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Abstract

We present the results of a numerical exercise aimed at comparing the predictions of different conventional turbulent modelling approaches
for natural convection at Rayleigh numbers characteristic of applications such as energy savings, fire safety or thermal comfort. A two-
dimensional configuration was considered that consists of two adjacent rooms separated by a lintel in which natural convection is induced
through heating on their opposite sides and subjected to diffusion of a pollutant from one room to the other. Seven contributions are available.
The comparison is carried out, in terms of local or global quantities, for the mean thermal and dynamic fields and for the unsteady diffusion
of the pollutant from one room to the other. Characteristic differences between steady RANS and unsteady two-dimensional DNS and LES
approaches are observed and discussed.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction tant field of research for fire studied—5], as well as for
accidental pollutant dispersion in buildings]. Likewise,
Because airflow in rooms are generally driven by buoy- indoor air quality studies are also increasingly concerned
ant forces, unless mechanical heating or cooling systems arevith CFD in order to get a detailed description of the dy-
present, it is important to get an accurate insight into nat- namic, thermal or indoor pollutant fields, to evaluate local
ural convection indoor airflow, in transitional or turbulent comfort indicators, ventilation systems efficien@], or to
regimes as it is almost invariably the case for real life sit- derive simplified modelg].
uations. This is of major importance when considering as an  Careful validation of CFD approaches for such complex
example situations such as fires. So, the understanding anghroblems is however hardly reachable with experiments, be-
the numerical prediction of natural convection in building cause complete similitude cannot be preserved with reduced
type configurations has been, and continue to be, an impor-scale models, and because full scale experiments need sub-
stantial financial and human resources. Moreover, the ide-
mspondmg author. Tel.: +33 (0)5 46 45 72 65, fax: +33 (0)5 46 45 alised boundar_y conditions considered in CFD computatiqns
82 41. are generally different from the real ones. One way to get in-
E-mail addresspatrice.joubert@univ-Ir.f(P. Joubert). sight into the pertinence of the numerical results is then to
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Nomenclature
cp specific heat capacity ............ kg 1.kt Greek letters
D mass diffusivity ... St frs ; o thermal diffusivity . .................. st
g gre_lvnatlonal acc_eleraﬂon .............. -3n v Kinematic VISCOSIty . . .. ... ....vnv... -1
H he|glht ofthecavity....................... m ., AENSItY . .\ kg3
Le Lewis number 0 non-dimensional temperature
m MASS . . o ettt ettt kg .
m massflowrate ....................... kgt Subscripts
Nu local Nusselt number air relative to air
Nu overall Nusselt number at the walls BL relative to the vertical boundary Iayer
p pressure term cold relative to the cold wall
Ra Rayleigh number hot relative to the hot wall
t 1121 S s lintel under the lintel
T LEMPErature . ......ooeee e, Kk Mean mean quantity
AT temperature difference between hot SF6 relative to SF6
andcoldwalls......................o.t. K  Superscripts
U horizontal velocity . ................... 8Tt n positive velocity value or quantity entered the
1% vertical velocity . ..................... mrl right cavity
X horizontal coordinate . .................... m non-dimensional quantity
z vertical coordinate........................ m tot total quantity in the cavity

compare different turbulence models or different numerical convection in a 2D rectangular Differentially Heated Cav-
procedures for well defined problems. One can then expectity (DHC) was done by Henkes and Hoogendof®h on
to have an idea of the pertinence of the numerical tools the occasion of the EUROTHERM/ERCOFTAC conference
for complex real configurations. In this way, we proposed held in Delft in 1992. However, the conclusions pointed out
in 2000, during an informal French—American workshop, a the fact that RANS solutions greatly differed between them-
numerical comparison exercise. Our main idea was to pro- selves, but also from DNS solution. Later on, an average
pose a comparison exercise for realistic situations in termssolution was defined from the RANS contributions as the
of dimensions and flow regimes, using either laboratory nu- “reference solutionT10].
merical tools as well as CFD engineering softwares as often  On the other hand, the beginning of the turbulent regime
done for indoor air studies. has been investigated for 2D cavities quite a long time ago,
In fact, we focused our effort on a simple 2D exercise, and accurate solutions exist, with in particular the spectral
considering natural convection in the range of ordinary tem- DNS of Xin and Le Quérd11], for square or rectangular
perature differences for rooms, that is under the Boussi- cavities at Rayleigh numbers of 1and 13°.
nesq assumption. The configuration much resembles a side- Considering now 3D configurations, Tric et Hl2], pro-
heated cavity problem, with a sudden pollutant release in duced accurate solutions for the DHC, but in the range of
order to evaluate the influence of different turbulence models laminar flow domain only. Instability mechanisms of 2D
on the dispersion of the pollutant from one room to a second, flows with respect to 3D periodic perturbations were inves-
separated of the first one by a lintel. The thermal Rayleigh tigated by Henkes and Le Quéf&3], but they still are a
number is set to B x 109, which is approximately two or-  challenging field of research for three-dimensional effects
ders of magnitude above the onset of unsteadiness for suctand for the turbulent domain, and it still remains to fully
a configuration. Seven contributions are available at the mo- characterise the 3D structure of the flows.
ment, covering RAN%—¢, LES and DNS approaches, with More recently, Zhang and Cheji4], and Peng and
either commercial softwares or in-house made codes. TheDavidson[15], published 3D LES results for the DHC at
aim of this paper is to present the first results of this numer- a Rayleigh number of % 10'° which appear to be in good
ical comparison exercise. agreement with experimental data although only few details
If this exercise can appear at a first glance simple and are reported concerning the local values. A more detailed
meaningless with respect to the complexity of engineering contribution is given by Dol and Hanjalid6]. These au-
problems, we must keep in mind how difficult is the numer- thors numerically investigated side-heated cavities with dif-
ical prediction of turbulent natural convection flows, for 2D ferent thermal conditions for the horizontal walls but also
enclosures, and so a fortiori for 3D configurations. A first for the lateral walls, in order to reproduce as well as possi-
attempt to define a reference solution for turbulent natural ble the observed thermal boundary conditions of an exper-
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imental facility. They performed 2D and 3D computations 3D aperture or 2D partition extending from the ceiling at
with two RANS models, a low Reynolds numbefs model Rayleigh numbers of respectively 18nd 5x 10°. The lim-
and a sophisticated second moment closure model, and proited computational resources at this time did not allow the
vided detailed comparisons between the numerical resultsauthors to do a real DNS, but their 3D unstationary compu-
and experimental data for the different thermal boundary tations without explicit turbulence modelling were probably
conditions they considered. Two conclusions of their paper a pioneer work on the subject. Later on, Hanjalic ef2il]
are of special interest for the present study. The first one is performed 2D RANS with an Algebraic Flux Model for par-
that for most of the cases they considered, the results weretitioned and no-partitioned side heated cavities at Rayleigh
very close between 2D results and 3D mid-plane results, numbers from 18 to 102, in order to compare with the ex-
especially for the first order moments. The second is that, perimental studies of Nansteel and Gigi?,23], and Olson
surprisingly, thék— model with a simple gradient-diffusion et al.[24] in water or air.
hypothesis and low-Reynolds number modifications exhibits ~ The configuration we deal with here is quite similar to
a pretty good agreement with the second order closure modekhose described in the preceding papers, except that we also
almost everywhere, except near the corners of the cavity. If consider a pollutant diffusion scenario. A comparison is per-
the second order closure model gives a better flow descrip-formed for the seven contributions available at the moment
tion, some discrepancies are nonetheless present between ther this exercise in terms of local values but also in terms
numerical results and the experimental data, especially in theof integral quantities, in order to pinpoint the influence that
horizontal boundary layers. local discrepancies can induce on global values. If character-
Lastly, we must notice that at this time, none of the above istic differences between steady RANS and unsteady DNS
mentioned LES or RANS results have been compared to 3Dand LES approaches are still observed for mean values, as
DNS results, which is the ultimate reference approach for well as for the thermal field than for the dynamic field, the
numerical simulations, having in mind that this is the only predicted heat transfer at the walls is nevertheless in a fairly
way to compare numerical simulations with strictly identical good agreement when compared to similar previous compar-
boundary conditions. ison exercises. The pollutant behaviour and the correspond-

At this stage, one can ask the following question: what ing characteristic time for diffusion from one room to the
would be the interest of a comparison exercise dealing with other are also presented and discussed.

turbulent natural convection if 3D DNS results are not avail- The paper is organised as follows: the description of the

able for this exercise? For a long time, 2D DNS has been exercise is given in the next section, followed by a short pre-
suspected not be a valid approach for the DHC, as the 3Dgentation of the different contributions. Eventually, Section

intrinsic nature of the turbulence cannot be captured by 2D js devoted to the presentation of the results and their compar-
DNS and because discrepancies between the results and e%sons before concluding remarks.

perimental data still remain unexplaing€bl7]. As a matter

of fact, several recent papef$8,19] prove that the dif-
ferences between 2D and 3D DNS for Rayleigh of order
108-1@ are not important for the first order statistical mo-
ments, except in the vicinity of the corners. Consequently,
the persistent differences with experimental data cannot be
attributed to the 2D assumption, as 3D simulations also fall ) ) o _
to exactly reproduce the observed results. This means that 1he configuration of the exercise is shownfilg. 1 and
these differences originate from uncontrolled experimental CONSISts in & cavity of aspect ratio length/height of 2, com-
or improperly simulated boundary conditions, or from non- Posed of two adjacent square rooms separated by a lintel.
simulated physical mechanisms, such as radiative transfer ad "€ height of the cavityH, is set equal to 3 m. The lintel

an example. It means that, in the same way that was observed@s an extension of.8H from the ceiling and a width of

in [16] for RANS approaches, 2D DNS can be considered as 0.05H. The left room is heated on its left side wall at tem-

a pertinent attempt to characterise the mid-plane flow in the PeratureThot, and the other room is cooled at its right wall
absence of 3D available results. This comes from the essen-

2. Description of the exercise

2.1. Description

tially 2D geometrical nature of the DHC problem, and would < 2H >

not probably hold for problems with three-dimensional geo- N

metrical or boundary conditions aspects. As a way of con- U Io.s il Tsothermal

clusion, we will state in that study that 2D DNS can be con- fsothermal - coldvall

sidered as the reference approach for the present exercise. ¢ diffusion of 0.05H H
Let us now return to the configuration considered here, J/ poltutant

that is essentially a 2D turbulent cavity partitioned by a lintel 4z

and heated from the side. X v

Similar problem has yet been addressed numerically by
Fusegi et al[20] for an air filled cubical enclosure with Fig. 1. Description of the cavityH =3 m).
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Table 1

Participants to the benchmark

Authors Type of code Spatial Number of Time Turbulence Position of the first

discretization points(X, Z) step (s) description inner grid pointx
(non-dimensional
units)

Béghein Commercial FVM. Unstructured 13196 meshes .030 k—e RNG, 167 x 1073
(STAR-CD) irregular grid 14130 nodes two-layer

Collignan and Couturier Commercial FVM. Structured 22802 1 k—e RNG, 167x 104
(FLUENT) irregular grid (12856) two-layer

Collignan and Couturier Commercial FVM. Structured <B4 25 k—¢, 1.98x 1073
(PHOENICS) irregular grid (4158) Chen-Kim model

Glockner, Lubin and In house made FVM. Structured %680 01 k—e RNG, 1125x 1073

Vincent (AQUILON) irregular grid (12 800) low Reynolds

Groleau and Musy Commercial FEM. Unstructured 22434 .060 k—e, -
(N3S) triangular elements volumes Kato—Launder

45939 nodes model

Joubert and Sergent In house made FVM. Structured 1288 Qo1 2D LES 28 x 1074
(LIMSI) irregular grid (16 384)

Le Quéré In house made FVM. Structured 102812 Q0047 2D DNS 2697x 1076

irregular grid (524 288)

FVM = Finite Volumes Method;
FEM = Finite Elements Method.

at temperaturd;g. This gives rise to a general clockwise magnitude above the onset of unsteadiness for similar con-
airflow circulation in the cavity. figurations.

Moreover, after the flow motion has been establishedina The pollutant is produced at a constant rate from the
statistical sense, a passive pollutant is diffused at a constantvhole isothermal left wall, during 1 minute, yielding a to-
rate along the left wall during 1 minute, and its evolution tal massnSt,= 10.8 g in the cavity.
with time is tracked during 10 minutes after the diffusion All the walls, except the isothermal ones are adiabatic.
stops, in order to evaluate the dynamics and the characterisLastly, non-slip conditions are considered for all the walls.
tic time of its penetration in the right cavity.

2.2. Physical properties of air and pollutant 3. Presentation of the contributions

The air properties at the reference temperattiigan= This exercise was originally proposed for a French—
298 K are respectivelyai = 1.2 kgm~3 for density,vajr = American ARIEL} Workshop held in April 2000 at the Na-
1.6 x 10~° m?.s~1 for the kinematic viscosityyair = 2.25x tional Laurence Berkeley Laboratory (Berkeley, California).
10> m?.s7! for the thermal diffusivity and:air = 1 k3 Nevertheless, at this time only French teams carried out the
kg~1-K~1 for the specific heat. The corresponding value of exercise, leading to seven contributions from five different
the Prandtl number iBr =0.71. laboratories.

The properties of the pollutant are those of SF6 (a gas The participants are listed ifable 1with a brief descrip-
widely used for comfort studies in rooms), except for the tion of each contribution (type of code, spatial discretization
coefficient of mass expansion imposed to zero, thus con-method, number of points or elements, time step for the dif-
sidering the pollutant as a passive scalar. This choice wasfusion of the pollutant and turbulence model). The spatial
done in order to focus the comparison on the scalar transport discretization of the cavity is mainly achieved within a Fi-
avoiding the influence of the pollutant on the flow field. nite Volume Method, with structured or unstructured grids,

The molecular weight of SF6 is 146rgol~! and its mass  except for Groleau and Musy who used a Finite Element
diffusivity is Dspe= 8 x 10-6 m?.5=1. The Lewis number  Method. The numerical codes are either commercial (FLU-

is in these conditiond,e=2.8. ENT, PHOENICS, STAR-CD, N3S) or in-house softwares.
The turbulence description of the flow is achieved witkin
2.3. Boundary conditions ¢ type models for five contributions, mainly with an RNG

formulation, but also with LES and DNS approaches.

The temperature differenc&T = Thot — Tcolg between
the two opposite isothermal walls is held at” = 10K 1 ARIEL is the acronym for “Association for Research with Industrial

around the reference temperatyre, leading to a Rayleighang Educational links”, supported by the French Ministry of Education and
number ofRa= 2.5 x 10, that is roughly two orders of  Research.
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The two layer option was used for the near wall treatment
by Béghein, with STAR-CD, and by Collignan and Couturier
with FLUENT. Walls functions were used by Collignan and
Couturier with PHOENICS and by Groleau and Musy while
Glockner et al. used low-Reynolds number modification near
the walls.

The number of points lies from 4158 (PHOENICS’ re-
sults of Collignan and Couturier) to up to more than half a
million for the DNS of Le Quéré, but three RANS contri-
butions used approximately 13000 grid points, so they can
be compared in nearly similar conditions of spatial accuracy.
All the contributors refined the spatial discretization near the
vertical walls, whatever the turbulence modelling, in order to
capture the thin vertical boundary layers.

Finally, the equations of motions, energy and pollution
diffusion were solved either in dimensional or in non-
dimensional forn?.

id

(b)

4. Presentation of theresultsand discussion

This comparison exercise can in fact be decomposed into @
two successive steps: the first objective is to obtain the mean
field values for temperature, velocities and turbulent quan-
tities, while the second part aims at observing the evolution
of pollutant with time. Note that for this latter part, the ap-
proaches are quite different between RANS on the one hand
and LES and DNS on the other hand. In fact, for steady
RANS approaches as those considered in this exercise, the ©
pollutant is convected and diffused by the mean velocity Fig. 2. (a) Example of mean temperature field. (b) Example of mean
field and the mean turbulent Reynolds stresses, so that onlystream-function field. (c) Mean field of turbulent kinetic energy observed
the equation of conservation for the pollutant has to be inte- with LES.
grated in time during this second period. On the other hand,
LES or DNS have to deal with the complete set of equations
for motion, energy and pollutant concentration at each time
step during the whole process.

observe a detachment region from the ceiling in the back-
ward part of the eddy, as well as in the downward part of the
cold boundary layer, which indicates the region where the
boundary layer becomes unstable and where eddies detach
from it.

This flow structure is consistent with the previous ob-
servations of Fusegi et aJ20], but contrasts with those
observed by Hanjalic et aJ21], for cavities of aspect ra-
tio length/height of 2, who observed a shearing transverse
motion at mid height of the unobstructed part of the cav-
ity when a ceiling partition was present, or at mid height
of empty cavity. In the present comparison, if some differ-
ences are present between the different contributions (which
are not extensively presented here for space limitations) the
above described general flow structure, without any shearing
transverse flow in the central part, is nevertheless observed

4.1. Mean fields before pollutant diffusion

The general structure of the flow in the cavity is described
in Fig. 2where the mean fields of temperature, stream func-
tion and turbulent kinetic energy are presented. The flow is
organized in a general clockwise circulation, with a large
central region approximately at rest, which is very similar to
that of an undivided cavity. In the left cavity, the presence of
the lintel creates a dead zone in the upper part of the cavity,
where the fluid is nearly at rest and exhibits a strong thermal
stratification. The fluid heated along the hot wall then sep-
arates f_rom the.wa.ll at pearby* = 0.65, flows horizontally by all the participants.
to the_ right C"’T"'W n a_Jet-I|ke structure, produces a large The main discrepancy between participants is observed
eddy just behind the lintel and_ then feeds the downwards for the location of the turbulent kinetic enerdy, Fig. 2(c)
cold boundary layer along the right wall. Moreover, we can shows the result with the LES model (Joubert and Sergent),

where the kinetic energy is located in the downstream re-

2 Details of the numerics and results of the contributions are available in 9ions of the boundary layers where the eddies detach from
the online version of the paper fattp://www.sciencedirect.com the wall. This clearly indicates that the boundary layers re-
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Fig. 3. (@) Mean kinetic energy profile at mid-height of the cavity. (b) Mean
vertical velocity profile at mid-height of the cavity. (c) Mean temperature
profile at mid-height of the cavity.

5 Musy-Groleau
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0.14 4 CoIIignan-CoJutuLi.er/Fé.UENT ----------
i x oubert-Sergent  x
0.12 _>S‘ Beghein ----- 1
-&\g Glockner-Lubin-Vincent ~ x
‘&4—

-0.06

Fig. 4. Mean vertical velocity profile & = 0.7.

This structural difference results in very different profiles
for the vertical velocity at the wall. An example is given at
mid-height of the hot wall inFig. 3(b). The high level of
k produces a typical turbulent smooth diffusive shape for
the k— approaches, while the boundary layers predicted by
DNS or LES display a typical laminar nature with much
smaller thickness and a higher peak of velocity compared
to the RANS results. On the other hand, the differences
are not so strong for the horizontal profiles of temperature
(Fig. 3(c)), where the temperature gradients at the wall are
in reasonable agreement. This will be confirmed later when
comparing the Nusselt numbers at the walls.

The vertical velocity profiles ofig. 4 are observed at
7*=0.7, thatis in the region where large eddies detach from
the wall. This gives rise to a complex flow structure with
recirculating fluid in the outer region of the boundary layer.
A large scattering is observed between the results, for the
thickness of the different regions and for the velocity peak
value, indicating the difficulty in predicting the flow in this
region.

Let us now focus on the flow under the lintel. As our inter-
est is the transport of pollutant from one room to the other, it
is of utmost interest to look at the flow structure at the rooms
interface which is be determinant in this transport. The tem-
perature and horizontal velocity profiles under the lintel are
presented irfrig. 5a) and (b).

The flow is organised in 3 different regions, first a jet-like
structure just under the lintel, then a large but very weak flow
region mainly from the right to the left cavity, and finally a
horizontal boundary layer near the bottom of the cavity. This
is observed by all contributors, the main differences lying in
the prediction of the peak velocities in the boundary layers,

main laminar over a large part of the walls. This is also the and as a consequence, in the intensity of the velocity in the
case for the DNS of Le Quéré. On the other hand, all the returning core region.

RANS contributions exhibit much larger regions of signif-

Comparisons of the vertical temperature profiles gives

icant k, extending in particular up to the upstream corners rather different conclusions, as these profiles display several

of the boundary layers. This is clearly visible fig. 3a)
where the horizontal profiles of the turbulent kinetic energy
at mid-height of the cavity are reported. The different RANS
contributions exhibit large values @fin the boundary lay-

ers, while LES and DNS values are nearly zero at this level.

differences:

o First, if all participants, except one, achieve a fairly good
agreement in predicting the attachment temperature at
the sub-face of the lintel, this is not the case at the bot-
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tom of the cavity, where the predicted temperatures lie 4.2. Heat transfer at the walls and mass flow rates in the
between-0.28 and—0.38. boundary layers

Second, when looking at the thermal stratification near

the neutral point, we can observe a large difference be- As pointwise comparisons of profiles are not always very
tween two groups of results. The first group concerns all significant, especially when the differences are large, all con-
the RANS approaches with very homogeneous results, tributors were asked to compute some global thermal and
the other one being DNS and LES, with a much higher dynamic values. The chosen thermal quantities are the over-
stratification. This is also the case at the centre of eachall heat transfer at the hot and cold walls, respectivélyor

cavity (not presented), and is a noteworthy characteris- @1dNUcoid, where

tic difference already observed in a previous benchmark 1
for the case of a single 2D cavity between RANS and [ — / Nu(z*) dz* @
DNS resultg9,10]. J
and
07 00 (x* =0)
Nu(z*) = ———— 2
(z") Py @)

06 . . . . e
in dimensionless form. The dynamic quantities are the mass

05 | flow rate across the vertical boundary layer at the mid height:

04 + 8

ol mBszpV(x,z=1.5 m) dx 3)
0
o2r Musy St 2 | and the mass flow rate under the lintel entering the right cav-
Collignan-Couturier/PHOENICS -+ B .
01 F Collignan-Couturier/FLUENT e |ty
Joubert-Sergent  x
Beghein -----
0 ¥ ¥ ) ) Glockner-Lubin-Vincent  x 0.7H
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 03 0.4 .+ +
@ 0

o whereV is the vertical velocityl/* stands for the positive

value of the horizontal velocity antlis the dynamic bound-
ary layer thickness. All these quantities are listed@aile 2

Generally speaking, it is observed that for each contri-
bution, the heat transfer at the hot and cold walls are very
close, indicating a good convergence of the mean fields. The
corresponding Nusselt numbers along the hot and cold walls
L e are presented iRig. 6(a) and (b). The effect of the lintel is

. _ Musy-Groleau  + to create a hot stagnant fluid region in the upper part of the
X Collignan-Couturier/PHOENICS ----------

06

05 -

04

03

02

01t ) Collgnan-Couturer LUENT — left cavity. The consequence is that the heat transfer is re-
. s ‘ _ Glockner Lubin vincem . x duced in this part of the hot boundary layer (€fg. 6(a) for
003 002 001 0 001 002 003 004 005 006 0.75 < z* < 1) when compared to the corresponding region
v of the cold wall(0 < z* < 0.25) for which the Nusselt pro-
() file is similar to that found in a single cavity. This decrease
Fig. 5. (a) Mean temperature profile under the lintel. (b) Mean horizontal in the heat transfer is consistent with the experimental obser-
velocity profile under the lintel. vations of Nansteel and Grdi2,23]
Table 2
Overall Nusselt numbers and mass flow rates
Authors NUgolg Nthot el [9-571] gL [g-s~]
Béghein 1257 1251 7.54 7.45
Collignan and Couturier/PHOENICS 136 1351 9.01 882
Collignan and Couturier/FLUENT 118 1152 9.99 998
Glockner, Lubin and Vincent 148 1405 1495 1287
Groleau and Musy 123 1155 1639 213
Joubert and Sergent 1 1308 6.80 632

Le Quéré 118 118 4 5.6
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Le Quere

;o..ignan,cl,m‘u,ie,,pHOEN|Cs ........ benchmark, all profiles present a sudden increase of the Nus-
°°"‘9""‘"'°°J“(§3I12%§§2‘_$ . selt number at a vertical position varying from one author to
Glockner LubinVincent = | the other and even for the same author with the grid points
number, but located in the first upstream part of the vertical
boundary layer. This increase was ascribed to the laminar to
turbulent transition of the boundary layer, and some authors
triggered the boundary layer in order to get independence
of this transition point with the number of grid points they
used. Later on, Hanjalic et al. observed basically the same
evolution for the aspect ratié/ /L = 2:1 cavity using an

algebraic heat flux mod¢21].

08 | 0
06
04 [

02

0 100 200 stogelt 400 500 600 Although the RANS con_tributions u_sed here basically
make use of the same classical one-point closure turbulence

1 @ models than those used for the EUROTHERM/ERCOFTAC
""" Cotignan CoutrierPHERES —— benchmark, we indeed observe that the Nusselt profiles in
Collgnan-Co e ot Fig. 6(@) and (b) do not present any abrupt change in the up-
08 1 Glockner-Lubinvincent x| stream part of the boundary layer, but a smooth continuous

evolution, accordingly to the DNS result. A slight disconti-
nuity can however be observed for the PHOENICS’ results
of Collignan and Couturier for the cold and hot Nusselt pro-
files at respectively = 0.2 andz = 0.65.

This improvement in RANS prediction of the thermal
transfer at the walls can thus be probably explained by better
wall treatment for natural convection in the CFD industrial

06

04

02

; softwares.
% 100 200 300 200 500 500 Contrarily to the reasonable agreement observed for the
Nusseit heat transfer at the walls, the same level of agreement is
(®) not found for the dynamic global values, and confirms the
Fig. 6. (2) Mean Nusselt number along the hot wall. (b) Mean Nusselt num- Observed differences for the velocity and kinetic energy pro-
ber along the cold wall. filesinFig. 3(a), (b). The discrepancy in the observed values

is quite large between the authors, either for the flow mass

The results lie within a 25% range around the mean through the vertical boundary layésig ) or for the flow
observed value of 128. Moreover, the observed values forentering the right cavityr;'. ,)-

RANS contributions either over predict or under predict the ~ However, we can note that there is a more or less pro-
DNS results. nounced trend for predicting a gap betwees) andnhﬁLmel.

Two observations must be highlighted, as they contrast Except for Collignan and Couturier, who predict the same
with the conclusions of previous comparison exercises for values when using FLUENT, and Groleau and Musy who
natural convection flows in cavities. For instance, the 92’ are in the opposite situation, the authors get a mass flow rate
EUROTHERM/ERCOFTAC benchmark for a square buoy- from the left to right cavity higher than that of the vertical
ancy driven cavity aRa= 5 x 10'° [9,10], resulted in a boundary layer at mid-height of the cavity.
reference Nusselt value of 256 for thes approaches, with
minimum and maximum values of respectively 248 and 348, 4.3. Pollutant diffusion behaviour
while Le Quéré obtained a value of 100 with a 2D spectral
DNS for a slightly lower Rayleigh number of 19 After considering the thermal and dynamic aspects of

The aforementioned predicted DNS value of 118 for a the mean flow, let us now focus on the pollutant diffusion
Rayleigh number of & x 100 is then in good accordance process. Two series of one minute interval snapshots are pre-
with this previous result and follow the classical laminar sented irFigs. 7 and 8from the beginning of diffusion up to
Ral/* scaling law for the Nusselt number, if we take account 10 minutes after diffusion stops, that is over a total time of
of the fact that the influence of the partition is to decrease 11 minutes. DNS results are presenteHim 7, and a typical
the heat transfer at the walls. But, if the DNS values are con- RANS contribution inFig. 8 In order to complete the dis-
sistent between these two exercises over a 10 years periodgussion, the pollutant flux under the lintel entering the right
the current observed profiles and mean values for the Nusselcavity:
number seem to indicate a real change in the RANS predic- 07H
tion of the thermal heat transfer. - n

Considering the Nusselt repartition along the vertical "sre(T) = / pairU ™ (x =3 M z, T)c(x =3 m, z, 1) dz(5)
walls obtained for the 92° EUROTHERM/ERCOFTAC 0
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1 minute after the beginning of diffusion 2 minutes

3 minutes 4 minutes

5 minutes 6 minutes

7 minutes 8 minutes

10 minutes 11 minutes

Fig. 7. DNS snapshots of the pollutant.

is presented irFFig. 9, while the mass of pollutant having s plotted onFig. 10

entered the right cavity, Note that if all the authors dealt with the pollutant diffu-
t sion process, not all of them computed the mass pollutant
msre(t) = / mdeo(T) d (6) a.lr?d flux un.der the !intel. This is pecayse the requirt.-:‘d quan-
tities for this exercise evolved with time, and for different

0



320 P. Joubert et al. / International Journal of Thermal Sciences 44 (2005) 311-322

00040

lo GOm0

4 000400

2 008400

1 minute after the beginning of diffusion o 2 minutes

5 00ne00 % 00000
la‘i-u-i}& l« Sone00

400000

3500600

3 0w 00)

s 7 500400

4 minutes

—

5 minutes 6 minutes

5.006+00
450000
4 00w0C
3 S0ube-00

3 00400

7 minutes 8 minutes

350000
3000400
2 §00400
2 000400

S00e 00

10 minutes 11 minutes

Fig. 8. An example of RANS snapshots of the pollutant.

reasons some contributors could not perform further com-  From a general point of view, the main difference in the
putations. Nevertheless, at least one or more complete sebehaviour of the pollutant between RANS and DNS is of
of values are available for either steady RANS or unsteady course the unsteady aspects of the flow. With steady RANS
DNS/LES approaches. approaches the pollutant is convected and diffused by the
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Fig. 9. Time evolution of the pollutant flux entering the right cavity.

SF6 mass(g)

Collignan-Couturier/FLUENT -
Joubert-Sergent

Beghein
GIQckner—Lub‘ianincentI

500 600 700

100 200 300 400
Time (s)

800

Fig. 10. Time evolution of the mass pollutant having entered the right cavity.

way of the mean flow characteristics. Therefore, the result-
ing behaviour is very smooth in time and space. On the other
hand, the dynamic nature of DNS or LES reveals the com-
plex instantaneous spatial structure of the flow, leading to an
irregular time evolution. The pollutant then enters the right
cavity intermittently, according to the interaction between

the horizontal jet-like structure and the eddies detachment

behind the lintel Figs. 7 and R

During the one minute diffusion step, the pollutant is pro-
duced all along the left wall and dragged along by the hot
vertical boundary layer. It then can be separated into two
parts.

One part is convected directly to the right cavity by the
horizontal jet and produces an abrupt amount of pollutant in
the right cavity, with a time of maximum flux under the lintel
between 120 and 175 seconds, depending on the authors.

On the other hand, another part of the pollutant is fed
into the quiescent upper region of the left cavity where it
remains trapped near the ceiling and then moves slowly to
the lintel. Continuing time integration, we would probably
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the flux slightly grows up and produce an inflexion point for
the mass of pollutant having entered the right room.

In addition to the instant of maximum flux, another value
of interest is the time at which a certain quantity of pollutant
has entered the second room. Depending on the value we
consider, the differences can be very large. As an example,
the time for which half of the total mass of pollutant came
into the right cavity vary from 220 (Glockner et al.) to 380
seconds (Collignan and Couturier).

These differences can in fact have a great influence for
practical problems. As an example, for accidental pollution
events or chemical attacks in buildings, short time charac-
teristics for the dispersion of pollutant are very important,
because they determine the available length of time for evac-
uating people in safe conditions.

5. Conclusion

Some conclusions can be drawn from the comparisons
between the different contributions of this comparison exer-
cise of turbulent natural convection in partitioned cavity with
pollutant diffusion:

e Large differences are observed when considering mean
thermal and dynamical aspects of the flow. These differ-
ences are observed between steady RANS and DNS or
LES computations, but also between the different RANS
contributions, even for nearly identical spatial grid reso-
lution.

Nevertheless, computed Nusselt numbers at the walls
lie within a £25% range, that is in pretty relative good
agreement regarding previous comparison exercises of
the same type.

Two remarkable differences between RANS and DNS or
LES mean flow fields must be highlighted:

(1) The DNS or LES vertical boundary layers exhibit a typ-
ical laminar behaviour over a large extent of the verti-
cal walls, approximately up to mid height, while RANS
computations predict a turbulent kinetic energy produc-
tion very early in the boundary layer, which result in
thicker dynamical boundary layers. As a consequence,
RANS approaches display a general trend to overes-
timate the mass flow rate through the boundary layer,
compared to DNS.

Thermal stratifications predicted by DNS and LES are
always larger than those corresponding to RANS. This
is a persistent difference from previous comparison.

)

observe a second smoother peak for the pollutant enteringTurning now to the pollutant dispersion, the discrepancies on
the right cavity, corresponding to this part of the pollutant the dynamics lead to a large scattering for the characteristic
going down and around the lintel. This is perhaps what is times, either for the peak of pollutant entering the test cavity,
observed in the late time results of Glockner et al. becauseor for the total quantity of pollutant entered this cavity.
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