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ABSTRACT

Energy usage in buildings has become a major topic of research in the past decade,
driven by the increased cost of energy. Designing buildings to use legy éas become
more important, and the ability to analyze buildings before construction can save money in
design changes. Computational fluid dynamics (CFD) has been explored as a means of
andyzing energy usage and thermal comfort in buildings. Existegparch has been
focused on simple buildings without much application to real buildings. The current study
attempts to expand the research to entire buildings by modeling two existing buildings
designed for energy efficient heating and cooling. T i&rthe Viipuri Municipal Library
(Russia) and the second is the Margaret Esherick House (PA). The commercial code
FLUENT is used to perform simulations to study the effect of varying atmospheric
conditions and configurations of openingBree heatingimulations for the library showed
only small difference in results with atmospheric condition or configuration changes. A
colder atmospheric temperature led to colder temperatures in parts of the building. Moving
the inlet only slightly changed the tperatures in parts of the building. The lbog
simulations for the library had more drastic changes in the openings. All three cases showed
the building cooled quickly, but the velocity in the building was above recommended ranges
given by ASHRAE Stanad 55. Two cooling simulations on the Esherick house differed
only by the addition of a solar heat load. The case with the solar heat load showed slightly
higher temperatures and less mixing within the house. The final simulation modeled a fire in

two fireplaces in the house and showed stratified air with large temperature gradients.
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Chapter 1: Introduction

Since 1949energy consumption in the United Statasrisen from32 quadrillion BTU
to 102quadrillion BTU in 2007 1]. Thecombination oincreased energgostand increased
energy usagdas causee@nergy spending in the U.% increasefrom $83 billion to $1
trillion between 1970 and 2005After adjusting for inflatim, this is still an increase of
250%. With these economic factors in mind, it is importéortthe U.S.to conserve energy
whenever possible.
1.1 Motivation

A large portion of energy consumption is used to condition buildings, i.e. heating and
cooling. In raidential buildings, about 51% of all energy constiompis used for this
purposg1]. There is a potential for large energyd cossavingsby conditioning the air in
buildings more efficiently One method of conserving emgy in the conditioning of
buildings is the use of natural ventilatjiomhichtakes advantage ¢hatura) air flow through
a building to moderate thermal comfort. The natural air flow can be duentbevaund the
building or natural convection causeg thermal gradientsvithin the buildingor between
the building and the atmospher&Vhen exploiting natural ventilation in a building, two
factors must be considerediir velocityand thermal comfort.Both of these factors can be
judged bas# on ASHRAE Standard 52004 which is usedto judge thermal comfortin
buildings[2]. A summary of the ASHRAE guidelines are giverTeblel.1.

In buildings designed to exploit natural ventilation, air must be able to flow freely

through bhe building. $atiallayout, the idea of how different areas of a building connect, is



Tablel.1l: Summary of ASHRAE>uidelines 2]

Recommended Acceptable

min max min max
T (°C) 20 25 18 28
v (m/s) - 0.2 - 0.8

very important when considering flow through a buildidgchitects describ&ee flow open
spaces awolumes ofhorizontal and vertical spatial continuitfhus, the regions (i.e.,
volumes) within a buildingare canected by wall aperturepassageways, stairways, split
levels, interior windows, or double height spaceésow exactly the shape and locatioh
these connections affeatrflow in three dimensions is th#oader research question.

Thegoverning equatiantodescribe tk physical phenomenaf fluid dynamics and heat
transferare broadly acknowledged in building science literaf@feand the basic concepts
are shownwith diagrams and twdimensional arrowg4]. However, predictng the
interrelationship bthe connecting spaces ararflow patterns, for example the Venturi
effect, buoyancy effectsand cross ventilation in relationship to thermal patieare
integrated intuitively into most desigri®]. As Chen[6] points out, airflow patterns
predicedby the architect often vamyreatly from the actuairflow through the building

Thus far, architectural research addresses the energy use of heating and cooling only
through optimization of mechanical systems and the building envelope. The use af spati
design to reduce energy congption by exploiting convectioms not quantified in the
architectural design of buildingsThe energy needs relative to spatial construction have not
been sufficiently examined or considered. Usually building spaces caipped with
heating, ventilating and agonditioning (HVAC) systems after design decisions have been
made. More appropriately, energy requirements for these HVAC systems should be
integrated into the design process. With the knowleafgeolumetric conposition, both

2



architects and engineers need to change their approach and work as a synergistic team to
producebuildings thatareboth aesthetic and energy efficient.

From an engineering standpoint, energy efficiency is established through the building
ernvelope and HVAC equipment performance ratings.weleer, engineers seldom consider
natural means to heat and cool buildings using spatial layout, such as edmoechs,
windows or vents. Energy usage is predicted with simple -frsemndly software (e.qg.
Energy 10), yet these tools can neither examine nor integrate the influence of airflow
patterns. A novel approach would be to use computational fluid dynamics (CFD) to simulate
and predict energy utilization by modeling a thdemensional building, inading windows,
vents, etc., which would provide a true interpretation of how building designspatial
layoutaffect energy requirements.

1.2 Previous Work

There has been significant research conducted uminggerical technique® model air
flow in and arand a singleoombuilding [7-12] but fewdetailed studies of whole buildings
A primitive computational analysis method for building energy usage is the zonal or network
mode| which has been widely used to simulate airflow and thermal comfort through
room buildings. The network model of simulating airflow considers each room as a control
volumeand it is assumethat the temperature and pressure within a room are unjft3jn
Mass and energy balance calculations are performed on the contushevdo find
temperature and pressure within the zone as well as the mass flow rate at the boundary. The
omission of pressure variations within a zone has been shown to provide erroneous results
and more recenapproachego zonal modeling have divided es in multiple subzones

allowing multiple pressureand temperatusdo be calculatedvithin a zong13).



Theadvantage of CFD modeling that hstead okexaminingthe average temperature in
a room, a CFD investigation cadentify parts of a roonor buildingthat are not cooled or
heated sufficientlyWhile CFD is the more obvious choice for accurate predictions, there are
many problems when simulating natural ventilation. Thermally driven flows are usually
characterized Yo low Reynolds numbsrwith large levels of turbulenceause by buoyant
plumesthat can ceate problems withnumericalconvergence in the simulatigd4]. In
buoyant flows, the ratio of buoyanciprcesto viscousforcesis defined by the Grashof

number(Gr):

3
Gr. :M 1.1

n2

where g is gravity, b is the coefficient of thermal expansiolfs-Tp is a characteristic
temperature differencé,is a characteristic length, aads the kinematic viscositjl5]. The

flow regime is determined by the Rayleigh numiea):

gb (Ts - To)l-3

Ra=Gr Pr= 1.2
na
whereUis the thermal diffusivity an@r is the Prandtl given by:
a

According to Incropera, et all§], flow transitiors from laminar to turbuleratRa& °1 0

In a flow that is driverby both buoyany and pressure gradienthe choice of boundary
type becomes important. Heiselbetd][showel the solution of such flows @ependent on
therelativemagnitude of théorces due to buoyancy and pressu¥ithout knowing which
forceis dominant the boundary conditions in such combined flomsstallow fluid to enter

or exit the boundary



Another issugo be considered when perfamg CFD simulationgor natural ventilation
in buildings is the availability of computing resourcel 1992, Schaelin, et al.9] used
39000 cells for simulations of a domain of approximately 16080 Asfour and Gadi7]
recently found that using a mesh of 2.25 million cells for a domiir8000m* was beyond
the capabilities of the computing resources available to the authst®uld be noted that
neither study specified the type and numbieprocessors or amount of memory available to
the researchers Therefore, discretizing whole buildings is constrained by the available
madine memory and processor spesalising grid resolutioio often be too coarse to
capture the physics of the floand necessitating the use of a turbulence model.
Turbulence models have been developed to calculate the effect of turbulence on a flow
and eliminate the need for the grid to resadlke turbulence itself. Existing research on
turbulence models in naturaéntilation flow has shown mixed results and most has focused
on two-equation turbulence models such askfigandk-¥ models. In these modelk is the
turbulent kinetic energyJis the turbulent dissipation rate amds specific dissipation rate.
Three k-Umodels are examinedstandardk-U) renormalization group theory (RNG) and
realizable. The standakdUmodel is considered the simplest of the 4®guation turbulence
models. The RNGk-Umodel includes additional terms in the transport equatiottthat
improve accuracy in highly strained and swirling flows. The realizeblis a new approach
to the standardé-Umodel with a new derivation of tRdiransport equationi].
Evola and Popov1[7] compared the standarddk mo d e | and tmoaeRNG ok
simulations of natural ventilation in a single room. Both the standddd kmo d e | and t
RNG kU mloperéormed well, but the RNG-& mode | performed bet:t

however a slight decrease in computational performance was noted.



Kuznik, et al.[18] performed the most thorough examination of turbulence models in
natural ventilatiorexamiring the stadard kU, r ee&l0j zRNGaked model s.
simulations were for a room with an isothermal jet, a hot jet, and a cold jebmparison
was made of the velocity and temperature of the jet lam@uthors found that all turbulence
models agreedvell with experimental data for the isothermal and hot jet cases, but none
agreed well for the cold jet case. The authors mentioned that for the cold jet that the k
model agreed the bestStavrakakis, et al.1f] examined the three-d mo fbrenlatsra
ventilation in a livestock building and a greenhouse. The authors found the stafdard k
model and the RNG-K model agreed with experiankental
models, however, converged in fewer iterations than the RNG kmo d e |

Liu, et al. [20] examined natural ventilation using a laminar model, a-egr@mtion
turbulence rodel, the standard-& motleRNG kU  moadcellarge Eddy Simulations
(LES). Two simulations were performed, the fivgés asingle heated zonand the second
addel a multistory atrium to the single zone. The autHorsnd thathe LES modelwastoo
computationallyintensivefor the domain size necessary for natural ventilatidrihe two
different situations examined showed different suitable turbulence motleéssingle zone
simulation showed the RNGlt a n dequatierr models agreed with experimental data
best. The second simulatioshowedthe zereequation and laminar modelsad better
agreementvith experiments. The authors stated for the two cases thedamnd zero
equation model may be better because the flow is turbulent only in parts of the domain.

Based orthe aforementionedesearch findingsthe kU  m opeértodmed well and the

standard model is more efficietitereforethe current sty will usethe standardk) mo d e |

T



1.3 Objective

In this study, CFDwill be used tomodel airflow and temperature fields in existing
buildings, and teexamine the effectiveness of natural ventilation to conbtr@imal comfort
within the buildings Both passive heatingnd massive cooling will be examinedsing
multiple environmental conditions.Thermal comfort and air velocities will be examined
following ASHRAE Standard 55.Air quality will be examined on the principle of air
changes per hour (ACH)

Two existing buitlings designed to implement naliventilation will be examinedThe
first is theMargaret Ekerick House in Chestnut Hills, PA two stoy residential building
desigred by Louis I. Kahn The house featuregpeningson oppositesides of the house with
no wallsextendingthe length of the house. This layout allows air to flowlfreeross the
building. Adouble height room on the south end of le@eiseconnects two floors, allowing
air to move freely between them.

The second building is th&/iipuri Library in Vyborg, Russiaa municipal library
designed by Alvar Aalto. The building consists of two large sections: a long, narrow lower
section on the north side and a larger taller section on the south Bi@enorth section
contains the main door ardlarge lecture hall on the main level. The south section is open
vertically and horizontallywith tall ceilings and large openings between levels. The two
sections are connected by multiple large openings allowing air to flow freely

CFD simulations v examine spatial layout effects on the ability otural ventilation
to maintain acomfortable thermal environment aratceptablerates of ventilation to
maintain fresh air throughout the buildidgring different atmospheric condition3he use

of CFD in this study is to demonstrate its potential application as a design tool. Changes



be relatively inexpensivaluring the design stageising CFD as compared to making
renovations in an existing building.

The remainder of the thesis will start wighdiscussion of the numerical models and
solution methodsin Chapter 2 Chaptes 3 and 4 will examine the two buildings
individually, starting with the ViipuriLibrary and then the Eshericlotise. A brief history of
each building will be given, followed by description of the layout. The cases for each
building will be discussed, and results for each case given. Chaptatl discuss
conclusions of the current wodndwill provide a briefrecommendatiomvork to be done in

the future.



Chapter 2: Numerical Approach

In this chapter, an overview of the physical model used in this study will be given. The
commercial softwaréLUENT 6.3[16] is usedto perform all simulations.The following
presents the equations and models employennolate passive cooling and heating within a
building.
2.1 Governing Equations

The velocity and temperature fields in buildings are goeetiby the threglimensional
NavierStokes equations and the energy transport equatibime standard-kl t ur bul enc
equaton is also usetb modelfree stream windwhichis inherently turbulent?).

Thecompressible form foronservation of mass and is given by:
% +DGr)=0 21

where r is the fluid density,and V' is the velocity vector

Conservatiorof momentumis given by:

L(r)+0ary=- prodr)+r§ 22

wherep is pressuref is the stress tensaand g is the gravitational body force vector. The

stress tensor;, , for a Newtonian fluids given by:

f:nga\%a%)- %Dcﬁg 23



where m is the dynamic viscosity of the fluid ads theidentity tensor. For the current
study, the flow is considered incompressiblecause low velocities and small pressure
differences are present in the domain.

The Boussinesq apptonation is used for buoyanegiriven flows, such as natural
convection. The approximation assumes that denditgrdnce are small except for the
buoyancy force, which is due tertical density gradients anlde gravitational force. Thus,

if density cianges are considered to be only a result of temperature changes:
b=-188 2.4

where b is the thermal expansion coefficie2l]. The Boussinesq approximatican then

be used assumindensity as a linear function of temperature, and therefore is only valid

when the range of temperatures is small. The Boussinesq approximation is given by:
(ro-r)=-rob(T-T,) 25

where r, and T, are reference vale Equation 2.5 can be solved for densityand

substituted intahe termrg of Equation2.2. In all other termsy is replaced with o.

The general form of the energy equation is given by:
&(rE)+E)C'[§(rE+ o)]=D BT +Ddf, &)+s, 2.6

whereE is total energy The first term on the right hand sidethe effective conductivity,
kes, which is the sum of the fluithermal conductivityand the tdoulent thermal conductivity.
The secondterm on the right hand side represents ausc heating present in the flow;
however this value is neglected for mostcompressible flows The final tem on te right
hand sideS,, represents an energpurce termwhich will be discussed on a case by case
basis Thetotal internal energy of the fluis defined as:
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2
E=pn-P+¥ 27
r 2

whereh is the sensiblenthalpy of the fluid

T

h= fp,dT 2.8

Tr ef

and T is a reference temperatuasually standard temperatyirand c, is the constant
pressure specific heat of the fluith this studythefluid thermal conductivity and, will be
considered constafir the small temperature changes present

Using the simplifications given above, thinal forms of the incompressible

conservation equatiorsse

A

p&=0 29
A\

W od=- Lop+ M0+ §- b(T-T,)§ 210
“t ,.O rO

%H(/:G'DT = ab?T 211

2.2 Non-Dimensional Equations
Non-dimensionalization of the equas is used to evaluate the importance of each term
of thegoverning equationsTo do this,L, up andr will be used to nomimensionalize all of

the variables, and a superscript * will represent thediorensional quantity, where:

t* =—- 2.12
L

P =pL 213
A\

=Y 214
uO

p=—F 2.15
ru,

11



2.16

217

Equations 2.122.17 are substituted into Egs 28.11to produce the nowlimensionalset of

equations
P’ =0 2.18
Ce
W S & = B+ 2D+ -y 2.19
pt Re Re
W Gwg-—Lt py 2.20
pt RePr

whereReis the Reynolds numbedefined aghe ratio of momentum forces to viscous forces

whichis given by:

Re= /Yl 221
m
The Grashohumberis given by:
L _ 3
or = - T 222

n

and the Prandtiumberis defined as /[22)].
2.3 Turbulence Models

The standardk-U turbulence model is used in this studyhich uses two additional
transport equations to model the effect turbulence on the entire flow field. The additional
transport equations angsed to calculatéhe turbulent kinetic energk, andthe turbulent
dissipation ratel In the standaréi- Umodel, the transport equatiofes k and Uare given

by:

12



&rk )+D ebrkv) = DC@m ngkU+G +G,-r &5, 223
a

‘o N 5
Bir prpdr %:D%%S—”Z%egmmg(ek +C,.G, )- C29r%+se 2.24

In these equation$ represents turbulent kinetic energy production due to mean velocity

gradients;G, represents turbulent kinetic energy production due to buoy&and Syare

source terms fok and Urespectively,Cig Coy andCapare constantdi, and Gigareturbulent

Prandtl numbers fdt andUrespectively; and, is the turbulent viscosity. Thexpressionsf

theseparameterare given by:

G, = mS? 2.25

G, =- CbﬂPDT 2.26
rPr
k2

m=rC,— 2.27
e

The values of the constants used by FLUENS: &= 1.44,C,5= 1.92,C. = 0.09,0« = 1.0,
dg= 1.3 Because the effects of the buoyancy generation tertdana not well understood
and considerednegigible in the turbulent dissipation rate transport equatiOgy is not

needed.

The final forns of thek-Utransport equations for incompressible flave

2 2 2

Bk Gk = am+009—§a2k+009k— -0095b—X_BT- s &5, 228
c r er
2 2 X 2

E’+vc®e:%m 009K 8 89 0+01206% - 1926 +5, 2.29
& 13 d R
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2.4 Discretization

FLUENT uses a control volumapproachalsoreferred to as a finite volunmagpproach
to calculatethe dependenvtariables(e.g. V', T) at the center of each cell; however, ske
variablesare needed at cell faces to compdliexes. In this study, a seconorder ypwind
discretization schemis employedto compute variables at the face using the-cetitered
data The second order upwind schenmsesa Taylor series expansion of the variable about
thecell face to compute flux values
2.5 Solver

The current study usdbe segregategressurebasedNavierStokes (PBNS)23] solver
in FLUENT. The PBNSsolveris applied to incompressible flows/here conservation of
mass is rewritten in terms of pressure and pressure becbheesimitive variable Within
the broader clasof PBNS solvers, the SIMPLE algorith24] is used for pressuneelocity
coupling. The SIMPLE algorithrmitially solves for a velocity field using a given pressure
field, p*, and velocity field v* . This will give an intermediateslocity field, v* . The final
solution for the velocity field v, must satisfy the continuity equation. The final velocity
field can be defined as:

V=V +V 2.30
and a final pressure field can be defined as:
p=p*+p 231

wherep I¥ja pressure correction.

The SIMPLE algorithm then approximates a solutionoas:

-1.. 1
vV=—gq Avi- —Dbp’ 2.32
A al L p|P
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The coefficientsA, and A are derived from the discretized moment equation The
subscriptP representshie cell that is being solvexhd the subscriptrepresents all other cells
used in the discretized equatiocquations2.15 and 2.17 are substituted int&q. 2.1 to
formulate the pressure equationThe first tem on tre right hand side of Eq2.17 is
unknown, the SIMPLE algorithm approximates it as zero in the pressure equatoathe
pressure correction is found, a velocity correctigrcalculated using Equatichl7. The
pressure and velocity fields atieen updatedusing Eqs.2.15 and2.16. Finally, all other
equations are solved using the updated pressure and velocity 2iglds
2.6 Boundary Conditions

There are three boundargpesused in the studysurfacesinlets, andoutless. Inlets and
outlets repesent building openingsAt inlets, a uniform velocity profile with both speed
and directionandthe temperature of the incoming aie specified At outlets, the ambient
air pressure and temperature are specifiagbulent kinetic energy and turdlent dissipation
rate attheinlets and outlets are set to zdrecauseahe parameters are hard to estimatdl.
surfaceghat represent wall boundary assumiie naslip condition. The thermal boundary
condition at the wall is set to either adiabaticiform tmperature or uniform heat flux. The
specificboundaryconditiors will be discussed for each case.
2.7 Grid Resolution

A grid independencstudy was performed to determine an acceptable grid resolution to
use for natural ventilation simulation3he study ofSchaelin, et al.9] was used to validate
the grid resolution.Schaelin, et aperformed simulations based on theerimental worlof
Mahajan p6]. The domainused inthe simulations is presented igure 2.1 for a single

room buildingopento the atmosphere on the left side by a dooated aix=0 and extends
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vertically for 2.2 m Heat is provided to the room by a heater oppdsitthe door. The
exterior boundaries of ¢ atmosphereare set to zero ge pressure and atmospheric

temperatur€T ,mp= 20 °C)

Atmosphere

H Room

Door
I /
I

‘ Heat
: ea er\

-2 -1 0 1 2 3 4
x (m)

w
UL L L L |

Figure 2.1: Domain for grid independence sudy
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. - ]
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. ]
E
>
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15cm 1 .
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5cm ]
] -
‘ P P doiiee] ‘
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Figure 2.2: Velocity profile at door for grid independencestudy

Three grid spacingé, 10, and 15 cmyvere tested withuniform grid spacingin both

directions The velocity through the door in the horizontal directfonthe three grids is
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compared to results given by Schaelin, etaad shown irFigure 2.2. Increasing the grid
resolution by reducing the cell size improved the results overall, as compared with the data of
Schaelin, et al. The grid resolution study will be used as a guide for determiniggdthe
resolution for the fullscaled buildings of the library and house.
2.8 Mesh Generation for Buildings

The geometry of the buildings was drawn by Blake Fisher, an architecture student at
lowa State University, in the AutoCAD program Inventor. The fileseweceived in IGES
format and imported into the grid generation software GAMBIWithin GAMBIT the
building had to be refined to correct errors that occurred during the conversion proess.
corrected geometry was meshading one of two methds (structured or unstructured)
depending on the complexity and will be discussed Idased on the results of Section 2.7,
a grid spacing of 10 cm was selected; however, the domain for the Viipuri library was too
large and a mesh with 10 cm spacing exceededdmputer memory. A summary of the
grid resolution is found imable2.1 and will be discussed further in Chapters 3 and 4.
2.9 Time Dependent Simulations

All simulations in the current study are time dependent and time is discretsing a
first order implicit method. Stability is governed by the CoufamedrichsLevy (CFL)
number:

CFL = u?i 233

wheremxs the grid spacingndug is the velocity specified at an inlg23]. An initial time
step for all cases is calculated to maintain the CFL number near unity. For some cases, the
time step had to be lowered to achievevavgence. For most simulations this required

around 2630 pseudaterations per time step. A pseuieration is the iterative process

17



within a time step to ensure all variables have converged to a criterion. A summary of the

time step CFL, grid sizepseudeiterations and CPU requirementsed for the simulations is

given inTable2.1.

Table 2.1: Summary of time steps

Viipuri Library Esherick House
Heating Cooling Heating Coding
total # cells 0.25 0.1 0.1 0.01
min cell size (cm) 20 20 10 10
max cell size (cm) 50 50 10 10
pt  (s) 0.25 0.1 001 0.1
CFL 1 0.5 0.02 1
tmax (MiN) 60 20 10 10
# pseuddterations 127000 62500 47000 12000
CPU time (h) 151 110 94 26
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Chapter 3: Viipuri Library

The firstbuilding considered in this study is the Viipuri Municipal Library in Vyborg,
Russia. The library was designed byritsh architect Alvar Aalto after he won a design
competition held bythe Viipuri city council in 1927. It took five yeas to constructthe
building. After World War Il the city and surrounding province were annexed by the Soviet
Union andvery little was known about the fate of the library to the Western world. Many
believed that it had been completely destroyed wheibyhé bomb duringVorld War L.

After the fall of the Soviet Union, the library was found to still be standingrbatstate of
disrepair. Since therefforts to renovate the library to its original conditidrave been
initiated aprocesghatcontinues taday.

3.1 Building Layout

Figure 3.1 shows the layout of the libraryThe library consists of twtarge sections: a
shorter section of affes on the nortkideand a largesection to the southA major feature
of the library is a circular staircase within the lending desk in the southern section, allowing
only the librarians to travel between and observe all three levels eab#ynortheast section
includes the main entrance of the buildingo the right ofthe main entrance is a large
lecture hall with an undulating woagkiling. There is a stairwell on the ledf the entrance

thatleads to office space on the second level and a storage area in the baseorante

basement, there is accesstothechédn 6 s | i brary b.el ow the readi

19



South

Stairwell

Spiral
Staircase

Stacks

Figure 3.1: Views of the Viipuri Library

20

Hall

North

Main

Entrance

Spiral
Staircase

Chi
Library Door

South

I
Library

dr

Offices

Lecture

dr «



As a patron walks through the main entrance, there are 8 stairs thattte#te stacks
of the library. At the top of the staitbe reading room i$o the left. To the right is a
staircaseconnecting the split levels dfie stacksandthe lending desk All of the spaces in
the larger part of the library are connected anehgpllowing air to flow easily between the
sections.

Heating in the building is provided by hot pipes in the thregtiers of the ceiling,
shown as red surfacés Figure 3.1. Normally the front and rear doorare kept open to
increase airflonthroughthe building, as well as regulate temperature during the summer.
The two doors are coloregtllow. | n t he present study, a third
is opened and is also shown in yellowVindows are located in the fafe space on the
second level of the shorter sectiocan be opened to allow more airflow through the building
and are shown in blueThe lecture hall is lined with windows that cannot be opened, but
provide ample light tohe room. Additional windowkb c at ed i n t healloowhi | dr e
that area to be lit using natural lightighting in the lending and reading areas is provided by
an array of skylights.
3.2 Meshing the model

Because tb Viipuri Library has acomplex geometry, the entire building usas
unstructured mesh. The node spacing varies throughout the builditngthe smallest
spacingaround the spiral staircasé approximately20 cm andthe largest spacingf 50 cm
through a majority of the lending area. The total number of csksl todiscretizethe
Viipuri Library is about750,000. To maintain aCFL number near unity, the time step was
set to 0.25 dor the heating cases. The cooling cases used a CFL near 0.25, time step of

0.1 s to aid convergenceSimulations were considerednvergel when residuals dropped at
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least three orders of magnitudeA summary of simulation parameters is presented in
Table2.1.
3.3 Passive Heating

The focus of the restoratian the Viipuri library is withinthe large reading roorand
lending area where the hot water pipes provide heating. Recently, radiators under the lecture
hall windows have been restored, but will not be modeled for these stédiesal of three
passive heating simulations were performed. The ceiling wadel® at a constant
temperature of ® °C and te front entrance allowed air to enter the building. A small slit
with air entering at an angle of 45° is used to model a single door being propped open
slightly. The rear door is also modeled as a smadlktslreplicatethe door being propped
open to allow cross ventilation in the building. summary of the boundary conditions used
in the passive heating simulations is givermable3.1. For all cases, Pris 0.7, Ra and Gr
are rear 162
3.3.1 ReferenceHeating Case

The reference heating case has an initial temperature in the building of 15 °C and no air
movement. Atmospheric air is allowed to enter through the center door of the main entrance
at 4 m/s with a temperature of 5 °C. Tdtenospheric conditions were selected to imitate a
typical October or April dayn Vyborg.

Table 3.1: Summary of Viipuri Library Heating Cases

Reference Atmospheric Main Entrance
Tam (°C) 5 -5 5
Open Door Center Center Left
Vatm (M/S) 4 4 4
T ceiling (°C) 50 50 50
To(°C) 15 15 15
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Figure 3.2 (a-c) presents the temperature contours of the heating case at three different
instances in time. A small insdrt the ypper frameshows the entire building with three
black lines to identify the-z planes shown. The top plane shows a section of the reading
room and basement. The middle pldnsectsthe front door and the lending area. The
bottom plane shows a sectiohthe lending area near the back door and includes the lecture
hall. Figure 3.3 showscontoursof velocity magnitudeat the same locationsnd times
Figure3.2 shows hat the air temperature is horizontally stratified throughoubalins of the
building. At t = 2 min, the air temperature is very warm near the heated ceilings of the
reading room (upper frame) and lending area (middle and lower frames). As timegesgre
the overall temperature of the air in the lending area and reading room incrAasiesthe
lecture hall coolssignificantly during the hour of simulation time.The temperature
throughout the remainder of the building remains basically constantime. Air velocities
throughout the building are low as showrFigure3.3. The highest velocities occur near the
inlet at the front door and near the exit at the rear déaor. this set of conditions, the low
velocities ad stratified air temperatures imply that heat transfers primarily through diffusion.

Figure3.4 (a) and (b) show the temperature contours of the referendadiease for y
z planes at t =@min and O min, resgctively. The insert shows the entire building with
three black yz planes identified. The top plane bisects the reading room and the lending
area. The middle plane shows a section of the reading room and lending area near the back
door. The bottom plee bisects the lecture hall and office spadeigure3.5 shows contours
of velocity magnitude athe same locations and time§.he upper and middle frames of
Figure 3.5 show an increaskvelocity near the heated ceilings in the reading room and

lending area.
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Figure 3.6 (a) and (b) showa three dimensional model of the Viipuri Library with
streamlines superimposed with contours of temperaturgedadity magnitude, respectively.
After 60 min, the airtemperaturds completely stratifiedFigure 3.6 (a)) with very little
mixing because the airflow is very low. The periodic nature of high and layeities near
the heatd ceilingin the readingoom (Figure3.6 (b)) shows evidence a buoyancydriven
flow.

Figure 3.7 (a) and (b) shows the progression of average temperature and velocity
magnitude valueggespectively, in time for selected locations in the library for the reference
heating case. The data is spatially averaged over planes that are at 1 m and 1.8 m above the
floor in the reading room and lending area. ASHRAE Standard0b8 P] states as a
general guideline that the temperature within a building should be around 20 °C to 28 °C
with an air velocity below 0.2 m/s. The velocitiedhagure3.7 (b) quickly reach steady state
around 10 mirand do not rise above the 0.2 m/s threshdteyure 3.7 (a) however shows
that the temperature in these areas do not fall within the suggested range. The temperature
within the reading room slowly decreases during the one dbsmulation time to reach
around 14 °C. The temperature in the lending area is shown to stay near constant during the
first 20 min, but then increases to about 32 °C during the next 20 min. After 40 min, the
temperature in the lending area reachesdgtetate at about 32 °C at 1.8 m above the floor
and 29 °C at 1 m above the floor.

3.3.2 Effects of Atmospheric Changes
An additional simulation was performed to study the effects that atmospheric changes

have on the heating of the library. The case decrelasdsrnperature of the atmospheric air
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T,=5°C

. T.,=5C T.,=5C
t=20 min

t =40 min t =60 min
T (°C)110 1520 25 30 35 40 T (°C)110 1520 25 30 35 40 T (°C)110 1520 25 30 35 40

(2)20 min (b) 40 min (c) 60 min
Figure 3.2: Temperature contours ofthe reference passive heating case at selected planes fa (a) t = 20 min, (b) t =40 min,

(c) t = 80 min. Upper frame showghe reading room, middle frame showghe lending and entrance areasand lower frame
showsthe lending area and lecture hall.
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(2)20 min (b) 40 min (c) 60 min

Figure 3.3: Contours of velocity magnitude of the reference passive heating case at selectedptanes for (a) t =20 min, (b) t
=40 min, (c) t =60 min. Inlet velocity is 4 m/s. Upper frame shows the reading room, middle frame shows the lending and
entranceareas, and lower frame showshe lending area and lecture hall.



T,=5°C 1 Tosie
1=i20 mip T(C): 101520 253035 40 A=40 T(%C): 101520253035 40
(a) 20 min (b) 40 min

Figure 3.4: Temperature contours ofthe reference passive heating case at selected planesfor (a)t = 20 min, (b) t = 40 min.
Upper frame shows the reading room and lending area, middle frame shows the reading room, lendexga and the rear door,
and lower frame shows the entrance area, lecture hall and office space.
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Vimis): 0 0102030405 Vimis): 0 0102030405

(2)20 min (b) 40 min
Figure 3.5: Contours of velocity magnitudeof the reference passive heating case at selected planesfor (a) t = 20 min and

(b) t =40 min. Inlet velocity is 4 m/s. Upper frame shows the reading room and lending area, itddle frame shows the
reading room, lendingarea and the rear door, andower frame shows the entrancerea, lecture hall and office space
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(@) (b)

Figure 3.6: Three dimensioral model of Viipuri Librar y reference casafter 60 min with streamlines superimposed with
contours of (a) temperatureand (b) velocity magnitude.
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Figure 3.7: Average value of (a) temperature and (b) velocity magnitudat selected
locations at 5 minute intervalsfor the reference heating case of the Viipuri Library.

from Tam =5 °C toTam = -5 °C. All other parameters remain the saasthe reference

heatingcase Figure3.8 shows a comparison of the temparatcontours in the-y plane for

thetwo cases afte60 min. The case with the colder outdoor temperatiigure 3.8 (b)) is

very similar to the reference case. The main difiee is the presence of colder temperatures

in the lecture hall and basement, as is expected with the colder air entering the building
Figure 3.9 (a) and (b) showghe progression of average temperature and velocity

magnitude vales, respectively, in time for selected locations in the library for the case with

Tam = -5 °C. The average temperaturethe lending area ifrigure 3.9 (a) is about4 °C

coolerl m from the floor and 2 °C cooler 1.8 m from flaor after 60 min when compared

to the reference heating caseHRigure 3.7 (a). Temperaturge within the reading room in

Figure3.9 (a) are about 10 °Qyhich is4 °C cooler than the reference ca3de velocityin

the lending room is higher for the case withy, = -5 °C (Figure 3.7 (b)), but the rest of the

velocity trendscompare well with the reference heating c&sgure3.9 (b)).
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Figure 3.8: Temperature contours in yz planes dter 60 min for (a) Tam = 5 °C with the center door open (reference casapd

(b) Tam = -5 °C with the center door open. Upper frame shows section including reading room, lending area and stacks,

middle frame shows section including reading room, lending area and back doand lower frame shows section including
entrance area,lecture hall and offices space.
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Figure 3.9: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervalsfor heating case with Fm =-5 °C.

3.3.3 Effects of Main Entrance Configuration

An additional simulation was performed to study the effects of changingyiggation
of the open entrance dooFor this simiation, the door modeled apenis changed from the
center door to the left door as viewed froaiside the building.All other parameters remain
the same as the reference heating casgure 3.10 (a) and (b show temperature contours
for the reference heating case and the modified entrance configuration case, respectively
after 30 min. The lower frame &igure3.10 (b) showscoolerair is present in the entrance
areaand stairwellin the case with the left door ajénan is seen in the reference case
Beyond this difference, the temperaturatoars of the two cases are very similar.

Figure 3.11 (a) and (b) show spatially averaged values of temperature and velocity
magnitude, respectively, in the lending are and reading room for the simulation with the left

door ajar. The values on each plot are very similar to the values sdegure3.7.
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(a) Reference Heating Case (b) Left Door Open

Figure 3.10: Temperature contours in yz planes after60 min for (a) Tam = 5 °C with the cener door ajar (reference case) and

(b) Tam = 5 °C with the left door ajar. Upper frame shows section including reading room, lending area and stacks, middle

frame shows section including reading room, lending areanal back door, and lower frame shows section including entrance
area, lecture hall and offices space.
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Figure 3.11: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervalsfor heating case with left door open

3.4 Passive Cooling

During the summer months, the library is cooled using natural airflow through the
building. Air is allowed to enter through the front door of the library and exit through the
badk door. A total of thresimulations were performed on passive cooling scenarios. All
front doors are modeled as completely open withired entering at a velocity of 2.@/s.
The back door is modeled as being completely open to allow for crossatientilvithin the
building. Air enters the building with a tempéuae of 20 °C. The atmospheric conditions
are representative of a July day in Vybangthe midmorning A summary of boundary
conditions for the passive cooling cases is givehaible3.2.
3.4.1 Reference Cooling Case

The reference case for the passive cooling simulations uses the scenario above with the
front and back doors open. The initial air temperature in the building is 27 °C. No heat

sources are present irethbrary during the passive cooling simulations.
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Table 3.2 Summary of Viipuri Library Cooling Cases

Doors Only Doors and Doors, Windows and
Windows Chil drenos
Inlets Main Entrance Mgin Entrmce Mgin En_trance
Office Windows Office Windows
Rear Door a
Outlets Rear Door Rear Door Library Door
Vam (M/S) 2.2 2.2 2.2
Tam (°C) 20 20 20
To(°C) 27 27 27

Figure 3.12 showstemperature contours at threestemces in time for the reference
passive cooling casefFigure 3.13 shows contours of velocity at the same instances in time.
The three frames iRigure3.12 (a-c) show that the reading room and lendarga cool very
quickly. The middle frame dfigure3.12 shows the lecture hall cools slower than the two
main rooms, but after 2@in the air temperature is near 21 °C. The middle and lower frames
show the office space on thecend floorcools slowly andafter 20min the air temperature is
still near 26 °C.In Figure3.13, the middle frame shows high velocities near the front doors
and the lower frame shows even higher air velocities near the back Addhree frames
showthatelsewhere in the building, the air velocities remain low.

Figure3.14 is thethreedimensional model of the library with streamlines superimposed
with temperature contourst 20 min The streamlines the reading room and lending area
rotate, showing the air is well mixed by convection, providing almost uniform temperature
throughout the rooms. The lack of air movement between the lecture hall and the upstairs

offices prevents the air in the offis from cooling significantly.
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t=10 min -m t=15min . ..x| t =20 min . ..x|

Temperature: 21222324 252627 T(C):21222324252627 T(C):212223 24252627

(a) 10min (b) 15min (c) 20min
Figure 3.12 Temperature cantours of the referencecooling case at selected-x planes for(a) t = 10 min, (b) t = 20 min,

(c) t =30 mn. Upper frame shows the reading room, middle frame shows the ldimg and entrance areas, andower frame
showsthe lending area and lecture hall.
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t=10 min

v(m/s):0.5 1 1.5 2 25 3 35 4

t=15min

v(m/s):0.5 1 1.5 2 25 3 35 4

t =20 min

v(m/s):0.5 1 1.5 2 25 3 35 4

(a) 10min

(b) 15min

(c) 20min

Figure 3.13: Contours of velocity magnitudeof the referencecooling case at selected-z planes for (a) t = 10 min,
(b) t =20 min, (c) t = 30 min. Inlet velocity is 2.2 m/s. Upper frame shows the reading room, middle frame shows the lentj
and entrance areas, andower frame showsthe lending area and lecture hall.




t=20min T(C): 212722324 2526727

Figure 3.14: Three dimensional model of library reference cooling case with
streamlines superimposed with temperature contours.

Figure3.15 (a) and (b) show spatially averaged temperatures and velocity magnitudes,
respectively, at planesrfh and 1.8m above the floor in the lecture hall, the reading room and
the lending area.Figure 3.15 (a) shows the tengpature in the lending area and reading
room cool quickly, dropping almost 7 °C during the firstnth and reaching steady state
after about 15min. The lecture hall does not cool as quickly, but aftem2@the average
temperature in the lecture hadl below 21 °C.Figure3.15 (b) shows the average velocity in

all three roomss above the recommended value of 0.2 m/s but the velocities do stay under
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Figure 3.15: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervalsfor reference cooling casef the Viipuri Library .

the maximum value of 1 m/s. Similar to the heating case, the velocity in the cooling case
reaches stegdstate values during the firstngin of the simulation.
3.4.2 Effect of Door and Window Configuration

An additional simulation wasperformed to examine the effean airflow and
temperatures in the building whewery other window in theow of offices on the econd
floor is opened Figure 3.16 shows a comparison of temperature contours between the
referencecooling case and the cagsdth the office windows open The lower frame shows
opening the widows on the second floaids in coling the air in the offices as well as in
the lecture hall on the first floor. All three frames show the temperature in the basement of
the library is much cooler when the office windows are open.

Figure 3.17 shows a comparisoaf velocity magnitude between the referemo®ling
case and the caseith office windows open The velocities throughout the building are
higher when the windows are open. The higher velocities are most noticeable in the lower

frame in the lecture halind in the middle frame in the hallway next to the lecture hall.
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Higher velocities are also noticeable in the upper frame in the stairway between the two
levels of the stackand near the back dooihe highewelocitiesthroughout the buildingre
expeted because a larger volume of air is entering the builditigthe windowsopen

Figure3.18 (a) and (b) shows the spatially averaged values of temperature and velocity
magnitude which can be compared to treference coolingase. Figure3.18 (a) shows the
temperatures throughout the building cool very quicklgcreasing to just above 20 °C
during the first 5 min.This rate of cooling is much quicker than is seeRigure3.15 (a) for
the reference cooling case, especially in the lecture hall.

The velocity magnitude in all three roonas seen irFigure 3.18 (b), is muchhigher in
all three roomsvhen compared with the reference casd-igure 3.15 (b). The velocity
throughout the buildingxceedshe acceptable rangecommended by ASHRAEBecause
the velocitiesfor the case with the office windows open are unacceptably high, a third
passive cooling simulation was perfted. The third case models air entering the front door
and the windows in the office and exiting not only the back door, but also the door in the
c hi |l dr e n &igureB.19lshrowmsr aycomparison of temperature contours betwsen
reference case and the case with the childr
just the front and rear doors and the office windoligure 3.19 (b) shows temperatures
throughout the building are lower for tharthcase than for the reference cooling case. The
most evident area of lower temperatures is shown in the lower frafigure3.19 (b) in the
office area above the lecture hall. After 20 min, the temperature throughout ltiadoisi
about 20 °C; similar to what was predictéat the casewith the office windows open

(Figure3.16 (b)).
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Figure 3.16: Temperature contours in yz planes after 20min for (a) front and rear doors open (referencecooling case) and
(b) front and rear doors and office windows open. Upper frame shows section including reading room, lending area and
stacks, middle frame shws section including reading room, lending area and back dooand lower frame shows section

including the entrance area, lecture hall and offices space.
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(a) Referenc€oolingCase (b) Office Windows Open

Figure 3.17: Contours of velocity magnitude in yz planes after 20min for (a) front and rear doors open(referencecooling
case) and (b) frontand rear doors and office windows open.Inlet velocity is 2.2 m/s. Upper frame shows section including
reading room, lending area and stacks, middle frame shows section including reading room, lending area and back dawor
lower frame shows section includinghe entrance area, lecture hall and offices space.
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Figure 3.18: Average value of (a) temperature and (b) velocity magnitude at selected
locations at 5 minute intervalsfor casewith front and rear doors and office windows
open.
Figure 3.20 shows a comparison of contsuof velociy magnitude between thease
with just the front and back doors and office windows opeththe casevi t h t he chi | d
library door open as well The objective of opening the d
reduce the velocity of tharan certain areas of the library (i.e. near the rear door, between
the two levels of the stacks, etc.). The middle framé-igtire 3.20 shows that the air
velocity near the rear door hasen reducesdignificantlyand a slighteduction in velocity in
the stairs leading from the entrance area to the stadke upper and middle frames of
Figure 3.20 shows thatthe air velocity throughout the reading roonddending area has
been reduced, partiallyacre vi ng t he goal of opening the <c¢h
Figure3.21 (a) and (b) shows the spatially averaged values of temperature and velocity
magnitudef or t he case with t hatthe $amd lacatiens glisforl i br ar

the reference caseSimilar to the case with the front and rear doors and the office windows

open, Figure 3.21 (a) shows the average temperasutieroughout the building decrease
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Figure 3.19: Temperature contours in yz planes after 20min for (a) front and rear doors open(referencecooling case) and
(b)case with front, rear a office wirdows apeneUppesfrarhei sivowsasection ihatuding seading d
room, lending area and stacks, middle frame shows section including reading room, lending area and back daorg lower
frame shows section includinghe entrance area, lecture hall and offtes space.
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(a) Frontand readoors andoffice windows open Chil drends Library Door O

Figure 3.20: Contours of velocity magnitude in yz planes after 20min for (a) front and rear doors and officewindows open
and (b)casewi t h front, rear and chil dr en 6.snletvelacityasr2.2 m/d.Opper sama nd of f i
shows section including reading room, lending area and stacks, middle frame shows section including reading roa@anging
area and back door,and lower frame shows section includinghe entrance area, lecture hall and offices space.
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Figure 3.21: Average value of (a) temperature and (b) velocity magnitudetaelected

locations at 5 minute intervalsfor case withf r o n t

office windows open.

quickly, with a value just about 20 °C after 5 min and decreasing to 20 °C during the next

5 min. Figure3.21 (b) shows the air velocity throughout the building decreased from almost
2 m/s to 1.5 m/sKigure3.18 (b)) but are still higher than the standard set by ASHRAE. The

addi ti onal exit

ar ea

p r 0 voordseopen wdtreases thd a@r

velocity throughout the building, especially near the rear door in the lending area.
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Chapter 4: Esherick House

The secondbuilding considered in the present study is the Margaret Esherick House
designed by Louis I. Kahn. The buildinga single family residence in the Philadelphia, PA
suburb of Chestnut Hills. The house was designed and built between 1959 ari@71961
The average high temperatureRhiladelphia ranges between 4 °C in January and 30 °C in
July[28]. The climate iswch that heating is needéddring the fall, winter and early spring
Cooling is needed during tHate spring and summer months. The average temperature
during the spring makes the use of natural ventilation to cool the building possible.
4.1 Building Layout

A photograph of the Esheri¢dlouse as seen from the striseshown inFigure4.1. This
view shows two sets of windoviisa A T O conThe uhraartiizoonnt al part
wide window with shutters on either side andthver t i c al part of the i
Kahn used this configuration to allow ample light to enter through the windows near the
ceiling, while providing privacy using the narrower opening beneath the withetows
The shutters can be opened t@wallair to flow in the house or closed to allow privacy within
the house.The front door idocated perpendicular to the path leading to the entrantbe at
center of the house.

The rear of the house overlooks the backyard and an adjacent nature park. Kah
considered this while designing the house. Tdw of the house contains many windows

such that the wall almost disappears when all the shutters are Bgeme 4.2 is a view of
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Figure 4.2: Rear view of Esherick fousé

1© 2008 Todd Eberle, Photo courtesy of Wright
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the house from the backyard when the shutters are compigtety On the left is a great
room with windows from the floor to the ceiling. There is also a rear door on the lower level
and a patio on the second floor. The right Hddlfthe house has two levels, each with
windows from the floor to the ceiling. Thewer level is a dining room and the upper level

is a bedroom.

A plan drawing of the Esherick hous® depicted inFigure 4.3 and is labeledwith
feaures used ithe simulations Do or s ar e ma rskuttets areimarkevith ané D 6
6SwWi ndows ar e maandfirepthcesvaret nfarkeal wihi\@ & dhe numbers on
the features will be used tetail boundary conditions for the remainder of the chapter.
Figure4.4 shows thehreedimensioml layout of the hous#r themodelasviewedfrom the
northsideof the house. As previously mentionede south end of the house igraatroom
with a fireplaceand te north end &s two levels. The larger rooom the lowerlevel is the
dining room andon the upper level is thieedroom. The smaller rooms on the lower level
include acloset, a utility room and the kitchen. The smaller rooms on upper level include
two closets and a bathroom. In the middle of the house is a stairwell that connewats the t
levels.

Two exterior views of the houssme presented ifigure4.5 and identif important
features (windows, doors, etc.) that will be model€h either end of the house there is a
fireplace and a chimney. dorsareshown @ yellow surfaceswvindows as blue surfaces and
the shutters around the windows, which are the main source of ventilation for the house, are
shown aged surfaces. The tall shutter on the front of the housplitsirsto two vertical

sectionsgach of whth can be opened individually. The remaining shutters haveevtical
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Bedroom

GreatBuildings.com

Figure 4.3: Plan drawing of Esherick house with features labeled. Upper figure is
upper leveland lower figure lower levelof the house6 D6 i s door, OWO6 i s v
shutter, OPO6 is patio and OF6 i1is firepl ac
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Figure 4.5. Exterior views of Esherick house as seen from the (a) front and (b) rear.
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sections, and are also split into two horizontal sections. The flexibility in the rshutte
provides the ability to regulate air flow through the house.
4.2 Meshing the model

The drawing shown ifrigure4.4 is meshed using the software GAMBIThe majority
of the Esherick house was divided into cuboids and meshed ustngctured mesh with a
nodespacing of 1@&m. A small area around the stawssdiscretizedusing an unstructured
meshdue to the complexity of the geomethut the nod spacing remained 40 cm. The
total number of cellaised to discretizéhe Eshack house is abous80,000. Simulations
were considered to converge when residuals dropped at least three orders of magnitude. For
most smulations this required around-30 pseudaterations per time stepA summary of
simulation parameteis presergdin Table2.1
4.3 Passive Cooling

The climate in the Philadelphia area allows the Esherick house to be cooled using
passive cooling techniques during the summer months. The shutters on either side of the
houseprovide ample area focross ventilation to occur in the house. The interior of the
house also contains very few obstructions, allowing air to flow freglgss the main rooms

A summary of boundary conditions for the passive cooling cases is giVabled. 1.

Table 4.1: Summary of Esherick House Cooling Cases

Reference Solar Heating

Inlets S6, S9, S10 S6, S9, S10

Outlets S2, S7, S8 S2,S7, S8

Heated Surface - W1, W2, W4
Vam (M/S) 1 1
Tam (°C) 18 18
To (°C) 24 24
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4.3.1 Reference cooling case

The first cooling casenodels a spring day around dusih the house at aalevated
initial temperature, cool air entering through the shutters anteat load. The initial air
temperature in the building 24°C. Wind entersiniformly through shutters& S9 andS10
on the west side of the hous&h a velocity of 1 m/s and a temperaturg,F 18 °C. On the
east side of the house, shutt®?sS7 andS8 are open to allow air to exit.

Figure 4.6 is thethreedimensionalview of the Esherickhouse reference cooling case
with streamlines superimposed with temperature contours at 2 min, 4 min, 6 min and 8 min.
The first frame showshat at t=2 minthe lower part of the great rooand the bedroom
reached temperatures less than 20 °C, whereasdhes on the north side of the house have
the highestemperatures near 23 °@Jsing streamlines,umyancy effects are evident in the
great room, showinthatthe cool air enteringhutterS9sinks to the floor ithe warm room.

At t=4 min, the great room is almost completely cooled. The air entering in the bedroom
through shutter Séreates a vortex within the room that helps mix the air and cool the room
more quickly. By 6 min the majaty of house is cooled, except the smaller rooms on the
north end of the housandthe flow within the bedroom does not show any circular motion.
An interesting flow featurg@resentin all four frames in the behavior of the air entering
shutterS10in the dining room. Te air enters the house and tumsardthe great room.

Temperature contours for the Esherick house after 10aneirshown irFigure4.7 (a).

The upper frame shows a plane 1.5 m above the floor on the uppeithevmiddle frame
show a plane 1.5 m above the floor on the lower level and the bottom frame shows a plane
bisecting the length of the hous&he uppeiand middleframes showthatthe smaller rooms

on the north enadf the housedo not cool as quickly athe rest ofthe house. The bottom
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frame shows stratification of the airwith slightly higher temperatures near the ceiling
Beyond thesareas ofvarmer temperature, the air within the house appears to be well mixed
with a uniform temperaturef 18 °C

Figure4.7 (b) shows contours of velocity magnitude for the reference coolingattese
10 min. The upper framshows a distinct jet of air with velocity higher than the inlet
velocity near the open shutter3his is cause by the no slip condition being enfortalong
the wall, to satisfy conservation of mass the higher velocity develops. The air entering
shutter S6 crosses the bedroom and exits through shutter S2. The middle frame shows that
the jet of air entering shutterl8 turns right toward the great room. The flow is split
between the two passageways connecting the great room and the dining room. The lower
frame indicates that there are large horizontal gradients of velocity in the house; however the
vertical gradierg are small.

The progression of average temperature and velocity magnitude values are show in
Figure 4.8 (a) and (b), respectively, for selected locations in the house for the reference
cooling case. The data is spatially avethgeer planes 1 m and 1.5 m above the lower and
upper floors. As seen iRigure4.8 (a), the average temperature on the two levels is about
the same and decreases rapidly. The final temperature at all locations is slightl$&bGye
about 2 °C below the values recommended by ASHRZE [The velocity magnitude
(Figure 4.8 (b)) reaches steady state quickly. The steady state average velocity is between

0.2 m/s and 0.25 s/ very close to the values recommended by ASHRAE.
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t=2min T(<C):18192021 222324 =4 min T(C):18192021 222324
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t=6min T(°C): 1819202122 23 24 [ HEEEN |
t=8min T(C): 18192021 222324
() (d)

Figure 4.6: Three-dimensional model of Esherick house reference cooling case with
streamlines superimposed with temperature contars at (a) 2 min, (b) 4 min, (c) 6 min,
and (d) 8 min.
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() (b)

Figure 4.7: Selected plane$or Esherick housereference cooling case after 10 min
showing contours of (a) temperature and (b) velocity Upper frame shows a plane 1.5 m
from the upper floor, middle frame shows a plane 1.5 m from théower floor, lower
frame shows a plane bisecting the length of the housBlack lines showthe location of
the planesshown
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