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ABSTRACT

In this study, experimental and simulation studiese performed in a building equipped with an UFAD
system in order to investigate the applicabilityeohew approach designed for prediction of the ggner
consumption of a residential building with an UFARstem. In this approach, a zonal model, Presslrize
zOnal Model with the Air diffuser (POMA), was coegl with a thermal jet model and integrated into a
traditional multizone thermal model. The coupleddeiowas verified experimentally. This integrateddmio
has the ability to take into account the charasties of an UFAD system and thus accurately sirautat
energy consumption. A case study was carried angyumth approaches: Multi-zone approach and the ne
developed integrated zonal/jet/multizone model.uargitative comparison, in terms of energy demafnd o
building with an UFAD system, shows that the difece can reach 14% and thus indicates that thiédred
multizone modeling approach is not appropriatestfor UFAD system in the building energy predictio

Keywords. Energy Demand, UFAD, POMA, Zonal Model, Experiméltiermostat Location

1. INTRODUCTION into two spaces, an occupied room space and a floor
plenum space, by a raised floor. Conditioned airflo
The existing building energy simulation programs, from an Air Conditioning (AC) unit is delivered the
such as (eQUEST, 2010; Trace700, 2010; EnergyPlusfloor plenum and then supplied to the occupied room
2011; Klein, 2000), have been proved to be appatpri above through floor diffusersFig. 1). Consequently,
to predict energy demands of overhead ventilationnew energy demand prediction approaches basedeon th
systems. They are not really suitable to be used focharacteristics of these advanced ventilation syste
buildings associated with particular Heating, Vietibn need to be developed, in consideration of the poor
and Air Conditioning (HVAC) systems, such as prediction capacity of the existing multi-zone misde
UnderFloor Air Distribution (UFAD) systems and used in the building energy prediction.
displacement ventilation systems. These systemg hav Multiple studies have been already developed to
been developed to replace the traditional overheadmprove the prediction accuracy and the quality of
ventilation system, in certain situations, in order building energy and demand computation with the
improve the indoor thermal comfort, indoor air qiyal  assistance of detailed air modeling approachess&he
levels and/or to save energy (Griffith and Chem)20 new developments on advanced HVAC systems have
Schiavonet al., 2011). In the case where an UFAD participated in the improvement of energy simulatio
system is used, the entire zone is physically s¢épdr model prediction.
Corresponding Author: Ahmed Cherif Megri, Civil, Architectural and Envinmental Engineering, CERT Research Center,
North Carolina A and T State University, Greensbdorth Carolina, USA
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Fig. 1. Demonstration of an UFAD system

Griffith and Chen (2004) stated “the assumptiont tha
room air is well mixed may lead to significant egan
HVAC system sizing” and coupled the momentum
equation to the zonal model to accurately predictrly
building loads of a single thermal zone. Ztetial.
(2002) demonstrated several efficient methods
integrate energy prediction into Computational é&lui
Dynamics (CFD) models in order to improve the
accuracy and the quality of building energy preditt
Baumanet al. (2006) investigated the primary pathways
of UFAD systems for heat to be removed from a rdom
a cooling application. They found that, under cogli
operation, a stratification produced by UFAD sysem
changes the dynamic characteristics of heat traasfé
they stated that “Up to 40% of the total room cogli
load is transferred into the supply plenum and @atigut
60% is accounted for by the return air extractiatet.
Schiavonet al. (2011) proposed a simplified method to
design building room cooling loads for UFAD systems

based on a number of EnergyPlus simulations andcorresponding

regression models. They demonstrated the diffeseirce

with the Air diffuser (POMA) (Haghighadt al., 2001;

Lin et al., 1999; Megri and Yu, 2010), was coupled with
a thermal jet model (Vialle and Blay, 1996). This
coupled zonal model was verified experimentally and
then integrated with a traditional multizone therma
model (ASHRAE Fundamentals, 2005), in order to
improve the heating energy prediction of a building
equipped with an UFAD system and also to take into
account the characteristics of the UFAD systemsthad
thermostat location. A case study was carried ougo
building associated with an UFAD system to
demonstrate the importance of the new developed
approach compared to the existing multizone thermal
models through a comparative study.

2. MODEL DESCRIPTION

The zonal model POMA (Haghighat al., 2001)
coupled with a thermal jet model was used to ptatie
indoor air thermal behavior of zone equipped with a
UFAD system. POMA is one of the most widespreadakzon
models used in building environment for indoorlawf and

tothermal behavior predictions (Haghighet al., 2001;

Megri et al., 2005; Megri and Haghighat, 2007; Yu and
Megri, 2011). Its original modeling structure indks a
mass conservation equation and an energy consanvati
equation, in addition to a power law model that
substitutes the momentum equation. This model is
especially suitable for natural convection probleiins
which the indoor airflow and thermal behaviors are
dominated by the impacts of buoyancy and gravity.
Nevertheless, for the forced ventilation problems,
corresponding additional sub-models have to be
accordingly included and numerically interconnectad
the zonal model (Heiselbeggal., 1998; Haghighadt al.,
2001), in order to describe the physical phenomena
to these forces. Generally, these
additional models include jet flow models, thermal

design cooling load calculation between UFAD and plume models and so on. Jet flow models are used to

traditional well-mixed overhead systems and fourat &
peak cooling load of UFAD systems is 19% highentha
an overhead cooling load.

Although the results of these researches regardingthermal/isothermal

UFAD systems are available, most of them are foqgusi
on the application of this system in commercialding
and under cooling operation (Schiaveh al., 2011;
Baumanet al., 2006; Schiavort al., 2010; Alajmi and
El-Amer, 2010). The researches regarding

application of UFAD systems in residential dwelling

and/or under heating operation are very limited. In wall/corner/multiple plume).

distribute cool or warm air into an indoor room spa
for both cooling and heating applications. Various
models exist, depending on the jet characteristics
jet, free/wall jet,
circular/plane/radial jet and horizontal/verticadt);
Thermal plume models are caused by indoor heat
sources, such as people, convection heater ana othe
HVAC equipment (Heiselberget al., 1998). The

themodels are numerous and dependent on different

plume characteristics (circular/plane plume,

In these additional

this study, the zonal model, Pressurized zOnal Mode models important parameters, including centerline
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flow velocity and temperature as well as Where:
trajectory/penetration length/throw, are represeénte V,(m/s)= The initial supply air velocity from a tiiter
using empirical equations that were usually obtdine T, (°C) = The initial supply air temperature
from both conservation equations and experiments.T (°C) = The surrounding temperature
The centerline flow velocity and temperature aj(m,) = The supply diffuser area
represent the central velocity and temperaturehef t 4 (yy/€) = The acceleration of gravity; and
jet flow  or _ thermal plume; and the B(L/K) = The expansion coefficient
trajectory/penetration length/throw represent the
effective length of the jet flow or thermal plume&o
simulate the indoor air thermal behavior of an UFAD
system, a specified thermal jet flow model is used,
whose details are shown below.

The thermal jet flow can be divided into three
regions, shown in Fig. 2, determined by the
dimensionless distance YVialle and Blay, 1996)

AXisymmetric
behavior (region 3)

Equation 1:
y=_Y_ (1)
\/A_o — — T S— — —— _‘ﬁ
Wh Plane behavior
ere: -
Ao (M%) = The supply diffuser area; (region:2)

A certain distance in the flow directiondan
known as trajectory or penetration length.

y (m)

As shown inFig. 2, in Region 1, Y<Y1 = 2, the
flow is established; in Region 2, Y1 = 2<Y<Y2 = 7,
the jet flow has a behavior similar to a plane paid
in Region 3, Y>Y2 = 7, the flow behaves as an .
axisymmetrical jet. The decay laws of centerline Establishment zone
velocity and temperature are givenTable 1, which (region 1)
are determined by the Archimedes number (Vialle and
Blay, 1996) Equation 2:

=BT T A, @)

V2 Fig. 2. Positive buoyancy jet (Vialle and Blay, 1996)

Table 1. Decay laws of centerline velocity and temperafifiielle and Blay, 1996)

Region Velocity Temperature
Region 1 0<Y<Y1l Y1=2 V =V T=T,
b, b,
Region 2 V(X T-T, (Y,
v, LY T,-T. LY
Yi<y<y2 Y2=7 b, = 0.2g%:221+ 0.07 b, = 0,260 4AT+126
Ar +0.07 Ar +1.26
Y b, v by T-T v b, v by
Region 3 Vo[ hm) [ s (Y] (Y2
v, (Y,) LY T,-T. LY,) \Y
Y>Y2Y1=2:Y2=7 b, =0.7 0.203Ar+ 0.02¢ b,=0.7 g.63Ar+ 0.06
Ar +0.028 Ar +0.06
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In this coupled zonal model (the thermal jet flow F
model and POMA), at the zones where the jet flows
occur, the air mass flow rate is calculated basethe
vertical thermal jet model using the jet flow rates
which is defined asm=pAv, wherev(m/s) is the jet

velocity defined inTable 1; p(kg/m®) is the air
density; A (m?) is the cross-sectional area between
two zones; whereas at the other zones, POMA is
utilized. Similarly, the centerline zone temperatuf

the jet is computed using the centerline tempeeaiur
defined inTable 1; and the temperature of the other
zones are still calculated using POMA.

3. MODEL VERIFICATION

Fig. 3. Experimental building for the validation

Before the usage of the coupled zonal model, a mode
validation needs to be accomplished using Outside South
experimentation. A room within a single dwellinguse,
which was the old day care center located in Lagami
Wyoming (ig. 3) was considered for the validation.

The size of the room is 4.62x3.61%2.39 m. Since the
height of the floor plenum for the UFAD system i8®m, Diffuser
the actual height of the room is 2.09 m. This rdws two []I[[]]]
external walls that are facing south and east. ifentical
windows were located on the east and south walie. T
dimensions of each are 1.57x1.00 m, as shovaignd. A
floor air diffuser with the size of 0.53x0.23 mgkced at Retutn
the center of the room. One return grille (0.848013) is Y North
located on the north wall, near the ceilifig( 4).

Forty-five type-T thermocouples were used to L=46228m Inside
measure the room air temperature distribution,hasva X
in Fig. 5, in which TP1 to TP9 represent the 9
thermocouple poles (verticals) used to measure the (@)
vertical distributions of the air temperature. Tée3
poles were uniformly distributed in the room aswshan
Fig. 5 (d) and on each vertical, five thermocouples were Returen
attached to the pole and distributed evenly.

Boundary conditions, including the measured room
interior surface temperatures and the measuredhsupp
air temperature and velocity of the diffuser arewsh
in theTable 2.

The coupled zonal model with the zone subdivision,
5x5x8 (200 zones), is used to predict the indoerntial
behavior of the room air-conditioned using an UFAD
system. Figure 6 shows the vertical temperature 2 \ ol
distributions of the 9 poles obtained by both thapted —
zonal model and the experimentation. In this figure o
(°C) is the predicted/experimental air temperaturie (b)

(°C) is the initial supply air temperature which is
32.22°C; z (m) is the elevation from the raisedifjaand Fig. 4. Experimental building for the validation (a) topewi;
H (m) is the height of the room space, which is 2109 (b) 3-D view
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Table 2. Boundary condition used for the validation

North South  East West Ceiling Floor Baistdow South window  Supply air
[°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]
Temperature  27.99 2092 2113 26.88 26.51 743. 26.23 25.89 32.22

Diffuser air flow velocity: 0.635 m sét

As shown in Fig. 6, the coupled zonal model plenum space Kig. 9). For energy and load
produces a reasonably good result compared with thesimulation, these two spaces need to be treated
experimental data, which demonstrates that the |zonaseparately and the multizone model will not be
model POMA coupled with the specified thermal jet recommended to be used for the prediction of the
model is able to predict the characteristics ofittumor thermal behavior of the room space, because of the
air, such as the temperature distribution withire th presence of thermal stratification within the spakse
conditioned room using an UFAD system. shown in theFig. 9, the energy demand of the UFAD

system, gsiem IS €Xpressed as Equation 3 to 5:
4. CASE STUDY

. qin = qsyslem+ qout'[W] (3)
In the case study, the integrated model (the cauple
zonal model integrated with the multizone thermal G = Goass+ G 1 = Gyt Ao [W] (4)
model) was used to predict the heating energy ddrofn
a room with an UFAD system.
. . . .. SO osystem: qlossl+ qlossz-[W] (5)
4.1. Basic Building Conditions
A room in the single dwelling house shownFiy. 3 On (W) = The rate of heat transfer going into the
was considered for this study (the experimental plenum _
instrumented room). The basic conditions of thismo  Go{W) = The rate of heat transfer going out from the

were described preciouslyFig. 4) in the section 3, room
including the dimensions of the room, the heightle  Qoss{W) The rate of the heat loss from the plenum
floor plenum and the information regarding the dypp doss{W) = The rate of heat loss from the room

diffuser and the return grille. This room has tderitical g, (W) = the rate of heat transfer from the plenum to
windows on the east and south walls with an areh%f the room space through floor diffusers and
m2 each (U'Value 1.4 W/%K, Solar Heat Gain the raised floor construction

Coefficient (SHGC) 0.59; no internal and external qsystem(W) = The rate of heat generated by an Air
shading device). The thermal characteristics offthe Conditioning (AC) unit

walls, floor area and ceiling are presented inTtable 3-

5. The local outside temperature and horizontalrsola  For the energy demand computation, the developed

radiation are displayed in tif&ig. 7 and 8 respectively.  coupled zonal model is used for the room spacerawdse
An UFAD system was used in this room for the he&ntin the multizone model is used for the plenum.

season. No internal gains were considered in thidys o )
This room was geometrically subdivided into 200emn  4.3. Description of the Modeling Approach

(5x5x8 mesh grids) for the simulation performecngsi The validated coupled zonal model was integrated
the coupled zonal model. The simulations were edrri to the multizone thermal model in order to estimate

out, neglecting the air leakage and air heat serag (he hourly heating energy demands of an enclosure
effe_cts._ The thermostat set point temperature ISequipped with an UFAD system and to quantify the
maintained as a constant value, 20°C. impact of the thermostat location on the heating

42. The Predictive Model for the Energy demand of a single dwelling house. The thermal

Demand, for a Dwelling House Equipped model consists of energy balance equations, inolydi
with an (JFAD System the room air heat balance equation, the room ioteri

surface heat balance equation and the room exterior
When an UFAD system is used for a space heatingsurface heat balance equation. These equations
the raised floor physically divides the entire spauto involve heat transfer by convection, conduction and
two separated enclosures, a room space and a flooradiation (ASHRAE Fundamentals, 2005).
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Fig. 9. Energy balance demonstration of UFAD system

Table 3. External wall characteristics

Solar absorptance Convective heat transfefficieft (kJ/h miK)
U-value
Externalwalls  Area (A  (W/m?K) Inside Outside Inside Outside
South 11.04 0.339 0.75 0.3 15.12 64
East 8.61 0.339 0.75 0.3 15.12 64
Table 4. Internal wall characteristics
Solar absorptance Convective heat transfer icteft (kJ/h mK)
U-value
Internal walls Area (f)  (WInf K) Inside Outside Inside Outside
North 11.04 0.652 0.6 0.6 15.12 15.12
West 8.61 0.652 0.6 0.6 15.12 15.12
Tableb5. Floor and ceiling characteristics
Solar absorptance Convective heat transfeffic@nt (kJ/h miK)
U-value
Area (nf)  (W/m?K) Inside Outside Inside Outside
Raised floor 16.67 1.671 0.80 0.40 14.544 0 1Blenum)
Floor 16.67 0.313 0.80 - 18.0 (Plenum) -
Ceiling 16.67 0.233 0.35 0.75 14.544 1454

The integration between the coupled zonal modelthed established based on this detailed room thermal
multizone thermal model has been accomplisheddescription, in which more factors that are able to
considering the fact that the boundary surfaceimpact the building energy consumption can be
temperatures needed for the zonal model are peedlimt considered, such as the thermostat location, the
the thermal model. This integration allows the dedp asymmetric radiation, hot surfaces and others, kvhic
zonal model to estimate the indoor room temperatureare difficult to consider in the traditional mulbize
distribution and the room airflow using the boundar thermal model used in building energy simulation.
conditions predicted by the multizone thermal model Although the integration procedure is differentnfro
This integrated model is able to provide corresjiognd  system to system, depending on the system typetand
indoor thermal responds for various outdoor weathercharacteristics, a general integration approach is
conditions over time. Additionally, unlike the tiidnal displayed in Fig. 10. As shown in this figure, a
multizone thermal model, a detailed performance andparameter that has an effect on energy predict®on i
analysis of the indoor thermal behavior and aiwflo adjusted numerically in order to meet the room
pattern can be obtained using this integrated modelrequirement, such as a specific local room air
Consequently, an accurate energy model has beetemperature or a specified thermal comfort level.
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Inputs for the thermal model, including
the building conditions, energy-effect
parameters, such as the output energy of
an AC system

v

Zonal model + Thermal model I|f-

Evolve a new energy-effect
parameter

Output the results, for
example the current output
energy of the AC system

Fig. 10. General integration procedure

This parameter represents the most sensitive félotdr  thermostat location. In our case, any of the 20@ezo
can directly or indirectly affect the building eggr ~ may be considered as a thermostat location.

prediction. This parameter may be the supply air gen3 petermination of the Design Temperature
temperature or the supply air flow for a forced Distribution (DTD)

ventilation system, or the electrical energy infartan In order to be able to use the integrated model to
electric floor radiation system. Once the room preqict the heating energy demands, a new concagt w
requirement is met, the energy demands of the Airjntoquced, which represents an intended indoor
Conditioning (AC) system can be determined based ongmperature distribution. This intended temperature
the current value of the parameter selected. . distribution called “Design Temperature Distributio
Specifically, the simulation procedure to determine (DTD) that can be used to determine the hourly gyer
the energy demand of a dwelling house with an UFAD demands of the building. The DTD is sensitive tmgna
system using the integrated model is shown below. factors, such as the Iocétion of the thermostat,tyipe
Step 1. Selection of the supply air temperature for the of HYAC system and so on. Different HVAC systems
room space. and various thermostat locations may have distinct

Any reasonable supply air temperature for a DTDs. The approach to determine the DTD of an
residential house under heating operation can ked,us UFAD system is shown below.
such as 32°C. Nevertheless, in consideration of the The input information of the thermal model are
characteristics of UFAD systems and the thermalsimilar to building energy simulation programs, lsus
comfort of occupants (ANSI/ASHRAE Standard 55, weather condition, building geometry and areadding
2004), a constant supply air temperature of 29 #46& location and orientation, opening characteristicgl a
the floor diffuser was used. location and so on. The supply airflow ventilatiate to
the room space is adjusted (increased or decreased)
gradually. As long as, the airflow supply ventitatirate

Typically, the thermostat location depends on ttié g changes, the room thermal behavior, i.e., the r@m
mesh of the space detailed (zonal or CFD) modey An temperature distribution changes as well. Thereffme
zone of the grid mesh of the room is a potential each ventilation rate, there is a correspondingnraar

Step 2: Location of the thermostat
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temperature distribution profile predicted by the These steps are repeated for various thermostat
coupled zonal model. The air temperature of theezon locations and for every time step.
where the thermostat is located is observed cdyeful

A soon as, this zone air temperature is equal & th 5 RESULT AND DISCUSSION
thermostat set point temperature (the set point is _ o _
considered as 20°C in the case study of this sfutg) The heating energy demand result is displayed in

current air temperature distribution profile willeb the Fig. 11, in which “Multi Zone Rm+PInm”
regarded as the DTD and the corresponding supplyrepresents the total energy demand of the room and
ventilation rate N is also determined. plenum, which is equal toggs+0ss2 (Equation 5) and
) _ calculated using the original multizone thermal miod
Step 4: Calculation of the hourly heating energy demand g poth the room space and floor plenum respegtivel
Once the DTD is obtained in the step 3, the energy«typical thermostat location Rm+Plnm” represents
demand (heat loss),g. can be estimated using the iphe energy demand summation of the room and

equation: plenum when the thermostat is located at the typica
position Fig. 12), by applying the integrated model to

Oigss2 = M,CP (T, = T ). [W] (6) the room space and the traditional thermal model to
the plenum. “Different thermostat locations

where, M (kg/s) is the supply ventilation rate from the Rm+PInm” represents the different energy demand
diffuser, which is determined in the step 3; chdX) is ~ Summations of the room and the plenum according to
the specific heat; ;T (°C) is the supply air temperature qm‘erent thermostat positions, when using _ .the
that is a constant and equal to 29.4°C select&tdp 1; integrated model to the room space and the trawditio
and T (°C) is the return air temperature based on thethe_rmal model to the plenunl_fflgqre 12 shows the
current DTD, which is the air temperature of thexo typical thermostat location which is on the nortallwv
that is close to the return opening,,Tis sensitive to below the return grille, approximately 1.5 m abake

i i raised floor and 3.3 m away from the east wall.
many factors, such as thermostat location, diffuser As shown in theFig. 11, the heating energy demand
locations, building materials and type of constiarct a0

™ decreases at around 9:00 AM (solar time) and reache

weather condition and so on. the minimum at 14:00 AM. In fact, the magnitudethod

Step 5: Calculation of the total heating energy demand Solar radiation plays a significant role in the tiveg
(JQossitGossd)  Of the entire space (room €nergy demands of the UFAD system in this room. As
Space+ﬂoor p|enum space shown in Hng 9) shown in theFlg 8, the Strength of the solar radiation

To determine the heating energy demand of theincreases from zero at 8:00 AM to reaches the maxim

building where a floor plenum space is used fotinga ~ value at around 14:00 AM. During this time peridi

a similar procedure as mentioned in the steps Jazah solar energy is transmitted into the room throughttvo

be applied. In this procedure, instead of the suppl windows located on the east and south walls and thu

ventilation rate, the supply air temperature of tlver offsets the requirement of heating energy of tha.

plenum from the outlet of the air conditioning urst Additionally, as shown inFig. 11, _d|fferent
thermostat locations account for various energy

regarded as the parameter that needs to be adjuste : . .

- . emands. Since the actual indoor air temperature
gradually. The ventllat!on rat.e that was determimethe distribution is not uniform, the energy demand vebul
step 3 and the Ieav_mg air temperature of the ﬂoorbe different when the thermostat position changes
plenum (the supply air temperature of the room pac ithin the same room. The result of “Multi zone
that was determined in the step 1 are known. Thegef R m+PInm” is different from the “Typical thermostat
for each supply air temperature of the floor plenem |gcation Rm+PInm” result, demonstrating that the
corresponding leaving air temperature of the floor myitizone thermal model is not able to accurately
plenum can be predicted. Then, using the Equatithe5  predict the heating energy demands of the UFAD
heating energy demandig) of the floor plenum space system because of the presence of thermal
can be calculated. Finally, the total heating deinan stratification in the room. Therefore, an advanced
(Joss? Of the entire space can be computed by theintegrated zonal model, need to be used, in order t
summation of the energy demands for both the roomtake into account the detailed indoor temperatur@ a
space and the floor plenum. airflow distributions in the energy prediction.
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Figure 13 shows the ratio of the heating demand
of “Multi zone Rm+PInm” to “Typical thermostat
location Rm+PInm”. This figure indicates a diffepen
of 14% in term of heating energy for a single divgjl
house equipped with an UFAD system. This potential
saving is only due to the usage of the integratedeh
in building energy/load prediction, since this mbde
has more representation of the actual buildingrtfzer

and airflow conditions. .

6. CONCLUSION

The zonal model POMA has been coupled with a
thermal jet model to predict single dwelling houwse
thermal behavior under an UFAD heating system.
This coupled zonal model has been evaluated using
experimentation. The result of this validation has
shown that the coupled model has the capability of
predicting air thermal behavior within a residehtia
house, when an UFAD system is used for heating.

Then, this coupled zonal model has been integrateqN

with the traditional multizone thermal model, inder
to improve the heating energy demand predictioa of
single dwelling house equipped with an UFAD

Specifically, we conclude that:

The traditional well-mixed method is not
appropriate to use for UFAD systems in building
energy demand prediction. In the case studied, the
heating energy predicted by multizone thermal
model is 14% over estimated. Therefore, advanced
and more detailed models, such as CFD or zonal
model, need to be used.

The different thermostat locations indeed affeet th
building energy demand/consumption. As a matter
of fact, the thermostat location is an important
factor, which influences building energy demands,
room ventilation requirements, human thermal
comfort and even the effectiveness of HVAC
systems. Therefore, designers or researchers should
pay more attention to the impacts of thermostat
location in building.
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