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SIMI-JLTANEOUS DYNAMIC SIMULATION OF AIR FLOhJ AND ENERGY IN BUILDINGS

Dr . D. J. McLean
ABACUS, CAD Unit, University of Strathclyde.

A recent development to the ESP building/plant energy
simulation package has been the integration of a technique
capable of performing air flow simulation as part o'f the
building'o enetgy balance, thereby permitting símultaneous
treatmeot of heal end mass exchange.

Ihis paper desqribes the air flow model and its data
reguirements, Si.gnificantLy different results, which could
affect design decielons, are shown between simulations
modelling alp movement, dynamically, compared with those based
on traditional, globalIy aseeBsed, design air change rates.
Finally, I numbe¡ of projects where modelling ai¡ flow is
criticsl ere deacribed.

INTRODUCTION

About 3Oi(, of alL delivered energy in the UK iF pþ,,oußPd to maintain environmental
conditions in buildings (t). Air movement, in lhe form of infiltration and inter-
zone €xchange, can account for a significant portion of a building's plant loadt
Ín aome cases infiltration alone can account for up to 5O% of the heating load
(2). Consequently, improved control of unfavourable air movement in buiJ.dings
would have a significant impact on national energy consumption.

Ai¡ movement within buildings is very difficult to assess except for the simplest
of problems and the complexity increases rapidly with the oize of the problem
considered. International recognition of this fact has Jed to the International
Energy Agency (IEA) initiating bhree programmes to promote the otudy and
understanding of air fl.ow in buildings, as u,eII as lts implicatioRs uPon design
(]). Annex V concerns the Air Infiltration Centre which coordinates the collation
and dissemination of data on air flow and provides specialised technical support
(2). Annex VIII is an investigation of the effects of occupants and their
behavioural patterns upon air movement and Annex IX deaJs with indoor air quality
as affected by airbourne pollutants.

Increasingly, engineers end architects are utilising dynamic building energy
simulation models to perform more rigorous assessments of the energy flowpaths
associated with the thermal performance of buildings and plant systems' Ïhey may
be unaware of potential problems occuring from simulations which treat air flow
in a rudimentary manner by arbitary selection of globaLly relevant air exchange
rates as published by CIBSE (4) and ASHRAE (5). l¡lhilst these values are adequate
in certain design applications they can prove inadequate when utilised by
simulation models op"rating at frequencies of one houi or less (6). For dynamic
energy modelling purposes air flow quantities should be evaluated at each time
incrèment and for each conceivable flowpath connecting a zone to ambient
conditions or to other zones participating in the network.

As part of a recent SERC grant to the ABACUS unit at the [Jniversity of
Strathclyde, an air FIow algorj.thm (7) taking full account of wind velocity, wind
direction and temperature driven buoyancy effects ù\,as incorporated withln the
€5P building,/plant energy simulation package (1,8,9). This permits the
simult€neous, dynamic modelling of energy and air flow fqr 8ny multi-zone
building configuration at any processing freque.ncy'

This paper describes the nature of the air fLow model and its data rsquireme.nts,
The differences to simulation results due to alternative air flow modelling
rnethods are then compared and discussed through example. Finallyr three c€¡se
studiee are gj.ven to exemplify model- use in practice.
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DESCRIPT ION OF THE AIR FL0l¡J M0DEL

Air movement resulbs From a diFference in pressure bebween discrete air volumes
or spaces. The principal factors pFomoting such pressure dif ferences are wind
forces and/or buoyancy f oDces (aIso known as the stack effect) resulting f rom
air density variations. In a building network the inter-sPace flourpaths, or
connectionê, (ie doors, windows, air bricks, general openings, etc.) are the
mechanism through which air f Iow occurs due to pressure dif ferentj.als. In air
flow models the complex aerodynamics associated with each f Iowpath can be
replaced by empirical flou, equations (1,10) which are then soLved simultaneously
taking full account of the stack effect. For simple orifices the empirical flow
equation can be expressed ilr the form

Q = k a (zrP)x

where Q is the^ volume Flow (.1/"),AP is the pressure difference across the
restriction (N,/m¿), k an empirical constant dependent on the nature of the flow
restriction, a is a characteristic dimension such as length or area and x is an
empi-ricaI exponent. VaLues for a,k and x and additional expressj.ons can be found
in the references.

To aid the mathematical descrì.ption of the distribution oF wind pressure on an
external surface a dimensionless term, tbe mean surface pressure coefficient C¡r
has been defined which represents the relationship between free-stream wiñd
vectors for a particular wind direction and the resulting surface pressure on an
external surface as a f unction of building shape and surrounding obstructions
(10). The coefficient Cpr at a particular wind direction and can wrj.tten in the
form

Cp = (p - po) / o.6 x U2

where p is the surface pressure (N/n2),. po is the free-stream static pressure
and V the free-stream wj.nd velocÍty (m/s).

0nce established (from wind tunnel- testing of scale models or emerginq computer
models (L)) these coeflici-ents are used to calculate the external surface
pressure for any wind speed with corrections appJ.ied to account for deviatlon
irom a reference height. The coefficients are normally grouped in sets for a

number of diFferent wind directions (eg l6 val-ues at 22.5o interval-s as in this
model) and can be positive or negative, depending on whether the surface is
wi-ndward or leeward.

In use ESP requires a complete description of the building's air voLumes and
Leakage interconnectj-ons. Pressure coef ficient sets are assigned to external
surfaces and time-serj.es values of wind velocity and direction made ready (in
addition to the other climatological parameters required to dictate heat fLow ).
Soecifically, the data requirements of the model are

for spaces: code number and name, spsce type; têFerence heightt
tempèrature, bounded volume and mechanical supply/ext,ract flow rates.

For connections: code number, connection type, space connection pointers and
idenbiFication of appropriate pressure coefficient data sets for external
surfaçe. Connections can be small openinç= (partially open windows), cracks, or
large vertical openings (open doorways) which experience bi-directional air flow
due to smaIl buoyaniy forces over thelr hei.ght. The user specifies widths,
J-engths and Free areas as required for each type of connection, and the program
automatically evaluates coefficients and exponents of the empiricaJ. flow
equations when possible (l).

The behavioural pabterns of occupants can have a major influence on air movement
and the moclel has been designed to superimpose rules of behaviour by permitting
váriations to space and connection information as a function of time and/or
prevailing temperature. For example, external doors in a public buiLding opening
between B;00 and lB:00; or windows opened in a naturally ventiLated building if
internal- temperature exceeds som e stated value.

At each time increment during sÍmulation internal space temperatures are obtained
directly from ESP's energy calculations, but becaUse the characteristj.c flow
equations are non-1Ínear then an iteratÍve solution method is employed to

L82



determine internal' sPace Pressures ""år1"""13 J?::"J¿ï of ""t,-i"ï"":t;.*:tr::
ty and direction, this defines the
ative solution technique involves the

essures ale assigned by the modeÌ to
solved simultaneously' The air flow to

y deviation from zero is termed the flow
ifi"ation is then apPlied to the space

ed the sPace Pressure, the equation
residual corrected as before' This

sidual error is acceptable' The speed of
Pressure and mass baLance tolerances t

and the size and nature of these
connections.
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aforementioned
and fo¡ a ¡t¡alm

of detaiL for modelling air fLow h'ere simulated against

lected for each zone truith no inter-zone
air flow to be described in this mannert

difference in air temperature' In this
periods to different temPeratures' e'9
i"ot 7:00 to tB:00 whereas the bedroo
Therefore any zone coupled air fLow bet
-zünes could cause significant energy loads'

For purposes of this exercise simuLations were conducted upon the
example on two consecutive winter days (wjth heating availabl.e)
summerday.rnesimu]ateddayshavethefollowingcharacteristics:

average external temperature of -l'0oC
rth-west.

average exte¡na1 temperature l'0oC and

th-west.
rage external temperatur e 22'JoC with a

aÀ¿ the wind predominantly from south-
south-east.

AIR FL0tìJ M0DEL COMPAR ISON

Three different Levels
each day.

case A: standard air infiltration rates are applied. These values may be used at
the early desì.gn stage to perform preliminary plant sizing "1d 

assess building
performance. AIternátively tneV """ 

useful- when there is insufficient data

relating to J.eakage paths and/or occuPancy bghaviour making it difficult to
predict aÍr movemãnt. rn" rates used in trt" simulations are given in Table 1'

Zone coupled air flow j-s ignored'

Case B: average air infj, Itration rates are obtained (by some means) which are
typical for tne building. In this case averaged air infiltration rates were
obtained from the case C simulatlons (values 9i"ven in TabIe l)'Night-time (when

all heating 1s off) and day-time infiltration iates have been prescribed for each

zone i-n the winter case. Addltj-onafly average zone coupled air flow rates are
included in the simulations.

Case C: a full description of the distributed leakage network .is avaitable and a

rigorous simultaneous air flow and energy simuI"tion conducted' A leakaqe
distribution for winter was superimposed ãn the house based uPon a mo-de.rately

tight design.with aIl windowé and external doors closed (with a 3 to 4mm
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perimeter crackage) and only a few internal doors intermittantly open. Background
J.eakage via floorboards, skirting, electrical sockets, eic., can be- verysignificant in some cases but for simplicity it u,as omitted For th;;;simulations. Figure ) gives a broad outline of the leakage distribution 

"""ur.ofor the winter áppJ.icat-ion. During summer aIl windows are assumed to be p""tiãify
open.

0ne of the most noticabLe fleatures of Table I is the diFferences between thestandard and daiJ.y average zone air infiltration rates. Interestingly, ,¡lunaveraging the calcuLated inf iltration retes f or the three simuLated- days thevalues obtained are not too dissimij.ar to the standard values in some zo;es egthe Livj-ng room and hall. However this is misleading because not onLy ao tÃåcalculated average infiltration values bear Little rJsembl.ence to the-standardvalues but the time inctemental calculated values upon which they are based varyconsiderably from the daily average values. Furthermore there is signifi.caÃiinter-zone air movement which has an appreciabLe ef fect on energy consumptionbecause oF temperature differences between connecting zones, Diffã'rences i; thecalculated averages between simuLated days occur due to wind velocity anddirection, the stack effect and the Ìeakage distribution. This is apparent- fromTabIe 1- It should be pointed out that if rruin¿ information is available and theJ,eakage distribution known then a beLter manual assessment of the standardinfiltrati.on and zone coupled air exchange rates are possibJ.e, however thisbecomes mo¡e difficult when the stack eff,ect is in evidence, as in this probLem.

The two winter day simulations results are presented in TabLe Z f or eachmodelling case. For each day the maximum plant capacity and the energyrequirements ol each zone are given as re11 as the maximum diversified Loa¿ aÁåthe total energy requirements of the buj.Iding. It is evident from a comparison ofthese results that the house energy requirements in case C are approximately )O?óless than case A on both winter days. A similar reduction occured with thedlversified load. The case B results, although appreciabLy different, tendtowards the case A resul-ts as wouLd be expectéd because th; case B air f1or,rinformation h,as established from case C simul,ations.

More specifically there are a number of important aspects to these resul.ts r¡ithrespect to the zone daily maximum plant capacity and energy requirements.
a) As expected each case shows a reduction in plant for the 10th of Januarycompared with the 9th due to higher ambi.ent temperatures. Case A shor¡rs a uniformreduction for each zone, between the tr¡lo simulated days, but this does not occurin cases B or C because of the differences in infiltration rates and the factthat inter-zone air movement has been considered.
b) The kitchen, hall and landing are critical zones with respect to aj.r movement.They experience conflicting resuÌts against the trends of other zones in table zindicating the potential inaccuraeies which may arise when not modelling air
movement in detail.
c) Although the results indicate that the more accurate air flow values used j-n
case B improve sizing in most zones, compared with case A, they can still bequite different in some zones because average val-ues fail to 

""þture the fuII
dynamj-cs of the problem. Consequently any simulations not taking f,ull account of
air movement are orone to error in certain circumstances
d) D91i91i-ng equipment based upon the case A ¡esults would cause most spaces to
!e stiqhtly oversized however the haLl wou-Id be g.rossly oversized whereas theIanding would be signiîicantLy undersj-zed.

It is aPParent from the summer simulation results (TabJ.e 3) that compared withcase A the case C results of fer a smaller diversity in both the ranges of maximumand minimum zone air temperat^ures (excluding the loft): Zj.e ío JB.B õC Formaximum vaLues and lB.J to 24.2 oC for minimum v-alues respectively for case A and26'J Lo 10.5 and Ì8.8 to 22.7 oC for case C. The smalLer ãiversity in the case Czone temPeratures occur because any zone temperature differentials, which promot.einter-zone air Flow' are fuJ.ly modelled the."Uy promoting air mixing and reducingtemperatures.

There are two important points to note from these resuJ-ts, firstly the kitchentemperature is badly affected during cooking periods with the Íixed airinfiltration rates. Such Ioca.l.ised h;t spots wiLl be reduced- bl nãtrr" otmanually adjusted by occupants (openinq windows). Secondly, the loft temperatureis remarkably simiLar in all three casès because the air movement into this zoneis much small'er compared with other energy ilowpabhs such as solar radiation

{p:r#
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a thin f oof and external Iongwave loss particularly to the cLearincident on
night skY.

There are numerous
mass fIoh, are not
brief descriptions

The mathematical integrity of any modeL gan greatl.y -inffuence simulation
predj.ctions and hence tÉe réI"t"d dâsi9n decisions (l'I). It has been shown here
that there "r" "ijnlficant differences between results obtained From a classicaL
aj.r flow descri;ti;; for modelling purPoses. comPared with simultaneous energy and

air flow simulåtion. It should 6e'pointed ouL that the results in this example

could be signiflcantly altered by th'e actions.of the occupants or en alternative
leakage distribution. The ef fects of occuPants upon air movement should not be

understated. It is only with the abj.lity to perform numerous detailed air fl-ow
-.simulations against ãifferent behaviouraL assumptions -t!t"t robust design
solutions of íign integrity can be formutated which r¡¡iIl accommodate any

anticipated behaviour.

CASE STUDIES

appì.ications where the simul'taneous
just important but critial to the
of this type of aPPlication are now

Case Study L: Enclosed shoppinq centres

ve been tions
mPeratu losed
have in trian
to be e e air

igns and in order to predict the building
performance it is critical to accurateÌy model all air movement for the
ãppropriate Pressure differentials'

In one particular application a cl-ient wished to model' a large shopping arcade
with a barrel snaped'hully gJ-azed roof covering a pedestrian w.alkway between shop

fronts. The arcade also had two large entrancés a.t either end. An equival-ent aj'r
flow network was estabrished to reprisent the distributed reakaqe paths with-"yP-
divisions ho"i..onf"ily and verticaily to fu1ly capture air movement and model the
stack effect in the barrel dome. The following information l¡Jas requested:

- air flow patterns in the buiJ.ding as affecl:9 by vari'ous smo.k.e extract openings

- the air v"rocity at both doo"" ánd at criticaJ- points in the building for a

number of diffe¡ent entrance opening ar¡angements
- the comfort of pedestrians in the arcade under extreme weather patterns
- heat recou""y ptt"ntial from the upper regions in the barrel dome

simulation of energY and
particuLar design. Three
91Ven.

were conducted to estabLish
magnitude of air f low toA serj-es of simultaneous energy/a]-r flow simulations

iir.Lry temperature gradients and the direction and
satis fy the clj.ents requirements'

Case 2 : Passive sol-ar architectur e

E5P has been used to investigate a r¡ide range of 'Passive'solar design features
in a number of projects. Due to the nature óf many passive solar designs, where
temperature differéntj-al-s are promoted and resul'ting buoyancy effects frequently
used as the drivinq force for energy transport"tion, the prediction of air

movement is particularJ.y important.

A specialised architectural practice required ESP to inv.estì.gate the feasibility
of adding a low cost glass bãx (passive sol-ar collector) to the south facade of
an existing house. Louvres were controlled the collector and the

ed collector caPabJ'e oF
d linq device r¡rhen the
vr ucing the cb4lector
wa an annual Period and
the origì.ona1 house. It was established
Jce annuáL energy consumption by some 309á

and that occupant comfort level,s are mole satisfacto¡y througnout the yeat' The

simul-ation results compared favourab-l-y with a parallel. monitering project
conducted by the client.
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Case 2 Condensation reducLion

Air movement is flrequently desired to take away moisture and reduce both sur Face
and interstitual condensation risk, provide fresh air for occupants, reduce
harmFul fumes and satisFy humidity conditions. This can be achieved naturally or
mechanically.

0ne client had considerable misting problems on the internal surface oF the glass
skin which was an architectural feature of a large new building. The clients'
problem was that they were unsure of the major source of the moisture. A model of
the building !Ías set up and a number of different potential leakage distributions
u,ere considered. From the ensuing simulation information the principal sources
were identiFied and a series oF further simulations conducted to inform the
client what _remedial action was appropriate

CONCL US I ONS

ALthough a highly complex process, accupacy considerations dictate that air flow
be computed in tandem with the energy balance cal-culations for a complete
unde¡standing of building performance in terms of occupant comfort and energy
consumption. This paper has demonstrated the consequences of treating ai¡ flow in
a rudimentary manner compared with a more explicit modelling approach. The
contention is that the integrity of models, vj.s-á-vis the real world, shouLd not
be diminished by simplifying any significant energy flowpath.

The neh, generation of sj.mulation models employ greater rigour when modelling air
flow and other thermal processes such as surface convection, short-wave and Iong-
wave radiative exchange, conduction, etc. As these models become easier to use
they wiLl increasingly find their way into practice Faci.litating and improving
deslgn decisions.
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Case A

Standard 9th January

night-time daytime

Case B

1Oth January

night-time dayt ime

17th July

Liv ing room

Dining room

Ki t chen

Hall

Bedroom 1

Bedroom 2

Bedroom J

Bat hroom

lfll. c.

Lo Ft

Landing

Living room

Di.ning room

Ki t chen

HalL

Bedroom 1

Bedroom 2

Bedroom l

Ba t h room

W. C.

Loft

Land i rtg

CASE

Max.
("c)

27.2

27 .1

lB.8

23.6

28.j

26.7

28.0

31 .2

26.8

42.9

28.5

CASE B

Max. Min.
(oc) (oc)

27.2 17.4

27 .9 18.7

3t.t ?1 .5

25.2 18.6

27 .O 21 .6

26.8 21.4

28.4 21 .9

28.2 19.9

26.1 20.9

4t.6 11 .t

27.6 20.1

CASE C

Max. Min.
(oc) (oc)

27.7 19.2

27,4 18.8

30.> 20.2

26.3 19 .J

28.4 22.7

27.1 21,6

28.1 22.1

29.1 20.6

21.9 20.6

4t.9 11 .J

zÙ.t 20.4

2.O

2.O

2.O

1.5

0.5

0.5

0.5

2.O

1.5

1.0

1.5

0.0

0.1

2.O

0.0

0.0

0.1

0.0

o.9

J.4

0.0

0.0

0.0

0.4

2.6

0.0

0.0

0.1

0.0

0.5

3.4

0.0

o.5

o.3

0.0

o.7

0.8

0.0

0.0

o.2

0.0

0.0

0.0

0.0

0.5

0.0

0.8

1.3

0.0

0.0

0.4

0.0

0.0

0.0

0.0

4.7

0.0

0.0

t.1

2.O

0.0

t.5

0.0

0.0

0.0

0.0

TabIe 1 : Average air infiltration rates (Air chançs,/hour) obtained from
aj-rf1ow resul.ts compared with the standard case

ZONE MAXIMUM AND MINIMUM AIR TEMPERATURE.S : JULY 17th

A

Min.
(oc)

18.6

18.3

21.7

18. B

22.4

21 .1

22.4

24.?

21 .9

11.5

21.5

Table l: Dai.ly summer simulation nesults
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HEATING PLANT It*-oRMAIIoN : JANUARY 9th

CASE A
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CAsE B

Capacity requiÌerents Capae¡ty requirements(Kw) (Kwh¡s) ixw) ' ai;Á;t
Cspaci ty

( xw)

CASE C

CASE C

requi rements
((llhrs)

L-ivin9 room

D¡ning roon

K¡ tchen

Hall

Eedroom 1

Bedroom 2

Bedroom J

Bathroom

lf.c.

Loft

Landing

Diversilied Load

ToteI requirements

1.826

't .747

0,87t

0.817

1.t99

1 .020

o.721

0.41 8

o.221

0.000

0.848

zr.o7

24.11

7.95

10.98

5.28

t,85

2.72

t.o5

1 ,68

0.00

11 .t9

1.ítt
1,277

1.t10

0,799

1.1S0

0.s84

0,599

o.2t7

o.192

0.000

1.790

6.t22

17,t2

17 .61

11.78

4.99

4.r2

3.it
2.2t

1.86

1.51

0.00

12.90

1 .414

1 .2t7

0.915

0.144

1 .11J

0.894

0.582

o.28t

0.217

0.000

I .098

17.22

17.28

6.77

0.85

4,5t

5.t6

2.20

1 .90

1,t3

0.00

11 .95

HEAÍING PLANT I¡]FORMATION : JANUARY tOrh

CASE A

7,912

1 .781

't.664

0.81'

0.789

1.t65

o.992

o.696

0. t98

o.222

0.000

0.806

94.O7

22,41

22.86

7.19

10.24

5. 10

t.11

2.60

2.Bt

1.61

0.00

10t76

78.O5

5.564

1.609

1.'ltt6

0.407

0.292

1.258

0.854

o.629

0.229

0.'ll)

0.000

't.o9t

67.t7

CASE B

Capacity requirement Capsc¡ty requirenent Capacity requirement(xw) ((whrs) irr) aK;;;t (Kw) (Kt{hrs)

Living room

Dining room

Ki,tchen

Hsl I

Bedroom 1

Bedroom 2

Bedroom l

Bathroom

l.l. c.

Loft

Landing

1.572

1 .150

1.0t6

o.7?6

1 .182

0.811

o.652

o.z',t4

0.120

0.000

1.550

19.46

1 5.8'

8.62

6.71

4.48

J.16

2.44

1 .51

o.92

0.00

11.21

19.51

15.62

2.85

't.95

4.68

t.2t

2.1t

1 .60

1.01

0.00

11.51

0iversilied load

lotel requirements

7. t08

89. tl

Iable 2: Daily wintc,r simulatiort rr:sults

6.O92 ,.r90

74.11 64.29
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