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Abstract

This work reports a proper orthogonal decomposi-
tion (POD)-interpolation based prediction of indoor
airflows related to displacement ventilation. Steady-
state computational fluid dynamics (CFD) solu-
tion snapshots with varying relevant non-dimensional
number are used to estimate the dominant POD co-
efficients/modal amplitudes and POD modes. A cu-
bic spline interpolation of the POD coefficients is
used to compute the solution for desired value of the
non-dimensional number of interests. The verifica-
tion and validation of this data-driven procedure is
performed considering a 2D mixed convection prob-
lem involving a horizontal channel with cavity heated
from below for a range of Richardson numbers. On
the other hand, CFD solutions for a standard dis-
placement ventilation configuration is used to decom-
pose the flow field variables in terms of Archimedes
number dependent POD coefficients and associated
space dependent POD bases. A detailed analysis of
the CFD and POD-interpolated predicted flow-field
variables for displacement ventilation cases, error es-
timates and the spatial structures of the POD modes
are presented.

Introduction

Fundamentally, air flow, heat and mass transfer phe-
nomena govern the indoor air quality, thermal com-
fort and energy usage in buildings. Air change rate,
pollutant removal, heat removal, exposure and air dis-
tribution are the key features to assess the perfor-
mance of a heating, ventilating and air-conditioning
(HVAC) system. Ventilation systems can be classified
into various types depending upon the concentration
distribution, location of the air supply/exhaust device
and the use of natural and mechanical forces (Cao
et al. (2014)). For several decades, a substantial sci-
entific research focus has prevailed achieving design
of energy efficient, effective airflow distribution and
thermal comfort in buildings.

Displacement ventilation (DV) is potentially a very
good ventilation strategy among the other types of air
distribution principles where the contaminant air is
removed from the ceiling level of a room. The exhaust
temperature is higher than the occupied zone and
a fresh air being supplied at the floor level (Nielsen
(1988), Davidson (1989), Nielsen (2000)). A well de-
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signed DV system can be energy efficient to regu-
late room temperature and air velocity for thermal
comfort and good air quality utilising natural con-
vection currents (Cehlin and Moshfegh (2010)). Sev-
eral key parameters for such systems are ventilation
rate, location of the air terminal device, type of the
diffuser and the supply air temperature (Yuan et al.
(1998), Nordtest (2003)). Nevertheless, a DV con-
figuration involves complex flow physics like gravity
current, radiation effect and thermal stratification.
Challenging issues related to thermal characterisation
including radiation effects, draft discomfort, etc. are
investigated by several researchers (Li et al. (1992),
Causone et al. (2010), Magnier et al. (2012), Gilani
et al. (2016)). The recent studies with DV systems
addresses interesting aspects considering e.g., severe
odor problems in hospital environments (Choi et al.
(2019)), adaptive climate building with heat source/s-
mart windows (Javad and Navid (2019)) and highly
polluted indoor environment with dense oil mist in a
machining plant (Wei et al. (2020)). Optimal design
and modeling aspects of DV systems in diverse con-
texts are therefore important active research areas for
HVAC scientists and engineers.

Apart from the advanced experimental measure-
ments, CFD is widely used as a reliable numerical
tool to predict a wide range of ventilation problems
with detailed spatio-temporal distributions of flow-
field variables. In CFD, the governing non-linear cou-
pled partial differential equations are solved with a
suitable discretization and solution procedure. How-
ever, high-fidelity CFD-simulations for design and op-
timization is indeed costly both in terms of necessary
computer resource and CPU time. In this regard,
POD based interpolation can be used, exploiting the
CFD results with varying one or many parameters
(e.g. relevant non-dimensional numbers involved in
the governing phenomena) of interest to produce de-
sired predictions in an efficient and cost effective man-
ner. For example, considering a set of steady-state
CFD solutions as “snapshots” the dominant POD co-
efficients/modal amplitudes and POD modes have to
be estimated first. These intern can be used with
a suitable interpolation of the coefficients to gener-
ate desired solution(s) for particular values of the pa-
rameter(s) of interest without performing costly CFD
simulations. Some of the previous studies used steady
state CFD solutions as snapshots for POD e.g., in in-



BuildSim-Nordic 2020

door airflow application (Elhadidi and Khalifa (2005)
and for coupling between CFD and lumped param-
eter flow network zonal (FNZ) models Khalifa et al.
(2007)).

This work aims to predict complex flow physics for a
DV configuration of indoor environments using CFD
snapshots and POD-interpolation method. CFD re-
sults are generated using the commercial computer
program StarCCM+. We solved 2D /3D compressible
Navier-Stokes equation (without Boussinesq approx-
imation) together with mass and energy equations.
Additionally, two-equation turbulence models are em-
ployed to account turbulent flow cases. The paper is
organized as follows. In section Method, we present
the governing equations and the overall POD method-
ology. The validation cases are presented thereafter.
Subsequently, the problem setup of the displacement
ventilation is given. The flow analysis given in the
section Results and discussion. Finally, the con-
clusions are drawn at the end.

Method

Governing equations

In this study, we solve the compressible steady
Navier-Stokes equations together with the mass and
the energy conservation equations. The general trans-
port equation for any conserved property (p¢) can be
expressed as in the following standard form, V-p¢v =
V - I'V¢ + S4. Here p is the fluid density, v is
the velocity vector and I' is the diffusion coefficient.
The governing equation involves advection term in
left hand side and the terms on the right hand side
signify the diffusion term and the generation term re-
spectively. The gravity source term in the momentum
equations is treated directly without Boussinesq ap-
proximation. Formulation of RANS (Reynolds aver-
aged Navier Stokes) system of equations considering
two equation SST (Menter) k —w turbulence model is
used for turbulent flow cases. The choice of SST xk—w
model is based on the findings of Gilani et al. (2016),
where the authors reported the superiority of the SST
k — w model and the standard x — w model in pre-
dicting thermal plume and thermal stratification in a
DV setup. Constitutive relation of Newtonian fluid
and equation of state ideal gas close the system of
equations with appropriate boundary conditions. We
used the finite volume method (FVM) based com-
mercial computer program StarCCM+ to solve the
above mentioned governing equations. Second or-
der implicit segregated/coupled flow solvers equipped
with Roe schemes for convection, hybrid Gauss least-
squared gradient method based 2nd order schemes
for diffusion and Venkatakrisnan limiter function are
chosen. Algebraic Multi-Grid (AMG) techniques are
also invoked with the setup mentioned above.

POD snapshot method

Proper orthogonal decomposition (POD) method can
be realized in several forms such as Karhunen-Loeve
decomposition (KLD), principal component analysis
(PCA), and singular value decomposition (SVD) hav-
ing wide spectrum of applications in scientific and
engineering field. The key dominant characteristic-
s/features in a data set can be recognized by a POD
technique via low-dimensional descriptions for mul-
tidimensional systems. Originally, POD was intro-
duced in the framework of fluid mechanics appli-
cations in late sixties. This was followed by the
“snapshot POD” methodology by Sirovich and Kirby
(1987) and the procedure is essentially a simple data-
driven procedure closely related to principal com-
ponent analysis (PCA), one of the fundamental al-
gorithm of applied statistics and machine learning
(Brunton et al. (2020)). In this work, the steady-
state CFD solutions “snapshots” are used to decom-
pose a non-dimensional flow variable ¢*(II, &), where
IT is a governing non-dimensional number of the flow
physics under consideration. The decomposition es-
sentially leads to the determination of a finite number
of POD coefficients, a (IT) and space dependent POD
modes, ¥ (T) as,

O" (I, %) ~ Y ax (T (). (1)
k=1

where, m is the number of snapshots for set of values
of I; € Mmin, naz), Vi =1,...,m. Once, the de-
sired POD coefficients and POD modes are available,
a suitable interpolation can be used to construct the
flow field variables for any intermediate II;,;. The
POD-interpolated prediction can be given by

N
¢* (Hint7 J‘;’) ~ Z ag (Hint)wk (f) (2)
k=1

where N < m. We used a cubic spline interpolation
to estimate ag (Il;p:) from ay(I1;)’s.

A brief methodology to determine the POD coeffi-
cients and the POD modes is given below (see Meyer
et al. (2007), Selimefendigil (2013) for detail). First,
the m number of CFD solution of ¢* on n mesh
points can be arranged in a data set matrix ®* =

(@™ o™ ... ¢ as,

*1 *2 *3 *Mm

1 1 1 s 1

*1 *2 *3 *m

2 2 2 s 2
e N )

Then the auto covariance matrix is created. This
matrix represents the covariance of the value with it
self at some point. Where covariance is a measure
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of the linear dependency of two values. This can be
defined as:

1 .
C=—%" o~
m

(4)

The following eigenvalue problem then has to be
solved:

CX' =\ X%, i (5)
Where X is the eigenvector, and A is the eigenval-
ues. This eigenvalue problem was solved using SVD.
The solutions are ordered according to the size of the
eigenvalues from highest to lowest. The eigenvectors,

X', in equation (5) forms a basis for making the POD
modes, 9"

3

5 xjo
1

'l/)i _ J
Xigp"

1,2

, 1=1,2, ...

™z

j=1

Where X; is the j'th component of the eigenvector
corresponding to the eigenvalue A, and||-|| is the sec-
ond norm of any vector &, given as:

€] = V/(€2)% + (€2)% + .. + (€n)?

(7)

The POD coefficient can be determined by projecting
¢*™ onto the POD modes:

am = W (8)
Where ¥ = [¢p'4?...4p™] The snapshot ¢*™ can
then be reconstructed by:

o = wTa” )
The above methodology has been implemented via

Python programming scripts and the data visualisa-
tion is performed by MATLAB programming scripts.

Validation

We first solved a 2D benchmark test case of laminar
compressible flow through a horizontal channel with
an open rectangular cavity in which a discrete hot
surface is placed at the bottom wall of the cavity.
The setup of this case is similar to that presented in
Aminossadati and Ghasemi (2009) as well as in Se-
limefendigil (2013). The choice of this test case is very
much relevant with respect to the indoor ventilation
flow physics involving both heat transfer and fluid
flow with the active gravity source term. A suitable
2D computational domain consisting of 5175 compu-
tational cells is used to simulate a case with Richard-
son number R: = 100 where, Ri = gﬁ(T};%TC)L
Here, g is the acceleration due to gravity, [ is thermal
expansion coefficient, T}, is the temperature of the hot
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Figure 1: Comparison of numerical solutions, tem-
perature contours for Ri = 100. top: present study,
middle: Selimefendigil (2013), bottom: Aminossadati
and Ghasemi (2009).

surface, T, is the temperature at the inlet, L is the
characteristic length (depth of the cavity) and w;, is
the inlet velocity. Laminar compressible segregated
flow solver setup as mentioned before is used for CFD
predictions. Converged solution is extracted once the
residuals for all equations drops below 10~7. Figure 1
shows a very good agreement of the present solution
with the previous studies reported by Aminossadati
and Ghasemi (2009) as well as Selimefendigil (2013)
using Boussinesq approximation.

To verify the implementation of the overall POD
methodology, steady state CFD solutions are per-
formed with varying Ri, for a fixed value of Grashof
number Gr = 10*. The eight CFD solutions obtained
via the same aforementioned convergence criteria for
Ri = 40,50,60,70,80,90,100 and 110 are used as
snapshots input data for the POD technique. Evi-
dently with the increase of Ri the naturaal convection
effects becomes dominant. The POD-interpolated so-
lution for Ri = 75 is constructed and compared with
the actual CFD solution for verification and valida-
tion. The contours of the non-dimensional tempera-
ture (Ri, %) = (T — T.)/ (T, — T.) and the absolute
error estimates (see Figure 2) clearly shows the reli-
ability of the implementation. The spatial structures
of the POD modes are shown in Figure 3. The rela-
tive energy of the POD modes can be estimated from
the eigenvalues as E, = A/ Dy Al The energy
associated with the first POD mode is found to be
99.99999% and the rest of the modes assume values
of the order of 1077% or less. This reveals that the
most of the energy contained within the first POD
mode.
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CFD

POD

|0crp — 0pop|

Figure 2: Comparison of CFD and POD predictions,
contours of 0 and error estimates for Ri="75.

Problem setup

In a DV system, the contaminated hot air from a
room is displaced through ceiling level with fresh cold
air supply at or near the floor level with a low velocity
(typically < 0.5 m/s). This, usually create vertical
gradients of air velocity, temperature and contami-
nant concentration (Cao et al. (2014)). The charac-
teristics of the flow field depends on the type of air
terminal device (DV unit) and the distribution of heat
sources. To study the indoor airflows in DV config-
uration, a 3D computational domain of 7.5m(length)
by 5.6m(width) by 2.8m(height) is taken (see Fig-
ure 4) as a standard room. The dimensions and the
overall ventilation strategy with air supply diffuser
and exhaust are set essentially following the guide-
line of the Nordtest method (Nordtest (2003)). A wall
mounted displacement ventilation diffuser is placed at
the floor level with an area of 0.24m? having height,
h = 0.3m. The air exhaust is placed on the opposite
wall of the diffuser having the same dimensions. The
heat loads are provided by heating wire around the
room walls except the wall with the air supply. This
is placed at 0.7m above the floor with a thickness of
0.05m. Figure 4 also shows the mesh arrangements
within the computational domain. Surface mesh and
volume mesh controls are invoked to ascertain suf-
ficient mesh resolution in the main interaction zone
around air supply diffuser, exhaust and wall bound-
aries. A total of &~ 1.06 million computational cells
are used for the simulations. The near wall mesh
resolution ensures 0.02 < y* < 17.06 for all con-
sidered cases. Note that the resolution near ceiling is
0.3 < y* < 6.4 and near floor is 0.08 < y* < 6.2. The
boundary conditions are mentioned in Figure 4. De-
sired mass flow is specified at the diffuser inlet bound-
ary with a constant supply temperature, T3, = 17°C
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and inlet density, p;, = 1.216 kg/m?>. The exhaust
conditions are set as flow outlet with same mass flow
value at the inlet with appropriate sign to ensure the
global mass conservation. All vertical walls and the
floor are set as adiabatic wall boundaries, while a heat
loss of 1 W/m? is specified on the roof as recom-
mended in the Nordtest method. The internal load
in the room is provided via a heat source of 40 W
in each wall, giving rise to a total value of 120 W
as shown in the Figure 4. This value has been set
to mimic the effect of one human occupant. A tur-
bulent intensity of 4% and a length scale of 10% of
the inlet diffuser height h are chosen to assign the
Dirichlet boundary conditions for £ and w at the in-
let boundary. Zero gradient condition at the outlet
and all y* wall treatment of the solver is invoked for
the remaining no-slip walls regarding these parame-
ters. Converged solutions for all cases are extracted
once the residual for mass conservation and energy
conservation stabilises ~ 8 x 10~ and residuals for
all remaining equations drops below 4 x 1075,

Results and discussion

The flow physics involved in the present ventilation
setup is governed by the Archimedes number (analo-
gous to Richardson number) and this can be defined

L

95 gt (Brandan (2012)), where ¢, is
PinCp uinAs
the heat capacity at constant pressure, g; is the to-
tal heat gain in the room, A, is the diffuser area
of the inlet and L is the characteristic length that
can be defined as the difference between the room
height and height of the diffuser. Eight different test
cases are simulated having Ar = 2,6, 10, 14, 18,22, 26
and 30 as variable parameter leading to the follow-
ing functional form for any non-dimensional flow vari-
able, ¢*(Ar, &). The following analysis is based on the
P
in ’

as Ar =

and

non-dimensional variables: p* =
. Ujn
T — Tzn) pincp‘/in

T = ( , Where V;,, is the volumetric

qt
flow rate at the inlet. We first present the CFD so-
lutions for different Ar. Subsequently, the analysis of
POD-interpolated solution for Ar = 15 is presented.

DV characteristics and CFD snapshots

The Ar is varied essentially setting different inlet air
supply velocity with fixed supply T;, and p;, and
heat loads as mentioned before. Figure 5 shows the
distribution of U* on a x — y plane at z=0.1m. The
typical air flow pattern for low air velocity diffuser
in DV configuration involving the acceleration region
(near field) and the velocity decay region (far field)
can be clearly realised from the U* contours. With
increasing Ar, the maximum value occurs at further
upstream (x-coordinate) locations. Evidently, the ac-
celeration zone is larger for low Ar. Figure 6 shows
the effective thermal stratification on a z — z plane at
the middle of the room (y = 2.8m) for all cases which
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Mode 1 Mode 2 Mode 3 Mode 4

Mode 5 Mode 6 Mode 7 Mode 8

Figure 3: Spatial structures of the POD modes for 0.

Heat flux (roof)

Outlet
75m —

PN

Adiabatic walls

N \

Heat source

f 0.7m

Inlet
Figure 4: Computational setup of the indoor airflow study, left: domain specification and boundary conditions,

right: mesh on some sample planes.

Ar =2 Ar
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o
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Ar =18 Ar =22 Ar =26 Ar =30

Figure 5: Contours of u-component of the velocity on a horizontal plane at 0.1 m above the floor for different
Ar.
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Figure 6: Contours of temperature on a vertical plane in the middle of the room at y = 2.8m for different Ar.
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Figure 7: Velocity, density and temperature distributions on horizontal plane at 0.1 m above floor for Ar = 15.

Mode 1 Mode 2 Mode 3 Mode 4

Mode 5 Mode 6 Mode 7 Mode 8

Figure 8: Spatial structures of the POD modes for u-component of the velocity field.
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Figure 9: POD predictions and error estimates on a
vertical plane at y = 2.8 for Ar = 15.

is the key aspect of achieving the good air quality for
a DV system.

Analysis of POD-interpolated prediction

The steady state CFD snapshots of 8 different cases
are used for the POD. We estimate the flow parame-
ters for Ar = 15 via POD-interpolated methodology
on two different planes (as discussed above). The pre-
dicted contours of U*, T* and p* at z — y plane are
compared with the actual CFD (see Figure 7) results.
It can be seen that the absolute error estimates are
sufficiently low and the POD-interpolated predictions
are in excellent agreement with the CED counterpart.
The spatial structures of the POD modes of the U*
are shown in Figure 8. Here, we found that the most
of the energy contained within the first two POD
modes. The energy associated with 8 POD modes
are 98.01%, 1.76%, 0.19%, 0.00024%, 10~°%, 10~°%,
107°%, and 107%% respectively. A similar trend is
observed for the predictions on mid z — x plane (see
Figure 9). It is evident that the error estimates for
this plane appears relatively higher above the diffuser
height levels having relatively coarser mesh. Never-
theless, the errors are sufficiently low in the main
interaction zone near and below the diffuser height
level. The acceleration and velocity decay regions
are predicted very well. The spatial structures of the
POD modes are shown in Figure 10. As expected, the
first two modes are the most dominant modes among
all.

-62 -

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6
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Mode 8

Figure 10: Spatial structures of the POD modes for
u-component of the velocity field.

Conclusion

In this work, we have presented a POD-interpolation
based methodology in resolving complex indoor air-
flow patterns and thermal stratification related to a
DV system. A 2D thermal convection benchmark
problem on a cavity geometry has been solved to
verify and validate the overall implementation. The
guideline of the Nordtest method is adopted to build
the case studies associate with a DV configuration
for a standard room. Steady-state CFD snapshots
with a varying Archimedes number are used to es-
timate the dominant POD coefficients/modal ampli-
tudes and POD modes. The flow field variables are
decomposed in terms of Archimedes number depen-
dent POD coefficients and associated space depen-
dent POD bases. A cubic spline interpolation of the
POD coefficients is used to predict the solution for
intermediate value of Archimedes number. The anal-
ysis reveals that for the u-component of the velocity
field the first two POD modes are the most dominant
modes accounting the associated energy ~ 99.8%.

The present study clearly shows the capability of
CFD snapshot based POD-interpolated fast and reli-
able predictions of DV configuration involving a wall
mounted linear air terminal device. A future study
with the different types of air terminal devices could
be undertaken and this fast prediction approach is
potentially advantageous to carry out further para-
metric variations without performing a large number
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of physical experiments and validate existing semi-
empirical models of DV systems.
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