, . o =3 N »

P, P, Py By 7 by 2,

vhere P, and P are known pressu-es, and F, and F, are known flows. Since the
flow through C, is determinazd by P,-P,, and no ocher flow is related to cthose
pressures, there ure nol enough equitions t~ determine P, and P, uniquely. In
addition, it is possible for F; - and F, to be assigned differenc flows, which
procuces a physically impossible condition.

C.7 Conscart Power Fan eman

One simcle ¢an model is applicable fo~ an assumction of near constant
operating conditions. This is the constant power fan modei. which assumes
that 'a constant power is delivered by the fan to the airsctream. The basic
equation is: ’

H

whare

1}

P e ' (c.7.1)

power (W), -

volume flow rate (m’/s).
pressure rise (Paj,

mass flow rate (kg/s), and
air density (kg/m?).

>
‘o
{1 T T I 1}

(C.7.1) reafrangeé to

m
)
e
w
n
g
3

5
(1]

Hep /(B - By) : » : (c.7.2)

for which the partial derivatives are:

=—i = -Hp/&P* : : : (C.7.3)
ép, i )

aud
dw, o [%- = : ' -
5_?- = Hr/a7 7 (C.7.8;

f
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c.8 elationcshirps a

Baker, Sharples, and Ward (1987) ind.cace that infilcration epenings carn
be more ziccurately modeled by a quadracic relationship of the form

AP =nQ+3B @ ' : (C.8.1)

They give theoretical relationships between A and B anl the physical
characteriscics of the openings. These are '

A = 12pz/la* (€C.2.24)
and ’ :

B = pC/24%12 (C.8.2b)
vhere

p» = viscosicy,

p = densicy,

2 = distance alorg the direction of flow,

d = crack width,

L = crack length, and

C =1.5 + number of bends in the flow path.

Equations (C.8.2a,b) are easily convertad to mass flow form for the quadratic
flov element:

a 12pz/poLd3 (C.8.32)

and

b = C/2p8%L% (C.8.3b)

Clarke (1985) also indicates a relationship for flow through cracks thac
can be converted directly into a powerlaw airflow element. This relationship
is:

Q =k a (AP)* (C.8.4a)

x = 0.5+ 0.5 exp(-w/2) (C.8.40)

< = 0.0097(0.0092)% ' (C.8.4c)
where

W = crack width (mm), arnd

a = crack length (m).

The powerlaw equation is:
w, = C /o, (AP)* \C.8.3)
Therefore, x is given by (C.8.4b) and

¢ = /s, a 0.0097(0.0092)* (

(@]
o
n
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