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Abstract. The objective of the present study is to analymearically the turbulent airflow in a room ventildtdy an isotherm
horizontal wall jet, obtaining data to project moedficient ventilation systems. The experimentahdaam Annex 20 test cell,
which represents a large rectangular room where tinésasupplied horizontally by a rectangular opegion the top of left wall
and is exhausted through another rectangular opgmin the bottom of right wall, were used to checkrthmerical results. The
airflow is characterized by Reynolds number basedhe height of the air inlet. The governing eqoasi have been solved using
the volume finite method and the turbulence has medeled by a Reynolds-Stress Model, which is dehaf second moment
closure. In order to evaluate the influence of #spect ratio of the room and the width of the islet on the prediction of the
indoor airflow, results for Reynolds number of ®)Gle presented for two geometric aspect ratios,areesponding to a room as
large as high and the other to a room 4.7 timegdarthan high, considering two inlet arrangementa.t®e whole, the predictions
in terms of velocity profiles by the RSM tested simailar to those from the standardskmodel, while the streamlines estimates
more recirculations than the latter. Concerning tanges in the aspect ratio of the room and inithet slot width, both affect the
air movement inside the room strongly.
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1. INTRODUCTION

The number of people working in closed environmédrds increased in recent decades, culminating tauay
significant population number working in that camah. Due to this fact, several studies are bemgdacted improving
work conditions in these environments. Most of tHeawe indoor air-conditioning systems to maintaimperature and
humidity controlled, providing a comfortable sitiset for workers. Note that this feeling of thermedmfort
experienced by the user is dependent on severrgasuch as temperature and humidity, but evea inoom with
appropriate temperature and humidity, the userlmrsubject to a state of thermal discomfort du¢heo possible
existence of high gradients of temperature andcitgion the environment, or a situation where tinges produced by
the air conditioner reaches the user at a high flte:.

Thus, air-conditioning systems can produce gradi@fitthe psychrometric properties and, as a comsemgu a)
cause to occupants a sensation of discomfort ev@nwheir global thermal perceptions of the indenvironment
remain satisfactory; b) expose the occupants @iffily to pollutants sources and c) affect the laeat mass transfer
between the indoor environment and its envelopetlaaa:fore the building energy consumption. Helfmeaccurately
evaluating the energy consumption in conditioneacep while maintaining thermal comfort and heattbgditions, it
is important to take into account the indoor astidbution on the evaluation.

Accurate simulation of flow in enclosed environneist essential to improve and optimize ventilasgatems and
to save energy. In addition, different airflow atts can lead to very different heat transfer ddefits and
temperature distributions in confined spaces. Tdreesponding heat and loss will not be the same. Gbmputational
Fluid Dynamic (CFD) simulations often use turbukemodels, since most indoor flows are turbulentmirical and
experimental studies about turbulent flow are dbedrquickly afterwards.

Nielsen et al. (1978) performed experimental and numerical sitata of jet airflow inside a room. The
experimental measurements were made using lasencametry of velocity profiles. In the turbulence remcal
solution it was used the stand&rd model. The results showed that this model is abbescribe the mean flow, except
in regions of low velocities. Melikov and Nielseh989) studied experimentally the comfort conditiemsentilated
environments. The results showed the importanayvaluated the temperature gradient and air ventiellcity on the
thermal comfort perceived by occupants. The expamtal data for non-isothermal and isothermal catgained by
Nielsenet al. (1978) were adopted in the Annex 20 (Nielsen, }98@ a standard for comparison and validation of
computer codes solving airflow in environments. €(EI96) compared the efficiency of four turbulenoedels (three
Reynolds Stress Models and the standasanodel) to predict numerically the airflow into@om with heat transfer by
convection natural, forced, and mixed. The resslimved that RSM models perform better than thedsiaik-¢ model.
Although not satisfactorily, the anisotropic RSMahets could predict secondary vortex, however thek 50-20 times
longer to converge compared to the standerdnodel.

Voigt (2000) compared the performance of five tleboe models in predicting, two-dimensionally, tbethermal
airflow inside the geometry from Nielsen (1990) €Tive models tested were stand&rd low-Reynoldsk-¢, k-w, k-o
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baseline (BSL) an#t-w Shear Stress Transport (SST). The results weriardad against the experiments of Nielsen
(1990) and showed that the models provided goodtsesompared with the experimental data, the ndéfflerences
found were attributed to three-dimensional effects.

Schalin and Nielsen (2004) compared the performafcthe standarck-¢ and RSM model (models for high
Reynolds number). The standaket model provides acceptable results, but there apblgms that require more
elaborate models such as RSM. The jet near the amalld be represented in more detail using the vedléction.
Lindner et al. (2008) investigated the performance of two eddcasity turbulence models in predicting the three-
dimensional airflow in a rectangular room whoseflaas heated. The performance of the stanklarthodel for such
flows was generally better than that of thewmodel. Thek-cwmodel over-predicted the temperature in the fl&usin
et al. (2009) evaluated the influence on the airflow eauby variations of the inlet width using threebtuence
models: standardé-c, RNG k-¢ and k-w. The authors have found that the predictions ftbm three models were
comparable to the experimental results availablehim current literature, with the standakee consuming less
computation time. Variations in the main and secibos due to the variation of the inlet width weserified.

The objective of this study is then to contribudehie improvement of the thermal comfort and indaiomquality of
conditioned environments, as well as to the redactn the energy consumption in buildings througé humerical
investigation of the three-dimensional airflow oadisby the presence of a horizontal jet in a rect@mgroom,
employing a RSM (Reynolds Stress Model) turbulemoelel. In particular, this work intends to evalutiie effect of
the width of the room and the width of the inleatsbn the prediction of the isothermal airflow ohsithe Annex 20
cavity (Nielsen, 1990). The choice of a RSM turlbagle model is due to precedent studies (Chen 1996rdh and
Flick 2003, Schélin and Nielsen, 2004) have shdve this kind of model could predict second flovestér than two-
equation models.

2. MATHEMATICAL MODELING

Reynolds (1894) decomposed the Navier-Stokes emsain two parties, one related to the averageevafuthe
velocity vector and another related to its fluctuat and applied the time average operator on tteestudy turbulent
flows. The resulting set of equations is known ayr®dlds Average Navier-Stokes (RANS) equations gives
information about the mean flow. Although this apgeh is not able to describe the multitude of Ieragiales involved
in turbulence, it has been largely used all ofwled because in many engineering applicationsrif@ration about
the mean flow is quite satisfactory.

Considering that density and viscosity variations small so that their effects on turbulence cangbered, the
fluid is Newtonian, the flow is incompressible atltt steady state, the governing RANS equations arte€ian
coordinates can be expressed by (Versteeg and ddelara, 1995):

Wi _y, (1)
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whereU; andU; are components of the average velocity vector][na'ss the fluid density [kg/f), uis the dynamic
viscosity of the fluid [Pa.s], P is the mean averagessure [Pa] arfg is a component of the bulk force vector [N]. The

extra-term that appears in Eq. (2) comparing toottiginal Navier-Stokes equations,u; , is the product of fluctuation

velocities [nf/s?] termed Reynolds stresses and is never negligitdey turbulent flow. It represents the increasthie
diffusion of the mean flow due to the turbulencquétions (1) and (2) can only be solved if the Rég® stress tensor
are known, a problem referred to as the ‘closuoblem’ since the number of unknowns is greater themnumber of
equations.

The main goal of the turbulence studies based oN&RAquations is therefore to determine the Reynsligtsses.
According to Kolmogorov (1942) they can be evalddig the following expression:

_ AU, ®3)
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where J; is the Kronecker delta and the kinetic energyhef turbulent motionk, is defined ak =m/2 M),

Substitution of Eq. (3) into Eq. (2) results in treerage Navier-Stokes equations with the Reynstidssses modeled
via the viscosity concept,
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where g is the turbulent viscosityP’ = P+ 2/3k is the modified pressure.
The turbulent viscosity can be expressed as thdugtoof a velocity scaley [m/s], and a length scal&,, [m],

4 = puL,. Considering the velocity scale being calculatgdtb=k%, Kolmogorov (1942) and Prandtl (1945)
independently proposed the following relation foe turbulent viscosity,

)ut =m’ukl/2|—’u, (5)

wherec, (=0.09) is an empiric constant.

In order to complete the set of equations descriddmalve, the most popular turbulence models defiree dther
transport equations: one for the turbulent kinetiergy k, and another for a variable that relatds L,,. These models
are called two equations models, and the stankl@rdhodel (Launder and Spalding, 1974) will be emptbyre this
study for comparative purposes.

2.1 Standardk-& model

Due to its robustness, economy and acceptablesdeula considerable amount of flows the standiasanodel has
been the most used model for numerical predictafnadustrial flows. However, it is known to havefitiencies in
some situations involving streamline curvature géeration and separation.

In this model, proposed by (Launder and Spaldiréy 4]}, the second variable for the complementargspart
equations is the rate of the viscous dissipatidm?/s’], which is related td by:

e=k¥?/L. (6)
The turbulent viscosity, is calculated in thk-£ model as

v, =c, k?/e. (7)

Therefore, the set of equations concerning thedsiaik-£ model is composed of Egs. (1) and (4) and twosprart
equations fok ande that are, respectively, given by:
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wherec; = 1.42;¢c, =1.92;0, = 1 e, = 1.22 are empirical constants.
As Eqgs. (8) and (9) cannot describe correctly tlmvement of the fluid near solid surfaces, the dedawall-
functions are required to make it applicable toghgre domain.

2.2 RMS model

The Reynols Stress Model (RSM) is based on trabhsmprations of the Reynolds tensor and dissipatide of
turbulent kinetic energy. Solving a transport etqurafor each component of the Reynolds tensor t8&Rdd for a
three-dimensional flow six new equations to theagigms system. The RSM model is called a secondanbgiosure
due to model only terms of third or higher ordeheile are several variations of RSM, the model usdhis study is
known as RSM-LLR described in Laundetr al. (1975). The transport equations for the Reynotasadr are derived
from the Navier-Stokes equations and are desctiged
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where the first term represents the variation otde viscous stress tensdr, due to productior?, and dissipation of
the turbulent kinetic energy, the fourth term represents the molecular anduterti diffusion, and the last term
correlates pressure and tension..

The production, the dissipation of the turbulemiekic energy, and the turbulent diffusion can becdbed by,

Pe = Tw Y, + T 9, (11)
0x; 0x;

& = €0 (12)

Cy = puilul'(u'j +p uild—kj + plul;a—ij (13)

whered is the Kronecker delta operator. The last terridn (10) combine the pressure with deformationhef ftow,
this term is responsible by redistribution of tudni kinetic energy among the components of thenBlels stress
tensor, and can be described as:

_pfou  ou ),
e a 0

In the RSM-LLR model used in this study, proposgd dunderet al. (1975), the Eq. (14) is:

M, =-peCa+C,0kS+C,ok(aS" +Sd -2a.Sd/3) +C k(aa+Wa')], (15)

wherea = y, /k - 29/3 is the anisotropy tenso8,= [JU +(0U)"]/2 is the tensor rat&V =[(U — (OU)"]/2 is the
vorticity, C; = 1.8, G = 0.8, G = G = 0.6 are constants.

3. NUMERICAL METHODOLOGY

The numerical solution of the governing equationasswerformed using the commercial computationat flu
dynamics code CFX, version 11.0 (2007). In thisectite conservation equations for mass, momentuchfuabulence
guantities are solved using the finite volume diization method generated by unstructured Vor&iagram. For this
practice the solution domain is divided in smalhirol volumes, using a non-staggered grid scheme tlae governing
differential equations are integrated over eachtrobwolume with the Gauss’ theorem. The resultdiscrete linear
equations system is solved using an Algebraic Igrtti called Additive Correction accelerated Incoetpl Lower
Upper (ILU) factorization technique. It is an itéve solver whereby the exact solution of the emumstis approached
during the course of several iterations.

The spatial discretization (mesh number) was peréar using the commercial software ICEM CFD versidrD.
The choice of this software to create the mesh bas®d on the fact that it provides the divisiongebmetry into
blocks, for which one can assign different levdlsndependent refinement. Blocks were created dogke ceiling, to
the floor and in the outlet zone of the airflowchase of the high velocity gradients in these megidhe mesh was
created using hexahedral elements, with refinerrettte regions near the walls, taking care to enshe transition
between regions occur smoothly.

Three grid levels were tested, the grids with 180,0Cases 1 and 2) and 400,000 (Cases 3 and 4neslwere
chosen to simulate the investigated flow using dpmetry of the computational domain. The convecgemiteria
was calculated using the normalized residual,
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wherer,, is the raw residual control volume imbalaneg, is representative of the control volume coeffitieg is a

representative range of the variable in the domgirepresent all variables aryd= 10° is the stopping criterion. All
meshes were created using the same expansion, fa@pfor the regions that were refined.

All computational simulations were performed usamgomputer AMD Athlon 64X2 Dual Core, Processor @00
+2.11 Ghz, 3 GB RAM.

4. RESULTS AND DISCUSSIONS
4.1. Problem description

The isothermal airflow regarding the Annex 20 bematk described in Nielsen (1990), for which some
experimental and numerical data are available éndilrrent literature, was chosen to perform the@sed analysis.
The measurements were carried out in a rectangaided-down room where the air enters horizontlthe top of
one side and leaves the room at the bottom of pipesite side through rectangular openings. Figusbdws a sketch
of this experimental device, as well as the posgtitblue and red lines) in which mean velocity pesfwere measured.

L

z/W=0.5

t
PR R LT Lk LT s - Jl:
y e x=H x=2H

& x=H x=2H

Figure 1. Sketch of the three-dimensional test.case

In this work, the CFD simulations were conductedhia half of the full-scale geometry equivalentiie Annex 20
test cell with the following dimensions: height= 3.0 m, length. = 3.(H, width W = 3.(H or 4. H, inlet heighth =
0.05@H , outlet height = 0.16. In these two geometries, two inlet widths werasidered: occupying 50% and 100%
of the environment width.

The inlet boundary conditions for the velocity campnts in the X, y and z directions were specifigd = U, and
V =W =0, respectively, witl, being the air average velocity in the inlet of tawity obtained from Reynolds number
based on the inlet heigliRe= Ugh/v, equals to 5,000. Regardik@ndg, the inlet boundary conditions were calculated
by ko = 1.5(0.04J,)% and & = 10%h. Zero relative pressure and zero gradients foother variables were applied as
the boundary conditions for the outlet. At the dolioundaries the no-slip and the impermeable wallindary
conditions were imposed for the velocity compongtttat arelJ =V =W = 0. The turbulence quantikande are nulls
at the walls. All walls were assumed as adiabatisummary of the studied cases is described inelTabl

Table 1 — Configurations studied.
Case LIH WH wW Re
1 3 1 1 5,000
2 3 1 0.5 5,000
3 3 4.7 1 5,000
4 3 4.7 0.5 5,000
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4.2. Comparative analyses

In this section, the numerical results obtainedanftbe turbulence models investigated regardingrtban velocities
at four positions of the room, x = H, x = 2H, y 988H and y = 0.972 H, are presented for the ckplaae, z/W = 0.5,
and for the plane z/W = 0.1, as well as the strawslfor the planes x = H and x = 2H.

Figures 2 and 3 compare the numerical dimensiomesm velocity profiles to the experimental datarfrNielsen
(1978) and numerical data from Susinal. (2009) for Case 1, whose inlet slot is as largthasoom, at z/W = 0.5 and
z/W = 0.1, respectively.

(b)y x =2H

g/ o Nislsen (1978)

02 +  ke(Susinetal, 2008)| |
’ j —-— k&
—— RSM

L L
D4 02 a 02 04 0g ik} 1.0

. . . . | . \ . . ,
05 10 15 20 25 30 0 05 10 15 20 25 30
%/H x/H

Figure 2. Comparison of dimensionless mean velgmit§iles predicted by the investigated turbulenwalels to the
experimental data at plane z/W = 0.5, for W=3H afid/ = 1 (Case 1).
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Figure 3. Comparison of dimensionless mean velguityiles predicted by the investigated turbulenwalels to the
experimental data at plane z/W = 0.1 for W=3H aid/w 1 (Case 1).

Observing Fig. 2, one can note that, globally, stendardk-¢ model produced results close to those from the
experimental set-up and numerical results fromrsessal. (2009) where a non-structured grid has been eraglofs
in Susinet al. (2009), the standaikie model underestimated the velocity in the regiaselto the floor although some
improvement has been obtained next to the left Yg&lé Figs. 2a and 2c), and overestimated the itielimcthe jet
region near the right wall (see Fig. 2d). Concegrtice RSM model, Fig. 2d shows that this model alae to predict
adequately the jet region, including the portiorthia proximity of the right wall that is affecteg the jet recirculation
generated by this wall. In spite of that, the véloprofiles have been worse represented by thideharobably due to
the use of the same grid employed with the stanklanthodel investigated in this work.

In the plane z/W=0.1, Fig. 3 shows that the RSM eh@duld describe the behavior of the experimedddh better
than both simulations obtained with the standasdnodel in the region next to the floor (see Figs.aBd 3c). Similar
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to the numerical results from Sughal. (2009), in this case the root mean square errgrasaund 7% for both models.

The dimensionless mean velocity profiles obtainedtfie case whose inlet slot width is half of thielttv of the
room (Case 2) are shown in Fig. 4 for the positiorsH and x = 2H, at two planes z/W = 0.5 and ZW.1. Note that
the predictions from the two turbulence models @dose to each other, underestimating the velocitiyes near the
ceiling in the jet region, except for the positior H. The root mean square error for both modeigferior to that of
Case 1 and about 4%. As indicated by the expermhdata, the reduction in the inlet slot width proés a reduction in
the mean velocities in the plane z/W = 0.1, thahds observed in Case 1 since the airflow can hesidered
approximately two-dimensional.

(a) x = H plano Z/W=0.5 (b} x = 2H plano Z/W=0.5
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Figure 4. Comparison of dimensionless mean velgrityiles predicted by the investigated turbuleneslels to the
experimental data at planes z/W = 0.5 and 0.1\WfeBH and w/W = 0.5 (Case 2).

04 02 04 (i1} a3 10 04

In spite of the similarities in the velocity pr&fd predicted by the two models, the comparison dmtwthe
streamlines at planes x = H and x = 2H for Caséu&trated in Fig. 5, shows that the standkfelmodel describes a
flow approximately vertical at x = H, while the RSfbdel indicates that, in this plane, the flowénbed to the left on
the lower left corner of the room, because of @catation in this region. Additionally, in compadn to the standard
k-£ model results, the RSM model indicates that thevjdth at plane x = 2H is smaller and the main flisvdislocated
to the upper left side of the room.

(a) X=H (b} X=2H H (b) X=2H

(b)

Figure 5. Comparison of streamlines predicted ley(#) standaré-¢ and (b) RSM models at planes x = H and x = 2H,
for W = 3H and w/W = 0.5 (Case 2).

In order to evaluate the influence of the room tvidh the behavior of the flow, the velocity prodilfom the RSM
and standar#t-e models for Case 3 are compared to those from 8 Riodel for Case 1 in the planes z/W = 0.5 and
z/W = 0.1, respectively, in Figs. 6 and 7, andgtneamlines for the planes x = H and x = 2H arep=med in Fig. 8.
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Figure 6. Comparison of dimensionless mean velgmit§iles predicted by the standded and RSM models for W =
4.7H, and w/W =1 (Case 3) to RSM model data for 8H, and w/W = 1(Case 1) at plane z/W = 0.5.

(b) x=2H

+  RSM Casa 1 ||
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Figure 7. Comparison of dimensionless mean velgoit§iles predicted by the standdeg and RSM models for W =
4.7H, and w/W =1 (Case 3) to RSM model data for 8H, and w/W = 1(Case 1) at plane z/W = 0.1.

Analyzing the velocity profiles, with the exceptioh the position x = H at z/W = 0.1, as expectdwk (lows are
mainly two-dimensional) no important variations aleserved between the RSM simulations. Howeveraiit be seen
that the standar#-= model prescribes a different behavior of the vigyoprofiles close to the floor, which can be
associated with the difficulty of this model in gdigting secondary flows, mainly at line x = H.

Concerning the streamlines, see Fig. 8, note tiatflow is almost vertical at x = H independentlytioe room
width. On the other hand, at x = 2H, when the widtlreases the flow is divided into two main cietidns rotating in
opposite senses.

Figure 9 illustrates the comparison between the arigal results for Case 4 obtained by standaedakd RSM
models and the experimental data for Case 2, inlitves of the room x = H and 2H at planes z/W =#n8 z/W = 0.1.
This figure shows that, in the central plane, #tei§ not affected by the increase in the widthhef room, but outside
this region the numerical models predict higherdgrats of velocity in the flow than it was observad the
experiments. In the plane, z/W = 0.1, one can aadecrease in the velocity and its gradients aleitiy the height of
the room, which can be attributed to a less immbitafluence of the wall in the case of the largestim.
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Figure 8. Comparison of streamlines predicted ByRSM model at planes x = H and x = 2H, for (a) \8H-and w/W
=1 (Case 1), and (b) W = 4.7H and w/W = 1(Case 3).
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Figure 9. Comparison of dimensionless mean velgoit§iles from standard k-and RSM models for W = 4.7H and
w/W = 0.5 (Case 4) to the experimental data for 3#1-and w/W = 0.5 (Case 2) at z/W = 0.5 and 0.1.

= : (b)
Figure 10. Comparison of streamlines predictecheyRSM model at planes x = H and x = 2H, for (a¥\8H and
w/W = 0.5 (Case 2), and (b) W = 4.7H and w/W =(C&se 4).
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The streamlines calculating by the RSM model far dases whose the inlet slot width is half of thHdthvof
theroom are compared in Fig. 10 at the positioadkand x = 2H. It can be seen in this figure tirathe plane x = H,
the increase in the width of the room produces @raglation below the inlet slot, and also dispkdbe main
circulation at x = 2H to the down left, reversing dlirection of rotation when compared to the rogith W = 3H.

5. CONCLUSIONS

In this work, the isotherm airflow regarding the max 20 test cell has been numerically studied using
turbulence models, the standded and a RSM model, considering two aspect ratiothefroom and two inlet slot
widths.The comparative analysis between the priedietfrom the standark-¢ and RSM models has shown that, in
general, both models give similar velocity profilekowever, in terms of streamlines, the RSM modtihsates more
recirculations in the flow than the stand&rd model, as it has already been observed in therduiterature.

When the room has been enlarged, important chaimgése flow pattern have been noted, such as: tvainm
circulations in a vertical plane at x =2H for these whose inlet slot width is as large as the ragimanging in the
direction of the main circulation in the same plémethe other case (w/W = 0.5).

Concerning the width of the inlet slot, the vel@stoutside the central plane are reduced whewitlitt of the inlet
slot is reduced, and the flow pattern is strongbdified.
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