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The density-driven bidirectional flow through an open doorway is of prime importance for ventilation and heat
distribution between rooms in buildings. Although this flow has been extensively studied in the past, some
important flow characteristics, such as unsteady flow phenomena, have not been documented in detail. There-
fore, a high-resolution Large Eddy Simulation (LES) of the bulk flow through a doorway is performed. This LES
can also serve as a reference solution to compare the accuracy of simpler evaluation methods, from the standard
theoretical model calibrated using a discharge coefficient (C4) to CFD solving the Reynolds-Averaged Navier-
Stokes (RANS) equations. Based on LES results, the bidirectional flow can generate turbulent mixing in the
middle of the doorway. However, the effects remain limited to the close vicinity of the neutral plane. The
bidirectional airstream in the doorway further develops into two non-isothermal jets that entrain a fraction of the
airflow. Furthermore, the two jets create large unsteady flow structures when they expand in the adjoining
rooms. The results show that unsteady RANS is a good alternative to the resource-intensive LES if the analysis of
turbulent jets is not of interest. The standard theoretical model demonstrates that two-dimensional contraction is
the dominant effect driving the Cy value, while the viscous effects have a minor influence. Unlike previous
studies, LES results show that viscous effects tend to increase the C, as they moderate the contraction effect. This
paper also provides guidelines for the laboratory measurement of Cy and its use in building performance
simulation tools.

1. Introduction 1.1. Flow regimes

Natural convection in confined spaces has received considerable
interest due to its prominent role in ventilation, air conditioning and
indoor air contaminants transmission. In most situations, heat and mass
are convected through an opening located within an internal partition
wall between two enclosures by an intrinsically three-dimensional and
transient flow field. The characteristics of such a complicated flow are of
great importance to many applications and practical research fields.
Specifically, airflow through large vertical openings could significantly
contribute to the thermal behavior of buildings and the air circulation
patterns in a room [1]. The influence of airflow is also determinant in
transmitting airborne diseases, such as COVID-19. For instance, the
airflow through large openings could be vital in hospital operating
theatres where the passage of airborne diseases to clean rooms increases
the risk of infection [2-6]. Hence correct estimation of doorway flow
rates and flow patterns is essential from the airborne contaminant
control point of view.
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Several mechanisms, such as pressure and density differences,
occupant movement, and door motion, may drive the airflow through a
large vertical opening [7]. A combination of different mechanisms along
with many physical parameters makes it complex to derive a general
solution for a counter-flow passing through an opening. However, it is
important to distinguish between the boundary layer flow and bulk flow
regimes. In the boundary layer flow regime, the air temperature inside
an interconnected multizone enclosure is almost equal everywhere,
while the temperature difference between the air and the walls gener-
ates boundary layers that drive the flow along the walls of the room. In
this case, no significant difference in hydrostatic pressure arises between
two adjoining rooms. In the bulk flow regime, the temperature differ-
ence between the room air and its walls is limited, which corresponds to
the isothermality factor close to unity. In this regime, the air tempera-
ture difference between interconnected rooms leads to a difference in
hydrostatic pressure that drives the flow through the door opening. A
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previous study by Allard et al., IEA EBC Annex 20 [8], demonstrated that
the bulk flow regime is dominant in buildings.

The transition from the boundary layer to the bulk flow regime was
examined in the experimental studies of Scott et al. [9] and Neymark
et al. [10]. This transition between both flow regimes was explained by
the blockage effect when the aperture size in the partition wall starts to
be small. Georges et al. [11] conducted Computational Fluid Dynamics
(CFD) simulations of a bidirectional flow through a doorway using the
Reynolds-Averaged Navier-Stokes (RANS) approach. Unlike the previ-
ous works of Scott et al. [9] and Neymark et al. [10] that neglect thermal
radiation between walls, Georges et al. [11] showed that, in addition to
the aperture size, the thermal radiation strongly influences the iso-
thermality factor and thus the flow regime.

1.2. Standard theoretical model

In Building Performance Simulation (BPS) tools like TRNSYS or IDA
ICE [12], the volume of air in each thermal zone is isothermal. Airflow
networks, such as COMIS [13] or CONTAM [14], are used to compute
the airflows between the interconnected zones [15]. The standard (or
conventional) model assumes a bulk flow to compute airflow rates
through large vertical openings in airflow networks. It considers two
isothermal reservoirs at different temperatures and a one-dimensional
inviscid steady-state flow. These assumptions lead to a simple model
based on the Bernoulli equation, defined here as the standard theoretical
model [8].

The resulting maximum theoretical flow is then corrected using the
discharge coefficient (C,) to match the actual airflow in the doorway.
The C4 can be calibrated on the actual mass (Cym) or the heat flow (Cy q).
Allard and Utsumi [16] mentioned that this phenomenological coeffi-
cient includes the effect of local flow contraction caused by the vertical
opening (i.e., a two-dimensional effect). They investigated various ap-
proaches to determine the C4, which may be expressed as a function of
opening height or the air temperature difference between the inter-
connected rooms. They demonstrated the difficulty of determining the
C4 and pointed out that various definitions for this coefficient have been
introduced in the literature. They concluded that the definition of Cj is
still ambiguous and requires more precise simulation or experimental
measurements. Heiselberg et al. [17] argued that the different values of
C,4 for door openings reported in previous studies might be attributed to
simple and unrealistic assumptions. The uniform air temperature dis-
tribution inside the enclosures and the one-dimensional flow field at the
opening are clear examples of these assumptions.

1.3. Knowledge gap

The bulk flow through a doorway has been investigated extensively,
for instance, in IEA EBC Annex 20 [8]. However, several characteristics
of the flow have not been studied in detail.

Assuming an inviscid flow, the velocity profile shows a sharp
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gradient at the level of the neutral plane (NP), see Fig. 1(a). With viscous
flow, two related phenomena shown in Fig. 1(b) can occur in the vicinity
of the NP:

e The two airstreams going in opposite directions create a shear layer.
In a recent study by Lefauve et al. [18], two reservoirs filled with a
fluid of different densities were connected by a long channel. They
demonstrated that a sustained stratified shear flow could generate
large unsteady flow structures.

e Wilson and Kiel [19] reported some interfacial mixing between the
two airstreams in opposite directions. Interfacial mixing causes a
fraction of the warm airflow initially flowing towards the opening to
be brought back into the warm zone, entrained by the cold airstream.
This re-entrainment effect also takes place for the cold airflow and
leads to an exchange of momentum between the two counter-flowing
streams passing through a large vertical opening. According to these
authors, the resulting velocity and temperature profiles are smoother
at the level of the NP compared to inviscid flow, as shown in Fig. 1
(a). Consequently, the mass and heat flow exchanged through the
doorway could be reduced compared to the inviscid flow (i.e., the
assumption used in the standard model).

Detached shear layers are formed at the edges of the doorway. Ac-
cording to the literature review, the transition of these detached shear
layers into a three-dimensional turbulent flow has not been investigated
in earlier studies. The two airstreams in the opposite direction develop
non-isothermal jets in the adjoining rooms, which is a phenomenon that
has scarcely been documented in the literature. Finally, most existing
studies report on the velocity field, and a few of them analyzed the
temperature field within the doorway in detail. However, the tempera-
ture field directly impacts the convective heat transfer between inter-
connected rooms. The main objective of this paper is to characterize
flow separation at the opening edge, interfacial mixing between counter-
flowing streams and turbulent flow development.

1.4. Need for high-resolution CFD

To answer this question, the bulk flow passing through a doorway
between a warm and a cold room can be investigated using laboratory
measurements or CFD. Several previous studies have measured the
airflow characteristics between two chambers at different temperatures
separated by a partition wall, e.g. Refs. [8,20,21]. They typically relied
on intrusive flow measurements using low-velocity anemometers. These
measurements are demanding since they should be done at many loca-
tions within the aperture of the doorway and inside both rooms due to
the three-dimensional nature of the airflow field. As it will be shown in
the paper, measuring the airflow only along a vertical line in the middle
of the doorway leads to rough simplifications. Consequently, the airflow
should be measured in the entire doorway, which is demanding. More-
over, anemometers have a lower accuracy for air velocity magnitudes
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Fig. 1. Streamwise velocity profiles (left) and re-entrainment by cross-stream interfacial mixing (right) for the bidirectional flow in a doorway.
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below 0.1 m/s, which are typically found in the middle of the doorway.
Non-intrusive measurement methods such as Particle Image Velocim-
etry (PIV) are also demanding as the flow needs to be visualized over
several meters, the typical door height (H) being 2 m. However, a
common methodology for investigating airflows in buildings uses
non-dimensional analysis and water on reduced-scale models [9,22].
This makes the use of PIV easier. However, the effect of thermal radia-
tion would not be addressed using water [10,22,23], and the flow
regime would most likely not be a density-driven bulk flow. Finally,
tracer gases or smoke visualization can be used [5], but they do not
measure physical quantities, like velocity, locally in the doorway. In
conclusion, laboratory measurements are possible but challenging to
investigate the physical phenomena introduced in Section 1.3.

Several studies have investigated the bulk flow through large vertical
openings using CFD. However, these studies are not appropriate to
address the physical phenomena explained in Section 1.3. Firstly, these
studies did not aim to capture these complex unsteady flow phenomena.
As an example, Favarolo and Manz [24] used the LVEL k-¢ turbulence
model [25] in the FIoVENT commercial CFD software. They analyzed
the impact of different parameters, such as the temperature difference
between indoor and outdoor air and the location of large openings on
the Cy. Secondly, these studies were conducted using unsteady RANS
turbulence modeling. It has not been proven that the RANS approach is
appropriate to capture the instabilities of the shear flows for this
particular case.

Large Eddy Simulation (LES) has the potential to provide more
reliable and detailed information about the natural ventilation in
buildings on a sufficiently fine grid resolution [26-30]. The large-scale
structures of indoor airflows containing most of the energy are explic-
itly resolved using LES, while small scales that tend to be more isotropic
and universal are filtered out. LES is more appropriate than RANS to
capture the flow instabilities this paper seeks to characterize. LES of the
flow through a doorway has been performed in the past but on relatively
coarse meshes compared to the computational power that is currently
available, see, e.g. Ref. [31]. A previous study by Saarinen et al. [5]
investigated the flow through a doorway using LES with a high resolu-
tion, but they considered the transient regime when the door between
both rooms is suddenly opened, and an occupant moves through the
door.

1.5. Research questions

Consequently, high-resolution LES of the bulk flow passing through
the doorway in a steady-state regime is performed using the Wall-
Adapting Local Eddy-viscosity (WALE) subgrid scale model in ANSYS
Fluent. The geometry and boundary conditions are developed to
approximate a single laboratory experiment with significant tempera-
ture stratification in the warm and cold rooms, the baseline case. Mea-
surements and CFD results are compared for this test case.

As explained in Section 1.3, the main research question is to char-
acterize flow separation at the opening edge, interfacial mixing between
counter-flowing streams and turbulent flow development (Q1). How-
ever, with this reference solution (i.e., high-resolution LES), comple-
mentary research questions can also be addressed:

e Viscous effects can be distinguished from two- and three-dimensional
effects by comparing Euler (i.e., inviscid solution) to RANS and LES
solutions (Q2).

The ability of the RANS method to capture the bulk flow can be

investigated by comparing it to the reference LES solution (Q3).

e The influence of temperature stratification in both rooms can be
investigated by comparing the LES solutions of the baseline case with
temperature stratified rooms with the second case of two isothermal
interconnected rooms at different temperatures (Q4).

e As BPS software typically assumes isothermal rooms, the error
created by neglecting stratification can be discussed (Q5).
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e The influence of the measurement setup on the evaluation of C4 can
be clarified. For instance, the mass and heat flow can be measured in
the entire doorway plane or along a single vertical line in the middle
of the doorway to reduce the number of measurement points (Q6).

2. The standard theoretical model of bulk flow

The air temperature difference (AT) between warm and cold zones in
an interconnected multizone enclosure and the aperture geometry are
the only physical parameters needed to define the bulk flow regime. In
this case, the room air temperature is assumed to be in thermal equi-
librium with the wall temperature. The air temperature difference be-
tween both sides of the opening leads to different air densities and,
consequently, different hydrostatic pressure fields. Due to the conser-
vation of mass, hydrostatic pressure fields on both sides of the opening
are equal at the NP located near the middle of the doorway, see Fig. 1(a).
The difference in hydrostatic pressure above and below the NP generates
two counter-flowing streams of warm and cold air. The standard model
equations are derived for two interconnected isothermal reservoirs in
Section 2.1, while the difference compared to thermally stratified rooms
is explained qualitatively (i.e., without the model equations).

2.1. Airflow between two interconnected isothermal rooms

Assuming inviscid and steady flow, the problem can be solved by
applying the Bernoulli equation between two points along a streamline
passing from one semi-infinite reservoir to another. With a one-
dimensional flow field assumption, the Bernouilli equation can be
written in the following way along a horizontal streamline that connects
a point located in the warm room to a point close to the opening but in
the cold room:

2
Uup\z
pw(z) +pwez = po(2) + pwgz + ﬂw¥ )

where subscripts W and C indicate the warm and cold rooms, respec-
tively, while subscript D refers to the level of the doorway. z denotes the
vertical distance from the floor. The pressure of the flow entering the
receiving room (pp) is assumed to be equal to the hydrostatic pressure in
that room, i.e. pp(2) = pc(2). As both rooms are isothermal with negli-
gible velocity, the integration of the hydrostatic equation along z en-
ables the static pressures pw and pc to be related to the floor pressure for
the warm and cold rooms, respectively:

pw(z) =pw(0) — pywsz @

pc(z) =pc(0) — pcgz 3)

Substituting expressions (2) and (3) in Equation (1) gives the vertical
profile of the horizontal velocity through the door opening from the
warm room to the cold room:

(@) = \/jw (pw(0) — pe(0) — (o — p)g2) @

The level of the NP (zy) can be computed directly by imposing
uwc(ZN) =0

o _Pv(0) = pc(0)
(Pw —Pc)8

Using the definition of the NP in Equation (4) removes the need to
evaluate the pressure difference between the rooms at the floor level.
The theoretical velocity profile above the NP from the warm room to the
cold one is then defined as:

6))

2g(pc — pw) (
Pw

uwe(z) = Z—N) Z> N 6)
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By following the same procedure along a streamline connecting a
particle moving from the cold to the warm room, one obtains:

28(pc — pw) (
Pc

ucw(z) = w—2) z<zn @
A schematic representation of these two velocity profiles for bidi-
rectional flow along the doorway is depicted in Fig. 1(a).
The corresponding maximum theoretical mass flow rate per unit

width above and below the NP is given by:

" 2 elpe —

Twe(z) = / Pwitwe (2)dz :§pw M(I_] _ ZN)s/z @)
IN W
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0 c

The sum of these two mass flow rates must respect the conservation
of mass. In other words, the mass flow entering the sealing room must
equal the mass flow leaving the room (fwc(2) = Mcw (2) = M (2)). This
mathematical constraint enables the neutral layer location to be
expressed as a function of air densities:

(r+()")

indicating warm airstream above the NP is thicker than the cold
airstream below the NP as py, < pc.

In reality, the flow is neither inviscid nor one-dimensional. The
airflow has contraction and viscous effects. Therefore, the actual mass
flow rate is obtained by applying a correction factor, the discharge co-
efficient (Cyqp), to the maximum theoretical mass flow rates from
Equations (8) and (9):

N= (10)

Macrual = CaMMimax (1 1)

For sharp-edged openings, Cyy is about 0.6 [19].

A convective heat transfer between two interconnected zones is
generated by the density-driven airflow. Assuming a constant specific
heat capacity (cp), the theoretical net heat flow rate convected per unit
width is given by:

N
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temperature stratification. This stratification impacts the vertical profile
of hydrostatic pressure and thus the location of the NP [7]. Moreover,
unlike isothermal rooms, the velocity profiles are no longer parabolic in
the aperture.

In most applications, the vertical air temperature distribution can be
assumed to be linear [32-34]. The equations of the standard models in
Section 2.1 can be extended for a case with linear vertical temperature
stratification [7]. In this case, the most important conclusion is the
prediction of a same discharge coefficient for the mass and heat flows by
the standard theoretical model, as for the isothermal rooms.

3. Methodology
3.1. Experimental setup

The experiment has been conducted by Paul Minard [35] in a
full-scale climate chamber. The environmental chamber consists of two
rooms connected by an open doorway of height 1.9 m and width 0.83 m
located in the middle of the vertical partition wall. The dimensions of the
warm and cold rooms are 2.65 x 2.3 x 3.8 m’> and 3.9 x 7.8 x 6.9 m’ (H x
W x D), respectively. The partition wall has a thickness of 0.1 m. Both
rooms are equipped with a mechanical ventilation system that is turned
off during the experiment. Two electric panel heaters were installed in
the warm room far away from the door while the cold room was not
heated. Ten omnidirectional anemometers TSI 8475 (with accuracy
+3% =+ 0.005m/s) and PT-100 sensors (with accuracy +0.1°C) were
mounted on a vertical bar located in the middle of the doorway to
measure air velocity and temperature. The sensors were uniformly
distributed along z from the floor to the top of the door. The surface of all
PT-100 sensors is coated with aluminum to limit the effect of thermal
radiation. The temperature stratification inside the warm and cold
rooms was measured with five PT-100 sensors mounted on a vertical
pole, 2 m away from the opening. When radiators were turned on, it took
several hours before steady-state conditions were reached. Then, data
were recorded every 20 s during a period of 10 min. More details about
the procedure and probe locations can be found in Refs. [11,35].

3.2. Computational domain

Measurements showed significant temperature stratification in both

"IN

" . "
Onax = / pwittwe (z)ep (Tw — Teer)dz — / pettew (2)ep (Te — Trer)dz = / Pwitwe (2)epTwdz — / pcitew (z)epTedz = cp(Twiitwe (z) — Tetitew (z))
5 0 o~ 0

N

= mmaxcP(TW - TC)

where T is the reference temperature that can be eliminated due to the
conservation of mass. With a uniform room air temperature, the actual
heat flow rate is a fraction of the theoretical net heat flow rate:

Ot = Macruat e (Tw — Tc) = CapMmaxp(Tw — Te) = CamtOnmas = Ca.0Omax
13)
According to the standard theory, this proves that the same C; (i.e.,

Cam = Cyq) can be used for both mass and heat flow rates when both
rooms are isothermal.

2.2. Airflow between two interconnected stratified rooms

In Section 2.1, the air temperature was assumed to be uniform in
both rooms. However, in reality, the air temperature is often not
isothermal within a room, an important effect being the vertical

12)

rooms, especially in the heated room. It is challenging to reproduce the
same stratification in CFD. It would require detailed measurements of
the surface temperature for both rooms and the heat emitters. Fortu-
nately, measurements revealed that the airflow was in the bulk flow
regime. Consequently, the computational domain was defined to enforce
this bulk flow regime rather than to reproduce the exact geometry of the
laboratory. In this respect, the rooms were defined considerably larger
than the doorway size (Fig. 2). In addition, the measured temperature
stratification is imposed as initial conditions within both reservoirs. At
the start of the simulation, when both reservoirs are put in contact, a
transient flow is established through the doorway until it reaches a
pseudo steady-state. The same procedure was followed in the experi-
mental setup of Lefauve et al. [18]. As both rooms are large, the
convective heat transfer through the doorway does not have time to
significantly influence the temperature of both reservoirs during the
period of physical time computed by the CFD. The partition wall has the
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Fig. 2. Three-dimensional multizone enclosure configuration (Hx W x D =
8x 16 x 8m?).

same thickness as the laboratory experiments.
3.3. Governing equations
Applying an implicit filtering operator and considering the Boussi-

nesq approximation in the body force term, the filtered incompressible
Navier-Stokes equations solved by the LES can be expressed as:

o,

ax,' a (14)
on ouw 1 0p 0 . <, Of _

o aXi = *a aix, aTC/ [ Dsij} — axj + g [1 7ﬂ(T7 Tref)] (15)
of owT o[ T ot

o oy oy {“aﬂ "y (o)

where the bar represents the implicit grid filtering, x; denotes the it
spatial coordinate direction, U; represents the filtered velocity field in
the x; direction, t the time, p the modified filtered pressure, and T the
filtered temperature. The last term in Equation (15) is the buoyancy
term where f = 1 /T is the thermal expansion coefficient of the air
modeled as an ideal gas and g the gravitational acceleration. The pa-
rameters v and « indicate the kinematic viscosity and thermal diffu-
sivity, respectively. They are assumed constant (i.e., independent of the
air temperature) and taken for the air at Tyes. The subgrid scale (SGS)
stress tensor and the scalar SGS thermal flux vector are included,
respectively, in the momentum and energy equations above via the
unresolved terms 7; = Ul — Uil and 77 = uT — G T.

3.4. SGS modeling in LES

The closure of the Navier-Stokes equations can be achieved by uti-
lizing the WALE turbulence model to calculate the SGS kinematic vis-
cosity, vsgs, based on the invariants of the velocity gradient tensor:

- 2
Tjj = Wll; — Ull; = —20sgs Sy + §kscs5ij a7

<7*7*)3/2

Usgs = ZZ CZ v (18)
< < \3/2 A

(555;) + <S S]>

i

- 1, 1,
Sij:§<g,-j+gji> _ggk};éij 19)
_ 0t; Oty

8 =88y = o, O, (20)
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where C,, is the model coefficient, here taken at a constant value of
0.325 [36], and the effective filter width is computed using the local cell
volume, A = V. ksgs and §ij are the SGS kinetic energy and resolved
scale strain rate tensor:

= 1 dﬁi aﬁj

By analogy to the SGS stress tensor modeling, the scalar SGS thermal
flux vector, 7jr, can be approximated by the following expression [37]:

_Usas IT

22
Prsgs 6x,- ( )

Tir =uT —uT =

where Prsgs denotes the SGS Prandtl number and is fixed at 0.85. The
WALE SGS model has been selected for the following reasons. The WALE
turbulence model is able to reproduce the near-wall behavior correctly.
Thus, unlike the Smargorinsky SGS model, which requires a wall-
damping function, the WALE eddy viscosity model recovers the proper
¥’ near-wall scaling for the turbulent eddy viscosity [38]. The model also
generates zero turbulent viscosity in the case of pure shear. Therefore, it
is expected to capture the transitional flow from laminar to turbulent
[38,39]. On top of that, the formulation of the WALE SGS model depends
on both the strain and the rotation rate of the small turbulent structures,
making WALE model a more reliable SGS model than the dynamic
Smagorinsky model to predict the interfacial mixing layer accurately
[38,40,41].

To investigate the influence of turbulence modeling, unsteady RANS
is also employed here using the most common turbulence model for
ventilation flow prediction, i.e., the RNG k-&¢ model [42]. The governing
equations for this method would be the Reynolds-averaged incom-
pressible Navier-Stokes equations.

3.5. Grid

A structured grid with 127,316,480 hexahedral cells is generated for
the interconnected rooms. A refined uniform grid has been defined in the
vicinity of the doorway. The finest elements have a dimension of 0.6 cm
to properly resolve interfacial mixing, re-entrainment, and other un-
steady flow phenomena. For the sake of the conciseness, the design of
the grid and the resulting LES resolution are discussed in Appendix. The
aperture area on the y-z plane is covered by 44800 cells and extruded in
the x-direction by 20 cells. A smooth transition between cells of different
sizes is performed. The maximum growth ratio of 1.03 is adopted for top
corners far enough from the doorway and 1.008 is used inside a domain
of 1.5 m around the doorway. The computational grid is shown in Fig. 3.

3.6. Boundary conditions and initialization

In order to keep the temperature inside the reservoirs constant in
time during the simulations, all walls including the partition wall, are
assumed to be adiabatic. Slip boundary conditions are applied to each
wall. This explains why no near-wall grid refinement is necessary, as no
boundary layer is generated.

The bidirectional airflow through the aperture is simulated for the
stratified interconnected rooms (i.e., the baseline case) and also for two
isothermal rooms at different temperatures. For the baseline case, the
temperature stratification measured in Paul Minard’s experiments [35]
is used as the initial temperature. This one-dimensional vertical air
temperature profile is applied to the computational domain using User
Defined Function (UDF) hooked in ANSYS Fluent. For the test case with
isothermal reservoirs, no experimental data is available. Hence, the
measured air temperature from the stratified case averaged along the
vertical direction (2) is taken as the initial condition for the temperature.
This leads to a temperature difference of 1.68 °C (AT = 1.68°C). The
reference temperature (Ty) is the arithmetic average of the room air
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Fig. 3. Computational grid.
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Fig. 4. Time histories of mass (left) and heat (right) flow rates for the stratified baseline case.

temperatures taken at the level of the NP in the middle of the warm and
cold zones. Despite preliminary tests showing that initializing the
simulation with URANS before switching to LES could partly reduce the
initialization time, both enclosures are initialized with zero velocity for
simplicity and to ensure that the initialization procedure does not
impact the final results. As a result, each room acts as a large reservoir,
and the flow through the door is only driven by the differences of hy-
drostatic pressure in both reservoirs.

During the first phase of the simulation, the bidirectional airflow
passing through the doorway is strongly transient. A pseudo-stationary
regime is reached after about 60 s of physical time. Then, the airflow
is fully established throughout the enclosure, and the transition to tur-
bulent flow is settled. This can be clearly seen from the time histories of
heat and mass flow rates for each airstream shown in Fig. 4. In this
pseudo-steady state regime (t > 60 s), data are collected during 40 s to
reach full-converged time-averaged statistics. During this period, the
volume-averaged air temperature of both reservoirs remains almost
constant.

3.7. Solver settings

The nonlinear governing equations are discretized using the second-
order cell-centered finite volume method (FVM) implemented in the
ANSYS Fluent commercial CFD package. The Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) algorithm is employed for pressure-
velocity coupling. The time derivatives are advanced in time using the
Second Order Implicit scheme. In the LES, a constant time step of At = 0.
01s is applied to keep the Courant number below 1.0 to achieve high
temporal accuracy. For the LES, the Central Differencing scheme is
adopted for the treatment of the convective terms of the governing

equations, while a Second Order Upwind scheme is used for the RANS and
Euler simulations. The pressure interpolation is provided by the Body
Force Weighted scheme, recommended by the ANSYS Fluent User’s
Guide.

ANSYS Fluent is capable of running on distributed processors and
uses the public domain Open MPI implementation of the standard
Message Passing Interface (MPI) to conduct inter-processor communi-
cation. The present LES simulations were performed on the resources
provided by UNINETT Sigma2, the National Infrastructure for High
Performance Computing and Data Storage in Norway. The simulations
are performed on a 15-node cluster equipped with multiple 32-core Intel
Xeon processors leading to a total of 480 cores and a minimum of 160 GB
of RAM.

4. Results
4.1. Description of the flow

The analysis of results starts with a general description of the flow.
The instantaneous velocity magnitude field on the opening plane and
midplane computed using LES is shown in Fig. 5. The time-averaged
temperature field is reported in Fig. 6(a) and (b). As expected, a bidi-
rectional flow is generated. Warm air flows from the warm room (on the
left) to the cold room (on the right) in the higher part of the doorway,
while the cold air flows in the opposite direction in the lower part of the
doorway. Both airstreams flowing in opposite directions (i.e., bidirec-
tional flow) generate a shear layer. The shear layer in the middle of the
doorway is inclined by 39° upwards compared to the horizontal plane.
This clearly indicates that the airflow through the doorway is not hori-
zontal, as assumed by the standard theory. Moreover, both airstreams
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Fig. 5. Instantaneous velocity magnitude in the doorway y-z plane (left) and on an x-z plane at the middle of the door (right).

undergo a contraction when they expand in the opposite room. This
contraction, known as the vena contracta effect, decreases the mass flow
through the doorway compared to the standard theory and partly ex-
plains the need to introduce a discharge coefficient. The warm airstream
develops into a warm jet that expands upwards in the cold zone, while
the cold airstream develops as an attached cold jet along the floor in the
warm zone. The velocity magnitude is zero near the middle of the
doorway at the location of the NP.

This general description of the bidirectional airflow passing through
the doorway can be deduced from all the CFD models used in this study
(meaning LES, RANS and Euler), as shown in Fig. 6. Euler simulation is
the only exception since inviscid flow does not generate a shear layer
between the opposite airflows. Nevertheless, it is worth mentioning that
the Euler equations are discretized spatially using a second-order up-
wind scheme that introduces some amount of artificial numerical
dissipation (even though this is limited). This is enough to smooth sharp
spatial gradients or generate spurious unsteadiness in the flow.

4.2. Characterization of the re-entrainment

The re-entrainment is a result of interfacial mixing between counter-

flowing streams. However, re-entrainment focuses more on the air-
streams that develop into turbulent jets in the opposite rooms. Turbulent
jets generate entrainment, and it should be investigated how much of the
air in the opposite airstream is diverted from the doorway by this phe-
nomenon. The streamlines in Fig. 6 show that the warm rising jet
modifies the airflow direction of the cold air approaching the doorway.
This effect is less pronounced for the cold jet expanding in the warm
zone. Compared to RANS and Euler, re-entrainment computed by the
LES deviates the airflow on a more extensive zone (highlighted by a
dashed rectangle in Fig. 6), especially for the thermally stratified rooms.
This shows that the re-entrainment is more important using LES and can
be under-estimated using RANS.

4.3. Characterization of the shear layer mixing

The time-averaged streamwise velocity and air temperature along a
vertical line in the middle of the doorway are depicted in Fig. 7. The
transition between the temperature of the warm airstream and the cold
airstream indicates the thickness of the shear layer. In addition, the
shear layer thickness can also be assessed by the time-averaged tem-
perature field on the midplane in Fig. 6. Analyzing the flow near the NP
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(@ ' (b)

(e)

Fig. 6. Mean temperature with streamlines on the vertical plane (y = 0) obtained from LES (top), RANS (middle) and Euler (bottom) in isothermal rooms (left) and
thermally stratified rooms (right). A dashed black box highlights a region where the re-entrainment of warm airstream occurs.
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Fig. 7. Time-averaged temperature (a,b) and streamwise velocity (c,d) profiles along a vertical line in the middle of the doorway in isothermal rooms (left) and
thermally stratified rooms (right). The thick blue and red lines in the thermally stratified case (b) indicate the vertical profiles of measured air temperature in the cold
and warm zones, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

in Fig. 6 and 7 shows limited differences between the LES, RANS and
Euler solutions for the baseline case with thermally stratified inter-
connected rooms, suggesting that the shear layer generates no intense
interfacial mixing. In the isothermal interconnected rooms, the Euler
and RANS are almost equal. However, the shear layer generated by the
LES for this case is slightly thicker and can be explained by the mixing
generated by the unsteady flow structures shown in Fig. 5. In conclusion,
unsteady flow structures do not systematically develop in the middle of
the doorway. If they develop, these structures and the resulting mixing
remain limited in the vicinity of the NP.

4.4. Unsteady flow structures

A well-resolved LES can capture unsteady flow structures and tur-
bulent mixing precisely. The instantaneous velocity field in Fig. 5
revealed that the flow develops several unsteady flow structures that
could not be captured using unsteady RANS. The main observations are:

e The warm and cold jets become turbulent when they expand in the
cold and warm rooms, respectively.

e Unsteady flow structures are generated in the shear layer near the NP
between two isothermal rooms, while these structures are not visible
when both rooms are thermally stratified.

e The NP is not a straight horizontal line and fluctuates in the vertical
direction. These fluctuations are more pronounced in the isothermal
rooms than in the thermally stratified rooms. To the authors’ best
knowledge, these time variations of the NP have not been reported in
the literature.

e The airflow is detached at the edges of the doorway, from the hori-
zontal head jamb but also from the vertical side jambs. The LES
shows that these detached flows are unsteady, especially in
isothermal rooms.

Fig. 8 depicts turbulent kinetic energy (k) contours computed using
unsteady RANS and LES on the vertical midplane. While RANS does not
predict any level of turbulence between counter-flowing streams along
the interfacial mixing layer, the LES provides a region of lower k near the
NP in the middle of the doorway, followed by a higher magnitude of k
when the non-isothermal jets expand in the adjoining rooms. This can be
attributed to unsteady flow structures generated in the shear layer and
turbulent mixing where jet expansion occurs. LES of both isothermal and
thermally stratified cases predict higher k where the detached shear
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Fig. 8. Contours of turbulent kinetic energy (k) on the vertical plane (y = 0) obtained from LES (top) and RANS (bottom) in isothermal rooms (left) and thermally

stratified rooms (right).

layer and interfacial mixing layer merge. Compared to thermally strat-
ified rooms, the warm jet spreads in a broader area in the cold room for
the isothermal case, in line with the jet expansion observed in Fig. 5,
which is more extensive along the vertical partition wall. This indicates
that the warm jet cannot develop up to the ceiling in the thermally
stratified cold room as the temperature difference between the warm jet
and cold zone disappears progressively with height.

4.5. Comparison with experiments and with the standard model

Time-averaged experimental results are reported along a vertical line
in the middle of the doorway in Fig. 7(b) and (d). The time-averaged
streamwise velocity in Fig. 7(d) computed using LES, RANS, and Euler
shows excellent agreement with laboratory measurements with an
average deviation of less than 10%. However, the measured temperature
in Fig. 7(b) is only qualitatively similar to the LES, RANS and Euler re-
sults. This means that the time-averaged temperature above the NP
moves progressively from the temperature of the cold zone to the tem-
perature of the warm zone over a same distance (from the NP at about
0.9 m-1.6 m above the floor). Quantitatively, the measured and CFD
simulated temperatures show a significant deviation up to 0.5°C. A
plausible reason is the influence of longwave thermal radiation from the
laboratory walls that could impact the sensor (PT-100) measurements.
The mean radiant temperature observed by the PT100 probes is between

10

the wall temperature of the cold and warm rooms. It could explain that
the air temperature measurements in the lower and upper part of the
doorway are not strictly equal to the temperature of the cold and warm
rooms, respectively. Another reason for this deviation could be the
approximation of the laboratory by two large reservoirs in the CFD
geometry.

In conclusion, the comparison with the experimental measurements
shows reasonably good agreement with CFD results. However, on the
one hand, the number of measurement points is limited, and on the other
hand, the temperature field shows only similar behavior. Nevertheless,
they tend to demonstrate that the same physics is investigated in both
experimental and CFD conditions.

For a discharge coefficient based on the mass flow (Cqm) computed
using the LES, the standard model gives a velocity profile close to
measurements, except on the top part of the doorway, where the stan-
dard model underpredicts the velocity magnitude because it neglects
important 2D effects (Fig. 7(d)). The temperature profile predicted by
the standard theory is defined by the one-dimensional and inviscid flow
assumptions meaning that the air temperature below the NP within the
doorway is equal to the temperature of the cold room, while above the
NP, it is equal to the warm room temperature. In other words, the
temperature transition in the standard model between the warm and
cold airstreams is discontinuous. This discontinuity is located at the level
of the NP that can be obtained using Equation (10). For the isothermal
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rooms, the transition computed by the CFD is smoother even though
limited in the close vicinity of the NP. For the stratified rooms, as
mentioned in the previous section, the transition happens over a
considerable vertical distance from about 0.9 m to 1.6 m above the floor.
In conclusion, unlike the time-averaged velocity magnitude, the time-
averaged temperature from the standard theory deviates from reality
over a large fraction of the doorway.

4.6. Bulk quantities and Cq4

The mass (m) and heat flows (Q) are analyzed either only using data
along a vertical line in the middle of the doorway (like in the laboratory
experiments) or using data in the entire doorway plane. The measure-
ment setup along a vertical line in the middle of the doorway is also
relevant as it is done in several studies, such as in the laboratory mea-
surements considered in our paper [35]. It should be checked if limiting
the measurement points to a single vertical line strongly impacts the
bulk quantities and the C4. Two discharge coefficients, Cqnm and Cy g, are
evaluated using m or Q, respectively. Based on the conclusions from the
previous section and the values of C4 in Table 1, the following conclu-
sions can be derived. The case using CFD data over the entire doorway
plane is analyzed first as this is a consistent evaluation of the mass and
heat flows:

e The discharge coefficient evaluated by the Euler model is similar to
the LES and RANS values. A maximum deviation of up to /0% can be
found. It means that the largest part of the C4 value can be explained
by the difference between Euler and the standard theoretical model,
namely the two-dimensional contraction effects.

For the thermally stratified rooms where the interfacial mixing is
limited, the difference of C4 between Euler, RANS and LES is minimal
(e.g., from 0.494 to 0.509 for the Cy ). The difference between the
Canm and Cyq is evaluated in the last column of Table 1. This value is
similar for the Euler, RANS and LES, the Cyq being about 8% lower
than the Cy .

For the isothermal rooms where the interfacial mixing is not negli-
gible, the difference of Cy between Euler, RANS and LES is more
considerable and up to 70%. The difference between Cqn and Cyq is

Table 1
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different between the Euler, RANS and LES: the C, ; is 3.4% lower for
Euler to 6.8% lower for the LES.

e The difference between RANS and LES is practically very small
(maximum 5%).

The discharge coefficient computed using the data along a vertical
line in the middle of the doorway is also reported in Table 1. In this case,
the contraction effects due to the finite width (W) of the door along the
vertical side jambs are neglected. Then, the resulting Cj is systematically
overestimated. In addition, the difference between the Cyqy and Cyq
looks more pronounced than using data over the entire door opening.
This is a spurious effect that can be explained by Equation (12). Ac-
cording to the theory, the reference temperature (Tyf) can be removed
from the equation because the mass is conserved. However, in reality,
the flow is three-dimensional and the myc is not strictly equal to mcw
when they are evaluated along a single vertical line. Consequently, the
heat flow is still dependent on the definition of T, which is not
appropriate.

5. Discussions

Based on the analysis of the results, the research questions from Q1 to
Q6 defined in the introduction section can be answered:

e Q1: The unsteady flow structures and turbulent mixing have been
characterized in Section 4.

e Q2: Based on the analysis of the discharge coefficient in Section 4.6,
the Cy4 value can be mainly explained by the two-dimensional effects,
while introducing viscous effects with the RANS and LES generate a
maximum change of /0%. According to Wilson and Kiel [19], the
re-entrainment effect should lead to lower mass flow rates and thus
Cy. However, Table 1 reveals that the C, using Euler simulations is
lower than CFD simulations including viscous effects, like RANS and
LES. This result is not intuitive, but a reasonable physical explanation
can be given. As previously mentioned, the flow contraction is the
dominant factor driving the Cy value. Fig. 9 shows the time-averaged
velocity magnitude on a plane perpendicular to the warm jet near the
maximum of flow contraction. One can see that the Euler simulation
leads to a more concentrated jet than RANS. As the blockage from

Discharge coefficients obtained based on the mass (Cyu)and heat flow rate (Cyq) for isothermal and thermally stratified rooms: values computed with data over the
entire doorway are indicated by an empty rectangle, while values computed using data along a vertical line in the middle of the doorway are represented by a divided

rectangle.
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[ Quax Cam
Doorway Plane €» D

Thermally stratified rooms Timax and Qpa, based on measured room temperature LES III 0.626 0.680 8.6
D 0.509 0.464 8.8

RANS [[| 0.636 0.626 1.5
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Euler |]:| 0.621 0.635 2.2

D 0.494 0.457 7.5
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Isothermal rooms Tmax and Qpq, based on the averaged room temperature LES III 0.606  0.558 7.9
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Fig. 9. Time-averaged velocity magnitude from RANS (left) and Euler (right) taken on a plane perpendicular to the jet near the maximum of flow contraction.

this contraction is more important in the Euler simulation, the C, is
lower.

Q3: The RANS simulation using the RNG k-¢ model gives similar
results to LES. The interfacial mixing in the middle of the doorway
can be underestimated by RANS simulations. However, this mixing
in LES remains in the close vicinity of the NP. More importantly,
RANS is not able to capture the transition of the airstreams into
unsteady turbulent jets when they expand in the opposite rooms, as
shown by the contours of turbulent kinetic energy in Fig. 8.

Q4: The temperature stratification has a significant effect on the
temperature distribution within the doorway due to two-
dimensional effects (see Section 4.5). The transition between the
temperature of the cold room below the NP and the temperature of
the warm room above the NP takes place over a large part of the
doorway (from 0.9 to 1.6 m). This leads to a significant deviation
compared to the temperature field used in the standard theory. In
addition, unsteady flow structures are less pronounced in the strat-
ified room case than in the isothermal case. Both cases have been
simulated using the exact same CFD setup. The explanation for this
last phenomenon should be investigated in further research work.
Q5: In BPS, the temperature in each room is assumed to be
isothermal [43]. The mass and heat fluxes exchanged by a bidirec-
tional airflow in the doorway are computed using the standard model
corrected by a discharge coefficient, as described in Section 2.1. If
the air temperature simulated by BPS in each room is precisely equal
to the measured air temperature averaged along the vertical direc-
tion (2), the data in Table 2 shows that there are large discrepancies

Table 2
Discharge coefficients obtained based on the mass (Cqy)and heat flow rate (Cy ) for BPS analysis: values computed with data over the entire doorway are indicated by
an empty rectangle, while values computed using data along a vertical line in the middle of the doorway are represented by a divided rectangle.

between the resulting Cy4 v and Cy g if the rooms are not isothermal in
reality (up to 46%). The Cym is only slightly affected when the
stratification in both rooms is neglected in the standard model.
However, the largest influence is on the Cyqq which increases
significantly. Since the convective heat flux is the product of the
velocity and the temperature, If the estimate of the velocity is
reasonable, the temperature advected on the upper and lower parts
of the doorway is respectively lower and higher in the case of
isothermal reservoirs than when taking the vertical stratification into
account. The maximum theoretical heat flow (Q,,) is thus lower
when the two rooms are assumed to be isothermal compared to the
stratified rooms, leading to a higher Cyo. In BPS, a single Cq is
typically defined to tune the mass and heat flow to the real values. If
the room is stratified, the C4 should, in reality, be different for the
mass and heat flows to match the reality.

Q6: Evaluating the discharge coefficient based on measurements
along a vertical line in the middle of the doorway leads to significant
errors (see Section 4.6). It overestimates the Cyy as the contraction
effects along the vertical side jambs are neglected. Mass imbalance
along the vertical line makes the evaluation of the heat flow
dependent on the Ty, which is not reliable.

The CFD setup has been defined to reproduce the flow measurements
in a climate chamber. However, the limited number of measurement
points does not constitute a full experimental validation of the CFD re-
sults. Therefore, detailed laboratory measurements or additional LES
should be performed in future work.

Mactual Qaclual
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6. Conclusions e The Cy should not be evaluated only based on measurement along a
vertical line in the middle of the doorway, as two-dimensional effects
The airflow passing through an open doorway in the steady-state from the vertical side jambs of the doorway would be neglected. In
bulk flow regime was simulated using a high-resolution Large Eddy addition, the discharge coefficient for the heat flow (C4) is incon-
Simulation (LES), which enabled the capture of unsteady flow phe- sistent using measurements along a vertical line.
nomena. In addition, this LES can serve as a reference solution for e In building performance simulation (BPS), rooms are typically
simplified methods, like Reynolds-Averaged Navier-Stokes (RANS) ap- modeled as isothermal reservoirs. If, in reality, the rooms are ther-
proaches or the standard theoretical model. The conclusions can be mally stratified, a same C, cannot be used in BPS to calibrate both the
summarized as follows: mass flow and the heat flow. Two separate discharge coefficients, i.
e., Cyqq and Cy v, should be defined for the BPS to compute the right
e The main objective of this study was to characterize the bidirectional mass and heat exchanges through the doorway.
unsteady flow phenomena. Firstly, the LES revealed that the bidi-
rectional flow can generate a turbulent mixing region near the CRediT authorship contribution statement
neutral plane (NP). However, results found that this effect remains
located in the close vicinity of the NP so that its influence is limited. Elyas Larkermani: Writing — review & editing, Writing — original
LES also showed that the instantaneous NP is not a horizontal line draft, Visualization, Validation, Software, Resources, Methodology,
but rather fluctuating in the vertical direction. Secondly, the LES Investigation, Formal analysis, Data curation, Conceptualization.
confirmed that the re-entrainment from the two non-isothermal jets Guangyu Cao: Writing — review & editing, Visualization, Validation,
expanding from the doorway deflects a fraction of the flow that Methodology, Conceptualization. Laurent Georges: Writing — review &
would otherwise have moved towards the doorway. Finally, LES editing, Writing - original draft, Validation, Supervision, Project
showed that the non-isothermal jets develop large unsteady flow administration, Methodology, Investigation, Conceptualization.
structures when they expand in the opposite room.
e Results suggest that the RANS approach reproduces most of the flow Declaration of competing interest
characteristics from LES, except for the large unsteady flow struc-
tures generated by the jet expansion far away from the door. If this The authors declare that they have no known competing financial
effect is not important in the application, RANS simulations are a interests or personal relationships that could have appeared to influence
good alternative to the time-consuming LES for this flow. the work reported in this paper.
e The discharge coefficient (Cy) is mainly driven by two-dimensional
contraction effects. Comparing Euler simulation to RANS simula- Data availability
tion or LES revealed that viscous effects have a lower influence on the
Cy than these contraction effects. Unlike previous results from the Data will be made available on request.
literature, the results from this study found that the viscous effects
tend to increase the Cy as they decrease the flow contraction. This Acknowledgments

effect dominates over the mixing effects that tend to decrease the C,.
The authors would like to acknowledge Iman Bayat, affiliated with
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thank the editor and anonymous reviewers for the valuable comments.

Appendix A
A.1. Design of the grid

Preliminary analysis using an unstructured mesh has shown that simulations were prone to numerical errors with a non-dissipative central scheme
required for LES. Then, as the geometry is simple, a structured mesh is used to keep the solution stable with a pure central scheme (recommended for
LES). A no-slip boundary condition on the partition would need a wall-normal grid refinement (y* < 7) so that, consequently, using a structured mesh,
an anisotropic mesh would be generated in the middle of the doorway (with the smallest grid size in the direction of the flow in the doorway and the
largest grid size perpendicular to the flow direction). To solve the mixing layer, it is better to limit the mesh anisotropy. This is also better for the
definition of the mesh size in the WALE model (i.e., ¥/V). In addition, the flow is by definition driven by the difference in hydrostatic pressure in both
rooms connected by the open door. Therefore, a no-slip condition on the partition wall is expected to have a limited influence on the flow in the
doorway.

A.2. Grid size and LES resolution

The grid convergence analysis is not straightforward for LES since, upon further refinement of the LES grid, finer and finer scales are resolved until
the LES converges to the DNS. Moreover, the computational cost of a finer grid can be restrictive [41]. However, there are specific criteria to estimate
the resolution of a LES [44], such as; the ratio between modeled turbulent viscosity and laminar viscosity, i.e., (v;)/v, the ratio between modeled and
total shear stress, the ratio between modeled and total turbulent kinetic energy, and the ratio of integral length scale to cell size.

In this study, the LES resolution is evaluated using three different approaches;
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a) The resolution of the shear layer between both the warm and cold airstreams is compared to the literature.

b) The turbulent kinetic energy ratio is evaluated in the computational domain to check if the LES is sufficiently resolved or not.

c) The results of LES for the isothermal case, including discharge coefficient (Cy), temperature and velocity profiles, are compared on a coarse,
medium and fine grid containing 31,825,152 cells, 63,203,392 cells and 127,316,480 cells, respectively.

a) The resolution of the shear layer between both the warm and cold airstreams

It is important to capture the flow physics of the shear layer between the counter-flowing airstreams correctly as it directly influences two main
phenomena analyzed in our study, meaning the mixing between both airstreams and the flow re-entrainment. It is tricky to assess the resolution of this
shear layer using the analysis of the kinetic energy spectrum due to the lack of homogeneous directions in the flow field. Therefore, the resolution can
be discussed by comparing the mesh size with other LES of shear layers found in the literature. The maximum time-averaged velocity difference
through the shear layer (AU) computed using the isothermal case is about 0.4m/s. The analysis of the velocity profile through the shear layer gives a
momentum thickness (0) and a vorticity thickness (5) of 0.05 m and 0.18 m, respectively. These values correspond to a Reynolds number based on
momentum thickness (Rey) of about 1400 and a Reynolds number based on vorticity thickness (Res) of 4800. Close to the doorway, the mesh is almost
isotropic with a size (h) of 0.6 cm.

Firstly, Balaras et al. [45] performed LES of a temporally evolving mixing layer from an initial Rey of 900 until a Re, of 3400. They performed a
sensitivity analysis on the domain and grid size to be able to reproduce the flow statistics of DNS data. This study is thus a good reference for
comparison. They show that they can reproduce the velocity statistics with a mesh size of 0.850, 0.430 and 0.850 in streamwise, spanwise and normal
directions, respectively. The mesh size in our LES is significantly smaller than these values. Secondly, Pham et al. [46] analyzed the temporal evolution
of a stratified shear layer using LES. They investigated the case of a fine LES for an initial Re; of 5000. They use a mesh of 0.126, 0.126 and 0.036 in the
streamwise, spanwise and normal directions, respectively. This grid resolution is comparable to our mesh. For instance, their mesh size in the normal
direction corresponds to 0.54 cm. Based on these two studies, it can be concluded that the mesh size in our simulation is appropriate to capture the
shear layer using LES.

b) The turbulent kinetic energy ratio

Pope [47] recommends the turbulent kinetic energy ratio (M(x,t)) as a simple indicator of turbulence resolution. It is defined as the ratio of the
unresolved turbulent kinetic energy to the total turbulent kinetic energy:

ki (x, 1)

M) = e kD

(23)

where K(x, t) and k;(x, t) indicate the turbulent kinetic energy of the resolved and residual motions, respectively. Smaller values of M correspond to
more turbulent motions resolved on the mesh. The limit of M = 0 corresponds to DNS while M = [ is representative for a RANS. Based on his sug-
gestion, the turbulence is well resolved by the LES if M < 0.2.

Since the turbulent kinetic energy ratio (M) is smaller than 0.09 for LES of thermally stratified rooms, the grid employed for LES is fine enough to
simulate the turbulent structures precisely.

c) Comparison of LES results on three different grid resolutions

A grid-sensitivity analysis is conducted for the LES for the case of two isothermal interconnected rooms at different temperatures. The coarse,
medium and fine grid contain 31,825,152 cells, 63,203,392 cells and 127,316,480 cells, respectively. The mean streamwise velocity and temperature
profiles for three different meshes are plotted along a vertical line in the middle of the doorway in Fig. 10. All three grids provide almost the same
profiles, while the fine grid indicates a slight departure from the results of the coarse and medium grids between 0.95 < z < I.1. The maximum
difference between the coarse and the fine grid in this area goes up to 0.053 m/s and 0.49°C for velocity and temperature, respectively. The shear layer
thickness is roughly the same for the three grid resolutions.
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Fig. 10. Time-averaged temperature and streamwise velocity profiles along a vertical line in the middle of the doorway in isothermal rooms on three different grids
using LES.

The discharge coefficients, Cym and Cqq based on mass (m) and heat flows (Q) are obtained for the coarse, medium and fine mesh. The data are
reported in Table 3.

Table 3
Discharge coefficients obtained based on the mass (Cqn) and heat flow rate (Cyq) from LES on three different grids.
mac(ual Qactud Cde Cd,Q
Cim =———Cig = ———
M= e T Doorway PlaneﬂD

Isothermal rooms Tmax and Q. based on the averaged room temperature Coarse Grid [[l 0.511 0.486
Medium Grid IIl 0.510 0.484
Fine Grid 0.543 0.506

0

While the previous two arguments showed that the fine grid was refined enough, the sensitivity analysis on the C4 shows that a coarser grid would
not be able to capture the physics properly. The Cj is relatively constant between the coarse and medium meshes but increases significantly for the fine
grid.
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