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ABSTRÀCT

INTRODUCTION

ilany p¡oblens j.n indust¡iaL ventilation can be soLved by using soall_scal.ePhysical fLor nodels.
Fot nany years it has been worked on nunerical solutions of the Navie¡-stoÌesequations for 3-D turburent floe in closed spaces like in industrial prenises.rn principle the probLen is solved using finite difference nethods coupled withturburence nodels of the type k-e (1,2). However, to-days conpqÈËrs have diffi_curties in handlins problens wirh conptex boundary 

""noi;;";;.ï;"';";l ,o.this is that data capacity nay be too snalr and the carculãtion line too J.ongfot 'practical apprications. Ànothe¡ thing is that it is not proved that the tur-bulence nodels have the neccessary accuracy for sorving industrial.ventilationproblens.

,,- 19 ,l:u", tn" nature solving hydro- or aero-dynanica| probrens through the use. . of ¡Farl-icare uoders has been a reriabre nettroo rtait"t.."r-l 
"rnrr"s for de-, ;,f¡flT -tþngins f¡on ftow in ducts to ship 

"*-"""onrane desisn.
,' ì,:', ÀI90 vêntrration flo¡ uoders are reported in the literature (1, 3). Houever,"':ii the use of such nodels has never been systeuaticary developed to a generalJ.y
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aPplied design tool in this area. Probably, snall-scale nodels are regarded as
being a too expencive nethod to be generally applied.

Àpproxinately 15 years a9o, it was in Norway decided to ¡enew the legislation
on working environnent. Before that, legislation linitinq pollution fron indu-
stry to the outer environnent had been approved of. Because of knowing that nore
strict working envi¡onnent legislation was under way and because of good profits
in indust¡y at that tine, pronoted investnents for inproving the r¡ork environ-
nent by inproved ventilation. However, the knowledge in inproveing the venti-
lating nethods in industry was rather linited and unsatisfactory at that tine.

the river and harbour Laboratory at the Norwegian Institute of Technology had
experience in naking uodel test of waterfalls, harbours etc. and they were asked
if they could nake nodeLs of industrial plants in water as weII. This was a a
challenge and the beginning of a ten year active period in ventil.ation nodel
testing' unfortunately nost of the reports are in Norwegian or are narked confi-
dential, but sone Engtish versions are avaiLable (4).

SI.TALL-SCÀLE PHYSICAL È{ODEIS

The types of nodels used were so called A¡chinedien nodels. À characteristic
featu¡e of an Àrchiuedien nodel is that the basis for scaling are the À¡chi-
nedien(Àr)-nuuber together with geonet¡ica1 sinilarity. The nodel law is to keep
the À¡-nunber in the nodel equal to the full scale value. The physical interpre-
tation of the Àr-nu¡ber is that it expresses the ratio between buoyancy and in-
ertia fo¡ces and it can natheuatically be expressed as Èhe Grashof(Gr)-nunber
devided by the Reynolds(Re)-nunbe¡ squared:

Àr=Gr/Re2 =glpÂT/uz
Buoyancy forces

(1)Inertia forces

g = Àccelleration due to gravity (n/s2 )

I = cha¡acteristic length (m)

Ê = coefficient of hternal expansion (K 
1 

)

ÀT= characteristic tenpetature difference (K)

u = characteristic velocity (n/s)

Building a physical corlect snalI-scale nodel involves keeping both the Re-
and Gr-nuuber in the nodeL equal to the fult scale or original value, respec-
tively' This linits rather drastic the ¡eduction possibilities of the lenght
scale. By keeping the above Àr-nunber constant Èhe possibility of reducing the
lenght scale becones nuch greater. Because this envolves only to keep the spe-
cific ratio betseen the Gr- and Re-nuuber constant. Generatly the flow condi-
tions in indust¡ial prenises a¡e turbulent. Consequently the value of the Re-
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and Gr-nutrber are liuited according to the turbulence crite¡ia i.e. the flow
structure criteria. There are generally three levels of linitation to be ap-
pIied.,

o Level one is not to reduce the G¡-nunber for the boundaries nore than
keeping the boundary layers turbulent.

o Level two is not to ¡educe the Re-nunbe¡ for the ventilation air supply
openings no¡e than keeping the supply air fIo¡¡ conditions tu¡bulent.

o Level three is to keep the general flow conditions in the roon turbulent.
The boundary layers not being included.

Generally the first condition is the nost strict and the third one the least
strict.One should bare in uind that the nore the Re-nunbe¡ is reduced fron the
original value, whatever this is, the Less accurate the quantitative predictions
Iike velocity' tenperature differences etc. at, points in the roou becoues.

Qualitative predictions like gross flow patterns, stratification? large scale
eddies etc. is less influenced by ¡educed Re-nuubers as long as the general flow
conditions are turbulent.

Air nodels versus wate¡ nodels

Equation ( 1 ) Ieads to the following relationships:
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Additional synbols:
v = kinenatic viscosity
ll = refers to nodel scale
F ='refers to full scale

rnserting rerevant values for viscosity, v, and thernar expansion, F, at atnos-
phe¡ic Pressure and 290 K aubiant tenperature, the folloring conparison can be

rade between air and water nodels¡

1. the ratio (u/Ar)1/2 nu"t be significantly s¡aller a in water nodels con-
pared to the original value and also coepared to air nodels. The value
ranges between 1:4 for legth-scale 1:1 to 1:20 for length-scare 1:20.
uslng air noders the sa¡e ratio is nuch greater ranging fror l:1 for
length-scale 1:1 to 1:4,5 for length-scale 1:20.
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2. The ratio betseen the Re-nunber in the uodel and full scale wilt be the

sane fot water nodels and air nodels because the tenperature differences
nust be linited to a few K in water. This Eeans that nater and air uodels
can be ¡nade to the sane scale.
The Re-nunber ratio is approxiuately Z(L lL-) 

3/2 
rti"t results in O,1Bl,l Ffor length-scale (1:5)' 0,063 for length-scale 1:10 and 0,023 for length-

scale 1 :20.

Howeve¡, there are nevertheless sone advantages with water nodels, coupared
to air uodels. Observing eq. 2 and the statenents in poinÈ 1 above, the veloci-
ties becones very low in the water node}. The tine scale is accordingly incre-
ased, ueaning that what one sees in the nodel is in slos¡ uotion conpared with
the original. Secondly, it is easy to visual.ize the flow patterns with
dye-Iiquids in shatever colour one Hants.

f .o*urcroN
frfúrY\¡. RADTAT. ON

TR NSM,

FiS. 1. Heat exchange, schenatics

rn air nodels the conditions are generally the oposite,i.e. everything is
speeded up. The visualization nethods ( generally snoke is used as a tracer) are
less developed. sone of the probreus uay be overcoue by using filn or video
play-back in slow notion. Nevertheless, the nain reason for using water nodels
in Norway was that the istitution at which ¡odel tests were initiated was a
hydraulic Iaboratory.

The boundary conditions using water modeLs has to be specifically nentioned.
In the fuII scale the surfaces takes on certain te[peratures as a ¡esult of the

HOI



ì
ç

t
f

tf
td
t-o
È
c

þ

t
t
t
Fit
t

I
I
t
1

tt
i

i

23

balance of convective and radiative heat transfer surface to ai¡ and surface to
su¡face,fig. 1. This neans that heat balance between the enclosure and the air
is in the end convective.In other words, any heat in- or output in the fuII
scale is t¡ansferred partly convective and partly radiative, which neans that a

surface with no heat in- or output in it self gains or looses heat also due to
thernal radiation. In a water nodel, radiation between surfaces is not present

neaning thaÈ the ¡esuLtant convective heat balance has to be knorn and has to be

artifically nodelled. Ànong other things, the radiative part of the process heat
has to be nodelled as heat input to the other surfaces. À heat balance calcula-
tion is therefore necessary and the heat conduction through the enclosing sur-
faces nust be included in these calculations in order to uodel the convective
boundary conditions right.

Using air in the nodel the heat balance is adjusted by rtseJ.f when the total
heat is being set where it appeals, and if the right U-values for the enclosing
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Fig. 2. Water nodel set-up. Aluniniun electroJ.yzrng plant

structures are being used. Hoe,ever, because of the reCuced Gr-nunber the ae¡o-
dynanj.c boundary conditions are not autonatically properly reproduced in the
uodels.

other flow nedia. Looking at equation 3, other flow media than air or r.rater

nay have physical properties neeting the Re- and Gr-nunber requirenents in a

better way. This was not persued in the test progran. Àir and water is clean and

cheap liquids to handle and there is little need fo¡ any special or couplicated
technical solutions to be applied.
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Iater uodel set-up.
À typical water nodels set-up is shown in fiq. 2.

Heat input is usually done using insulated electric resistance heating
cables.

Synnetry is utilized by slicing out a part of the plant. The easiest way of
running a water nodel is to put it in a larger irater tank. rn this way wind
forces can be sinulated by adjusting the water levels on each side of the build-
ing. À closed circuit single tank nodel can also be used, fis. ¡.

SUPPLY OF FRESH ÀIR, TÀP-HÀLL
. , FURNÀCE FLOOR
. , TÀPPING ZONE
. , MÀKE UP FLOOR

EXHÀUST ÀIR, MONITORS

, FURNACE IIOOO

F HEATED BODIES ÀND SURFÀCES

+ FRESH ÀIR-SUPPLY

< DISCHARGE

¡ DYE-INJECTI0N

O -_-_ PLÀNNED CHÀNGES IN THE MoDEL

Fig. 3. Singte tank nodel of a Fe-Si plant

Às to the nodelling equations the paraneter values inserted in then have to
be consistant. For characteristic velocities any velocity nay be used, but,
generally' the velocity taken as the ventilation ai¡ flow divided by a charac-
terisitc cross section, say the supply air openings, is used. Às a characteris-
tic tenperature difference the change in tenperature of the ventilation ai¡ flow
fron supply to exhaust is generally taken. In this way the À¡chinedien nodel law
can be supplenented by the conservation equation for the heat input. This gives
us 4 paraneters to deternine i.e. velocity, tenperature, length scare and heat
input. Now, having two equationsr any tro paraneters nay be calculated when the
two others are chosen. For instance if the verocity and the length scare is
chosen then the tenperature scale and the heat input scare is carculated.
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IIIPORTÀ¡IT GENERÀL RESI'LTS

Iodel lenqht scale.
The largest reduction in length scale that was uade, giving neaningful test

results, ras 1:30.

lleaningful teEts could be run even in nodels of very hot process industries
do¡rn to a lenght scale of 1:20. rith this scaling one ale approching the liuits
with respect to avoiding laninar general flow conditions. Laninar boundary
layers are' however, forned even before a lenght scaling of 1:lO is reached.
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FiS. l. Thernal stratification. Aluniniun electrolyzing plant.

Inportant qualitative predictions.
In preuises containing significant heat producing processes it was easy to

create thernal st¡atifications separating two distinct flow regions. One charac-
teristic featu¡e for heat producing processes is that heat and contaninants are
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dissipated through the sa-¿ Fi--<. it courd easily be denonstrated that heatand contaEinants are dissrpt:¡; 
= a-nd despersing in a warE air cushion belo¡rthe ceiring' fig' 4' leaviig e¡ :¡c'Àtarinated pool 0f fresh supply air abovethe floor, suff.

is supp,ie.," ï:"i:::.ï::,;';-;: .i,'::i::';"; ::"::;;;;; :ï.":::,::.in a no¡e contaninated ro¡iiog ztie.
No¡r' nost of the prenises tct --zaul process industries in Norway (and arsoother countries) Like alu¡raru¡ :::c'-rolyzing pJ.ants, ferro siJ.icon¡ steer andiron uerting industry, four,d¡r¿__, ::¡ges and rolling nirls etc. are utirizingnatural' ventilation involvrng -:; rall o¡ floor ai¡ inrets and ¡oof top exhaustwith or without fans ' The norlej :esrs reveared that the existing arrangenentswere oPerating far f¡on rn an roeal e¡ay. sone inportant findings were:

o The supply of ventiLation a¡.¡ flor uust barance against the convective airf10w vorunes at the desi¡ed height ( stratification height).
user type the tu¡bulence becones too
above a certain ì.eveI, i.e. the air sup-
alue, causing too nuch down uixing fron
narked stratification up to a certain
flow is the airflow at which the strati-
aI stratification height inc¡eases with
creased supply-air turbulence and en-
ir velocity.
directed air-jets in the lower zone

is opening a windor¡. The jet thus
ncreasing both the tenperature and the

ied air is iurportant. Cross wind in-
de and decreases it on the Iee side,
has to be overcone by using adequate

n better be achieved by using fan supply
pJ.y systen well above the prevailing
ventilation air is oade uo¡e feasible.

s feasible. GeneralIy, one should look
necessary.

EXPERTENCE FRO!{ PRÀCTICE

GeneraL conditions
Practical. experj

the nodels. ,or"u"rt"nce 
generaLly confirns the stratification effect found in:' gene¡a.l'l.Y the ai¡ exchange between the two zones is larger
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than revealed in the nodels. This nay be partly due to nore disturbances in the

real pLants than in the nodels and also the laninarization effect in the nodels.

Ànother reason could be that sone effects Iike convective downd¡aught alonq ver-

tical surfaces, due to walls and roofs colder than the roon air, was not taken

into account properly in the nodels, ÀIso disturbences fron the activety and

process equipnent in real plants was not properly urodelled either. However, all
differences could not be explained by these facts '

Diffusers.
The next thing of inportance could be difference in the air supply devices or

air supply diffusers. Details here seeus to be very inportant. Distrrbutinq the

supply-air evenly ove¡ the total inlet flow area is a nunber one requirernent.

One uain problen seens to be that the low Re-nu¡obers in the uodels causes in

general a laninar outflow that results in relatively ¡rore gentLe outflow than

through a geonetrically sinila¡ diffuser in the real plant. The experience is

that all diffusers in nodel scal.e have nore or Less the sane fLow quality as if
the air was supplied through porous nedias like rubber foan or filter cloths or

nats in the fuII scale. Such divices causes a quasi laninar outflow.

The largest discrepances erere found when appLyinq pe¡forated plates. In nany

industries the practical difficulties are too Iarge and the costs too high using

filternaterial in the diffusers because of a too large content of parÈicles in

the supply air. À pe¡forated plate is then a nore Practical tlevice. lhe func-

tional difference between such plates in suall scale conpa¡ed to fuII scale is
quite large. These differences are specifically related to the turbulence gene-

rated (Ianinarization) and the entrainBent capacity of roon air.
Much of the difficulties can be ovelcone by using two or more stages with a

snall percenEage or perforation for the first plate in the flow di¡ection to

create a pressure drop satisfactory fo¡ even air distribution. The last plate

should be rather open i.e. have a hiqh percentage of pe¡foration' but have a

sufficient pressure drop to prevent backward entrainnent. The bad experience

using single perforated plates was greatest when the location of the diffuser

was close to the transition region between the two zones. It is no doubt that

the quasi lauinar low velocity outflow as through filter nats creates the best

ventilation effectiveness in real plants '

Àn other inportant thing with diffusers is that they p).ay an inportant role

with respect to thernal clinate, air tenperature, draught etc. and should be

ca¡efulIy designed to Eeet the requirenents.

Air intakes
G¡eat care should be payed avoiding resirculation of'exhaust air to the ai¡
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intake regions ' Exhaust ai¡ contaninated wakes are easily foroed if the exhaust
air are not dunped in the undisturbed flow region around a building. rt is not
always safe to use the guide ).ines in the nanual (5). ttonever, we have also ex_
perienced probJ.ens with untight buildings in the way that exfilt¡ation ai¡ fron
the upper zone has contaninated the intake air through the building wakes. l{ind
tunneL noder tests can herp in napping and sorving these probrems.

NEW TRENDS

Extrapolation of the model test resurts to other industries
Encouraged by the r¡ater nodel test and practicar experience appJ.ying the

results it gradually becaue nature to apply the principles in other types of in-
dustries than tried out in the uroder tests. welding shops was a naturar new tar-
get area' The experience of such plants was encouraging. stabl.e stratification
coul'd be forned even with just a few K tenperature difference. rn these plants,
it was even Eore iuportant to choose the right diffuser. Àn other experience was
that in the coLd season' a conbination of air heating and radiative heating was
favourable ' The ai¡ heating was arranged as aerotenpers blowing ho¡izontaly at a
heiqht slightly above the desired stratification height, fig. 5. Radiative heat-
ing could be done by ceiling nounted radiators. The ae¡otenpers prevented cold
draught and also stabilized the contaninated ai¡ cushion.

HEAT RECOVERY

Fig. 5. Displacenent ventilation in workshops.
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the stratification effect and the use of radiative heating allows for keeping
a lower air tenperatu¡e in the zone of occupation coupared to other solutions,
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naintaining a confortable ope¡ative tenperature. À typical value for the ratio
between the upper and lower zone concent¡ation of contaninants is 3.

The state of the art at present is that in nost prenises the heat production

is great enough to generate st¡atification. There is an increasing tendency to

use stratified ventilation althouqh conventional systens are still being desig-

ned. Ilowever, the understanding of the advantages with ventilation for the work

spaces is rapidly increasing. On Èhe other hand to Ieave the jet principle in
ventilation seen¡s to encounter a lot of resistance.

Theoretical nodels and calculations
Most of the uodel tests were evaluated by ueasuring teuPeratu¡es and by visu-

ally observing the dye patterns. of course this is not alnays satisfactory, a

úore quantitative evaluation procedure is necessary. However, velocity Eeasule-

nents were difficult to nake because of the very low velocity levels in the

nodel. Dye concentrations were also difficult to Eeasure and were not nade.

The model tesis c¡eated a lot of insight into the ventilation process. What

was then trore natural than trying to quantifyee the perforuance of the systens

and also to develop calculation procedures for sizing the systens. To evaluate

the ventilation efficiency is another iuportant natter. Knowing that the strati-
fication concept was reproduced in practice, notivated for using the two-zone

flow concept to develop definitions of ventilation efficiency. Norway and Sweden

has been Ieading this work in Scandinavia(6, 7). The calculations established

the nathenatical proof of the outstanding effectiveness of the displaceuent ven-

tilation principle. It very soon also becane clear that ventilation efficiency
could not be expressed by one single nunber only. Further it becane clear that a

couple of nunbers had to be introduced both for characterizing the ventilation
air flor and the contaninant flow. À final suggestion (8) was to base the defi-
nitions on age distribution analysis. In this way general expressions nay be de-

veloped without any coupling to a certain flow or calculation nodel.

Age analysis is the sane as studying the tine history for all snall 'parcels'
of ventilation ai¡ supplied to the ¡ooq and of aII suall 'parcels' of contani-
nants that is enitted to the roon. The definitions of efficiency are based on

aining at raking the residence tiue for the air uolecules in the roou and the
t¡ansit tine for the contaninant flow fron the place of enission to the exhaust

as short as possible. The first is based on the fact that the air is a carrier
of contauinants out of the roon and the second one that air and contaninanÈs
general.Iy do not have coinciding flow patterns. The outcoue of this has been

that different effectiveness expressions has been suggested and the fo).lowing
quatities are in the process of being approved in the Nordic countries.
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o Àverage air exchange efficiency, characterizing the average residence tine
of the air in the roon, ranging fron zero to one (the raÈio betereen the transit
tine for the ventilation air flow and the total average residence tine for the
roon ai¡).

o Local air exchange indicator, characterizing Iocal conditions, ranging fron
zero to infinity (the ratio between the average age of the roou air and the
local age).

o Àverage ventilation effectiveness, characterizing the transit time for the
contaninants and also the average concentrations of contaninants, ranging fron
zero to infinity (the ratio between the transit ti¡re for the ventilation air
fLow and the transit tine for the contaninant floeJ). Can be transfered to an

efficiency ranging fron zero to one.

o Local ventilation index, caracterizing J.ocal concentrations of contaninants
ranging fron zero to infinity (the ratio between the concentration of contani-
nants in the exhaust ai¡ and the concentration of contaninants at a work

station).

It is refered to (8) and (9) for no¡e detailes.
Definitions above fits very well into a two zone calculation noder, the

feature of which is shown in figure 6. A key to use this nodel is to quantify
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Fiq. 6. the two-zone frow and diffusion noder, characeristic features
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I = Fraction of the load that is rel.eased in zone 'l

x = Fraction of the roop volunç belonqing to zone 1

C = Concent¡ation (Kslu' . KJ/u')

i
x
v
1

2

e
i
5

i

Subscript
Subscript
Subscript
Subscript
Subscript
Ove¡bar -
Subscript 12 =
Subscript 21 =

infiltration
exfiltration
nechanically supplied ventilation air
uechanically exhausted air
belonging to zone 1

belonging to zone 2
exhaust air
internal ai¡ (total air volune for the roou)
supply-air
tine nean
fron zone 1 to zone 2

fron zone 2 to zone 1

all the loads and to quantify and calculate convective flows and other air flows
between the two zones. More detailes in (10).

Present research work is aining at conbining the conplete solution of the
Navier-Stokes equations sith the two-zone calculation nodel.
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