American Journal of Engineering and Applied Sciences 7 (1): 77-87, 2014

ISSN: 1941-7020

© 2014 Yu and Megri, This open access article s¢ritiuted under a Creative Commons Attribution
(CC-BY) 3.0 license

doi:10.3844/ajeassp.2014.77.87 Published Onlirl® 214 (http://www.thescipub.com/ajeas.toc)

A NOVEL PRESSURIZED ZONAL
MODEL USING THE MOMENTUM EQUATION

Yao Yu and Ahmed Cherif Megri

!Department of Computational Science and Engineering,
2Civil, Architectural and Environmental Engineerit@ERT Research Center,
North Carolina A and T State University, NC 27411e&rsboro, USA

Received 2014-01-31; Revised 2014-03-03; Accepted-B3125
ABSTRACT

Zonal models combine the simplicity of single andltireone models with the comprehensiveness of
Computational Fluid Dynamics (CFD) models and thhesome a better substitute to predict detailed
thermal and airflow behaviors in building. Basedageometric partitioning of a room into a numbér o
subzones, these models give more accurate andedetasults than the single or multi-zone modeling
approaches and use less computer resource thamEBIs. Nevertheless, most of the zonal models have
to face a difficulty involving the limits of the raplification that need to be considered withoutirigs
accuracy and comprehensiveness. A new zonal maddled Pressurized zOnal Model using the
Momentum Equation (POMME), has been developed,hithva simplified humerical model, representing
various heat and mass transfer conservation equaaittoused. The program solver is similar to theosed

for CFD programs and is based on the finite-volumamerical techniques, the staggered grid formutatio
the Semi-Implicit Method for Pressure-Linked Eqoas (SIMPLE) algorithm and other methods. The
validation of this new zonal model has been acc@hetl by comparing its results with those obtained
from the CFD software: PHOENICS. The results dertrates not only the strength of the zonal model
POMME in predicting the indoor airflow and thermainditions, without the involvement of additional
sub-models, but also its ability to provide relatwaccurate results for building enclosures.
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1. INTRODUCTION balances were applied in each zone, while the fi@ass
rates at the interfaces were calculated using theep
Zonal modeling approach was put forward, for the law as pressure relationship. Haghigteatal. (2001)
first time, based on experimental observationsnduthe developed a zonal model nhamed Pressurized zOna¢Mod
1970s (Lebrun, 1970). For two decades, zonal modelsvith the Air diffuser (POMA). They provided a
had slow developments. The most interesting wogk&h  comprehensive background and validation of this ehod
been performed by (Inard and Molle, 1989; Inard andwhich is based on both mass and energy consersation
Buty, 1991; Inardkt al., 1996a; 1996b; 1997a; 1997b). In and, as a simplified numerical model, uses presdtiven
fact, from the 1990s, different zonal models were power laws to estimate the mass flow rate between t
developed. In particular, Bouia (1993) initiatede th subzones or cells instead of the momentum equations
development of a new generation of zonal modelgrevh  usually used in Computational Fluid Dynamics (CFD)
the pressure field is predicted to determine thfloa models. POMA is able to predict the airflow patteemd
and thermal behaviors over spaces. Wurtz (1995) putemperature distributions within a space. Jet charstic
forth a new zonal model in which mass and energyequations were also introduced in the model in rotde
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generalize its application to mechanically vergithtooms

or buildings. In the same year, Axley (2001) depebban
alternative formulation to model airflow resistanae
zonal models, known as surface-drag flow relatifors
zonal modeling. This approach based on a surfaag-dr
viscous loss mechanism is able to more accuragdligct
the physical mechanisms of the airflow in natural
convection situations. Griffith and Chen (2003) ifred

called Pressurized zOnal Model using Momentum
Equation (POMME). Different case studies have been
demonstrated to illustrate the validity of this rabdh
building applications. The program solver is simita
CFD programs and is based on the finite-volume
numerical techniques, the staggered grid formutatioe
Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm and other methods. The validatio

the Navier-Stokes equations with the assumption ofof this new zonal model has been accomplished by

inviscid flow (Euler equations), reduced the mestd g

comparing its results with those obtained from @D

number and then proposed a momentum-zonal model t§oftware: PHOENICS (2010).

predict zone air flow and temperature distributios a
matter of fact, the zonal modeling approach is ictaned
as a halfway approach between single-zone (or multi
zone) and CFD models (Haghigleatl., 2001; Megri and
Haghighat, 2007; Yu, 2012). This modeling approeah
be used to predict the indoor airflow and thernedddyior,
by geometrically subdividing a room into severates, in

which simplified equations are used to describe the .

transport phenomena. This approach is known tdasse
computational time than CFD models and is able to
provide enough detailed results compared to siogle-
multi-zone models (Megst al., 2005).

Although the zonal modeling approach has its
benefits, the disadvantages cannot be ignored. Mbst
the zonal models have to face a difficulty involyithe
definition of a problem, because of the nature hd t
zonal models itself. Unlike CFD models, several

separated additional sub-models, such as jet flow

2. MATHEMATICAL DESCRIPTION OF
THE NEW ZONAL MODEL

In the original zonal model POMA (Haghighsital.,
2001), the mass flow rate is driven by a power law
pressure relationship model:
m; = pkA(AP)' [ kg /9§ @)

Where:

p (kg/m?) = The fluid density

A (m) = The cross-sectional area between two
zones

AP (Pa) = The pressure difference between two
zones

k (m s*Pa" = The flow coefficient, which is assumed
to be 0.83 for all zones; n is called flow
exponent, which is 0.5

models, thermal plume models and so on, have to be

accordingly included and numerically interconnedted
zonal model (Haghighatt al., 2001; Axley, 2001), in
order to describe the transport phenomena. These su
models consist of several empirical equations, aie
usually developed based on experiments. In addlitien
inclusion of these sub-models into zonal modeling
approach is relatively difficult. Therefore, theeuand
application of the zonal models into building
environment are restricted by the limited numbethete
available sub-models, as well as the need of aagtro
background of related knowledge and expertise fitwen
users to solve problems using the zonal models.

In this study, a new zonal modeling approach has

been developed. Unlike the other zonal models, sisch
POMA (Haghighatet al., 2001), this new model allows

the usage of a simplified one-dimensional momentum

equation to replace the power law model in POMAISTh
model is valid for both natural convection and &atc

ventilation situations, without the involvement of
additional sub-models. Thus, this new zonal model i
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Based on a geometric partitioning of a room into a
number of subzones, the power law model is used to
describe the mass flow rate from one zone to anothe

However, the original POMA is only suitable to
simulate the natural convection cases. In ordeus®
this zonal model in forced ventilation situations,
additional sub-models, such as the jet flow model,
have to be coupled with POMA (Haghighett al.,
2001; Megriet al., 2005; Jiru and Haghighat, 2004).
Therefore, this additional coupling work not only
increases the model complexity but also limits the
application of the zonal model.

Equation 1 can be rewritten as follow:

u= k(AP 2)

Becausern, =pAu (kg/s), whereu (m/s) is the cross-

sectional velocity between two zone divisions, lagwn
in Fig. 1. Therefore, in the case where n = 0.5, the power
law Equation 2 may be expressed as follow:
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u? power law model (Equation 3) with the momentum
oA (3) equation (Equation 5) significantly improves thenab
model, since the equation used in this new modekdo
Thus, the cross-sectional velocity is only not include any constant coefficient. Thereforeljken
determined based on the nearby pressure differench,  the original zonal models, this new model is sugab
as (R-P,), as shown irFig. 1, since the flow coefficient for both natural convection and forced ventilation
k is a assumed to be constant. cases without the involvement of additional sub-
Nevertheless, when finite difference or finite vokl models, such as jet flow model. Furthermore, in
techniques are used to solve CFD equations, sutiieas consideration of the similarity between Equatioar
Navier-Stokes momentum equations, more velocity 5 and the simplicity of this model compared to @feD
representation of the neighboring cells need to bemodels, such as the Large Eddy Simulation (LES) or
involved in the computation of the momentum. Fré®t the Reynolds-Average Navier-Stokes  (RANS),
Fig. 1, other thanu, u; and u, are also involved. ~POMME can be still categorized into the zonal model
Therefore, in addition to the assumption of a canst  group, rather than the group of CFD models.
value k used for all the zones, the simplified In this new zonal modeling approach, the mass and

representation of the cross-sectional velocitin the  gnergy conservation equations are also used, iiticid
power law model can be regarded as another majok, iha ' momentum equation (Equation 4 or 5).

reason to limit the applications of the originalnab Mass conservation equation for static-state
model to only natural convection. In the cases of roblems Eig. 3):
forced ventilation, such as overhead ventilation P 92
system, the power law model is not able to represen <« .. . L
the transfer of momentum effectively, because @f th 2.y HMae* M= § ko /§ ()
limited number of neighboring cells involved in the )
algorithm and the constant value used for the flow "Where: _
coefficientk (Jiru, 2006). m,(kg/s) = The rate of mass from surrounding zone

In the new zonal model POMME, the one-dimensional to zone i
momentum equation with zero viscosity (Equationis4) m kg/g = The rate of mass supplied as a source in
used to replace the power law model (Equation 8yder . . .

the zone, i.e., the air flow from a diffuser

to represent the momentum relationship between the ka/9 = Th te of df th
pressure difference and the velocity: M., (kg/s) = The rate of a mass removed from the

zone

source(

ou_ 0P 4
p”afx‘ ax (4) Energy conservation equation for static-state

problems Fig. 3):
where,u (m/s) still represents the cross-sectional velocity

between two zone divisions. In Equation 4, an aofofi D" G +houree + U= I W 7)
term pg is required on the right-hand side of this
equation if the gravity force is applied in thisedition. Where:

In case where the finite volume technique and the ¢;(W) = The rate of heat energy from surrounding

staggered grid formulation are applideid. 2) with the

uniform mesh grid, Equation 4 can be rewritten as: zones to zong

Gouee(W) = The rate of heat energy supplied by a source

(puu), - (puu), =AFP in the zone
04 (W) = The rate of heat energy removed from the zone

Which is approximately equivalent to: . )
For transient—state problems, Equation 4-7 can be

o2 —p U2 = AP (5) modified by respectively adding a new term
e“e wow dM. 40 . .
( %,—” andQ‘] representing the effect of time,
In Equation 5, the terms and \, can be represented ot dt dt

by using the velocity values of the neighboringlssel where t (s) is time; M(kg) is the fluid mass of zone ij;
such as u, uyand y, as shown irFig. 2. Replacing the and Q (J) is the heat energy in zone ij.
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o P, U p U,
. .

(i+1, j)

w

Fig. 3. Two-dimensional zone divisions

Moreover, several numerical techniques aree Semi-Implicit Method for  Pressure-Linked

included, i.e.,: Equations (SIMPLE) algorithm
- . . 3. EVALUATION OF THE NEW ZONAL
e Finite-volume numerical techniques MODEL
e Staggered grid formulation
e Upwind technique In this section, the new zonal model POMME is
» Coarse grids at the zonal model level validated by using the PHOENICS (2010), considering
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two situations, i.e., the cases of isothermal and-n
isothermal rooms.

3.1. Thelsothermal Room Case
The two-dimensional version of the isothermal stati

state zonal model (POMME?2) is used with 60 zones

subdivision, i.e., a mesh of 6x10 is consideredis Th
isothermal room has the size of 3.1x2.5 m, as shiown
Fig. 4. The supply diffuser is located high sidewall near
the ceiling on the west wall and the return openisg
located low sidewall near the floor on the eastl \{filg.
4). Each of the openings has the dimensions of B25x
m. The initial supply air flow rate is 1.5 m Skc

Figure 5 shows the simulated airflow pattern
within this room using the CFD program PHOENICS,
with 1,911 cells (39x49 mesh gridfigure 6 shows

developed POMME. As shown in these two figures,
the two airflow patterns are very similar. In fatte
original zonal model POMA cannot be used to predict
the airflow behavior of this room, without the hep

a jet flow additional sub-model.

Figure 7 shows the comparison between POMME2
and the CFD program in terms of velocity in the x
direction Fig. 4). In Fig. 7, the vertical velocity
distributions over six poles in the x direction €th
poles are vertical position evenly distributed het
room to predict the temperature distribution
vertically), are used in the comparison; the U {nigs
the simulated x-direction velocity; ;\J (m/s) is the
initial supply air velocity which is 1.5 m's z (m) is
the elevation from the bottom of the room; and Hi¢ig

the simulated airflow pattern using the zonal model (M) is the height of the room space, which is 2.5 m

Ceiling
)
1.5 msec!
West Room East
Z
Floor
-

Fig. 4. The isothermal room

\

i
J .
i

Fig. 5. Airflow pattern of the CFD model (39x49)
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Fig. 7. Comparison between POMME and the CFD model in tertise velocity in the x direction

Figure 8 shows the comparison between POMME2 predict airflow behavior without the usage of theflow
and the CFD program in terms of velocity in the z model for the two-dimensional forced ventilatiorsea

direction fig. 4). In Fig. 8, W (m/s) is the simulated z-
direction velocity; U, (m/s) is the initial supply air
velocity which is 1.5 m sét

As shown inFig. 7 and 8, this new zonal model

POMME?2 produces a reasonably good result comparedsimulated non-isothermal

3.2. The Non-I sothermal Room Case

The three-dimensional version of the non-isothermal
static-state zonal model (POMME3) is used. This
roomFig. 9) has the

with those obtained from the CFD program, which dimensions of 3.1x3.1x2.5 m. The supply diffuser is

demonstrates the ability and potential of this nhdde
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located high sidewall near the ceiling on the weatl
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and the return opening is located low sidewall rtear  return opening are uniformly distributed in the ther
floor on the east wall. Both of them have the south direction, thus just one zone was used in the
dimensions of 0.25x3.1 m. The initial supply aiovit north-south direction.

rate is 1.5 m se&; the initial supply air temperature is Figure 10-12 show the comparison between
29°C; and the boundary conditions (room interior POMME3 and the CFD program with 74,529 cells
surface temperatures) are shownTiable 1. In this (39x39x49 mesh grid) in terms of the x-directiotoedy,
model, 60 cells (6x1x10 mesh grid) are used.the z-direction velocity and the room air tempeamtu
Considering the fact that the temperature boundaryrespectively. In these figures, the vertical disttions
conditions of the north and south wall surfaces areover the six poles, which are evenly distributedthe
close to each otheil&ble 1) and both the diffuser and room ig. 9), are used in the comparison.
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Fig. 8. Comparison between POMME and the CFD model in terittise velocity in the z direction

1.5m sec™ Ceiling
North | East
West |
South |
1
Z M
—_——— e — — ~,
. — "
2 4 | Floor ~ o]
X

Fig. 9. The non-isothermal room
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Fig. 11. Comparison between POMME and the CFD model indevhthe velocity in the z direction

As shown

from

these

three figures,

good y direction predicted using POMME3 and the CFD

agreements are achieved between the results of thprogram are shown ifrig. 13 and 14, respectively.

new zonal model and the CFD program in terms of As shown
room air velocity Fig. 10 and 11) and room air
temperature Kig. 12). The non-isothermal room air
temperature distributions on the medium plane ef th of the room.
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in these two figures,

an acceptable

prediction result in terms of room air temperatwas
produced by POMMES, especially in the central space
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Fig. 13. Temperature distribution [°C] predicted using POEM
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Fig. 14. Temperature distribution [°C] predicted using CFD

% Science Publications 85 AJEAS



Yao Yu and Ahmed Cherif Megri / American JournaEmfgineering and Applied Sciences 7 (1): 77-87 4201

Table 1. Boundary conditions for the non-isothermal case

East [°C] West [°C] South [°C] North [°C] CeilifgC] Floor [°C]
Temperature 13.9 6.0 14.1 14.1 13.5 11.8
4. DISCUSSION viscosity, instead of the power law model, usuaibed

for zonal models. Unlike the existing zonal modéte

In fact, the evaluation performed on POMME for new model can be used for both natural convectiwh a
both isothermal and non-isothermal cases demoastratforced ventilation cases without involving additbn
the strength of POMME to predict the indoor airfland sub-models. The evaluation of the new zonal modsl h
temperature distribution without the involvement of been accomplished by the comparison of the resilts
additional sub-models. POMME with those obtained by the CFD program

Although, at the boundary regions of the room, nearPHOENICS, for single room cases, isothermal and
the room interior surfaces, the zonal model residtaot non-isothermal. The evaluation results show that th
match completely the results of the CFD model, sa&€h new model is capable of providing relatively acdara
the results of the poles 1 and 6 and also whemah® of  predictions for the room central space that is kmas
ZIHeight is close to zero or one (near the floor and @g)jin  the occupied space in which people’s activitiesetak
these regions are outside the occupied space erefdte  place. Although there exist limitations of this new
are not significant compared to the space wherelg&o  zonal model, especially for the prediction of v

activities take place. Usually, the room occupipdce is  and thermal behaviors at the room boundary regions,
defined as the space beyond 1 foot of the wallsvétidn as a matter of fact, this new zonal model not only

6 feet from the floor. In fact, the mismatch of tesults simplifies the complexity of the model used in fedc
between POMME and the CFD program at the boundaryentijation cases, but also maintains the basic
regions is caused by th? simplified equations _thg_edwe characteristics of zonal model compared to CFD
model POMME to describe the momentum variationhsuc models. The future research of this new zonal model
as the ignorance of the viscosity terms and thgieisd involves further investigation to improve the model

simplified one dimensional momentum equation foo-tw S ) ) .
or three- dimensional problems. Although these prediction for two- and three-dimensional staticda

simplifications used in POMME model simplify the d&d transient-state applications.

structure and thus reduce the corresponding cotiquuah

time, they may make the model difficult to provide 6. REFERENCES
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