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IN VET¡TILÀTION SYSTEI,IS

I.N.Korolyova, D.À.Niculin and M.Kh.Strelets
State Institute for Apptied Chenistry

St.-Petersburg, Russia

SUf,llfARY

À mathenatical model for low uach nunber turbulent nixed
convection of a gas mixture is developed. The model is
based on the aslmptotic (zero Mach nunber) fom of full
RelmolÖs equations, which are closed with the rrk-crr
turþulence model and so-called wall functions approach to
account for the molecular-turbulent transfer interaction
near the solid walls. Àn inportant advantage of the model,
being proposed, over traditional Boussinesg approxiuation,
is its applicabÍIity for the description of flows with high
density gradients, caused by strong spatial non-unifomity
of species concentration and/or temperature, which are
quite tlpical for ventilation.
For the numerical integration of the governing equations of
the model an appropriate nodification of the well known
seni-inplicit SMÀC-nethod is used. The capabilities of the
proposed technique are illustrated by Bome exanples of the
sinulation of 2-D and 3-D turbulent ventilation flo¡rs of
airlcontaninatÍng gas mixtures in roo¡ns with different
geometries. A couparison of the predicted results with
experinental data is also presented.
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NWERICÀL STMULÀTION OF 2-D ÀIfD 3-D NOI{-STEÀDY
TURBULEIIT GÀS IIIXTT'RE FLOWS TIITH LÀRGE DENSTTY GRÀDIENTS

I}I VEI|TILÀTTON SYSTEMS

I.N.Korolyova . D.A.Niculin.and M.Kh.Strelets
State Institute for Àpplíed Chenistry

St. -Petersburg, Russia

NOTÀTTON

C Contaminating gas mass concentration
Cr,Czrc, Constants of turbulence model
Dr,, Binary diffusion coefficient

Turbulent diffusion coefficient
Log-law constant (=9.793)
Unit tensor
Froude number
Generation of turbulence enerçry
Gravitational vector (0,0,-9)
Àcceleration due to gravity(=9.8)
Height of room
Turbulent kinetic enerçry
No¡mal direction
Pressure
Radius-vector
Reynolds number

Defomation tensor
Schnidt number
Dissipation rate of turbulent energy
Non-dimensional difference of molecular weight
(=(n^- n- ),/n- )
averáged'naså fraction
Von Ka¡fan constant (=0.41)
Viscosity
Density

,ce Constant of turbulence nodel
Shear stress tensor
Tine step
Volume of roon
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Subscriotg :) 1: :.
crr Eff-ective yalue.
p 'Value relating ,

to nesh node rrprr

t Turbulent value
r lilall value
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Superscripts
n Value at new ti¡re levef .-:'.'
o'i. Value at old tine level i
r Value at current iteration

I}ITRODUCTION

Àn- ovenihelning najority of the contemporary works dealing
with the numerical sinulation of forced and nixed
convection in ventilation systens are based on the
classical "nodel øf Ínco.mpressible flow or so-called
Boussinesq approxiÐation, see e.g. Rheinlander t1l and
Nielsen L2,31. It's well known, bowever,,that these models
are, yalid only for a .florv with a relatively weak density
variation.
Àt the sa¡¡e time, for nany situations inportant from the
vier.rpoint of practical application, density variations may
by sÈrong enough because of a significant non-uniformity of
the temperature andr/or species concentrations distribution
inside a ventilated room. For example, in air ventilation
systens with natural gas contamination, even in an
isothe¡¡¡al case, the density of the mixture may vary by a
factor of 1.66, and with hydrogen contanination - by a
factor of 15. Itfs, quite clear that an incompressibte flo¡¡
nodel and the Boussinesq approximation are absolutely
unr¡sable for modeling of such ventilatíon processes. On the
other hand, because of the acoustic stiffness of the full
Navier-Stokes equations for slow flows (Mach nunber, M <<
1), the Navier-Stokes sinulation of ventilation systems,
whose generic feature is the low value of the flow Mach
number, presents rather difficult conputational
problems. (see. e.g. Oran & Boris [4], Mcdonald [5], Lapin &
Strelets [6].
To overcome these difficulties speciat conplicated
numerical algorithns,ê.9. such as Í.7r8J, are needed. So the
optinal approach to the numerical simulatíon of ventilation
flows seens to be the use of a so-called hlposonic flow
model which is the aslmptotic form of the futt
Navier-Stokes equations when M à O [6].FroE the viewpoint
of the full description of ventilation flons, this nodel
is practically equivalent to the Navier-Stokes equations,
but fron the point of view of conputational conplexity it s
almost the same as an inconpressible flow model or
Boussinesq approximation. Previously the authors have
successfully used hlposonic flow model t6l for the
numerical sinulation of laninar flow in ventitatÍng aystems
19,101. In the present work this model is extended to
turbulent regines of such flows. A Þrief description of
proposed model and corresponding finite-difference' scheme
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along Lrith same reÉrùLts-:* ofì conputer code testlng' aad
examples of the application of this code to tlie¡nu¡irêÈical
simulation of 2-D and 1-3-D,'unsteady ventilation','turlSulent
flow'are presented. , 

,,r0,

GOVERNTNG EQUÀTTONS ÀtID l¡t Ì.|ERICÀL I,IETHOD

'. 
,l{

The asymptotic (slow flow) conse¡:\¡ation equations for the
averaged turbulent flow quantities ¡¡ay be derived by the
ave¡îaging of the corresponding equations of the.hlposonÍc
flow model, proposed by Lâpin'r & Strelets [6]r which
represents the aslmptotic form of the'fuIl NavieË-Stò'kes
system at"the li¡rit case of -the'"flow Ìlaéh nunber andithe
hydrostatic .compressibility'parameter' : equal to zero. For
the speci'al' --case of i,-a' turbulent isotherroal binary .Ças
¡nixturè flolr; being .considered in tne present ùork-, €ne
governing equations of the model, derived in such "a wâyj
nay be wriÈten in the fotlowing non-dinensional forn:
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As nentiôneit': åbove, the' s1zèten f tl-tnl ís'cfosea"by,. th;
following nodification of ¡¡¿tt¡--fr'¿urþulei¡ce nodel IU, 12J :
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D"r r=Dr , a+grsc/Sc rì trr=u+ur/o*î ltn*lt+ttr/oai ,

r,.=Re2crdk2¡er Gk=ê.ê . ¡çs.#.1, '.1',

The constants in the !'k-etr turbulenc" rod.rr.according toi
Spalding [lf ¡'r a.¡,e assuhed to.be,:. Cr=ll44, C"=a.92, c ¿O.'Og,
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ok=l, %=1 .3, Scr =1.

To take the Iaminar-turbulent transfer interaction into
account which is significant in near-wall region, the wall
function approach ÍL2,L3,L4) is used:
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The relations (7) - (8) pemit the iurposition of boundary
conditions for systen (1)-(6) not directly at the solid
wall but at the node,tp,t, which is adjacent to the wall
rnesh point and must be located outside the viscous sublayer
(y'=30-1oo).

It should be noted that the non-evolutionary equation (21
is nothing else but a mor.e. general forn of the
incompressi-Uit:-ty condition a/a?.?=d,which is used in the
Boussinesq approxi¡nation. It can be easily derived fron the
full continuity equation

92ôt (pv) (e)

by ex¡rressing the density p as a function of the Eass
concentration C uith the aid of the aslnrptotic fom of the
equation of state for a perfect gas mixture (4) and the
contaminant mass conserr¡ation equation (3). Thus, from a
nathematical point of view the system (1) - (4) does notprinciple differ f::on the Boussinesq approximation and, inparticular, just like this nodel, does not posses- any
h¡perbolic properties, which is the cause of the stiffness
of the Navier .-- Stokes equations for conpressible flows
with Lov Mach numbers. Due to this advantage of the model
one may use for its numerical solution almost the same
methods as for solution of the inconpressible. flows or the
Boussinesq equations, written in te¡ms of V-p variableq
(the use öf the nethods developed for the sotving of the õ
- / form of the,inconpressibte flow equations is inpossible
because the strean function / can not be introduced into
the full continuity eguation (9)).In partÍcular,in the
present work a nodification of well knowrl Sl¡!ÀC-nethod is
used for this purpose. The velocity and pressure fields at
the new tirne step are evaluated with a semi - inplicit tine
advancenent scheme for equations (1,) -(21 z

e
vp

ô

ôf
=Q+
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For the numerical
iterative procedure

3 05'

solution of
is used:

* [rn?.{r?]'= -

[*dJ"= so' se= m="L 6fu k (D:,,#')

n
-1.+ * (î"rr¡+fute-t,Ð" (10)

( 11)

(10)-(1j.) the following

? ?o-" 1?' (p")'-t
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(pn)* = (p")*-t - F L
¿?

(13)

where ß>O is an iterative paraneter.

Àfter the fields pn and il have been calculated, the rest
of the flow guantities are detemined from equations(3)-(4) with the help of a finite-difference scheme by
Patancar '[15] i Space derivatives in (10)-(13) are'
approxinated 'in a standard nanner -on a staggered mesh; :

VER¡FTCATTOII OF T¡IE COUPtrrR CODE

To and
3-D the
bas oDe-
typ in
rectangrular roons sere calculated, wlich have been studied:'.
earlier experimentally or nunerically. The roon
configrurations ahd corresponding results of conputations
are presented in Fig.l. ft can be seen that the agreenen!
between numerical results of the present work and ¡rrrng¡ls¿f.
and experinental data of other-authors f,or aII examined
cases is fairly good.

n . 
þ,0"_ i {þ

-t.+*(îoer,.+-(p-r)

r?l' - "' ] ,
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RESULTS À}¡D DISCUSSION

the VEMntRl code was used for the nnrlerical investigation
of unsteady turbulent mixed convection of bÍnary gas
mixtures in 2-D and 3-D rectangrular rooms with ínfèt ãnaoutlet orifices. The flows of such a tlpe are quite usual

c for accident situations, in
connection with the contamination
of a room by toxical or conbustible
gases.
2-D Simulations. The geonetry of
the 2-D room and the location of
ttre inftows and outflows are shown
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investigation. of the transition fron the initialty steady
flow in the room to the final one, corresponding to the new
inflow boundary conditions, was carried out for a wide
range of Reynolds and Froude numbers and the parameters
Y 

" 
, , =Y 

"/Y 
,, E ,42/Ã, -1 and 2=L"o/L^, (their' values are

summarized in labLe 1 and resul.ts of the calculations are
presented in Fig.3-5 ).
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In all cases unifom profiles for aII the flow quantities
were inposed as Þoundary conditions at the inlet boundaries
the values of k. and e. at the inlet orifices beinE
detemined in têorrespor\åence with experineniãr data bi .Rl¡einlander t1l. The outflow boundary conditÍons were'
assumed as 8f/ôn=O for all flow quantities except the
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component of .v.elocity.vector, norltal to thê boundary;,-ùhich
r¡as :corrected to satisfy global consetr¡ation of gas 'Voluúie
(integral for¡n of eguation 1Z¡ ¡ .

mass fraction of foreign gas inside the room 6=fpCcln/fpdn
lg Jç

laminar flows undanped auto-oscillations take place in suchsituation, whereas for turbulent reg:iures theseoscillations, arising at initial stage of the process,
lPPear to-be damped asynptotically when t + o (see Fig.3).Such qualitative difference in tñe behavior of'taninai and

Fiq.a illustrates the ínftuence of the value of V on the
averaged mass fraction G of the contaminant and it3,åaxi¡nunvalue a! the top wall of the room (C-. );ax at the steadystage of the process (t=50) for Re ='10", Fr = 1, e = l.
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the change in the character of the .cu¡ives ,, in,, the. '

neighbourhood of V. . = 2, cleaily seen in -¡ig.4;'.. is'
explained by the cÉàr19e in the fl.ow. structùre near this
value of the paraneter. I,ilhen V^ -< 2 the jet of light gas,
entering intol ttre roour througtratfre orif ícé rtef rr, ¿an-: ; not ,i
overcome shielding ., âÇtion : of ventilating., " jet i.-
(see Fíg.4,cas.e4). That results Ín the accumulation'of the :

Iigbt gas nainly in the bottom part, of the room. I{hen
V. ..>2 the contaminating jet,goes through the ventilating
jét' (see Fig.4, case 7) and the rate of growth gf both..
(C_)_-_ and c increases sharply as V_ - increases.il Ex 2.1

0. 01
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c 0,01 d
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0.0 o3o. o

t
0. o1

I

o.o2

7

I

Fig.S. The field of mass fraction of the contaminating gas
for the room with different geonetries ( at t=50, a-case
15, b-13, c-16, d-14 in Table 1).

One of the nost inportant problens in the design of
ventÍlation systems is the problen of choice of the
positions of the inlets and outlets providing the desired
properties of tÌ_r" 6ystem. Fig.s shows that the integral
models of ventilation processes, beÍng of common use in
design practice, can scarcely be used for solving this
problen because they do not take into account such
inportant effects as the sigmificant changing of the flow
structure anê contaminant spatial distribution when
varying geonetry of the room and positions of the inlets
and outlets.
3-D Sinulations- Às an exanple of the application of the
VENTITRE code to the 3-D simr¡lation ne present some results
for the ventilation of the roon wfrich was- ituAiea by
Murakani, Kato, Suyama [20] (see the botton part of Fig.l)
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and is referred to as trenptyr roon bellow. The other roon
which was studied (the "blocked uprr room) differs from the
first o¡re by additional four bodies located on the floor
directly under the inlet orifices and shaped as rectangular
parallelepipeds with the dimension of.plane 0.4 x 0.45 and
height 0.5 (the scale of the length is the total room's
height). Às in the 2-D case, it is assumed that initially
therel is a steady ftow of ventilation air in the room. For
ther rremptyrr, room the velocity field of such flow at the
pÌane ÀBCD is presented in Fig.1 and for the nblocked uprl
rootlr- in Fig.6. At the nonent t=0r foreign gas ( CH¡,
Clz or ,H, ) starts to penetrate into the room

through the hole in the cênter
of the floor with a velocity v- and
after some period of tíme - Àt
supplying of this gas is broken up
( in the si¡nulatíon discussed bellow
Yr= 3m/s and At=3s).

Fig.7,8 illustrate the evolution of
the flow structure and spatial
distribution of different contami-
nating gases at the initial stage of
the ventilation process ( while the
contaninating gas is supplied ) for
both rremptytr and rrblocked upr¡ roons.
It can be clearly seen fron these
figrures that the influence of the
kind of the contaninating gas is
drastically depends upon the room
geonetry. In particular, for thettemptyt' room the molecular weight of the contaninating gas

pláys crucial role and significantly affects the character
of the process (see Fj.g.7). For the rrblocked upl room the
role of buoyancy effects is great deal weaker: both the
velocíty fields and the contours of different conÈaninating
gases volume fraction differ fron each other relatively
stightty (see Fig.8). It is caused by the constraÍning
action of the enbedded bodies, which prevent the process of
spreading of the heavy contamínating gas ( for instance
Cl2) , along the floor of the room due to the buoyancy
effects.
The second stage of the ventilation process (after the
breaking up of supplying of the contaninating gas ) is
iltrustrated by FÍ9.9. Again both the structure of the
ventílation flow and contaninating gas spatial distribution
inside the roon are quite difieient -for the cases ofrremptytr and rrblocked upr roo!¡, the ventÍtation efficiency
being significantly higher for the last case. Irtore clearly
this fact is s¡een from the Fig.1O, where the averaged
volune fractions of H2 and Cl2 are plotted as the functions
of the tine. Even thouEh the relative content of the
contani¡rating gas in the rrblocked uprr roon is higher than
that in the 'renptyrr roon at the moment of breaking up the
supplying of the contaminant the rate of its removing from
the rrblocked uprr room is much faster. This results in the

Fig.6. Steady
ventilation velocity
field for theItblocked uprr room

¡

'I
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fact that the content of the contaminant at the end of the
process for the rrblocked uprr room is great deal lower than
for the rremptyrr one.r.,t=4.s t=s.s .t=6.s

Itblocked uprr roour

/ //2r----

lr
ìt

rrenptytr roon

Fig.9. The tine evolution of velocity field and contours of
volume fraction of the contaminant X at the vertical
slznnetry plane parallel to the plane ÀBCD: 1-X= 0.O1,...,
9-X= ,0. 09.
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¡. ,- ,',cot¡cl.usIoN

A núr as)¡mptotic (low;llacb nunber) model for the turbulent
ventilation fLows simulation is proposed. An inportant
advantage of,.'' the 'nodel over traditional Boussinesq
a¡rproximation is' its applicability to the description of
flows -with 'large density gradients, caused þy the great
difference beÈween the molecular weights of the ventilating
and contaninating gases. The capabilities of the model and
of the developed computer code VENTItRE have been
demonstrated by examples of its application to the
numerical si¡nulation of unsteady ventilation fLows in both
2-D and 3-D geometries.
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