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SUMMARY 

/This paper introduces the concept of nodal network air flow 
modelling in buildings. Four case studies involving air 
infiltration modelling are then described. These case studies 
have been selected from a portfolio of computer modelling 
projects carried out by the author whilst working for the Energy 
Design Advisory Service (EDAS), a government funded scheme 
offering energy advice to Scottish building designers, and 
operated through the Royal Incorporation of Architects in 

~cotland (RIAS). 

NODAL NETWORK AIR FLOW MODELLING 

A number of nodal network air flow models (sometimes termed 
'zone' models) exist for predicting building air infiltration and 
internal zone coupled air movement. such models, typically, 
calculate air flow in some air leakage network as caused by 
mechanical supply/extract systems, external wind pressure or 
temperature differences. 

This paper is concerned with the practical application of the mfs 
(mass flow solver) general fluid flow simulation model to the 
problem of predicting air movement in buildings. The mfs model, 
developed collaboratively between ESRU 6 University of Strathclyde 
and FAGO, Eindhoven University of Technology, is a stand-alone 
package which can be used not only for air movement prediction, 
but also for modelling of other fluid networks, e.g. water 
circuits, etc. The package may also be run in tandem with the ESP 
dynamic building thermal simulation program when buoyancy effects 
are considered important, necessitating calculation of time 
varying zone air temperatures. 

Generating g network model 

The first step in nodal network air flow modelling is creation of 



an air leakage network such as the ' one shown in Figu~e 1. This 
contains a descriptio~ of nod~s · (or zones) within and outwith the 
building and identification of all leakage paths or connections 
between zones through which air can flow. 

Nodes may be internal or ¢xternal. · An internal node represents 
either a volume of air within the building (a zone or part of a 
zone), or a mechanical supply/extract point. Fixed temperatures 
are assigned to each node and~· when buoyancy effects are to be 
taken into a~count, height :differences between nodes may be 
speeified. An external node represents an 'outside' ~oundary to 
the network. At an external node, wind pressure is calculated as 
a function of wind spe.ed & ·direction and surface pressure 
coefficient. Temperatures,:. at external nodes are taken from the 
climate file .which contci:Jns hourly values of the various climate 
parameters. 

To complete the network, · nddes are connected together by an 
apprqp_r.t.~te fl:µid .~low component type . .. Cur:rep:tly supported 
component types are given in Table 1. The component types of 
particular inte.reS\\t for air flow modelling purposes are numbers 
30 . (to define a ' m~chahicai supply/extract) ; ·

1 
110-, 120 and 130. 

In the case of external nodes, a.n appropriate pressure 
coefficients data set has to be specified. A standard pressure 
coefficients file exists which holds · values of external surface 
pressure coefficient for . 16 · compass directions, i. e every 22. 5 
degrees. The file currenily comprises 29 coefficient sets. Table 
2 describes each coeffidient set in terms of surface aspect, 
dimensions and exposure~ The first ; 27 sets are taken from a 
publication of the IEA's Air Infiltration and Ventilation Centre 
(Air Infiltration Techniques - An Applications Guide). These sets 
can be used (with care~. fo~ low fise bu~ldings (up to 3 storeys). 

Simulating air flow in the network 

When the air leakage networ k has peen generated, a steady state 
simulation can be perf ormed against any climate ·data . set which 
contains weathe r --inf o r-ma t i .on · 'iri ·---th~ . ai:>propriate format. The 
simulation technique of mfs is ,.to assign an arbitrary pressure to 
each of the nodes participating in the network. The . flow along 
each connecting branch, representing ; the cracks, area . openings 
and doorways, is then deter1nined from empirical equations which 
relate air flow to pressure difference . . A special algorithm 
within mfs is designed to·· i terati ve11y -· aQj:ust nodal pressures . 
until the air ·mass balance· at each node is . below some · specified 
residual ~al~. To . aid the numerical solver, a · number of 
convergence .·. dev.ices ~·-are made available . for use in · the case of 
complex leakage schemes involving a mix of large and · small 
f lowpaths ~' · ' ·-- · 

·--·-. 

Simulation res:ults ca·n !fe- 'displ.i;lYed in tabular or graphical 
format. ---
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Figure 1 b Air leakage distribution network for 10 zone house model. 



TABLE 1 CurrentJy Supported FJuid FJow Component Types 
in mfs. 

type descriptioo 

10 Power law volume ftow resutance elemmt 

.. ' 
Power law mu1 ftow resiitmce elemen& 

17 Power law mua.Jlow resiltmce elemen&. 

"formula" 

2. coefliciem a 
J. eiiponmt b 
· : I 

2. coefficiaa a 
· J. eiiponml b 

2. coeffic:iem " "' J.~:j} G 

20 Quadratic law vblume llow resiltince element • .. 2. cOeftidaS a 
J. coeffic:i.eil& b 

2. coeffic:ias a 
· • J. coeffiaaa b 

25 Quadruic law mu• ftow reri~ elemen& 

JO 

J!I 

40 

so 

llO 

120 

130 

210 

220 

Coaltml voluniiS ftow !'lie elem­
Coasta aw~ ll<JW rate element 

. .'~;.~:·.. .1~· . ._• 

Common oriftc, ftoJW; el~ · 

Air ftow mack 

Air ftow dcJQr 

. ' : .. t !' · - • 

Genml low iadlar 

230 Genenl ftow jmK:J.bJ(!I) 

240 General llow cona:tor-

m =pa 
m =a 

\ :~·· m = p/(CdA p6P)..;_, 

2. volmne ftow rate a 

2. 111111 ftow n1e a 

:. 2. opminr area A 
J. diacharae f11;tof'.Cd 

. ; m = p/(LR· µ.61'), 2. Imp of llow pith L 
J. radim of openin1 R 

'l ~ ' 

m =p/(AM') .· 
m =p/(WL6P) 

z.-A 
t r 2. cnck widdl W 

•• : · , y ,, ·, 3. cract 1en1m L 
.. m = p I (Wdl Hr c&'M' ). ·_;;}. 2. door width w . 

·' 

• . .\ :.! "' •. • J. door h. !' ! (J) 
!;· i i~' . ' . · • 4. n:£erace baptHr (4) 

•. I " !I. dilchala• factor Cd 
,j I ' ' 

-::. m =pf (D,. AL It:, r.c,v !:JP) 2. hydRllUc cl.iamelerD.1a 
1 _ "· 1 , 3. crou-~onal area A 

, 4. ocndui~ lenalh L 
· · !I. wall ...l1ah_,,1 k 

.. _,. ': ' _,•.. ·"" ' .. (: ·--p--
,, V L • I, ~"' •• ;< ,,. 6. llllD of local dyriamic 

.. 
1. ...•: 

i. < ·'. ' ': !·. • ' los1 faCtGn · ICi 

M' = ao + :~1 ..i +a~~~:;: 2. miiL ~no. rate 4mm 
.... .. i· (e . P , , - . . - . 

• . :· 7 ' .. J · . !. : .. . 3. ma. volume ftow r'llC q mu. 

4mm S ; ~f4siU ·. " ':~\· 4. coefft~·ao 
.. , • .. !I. coefficiall 0 l 

.. ~-· -- ·. ::~ ·--· ::· 6. coeffic:ima2 •. 

(1) · lint tupplemenwy data iSem ii alway1 ftuill typi (l • air, 2 = wals)' 
(2) idauical IO typi 40 wi1b Cd = 0.65 [-] 
(3) implidl in ml•~ Hr = 1.50 [m J 
(4) implicit in ml1: Cd = 0.92 [-] 
(!I) llDlllr dcv~ 
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Pressure Coefficient Data Sets Currently 
Avail ab] e. 

.,,. 

, . . .. . ·,-

DabJ~ase Facade Length to width Expoeun 
Reference Descripdon Ratio 

··1 Wall 1:1 Exposed 
2( ... : Roof, pitch> 10 deg 1:1 Exposed 
~:; . Roof, pitch 10-30 det- - :· 1:1 Exposed " 4 .;. ; . . · Roof, pitch > 30 deg 1:1 Exposed 

l·;· t S~, . Wall , 1:1 S~i-Expo~d 
6, Roof, pitch < 10 deg . 1:1 Semi-Exposed 
7 Roof, pitch 10-30 deg 1:1 Senii-Exposed'· 

·8'·"' ~ Roof, pitch > 30 deg 1:1 Sein -ExlJOSed' 
, f~ 9 . Wall 1:1 Sheltered 

10· .. Roof, pitch '< 10 deg . 1:1 Sheltered' 
11 ' Roof, pitch 10-30 deg 1:1 Sheltered 
12 .: Roof, pitch > 30 deg 1:1 Sheltered ·" 

'· 13 . Long Wall 1.:. !'1 . 2:1 Exposed W1.: ~· 

• (I 014 . ' -' Shm Wall 1:2 Exposed 
. .IS .. Roof, pi~- :c tO deg 2:1 Exposed 
16· Roof, pitch 10-30 deg ·2:1 Exposed 

I •' .. 1-1 · Roof, pitch > 30 deg 2:1 Exposed 
· · • ·· 11· ··Long Wall 2:1 Semi-Exposed 

19: . : : ShditWall, :~ .:~ ;: (· I r· 1:2 : ·~~Semi-Exposed· 
"20 ... Roof, pitch < 10 deg 2:1 Semi-Exposed 

. :~i- .. Roof, pitch 10-30 deg 2:1 Semi-Exposed 
:, "1! .. ~·j .. 

'., 2 . ··. ,'. Roof, pitch > 30 deg 2:1 Semi-Exposed 
~ l\'l3 .. ~{l Long Wall 2:1 Sheltered 

24 Shm Wall ;, 1:2 Sheltered 
··-1.5'· ;1. ' Roof; pitch '< 17i·ddg· 2:1 Sheltered ··'· ·· 

.., .?~r 1 ·26~ ... ':; .. · Roof, pitch 10- 0 deg 2:1 Sheltered 

·'. J.7'>., Roof, pitch > 30 ~ , ... 2:1 Sheltered 
'~ . ... ... '. 

'" ~ 28 Wall " 1:1 Exposed . 
!X: '1~"' . Roof, no pitch 1:1 Exposed 

> 'n•I ' 

:..,· • ·,:.~;:.;.. :;:.•,..~; -· "'· .,~.;;,.; r .. •• 

' i • 

. ... '" - . ... .. .. _ .. .. -· ... . .... - -'"'"" - .. .,.. ··- .. .. ·- ... ···- _.... ... ., ..... 
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CASE STUDIES 

1. Ladywell High Rise 

Recent years has seen increasing investment in upgrading of high 
rise tower blocks built in the 1950's and 1960's. 

A s1'tall architectural praqtice was concerned with thermal 
upgrading of Ladywe.11. high<; rise, a tower block in Glasgow 
comprising a number of -similar 1 and 2 bedroom flats. Money was 
limited therefore a detailed computer simulation study was 
commissioned frdm EDAS _to predict the most cost-effective options 
for upgrading in terms of occupant comfort, condensation risk, 
heating capacity required and eriergy consumption & cost. 

As part of the study it was necessary to predict 'design' air 
infiltration rates for all rooms in each of the 1 and 2 bedroom 
flat types for two cases : (i) leaving existing ill fitting 
single glazing units unmodified ' or, (ii) replacing with new 
double glazed units incorporating trickle ventilators. Given the 
site microclimate details, it was decided that infiltration rates 
be predicted for both an easterly and westerly wind direction. 

~.~· .:., (·~. 

Figure 2 (a) shows a general persp'ective view of a 1 bedroom flat, 
as developed for energy simulation modelling using the ESP 
package. Figure 2(b) shows a-pil..an view of the flat with the 
distributed air leakage network superimposed. 

Figure 3 shows simiiar infri:tmation for the 2 bedroom model. 

Design day simulations using representative hourly weather data 
for·' Glasgow gave predicted average air infiltration rates for 
each flat type as listed in Table 3, _below. 

' I 
I 

l ~ ~ :~ f· 
TABLE 3 - LadYwell High Rise : Predicted ~Design Day' Average 

Air Infiltjation Rates (air cha~ges per hour). 

1. 1-Bedroom Flat 

,._liv ... . ~.i.t . ... ,. Jl~ll. .. bath bedl bed2 
-------~~------~------------------------------

a) Single Glazing . -- .. ~-(· ..,_ . 
West wind .. 2. 3 0.0 ' o.o I o.o 1.6 
East wind •· o··:-o . • "3 • 1'- " 1.8 3.9 o.o 

b) Double Glazin9 
West wind ; o. 6· :•c' o:o o.o o.o 0.4 
East wind o.o 0~4 1 .2 0.5 o.o 

'';1~ . ! ; ((!: ~~·~ 1."l'l:llll .. ~ - ·· 
2. 2-Bedroom Fla~/ ...• 

~. :.·· 

• c. ' · ~~ •.• 
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2 . 2-Bedroom Flat 

.... 
liv }dt hall bath ·-bedl bed2 

----------------------------------------------., 

a) Single Glazing 
West wind 2.0 2.5 o.o o.o 0.1 0.2 
East wind 0.1 o.o 2.0 5.1 0.3 0.5 

b) Double Glazing !, 

West wind 0.5 0.5 .o .·o o.o 0.1 0.2 
East wind 0.0 0.0 1. 6 1.1 0.0 d.1 

The simulations demonstr&ted the predicted.effect of window 
replacement on air infiltration ra~es. · 

With regard to the global study ._ which involved detailed thermal 
modelling as well as air infiltration prediction, it was 
concluded that window replacement outperformed proposed wall 
insulation upgrading as a means of reducing energy consumption & 
cost, but the ~eductiori in ptedicted air infiltration meant 
increased condensation risk due to humidity build up. 

2. Atrium Appraisal 

A multi-storey . .. building. conversion__ prqj_ect .in . Glasgow. involved 
the architects in turning a central open lightwell into a glass 
covered atrium. 

I 

. Amongst othei:! things, the architects were concerned to establish 
whether there was . any : ..possibi.J...i.ty of 'the atrium overhe·ati'ng · tn-, 
summer and, t .t; .. ~,91,,_ . ... :wl11ether a passive 1venting scheme based on · 
temperature stratLf.i,9ation could be empl.oyed .... to ,.prq.vid.e cooling 

-~~ing outsid~ air. · ' · 
f . • • (' . .:. . . . . ...... ,,···r,.· >- :.. .. . •. .. .•• -_:_. ... c.':_::..-. ·-. ... • -- , 

.~.- j • 

A leakage ootwe-Fk - f ,o-:i:: ,the1·ati:i·ulii:,, wa&- e s:t:ablished, incorporating 
air inlets at ground lev~l and ,openable louvres ,in the glass 
cover at high level~ Figure 4 shows a simple perspective view of 
the atrium. Figure 5 shows the air leakage network. 

• - ,·, . . ! I I I 

The atrium .,leakage rietwork was sim:ui:9ted in tandem. with thermal 
simulation,.'.·of:·· the atrium · µsing ESP. The results tndicated i that 
with the passive venting s¢heme as p~oposed, predicted summertime 
conditions within the atrium would be acceptable. 

I l • 

It should be stressed, howe.:v:~t:... . .t.b.a:t ... t.b.~ . p.uthor has strong doubts 
rega~ding the practical applicability of a .. q;rq_de_ nodal n~twork 
air flow modellini t~chnique for predicting air flow in an 
atrium·~··--th· ~·mosf"- 'i'ns·t-ani::e~ of interest the actual f 'lu i'o ' flow 
patterns within the atrium are likely to be quite complex, 
requiring a more refined simulation ,approach such as might be 
adopted using a compu~~:~ional fluid C~ypamics (CFO) model . 

...,,,... ~ ~ ,. 

~ . r: , \ :.·~ --
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... 
J. The crystal Pavilion 

This project is, in many respect~, similar to the atrium project 
above. 

The Crystal Pavilion at the 1988 Glasgow Garden Festival was a 
fantasy exhibition building designed to house displays relating 
to crystals and crystalli:ne technology. The appearance of the 
building was intended : .to ref-lect the crystalline concept and was 
loosely based. on a quartz crystal cluster. Figure 6 shows a 
perspective view of the crystal pavilion from an ESP model. The 
building comprised solely of .single skin glass, painted 
internally in shades of blue to enhance the crystalline effect. 

-..... 
The architects on the project were concerne,d to establish whether 
the pavilion would overheat in summer · and, if so, whether 
mechanical cooling was needed or some form of passive ventilation 
scheme would suffice. 

Based on the ESP model, it was predicted that, for a warm, sunny 
summer design day for Glasgow, use of outside air could influence 
peak internal temperatures as follows : 

Infiltration air change 
(per hour) 

10 
30 
50 

Predicted Peak Temperature 
(deg.C) 

33.4 
28.2 
26.6 

ih I 

The task then was to · establish whether, under design conditions, 
around 30 plus air changes .p.er ... hoJir could be induced on account 
of stack effect. An . air leakage :fno~el was generated. Figure 7 
shows the model which represents a crude simplification of the 
problem. Essentially, the pa~ilion was subdivided into a number 
of equivalent rectan9ular volumes sitting on top of each other. 
Simulations predicted .. --t-hat;.. -pass;iVje ventilation cooling was 
possible. · · 

At the end of the day the atchite~ts decided that the inclusion 
of a significant are~ of ail;' louvre ·· on the external glass skin, 
needed for venting, would settiousiy degrade the visual appearance 
of the building. Thus, on . the basis of simulation results, 
mechanical cooling p~ant was , sized . 

.. .. , ... 
_; ,· ' : ' • ;J 

! 
' 

. . ,; . •. ' 

(( 



- ./ 

... 

r. 

1. 

.. .. 

.. [ 

-; · 

... ,. 1 .... 

.... .,. ..... 

I. 
•• <: 

... 
. '· 

I 

I-

i_, 

.· -· 
.. . 

" 

} 

.. .. n: -- ... .. ,, ., .. 
Figur:e·i6 =~~Jhe CtysbaJ P:avi.J iori ·.(Height = 15.m) 

: .. 

: l (. 

~ ...... 
?. '" • .f •. • ~ . 

: .- .. 
-~ .... · .... 
[1 

. 'J '! . ~ 

I,. 
1, 

. ,\.\. 

<; .... ,. -!"-. 
' .· 

• .. '-> 

.J \•: .. •• 

·----..1,...1 .~ : ~ ~\·('':)~~-"' " 
_._ 

~ 

' ' · 

,:.,~' 

.. . ~:-: ... , 

, ·. 

.. ' - .... ~ r -~-
1 ••! -

I ,·~" "(,. - 'I' __;. ~~- ... . i) :J .. 

•. 

j 

I 
I 
I 

Ld 
. : . ~ ''>"> 

I 
_L 

-· : ~ ' 

1 

I,-~ : , ... , .: ,_ 

,. . . .. -
• • •• .J 

' 
... ,." 

- ., 
I 

I 
-L 

Figure 7 Crystal Pavilion Air Leakage Network 

.· 

. .. 

::.· 

.. 

.... .- "'-· 

.; 

.· 

' .. • < 



4. John Brown Engineering 

An engineering consultant was commissioned by John Brown 
Engineering to evaluate a number of options for replacement of 
heating systems in the main factory (known as the 'engine works') 
which comprises a number ·of individual 'bays' all linked 
together. Figure 8 shows perspective and plan views of a computer 
model of the engine wor~s. 

Part of the de sigh ... ·involved prediction of values for design 
infiltration· rate /for each bay fo~ '. µse · _in sizing heating plant. 
The consultant _c;:onilnissioned EDAS to generate an air leakage model 
for the faetor~ : and use it to predict air infiltration rates for 
vari~us .. condit-~on~. / 

From .site inspection and measurement, a d.E!tailed picture of the 
air l~a~age_· paths within the engine works was established. Figure 
9 shows the res.ul ting air leakage network which has, as leakage 
paths, doors, window·s, fans, roof lights, eaves and ridge gaps. 

The network "was simulated ~g-~ip.st suitable i_4_esign day' climate 
for the following. scenarios : 

1. Background leakage only. All (large) roller doors closed. 
All fans OFF1, except if :o -r those ·in. bay ew4 which are 
continuously removing air from an acid bath process. 

2. All roller doors half ope_n. All fans OFF, except in bay ew4. 

3. All roller doors closed. All fans in bays ewl, ew4 and 
ew18/19 ON. 

~~ 

4. Assumed that a gas ' tur~ine test was taking place in bay 
ew12. Consequently, ;all roller doors would be closed, except 
for bay ewl2 roller,: doolf:. which , would be one third open. Door 
between ewll and e\f12 closed. Fans in ew12 ON. All other 
fans OFF, except in ! bay'. ~w4 • 

. p~··. 

5. As simulation · study 1;": except background leakage areas 
increased slightly to .. account for additional ventilation 
area required for a certain type of direct fired radiant gas 
heater. ' 

The simulation results were as follows 

TABLE 4/. ·-··· 
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Figure B(a) Perspective View of Engine Works 
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Figure B(b) Plan View of Engine Works 
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Figure 9 : John Brown Engineering - Air Leakage Network 



TABLE 4 : JohQ Brown Engineering : Ave~age Predicted 
Infiltration rates for design day. 

-------~~------------~---~--------------------~~~----~~--~-
SIMULATION NUMBER 

BAY l 2 3 4 5 
----~---- -------------------------~------------~-~~-~--~~· 

ewl 
ew2 
ew3 
ew4 
ew5 
ew6 
ew7 
ew8 
ew9 
ewlO 
ewll 
ew12 
ew18/19 

0.90 
0.36 
0.02 
1. 63 
0.10 

a.as 

0.33 
0.82 
0.77 
1.93 
0.20 

3.75 0.61 
3.88 0,62 
0.01 0.23 
0.94 1.88 
8.08 0.17 

no infiltration 
6.38 0,08 

no infiltration 
0.1~ 0.33 
6.57 0.82 
8.91 0.77 
5.69 1.93 
4.68 0.20 

0.90 0.90 
0.36 0.36 
0.02 0.02 
:i. 63 1.6~ 
Q.10 0.10 

predicted 
0.08 0.08 

predicted 
0.33 0,33 
0.82 0.82 
0.77 0.77 
6.16 1. 93 
Q.20 0.20 

----------~----~-------------------------~-------------
AVERAGE 0.55 3,78 0.59 0.87 0.55 
-----------------------------------------~--~-~--------

These results were used as the basis for selecting 'design' · 
infiltration rates for heating system sizing. 

FOOTNOTE FOR BEPAC AIR MOVEMENT TASK GROUP MEMBERS 

To go into the above case studies in great detail would result in 
a very lengthy paper. Consequently it is proposed that a limited 
number of copies of the mfs fluid flow model be made available 
to task group members. The software currently runs on UNIX 
workstations, but is being ported onto an IBM compatible PC. A 
manual is currently being written, which will include the four 
case studies outlined in this paper as demonstration material. 
The user will be able to re-run the simulations carried out in 
the above case studies, make modifications and generate his/her 
own air leakage networks for any other application. 

Full details of this proposal will be sent to members with the 
minutes of this meeting. 


