6.1

VENTILATION MODELS

This thesis work is aiming to build kauilding ventilation modelon a set of resistances and
generators, which would include natural air movenaenwell as fan powered air flows. The
model could yield infiltration and exfiltration fles referring to fan pressurization test method
[27], [28], [29]. The ventilation model complexishould be adapted to the building under
study (residential, commercial) and should be &blerovide a good estimation of the indoor
air quality level, of the thermal comfort when freeoling is performed, and of the building

energy balance.

The use of a solver such as EES is then very caéewefor that purpose because it allows
equations not to be written in an explicit form.

A generic ventilation model can be first descril§8db.1). It can be applied to yield natural
ventilation air flow rates in a house and in anceffouilding (8 6.2 and 6.3).

Fan powered air flows can be added either by inmgpai given air flow rate (8 6.2.3) or by
introducing a fan model connected to an air dutivaek model (§ 6.3.2).

6.1. Ventilation model description

The building ventilation modekan be based on a set of resistances and geser8ypr
analogy with electricity, pressure and air floweratan respectively correspond to electric
potential and strength of the current (fig. 6.1).

A resistance meanspessure dropvhich can be expressed as function ofrtfeess air flow
rate in a way that allows both quantities to be positbr negative, depending on the air flow
direction:

Ap =K. |M|".M (6.1)

Ap:  Pressure drop through ventilation apertae

M: Mass air flow rate through ventilation apertuggs

n: Exponent ranging fror when the flow is laminar td for a turbulent flow
K:  ConstanPa.(s/kgj™

An n exponent and K constant can be adopted:

* For infiltration and exfiltration air flow rates.mrAaverage leakage areasotm?perm?
of external walls can be observed on 15 Belgiansbesuin 1982 [51].The
corresponding air flow rate, expressed for a S5nBaor-outdoor pressure difference,
equals 16m°/h perm? of wall area. AK constant can be deduced from that average
value.

» For natural ventilation devices: Controlled suppfifices (CSO), transfer orifices
(TO) as well as controlled exhaust orifices (CEO).
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» For air ducts, as function of the Reynolds numioer @f the roughness.
Thepressure generatorsan be provided by wind (6.2) and buoyancy (6.3).

Wind pressurects perpendicularly to the external air orifisefanction or the square of wind
speed:

APwina = Pc- Zzﬂ (6.2)

Pe: Wind pressure factor -

Uyina. Wind speedn/s

Voute- Outdoor air specific volumens/kg

Buoyancyresults from the difference of air specific volusras function of the level:

(z2—-24)

Apbuoyancy = g-T (6.3)
g: Acceleration of gravityn/s2
12 Air specific volumem?3/kg

7,7, . Levelsm

Fans can be dealt with either bynposing air flow rateson some model indoor nodes (fig.
6.3) or by introducingressure generator®\ specific fan model can then be connected to an
air duct network (annexes 5 and 6).

The air flow rates are computed througlass air flow rate balancat each modetodeand
throughpressure equilibriunfior each moddbop.

For example, the model of fig. 6.1 yields the mais$low rate balance of zone 1 node:
Mcso,pr,l + Mcso,dp,l + MCEO,l = lezz
And the pressure equilibrium corresponding to #felbop can be written:

= APwind,pr,1 t APcsoprri t AP1O  t APbuoin — APcsopr,z2 T APwindpr.2  — APbuo,out = 0

6.2. Ventilation model adapted to houses

A house ventilation model can be associated wighwo zones lumped model (chapter 5, fig.
5.33), in order to yield a complete house mode¢ d@blestimate the indoor air quality level,
the summer thermal comfort when windows are opeaed the house energy balance.

The generic model (86.1) can be adapted first titd bar housenatural ventilation model

including controlled air supply grids. Then a modéwindow stack effeatan be added to
handle for opened windows air flow rates. Finafgn powered supply or exhaust air flow
rates can complete the house ventilation model.
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6.2.1 Natural ventilation mode

Belgian standards define ausetypeA natural ventilatioras including the followindevices:
dry rooms are provided witControlled Supplygrids, doors interconnecting dry rooms
humid roomsare provided witfTransfer Orifices grids, andumid room are provided with
Controlled Exhaustertical duct.

APyind,pr.2 AP ying,dp,2
CSO Z, CSO 4,

NV\,.,NV\|.

! | — «— | !
Apbuo,in -—
Apbuo,out Apbuo,out
L T0 ; =
Ap wind,pr,1 Ap wind,dp,1
CSO,,, CSO 4,1
_| e Z'., < |

Apbuo,zZ
Z, CEO
o—/ VW
—
Apbuo,in -
Apbuo,z1 Apbuo,out
o % L 4L
CEO
Z ’

Fig. 6.1 House natural ventilationmodel including two zon.
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Starting from the principles exposed in 86.1, a ed@an be built for a two storey house (fig.
6.1). It can handle air flow rates crossing ComgaISupply Orifices. Those can be shared in
two categories: pressurized and depressurizedcesifiAs wind turns, an average pressure
factor can be computed for each orifices category.

The dry rooms in a zone are interconnected andesepted by a single node. A global
Controlled Exhaust Orific& coefficient can handle the pressure drops fromztivee to the
outdoor, through the following serial devices: anfsfer Orifice grid interconnecting the zone
dry rooms and humid rooms, an exhaust grid andkhauest vertical duct (fig. 6.1 down). The
exhaust vertical air duct is sized from a given mahexhaust air flow rate, for an air speed
equal to Im/s

The model can account for Transfer Orifices intarexting both zones (fig. 6.1 up). A
staircase stack effect can link them. This is peréad through a Transfer Orifice, whoke
coefficient characterizes the pressure drop oawgirthrough the parallel apertures located
beneath the doors interconnecting zone 1 and #ieate. So, zone 1 rooms are supposed to
be interconnected through opened doors (from livmcitchen), while zone 2 rooms are
supposed to be all connected to the staircaseghropened doors.

The house ventilation model equations are listemhimex 6 86.1.1. They aren’t explicit so that
a solver such as EES is very convenient to hameent The modehputs are the pressures
provided by the generators, the mogarametersare the apertureK coefficients andn
exponents (6.1), and the modeitputsare the air flow rates.

6.2.2. Window stack effect

The ventilation model displayed on fig. 6.1 candiarairflows crossing the house but it can’t
evaluate the air renewal rate provided by an opeviedow to a closed room, independently
from cross ventilation effects. window stack effeatan be added to complete the ventilation
model.

The window stack effect (fig 6.2, left) is the Haigvarying, hydrostatic, indoor-outdoor
pressure difference caused by the difference irispesolume of the two bodies of air,
which, in turn, is caused by the difference in tenapure of the two bodies of air (ref.
[28],[30],[38]).

Windows air flow rates can be handled partiallypsarallel with controlled supply orifices,
and partially at a lower level equal to half thendow height, in order to reproduce the
window stack effect (fig 6.2, right). The model atjans are listed in annex 6 86.1.2.

This window model is added to each zone ventilatloanch of both models (house and
office) (fig. 6.1 and 6.5).
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Fig. 6.2 Wndow stack effect (le [38] and model of window stack effect coupled \
Controlled Supply Orifice(right).

6.2.3 Combined natural and fan powered ventilation

A combined ventilation model includeiatural entitiessuch as leakageControlled Suppl
Orifices, Transfer Orifices, Controlled Exhaust fi@as, andmechanicalentitiessuch as air
supply fans and air exhaust fans with their assediair duct systems, all entities interaci
with each other.

ms,z2 me,z2
prind CSO CSO prind
— A AAN —
Apbuo,in -
Apbuo,out Apbuo,out
- TO N
Mms,z1 Mme,zz
4 wil A4 wil
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Fig. 6.3 Model of combinedatural/fan powered ventilatioadapted to a hou. The model
must be completed with the exheduct branch represented dig. 6.1 down.
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A first simple way to deal with combined ventilatis to impose the fans supply and exhaust
air flow rates by just adding them, when they existthe node air flow rate balances (fig.
6.3). That model, based anposed fan air flow ratesan be used in residential buildings.

As such, the model can handle four ventilationesyst

A: natural air supply through Controlled Supply fi@es, air transfer through Transfer

Orifices and natural air exhaust through Controls¢haust Orifices (8 6.2.1, fig 6.1).

* B: fan powered air supply, air transfer through nBfar Orifices and natural air
exhaust through Controlled Exhaust Orifices.

* C: natural air supply through Controlled Supplyf@es, natural air transfer through
Transfer Orifices and fan powered air exhaust.

» D: fan powered air supply, air transfer throughnBfar Orifices and fan powered air

exhaust, with possible air heat recovery.

The model equations are listed in annex 6 86.1h& Model doesn’t account for the complete
interaction between the fan and the building pregair flow rate laws as the equations
establishing the location of the fan running paire skipped.

6.3. Ventilation model adapted to office buildings

The thesis is aiming to build a ventilation modélieir would be able to estimate the offices
indoor air quality level, the thermal comfort wheatural free-cooling is performed, and the
energy balance.

The office building ventilation model can be asatedl with the five zones lumped model
presented in chapter 5, fig. 5.34, in order to meva complete model of an office building
area.

6.3.1. Natural ventilation model description

A first model was built to analyse offices indoar quality for three natural ventilation
strategies:

1. Offices can only be provided with Controlled Supglyifices in the facade and
Transfer Orifices to the corridor (fig. 6.4 up Jeft

2. Offices can be provided with Controlled Supply @&k in the facade and Transfer
Orifices to the corridor. Moreover, windows can dygened until 10% of their area
each day for an hour during the midday time, whetd@or temperature is higher than
5°C (fig. 6.4 up right).

3. Offices can be provided with Controlled Supply @et and Transfer Orifices, and
can be connected to a stack effect from a stairedeeator shaft or ventilation shaft
(fig. 6.4 down).
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Fig 6.4: Natural ventilation strategies for offices [39].

From the generic equations6(1), a five zones model can be budtdeal with those differer
ventilation strategiesoffice roomsbeing considered as separate zones connected t
corridor though transfer orifices (fig. €). A window model can badded to eaclbranch
connecting aone with the outdoc(fig. 6.2).

Controlled Supply Orificesan bisized to reach 2.9 m3/h.m? of office floor areadqressur
difference of 2 Palransfer Orifices from office to corridican besized for the same air flo
ratesas office Controlled Supply Orifices (ref. [37The corridorcan bt connected to a
ventilation shafthrough a Controlled Exhaust Orific

The model equations are listed in anne6.2.1.

Ap wind

Z

corridor

Fig. 6.5Natural ventilation modeadapted to an office building ar.
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6.3.2. Combined natural and fan powered ventilation

A combined ventilation model includes natural adlvas fan powered ventilation entities.
Modelling combined ventilation systems can be neagsin office buildings, particularly to
simulate variable air flow rate systems.

Combination of natural/mechanical ventilation candealt with by superimposing a model of
supply and/or exhaust fans to the natural vertitatnodel. The resulting whole model can
account for interactions occurring between botltesys.

The natural ventilation modeinputsare the pressures provided by the generators, tueim
parametersare the aperturds coefficients andh exponents (6.1), and the modeitputsare
the air flow rates.

The fan modelinput can be the rotating speed that provides a rekgttipnbetween fan air
flow rate and fan total pressure (annex 5). Therfemlel equations can be merged with the
natural ventilation model equations so that thation of the fan running point is autput
resulting from the intersection between fan anddig pressure/air flow rate curves.

The location of the fan running point allows theedmination of the pressures and of the air
flow rates in the whole model i.e. for the fansaadl as for all the building natural ventilation
entities (infiltration leaks, Controlled Supply @ees, Transfer Orifices and Controlled
Exhaust Orifices).

Two types of combined ventilation systems can bdeted in office buildings:

* Type C: natural air supply through Controlled Sypf@irifices, natural air transfer
through Transfer Orifices and fan powered air eshau

» Type D: fan powered air supply, air transfer thtougransfer Orifices and fan
powered air exhaust, with possible air heat regover

6.3.2.1. Modelling type C ventilation system imcefbuildings

Type C ventilation system can be modelled on fi§.g&heme, which is similar to the natural
ventilation scheme of fig. 6.5, with an exhaust &lded to the exhaust shaft. The building
zones can be connected to the corridor throughsfearorifices. A window model can be
added to each branch connecting a zone with thaoou(fig. 6.2).

The model can be used to simulate systems meduatr édr air renewal or for free cooling
purpose.

In the first case, the corridor can be connected tentilation shaft through a grid aperture.
An exhaust fan can be located on top of the vért@sa duct, working during building
occupancy hours.

When the model is used for free-cooling, the camridan be connected to a specific
ventilation shaft at each building floor, througlgrad aperture. An exhaust fan can be located
on the roof to perform free-cooling during the rigtrovided windows are opened as well as
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internal doorsbetween offices ar corridor. Each floor can be provided with its own 1-
cooling exhaust fan, which can be sized to reachimrenewal rate of h* in the offices.

The model equations are listed in anne6.2.2.1.

Ap wind Ap exhaust fan
—
Zcorridor
pr'nd Apbuo,out
— —_—

Fig. 6.6 Type C combinagkntilationmodelincluding four zones and a corridor connectec
an exhaust fan.

6.3.2.2. Modelling type BDentilation system in office buildir

Type D ventilation systergenerally includetwo air ducts networks: orsupplying air to the
offices and one returning fitom the office to the outdoorModelling the systenimplies not

only to model the supply and return fans, but #eowhole air ducnetwork. So a fan model
and an air duchetwork model can be added to the natural verdiathodel (see annexes

and 6).A heat recovery device and an Air Handling Lcanalso complet the system.

As far as natural ventilation devices are conceriair leakagecan b« maintained while
Controlled Supply Orifices can be removehe Controlled Exhaust Orifice and thxhaust
ventilation shaft can b&ized for a reduc¢ air flow rate.

Type D system model is displayed on fig 6.6. The fouices natural ventilation model
fig. 6.5 is combind to the model of fig. 6.6 (with leakage insteadC&O) in order to build
whole combined type D ventilation mod

The model equations are listed in annex6.2.2.2.
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Fig. 6.7 Type Drentilationmodel including supply and return air dut

6.3.2.3. Fan running point

The fan model is presented in anneThe fancan be sized on the basis cnominal air flow
rate, equal to the sum of the nominal air fl rates corresponding to aleélivered offices, and
for a giventotal pressure increa: compensating thenaximum friction loss occurring whe
air is supplied to (or returned from) the differeftices. Maximum friction loss general
occurs for the farthestelivered office. For givern; coefficients,a fan rotation speeN and a
fan diameterD can thenbe adopte, provided an optimal flow factog and an associated
pressure factap are givenannex !and 6 86.2.2.3).

In OFF DESIGN conditionghelocation of the fan running poimnd variable. For a given fe
rotation speed, thian running poir depends on fan and building presgaie flow rate laws.

Combined together, famodelequations (annex 5) provide a relationdbgweerfan air flow
rate andtotal fan pressuréncreass, for a given fan rotation speed.

For givenwind speed andssociated pressure coefficientmd for given outdoor/indoc
temperatures, the ventilatiomodel(annex 6 86.2.2.1 and 6.2.2@pvides other relationships
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betweenbuilding and air ducts ventilation air flow ratemndpressure dropsn the building
natural ventilation devices, as well as in the chativork leading to the farthest office. They
can be merged with fan model equations in ordéintbthe fan running point for a given fan
rotation speed. The fan total pressure increaseell as the fan air flow rates can be deduced
from the location of that fan running point.

6.3.2.4. Air ducts modelling

Air ducts can be sized according to ttenstant friction methodhe straight duct friction loss
is constant in each duct slice. The main duct desgthe total nominal air flow rate can then
be sized for a given air speed. The correspondiagght duct friction loss can be deduced,
provided a duct roughness is given as model pasrteinex 6 86.2.2.4).

A friction lossK coefficient can then be computed for the main awactveying the total air
flow rate (6.1). For other slices of ducts, a faotlossK coefficient can be deduced as
function of the air flow rates ratio, as the dessggaight duct friction loss is constant (annex 6
86.2.2.4).

Local friction losses occur whettiversionsor confluencesxist. They can be expressed as
function of the ratio of entering and leaving ageeds, which can itself be expressed as
function of the air flow rates ratio (annex 6 88.2).

6.3.2.5. Network pressure balance

The design pressure drop can be computed as thienomaxfriction loss occurring when air is
supplied to (or returned from) the different oficelt generally occurs for the farthest
delivered office.

The network pressure balancean then be performed by adapting the frictions l&s
coefficient of offices air supply units, in ordey teach the design pressure drop for each
office deserving network branch (equation 6.1 amtea 6 86.2.2.5).

6.4. Conclusion

A generic ventilation model can be applied to yietdural ventilation air flow rates in houses
and office buildings. It can handleatural entitiessuch as leakage, Controlled Supply
Orifices, Transfer Orifices and Controlled Exha@tfices. A window stack effect can
complete the model. The model can also hanmidehanical entitiesuch as air supply fans
and air exhaust fans with their associated air dystems. Natural and mechanical ventilation
entities can interact with each other.

Fan powered air flows can be added either by inmgpai given air flow rate (8 6.2.3) or by
introducing a fan model connected to an air dutivagk model (8§ 6.3.2). In the latter case,
fans and ducts can be sized in design air flowslitions, and a network pressure balance can
be performed for those conditions, while a fan mgrpoint can be located in OFF DESIGN
conditions.

The ventilation model can be associated to thalimgllumped model defined in chapter 5, in
order to performindoor air quality analysisas well asthermal comfortstudies when free
cooling strategy is used in summer conditions (trap/ and 8).
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