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Abstract:

In Computational Fluid Dynamics (CFD) studies for the prediction of room airflow the Reynolds-
averaged Navier-Stokes (RANS) approach is often used, in which only the averaged quantities are
computed, whereas the effect of turbulence is modeled. Since the RANS approach does not provide
information on the velocity and concentration fluctuations, turbulent mass transport is often modeled
using the standard gradient-diffusion hypothesis, which relates the turbulent mass flux to the mean
concentration derivatives. This paper presents a CFD analysis of pollutant dispersion in an enclosure
ventilated by a transitional wall jet (Re = 2,500), using validated high-resolution RANS and Large
Eddy Simulations (LES). The LES simulations show that a counter-gradient turbulent mass flux is
present, indicating that the standard gradient-diffusion hypothesis used in RANS is not valid in the
entire flow domain. However, it is shown that for this particular case, the convective mass fluxes
dominate over the turbulent mass fluxes, and that the predicted pollutant concentrations by RANS will
therefore not differ significantly from the results obtained with LES.
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1. Introduction

The numerical modeling of room airflow started in the nineteen-seventies, when Nielsen performed
Reynolds-averaged Navier-Stokes (RANS) simulations for a mixing ventilation case with and without
buoyancy effects [1-3]. Since those early simulations, a lot of research efforts have focused on the
numerical modeling of room airflow. Among others, Awbi [4], Jones and Whittle [5], Kato et al. [6],
Gan and Awbi [7], Murakami et al. [8], Chen [9-11], Nielsen [12,13], Moureh and Flick [14,15],
Serensen and Nielsen [16], van Hooff and Blocken [17,18], Li and Nielsen [19], van Hooff et al. [20],
Rundle et al. [21], Ramponi and Blocken [22] and Cao and Meyers [23] published papers on the
numerical modeling of room airflow. The simulations have become more complex over time, as a
result of more complex room geometries, the inclusion of pollutant dispersion modeling and the use of
more sophisticated numerical approaches such as Large Eddy Simulation (LES). However, nowadays,
steady RANS simulation with a turbulence model to provide closure is still the most often used
approach, although there are several challenges associated with RANS turbulence models. Van Hooff
et al. [20] mentioned three specific challenges in room airflow modeling, namely the modeling of
turbulence anisotropy, transitional flow (low Reynolds numbers) and adverse pressure gradients. In
their study, 3D steady RANS simulations of room airflow at slot Reynolds numbers of 1000-2500
were compared with PIV measurements in a reduced-scale water filled model, indicating that, despite
the complexity of the studied flow problem, the low-Reynolds number k-¢ model (LR k-g) by Chang
et al. [24], the SST k- model by Menter [25] and the low-Re stress-omega Reynolds Stress Model
(RSM) [26], based on the omega equations and the Launder-Reece-Rodi (LRR) model by Launder et
al. [27], provided a fair (SST k-m, RSM) to good (LR k-¢) agreement for the mean velocity field.

Another important consideration in room airflow research is pollutant dispersion. In turbulent
flows, dispersion is the result of the combination of molecular diffusion, convection and turbulent
diffusion, where the first is often negligibly small compared with the two others. In general, since
steady RANS simulations do not explicitly provide the velocity and concentration fluctuations, steady
RANS simulations of dispersion use the standard gradient-diffusion hypothesis (the adjective
“standard” will be omitted in the remainder of the paper) which relates the turbulent mass flux to the
mean mass concentration gradient using the turbulent (or eddy) mass diffusivity D;. The value of D is
deduced from the computed turbulent viscosity v, and the input value of the turbulent Schmidt number
Sc; (D¢ =v¢/Scy). In general, a value for Sc, between 0.5 and 0.9 is used. In the commercial CFD code
Fluent 6.3 for example, the default value is 0.7 [28]. The Sc, value is in general lower than unity due to
the higher efficiency of scalar transport compared to momentum transport. The lower efficiency of
turbulent momentum transport is due to the presence of a pressure gradient term in the momentum
equations which suppresses turbulent transport and which is not present for scalar transport [29].
Several publications have focused on determining the Sc, value that provides the most accurate results.
He et al. [30] studied the adequacy and accuracy of using a constant Sc, for predicting pollutant
dispersion in jet-in-cross flows and found that a value of 0.2 resulted in the best agreement with the
measurements. Lubbers et al. [29] used Direct Numerical Simulation (DNS) to determine Sc, for
passive scalar mixing in a free turbulent round jet and found an average value of Sc, = 0.74 for this
particular case, which resembles the values obtained from experiments by Chevray and Tutu [31].
Yimer et al. [32] studied an axisymmetric turbulent free jet, for which they empirically determined Sc,
based on previous mean velocity and passive scalar measurements. They concluded that Sc, increased
from 0.62 on the jet axis to 0.82 in the region where the intermittency factor 6 is still 1. An
intermittency factor 6 = 1 indicates a fully turbulent jet region. The average Sc, value for the region
with 6 = 1 amounts to 0.69, which is close to the recommended values of Sc, = 0.7 for species
transport in jets by Spalding [33] and of Sc, = 0.72 by Hinze [34]. Yimer et al. [32] concluded that



there is no physical reason to use much lower values for Sc; in these cases. Awbi [35] reports values
found by Rodi [36], who recommended Sc, = 0.9 for near wall flows (boundary layer or wall jets), Sc,
= (.5 for plane jets and mixing layers and Sc, = 0.7 for axisymmetric jets. Finally, Tominaga and
Stathopoulos [37] studied the effect of the turbulent Schmidt number on pollutant dispersion and
found that the results were highly dependent on the turbulent Schmidt number. The optimum values
for Sc; were shown to be widely distributed (0.2—1.3).

Although several studies have focused on the value of Sc,, to the knowledge of the authors, no
room airflow studies have been published in which the validity of the gradient-diffusion hypothesis is
investigated. In other research areas there are not much similar studies either. Tominaga and
Stathopoulos [37] provided some information about convective and diffusive fluxes for the case of
dispersion around a building in an atmospheric boundary layer flow, but they only considered a few
locations on the roof. Gousseau et al. [38,39] assessed the validity of the gradient-diffusion hypothesis
for pollutant dispersion around isolated buildings by comparing high-resolution LES results with
RANS results. The study showed that a counter-gradient mechanism governs turbulent mass transfer
in the streamwise direction. This indicates that the commonly used gradient-diffusion hypothesis in
RANS is invalid for this particular case. However, the erroneous prediction of the streamwise
turbulent mass flux by the RANS models did not significantly influence the results since convection
was shown to act as the dominant mechanism of mass transport in this direction. It should be noted
that in other cases, the invalidity of the gradient-diffusion hypothesis might lead to larger errors in the
predicted pollutant concentration field; further studies are therefore needed on this topic to address the
possible errors for a range of flow problems (e.g. room airflow, urban wind flow).

In this paper, a detailed analysis of the transport process of a passive gaseous pollutant in a room
ventilated by a transitional plane wall jet is presented. The relative influence of convective and
turbulent fluxes in the mass transport process is analyzed after which their role in the prediction
accuracy of RANS and LES simulations of the concentration field is clarified. First, the room
geometry is described in Section 2. Section 3 outlines the experimental setup that has been used to
obtain validation data for the numerical simulations. The governing equations are addressed in Section
4. Section 5 presents the CFD model. In Section 6, the validation study is outlined, followed by the
results of the pollutant dispersion simulations. Finally, sections 7 (discussion) and 8 (conclusions)
conclude the paper.

2. Room geometry

The room under study is a reduced-scale cubical enclosure (L*) with edges L = 0.3 m. It has a
linear ventilation inlet at the top with a height of h/L = 0.1 and a width of w/L = 1, and a linear
ventilation outlet at the bottom of the opposing wall (h/L = 0.0167) (see Fig. 1a). The walls have a
thickness d (d/L = 8/30). The chosen configuration represents a mixing ventilation case; the ventilation
air enters the enclosure through the inlet in the upper part of the room (wall jet), it mixes with the
room air, and the diluted air is exhausted through the outlet (e.g. [35]). This geometrical configuration
is one of the most often studied configurations in ventilation research, and was used, among others, by
Nielsen [2,40] and Chen [9,10].

An important parameter for indoor airflow studies is the slot Reynolds number, which is defined
based on the inlet height as Re = Ugh/v, with U the bulk inlet velocity and v the kinematic viscosity at
room temperature (= 20°C) (see Fig. 1b). For this study a Re-value of 2,500 was used, which was
shown to result in a transitional flow pattern, including pronounced Kelvin-Helmholtz-type
instabilities in the outer region of the wall jet (shear layer) [41].



3. Reduced-scale experiments

Particle Image Velocimetry (PIV) measurements were performed in the test section of a reduced-
scale water-filled model to provide validation data [41,42]. The reduced-scale model consists of a
water column, a conditioning section and a cubic test section of 0.3 x 0.3 x 0.3 m® (Fig. 2). More
information on the experimental setup can be found in van Hooff et al. [42].

A 2D PIV system was used to conduct the measurements. It consisted of a Nd:Yag (532 nm)
double-cavity laser (2 x 200 mJ, repetition rate < 10 Hz) used to illuminate the field of view, and one
CCD (Charge Coupled Device) camera (1376 x 1040 pixel resolution, 10 frames/s) for image
acquisition. The laser was mounted on a translation stage and was positioned above the cubic test
section to create a laser sheet in the vertical center plane of the cube (z/L = 0.5); the camera was
positioned perpendicular to the water cube. Seeding of the water was provided by hollow glass micro
spheres (3M; type K1) with diameters in the range of 30 — 115 pm.

Two sets of PIV measurements were performed. The first set focused on the entire cross-section of
the cube, i.c. a target area of 0.3 x 0.3 m? (= ROI1) (Fig. 3a). The second set focused on a smaller
target area of 0.18 x 0.12 m* (W x H) in the proximity of the inlet, enabling a higher measurement
resolution (= ROI2) (see Fig. 3a). The required measuring frequency was estimated from the integral
length scale (= inlet height) and the characteristic velocity (i.e. inlet velocity) and was set 2 Hz. Each
measurement set consists of 360 uncorrelated samples (i.e. averaging time = 180 seconds). The errors
associated with PIV measurements can be divided in systematic and repeatability errors. The
systematic errors are present for each sample and consist of a range of errors that are associated with
the PIV measurement technique and methodology [43]. To minimize the systematic errors the best
practice guidelines of Keane and Adrian [44] and Prasad [43] have been taken into account. The
repeatability, or random, error is a statistical error. The uncertainty associated with the repeatability
error can be assessed using the central limit theorem (e.g. [45]). The uncertainty of the measurement
results is around 2-4% in the largest part of the test section and is slightly higher in the shear layer and
boundary layer areas as a result of the locally higher turbulence levels [41]. For the validation study in
this paper the time-averaged velocities at three vertical lines inside the enclosure are used (Fig. 3b).
Note that the results for y/L < 0.05 are not used because they are less accurate due to reflections of the
laser sheet on the glass bottom of the cube. For more measurement results for this specific room
geometry with h/L = 0.1 and Re = 2,500, the reader is referred to van Hooff et al. [41]. The
measurement results will be presented together with the CFD simulation results in Section 6.

4. RANS, LES and dispersion modeling

4.1. RANS and turbulence models

In the RANS approach, the Reynolds decomposition splits the flow variables into an average and a
fluctuating part. Only the averaged quantities are resolved and the effect of turbulence on the average
flow field (Reynolds stresses) is modeled with turbulence models. In this study, two turbulence models
will be used and compared: the LR k-& model by Chang et al. [24], and the RSM model as described
by Wilcox [26]. The LR k-& model is a linear two-equation eddy-viscosity model that uses the
Boussinesq hypothesis which relates the Reynolds stresses to the mean velocity gradients by using an
eddy (or turbulent) viscosity . The RSM model is a second-order closure model in which additional
transport equations are solved for each of the Reynolds stresses. Using a second-order closure model,
e.g. RSM, one can more accurately take into account the effect of the Reynolds stresses on the flow
field, which should provide superior results for these flows (e.g. [8,46,47]).



4.2. LES and subgrid-scale models

In LES, a spatial-filtering operator is applied to the Navier-Stokes equations, which separates the
large scales of motion, which are explicitly resolved, from the small scales, which have a more
universal behavior and can therefore be modeled. A subgrid-scale (SGS) model is used to model the
effect of the small scales on the resolved flow field. For the LES simulations in this paper, the
dynamic Smagorinsky SGS model is used [48-50]. The application of LES is especially relevant in
studies of mass transport, since this process is mainly governed by the largest scales of motion.

4.3. Dispersion modeling

The instantaneous pollutant concentration ¢ (kg m™) is treated as a scalar transported by an
advection-diffusion equation (Eulerian approach):
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where U is the velocity vector, s, a source term and ﬂ the mass flux due to molecular diffusion.
Applying the Reynolds decomposition to the variables (x = X + x” where X = <x> and x’ are the mean
and fluctuating components of x, respectively) and averaging Eq. (1) yields:

V.(Q+Q.+Q)=S. )
In this equation, @1 is the mean molecular mass flux (kg m™s™), which is proportional to the
gradient of mean concentration (Fick’s law):
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where D,, is the molecular mass diffusivity (m2 s'l), and i indicates the coordinate (x;, X5, X3 =X, y,
z). In general, the molecular mass flux is negligible in comparison with the mean convective and

turbulent fluxes, symbolized by Gz and G: , respectively. Note that the adjective “mean” will be
omitted in the remainder of the paper. The convective mass flux is given by:

Q.i=UC 4)
And the turbulent mass flux is defined as:

Qt,i =< Ui,C’ > Q)



However, the steady RANS approach does not provide the velocity and concentration fluctuations.
Therefore, the turbulent mass flux must be computed based on the mean variables. In general, the
gradient-diffusion hypothesis is adopted, by analogy with molecular diffusion:
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where Dy is the turbulent mass diffusivity. The value of D, is deduced from the computed turbulent
viscosity v; and the input value of the turbulent Schmidt number Sc,= v¢/D;. As stated in the
introduction, the value of Sc; used in previous studies differs significantly. A recommended value for
dispersion in jets is 0.7 [29,32-34]. Note that this hypothesis does not represent the true physical
process of turbulent mass diffusion; it merely relates turbulent mass diffusion to the concentration
gradient using the turbulent mass diffusivity since velocity and concentration fluctuations are not
available in RANS simulations.

In LES, the total turbulent mass flux Q; is the sum of the flux due to the resolved turbulent
fluctuations and the SGS mass flux:

Qiites =<UT >+ <(ggq; > (7)

The instantaneous SGS mass flux (g, 1s assumed proportional to the gradient of resolved

concentration:
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where the overbar denotes the filtering operation and Dggg is the SGS mass diffusivity. In this
study, Dggs is computed via the SGS viscosity vsgs and the SGS Schmidt number Scggs = vsgs/Dsgs.
Here, Scsgs is computed dynamically, with a similar procedure as the Smagorinsky coefficient C;[51].
Note that the turbulent mass flux in LES simulations is directly obtained from the resolved turbulent
fluctuations (u’ and c’; see Eq. 7), which requires no additional modelling efforts or assumptions as
long as the contribution of the SGS mass flux to the total turbulent mass flux is very small. In the
remainder of the paper all mean concentrations will be expressed in non-dimensional form as a
concentration coefficient K:

K= ©)

ref
where the reference concentration C,.¢ is defined as:
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with S, the pollutant source rate (kg m>s™), V the enclosure volume (m?), hi, the inlet height (m)
and Uy the inlet velocity (m s™). In addition, a reference flux magnitude Qo (kg m™s™) will be used to



make the convective and turbulent mass fluxes non-dimensional. The reference flux magnitude Q, can
be calculated from the inlet velocity and from the reference concentration Cr (kg m> ) as Qg = CiesUo.

5. CFD simulations: computational settings and parameters

5.1. Computational geometry and grid

The computational model is a replica of a part of the experimental setup as described in Section 3
and as previously presented in van Hooff et al. [20]. Note that the simulations are also performed for
the reduced-scale model, filled with water (p = 998.2 kg m™ at 20°C). Only a small part of the
conditioning section, i.e. the contraction upstream of the test section, is included in the model (Fig.
4a). Note that the outlet is extended in the x-direction to enhance convergence of the simulations.

The computational grid was created using the surface-grid extrusion technique presented in van
Hooff and Blocken [17]. A grid with 1,386,400 cells was used for both the steady RANS and the LES
simulations. The grid size was based on a previous grid-sensitivity analysis, which indicated nearly
grid-independent results [20]. The number of cells over the inlet height and outlet height is 50 and 20,
respectively (Fig. 4c,d). The dimensionless wall distances y" at the top surface (y/L = 1) in the center
plane (z/L = 0.5) are between 0.12 and 0.68. The low values for y enable the use of low-Reynolds
number modeling (LRNM) for the RANS models, which implies solving the flow all the way down to
the wall, including the thin viscous sublayer. The grid resolution for the application of LRNM should
be very high, preferably with y values lower than 1. The numerical accuracy using LRNM is larger
than when using wall functions, in which semi-empirical formulae are used to bridge the region
between the wall and the center of the wall-adjacent cell. Also for LES the y~ value should preferably
be about 1 or smaller.

5.2. Boundary conditions

The boundary conditions for the CFD simulations were chosen to replicate those of the PIV
experiments as closely as possible. A uniform velocity was imposed at the CFD inlet (see Fig. 4a),
which was based on the Reynolds number at the actual ventilation inlet during the experiments and the
ratio between the height of the CFD inlet (h/L = 0.3) and the actual ventilation inlet (h/L = 0.1);
Uinieecrp = 0.025 m s for Re = 2,500 (see Fig. 4a). As a result of the contraction between the CFD
inlet and the actual ventilation inlet, the velocity at the actual ventilation inlet is approximately three
times higher than the one imposed at the CFD inlet. The turbulence parameters were specified based
on the hydraulic diameter and the turbulence intensity. The hydraulic diameter D, was calculated using
Dy = (4WH)/(2(W+H)), with H the height and W the width of the CFD inlet (Fig. 4a). The measured
turbulence intensity (urms/Uy) in the wall jet region at x/L = 0.2 was around 3-4% [41]. Uy, is the
maximum local velocity and it will also be used in the remainder of the study to make the velocities
non-dimensional (U/Uy) (Fig. 1b). Note that Uy, is defined as the local maximum time-averaged x-
velocity, and thus varies with both x/L and Re. A constant turbulence intensity of 18% was imposed at
the CFD inlet, based on the inlet velocity at the CFD inlet (= 0.025 m/s). Note that the turbulence
intensity at the CFD inlet is higher since the contraction will reduce the turbulence intensity to the
measured values. As a result of the contraction the resulting turbulence intensity and turbulent kinetic
energy values just after the entrance of the cubic test section correspond with the measured values (see
Figure 6b-¢). For the LES computations, a time-dependent inlet profile is generated by using the
vortex method [52] with a number of vortices N, = 190. As shown by Sergent [53], the influence of



small changes to the number of vortices on the generated velocity fluctuations is negligibly small.
Zero static pressure was imposed at the outlet and the surfaces were modeled as smooth no-slip walls.

To incorporate pollutants, a constant and uniform pollutant source term S, = 0.02 kg m™s™ was
imposed in the whole cubic enclosure. The pollutant is passive and has the same density as the
ambient fluid (= water: 998.2 kg m™), implying absence of buoyancy effects. The concentration at the
ventilation inlet equals zero, which corresponds to the supply of fresh water.

5.3. Solver settings

The simulations were performed with the Fluent 6.3.26 CFD code. For the RANS simulations,
pressure-velocity coupling was taken care of by the SIMPLEC algorithm, pressure interpolation is
second order and second-order upwind discretization schemes are used for all transport equations
(momentum, turbulence and concentration). Convergence was monitored carefully. For the majority of
the simulations oscillatory convergence was present. As discussed in Ramponi and Blocken [22] and
van Hooff et al. [20,53], steady RANS CFD simulations can exhibit oscillatory convergence, resulting
in fluctuating values of the studied parameters as function of the number of iterations. Solely looking
at the residuals for judging convergence is therefore not enough and might even be misleading. To
obtain an “average” solution, the results of the RANS simulations were averaged over a sufficiently
large number of iterations. In this case, the averaging took place over an interval of 4,000 or an
interval of 20,000 iterations, depending on the Re-value, grid size and the turbulence model. More
information on the oscillatory convergence observed in the CFD simulations for this mixing
ventilation study can be found in van Hooff et al. [20]. The dispersion simulations using RANS were
conducted in two steps. First, the steady flow field was obtained. Second, the transport equation for
concentration was solved to obtain the spatial distribution of the pollutant.

For the LES simulations, the filtered momentum equation was discretized with a bounded central-
differencing scheme. A second-order upwind scheme was used for the concentration equation.
Pressure interpolation was second order. Time integration is second-order implicit. Pressure-velocity
coupling was taken care of by the PISO algorithm. The results of the LES computation presented here
were averaged over 200,000 time steps, which corresponds to 800 s, which is 20 times the
approximated value of t". The parameter t" is the time needed for the jet to make one circulation in the
test section, and is defined as t = (4L)/Uayerages With Uqyerage the average velocity of the jet around the
recirculation cell. The time step At was based on a maximum CFL number of 1 and is equal to At =
0.004 s. It was verified that the averaging time is sufficient to obtain statistically-steady results by
monitoring the evolution of K with time (moving average).

6. CFD simulations: results

6.1. Mean velocity profiles

Figure 5 compares the measured and simulated profiles of the time-averaged dimensionless x-
velocity (U/Uy) along three vertical lines in the test section center plane, at x/L = 0.2, x/L = 0.5 and
x/L = 0.8 (Fig. 3b). Note that the experimentally obtained velocity profile in Figure Sa does not
resemble a clear top-hat profile, which is the result of the lower measurement resolution in ROI1 [42].
A comparison between the measured and simulated profiles of mean x-velocity in ROI2 is provided in
Figure 6, where the experimental top-hat profile is clearly present. Figure 5a shows that at x/L = 0.2
the simulations with the LR k-g&, RSM model and LES model provide fairly identical results, which are



in relatively close agreement with the measurements. Also at x/L = 0.5 (Fig. 5b), the two RANS
turbulence models and LES provide roughly the same velocity profiles, which resemble the measured
velocity profile to a large extent. Figure 5S¢ shows the velocity profiles at x/L = 0.8, at which the
largest differences between the two RANS results and the LES results can be observed. The RSM
model predicts U/Uy; = 1 to be located at y/L = 0.74, which is much lower than the measured location.
The location of maximum jet velocity predicted by the LR k-¢ model (y/L = 0.82) is also too low at
x/L = 0.8, however, these results are in much closer agreement with the measurements. The LES
model clearly outperforms the RANS models at x/L. = 0.8; the numerical prediction of the vertical
location of the maximum jet velocity is almost identical to the measured location.

Figure 6 shows the results of mean x-velocity at x/L. = 0.2 obtained from the PIV measurements in
a smaller ROI with a higher spatial resolution (Fig. 3a: ROI2), which are compared with the results of
the RANS simulations and of the LES simulation. The velocity profiles in the wall jet predicted by the
LES model are quite similar to the ones predicted by the LR k-g and the RSM model, and the results of
all three models show a good agreement with the measurement results at this specific location (x/L =
0.2).

In summary, it can be concluded that the LR k-& model provides fairly accurate predictions of the
mean velocity profiles, although it has some difficulties with the prediction of the jet detachment and
the resulting location of maximum jet velocity at x/L = 0.8. The results obtained with the RSM model
are less accurate, especially at x/L = 0.5 and x/L = 0.8. The LES model provides good to very good
predictions of the velocity field at all three locations (on average within 5%).

6.2. Turbulent Kinetic energy profiles

Since the 2D PIV measurements only provided the velocity components in the streamwise (U,
urms) and vertical direction (V, vrms), the RMS value in the lateral direction (wgrys) is unknown. To be
able to calculate the turbulent kinetic energy, the correlation between the normal stresses in a 2D wall
jet, as described by Nielsen [55], is used:

Weys ® V0.8 Ugys (11)

The turbulent kinetic energy can subsequently be calculated using:
1 2 2 2
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The profiles of turbulent kinetic energy are shown in Figure 6b (x/L = 0.2) and Figure 6¢ (x/L =
0.5). It is shown that at x/L = 0.2, the LR k-& model, RSM model and the LES model overpredict the
turbulent kinetic energy in the core region (0.94 <y/L 0.97) of the wall jet. In the outer region of the
wall jet (shear layer: y/L = 0.9), the RSM model underpredicts the turbulent kinetic energy, and the LR
k-& model and LES model overpredict the turbulent kinetic energy. Below the wall jet, i.e. y/L < 0.85,
the best agreement is obtained with the RSM model. Figure 6¢ indicates that the numerical results
obtained with the LR k-¢ and RSM model at x/L = 0.5 show a fair to good agreement with the
measurement results in the boundary layer region (0.97 < y/L < 1.0), whereas the LES model
overpredicts the value of turbulent kinetic energy. In the shear layer (0.85 <y/L <0.91) the values are
again slightly overpredicted by the LR k-¢ model and the LES model, and underpredicted by the RMS
model. Below the wall jet region (y/L < 0.82), the best agreement is obtained with the RSM model,
followed by the LES model. 6.3. Velocity vector fields



Figure 7 shows the experimentally and numerically obtained velocity vector fields in the vertical
center plane of the cube, with an indication of the location of jet detachment (x4./L) and the center of
the recirculation cell (e (x/L; y/L)). The value of x4./L. obtained with the LES simulation shows the
best agreement with the experimentally obtained value; both are x4./L = 0.75. The results obtained
with the RSM model show the largest deviation with a too early detachment of the wall jet: x4/L = 0.6
(Fig. 7c). The location of the center of the recirculation cell (®) is also most accurately predicted by
LES. The coordinates obtained by the PIV measurements (Fig. 7a: @ = (0.47; 0.41)), closely resemble
the coordinates obtained by the LES simulation (Fig. 7d: @ = (0.47; 0.43)). The LR k-g& model predicts
coordinates (Fig. 7b: @ = (0.44; 0.43)) that show a fair agreement with the measured ones. The center
of the recirculation cell predicted by the RSM model again shows the largest deviation (Fig. 7c: @ =
(0.40; 0.34)). These vector fields confirm the ability of the LES model to accurately predict the flow
pattern inside the enclosure. Furthermore, the LR k-& model fairly accurately predicts the flow pattern,
whereas the results obtained with the RSM model show relatively large deviations.

6.4. Pollutant dispersion

6.4.1. Influence of turbulent Schmidt number

To test the influence of the turbulent Schmidt number for the case under study, simulations with the
LR k-g model, as this model performs better than the RSM model, have been performed with Sc, = 0.3,
0.7 and 1.0. Vertical profiles of the calculated dimensionless concentrations K in the vertical center
plane of the enclosure are depicted in Figure 8, together with those obtained with LES. It can be seen
that the results obtained with LES show a close agreement with the results obtained with Sc,=0.7.
This observation can be made at all three locations and seems to justify using the Fluent default value
of Sc, = 0.7, at least for this particular case. Furthermore, Figure 8 shows that the differences in K
obtained with different Sc, values are relatively small. The deviations between the results with Sc, =
0.3 and with Sc; = 0.7 are below 25%. The differences between the results obtained with Sc,= 0.7 and
with Sc; = 1.0 are within 12%.

6.4.2. Analysis of mass fluxes

In LES studies on pollutant dispersion in the urban environment the contribution of the non-
resolved scales to the turbulent flux was often neglected in the total mass flux (e.g. [38,55]). Figure 9

shows the ratio of the magnitudes of Qg and @ (

@ / (51 ‘ ) in the vertical center plane (z/L =

0.5), in which Qsgsi = <qsgs;> in Eq. (7). It can be seen that the ratio is smaller than 5.0E-02 in the
largest part of the flow domain, which indicates that the magnitude of the subgrid-scale fluxes is
relatively small compared to the turbulent fluxes. An exception is present just below the wall jet,
where the ratio is between 1.0E-01 and 5.0E-02, however, this still indicates that the SGS fluxes are
10-20 times smaller than the turbulent fluxes. In general, Figure 9 shows that with the currently

applied grid resolution and SGS modeling the magnitude of Qg is at least 20 times smaller than that

of 4QT in the largest part of the domain. Although the ratio of

Qs / (5“ is small, the SGS contribution

is included in the definition of the turbulent mass flux in this and in consecutive figures in accordance
to Eq. (7).

Figure 10 shows the non-dimensional convective mass fluxes (Q.i/Qy) in the streamwise (Fig.
10a,c,e) and the vertical direction (Fig. 10b,d,f) obtained from the two steady RANS simulations and
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the LES simulation (time-averaged). It can be seen that the contours obtained with the LR k-& model
are quite similar to the contours obtained with the unsteady LES simulation. Only small differences in
the shape of the contours are visible, and the values of the non-dimensional convective fluxes are also
quite similar. The results obtained with the RSM model show larger deviations, especially concerning
the shape of the contours. In addition to the contours of the non-dimensional convective mass fluxes,
the isolines for K = 0.04; 0.12; 0.20; 0.28 and 0.34 are plotted in Figure 10. These isolines show that
the maximum values of the concentration K obtained with the RSM model are higher than those
obtained with the LR k-¢ and the LES model.

The non-dimensional turbulent mass fluxes (Q.i/Q,) are depicted in Figure 11a-d. The turbulent
mass fluxes from the LES simulation are calculated using Eq. (7). For the steady RANS simulations
the turbulent fluxes are obtained using the gradient-diffusion hypothesis (Eq. (6)). The first general
observation to be made is that the turbulent fluxes depicted in Figure 11 are considerably smaller than
the convective fluxes in Figure 10. The absolute values of the turbulent fluxes |Q.;/Qo| are in general
one order of magnitude smaller than those of the convective fluxes, both for the results obtained by the
RANS simulations, and those by the LES simulation. Furthermore, it can be seen that the turbulent
fluxes obtained with the RSM model deviate from those obtained with the LR k-& model. The values
for Q. x on the right side of the cube are for example one order of magnitude smaller for the RSM
model (Fig. 11c) than for the LR k-¢ model (Fig. 11a). The circles with a ‘+’ or ‘- sign indicate
whether there is a positive or negative concentration derivative in the corresponding direction,
respectively. Fig. 11a-d show that the turbulent fluxes are positive in regions with negative
concentration derivatives (0C/0x < 0; 0C/0y < 0), and vice versa, which is the result of the gradient-
diffusion hypothesis as shown in Eq. (6).

Figure 11e,f shows the turbulent fluxes in the vertical center plane obtained from the LES
simulation. In addition to contours of Q,;/Qo, the isoline 0C/0x = 0 is depicted, as well as the areas
with positive or negative concentration derivatives, indicated with a ‘+’ or *-° sign, respectively. The
contours of Q,;/Q, by LES differ significantly from those obtained from the RANS simulations. Figure
11e shows that in the outer region of the wall jet there is a negative concentration gradient (0C/0x < 0)
in the x-direction, while there is also a negative turbulent flux (Q,,/Qp < 0) in this region. This
observation shows that the gradient-diffusion hypothesis is not valid in this region; a counter-gradient
mass transport mechanism is present characterized by Q,; and 0C/0x; being of the same sign. The same
holds for the region in the bottom left corner of the cube; in this area a positive value of (6C/0x > 0)
exists in combination with a positive turbulent mass flux (Q;,/Qo > 0). Figure 11f shows the turbulent
fluxes in the vertical direction obtained with LES. There is a region with 6C/dy < 0 below the wall jet
in combination with a negative turbulent mass flux (Q.,/Qo < 0). In the vicinity of the outlet a positive
turbulent mass flux (Qy,/Qo > 0) is present in an area with 0C/0y > 0. The four observations described
above indicate the fact that the gradient-diffusion hypothesis is not valid in the entire flow domain.
The inability of the gradient-diffusion hypothesis to accurately predict the turbulent fluxes can be
attributed to the effects of coherent structures inside the flow domain, which was also indicated by
Gousseau et al. [40] for dispersion around an isolated building. These coherent structures drive the
counter-gradient transport in the enclosure.

Figure 12 shows the ratio of turbulent to convective mass flux components (|Q,i/Q.;|) for both the
streamwise (Fig. 12a) and the vertical direction (Fig. 12b). It can be seen that the turbulent mass flux
is in general one or even two orders of magnitude smaller than the convective mass flux, both in the
streamwise and the vertical direction. There are some regions, for example in the vicinity of the
downstream wall and the exhaust (Fig. 12a), and in the outer region of the wall jet (Fig. 12b), where
the turbulent flux is about equal to the convective flux (|Q./Q.i| = 1) and where the turbulent transport
thus plays a significant role. However, for this particular case, in the largest part of the enclosure, the
turbulent flux plays a less important role in the pollutant dispersion process than the convective flux .
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This implies that, although the gradient-diffusion hypothesis is partly violated for the case under study,
this does not necessarily have a large impact on the accuracy of the computed pollution concentration.
This statement is indeed supported by Figure 13, which shows the distribution of the dimensionless
concentration K in the vertical center plane (z/L = 0.5) obtained with the steady RANS simulations
and with LES. Although there are differences in the distribution of K, the general concentration
distribution, as well as the absolute values, obtained by steady RANS with the LR k-g model do not
differ significantly from the concentrations obtained with LES. Figure 8 shows differences between
the LES model and steady RANS with the LR k-¢ model (Sc, = 0.7) that are generally below 10%.
However, Figure 13 shows that local differences between the LES model and steady RANS with the
LR k-g& model (Sc, = 0.7) can go up to a factor 2. The distribution of K obtained with the RSM model
shows larger deviations from the LES results.

7. Discussion

In the preceding sections we have presented an analysis of the validity of the standard gradient-
diffusion hypothesis for indoor dispersion modeling in a slot-ventilated enclosure. Although the
gradient-diffusion hypothesis is not always valid due to the presence of counter-gradient transport
mechanisms, it has been shown that for the case under study the turbulent fluxes are one or even two
orders of magnitude smaller than the convective fluxes in the largest part of the enclosure. This
indicates the strong importance of convection in this particular case and underlines the importance of
primarily predicting the mean flow field in an accurate way. As a result, the choice of the value of the
turbulent Schmidt number has a rather limited influence, at least for the particular case under study.

The studied configuration is a simplified version of an actual room. Future work will focus on
additional room geometries and flow configurations, including different slot Reynolds numbers, and
including thermal effects and internal objects. The use of different formulations for the turbulent scalar
flux in RANS simulations can be considered. In addition to the standard gradient-diffusion hypothesis,
the performance of the generalized gradient-diffusion hypothesis [56] and the high-order gradient-
diffusion hypothesis can be studied [57]. Future work will also consist of validating both airflow and
pollutant concentrations in the enclosure. Measurements of turbulent mass fluxes can for example be
performed using Particle Tracking Velocimetry (PTV) in combination with PIV. The use of PTV
would enable an experimental validation of the turbulent mass flux vector and the gradient-diffusion
hypothesis, as demonstrated by Dezso et al. [58].

8. Conclusions

This study contains an analysis of the validity of the standard gradient-diffusion hypothesis for
indoor dispersion modeling in an enclosure ventilated by a transitional wall jet (Re = 2,500). This is
important because the standard gradient-diffusion hypothesis is often applied in ventilation studies, as
well as in other research areas, to model the turbulent mass flux in steady RANS simulations of
pollutant dispersion. The following conclusions can be made:

e The influence of the turbulent Schmidt number on the predicted mean concentrations in the
enclosure is relatively small for this particular case. The results from simulations with Sc, =
0.3 and Sc, = 1.0 are within 25% and 12% of the simulation results obtained with the default
value of Sc, = 0.7, respectively.
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e The convective mass fluxes obtained with LES and RANS in combination with the LR k-¢
model are very similar. Larger differences are present between the results obtained with the
two RANS turbulence models, which can be attributed to different mean flow fields, where
the RSM shows a lower performance than the LR k-g& model.

e The convective mass fluxes in both the RANS and the LES simulations are at least one order
of magnitude larger than the turbulence fluxes, indicating the stronger importance of transport
by the mean flow in the overall dispersion process in the enclosure compared to that by the
turbulent fluctuations.

e The results of the turbulent mass fluxes obtained with the LES model show that counter-
gradient mechanisms are present inside the enclosure. As a result, the standard gradient-
diffusion hypothesis is not valid in the entire flow domain. However, since the convective
mass fluxes dominate over the turbulent mass fluxes in this particular case, the predicted
concentration differences in the enclosure between LES and RANS with the LR k-¢ (Sc, = 0.7)
are generally below 10% although local differences can go up to a factor 2.

e Future work should indicate whether the gradient-diffusion hypothesis is valid for other room
geometries and flow configurations, and if not, to which extent this compromises the accuracy
of the pollutant transfer in the enclosure.
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Fig. 1: (a) 3D room geometry with indication of coordinate system, inlet velocity Uy, inlet height h, outlet height
houter, thickness of the walls d, and dimensions of the test section L*. (b) 2D schematic representation of the plane
wall jet with I the inner region, II the outer region, Uy, the maximum velocity, yy the distance from the top wall
to the location of Uy, y¢ the distance from the bottom wall to the location of Uy, and y;,; the location of %2 Uy, in
the outer region.
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Fig. 2: Reduced-scale setup used for the flow visualizations and PIV measurements: (1) water column; (2) flow
conditioning section in front of the inlet, (3) test section, (4) overflow, and the valves that are placed in a block
after the overflow. Dimensions in mm.
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Fig. 3: (a) PIV measurement setup; the laser head is positioned above the test section using a translation stage.
ROI1 indicates the region of interest (L x L) for the first measurement set, ROI2 indicates the region of interest
of 0.6L x 0.4L (W x H) for the second set. (b) Indication of vertical lines along which experimentally and
numerically obtained velocities will be compared in section 6.
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Fig. 4: (a) Computational model of the water cube. (b) Computational grid (1,386,400 cells). (c) Detail of
computational grid at the actual ventilation inlet with 50 cells over the inlet height. (d) Detail of computational
grid at the actual ventilation outlet with 20 cells over the outlet height.
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Fig. 5: Comparison of mean velocity profiles by PIV in ROI1 with results of steady RANS CFD simulations and
LES simulation for Re = 2,500. (a) U/Uy at x/L = 0.2; (b) x/L =0.5; (c) x/L =0.8.
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Fig. 6: (a) Comparison of mean velocity profiles U/Uy at x/L = 0.2 by PIV in ROI2 with results of steady RANS
CFD simulations and LES simulation. (b-c) Comparison of measured turbulent kinetic energy k and values
obtained from CFD simulations: (b) x/L = 0.2 and (c¢) x/L =0.5.

19



1.0 1.0 ELNLE
+
08 |, 2 =% \ 08 [ %
r 1 Gt i *
g
o7 L 22NN N 07 | §4447
’ PSRN DR
N b0y 0.6 SIIIR
d Ry d
> A > 05 fee "
:,‘\A’ ey ::
ﬁm 0.4 R iz
J LY
ﬁﬁ? 03 A 23 :5
f NNt
Outlet 0.1 = Outlet
> 0
w ©~ © O O
S O O o o «
x/L
C d LES | XulL =075
1.0 1INLE e —
S ety
09 [, 771 322o 09 [.iuzzzz2 ———t
M Pts= I R e
0.8 bres 0.8 VPP r s
::;;: RNy
0.7 trre 07 |i1rss757%:
1772 st
0.6 17 0.6 il
| 114772 o frinees: T
> o5 |[tttt7se > 05 (i Lo
tte IR REER iy
0.4 {r;- 0.4 EEEERE i
HH N EERRRRN prrany
11y N . SEERY
0.3 AR PRy 03 JHifiiire: IEEERE
AR S PSS Ti1vaea, cieidd
0.2 |tinsssswe<<IIIIC i 0.2 pryvasas S OSEE )
R T T i e e e S BEAREREE -y {
0.1 jhz\::::u-.-.w-..,, 0.1 ﬂy:\\"‘-"- ‘-‘-‘"f::;
' :,-.\;-.1-.‘-1-4--.-::.::::::::: Outlet ' L Wit "’j,/;‘ l QOutlet
0 N ow AT . -, 0 A - —>
- Ll
- N M s N 9~ 0 a0 TN Wwao N 0 aQ
o o o oo oo o o o «— o O o o O 0 oo o o «—

x/L x/L
Fig. 7: Time-averaged velocity vector fields in the vertical center plane (z/L = 0.5), with indication of the
location of jet detachment (x4/L) and the center of the recirculation cell (®). (a) PIV measurements; ® = (0.47;
0.41); (b) LR k-¢; @ = (0.44; 0.43); (c) RSM: @ =(0.40; 0.34); (d) LES; ® =(0.47; 0.43).

a X/L=0.2 b c xIL = 0.8

1.0 1.0

09 - 09

08 - 08 -

07 + 07 -

— 06 | — —- 06 |
o 05 ) o 05
03 |_ _ Sc.= DSf TR 0.3
0.2 |-==8¢ =07~ 0.2

0.1 Sc = 101 01 -
0.0 = LES | ' - ! 0.0

0 01 02 03 04 04 0

K[ K[ K[

Fig. 8: Vertical profiles of dimensionless concentration K obtained with the LR k-¢ model and a Sc;, value of 0.3,
0.7 and 1.0, and with LES. (a) x/L = 0.2; (b) x/L =0.5; (c) x/L =0.8.

20



<5.0E-03

<1.0E-02 &

<5.0E-03 <5.0E-03

JR— — T
|QSGS/Qt| 1.0E-04 5.0E-04 1.0E-03 5.0E-03 1.0E-02 5.0E-02 1.0E-01 5.0E-01
Fig. 9: Relative contribution of the magnitude of the SGS mass flux to the magnitude of the total turbulent mass

flux in the vertical center plane (‘QSGS / 6; ‘ ).

21



LRKE; x-direction LRKE; y-direction

Q../Q, Q./Q,

= I — E—— @ | [
44 -01 -001 -0001 -00001 O 00001 0001 001 01 1 4 01 -001 -0001 00001 O 00001 0001 0O1 01 1

RSM; x-direction RSM; y-direction

X
Q../Q, Q.,/Q,
-1 0.1 -001 -0.001 -0.0001 O 0.0001 0.001 0.01 01 1 -1 -0.1 -0.01 -0.001 -0.000%1 O 0.0001 0.001 0.0 01 1
e f

LES; x-direction LES; y-direction

Q./Q, Q.,/Q,

- 01 001 -0.001 -0.0001 0 c_mjiiif 0001 001 01 1 4 01 -001 -0.001 00001 O 'u.m::b"t"'ﬁ'_bm 001 01 1
Fig. 10: Contours of the streamwise (Q.x/Qo) (a,c,e) and vertical (Q.,/Qo) (b,d,f) non-dimensional convective
mass fluxes in the vertical center plane (z/L = 0.5) of the enclosure obtained with steady RANS and LES. (a,b)
Low-Reynolds k-¢. (c,d) RSM. (e,f) LES. The solid lines are isolines of K = 0.04; 0.12, 0.20, 0.28 and 0.34.

22



LRKE; x-direction LRKE; y-direction
e ~__
YARN Ya N @
> ':- ‘ -l
X X
Q./Q, Q,/Q,
i | [ . [ = [
-1 01 -0.01 -0.001 -00001 O III.OLGI 0001 0.01 0.1 1 -1 01 -0.01 -0.001 -0.0001 O 00001 0001 001 01 1
c o d -
RSM:; x-direction RSM; y-direction
- =
o Br En | ] K,\ :
o
(©] ©
}"“ A yn ® ;
[ [ ‘_
T X TX
Q./Q, Q,/Q,
4 01 -001 AD.M1TSMI 0 00001 0001 001 0.1 1 4 -01 -001 -0001 00001 0 00001 0.001 001 01 1
e o I —
LES; x-direction LES; y-direction

X
Q./Q, Q,/Q,

4 01 -001 -0.001 00001 O n_oéib'i 0001 001 01 1 -4 01 -001 -0001 -00001 0 00001 0001 001 01 1
Fig. 11: Contours of the streamwise (Q./Qy) (a,c,e) and vertical (Q;/Qo) (b,d,f) non-dimensional turbulent mass
fluxes in the vertical center plane (z/L = 0.5) of the enclosure obtained with steady RANS and LES. (a,b) Low-
Reynolds k-¢. (c,d) RSM, (e,f) LES. The dashed lines in (e,f) represent the isolines 6C/0x; = 0 in the
corresponding direction: (e) x; = X, (f) X; = y. On each side of the isoline, the sign of 6C/0x; is indicated in circles
(+: positive; -: negative). The CG mechanism of turbulent mass transport is characterized by Q,;/Q, and 0C/0x;
of the same sign.
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Fig. 12: Ratio of turbulent mass flux to convective mass flux in vertical center plane. Contours of (a) |Qx/Qc.l;
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Fig. 13: Contours of dimensionless concentration K in the vertical center plane. (a) LR k-¢; (b) RSM; (¢) LES.
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