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CHAPTER 1

INTRODUCTION

1.1 Introduction

The design of duct systems is an important factor for effective, energy-efficient,
and comfortable heeting, ventilating and air conditioning (HVAC) sysems. Commonly
utilized duct design procedures have been developed for congtant ar volume (CAV)
systems and are based on pesk |oad design conditions, for which the flow rates are
assumed to be congtant for the entire year. Y et, the most common system type for
commercid office buildingsisthe variable arr volume (VAV) system. VAV duct
systems are commonly designed using maximum arflowsto zones asif they are CAV
systems. However, the VAV system spends much of the time at off- peak load
conditions, providing less than pesk-flow for many hours of the year. Convertiona duct
design methods do not account for the actual zone load profile. Consequently, VAV duct
systems may not be designed optimally using current design methods.  For this reason,
duct design methods should be reconsidered for VAV systems.

Three duct design methods are presented in the 1997 ASHRAE Handbook-
Fundamentas. equd friction, gatic regain, and the T-method. Equd friction and datic
regain methods were developed as expedient procedures and do not address optimization.

Of the three, the T-method is the only optimization-based method and was introduced by



Tsd et d. (1988). Duct system optimization gives one the opportunity to save energy
and reduce initid cost. The T-method finds optima duct Szes and fan Sze by optimum
digribution of pressure throughout the system in order to minimize system life-cycle

cod. The system life-cycle cost includes the initial ductwork cost based on optimum duct
gzes and the year-round dectrical energy cost of the fan. Theinitid cost of the fan is not
included. The cdculation procedure of the T-method consigts of three main steps. system
condensing, fan selection, and system expangion. In thefirst step, the entire duct system
is condensed into a single straight duct with multiple sections for finding the ratios of
optima pressure losses using sectiond hydraulic characterigtics. An optimal sysem
pressurelossis found in the second step. In the third step, the system pressureis
distributed throughout the system sections.

The T-method' s caculations are based on a fixed amount of arflow throughout
the year to determine duct sizes, overal system pressure drop and fan energy cost.
However, in VAV systems, the airflow rate varies continuoudy through ayear's
operation, therefore the fan power changes with varying airflow. Fan power isaso
influenced if datic pressure at the end of the longest duct line is controlled. Practicaly
gpesking, the fan speed controller is regulated by the static pressure at the end of the
longest duct line, which isrequired to be held to a pressure ensuring adequate flow at the
zone. Thus, optimization requires accurate modeling of VAV systems based on the
actud varying amounts of arflow.

Spitler et . (1986) investigated fan energy consumption for VAV systems and
found, for some buildings, thet alarge number of hours may be spent a a minimum flow

fraction. Asan example, for an office building in Colorado Springs, CO, out of atotd of



2,520 operating hours, 1,212 are spent at the minimum fraction for a 20% oversized
system. Obvioudy, spending alarge number of hours at the minimum fraction makes a
ggnificant impact on the fan dectricity consumption. Sysem life-cycle cost defined in
the T-method does not account for these varying airflows of VAV systems and thus, the
T-method may give nonoptima valuesfor VAV system optimization.

In this sudy, the system life cycle cost accounts for the impact of varying airflow
rates on fan energy consumption. The system life cycle cost is minimized to find the
optimal duct sizes and to sdlect afan. For comparison purposes, several example VAV
systems are optimized using the T-method by sdecting maximum airflows as desgn air
volumes and then they are optimized again using an optimization procedure that accounts
for varying airflow rates. Different from the T-method, duct sizes are sdlected as explicit
design variables that have discrete vaues, part-load fan characteristics are considered to
find fan efficiencies for different arflows, and duct satic pressure control is incorporated
into the operating cost cdculation. Asapreiminary step to find aVAV duct design
procedure, the problem domain of VAV duct systems isanalyzed in terms of duct Szes,
The andysiswill reved which type of optimization is required, loca or globa
optimization and consequently, suggest aVVAV optimization technique. Tsal and Behls
(1986) andyzed atwo-dimengond hypotheticd CAV duct sysem usng ascdar fied
technique, which isthe graphica representation of the objective function in terms of
pressure losses of duct sections. They found agloba minimum and the contour map has
a convex shape that has a steep dop at the low pressure drop side and agentle dop at the

high pressure drop side.



After the problem domain andlysis, the suggested VAV optimization procedure is
refined to find discrete optimum duct Szesin acongrained duct design problem. Design
congraintsfor VAV duct systems are added as pendty terms to the objective function for
any violaion of the condraints. Duct fitting loss coefficients for different design
conditions are sought using the duct-fitting data base program as described in ASHRAE
(1993). A direct search method is applied to search for a continuous design solution for
the congtrained duct design problem and a pendty gpproach for integer programming is
employed to impose perdties of discrete violation on the objective function to enforce
the search to converge to nomina duct sizes since the duct sizes take their vaues from a
given discrete set. Severd methods are in use for discretefinteger optimization. Using a
modified branch and bound method, Hager and Bdling (1988) sought a discrete optimum
in the neighborhood of the continuous optimum. Fu et d. (1991) developed an dgorithm
which imposes pendties of integer or discrete violations on the objective function.

Rajeev and Krishnamoorthy (1992) presented genetic agorithms for discrete
optimization of sructural design problems.

The objective of duct design isto meet the economic criteriaof minimizing initid
cost and operating energy cost. The VAV optimization procedure is applied to severa
VAV duct systems under different desgn conditions, such as different eectric rate
structures, different duct work costs, and different system operating schemes. The
optimized results are compared to those derived from equal friction, Satic regain, and the
T-method. The impact of varying airflow ratesto the Szing of duct systemsis

investigated and the savings of the VAV optimization procedure are reveded.



1.2 Background and Literature Review

The purpose of this study isto optimize duct design of VAV sysems. Fird, the
VAV sysem isintroduced by comparing with acongtant ar volume (CAV) systemin
order to further the understanding of the study. A comprehensive review of duct design
methods presented in the ASHRAE 1993 handbook is aso discussed in this chapter. The
T-method is the only optimization-based method, o its objective function and
optimization procedures are described in detail since the objective function is further
developed from Tsd' s definition. System smulation methodology, in the form of the
AIRNET (arflow network) program developed by Walton (1988) is described. For the
andysis of airflows, Waton developed €l ement modd s such as fans, ducts, doorways,
and congtruction cracks. The branch and bound method and the pendty approach for
integer/discrete nonlinear optimization are discussed for optimum discrete duct 9zing. A
survey on the current trends of the HVAC duct system design was performed in order to
determine which duct design methods are most commonly used for VAV systems and
how fansfor VAV systems are selected and controlled. The questions and responds of

the survey arelisted in this section.

1.2.1 Variable Air Volume Systems

VAV sysems are described in several HVAC system reference books (Chen and
Demgter, 1996; Wendes, 1994; Kreider and Rabl, 1994; McQuiston and Parker 1994).
From the preceding references, the VAV system is summarized asfollows. Mogt of the
HVAC systemsin the past were CAV systems that varied the temperature of the

delivered ar to maintain space conditions. Typica examples are resdentid or smdll



commercid systems ddivering, for ingance, 1500 CFM with the burner or air-
conditioner going on and off, changing the air temperature to meet the heating or cooling
load conditions. Examples of large commercia systems are reheet, dud duct, and
multizone systems. In reheat systems, congtant conditioned air is supplied from a central
unit at afixed cold air temperature designed to offset the maximum cooling load in the
gpoace. Thereheat unit is activated when the temperature falls below the upper limit of
the controlling instrument’s setting. Dua duct systems have two sets of ducts. The
central station equipment supplieswarm ar through one duct run and cold ar through the
other. The temperature in an individua space is controlled by mixing the warm and cool
ar in proper proportions. Multizone systems provide a single supply duct for each zone
and obtain zone control by mixing hot and cold air at the central unit in response to room
or zonethermodats. The CAV systems have significant inefficiencies and energy waste
a part load. The air handlers are dso expendve to operate since arflow rates cannot be
reduced at part-load conditions.

One method of smplifying this problem isto reduce the airflow at part-load
conditions. The variable air volume system isa commonly used design that significantly
reduces energy consumption asthe load is decreased. The basic concept of aVAV
system isto reduce system airflow from full load levels whenever |oads are less than
peek loads. Since flow isreduced, energy transfer at the air handler coil aswell asfan
power is adso markedly reduced. Figure 2.1 showsatypicd VAV system with an
optiona reheat system. The basic system is a cooling-only system that modulates system
arflow in response to cooling loads as sensed by a dry-bulb thermostat. As a separate

subsystem, an optiond reheat system is needed for zones with heating loads. Under peak



cooling load conditions, the VAV system operates identicaly to afixed volume system
with the air handler operating at maximum flow and maximum cooling coil cgpacity.
However, a reduced cooling loads, the system airflow is reduced by the combined action

of closng zona VAV box dampers and the fan speed controller.

\Exhgust f « N
k N
M Q)
Return air
damper Return fan Plenum Plenum
Q) ©
Zone 1 Zone 2
) A b
D:kll -1 _Reheat E""'“ Reheat
/
VAV VAV
Outside i Coaling coil box box
Air 1 N
u o Pressure
Supply fan ; sensor

Figure1.1 Variable Air Volume System with Optiona Reheet (Kreider, 1994)

A generd feature of the VAV system contral isthat one must ensure adequate
flow at the zone most remote from the air handler. Thisistraditiondly accomplished by
controlling the supply fan speed with a pressure sgna measured near the end of the duct
asshowninFg 1.1. Theactud arflow to each zone is controlled by the thermostat’s
control of the damper position.

VAV Termind Box

For comfortable air digtribution within azone, the VAV system is often modified

to provide congtant airflow by mixing varying conditioned air (caled primary air) with



room air (called secondary air) withinaVVAV box. According to the method for
combining primary and secondary air, the VAV boxes have two types: (1) induction
VAV boxes, and (2) fanpowered VAV boxes. In theinduction method, primary ar
entrains secondary air that isinduced through induction dampersof aVAV box. Fan+
powered VAV boxes use asmdl fan to mix primary air and secondary air. The amount
of primary air is controlled by the primary air damper that is controlled by the room
thermostat. Fan-powered VAV boxes are either of pardld or seriesdesign. The
schematic diagrams of each type are shown in Figure 1.2 and 1.3.

Another flow characteristic of VAV boxes is the dependence of flow on supply
duct pressure. VAV boxes that are designed to supply constant airflow to the zone for a
given thermostat Signa despite varying pressures in the ductwork upstream of the VAV
box are called pressure-independent. VAV boxes that are senditive to supply duct

pressure are called pressure-dependent.

Induction
dampers Induced air
/J/
Primary Venturi
Air —» <
\j\
1
L1
Caling | s |
/ —y—
Room arr
Room
Thermost

Figure 1.2 Schematic Diagram of Induction VAV Box
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| —>

Heat

Primary ar / '

(Padld)

Figure 1.3 Schematic Diagrams of Series and Parallel Fan-powered VAV Box.

Krgnovich and Hittle (1986) tested the performance of pressure-independent VAV boxes
to measure pressure independence, linearity, and hysteresis of boxes produced by three
different manufacturers. Tests showed that al boxes required approximately one inch
water gauge Static pressure to operate properly. In this study, pressure-independent VAV
boxes will be assumed for modd smplification.

Fan Volume Control

Fan volume control methodsin the VAV system are an important factor for fan
electricity consumption, so they are briefly introduced here. There are several methods
of contralling both the pressure and the delivery volume of fansfor VAV gpplications

(Chen and Demster, 1995; Haines and Wilson, 1994; Kreider and Rabl, 1994).



A modulating damper at the fan discharge. A smple damper in the outlet can closeto
increase res stance and decrease the flow. This makes the fan ride up its curve and
saves little fan energy.

A bypass from supply to return, with amodulating damper. This meansthat thefanis
working a congtant volume & dl times while syslem volume varies. Good control is
obtained but there are no energy savings.

Inlet vane dampers. A pre-rotated and limited amount of air entersthe fan scroll. As
these dampers modulate, they change the operating characteristics of the fan and
energy issaved. Inlet vanes pose an energy pendty through added resistance to
arflow.

Electronic speed control.  The fan speed is regulated using an ectronic speed
control caled avariable frequency drive (VFD), variable speed drive (VSD), or
inverter. This device modulates the power going to the AC induction eectric motor
S0 that the motor speed changes in response to the changing frequency of the power
produced by the drive dectronics. This controlling method saves energy significantly
snce energy use varies as the cube of the speed, dthough there are some lossesin the

dectric circuits.

Spitler et d. (1986) compared the energy performance of three modulation methods for a

centrifugd fan: discharge damper, inlet vanes, and motor speed control. The results

show that the fan with an AC inverter offers great savingsin fan dectricity over the fan

with inlet vanes and discharge dampers. The fan with inlet vanes consumes more than

twice as much dectricity as the fan with an AC inverter a the minimum flow fraction.

The discharge damper method was not competitive with the other two methods.

10



Englander and Norford (1988) quantified the additiona savingsin fan energy that
can be achieved with VSDs as a means of controlling supply duct pressure and return
arflow. They gated the additiond annud savings due to lowering duct satic pressureis
two-third of the savings resulting from the variable- speed drive adone, while lowering
duct datic pressurein avaridble inlet vane system has little benefit. They suggested two
methods of controlling the supply fan to minimize gatic pressure: modified Pl control
agorithm and heurigtic dgorithm. Both methods regulate either static pressure or fan
Speed directly, usng an error Sgnd derived in some fashion from the primary flow error
sgna from one or more zones. Thus, VSD modulation method is recommended to use
for fan energy savings.

The basic components and their important features of VAV systems are described
asfollows.

1) VAV termind box: variesthe volume of ar flowing through it, based on zone
hesting/cooling requirements.

2) Fanflow modulation device: variable speed drive on motor, an inlet vane damper,
discharge damper, etc.

3) Static pressure sensor: used to sense and measure the termind duct pressure near the
end of the duct in order to ensure adequate flow at the zone. Maintenance of the
datic pressure is accomplished by controlling the fan flow modulation device.

4) Air digtribution ducts: includes the main supply duct, branches and fittings for duct
connection.

5) Automatic or manua dampers. controls outside air, recirculation air, return air and

mixed ar.

11



1.2.2 Duct Design Methods

Duct design methods are presented in the 1997 ASHRAE Handbook-
Fundamentals. Three methods are presented: equal friction, static regain, and the T-
method. As non-optimizationbased methods, the equd friction method iswidely used
for low-pressure system in most buildings and the dtatic regain method is used for very
large, high-vdocity sysems (Kreider and Rabl, 1994; Mcquiston and Parker, 1994). The
T-method, introduced by Tsal et . (1988), isthe only optimization-based method,
described in the 1997 ASHRAE Handbook- Fundamentals .

Equd Friction Method

The principle of the equd friction method is to produce a constant pressure loss
per unit length for the entire syssem. The usud procedure isto sdect the velocity in the
main duct adjacent to the fan and then the known airflow rate determines the duct size
and the lost pressure per unit length. The same pressure loss per unit length is then used
throughout the system. After initid Szing, thetotd pressure loss of the longest run is
cdculaed including the dynamic pressure loss of dl fittings and trangtions.

Asahybrid of the equd friction method, the balanced equd friction method is
introduced in the 1997 ASHRAE Handbook- Fundamentas. After the total pressure loss
is decided, duct sections at the branch are resized to balance pressure losses at each
junction. A wel-balanced design can be produced with this gpproach if dl runs from fan
to diffuser are about the same length. However, most duct systems have avariety of duct

runs ranging from long to short. The short runswill have to be dampered, which can

" Asiedu et al. (2000) introduced a genetic algorithm approach to design HAV C air duct systems
incorporating sizes, variable time-of-day operating conditions and variable time-of-day utility rates.



cause considerable noise. When energy cogt is high and ingaled ductwork cost islow, a
low friction rate design is more economica than a high friction rate.

Static Regain Method

The dtatic regain method is based on the requirement that the system dtatic
pressure remain about the same throughout the system. Specificdly, ducts are sized so
that the increase in Static pressure in one section of duct exactly balances the pressure
lossin the next duct section. The procedure isto first sdlect a velocity for the duct
attached to the fan. With the airflow capacity, the size of thismain duct isdecided. The
duct run which has the largest flow resstance is then designed, using the mogt efficient
fittings and layout possble. A veocity isassumed for the next section in the run and the
datic pressure regain is used to overcome pressure friction losses for that section. This
method is suitable for high-ve ocity, congtant-volume systems having long runs of duct
with many takeoffs. The main disadvantages of this method are the very low velocities
and large duct szesthat may result at the end of long runs.

T-method

The T-method is an optimization-based method that minimizes alife-cycle cost
(T et d. 1988). This method is based on the same tee-staging idea as dynamic
programming (Bellman 1957, Tsd and Chechik 1968). It has been shown that duct
systems optimized using the T-method can result in 12.2% to 53.4% lower life-cycle
costs over asystem designed using other methods (Tsal and Behls 1986). The god of
duct optimization isto determine duct sizes according to the optimal pressure losses and
sect afan according to the optima fan pressure that minimizes owning and operating

codts. Information about owning and operating costs for the HVAC system is described
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in the 1995 ASHRAE Handbook-HVAC Applications (ASHRAE 1995). The cdculation
of annud owning cogsis comprised of initid cost, andlyss period, interest rate, and
other periodic costs. The operating cost includes energy cost, maintenance cost,
operation labor, and cost escaation. Owning and operating costs are coupled together to
develop an economic analyss. The purpose of duct system optimization is to compare
sydem life-cycle cost for different duct sizes and fan total pressure. Accordingly, many
of the above congtant e ements can be excluded from the system cost and only initia cog,
energy cogt, time period, escalation rate and interest rate are considered for optimization
(Tsd and Behls 1990).

Life-cycle cost is given by

E = E, (PWEF) + Es (1.2)

where E =lifecydecodt, $

E, = annua energy cog, $

Es =initid co, $

PWEF = present worth esca ation factor, dimensionless.
Electrica energy cost is determined by

e —o EY*E
p — Xfan 103gfge fan

1.2
where Qyan = fan airflow rate, n/s(cfm) (* note: constant flow rate throughout the yeer)

Pran = fan total pressure, Pa (in. wg)

E: = unit energy cogt, $/kWh

Y = system operating time, hyr

Eqy = energy demand cost, kW
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0 = motor-drive efficiency, dimensonless.
o =fantota efficiency, dimensonless.
10%= dimensiona congtant, 10 kW / [(mP/9)¥N/s)]
The dectric energy demand cogt, E; is assumed to be congtant for smplification.

The present worth escdation factor is

&1+ AER) il 1
8 1+AIR){

T 41+ AER) N
1- & (1+AIR)G

where AER = annud escddtion rate, dimensonless.

PWEF = (1.3)

AIR = annud interest rate, dimensionless.
a= amortization period, years
Theinitia cogt is presented as the duct cost, which is afunction of the cost per unit area
of duct surface. For around duct, the cost is given by
Es=Syp DL (1.49)
where Sy = unit duct work cost, including materia and labor, $in?($/t%)
D = duct diameter, m (in.)
L = duct length, m(in.)
For arectangular duct, the cost is
Es=2Sq(H+W)L (1.4b)
where H = duct heght, m(in.)
W = duct width, m(in.)
Next, congtraints necessary for duct optimization are described. A detailed explanation

of each congtraint can be found in Tsal and Adler (1987).
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Mass bdancing. For each node, the flow in isequd to the flow out.

Pressure badancing.  Thetotd pressure loss in each path must be equad to the fan total

pressure.

Nomind duct sizes. Each diameter of around duct, or height and width of a

rectangular duct, is rounded to the nearest lower or upper nomind size. Nomina duct

sze normally depends on the manufacturer’ s stlandard increment.  Such increments

may be 1 in. for szes up to 20 inch then 2 inch increments.

Air velocity redriction.  Thisisan acoudtic or particle conveyance limitation.

Presdlected Szes. Duct diameters, heights and/or widths can be preselected.

Congruction regtrictions.  Architecturd space limitations may restrict duct Sizes.

Equipment. Centrd air-handling units and duct-mounted equipment are selected

from the set produced by industry.

The T-method considers the duct system as a tree structure and is comprised of

the following three mgjor procedures.

System condensing.  The branches and roots of the tree are systematically condensed

into agngleimaginary duct section with identica hydraulic characteristics and the

same owning cost as the entire system.

By subdtituting equation (1.2) and (1.4) into equation (1.1), life-cycle cost

becomes
E=2Z; (Pna) +Syp DL, forround duct (1.59)
E=2Z1 (Pna) + S42(H+W) L, forrectangular duct (1.5b)
where Z, = Q,,, %
10°9; 9.
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The Darcy-Weisbach equation for round and rectangular duct is

afl o OVZY
DP=¢c—+ -
gD aCﬂch

(1.6)

Introduce the coefficient r, r =fL + SCD, subdtituter into equation (1.6), and then
rearrangement yields, D = 0.959 (rr )%-2Q%4(g.DP) %2
Subdtituting D into equation (1.44) yiddstheinitid cost asfollows
Es=Z, K (DP) %2 (1.7)
where Z, = 0.959 p (r / g)%%
K =nr®? Q%L , characteristic coefficient of aduct section

n =1 for round duct, n=1.128 for square duct

1+H
n= —AV for rectangular duct

Py

Fndly, sysem life-cycle cost becomes
E =2 (Prna) + Z2 K (DP)?2 (1.8)
The system life-cycle cost for two duct sectionsis
Eio=E+E
=71 (DPy +D P2) + Z3 [K1 (DP1) *% + K5 (DP2) *7] (1.9)
By taking the partid derivatives of equation (1.9) with respect to DP;, DP,, setting to

zero, solving for pressure losses yidd the optimum pressure retio as follows

0.833

DP, _ &K, 0
DP, ~ &K, o

(1.10)

When two duct sections are connected in series,
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DP,., = DP; + DP, (1.12)
Using equation (1.10) and (1.11), equation (1.9) becomes
E12=2Z1 (DP1 + DPy) + Z» [K1 (DP1) %2 + K (DP)
— Zl DP1-2 + Z2 (K 10.833 + K20.833)1.2 (Dpl_z)-o.z
=7 DP1y+ 7y Kip (DPpp)0? (1.12)
Thus, the characteristic coefficient of a condensed duct section, which is connected in
series, is described by
Kio= (K l0.833 + K20.833)1.2 (1.13)
When two sections are connected in paralld,
DP,., = DP, = DP, (1.14)
Equation (1.9) becomes
Ei2 = Z1 DP1p + Zo (K1 + K) (DP12) %2
Thus, the characteristic coefficient of a condensed duct section, which is connected in
paralld, is described by
Kip= Ki+Kj (1.15)
Tsd’sequations (1.13) and (1.15) are gpplied from junction to junction in the
direction of the root section so as to condense the entire system into one section.
Fan selection. From the condensed system, the idedl optimum fan total pressureis
caculated and used to sdlect afan. If afan with adifferent pressureis selected, its
pressure is consgdered optimum. By taking the derivative of equation (1.8) with
respect to DP, setting to zero, and solve for pressure loss, the optimum fan pressure

becomes
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DP = 0.26 ( Zo/Z1 XK )°33 + DP, (1.16)
where K isthe characterigtic coefficient of condensed root section.
DPy isan additiond pressure |oss.
System expanson. The imaginary duct section is expanded into the origina system
by digtributing the optimized fan pressure. Duct pressure loss a sectioni is
DP =P, 7 (1.17)
where P, = DPy.j, remaining pressure from duct section i to terminal duct section 1
Ti = (Ki/ K1-)%83, T-factor a duct sectioni.
Unlike the condensing procedure, the expansion procedure starts at the root section and
continues in the direction of theterminals. A detailed explanation of each mgor
procedure can be found in Tsal et d. (1988). Many parameters are unknown at the
beginning and have to be defined during the iterative process, such as the C- coefficients
for junctions and trangtions since they depend on duct size. Also, the fan cannot be
selected until the system K- coefficient is known. Usudly, three iterations are enough to
obtain accurate optimum solution (Tsal et a., 1988).

Sizerounding to select alower or an upper nominal duct Szeisasoan
optimization concern. If the lower nomina sizeis sdected, theinitid cost decreases, but
the pressure loss increases and may exceed the fan pressure. If the upper nomind sizeis
selected, the initid cost increases but the section pressure loss decreases. This saved
pressure can be used to select alower nomind size for the following duct section. The T-
method has the procedures that predict how lower and an upper nomind duct Sizes
influence the initid cost for the rounding duct section and the remaining duct sections.

The nomina size that produces alower initid cogt is selected as the rounded diameter.
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The pressure |oss subtracted from the rounded duct section is used as the upper vaue for
rounding the children sections. The rounding procedure starts at the root section and

continues in the direction of the terminds.

1.2.3 Smulation of VAV Systems

In order to Smulate the operation of abuilding usngaVAV sysem, itis
necessary to determine the quantity of air required to meet the load, which can be done
with any load cdculation program. For this project, the Building Loads Andyss and
System Thermodynamics program (BLAST 1986) was used. By congdering the airflow
rates into and out of the zones by the ductwork and the exhaust requirements, the building
pressures can be caculated.

The program caled AIRNET (Walton 1989) for building airflow network
modeling, which was devel oped by the Nationd Indtitute of Standards and Technology
(NISTIR 89-4072), provides a method to estimate airflows and pressuresin buildings. A
building airflow network conssts of a set of nodes, dements, and linkages. The various
zonesin buildings, the connection pointsin ductwork, and the ambient environment are
points where the airflow and pressures are of interest. These points are represented as
nodesin anetwork. The arflow eements represent passages between nodes, such asthe
ducts, fans, dampers, cracks, doors, etc. All nodes are connected by one or more airflow
elements. The linkages describe how the nodes and elements are connected. A set of
such linkages makes up a complete building HVAC network.

The program modules for arflow anadyssin AIRNET are asfollows:

1. aprocessfor establishing aninitia set of vauesto dart the iterative solution process.
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2. asolution method for nonlinear equations using Newton’s method and a skyline
solution process of sparse matrix methods (Dhatt and Touzot, 1984) to reduce both
the storage and execution time, combined with Steffenseniteration (Conte and de
Boor, 1972) to accel erate convergence.
3. arflow dement subroutines that compute the flow rate and derivative of the flow
with respect to pressure difference needed to form the Jacobian matrix.
4. aseparae process for transferring the data into the Jacobian matrix .
5. solution of the Smultaneous linear equations involving the Jacobian matrix.
Mass bal ance eguations are the basic equations governing flowsin an airflow network.
a,m,=a,m, (1.18)
where, i = node number.
The relationship between the mass flow rate and the pressures can be described as:
m=f (DP) (1.19)
Since modding different dements involves nonlinear relaionships, iteration needs to be
done to arrive at the solution.
The following types of flow dements are smulated in the AIRNET program.
Resgtance. The massflow rate of ar across any redtriction follows the empirical
relationship of the form:
m = C./r DP¥ (1.20)
where C = flow coefficient
r = ar densty, kg/nt

DP = tota pressure loss across the element, Pa
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x = theflow exponent.

Ducts. The pressure loss due to friction in a section of aduct or pipeis given by

_fLrv?

DP, = —
D 2

(1.21)

wheref = frictiond coefficient
L = duct length, m
D = hydraulic diameter, m
V = velocity of air, m/s
Duct fittings. The dynamic pressure |osses due to fittings are given by

2
DP, = co% (1.22)

where Cy = dynamic loss coefficient.

Thetotal pressure loss can then be caculated as
DP =DP, +§ DP, (1.23)

From the above equations, the flow rateis calculated using the relaion

= \/Zr A %L D+ sco)ﬁ (1.24)

Fans. In order to accurately smulate the performance of afan, the fan performance

curves have been fitted to a polynomid of the form
P=gy+am+am?+am’+.. (1.25)
where &, ai, &, &, ... are the coefficients of the polynomid that fits the fan
performance curve a arated speed.
Usng AIRNET, Dep et d. (1993) modeled seven basic types of VAV control

systems for providing control of the minimum outside ventilation ar and the



pressurization of the building. All systems have a supply fan whose speed, and thus

arflow, is controlled by a static pressure controller. The seven basic types are:

1. Return fan, with cgpacity control sequenced from supply air capacity control (static
pressure) sgndl.

2. Return fan, with capacity control based on building pressure,

3. Return fan, with capacity control based on differentid airflow between measured
supply and return quantities.

4. Rdief (exhaust) fan, with capacity control based on building pressure.

5. Rdief (exhaust) fan, with capacity control based on outsde air damper position.

6. Nether return nor relief fan, with building pressure controlled by relief dampers
based on building pressure.

7. Relief dampers controlled by the pressure ratio across the return air damper coupled
with the addition of an outsde air injection fan.

All of these control systems should be able to do the following for proper operation:
maintain duct atic pressure so that the terminal units operate properly.
maintain dightly positive pressure in the conditioned space to prevent infiltration of
outside air into zones.
supply minimum outside air to the conditioned space except during economizer
operation.

In addition to the dements described in AIRNET, Delp et d. (1993) modelled
dampers and VAV boxes using the relationship for resistance. If the damper isset at a
particular angle, it would have afixed resstance. To account for varying damper

resstance, the following relaion is given for dampers
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m=C, x[r, XOP* (1.26)
Modeling of the VAV boxes was done in the same manner as a damper.

For the system smulation, AIRNET was sdlected and a separate agorithm, which
smulates the operation of VAV systems, was devel oped so that the zone loads could be
satisfied. The control data file describing the desired operating conditions, such as
desired duct static pressure ranges for supply and return fan control, desired outsde ar

requirement, and desired building pressure is given as input for smulation.
1.2.4 Nonlinear Integer Optimization

Most optimization methods have been developed under the implicit assumption
that the design variables have continuous vaues. In many practicd Stuations, however,
the design variables are chosen from alist of commonly available vaues, for example
Ccross-section areas of trusses, thickness of plates, and membranes. Furthermore, in the
optimum design of duct systems, ducts have discrete vaues that normaly depend on the
manufacturer’ s stlandard incremen.

The branch and bound (B& B) method is awidely used agorithm for solving
integer programming (IP) problems. However, the origind B&B method is not suitable
for solving a nonlinear integer programming (NIP) problem, primarily because the
vdidity of the branching rulesistied with an assumption of linearity (Y okotaet d. 1996).
Lee (1983) solved severa engineering nonlinear problems using the B& B method based
on anonlinear optimization code caled BIAS, where the B& B procedure smply dters
the upper and lower bounds on the variables. Hager and Bdling (1988) sought a discrete

optimum in the neighborhood of the continuous optimum using a modified B& B method.
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Olsen and Vanderplaats (1989) presented a method of sequentia linear discrete
programming and converted the nonlinear discrete problem into a sequence of linear (O,
1) problems. The pendty gpproach for NIP problemsis another popular method in
sructurd optimization. Fu et d. (1991) developed an dgorithm which imposes pendties
of integer or discrete violation on the objective function to enforce the search to converge
to discrete standard values. Lin and Hajela (1992) presented artificial genetics gpproach
for global discrete optimization of structural design problems, which isamodified smple
genetic adgorithm proposed by Goldberg, based on naturd genetics. Next, the B&B
method and the penalty approach are discussed for nonlinear optimization with discrete
design variables.

Branch and Bound Method

The branch and bound (B& B) method is based on converting the integer solution
gpace to a continuous pace by initidly dropping the integer conditions. After obtaining
the continuous optimum, the method forms new subproblems, called candidates. By
branching, these candidates exclude the infeasible (non-discrete) region, and include dl
the feasible integer points of the problem. Bounds are used to rapidly discard many of
the possible candidates by developing a bound on the optimum objective vaue of the
integer problem. Any of the candidates whose vaue of the objective function falls
outside the bound may be discarded as nonpromising.

Thelogic for the nonlinear branch and bound agorithm is that each of the
individua nonlinear programming problems arising in the solution procedure is solved

using an efficient nonlinear optimization method. Thus, the actud condraints are
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handled separately from the variable bounds. The basic solution procedure for the

nonlinear programming problem may be summarized as follows:

Sep 1. Solvethe origind NLP problem, ignoring any integer restrictions.

Step 2: Determination of the type of design varidble. If the design varidble is required
to be integer, then go to step 3. If the design variableis required to be discrete, then
goto sep 4. If the design variable isrequired to be continuous red vaue, then go to
Step 5.

Step 3: The design variable which isrequired to be an integer a the find solution, say
X, is branched upon in the following manner: let the varigble be P + Q where Pisthe
integer part of X; and Q isthefractiond part. If Pisdefined asthe largest integer not
exceeding P+Q, then the region P < X; < P+1 contains no feasible integer vaues, and
two new branches can be created by imposing the restrictions Xi £ P and X; 2 P+1 on
the current problems.

Step 4: The design variable which is required to be a discrete variable a the find
solution, say X; is branched upon in the following manner: |et the varidble be R. If

the discrete value Dy is defined asthe largest discrete variable not exceeding R, ad
Dk+1 is defined as the smdlest discrete variable exceeding R, then theregion Dy <R <
Dx+1 contains no feasible discrete vaue, and two new problems (branches) can be
created by imposing the redtrictions X; £ Dy and X; 3 Dy+1 on the current problem.
Step 5: If aninteger or discrete solution result becomes an upper bound on the find
vaue of the objective function then al nodes with a value greater than this upper

bound may be diminated from the search (assuming unimoddity).

26



=  Sep 6: If dl nodes have been eiminated, the solution procedureisfinished. If anode
gl exigts, then the next required integer variable or discrete varigble is branched
upon, and step 2, 3 and 4 are repeated until dl required integer or discrete variables
have been branched upon, with the upper bound always being updated to the best
integer or discrete variable solution found.
=  Step 7: Once al required integer or discrete variables have been branched upon and a
branching node il exigts, then the required integer or discrete value is branched
upon, and this step is repeated until dl nodes have been diminated.
In order to illudtrate the gpplication of the B& B method, the following example
with two variables, previoudy discussed by Lee (1983), isintroduced. The problemisas

follows

. é 1+x3) , (% +100)0
Minimize f(X):é12+X12+( sz)+(x1x22 2 ?O)Mlo
e Xl (Xlxz) 0

X; isto be integer.

1£ £ 3 i=12
The solution procedure of the problem is shown in Figure 2.4. The optima solution
without integer redtriction isx; = 1.855, xp = 1.834 with f(x) = 1.7542 as shown in node
1. Theinteger solution procedure starts by dropping the integer restriction on x; and ..
Since X isrequired to be an integer, the range 1<x;<2 is deleted from the continuous
solution space without deleting any feasible integer values. In other words, two
congraintsx; £ 1 and x; 3 2 are gpplied to node 1 to effect the deletion of the region
1<x;<2 from the continuous space. Thisresultsin the two nodes, node2 and 3. It says

that two new branches are created by imposing the boundsx; £ 1 and x; 3 2. Thisbranch
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and bound agorithm is continued until dl integer solutions are attained. Each solution

depisillugrated in Figure 1.4.

F(x) = 1.75421
X, = 1.855, % = 1.834

Xl£‘]/\_:2

F(x) = 2.65 F(x) = 1.7963
X =1,%=1.834 X1 =2, % =1.939
X, £ / \XZ 39
F(x) =2.3 F(x) = 1.7703
X1:2!>(2:1 X1:2!>(2:2

*Optimal solution

Figure 1.4 Solution Steps of Example Problem

Pendty function method

The pendty function method imposes pendties of integer or discrete violation on
the objective function to effect the search in the way that the solution convergesto
discrete standard vaues, based on a commonly employed optimization algorithm. In duct
systems, the diameter of around duct, or the height and width of arectangular duct isa
discrete variable and the congiraint of nomina duct sizes can be resolved using the
pendty function gpproach. Any violation of the congraint is added to the life-cycle cost

to enforce the search to converge to discrete duct sizes.

28



In generd, a discrete optimization problem can be represented as a nonlinear

mathematica programming problem of the following form:

Min f(X), Xi E" (1.27)
Subject to: h(X)=0 i=1..m

G(X)3 0 i=m+l,...,p

i £x £ u

where X =[x1, X, ..., Xa] " = [XE, XY"

X¢1 R feasible subset of continuous design variables

X947 R® feasible subset of discrete design variables

i and u: the lower and upper bounds for the design variables
The objective function may be expanded into a generdized augmented form to include
pendty terms for the violation of the conditions for selecting specified discrete variable
vaues

F(X) = f(X) + P(X% (1.28)

where P(X%) is the penalty on specified discrete value violation.

The pendty function in this approach is defined as
P(X% = g Q(X9)° (1.29)

o (X, - 8)
where XY =4 49 (1- g) and =1 )
Q(X") a q,(1-q) q; -3)

s']. and sj.‘ are the nearest feasible lower and upper discrete values.
Cal and Thierauf (1993) discussed the proper choiceof gand b. For b, itis

recommended to choose 1 or 2. A larger value of b makes the convergence to the
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discrete solution dower. The choice of the value of g srongly influences the

convergence of the objective function and the following estimating equation is suggested:

_F(X™)- f(X™)
g o

(1.30)

where XM= (S +8%/2
and S=[d1 . dn]and =[g" .. & arethe nearest lower and upper discrete points
of the starting point X°.

In the solution process, an initia vaue g is estimated from the equation. When the

subsequent search is made iteratively, the factor g is gradualy increased asfollows:
gt = cg® (1.31)
where cisacongant vaue in the interval
l<c<2
In order to illugtrate the gpplication of the pendty function method, the following
10 bar truss problem shown in Figure 1.5, previoudy discussed by Ca and Thierauf

(1993), isintroduced.

n <4
n <

Figure 1.5 Ten-Bar Truss



The objective function of the problem isthe weight of the structure. The design variables
are the cross-sectiond areas of the 10 members. The congraints are the member stresses
and the verticd displacements of the nodes 2 and 4. The dlowable displacement is

limited 2 inch and the dlowabl7e stress to +25ksi. The design parameters are E = 10* ks,

F=100kips, r =0.11b/in®, and a= 360 inch. According to the American Ingtitute of

Sted Congtruction manual, a discretization for the cross-sectiond aressis

S=(1.62, 1.80, 1.99, 2.13, 2.38, 2.62, 2.63, 2.88, 2.93, 3.09, 3.13, 3.88, 3.47, 3.55, 3.63,
3.84,3.87,3.88,4.18, 4.22, 4.49, 4.59, 4.80, 4.97, 5.12, 5.74, 7.22, 7.97, 11.50,
13.50, 13.90, 14.20, 15.50, 16.00, 16.90, 18.80, 19.90, 22.00, 22.90, 26.50, 30.00,
33.50) (inchf).

The vaue of factors c and b and the accuracy parameter e were chosen as

c=15 b =10, e=0.005
and theinitia vaue of the pendty factor was caculated with equation (2.30). In
compuitation, the continuous solution was found after the firgt iteration usng a sequentia

quadratic programming code NLPQL. Only one further iteration was processed to obtain

the discrete solution. The minimum valueis5491.71 |b. Theresult isgivenin Table 1.1.

Table 1.1 Reaultsfor the ten-bar truss problem

F(Ib) X1 X X3 X4 Xs | Xe | X5 Xsg Xo | Xuo

g 548256 | 32114 | 162 | 23186 | 1539% | 162 | 162 | 8314 | 22761 | 21567 | 162

2* 540171 | 3350 | 162 | 2290 | 1550 | 162 | 162 | 797 | 2200 | 2200 | 162

1*: continuous solution with NLPQL
2*: discrete solution with combination of pendty agorithms and NLPQL
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1.2.5 Survey of HVAC duct system design

Equal friction, gatic regain, and the T-method, introduced in the 1997 ASHRAE
Handbook - Fundamenta's, have been developed for duct design of CAV systems.
However, they are dso used for VAV systemsin commercid buildings. Since the desgn
of VAV systems needs to consider varying airflows, part-load characteritics, and duct
dtatic pressure control, it would be useful to find out how they are taken into account in
consulting practice,

For this purpose, a survey on the current trends of the HVAC duct system design
was performed in order to answer the following two questions: (1) which duct design
methods are most commonly used for VAV systems? and (2) how fansfor VAV systems
are selected and controlled? The subjects of the survey are duct design engineers who are
involved in duct design of VAV systems. They were contacted by aletter and asked to
fill in asdf-administered, mail-in questionnaire (See Appendix A). Most of the
participants are the Oklahoma ASHRAE chapter members or practicing engineers
affiliated with the ASHRAE duct design technica committee. Fifty surveys were sent
out and eight returned.

The responses to the questions in the survey are summarized asfollows:
Duct design methods that are used to size ducts of VAV systems. Most respondents
answered that they use the equd friction method. Some of them answered that they
use the gatic regain method for high-pressure duct systems or due to the convenience
of computer programs. There was one response that the T-method was used for duct

systems of nudear fadilities.
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Incorporation of any diversity when sizing ducts or fan: It was answered that
diversity is consdered in both the duct system and fan. Some answered that block and
pesk loads are used for Szing afan.

Type of fan specified for VAV systems. The most often used type of fan was the
arfoil and secondly, the backward inclined fan. Some answered the forward curved
typefanisused occasondly.

Fan selection method to avoid fan operation in the surgeregion: It was answered
that operating points for full and partia loads were checked as to whether they were

in the proper region of the fan curve.

Any required fan pressure in addition to the pressure loss from ducts and fittings:
Most respondents answered that they considered the Static pressure that should be
maintained at the end of the longest duct line. Some answered that they consdered a
positive pressure at the zone to prevent air infiltration. Some specified the static
pressure at the VAV termina box and others said that they considered an additional
10% air pressure.

Any specific method for selecting a fan: Some answered that they considered
acoudtic (noise) problems, avoidance of surge (checking operating points), and
efficiency.

Duct static pressure at the end of the longest duct line: The answersvaried: 0.25in.
wg, 0.8t0 1.0in. wg, and 1.5 in. wg.

Any positive air pressurein a zone: The answer varied: 0.03 in. wg, 0.1 in. wg, 0.25

in. wg, “depending on the gpplication”, and “air volume of the termind controller”.



From the survey, it is consdered that the equa friction and Static regain methods are il
preferable to duct design engineers. Some designers especially use the Satic regain
method, which is packaged into software with an option to select afan. For amoderatdy
larger system, airfoil and backward inclined types of fans are specified for VAV systems.
In fan sdection, noise problems, efficiency, and operating points avoiding fan surge were
the main concerns for the designer. The response to the static pressure requirement was

that it is necessary, but the pressure values differed. A positive air pressure can be

specified depending on the gpplication.



CHAPTER 2

OPTIMUM DUCT DESIGN FOR VAV SYSTEMS

In this chapter, the optimum duct design problem is defined accounting for
varying airflows, part-load fan characteristics, duct static pressure control, and discrete
duct sizes. Theinitid and operating cods are explained at the problem definition in
greater detall. Desgn condraints are explained quditatively and their use in optimization
problem is discussed. The scheme for the VAV optimization procedure is explained with

operating cost calcuation and integer/discrete programming technique.

2.1 Objective of the Study

The objective of optimum duct design isto find duct Sizes and select afan that
minimizes sydem life-cycle cost for VAV sysems. The VAV system isacommonly
used design that significantly reduces energy consumption as the load is reduced.
Current duct design methods for varigble air volume (VAV) systems are based on the use
of peak congtant airflow. However, VAV systems operate much of the time a an off-
peak load condition and the impact of varying arflow rates to the Szing of duct systems
has not been considered.

This study introduces an optimum duct design procedure for VAV systemsto see

the importance of the varying arflows to the sysem design. Hourly airflow



requirements, part-load fan characteristics, and duct static pressure control are
incorporated into the problem formulation. Constraints such as discrete duct sizes,
telescopic redtriction, and velocity limitation are incorporated into the duct design
procedure. Since the reduction of airflow results in decreasing fan speed, fans are
modeled to give exact fan power consumption for different airflow.

In order to suggest an optimization procedure, the domain of aVVAV optimization
problem is analyzed to define the problem characterigtics. Then the VAV duct design
procedureis applied to severa VAV duct systems and results are compared to those
obtained using current duct design methods.

The benefits that might accrue as aresult of the sudy are:

The modding of VAV duct systemsisredized by consdering varying airflows and
fan pressure control instead of using constant airflow and no control scheme.

The domain characteristics of VAV duct sysems will be identified.

The impact of varying arflow rates on fan energy consumption will be identified.
The new duct design procedure will find better duct design and the performance of

the current duct desgn methods for VAV systems will be evauated.

2.2 Problem Definition

Optimum duct design of VAV systemsisto find duct Sizes and sdect afan that
minimizes sydem life-cycle cost. The system life-cycle cost is made up of annuad
owning and operating costs (ASHRAE 1995). The dements of annua owning cods are
initid codt, analyss period, interest rate, and other periodic costs such as insurance,

property taxes, etc. Operating cogts includes the costs of energy, and maintenance. Since



the purpose of optimization isto compare system costs for different fan total pressures,
many of the above factors are constant and can be excluded from the objective function.
Only initid cogt, energy cogt, time period, escaation rate, and interest rate are considered
for optimization. VAV systems have varying airflows to meet the different loads in the
zone and the fan is controlled to maintain the desirable tatic pressure at the end duct
section of the longest duct line, the fan is modeled on an hourly basis to determine the fan
electricity consumption and operating cost.

The VAV duct design problem is defined as.

Minimize E = E, xPWEF + Eg (2.0
Subject to D,- D, 30
L, £D, £U,

where

E = sytem lifecycle cogt, $

E, =first year energy cogt, $

Es=initid cogt, $

PWEF = present worth escaation factor, dimensionless.
Dy = upstream duct section diameter, m (in.)

D. = downstream duct section diameter, m (in.)

Di =[Dy, Dy, ..., D] =[DY"

D91 R feasible subset of discrete duct sizes, m (in.)

n = the number of duct sections

Li and U; = the lower and upper bounds of duct section i, m (in.), due to velocity or

geometric congraints.
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2.2.1 Initial Cost

Theinitid cost includes the cost of indaled ducts and HVAC equipment. The
duct cost is determined as afunction of the cost per unit area of duct surface. The cost of
HVAC equipment, such asfittings, heating coil, and cooling coil are consdered constant

and are not included in the objective function, except the fan cost. Theinitid cost is

E.=E,« t Ei (2.2)
where
Equet = duct cost, $
Eran = fan codt, $
Duct Cost.
The duct size of each duct section is a discrete design variable sdected from the
nomina Szes limited to the manufacturer’s sandard increments. For around duct, the
duct cost is
E,.. =S,pDL (2.3)
where
Sy = unit duct work cost, including material and labor, $/in? ($ft?)
D = duct diameter, m (in.)
L = duct length, m(in.).
For arectangular duct, the duct cost is
E e = 2S,(H+ W)L (2.9

where
H = duct height, m (in.)

W = duct width, m (in.)



Fan Sdlection and Cost.

Since duct optimization involves searching among different duct sizes, a fan that
can work with each configuration must be selected and included in the initia cost
calculation. When selecting a fan, the following factors govern the type of fan to be
sdected and itsSize:

Peak airflow rate.

Static pressure a a peak volumetric flow rate.

Efficiency: sdlect afan that will ddiver the required volume at the expected datic

pressure with minimum horsepower.

Among the above factors, the fan sdection in the VAV duct optimization is mainly based
on the system pressure requirement at a peak hour’s design airflow that gives maximum
annua arflow. The pressure drop for every duct path is caculated and the highest-
pressure drop is selected as the one determining fan selection. Starting from the smalest
fan 9ze, the system design point that includes the system pressure requirement and peak
arflow is checked as to whether that point is on the fan operating range. If the fan cannot
operate a that design point, the next larger Sze fan is entered for sdlection. After a
suitable fan is sdlected, fan efficiency is caculated for the airflow through ayear’s
operation. The desired fan efficiency caculation is necessary to assure that the fan can
ddiver the required airflow at the desired gtatic pressure within the fan operationd range.

The fan sdlection process resolvesitself into the following three steps:

1. Preparefan performance data
2. Sdect the smdlest fan that satisfies the syssem design point.

3. Cdculatefan efficiency for different arflows.

39



Centrifugal fans are used for the fan sdlection and the fan cost including motor and drive

can be found from the RS Means Mechanical Cost Data (1998).

2.2.2 Operating Cost

The operating cost congsts mainly of the eectrical energy cost required by the
fan and is represented by a present value. A mulltitude of eectrical rate sructures may be
encountered in practice. Here, electrica energy cost is assumed to be based on a unit
energy cost and ademand charge based on the annua peak dectricity consumption
However, any rate structure could be incorporated, as energy consumption is calculated

on an hourly bass. Thefirg year energy cost is

E = 1 E}EO QfanPfanEc + o Qfm,peakF%a’],peaKEd._(:j (2 5)
AT L S— a . i .
m gv (hr) f Y (M) f,peak pa

where

Qtan = fan airflow rate, n/s (cfm)

Pran = fan total pressure, Pa (inwg)

Y = system operating time, hyr

E: = unit energy cost, ¥kWh

Eq = energy demand cost, kW

h¢ = fan shaft efficiency, dimendonless

h, = motor-drive efficiency, dimensonless

10%= dimensiond constant, 103 kW / [(n®/s)¥N/s)] or 1.1741 " 10°*kW / [cfminwg].
The cost of hourly energy consumption is added across ayear’ s operation according to

varying fan airflow rates and fan total pressures. The shaft efficiency, hy, isthe function



of fan gpeed and airflow rate. The hourly shaft efficiency is computed from afan
performance equation and it is used for computing the hourly energy cost. The motor
effidency, hy, isassumed as aconstant. The electrical energy demand cogt, Eg, is based

on the customer’ s peak kilowatt demand. The present worth escalation factor is

a

g1+ AER) u _
5 1+ARg "t

{1+ AR ;
1- 2( %1+ AER)E

PWEF = (2.6)

where
AER = annud escdation rate, dimensonless
AIR = annud interest rate, dimensonless

a= amortization period, years.

Duct Modding

The duct size is used to calculate the pressure lossin a duct section. The pressure

loss of aduct section is caculated using the Darcy-Weishach equation:

il bV
DP =g+ & ca ! (2.7)
Dh ﬂzgc

where

f = friction factor, dimensonless

L = duct length, m(in.)

Dy = hydraulic diameter, m (in.)

SC = the summation of local loss coefficients within the duct section.
V = mean ar velocity, n/s

r = ar densty, kg/nt (Ibm/cu ft)
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0 = dimensiona constant, 1.0(kg.m)/(N.s%), 32.2(Ibmft)/(Ib;?)
For arectangular duct, the equivalent-by-friction diameter (hydraulic diameter) is

D _2HXW

= 2.8
Ty (28)
Next, the equivaent length, Le, is introduced
D, o
Le:L+T“aC (2.9
and subgtitute into the Darcy-Weishach equation to yield
2
pp=—t IV (2.10)
Dh ch

The friction factor in equation (10) is calculated from Altshul’ s equation:

xe 689

f =0.1J§*+ 2.11
Dh Reﬂ ( )

And the Reynolds number is given by

(2.12)

where

n = kinematic viscosity, nf/s (ft%/s)

Fan Modeling

The fan model was introduced for estimating airflows as a component of fluid
flow networks (Clark 1985, Walton 1989). It uses fourth-order polynomial fits to the
dimensionless head and efficiency to predict the pressure rise and power consumption.
The fan similarity laws allow the dimensionless curves to be used to treat varying rotation

speed and different diameters. The performance of a fan is characterized in terms of the

&



pressure rise across the device and the shaft power requirements at a given fluid flow
rate. These two characteristics are pressure head and efficiency. The two dimensionless
performance curves that relate pressure head and efficiency to fluid flow rate are
represented by polynomials with empirical coefficients that can be computed using
manufacturer’s data. These performance curves form the basis of the model. The

mathematical description of fan modd is described in greater detail in Chapter 3.

2.2.3 Design Congtraints

The design specifications are introduced as condraints in the optimization
problem and the design condraints define the viability of the desgn solution. Tsd and
Adler (1987) defined design congtraints necessary for duct optimization and they are
shown a the following list (congtraints 1 through 8). The congtraint 9 is newly added for
VAV systems.

1. Kirchhoff'sfirst law. The summation of the flow at each nodeis zero.

2. Pressure baancing redtriction. It is required that the pressure |osses are the same for
al the duct paths.

3. Nomina duct Szes. The manufacturer sets the standard increments of duct Sizes.
This sudy followsthe 1-inch (0.025 mm) increment for duct sSizes up to 20 inches
(0.5m) and, then 2-inch (0.05mm) increment.

4. Air velocity limitation. Thisisfor the limiting of duct noise.

5. Presdected sizes. Duct sizes for some sections may be predetermined.

6. Condruction restriction. The alowable duct Szes can be redtricted for architectura

reasons.



7. Teescopic redriction. In some systems, the diameter of the upstream duct must not
be |ess than the diameter of the downstream duct.

8. Standard equipment restrictions. Duct-mounted equipment is selected from the st
produced by industry.

9. Duct dtatic pressure control. For aVAV system with a variable speed fan, the fan
gpeed is often controlled to maintain aminimum static pressure a the end of the
longest duct line. A minimum gtatic pressure is required on order that no termina
unit be starved for air. To save fan energy, it is desrable that this setpoint be aslow
aspossible. Englander and Norford (1992) suggested setpoints of 1.5 in. wg (373 Pa)
for September through May and 2.5 in. wg (622 Pa) throughout the summer. These
setpoints were adopted for this study.

The duct gatic pressure control a the end of the longest duct line directly affects system

pressure loss and, accordingly, the operating cost cdculation. Assuming that the fan

control system exactly maintains the specified duct atic pressure at the end of the
longest duct line, the total fan pressureis calculated by solving the system sequentialy
from the termina duct section to the root of the system. Among the above 9 congraints,

the congtraints 1, 2 and 9 are enforced by the objective function and the congtraints 5, 6,

and 8 can be handled by ether of two ways. (1) the congtraint is added to the objective

function as a pendty term to provide some pendty to limit condraint violaions, (2) if the
congtraint states a predetermined duct Sze, then it can be assigned to the place of one of

the variables and the number of dimensions is thereby decreased.



In this study, the duct sizeis used as an explicit design variable inthe VAV
optimization procedure. Thus, the design condraints that limit the design domain are the
falowing:

Nomina duct Szes,

Air veloaty limitation;

Telescopic redtriction.

The congraint of nomina duct Szesistreated in the integer/discrete programming
technique and it isintroduced in the following section. Air velocity limitation setsthe
boundaries for duct Szes. The recommended velocities for the control of noise
generaion are different depending on the gpplication, however dl categories fal within
the range between 600 fpm (3 m/s) and 3000fpm (15 nVs) (Rowe, 1988). In this study,
minimum and maximum ar velodity limits are sat to 600 fpm (3 m/s) to 3000fpm (15
m/s). Telescopic redtriction limits the diameter of the downstream duct. Air velocity
limitation and telescopic redtriction are set as pendty terms of the transformed objective

function.

2.3 VAV Optimization Procedure

In this section, the VAV optimization procedure is introduced. Firg, an overdl
scheme of the VAV optimization procedure is discussed. Second, the operating cost
cdculaion, which isthe important part of the objective function evauation, isintroduced
in greater detail. Findly, an integer/discrete programming technique is discussed to find

an optimum discrete solution from optimum continuous duct Szes.



2.3.1 Overall Scheme

Asshownin Fgure 2.1, the VAV optimization procedure is mainly comprised of
preparation of airflow data, evaluation of the objective function, and generation of a
design solution that includes continuous and discrete solutions. Fird, time-varying
arflow rate datafor VAV duct systems can be provided by an hourly building Smulation
program. Second, the evaduation of the objective function requires fan sdection, initiad
cogt caculaion, search for fitting loss coefficients from duct fitting detabase, system
pressure loss calculation and operating cost calculation. The fan sdection dgorithm is
discussed in Chapter 3. The operating cost cd culation was tested by modifying the
AIRNET program and solving the duct system sequentidly for duct paths. Both
operating cost cdculation methods are introduced later in this section. The detalled
description of the objective function evauation is given in Chapter 3 with the
introduction of fan modeling. Third, an optimization method provides candidate design
vauesfor the estimation of sysem life-cycle cost. Before an optimization method is
selected, the problem domain must be andyzed. The domain anaysisisdiscussed in
Chapter 4 in order to define the problem characteristics and suggest a proper optimization
method. Duct sizes are explicit design variables and they have discrete vaues.
Therefore, the program must handle discretefinteger programming problems. Discrete
variables impose additiona congraints on the design problem and the optimum cost
function valueis likdly to increase when discrete vaues are assigned to variables. The
objective function evauation is comprised of selection of design variables with an
optimization method, fan sdection, system life cycle cost caculation. These essentid

condiituents are iterated until afeasible and findly optimum design is attained.



| Collect system description data |

¢ BLAST program
| Get airflow rates (8760Hrs) |

|
4>| For a trial set of duct sizes: |

< I Fan models
| Select a fan |

| Calculate initial cost |

optimization
method |4
| Calculate operating cost |

System life-cycle cost (E)
= initial cost + operating cost

e

Yes

| Integer Programming |

Figure 2.1 Optimum Duct Design Procedures

2.3.2 Operating Cost Calculation

The operating cost is fan energy consumption for ayear’s operation. It can be
evauated using two methods. Firg, build aVAV system as a network model and
gmulate the system with the modified AIRNET program. Second, assuming thet the fan
control system exactly maintains the termind duct etic pressure, find fan energy
consumption by solving the system sequentidly (sequentid method) from the termind
duct section to the root of the system. Each of the methods applied to the system has pros
and cons, however, the sequentid method is adopted for this sudy since the

computationa time is so important. Both methods are discussed as follows,
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Using the modified AIRNET program

The program caled AIRNET provides a methodology to estimate airflows and
pressuresin buldings. A detailed descriptionisgivenin Section 1.2.3.  In order to apply
the program to VAV systems, the following two additiona items must be considered; (1)
modeling of VAV boxes, and (2) fan control to maintain the termina duct Satic pressure
constant.

Asasmplification, VAV boxes are smulated as butterfly dampers and are
consdered duct fittings causng dynamic losses. Subgtituting V = m/ r A into equation
(1.22) and rearranging yield

C, = 2rA? x% (2.13)

The arflow is known from the zone load cdculation. As Krgnovich and Hittle (1986)
discussed, pressure independent VAV boxes required one inch water gauge static
pressure to operate properly. Thefitting loss coefficient, Co can be cdculated with the
given airflow rate and pressure drop. Damper angles are determined by linear
interpolation with the data of Table2.1. Starting with the rated fan speed and fan
arflow, the duct termind gatic pressure is calculated by nonlinear solver. If the pressure
isnot in the range of setting point, then the fan speed is adjusted to satisfy the pressure
eiting point. Once the actua fan speed isfound, the fan control parameter is calculated

based on the rated fan speed and then the saved fan energy isfound.



Table2.1 Cp Vduesof Butterfly Damper,
(1997 ASHRAE Fundamental Handbook, p. 32.32)

N

Q. Ao <q

Angleq

D/Dg 0 10 20 30 40 50 60 70 75 80 85 0

05 0.19 0.27 0.37 0.49 0.61 0.74 0.86 0.96 0.99 1.02 1.04 1.04

0.6 0.19 0.32 0.48 0.69 0.94 121 1.48 172 1.82 1.89 193 2.00

0.7 0.19 0.37 0.64 101 151 212 281 3.46 3.73 3.94 4.08 6.00

0.8 0.19 0.45 0.87 155 2.60 4.13 6.14 8.38 9.40 | 10.30 | 10.80 | 15.00

09 | 019 | 054 | 122 | 251 | 497 | 957 | 17.80 | 30.50 | 38.00 | 45.00 | 50.10 | 100.0

1.0 0.19 0.67 1.76 438 | 11.20 | 32.00 | 1130 | 619.0 | 2010 | 10350 [ 99999 | 99999

Fgure 2.2 shows the program procedure. The mass balance equations at the nodes
of anetwork mode establish the smultaneous nonlinear equations. The nonlinear
equations are then solved iteratively usng a modified Newton's method with a skyline
solution process until a convergent solution is obtained. The method using the modified
AIRNET program for evauation of objective function requires a substantial amount of
computationd time due to the iterations required to find a solution of the set of nonlinear
equations. |If the equations are repeated 8760 times for ayear’ s operation and the system
is complicated, the computationd time is substantia. However, the modified AIRNET
program gives al node pressures and eement airflows, and controlled vaues of VAV

boxes and fan speeds, such as damper angles and fan speed control parameter.

49




| Collect data to describe the system |

| Build a network model |

| Initialize node pressures |

Get element airflows
> & fill Jacobian matrix
|< Simulate
Solve nonlinear equation VAV boxes
by modified Newton’s method

Get node pressures Check duct
static pressure
&
control fan
Converge? speed
No
Yes

| Calculate fan energy cost |

Figure2.2 AIRNET Program Procedure.

Using the Sequentid Method

If the VAV boxes are pressure-independent (refer to section 1.2.1), the system
evauations can be smplified. Assuming that the termina duct Static pressureis
controlled exactly, the upstream node pressure can be ca culated knowing the mass flow
rate and element flow characteristics. Likewise, al pressures can be calculated from the
terminal duct section to the root duct section sequentially. No iteration is required to
solve the nonlinear equations. Subgtantiad computational timeis saved compared to the
AIRNET method.

The programming for the sequential method can be done two ways. (1) using a
linked ligt, (2) without alinked list. The sequentia method with alinked ligt formsa

binary tree structure with nodes. In order to get airflows and pressures, it is required to



traverse the nodes of a binary tree severd times. The sequentid method without linked
list does not form a binary tree. The equations of element flow characterigtics are placed
in order in the program from the termina e ement to the root dement. Thismethod is
fagt in caculaion, but the program must be changed for other sysems. The first method
can be applied to any duct system by changing an input file without modifying the
program. However, it is dower than the latter method. In this study, firgt the sequentid
method without linked list is gpplied to severa VAV duct systems. Then the program is
generdized by providing information on duct structure in the input file. Figure 2.3 shows

the program procedure of the sequential method.

| Collect data to describe the system |

v

| Build a sequential model |

v

| Assign airflow to each duct section |

Calculate pressure loss
from terminal to root duct section of
each duct path

v

Get fan pressure rise
& find fan efficiency

v

Calculate fan energy consumption

Figure 2.3 The Procedure of the Sequentia Program
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2.3.3 Integer/Discrete Programming

The congtraint of nomina duct sizes redtricts the diameter of around duct, or the
height and width of arectangular duct to be rounded to the nearest lower or upper
nomind sze. Thiscondraint will be resolved using discrete programming methods. The
discrete programming method that was applied to the duct design problem is the pendty
function method. Before the penaty method is introduced, the duct design problem is
defined quantitatively.

The optimum duct design problem is defined as:

Minimize E=E, (PWEF) + Es (2.19)
Subject to Xp- %30 (2.15)
i £% £ u (2.16)

where E = sygem lifecydecodt, $

E, =first year energy cogt, $

Es=initid cogt, $

PWEF = present worth escalation factor, dimensionless.

Xp = parent duct section, inch

Xc = child duct section, inch

X = [X1, %, oo Xa T = [XYT

X1 R feasible subset of discrete duct sizes, inch

n = the number of duct sections

li and y = the lower and upper bounds of duct section i, inch
Equation (2.15) is due to telescopic restriction and Equation (2.16) isdueto air velocity

limitation and nomind duct Szes.
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The pendty function method includes pendty terms for specified discrete vaue
violation after obtaining the continuous optimum duct Szes. Then the pendty function is
F(X) = E + P(X% (2.17)
The pendty term is defined as
P(XY) = g Q(X%° (2.18)

where Q(X°) =g 4q;1-q) ad q;=——
iid (Si B Si)

s']. and s, arethe nearest feasible lower and upper discrete duct sizes.
Asdiscussed in Chapter 1, it isrecommended that b is 1 or 2, and theinitid vaue of gis
computed from

o= FOX- 10X
Q° (2.19)

where X™= (S +3%/2
and S=[d1  dn]andS'=[s .. &] arethe nearest lower and upper discrete duct
sizes of the starting point X*
When the subsequent search is made iteratively in the solution process, the factor g is
gradudly increased asfollows
o = g (2.20)
where c isacondant value in the interval
l<c<2
The solution process of the pendty function method is shown in Figure 2.4.
When the optimization agorithm is carried out in order to find a continuous solution, the

duct szes are redtricted by air velocity limitation. The continuous solution is then treated



as adarting point in the search for a discrete solution to consider the nomind duct size
condraint. From Equation (2.19), an initid vaue of the pendty factor gis estimated

and the seerch ismade iterdively. In every iteration, a continuous optimization is
performed with the Nelder and Mead downhill smplex method and the penalty factor g is

gradudly increased as shown in Equation (2.20).

Optimal Continuous solution
Estimate penalty factor,g g——

v

Iteration | =1 +1

¥

Xi+10 =X
Simplex method Xis10 = X; + X o+ = e
Yes
No No
I > lalowable
Yes
Discrete solution, X Discrete solution, X”

Figure 2.4 Solution Process of Discrete Programming



CHAPTER 3

FAN MODELING, SELECTION AND FAN POWER CALCULATION

Variable air volume systems require proper fan selection and efficient, sable
operation over the entire airflow range. Once the system requirements for air volume and
static pressure have been determined, afan is sdlected with the consideration of initia
cost versus operating cost, capacity control, available space, dlowable noise leve, and
drive sdlection. Since VAV systems sldom operate at full design air volume, significant
part load power savings a reduced air volume is redlized through the proper fan
operation.

Fans are controlled by placing a static pressure sensor in the downstream
ductwork, typicaly two-thirds of the way down the longest duct path. This sensor is set
at a static pressure that will ensure sufficient pressure to move the air from that point
through the remaining ductwork. AsVAV termind units begin to closein responseto a
decreasing cooling load, static pressure in the ductwork increases. This causes the fan
operating point to temporarily move upward to the left on a congtant rpm curve as shown
in Fgure 3.1 (pt. A to pt. B). The static pressure sensor detects an increase in duct
pressure and signas the fan to decrease speed until the Static pressure is stisfied, moving
the operation point to C. Fan operation is modulated to the point on the other fan curve

of the decreased fan speed. Thus, for the evauation of VAV systems, fans should be



modeled to give an exact operating point according to the varying airflow requirement.
In addition to the change of fan operation, fan efficiency is aso an important
factor for the cdculation of the fan operating cost. The required shaft power input is
greater than the power input to the air because of inefficiencies. Theratio of the air
power to the shaft power isthe fan efficiency. The fan efficiency changes with pressure
and airflow rate. For agiven air volume and pressure requirement, a corresponding fan
gpeed must be found to cal culate the efficiency at that operating point. The performance
of fansis generdly given in the form of a graph showing pressure efficiency, and power
asafunction of capacity and mathematically represented by a polynomid regression.

Thefan modd is vaidated and tested for the calculation of fan power consumption.

Static
Pressure *, BHP

Static pressurg Fan modulation
control setting
at the end of

longest duct ¢

Airflow

Figure 3.1 Fan Operationin VAV Systems



3.1 Fan Modding and Validation

The fan modd was introduced for estimating airflows as a component of fluid
flow networks. The source of fan modd can be found from Clark (1985) and Walton
(2989). It uses fourth-order polynomid fits to the dimensionless head and efficiency to
predict the pressure rise and power consumption. The fan smilarity laws dlow the

dimensionless curves to be used to treat varying rotation speed and different diameters.

3.1.1 Mathematical Description

The performance of afan is characterized in terms of the pressure rise across the
device and the shaft power requirements at a given fluid flow rate. These two
characterigtics are pressure head and efficiency. The two dimensionless performance
curves that relate pressure head and efficiency to fluid flow rate are represented by
polynomias with empirical coefficients that can be computed using manufacturer’ s data.
These performance curves form the basis of the model

In order to smplify and generdize the modd, the dimensonless varigbles are
defined usng the fan amilarity laws. flow coefficient and pressure head coefficient.

The dimengonless flow coefficient is defined as
m

f = NFE (3.1)

where m = dry air massflow rate, kg/s

r =entering moist ar density, kg/n?

N = fan speed, rpm

d =fan whed diameter, m.
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The dimensionless pressure head coefficient is defined as

DP

y :Tzdz (3.2
where DP = pressure rise across the fan, Pa.
It should be noticed that the use of dimensonless varigblesimplicitly apply the fan laws
for changesin speed, dengty, and diameter.
Thefan efficiency is defined as
h, = 292 (3:3)
r AW,
where W, = shaft power, W.
The polynomia performance cuves are
y —ag+af +axf?+asf3+a,f? (3.4)
hs=bo+byf +byf?+bsf3+b,f* (35)

whereay & & as a4, bp b1, by, bs by are determined from the manufacturer’ s data
The tota system power that is used to calculate the operating cost is expressed in terms of

the shaft power and the motor efficiency.

(3.6)

=
I
3:7 |m§.

3.1.2 Example of Fan Moddling

A centrifugd fan ismodded as and example. Trane company fan modd 12
BISW has the following specifications. whed diameter = 12.25 inch, outlet area= 0.86

ft?, blast area = 0.66 ft2, max. rpm = 3900, max. static pressure = 8 in.wg, max. air



volume = 4,200 cfm. In Table 3.1, air volume, pressure, and horsepower are obtained
from the manufacturer’ s data as illustrated by the fan performance table of the centrifuga
fan catdog. Given anomind operating goeed, entering fluid dengity, and the whedl
diameter, the pressure and flow coordinates of the data can be converted to the
dimengonlessflow (f) and head (y) variables.

Table 3.1 Fan Performance Data when Fan Speed is 3100 rpm

Air Outlet Static Vd. Total Horse Flow Press Efficiency
Volume | velocity | press. | press. press. power coeff. coeff.
Cfm ft/min inwg inwg inwg hp a0 O O

3258.90 3789.32 0.125 0.895 1.020 2.188 0.9882 0.8177 0.23%4

3236.75 3763.63 0.250 0.883 1133 2.204 0.9815 0.9082 0.2622

3214.22 3737.50 0.375 0.871 1.246 2219 0.9747 0.9986 0.2842

3192.39 3712.17 0.500 0.859 1.359 2.237 0.9680 1.0894 0.3055

3169.08 3685.13 0.625 0.847 1472 2.253 0.9610 11796 0.3261

3146.46 3658.89 0.750 0.835 1.585 2.269 0.9541 1.2702 0.3461

3123.23 363195 0.875 0.822 1.697 2.285 0.9471 1.3605 0.3655

3098.87 3603.68 1.000 0.810 1.810 2.298 0.9397 1.4505 0.3844

3050.00 3546.60 1.250 0.784 2034 2.328 0.9249 1.6305 0.4198

2999.53 3487.65 1.500 0.758 2.258 2.357 0.9096 1.8102 0.4527

2947.62 3427.24 1750 0.732 2482 2392 0.8938 1.9897 0.4819

2894.90 3366.09 2.000 0.706 2.706 2423 0.8778 2.1693 0.5095

2786.52 3240.36 2.500 0.655 3.155 2484 0.8450 2.5286 0.5574

2657.69 3090.50 3.000 0.595 3.595 2.498 0.8059 2.8819 0.6026

254853 2963.29 3.500 0.547 4.047 2573 0.7728 3.2442 0.6317

2393.10 278293 4.000 0.483 4.483 2.550 0.7257 3.5932 0.6628

2201.82 2560.11 4.500 0.409 4.909 2493 0.6677 3.9345 0.6830

1845.83 2146.17 5.000 0.287 5.287 2230 0.5597 4.2379 0.6893

Air density = 0.075 Ibft3

f isobtained usng equation (3.1)

y isobtained usng equation (3.2)
h is obtained usng equation (3.3).

The dimensionless performance is modeled by fitting the datato a polynomid. The

relation between dimensonless head and dimensionless flow is represented as
=-12.706 + 78.363f - 124.66f *+ 81.330f *- 21.672f *

The relation between efficiency and dimensonless flow is represented as

he=-3.1832 + 21.179f - 43.829f > + 41.372f3- 15.342f*
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It should be noted that the above two equations should be used for 0.4 £ f £ 1, which
represents the performance in the stable operating range. For f £ 0.4, caled the surge
region of the fan performance curves, operation should not be attempted. In the surge
region, backflow can occur in acydlica fashion causing large intermittent forces on the
fan blades with subsequent physica damage (Kreider and Rabl, 1994). The limiting
vaue, f = 0.4 isobtained as shown in Table 3.2. The ar volume for different fan speeds
isfound at the boundary of the stable operating range as given by the manufacturer in
graphicd form. The dimensonlessflow coefficient f is computed using equation (3.1).

Table 3.2 Dimensonless Flow Coefficient Vdue
a the Boundary of Stable Operating Range

Fan speed Air volume Static press Total press Flow coeff
Rpm cfm in.wg in.wg f
3900 1650 8.55 9.899 0.398
3700 1560 7.75 8.904 0.396
3400 1430 6.50 7.474 0.395
3100 1310 5.40 6.210 0.397
2800 1190 4.40 5.061 0.400
2500 1055 3.50 4.027 0.397
2200 920 2.65 3.058 0.393
1900 796 1.95 2.254 0.394
1600 670 1.36 1.576 0.394
1300 545 0.90 1.043 0.394

The dimensgionless performance in the surge region ismodeled as
y =3.8519+5.676f - 19.732f 2 + 5.4065f 3 + 45.444f 4
hs=0.0118 + 3.4203f - 11.056f % + 30.976f 3 - 38.474f *

forOEf £04.



3.1.3 Validation of Fan Modd

table, for the pressure and efficiency at agiven air volume and fan speed. Figure 3.2(a)

The fan modd isvdidated by comparing the modd to the vaue of performance

shows the pressure comparison between the model and the performance dataat 1700 rpm.

Total pressure, in.wg

Total Pressure, in.wg

3.5

2.5

15

0.5

+ Performance data at 1700 rpm ® Fan model Air Press at Press Error
volume 1700 from fan %

2 cfm rpm model
1758.70 0.3857 0.3869 0.29
. 1719.42 0.4992 04914 157
1.5 v 1675.69 0.6117 0.6035 1.33
. 1629.48 0.7237 0.7171 0.91
1 1; 1577.27 0.8248 0.834 177
"'. 1529.46 0.9182 0.944 2.96
05 " 1475.00 1.0584 1.0590 0.06
) " 1409.52 1.1675 1.1844 145
1257.99 1.3834 14212 274
0 955.47 15770 15779 0.06

0 500 1000 1500 2000
Air Volume, cfm (2) At 1700 rpm
I Performance data at 2500 rpom ® Fan model Air Press at Press
Error
volume 2500 from fan %

. cfm rpm model
] 2618.16 0.7028 0.7087 0.84
2591.38 0.8159 0.8165 0.07
] 2563.04 0.9287 0.9287 0.00
. 253473 | 10416 10389 | 025
= 2505.13 1.1540 11521 0.16
T 2475.00 1.2664 1.2653 0.08
% 244491 1.3789 1.3762 0.20
= 2413.08 1.4909 14912 0.02
* 234879 | 17152 17161 | 006
2280.69 1.9385 1.9434 0.25
0 500 1000 1500 2000 2500 3000 2222-40 2-1663 2.1287 1.74
. 2147.04 2.3886 2.3547 142
Air volume, cfm 196833 | 28266 | 28235 | 04l
172381 3.2505 3.2766 0.80

(b) At 2500 rpm
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Figure 3.2(b) isat 2500 rpm. The datafrom the fan mode shows a maximum 3% error at

1700 rpm and a maximum 1.74% error a 2500 rpm.

Next, the shaft power is compared between that performance data and the fan

model. Figure 3.3 shows the shaft power comparison at 1700 rpm and 2500 rpm. The

data from the fan modd shows a maximum 5.89% error a 1700 rpm and 1.05% error at

2500 rpm.
Air Power at Power Error
volume 1700 from fan %
#® Performance data at 1700 rpm B Fan model ofm rpm model 0

0.45 - 175870 | 0379 0.367 3.16

0.4 % 171942 | 0387 0382 136

2 0.35 n 1675.69 0.39% 0.339 1.82

5 0.3 1629.48 0.407 0.396 257

s 025 157727 | 0409 0.395 364

fj 0.2 1529.46 0.420 0.397 5.89

% 0.15 1475.00 0.420 0415 117

01 14090.52 0.419 0414 102

0.05 1257.99 0.416 0.406 234

0 95547 0.355 0.350 151

0 500 1000 1500 2000
Air volume, cfm
(& At 1700 rpm

4 Performance data at 2500 ™ Fan model Air Power at Power Error

volume 1700 from fan %

14 cfm rpm model
2618.16 1.153 1150 0.29
1.35 LR 2591.38 1.158 1.169 0.89
& 13 * 2563.04 1173 1181 0.67
5 2 [ 2534.73 1.186 1195 0.73
2 105 . 250513 | 1199 1206 | 065
E 2475.00 1.210 1.218 0.66
2 12 244491 1.224 1232 0.65
2413.08 1241 1.242 0.11
1.15 2348.79 1.269 1.266 0.18
2280.69 1.292 1.287 0.39
11 222240 1317 1331 1.05
0 1000 2000 3000 2147.04 1333 1.345 0.89
Air volume, cfm 1968.33 1.345 1.343 0.19
172381 1291 1.281 0.79
(b) At 2500 rpm

Figure 3.3 Fan Modd Vdidetion for Shaft Power
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3.2 Fan Selection
When sdlecting afan, the following information must be known. These factors

govern the type of fan to be sdected and its Size:

Peek airflow rate.

Static pressure at a peak volumetric flow rate.

Efficency: sdlect afan that will ddiver the required volume at the expected datic

pressure with minimum horsepower.
Among the above factors, the fan sdection in the VAV duct optimization was mainly
based on the system pressure requirement at a peak hour’s design airflow that gives
maximum airflow through ayear’ s operation. The pressure drop at every duct path was
caculated and the highest pressure drop was selected as the one determining fan
sdection. Sarting from the smallest fan size, the system design point that includes the
system pressure requirement and peak airflow was checked as to whether that point ison
afan characterigtic curve a which the fan can operate. If the fan cannot support that
design point, the next bigger Sze of fan is entered in the computation. After asuitable
fan was sdlected, fan efficiency was cdculated for the airflow through a year’ s operation.
The desired fan efficiency calculation is necessary to assure that the fan can deliver the
required airflow at the desired static pressure within the fan operationd range.

When two Szes of fans are selected, a smdler sze of fan may save initid cog,

but the operating cost is higher than alarger fan with better efficiency for a given airflow.
In asense, the fan that savesinitid cost might be a designer’ s choice, however when the

VAV duct system is large and consumes much eectrica power, the next bigger size of



fan will likely be more cost effective. The fan sdection process resolvesitsdf into the
following four points.

Prepare fan performance data

Find the system pressure at a peak hour’ s airflow.

Sdect the smdlest fan that satisfies the system design point.

Cdculae fan efficiency for different arflows

3.3 Fan Power Calculation

Using the fan modd, fan power can be caculated for agiven air flow and
pressurerise. The dimensionless performance curve reating pressure head and air
volume includes fan speed (equation 3.4). The equation is rearranged with respect to fan
gpeed and the fan speed at agiven air flow and pressure can be found using anumerica
root-finding method. Once the fan peed isfound, the shaft efficiency is obtained from
equation 3.5. The shaft power is computed with the resulting efficiency. Consequently,
the total power consumption is computed with motor efficiency. The dgorithm to
cdculate the fan power is asfollows:

(1) Compute the system pressure loss for a given airflow rate (Q, DP)
(2) Find the fan speed (RPM)

Rearrange equation (3.4) with respect to fan speed:

F(N) = ag+ay f(N) + ap f2(N) +az f3(N) + as f*(N) - y (N) =0,

Find the fan speed using the Newton- Raphson or bisaction method.

(3) Compute the fan efficiency, hs, usng equation (3.5).



(4) Compute the shaft power H = DP>Q

(5) Computethetotal system power:  H_ = H,

h

m

The dgorithm is gpplied to a duct system that has 3009 cfm design arflow. Asa
preliminary test for VAV systems, air volumes that are supplied to the systems are ranged
from 20% to 100% of the design air volume. For different airflows, the agorithm for
operating cogt caculation is checked for the efficiency and accuracy. Table 3.3 showsa
computation result and the result is compared to the performance data from a Trane Co.

fan catalog. The dgorithm reasonably ca culates the fan shaft power in dl arflow

ranges.
Table 3.3 Fan Power Computation

Airflow Pressure From computation From fan catalog Difference in

Cfm inwg RPM Hp-shaft RPM Hp-shaft Hp-shaft, %
3009 (100%) 3.249 3276 2891 3279 2.899 0.28
2257(75%) 3.147 2746 1772 2752 1.776 0.23
1505 (50%) 2.561 2203 0.879 2219 0.891 1.35
1204 (40%) 2.374 2080 0.657 2100 0.66 045
903 (30%0) 2.206 2121 0.591 1960 0.50 180
601 (20%) 2083 1934 0.352 1930 0.36 222




CHAPTER 4

THE CHARACTERISTICS OF OPTIMUM DUCT DESIGN PROBLEMS

Sdlection of an optimum design method for duct systemsis based on various
preliminary design analyses investigating the characterigtics of the duct design problem.
With a combination of design values of duct sections, aduct system is evduated to
represent system life-cycle cost. The systematic andysis of the resultsillustrates the
characterigtics of the problem domain and clarifies whether the problem hasloca minima
or only aminimum. 1t will aso help suggest an optimum duct desgn method to find duct
gzes and to sdect afan that minimizes system life-cycle cost.

The optimum duct design problem has the objective function of system life-cycle
cost and congraints, such as nomind duct Szes, air velocity limitation, and telescopic
restriction as defined in Chapter 3. Tsd and Behls (1986) anadlyzed a 2-dimensond
hypotheticd CAV duct system using ascaar field technique, which is the graphica
representation of the objective function. They found a globa minimum and the contour
map has a convex shape that has a steep dop at the low pressure drop sSide and agentle
dop at the high pressure drop side. The analysisis based on pressure losses of duct
sectionsin relation to life-cycle cost to compare existing duct design methods. However,

in this study, duct system is anayzed based on the hydraulic diameter of duct sections.



The problem domain is andlyzed for both CAV and VAV duct systems. The
approachesfor the problem domain anadlyss are introduced first and then, the
computation results are discussed for CAV systemsand VAV systems. The problem
characterigtics are concluded through computation results. An example duct systemiis
selected from Tsal et d, 1988 (part 11) for the andysis of CAV duct systems, and was
tested asthe 2- and 4- dimensiond cases. A hypothetica three-section duct system is

cregted for the analysis of VAV duct systems.

4.1 Approachesfor the Problem Domain Analysis

The duct Szeis assumed to be a continuous variable since the purpose of the
sudy isto andyze the behavior of the problem in the feasible region. The objective
function is not differentiable with respect to duct Szes, so two search methods are
employed for andysis. (1) exhaustive search, and (2) Nelder and Mead' s downhill
samplex method. The data from exhaugtive search are used for the graphica

representation of the objective function.

4.1.1 Exhaustive Search

An exhaustive search computes the function value a dl discrete pointsin the
problem domain and obtains any plausible loca minimaby comparing every point with
its neighborhood. The neighborhood of N of the point X” is mathematically defined as the
st of points
N={x|xT Swith|[x-x||<d}

for someamd! d > 0.
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In the exhaudtive search, d is set to a search discrete step sze of Dd. Thus, the
neighborhood is any point that any coordinate of apoint hasd + Dd. In 1-dimensond
gpace, the neighborhood of a point comprises 2 points as shown in Figure 4.1(a). In 2-
dimensiond space, there are 8 neighbor points as shown in Figure 4.1(b). Generdly, n-

dimension has 3"-1 neighbors.

diij1 dij1 di+1j-1

o - o 1) di; Qi+
di-1 di di+1
Girjer | dijea Ci+j+1
(& 1-dimenson: 2 neighbors (b) 2-dimengion: 8 neighbors

Fgure4.1 Neighborhood in Exhaustive Search

If the exhaugtive search finds severd locd minimawith asmall Dd, then those
loca minima should be tested as to whether they are truly local minima by searching
each neighborhood with asmaller discrete step size. If the search shows that it has one
globa minimum, the minimum point can be accepted as an optima solution with the
interva of uncertainty of a discrete step size and the direct search method can be applied
to the duct design problem. The evauation and search procedure for a 5-section duct
sysemisshown in Figure 4.2.

For a 2-dimensiond case, the problem can be solved using the graphical method.
The congraints identify the feasible region and the objective function contours are plotted
through the feasble region. It isthen possible to visudly identify the shape of the

objective function and an optimum design having the least cost. Once the graphical



shape of the objective function isidentified, a mathematicaly andogous test can be taken

to the problem by deriving afunction that gives a smilar shape.

For section #5: xs = 14to 37 inch
for section #4: x4 =8t0 22 inch
for section #2: X, = 6to 14 inch
for section#1: x; =10to 26inch
Evduate life-cycle cost
and save {x, f(x)}to afile

v

Read adatafile

v

For the current design point x;, <
Compare f(x;) to its neighbor, N

No
i=i+1
A

Yes

Increase # of loca minimum,
Save {x;, f(x;)}to afile

v

Figure4.2 Evduation and Search Procedure of 5-Section Duct System

4.1.2 Neder and Mead’s Downhill Simplex M ethod

Assuming one globa minimum exigsin the design domain, adirect optimization
method can be applied to the duct design problem. A garting point ischosen a an
extreme point, such as the corner point of the boundary feasible region and the search

result is compared to the one obtained with different starting points. If the same optimum
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isfound for avariety of garting points, it may be inferred that there is only a globa
minimum. The down hill Smplex method (Nelder and Mead, 1965) issmplein
cdculations and uncomplicated in logic. The method is dso effective when evauation
errors are sgnificant because it operates on the worgt rather than the best point (Reklaitis
et d. 1983). Thus, in thisstudy, the downhill smplex method is applied to obtain an
optima design point.

With agarting point Py, theinitial Smplex takes the other points using

P=Py+1e 4.0

where e; isunit vectors

| isacongant of the length scde
The stepsthat are taken in the smplex method are reflections, expansons, and
contractions. The smplex isreflected avay from the high point and if possible, it is
expanded away on one or another direction to take larger steps. When it reeches avalley
floor, the smplex is contracted in the transverse direction and oozes down the valley.
The termination criterion used for this study isthe rate of the difference to the sum of the
minimum and maximum function values of the Smplex. One thing to be noted isthat the
criteria might be fooled by a sngle anomaous step that failed to get anywhere, oitis
recommended to restart the minimization routine at a point where the current dep isa a

minimum (Press et a. 1992).
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4.2 Problem Domain Analysisfor a CAV System

4.2.1 An Example Duct System for Analysis

An example istaken from Tsd et d. (1988b): It is a4-dimensond 5-section duct
system, in which one of the 5 duct sections has afixed vdue. Figure 4.3 isa schemétic
diagram of the example sysem. The system parameters are summarized in Tables 4.1,
4.2, and 4.3, and they are economic, genera, and sectiond data respectively. In Table
4.3, the duct section 3 is preselected to 0.330m (13 inch), and airflows at termina duct
sections 1, 2, and 4 are 0.70, 0.22, 0.50 /s respectively. It is defined to have constant

airflows and to operate 4400 hrs throughout the year.

Figure 4.3 Five-Section Duct System

Table4.1 Economic Data

Energy cost (Ep) 2.03 ¢/kwh
Energy demand cost 13 $kwh
Duct cost (Sy) 43.27 $inr
System operation time (Y) 4400 hyr
Present worth escalation factor (PWEF) 8.61
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Table4.2 General Data

Data S units IP units
Air temperature (t) 22 degree C 71.6 degree F
Absolute roughness of
Auminum dudt (e) 0.0003 m 0.00098 ft
Kinematic viscosity (n) 1.54° 10°° /s 1.66" 10 *ft°/s
Air density (r) 1.2 kg/nr’ 0.75 lb/ft*
Fan eficiency (hs): peak 0.85 0.85
operating 0.75 0.75
Motor efficiency (he) 0.80 0.80
Totd system arflow (Qran) 1.42 m’/s 3010 cfm
Table 4.3 Sectiona Data of 5-Dection Duct System
Air Duct Additional C-
Sections flow, m’/s | length, m pressure Duct size, m coeffi-
loss, Pa cient
Sec | Chl | Ch2 Airflow Length DP, Height | Width Dia
1 0 0 0.70 14.00 25.0 0.254 0.80
2 0 0 0.22 12.00 375 0.65
3 1 2 0.92 8.00 0.330* 0.18
4 0 0 0.50 16.00 0.65
5 3 4 142 19.81 375 150

* Duct section 3 isfixed to 0.330 m (13 inch).

Duct Section Diameter Bounded by Air Vdocity Limitation

The feasble region, which is referred to as a condraint set, isa collection of dl

feasble designs and it shrinks when condraints are added in the design moddl. The

congraint that is gpplicable explicitly to duct Szeisar veocity limits for acoustic

reasons. Minimum and maximum air velocity limits are set to 2 m/s and 16 nv's (Rowe,

1988). According to the airflow ratesin Table 4.4, the duct Sze isbounded using

equation (4.1). The bounded duct size of the 5-section duct system is shown in Table 4.4.
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Table 4.4. Bounded Duct Sizes of 5-Section Duct System

Duct Airflow, Q Duct sizewhenV = 16m/s, Duct sizewhenV = 2m/s,
section M3/s inch inch
1 0.70 10 (0.24 m) 26 (0.67 m)
2 0.22 6(0.13m) 14 (0.37 m)
4 0.50 8(0.20 m) 22 (0.56 m)
5 1.42 14 (0.34 m) 37 (0.95 m)

* Duct section 3 is presdlected to 13 inches.

4.2.2 Computation Resultsand Discussion

The question of local or globa optimum dways arises in the optimum design of
systems. One gpproach to answering the question requires showing the optimization
problem is convex, Sncein that case any locd minimum is aso agloba minimum.
Mathematicdly, it is defined as follows: If f(x") isaloca minimum for aconvex function
f(x) on aconvex st S, then it isaso agloba minimum. The convexity of the objective
function is defined if and only if the Hessan matrix of the function is positive definite at
al pointsin the convex st S (Arora 1989). However, in duct design problems, the
Hessian matrix of the objective function cannot be derived since the function is not
differentiable with respect to the duct Sze. The objective function is comprised of
severd procedures that must be evaluated consequently. Because the use of a convexity
test isimpossible, one has to use other gpproaches to andyze the duct design problem,
such as exhaudtive search and graphical representation. However, it may be impossible
to definitively prove that there isagloba minimum if the design space cannot be tested
for convexity.

For the purpose of characterization and computation of loca or globa minima of

the duct design problem, the analysis of the problem domain is asfollows.
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Exhaudtive search of the problem domain

Graphica representation of the problem using a contour map

Andyss by graphica anaogy

Employment of adirect optimization method, such as the Nelder and Mead downhill

smplex method.
Firg, the example given in Section 4.2.1 is exhaustively searched as 4-and 2-dimensond
casesin order to characterize loca or globd minimathat will be found with the search.
The function vauesin a2-dimensional space can be used to draw contour maps to
identify the surface shape of the objective function in the problem domain. In case that
the exhaustive search cannot determine the structure of the objective function, afunction
with asimilar shape is created and analyzed to find out whether it has the same
characterigtics as the given problem. Findly, if the above andyses show that the problem
has a globa minimum, the Nelder and Mead downhill smplex method is applied to the
problem as a check on the globa optimality of duct design problems.

Exhaustive search

When the exhaustive search was gpplied to the example system with a discrete
gep sze of 1 inch, two design points are identified as those having nelghboring points
with higher functiond values. These two points may be called gpparent locd minima
“apparent” because, while they appear to be loca minima, it has not yet been established
whether or not they arelocd minima. Their design values are shown in Table 4.5. It
shows that one of the design va ues coincides with the rounding-off optimum vaue of
Tsd et d, 1988 (Part I1). The results from the exhaudtive search have the same sizein

ducts4 and 5 and have a2 and 1 inch difference in ducts 1 and 2 respectively.
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Table4.5 Apparent Loca Minima of 4-Dimenson 5-Section Duct System
when the Discrete Step Sizeis 1inch

Optimization | Duct 1 Duct 2 Duct 4 Duct 5 Life-cycle cost(E)
methods inch inch Inch Inch $
Exhaustive 13 8 9 17 4481.668
search 11 7 9 17 4482.365
T-method 11 7 9 17 4482.365

Since the purpose of the exhaugtive search isthe characterization and computation of

locd or globa minima, the neighborhood of the two points from the exhaustive search is

further subdivided with fine increments and exhaugtively searched again. Ducts 4 and 5

have no changein the optimum integer value, so they are fixed to 9 and 17 inches

respectively. Therefore, the 5-section duct system becomes a 2-dimensiona problem that

has two variables, namely duct 1 and 2. By changing the origina problem into a 2-

dimensiond case, the andys's becomes smpler and the function vauesin the domain can

be exploited for the graphicd andlysis of the problem. The step sizeis now further

subdivided into 0.1 and 0.01 inch and agpplied only to the two duct sections of ducts 1 and

2. Table 4.6 shows gpparent locad minima when the discrete sep Sizeis 0.1 and 0.01

inch. The number of gpparent loca minimais increased with the decrement of the step

gzefor the exhaudtive search. The datain Table 4.6 are plotted on the graph for visua

ingpection as shown in Figure 4.4. From Figure 4.4, one can find that:

(1) The gpparent loca minima appear regularly, three steps on the duct 1 axis and two
steps on the duct 2 axis.

(2) Thetwo lineslinking gpparent loca minimain each step Sze do not coincide.

(3) Those points are gpparent loca minima whose neighbors have higher function vaues,

however their values decrease from both ends to the lowest loca minimum (4456.56).
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From the above observation, it is doubted whether those apparent loca minima are true

loca minima. Thus, it is decided to search the neighbor of the gpparent local minima

with a saries of 1-dimensiond line searches. The line searches have been done on duct 2

with 0.0001-inch step size for every 0.01-inch of duct 1. Table 4.7 showsthelocd

minimum data found with the line searches. The datain Table 4.7 is plotted in a 3-

dimensiond space for visua ingpection as shown in Figure 4.5.

Table4.6 Apparent Locad Minimaof the 2-Dimensond 5-Section Duct System

(&) when the discrete step Szeis0.1 inch (* lowest vaue)

(b)
Duct 1 Duct 2 E-cost
(10~26in.) (6~14in.) (6]
116 7.1 4457.781
118 72 4457 551*
121 7.4 4459484

(b) when the discrete step Szeis 0.01 inch (* lowest vaue)

Duct1 | Duct2 E-cost Duct1 | Duct2 E-cost Ductl | Duct2 E-cost
Inch Inch &) inch inch (&) inch inch &)

1143 6.97 4458.793 11.67 7.13 4456.736 1191 7.29 4456.926
11.46 6.99 4458.406 11.70 7.15 4456.643 11.94 731 4457.093
11.49 7.01 4458.054 11.73 717 4456.585 1197 7.33 4457.290
1152 7.03 4457.741 11.76 7.19 4456.560* 12.00 7.35 4457517
1155 7.05 4457.466 11.79 721 4456.569 12.03 7.37 4457.777
11.58 7.07 4457.228 11.82 7.23 4456.610 12.06 7.39 4458.102
1161 7.09 4457.028 11.85 725 4456.684 12.09 741 4458457
11.64 711 4456.864 11.88 727 4456.789 1212 743 4458.843
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(b) Detail view of data points between P1 and P2

Figure4.4 Apparent Loca Minimain the 2-Dimendond 5-Section Duct System



Table4.7 Locd Minimum Found with the Line Search on Duct 2

Duct 1| Duct 2 Cost Duct1 | Duct2 Cost Duct 1| Duct 2 Cost

inch inch $ Inch inch $ inch inch $

11.58 7.0684 | 4457162 11.71 7.1547 4456538 11.84 7.2417 | 4456588
1159 70750 | 4457.089 11.72 7.1614 4456520 11.85 72484 | 4456.618
11.60 70816 | 4457.020 11.73 7.1680 4456503 11.86 7.2551 | 4456.651
11.61 70882 | 4456.957 11.74 7.1747 4456.491 11.87 72618 | 4456.689
11.62 70949 | 4456.896 11.75 7.1814 4456.484 11.88 72686 | 4456.731
11.63 71015 | 4456.839 11.76 7.1881 4456.481 11.89 72753 | 4456.775
11.64 71081 | 4456.788 11.77 71947 | 4456.481* 11.90 72820 | 4456.824
11.65 71148 | 4456.740 11.78 7.2014 4456.484 11.91 72888 | 4456.876
11.66 71214 | 4456695 11.79 7.2081 4456.492 11.92 72955 | 4456.931
11.67 71081 | 4456.657 11.80 7.2148 4456503 11.93 73023 | 4456.991
11.68 71347 | 4456620 11.81 7.2215 4456518 11.94 73090 | 4457.054
11.69 71414 | 4456590 11.82 7.2282 4456538 11.95 73158 | 4457.120
11.70 7.1480 | 4456562 11.83 7.2349 4456.562 11.96 73226 | 4457.191

*|owest function value

4457.4 _

4457.2

4457

Cost

4456.8

4456.6 ..

Duct 1

Duct 2

Figure4.5 Loca Minimum Points Searched along Duct 2
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In order for the gpparent locad minimato be loca minima, their neighbors cannot
have alower vdue. Inthe 2-dimensond exhaudtive search, Table 4.6 and Figure 4.4
showed that the neighbors of the gpparent loca minima have higher vaues; the gpparent
loca minima appeared every three steps on duct 1 and 2 steps on duct 2. However, Table
4.7 and Figure 4.5 shows that a lower vaue gppeared in the neighboring boundary of
gpparent loca minima and the minimum vaues are decreased in order toward the lowest
one. Thus, the gpparent loca minima cannot be called asloca minima any more. Figure
4.6 explansthis stuation. The figure has nine search nodes from point 1 to 9: point 5

was identified as an gpparent locd minimum in Table 4.6.

7.17
1 2 3
7.16 4457361 —=+ 4457.176 ——} 4456.758 —]
o 129 4456.538
‘g’ 7.15 41 4456.946 —5F4456.643 6} 4456892 —
]
A 11| 4456.562
10 445659
7 8 9
7.13
11.68 11.69 11.70 11.71 11.72

Duct 1

Fgure 4.6 Neghbors ot an Apparent Local Minimum

The very deep skewed valley of the objective function passes by point 10, 11, and 12.
When the exhaudtive search is employed, the node of points 5 isidentified as an apparent
loca minimum since it is dosest to the valey and surrounded by higher vaues.

However, point 5 is not aloca minimum since the lower function value isfound a point

12 that is located in the neighboring boundary. Thistype of point arrangement repestedly

7



gopears a every apparent loca minimum. The lowest minimum from the line searches
has the position like point 12 and it is the only point whose neighboring points have
higher vaues induding its boundary, o avery likey globa minimum. Depending on the
step Sze of the search, adightly different location will be found as agloba minimum.
From this observation, it can be stated that avery likdy globa minimum isfound at the
lowest gpparent loca minimum with the exhaudtive search or a the lowest minimum
with the line searches.

Graphica representation

Some optimization problems can be solved by visudly inspecting their graphica
representation. The graphical representation aso identifies the surface shape of the
objective function. The objective function of a duct design problem was evauated a
every desgn point in the 2-dimensiond region using the exhaudtive search with 0.01-inch
discrete step size. Those function vaues are now used for graphica representation to
characterize the problem domain. For surface plots, contours are drawn on 2- and 3-
dimensiona spaces as shown in Figure 4.7. 1t can be seen that the objective function has
a steep dope and a peaked hood-like convex shape. From the contour map, one can find
the optimum solution lies between the two points of (11.5, 7.05) and (12.1, 7.35). The
graphica representation aso suggests thet the problem very likely has only aglobd

minimum.



Contour lines of life-cycle cost, 0.01" increment
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Figure 4.7 Contour Map of System Life-Cycle Cost
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Anayss by graphica andogy

A quedtion il arisesin the duct optimization problem: why does the objective
function show agpparent loca minimain the exhaudtive seerch? In order to answer to this
question, afunction that has asmilar shapeis created for an analogica test. The
functionis
f(x,y) = -sSn(x+p/4)'%° xcog(y/2) + 2 (4.3)
which hasaminimum, f = 1.0 a x=1.34 andy = 0.75. Thisfunction isrotated 30° from

the x-axis as shown in Figure 4.8.

05 1

X Y
Figure 4.8 Contour Map of -sn(x+p/4)'%° xcos(y/2) + 2

The function has only onelocd minimum. However, when it is exhaugtively searched, it
appears to have many locd minimaas shown in Figure 4.9. Fifty-one apparent local
minimawere found using the exhaugtive search with 0.01 step size and they are arranged
in descending order toward the lowest one. As shown in Figure 4.8, the function has very

deep skewed valey. When the bottom of the deep valey is close to the search point, the
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point is brought into the gpparent loca minimaas investigated in the duct design

problem.
2
y rd
Y 1
west at
1.34,0.75
0.5 000053
. 2
0 0.5 1 1.5 2
X

Figure4.9 Locd Minimaof the Function Defined in Figure 4.8

The Neder and Mead Downhill Smplex Method

In a2-dimensiona graphical representation, it isfound that the problem domain
has agloba minimum. The downhill smplex method is now gpplied to the 2- and 4-
dimensiond duct systems. Theinitid starting point for a seerch is chosen a an extreme
point, such as the corner point of the bounded region. The other N points of asmplex
are defined by

Pi=Po+1.08e,

wherethe g isan N unit vector, and 1.0 is the problem'’ s characteristic length scade.
The fractiona convergence tolerance (ftol) of the function value for asimplex routineis
set to 1.0e-8. The functiontolerance to stop routine iteration isset to 0.5. Theresultis

shown at Table 4.8.



Table 4.8 Globa Minimum Found with the Downhill Smplex Method

(&) 2-dimengond duct systems (ftol: 10e-8)

Statingpoint | Ductl | Duct 2 | Life-cyde | Function
(duct 1, duct 2) inch inch cost, $ evaudions
10, 6 11.764 7.101 4456 478 147
10, 14 11.765 7.191 4456 478 163
26, 6 11.766 7.192 4456 479 195
26, 14 11.765 7192 4456 479 168
b) 4-dimensond duct system (ftol: 10e-8)
Starting point Ductl | Duct 2 | Duct4 | Duct5 E-cost Func.
(duct1,2,4,%5 | inch inch Inch Inch $ Evd’s
10, 6, 8, 14 11.371 6.931 8353 16769 | 4423386 469
10, 6, 8, 37 11.370 6.930 8353 16753 | 44233338 503
10, 6,22, 14 11.364 6.926 8.351 16767 | 4423385 554
10, 6, 22,37 11.365 6.927 8.352 16765 | 4423385 637
10, 14, 8, 14 11.363 6.926 8.351 16763 | 4423385 3%
10, 14, 8, 37 11.365 6.927 8.352 16766 | 4423385 670
10, 14, 22, 14 11.364 6.927 8.351 16765 | 4423385 495
10, 14, 22, 37 11.365 6.927 8.352 16767 | 4423385 546
26, 6, 8, 14 11.365 6.927 8.352 16766 | 4423385 565
26, 6, 8, 37 11.364 6.927 8.351 16767 | 4423385 754
26, 6,22, 14 11.364 6.926 8.351 16.765 | 4423385 516
26, 6,22, 37 11.365 6.927 8.352 16765 | 4423385 540
26, 14, 8, 14 11.361 6.925 8.350 16764 | 4423385 430
26, 14, 8, 37 11.364 6.927 8.351 16767 | 4423385 550
26, 14, 22, 14 11.370 6.930 8353 16772 | 4423336 428
26, 14, 22, 37 11.359 6.923 8.350 16773 | 442333 836

The downhill smplex method gives the same optimum around 11.765, 7.191 from
four different starting points for the 2-dimensional case, and 11.365, 6.927, 8.352, 16.766
from 16 different sarting points for the 4-dimensiona case. Depending on the function
tolerance, one can get more significant digitsin the optimum vdue. However, the

number of function evauationsisincreased. Considering thet the origind optimum is



discrete, it is probably be unnecessary to increase the ftol value. With the function
tolerance of 1.0e-8, three Sgnificant digits are acquired in duct Szes and function vaues.
The problem’s characterigtic length scale, | of Equation (4.1), also affectsthe
number of function evaluations and theiterations. The gppropriate vaues range from 1.0
to 1.5. When thelength scde is smdler, the number of function evauationsis increased
to more than 1000. It isaso recommended to repeat the routine at a point that is found to
be an optimum until the function value is not further improved. The reason for routine
iteration isto avoid trgpping at apoint that is not aminimum due to anomaous $epsin
moving the smplex point. Occasondly, after a certain number of steps, the Implex
takes a series of continuous contractions and the movement of the smplex is stopped a a
certain point. When the program routine is repested at a trapped point, the smplex easly
gets out of the trapped point and settles down at a globa minimum. In order to be certain
that the trgpped point is not aloca minimum, its neighborhood is exhaustively searched
with a0.0001-inch step sze. No point was found surrounded by higher function values.

This proves that the trgpped point isnot aloca minimum.



4.3 Problem Domain Analysisfor a VAV System

The problem domain analysis has been done for aCAV system and the result
shows that it very likely has only agloba minimum. Now athree-section VAV duct

system is created and tested for the domain analyssof aVAV system.

4.3.1 An Example Duct System for Analysis

A hypotheticd duct sysem shown in Figure 4.10 was carefully sdlected to
andyze the problem domain. It isatwo-dimensiond three-section duct system, in which
duct section # 2 has afixed value of 0.178m (7 inch). The system parameters are
summarized in Tables 4.9, 4.10 and 4.11, and they are economic, generd, and sectiona
datarespectively. In Table4.11, the pesk airflows a terminal duct sections 1 and 2 are
0.70 and 0.50 n*/s respectively. It is defined to have variable airflows and to operate a
full year of 8760 hours. The minimum fraction of full flow issstto 0.4. Figure4.11
showsthe fractiond flow digtributions for this hypothetica duct sysem. The fractions of
full flow are divided into increments of 0.05. Bin 1 corresponds to zero flow, bin 9 to

minimum fraction and bin 20 to the full flow.

v v

Figure4.10 Three-Section Duct System



Table4.9 Economic Data

Energy cost (Ep) 2.03 c/kwh
Energy demand cost 13 $/kwh
Duct cost (Sy) 43.27 $Inf
System operation time (Y) 8760 hiyr
Present worth escalation factor (PWEF) 8.61

Table4.10 Generd Data

Data S units IP units
Air temperature (t) 22 degree C 71.6 degree F
Absolute roughnessof auminum 0.0003 m 0.00098 ft
uct (e)
Kinematic viscosity (n) 1.54" 10°° nf/s 1.66" 10 *ft%/s
Air density (r) 1.2 kg/nt 0.75 Ib/ft°
Motor efficiency (he) 0.75 0.75
Totd sysem airflow (Qran 1.42 /s 3010 cfm

Table4.11 Sectiona Data of Three-Section Duct System

Sections Peak air Duct Additiona C_—_
flow, m?/s | length,m | pressureloss, Pa coefficient
Sec.[Chi| Ch2 | Aiflov | Length DP,

1 0 0 0.70 14.00 25.0 0.80
2 0 0 0.22 12.00 375 0.65
3 1 2 0.92 19.81 121.8 1.50

7000
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2 5000

Fi 4000

-E 3000

Z 2000

1000

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Bin Number

Figure4.11 Annud Didribution of Fraction of Full How for the Hypothetical System
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4.3.2 Computation Resultsand Discussion

Exhaudive search

When the exhaustive search was gpplied to the example system with a discrete
Sep szeof 1inch, adesign point isidentified as thet having neighboring points with
higher functiona vaues. Thispoint may be cdled an gpparent loca minimum:
“apparent” because, while it gppears to be aloca minimum, it has not yet been
established whether or not it isalocd minimum. Itsdesign vadueis 10 and 11 inchesin
duct #1 and #3 respectively and system life-cycle cost is $4191.36. The problem
domain is searched again with a discrete ep sze of 0.1 inch and adesign point is
identified asalocad minimum. An goparent locd minimum appeared a 9.6 and 11.4 inch
induct #1 and #3 respectively and system life-cycle cost is $4185.90. The step Sizeis
further subdivided into 0.01 inch and the domain has an gpparent locd minimum. It is
9.63 and 11.43 inchesin duct #1 and #3 respectively and system life-cycle cost is
$4185.88. A vay likdy globd minimum isfound at an apparent loca minimum with
exhaustive search.

Graphical representation

For avisud ingpection of the problem domain, contour maps are drawn on two-
and three- dimensional spacesfor 0.1- and 0.01-inch grid searches as shown in Figure
4.12 and 4.13. 1t can be seen that the objective function has atypica shape of the convex
function. The surface does not have adeep valey and asteep dop. The function dopes
gradudly down to the bottom. From the figure 4.12 and 4.13, one can easlly find that the

optimum solution lies around 9.6 and 11.4 inches in duct #1 and #3 respectively. The



graphical representation aso suggests that the problem very likely hasonly aglobd

minimum.
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Duct #1

(& Two-dimensond contour map

(b) Three-dimensiond contour map

Figure4.12 Contour Map of System Life-Cycle Cost
of the Hypothetical Duct System with 0.1 inch Exhaudtive Search



(b) Three-dimensiond contour map

Fgure 4.13 Contour Map of System Life-Cycle Cost
of the Hypothetica Duct System with 0.01 inch Exhaudtive Search
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The Ndder and Mead Downhill smplex method

In atwo-dimensiond exhaudtive search, it is found that the problem domain has a

veay likdy globd minimum. The downhill smplex method is now goplied to the

hypothetical sysem. Theinitid starting point for a search is chosen at an extreme point,

such asthe corner point of the bounded region. The other N points of asmplex are

defined by

wherethe g isan N unit vector, and 1.0 isthe problem’s characteridtic length scde. The

fractiona convergence tolerance of the function value for asmplex routine is set to 1.0e-

P=P+10e€,

8. Thefunction tolerance to stop routineiteration is set to 0.001. Theresult is shown at

Table4.12.

Table4.12 Globd Minimum Found with the Downhill Smplex Method

Sarting point Ductl | Duct 3 | Life-cyde Number of
(duct #1, duct #3) inch Inch cost, $ function evauation
Lower left (9, 10) 9.61 11.43 | 4185.883 88

Upper Right (21, 24) 9.62 11.44 | 4185.881 174
Upper Left (9, 24) 9.62 11.44 | 4185.881 184
Lower Right (21,10) | 9.61 | 11.43 | 4185.883 113

The downhill smplex method gives the same optimum around 9.61, 11.43 from

four different sarting points for the 2-dimensiond hypotheticd sysem. The information

on the function tolerance, problem’s characterigtic length scale is smilar to the one from

the CAV system andysis.
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4.4 Conclusion of the Problem Characteristics

Exhaugtive search, graphical representation, anadysis by graphica anadogy, and
the Nelder and Mead' s downhill smplex method have been gpplied to CAV and VAV
duct systems to define the characterigtics of the problem domain. Consderation has been
given to the verification of the loca/globa minimum when duct Szes are design
varigbles.

CAV Duct Sygem

The exhaugtive search has found gpparent locd minimain the 2-dimensond
problem domain. In order to see whether they are true local minima, the neighbors of the
gpparent loca minima were searched with asmaller discrete step size dong duct-2 lines.
Lower function vaues were found in the neighbors and the minimum values on duct-2
lines were decreased in order toward the lowest one. In 2-dimensiond duct systems, a
contour map of the life-cycle cost shows that the domain has avery deep vdley and a
peaked hood-like convex shape. Anadlysis by graphica analogy was applied to the duct
design problem by creeting a function that has asimilar shape. The created function has
only oneloca minimum, however it dso gives many gpparent local minima when the
problem domain is exhaudtively searched.  The Nelder and Mead' s downhill smplex
agorithm aso found the same globa minimum as the exhaustive search in both the 2-
and 4-dimensiona duct systems. Considering the results from the above four gpproaches,
it can be concluded that the CAV duct problem very likely has only agloba minimum.

VAV Duct Sysem

The exhaustive search has been done with 1-, 0.1-, and 0.01-inch increments. It

has found only onelocd minimum in the two-dimengiond problem domain. Contour
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maps of system life-cycle cogt shows that the domain does not have adeep vdley. The
function dopes gradudly down to the bottom. The Nelder and Mead’ s downhill smplex
agorithm dso found agmilar location of the globd minimum as the exhaudtive search in
the two-dimensona duct sysems. The test results dso suggest the function tolerance of
1.0e-6 and the problem’ s characteridtic length, | , from 1.0 to 1.5.

Congdering the results from the above three gpproaches, it is concluded that the
VAV duct problem very likely has only agloba minimum and the optima point can be
found using adirect search method. Now the duct design problem isto find agloba
minimum. A nonlinear, locd direct search method will produce optimum duct Sizes.
The Neder and Mead downhill smplex method is applied to severa VAV duct systems
to find optimum duct szes and afan. The results are compared to those from the T-

method in Chapter 5.
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CHAPTER S

OVERVIEW OF PARAMETRIC STUDY

For agiven building and duct topology, the main factors that influence
optimization results are eectricity cost, duct work cost, and the VAV system operating
schedule. Sincethe life-cycle cost is composed of initid and operating costs,
optimization is influenced by duct material chosen and cost of dectricity supplied to an
ingdlation Ste. Also, depending on the VAV system operating schedule, indluding
setback control or 8760 hour operation, airflow rates and operation time are different and
thusinfluence the life-cycle cost. The influence of these factorsis considered by
optimizing duct sysemsfor a given building with different duct ingtallation costs,

electricity rate structures, and operating schedules.
5.1 Duct Cost

The duct materids used for optimization are asfollows:.

Aluminum duct: $4.02 /ft? ($43.27 /), absolute roughness 0.0001 ft (0.00003 m)
(ductwork unit price used by Tsdl et al. (1988))
Galvanized stedl: $5.16 /ft? ($55.50 /), absol ute roughness 0.0003 ft (0.00009 m)

(RS Means 2000)



5.2 Electric Energy Rates

Asshown in Table 5.1, four different eectric rate Sructures are used in this Sudy:

TSAL eectric rate that was introduced by Tsal et a. (1988, Part I1) for Seettle,

Washington

Tulsa, Oklahoma (PSC 2000)

Minnegpolis, Minnesota (NSP 2000)

Binghamton, New Y ork (NY SEG 2000)

TABLE 5.1 Electricity Rate Structures

Site Customer Demand Charge Energy Charge
Charge | Onpeak | Off-peak On-peak Off-peak
T ea.
(1988, Part - Ed: $13/kW Ec: $0.0203/kWh
I
$0.0622/kWh
| $0.0373/KWh,
Oklahoma | 9 gm0 ] . $0.0559kWh, | &5 nangiewh
$0.0358/kWh | ¥\ TTE0
(Jun-Oct) Y
) $9.26/kW | $6.61/kW $0.031/kWh
Minnesota |$21.65/Mo (n-Sen) | (Oct-May) (JanDe)
$11.35/kW - $0.08755/kWh [ $0.05599/kWh
New York | $14.00Mo| 7+ 100m) | (10pm-7am)|  (7am-10pm) | (10pm-7am)

Thedectricratein Tsal et d. (1988, Part 1) is $0.023 /kWh for the energy charge

and $13/kW for the energy demand charge without differentiating between on-peak

periods and off-peak periods. In Oklahoma, the first dectric rate is charged for kwWh up

to 150 multiplied by the current month maximum kW, the second eectric rateis applied

to the next 150 multiplied by the current month maximum kW, and the third electric rate

isfor dl additional kWh used. In Minnesota, the energy chargeis $0.031 /kWh dl year

long and energy demand charge is $9.26 /kW during June through September and $6.61




/KW during October through May. In New Y ork, the on-pesk period is 7 am. through 10
p.m., Monday through Friday and the off-peak period is 10 p.m. through 7 am., Monday
through Friday, and al day Saturday, Sunday, and Holidays. The energy chargeis $
0.08755 /kWh for the on-peak period and $ 0.05599 /kWh for the off-peak period. The

energy demand charge for on-peak serviceis $ 11.35 /kW.

5.3 Duct Design Methods

In order to investigate the saving of the VAV optimization procedure, the duct
design methods implemented for VAV duct sysems desgn are:

Equd friction

Static regain

T-method (Tsd et d. 1988)

VAV optimization procedure.

Thefirg two methods are commonly utilized for VAV duct design. Equd
friction, gatic regain and the T-method do not consider varying air volumes, so the pesk
arflow isused asthe design ar volume. The equd friction and tatic regain methods
could generate many design solutions depending on pressure losses per foot of duct
length and velocities for the duct attached to the fan, respectively. In this sudy, the
friction rate or velocity was chosen to give the lowest life cycle cost for one of the
candidate duct sysems. Thisfriction rate of velocity was then gpplied to al the
candidate duct systems.

When the T-method is gpplied to duct Szing, the fan pressure is caculated using

the following equation asgivenin Tsd d d. (1988, Part |).



VA
DP,, = 0.26(2—2 k)°® + DP, (5.1)

1

EY+E
where z, = — 4 pWEF 5.2
1 Qfm 103 hf hm ( )
z, =0.959p(-—)°28, (5.3)

As shown in the above equations, unit energy cost E., energy demand cost Ey, and unit
duct work cost Sy are important factors that decide the fan pressure. The duct Satic
pressure requirement at the end of thelongest duct lineis aso considered in deciding fan
pressure by adding that requirement to the equation. Now, based on the determined fan
pressure, the T-method sizes ducts during the expansion procedure.

For comparison purpose, the duct systems designed with equal friction, Static
regain, and the T-method are eva uated under the VAV environment to seek the life-cycle
cost. The calculated costs are then compared to the one from the VAV optimization

procedure to investigate the importance of the varying airflows to the system design.

5.4 Example VAV Duct Systems

In order to investigate the importance of varying airflows for optimum duct
design, three example duct systems are selected. The duct systems are (1) ASHRAE
example, (2) alarge office building in Oklahoma and (3) the same large office building in

Minnesota
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5.4.1 ASHRAE Example

The ASHRAE example is a duct system given as example #3 of the 1997
ASHRAE Handbook- Fundamentas, Chapter 32 (ASHRAE 1997). It isa 19-section duct
system that has 13 supply ducts (sections 7 through 19) and 6 return ducts (sections 1
through 6). This system has been taken as atypical example in many duct design studies.
The ASHRAE examplein its reference is assumed to be a CAV system and the peak
arflow isgivento every outlet and inlet. In order to supply the systems with time-
vaying arflows, the fraction of full flow of the large office building a Tulsa, Oklahoma
was computed for afull year’s operation usng BLAST and was used as a basdine to
create varying air volumes by multiplying condtant air volumes by the fraction of full
flow. A schematic diagram of the sygemis shown in Figure 5.1. The sectiond data of
the ASHRAE example are given in Table 5.2. Every duct section in thisexampleis

assumed to be around duct.

10

Fan 12
16

Figure5.1 ASHRAE Example



TABLE 5.2 Sectiond Data of ASHRAE Example

Sections Peak Duct Additiond ASHRAE
. arflow, length, Pres. loss, fitting No*
No. | Child | cvndisec) | ftm) | inwg (Pa)
RaUm | o g 1500 15 0 ED1-3, CDO-1,
1| O (0.71) (457) EDS-1
o 500 60 0 ED1-1, CD6-1,
2| O 0248 | (1829) CD3-6,CD9-1,ED5-1
2000 20
4| 12 oon 610 0 CD9-1, ED5-2
2000 5 01
4| 00 (0.94) (152) (25) CD9-4, BR4-3
o 2000 55 0 CD3-17, CD9-1,
5| 4 094 | (16.76) ED5-2
S e 4000 30 0.22 CD9-3, CD3-9,
6| > (1.89) ©914) | (55 ED7-2
SPOY. | o0 600 14 01 CR3-3, CRO-1,
71 9 (0.28) @2n | @5 SR5-13
600 2 0.15
g| 00 (0.28) w2 | @7 SR5-13, CR9-4
1200 25
o "8 (0.57) (7.62) 0 SR3-1
50 1200 45 0 CR9-1, CR3-10,
10| 2 057 | (1372) CR3-6,SR5-1
0o 1000 10 0 CRO-1, SR2-1,
1| © (0.47) (3.05) SR5-14
o 1000 22 0 CR9-1, SR2°5,
12| © (0.47) (6.71) SR5-14
2000 35
i3] 122 [ gon | aoen 0 CR9-1, SR5-1
3200 15
14| 2033 | P o 0 CR9-1, SR5-13
00 200 40 5 CR3-1, SR2-6,
15 O 019 | (1219 CR9-1, SR5-1
o 400 20 0 SR2-3, CR6-1,
16| © (0.19) (6.10) CR9-1, SR5-1
800 22
7| 58| o3 e 0 CR9-1, SR5-13
a1, | 4000 23 0.04 CR6-4, SRA-1,
18| (1.89) 701 | @0 CR3-17, CR9-6
Root 4000 12 0.05
19| B9 (189 (3.66) (13) SR7-17, CR9-4

* ASHRAE Duct Fitting Database (ASHRAE 1993)



5.4.2 Large Office Building in Oklahoma and Minnesota

The large office building in Oklahoma is a 34-section supply duct system of part
of asnglefloor of the BOK building in Tulsa, Oklahoma The building is a52-story
multipurpose office building located in Tulsa s downtown area. It measures about 160
feet (48.77 m) by 160 feet (48.77 m) and is about 1360 feet (414.53 m) in height. The
building is oriented in a20° northeast north direction and is not shaded by any other
dructures. It has alarge area of glazing, about 65% of the exterior envelope. The
building is described by Feng (1999) in greeter detail. The example duct system from
this building serves only part of asingle floor — zones 18 through 22 as shown in Figure
5.2, approximately 13,200 ft? (1226 nf) of floor space. A schematic diagram with

section numbersis shown in Figure 5.3. The sectiondl data of the VAV duct system are

givenin Table5.3.
u A
Zone 21
59.9 Zone 22 Zone 20
99.9
Zone 18 (30.5m)
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Figure5.2 Zone Layout for Floor 8-24 of the Large Office Building
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TABLE 5.3 Sectional Data of BOK at OK and BOK a MN

Sections Peak air flow, cfm (n/sec) Duct DFPz,
No Child Tulsa, Minneapolis length, in.wg ASHRAE fitting No*
OK MN ft(m) (Pa)
1 | 2819 | 8678(40%) | 7584(3579 | 50(1524) | 0(0) SR7-17, SD4-2, CD3.9,
2 3,7 2600 (L274) | 2481(L171) | 35(1067) | 0(0) SD5-26(b1),
SD52(S), CD3 8,
3 4 1800(0849) | 1654(0780) | 25(7.62) | 02(50) | CD38 CD91,CD39,
SD4-1

4 5 1350(0637) | 1240(0585) | 10(305) | 02(50) D41
5 6 900 (0.425) 827(03%0) | 10(305) | 02(50) D41

6 - 450 (0212) 413(0195) | 10(305) | 02(50) -

7 . 900 (0.425) 827(03%0) | 20(610) | 04(100) D 5@%’; 1C4D91’

8 9,14 | 1637(0773) | 1254(059) | 5(152) 000 SD526(3)

9 10,13 910 (0.429) 697 (0.329) 15 (4.57) 0(0) SD5-19, CD9-1, CD3-9
10 1 728 (0.343) 558(0263) | 10(305) | 02(50) SD5-19(b1), SD41
11 7 546 (0.258) 418(0197) | 10(308) | 02(50) SD4-1
© 13 364 (0.172) 279(0132) | 10(305) | 0.2(50) D41
13 _ 182 (0.086) 139(0066) | 10(305) | 02(50) -

14 - 182 (0.086) 139(0066) | 10(305) | 02(50) SD519(b2)

15| 1617 | 728(0348 558(0263) | 15(457) | 0(0) SD5-19, CD9-1,CD3-9

16 - 182 (0.086) 139(0066) | 10(305) | 02(50) SD519(b1)

17 18 546 (0.259) 418(0197) | 10(305) | 02(50) SD5-19(b1), SD41

18 19 364 (0.172) 279(0132) | 10(305) | 02(50) SD4-1

19 ] 182 (0.086) 139(0066) | 10(305) | 0.2(50) -

20 | 21,25 | 4341(2049) | 3349(1816) | 30(914) | 0(0) SD5-26(b2)

SD5-2(b), CD91,

21 22 728 (0.343) 558 (0.263) 20(6.10) 0.2 (50) CD3-14, SD4-1

2 3 546 (0.259) 418(0197) | 10(305) | 02(50) D41

23 24 364 (0.172) 279(0132) | 10(305) | 02(50) D41

24 - 182 (0.086) 139(0066) | 10(305) | 0.2(50) -

25 | 2627,31 | 3614(L705) | 3291(1553) | 40(1219) | 0(0) SD52()
SD523(b1), CDO1,

26 - 723(0.341) 658 (0.311) 20(6.10) 0.4 (100) CD3.14,

27| 28 | wsOe2) | 1rEen) | B | 0200 | DT D

28 29 1084(0512) | 987(0466) | 10(305) | 02(50) D41

29 30 723(0.341) 658(0311) | 10(305) | 0.2(50) D41

30 361 (0.171) 329(0155 | 10(305) | 02(50) -
SD523(b2), CDO-1,

31 2 1445(0682) | 1317(0621) | 60(1829) | 02(50) CD3-14, CD3-14,

CD3-14,

2 3 1084(0512) | 987(0466) | 10(305) | 02(50) D41

3 % 723(0.341) 658(0311) | 10(305) | 0.2(50) D41

% - 361 (0.171) 329(0155 | 10(305) | 0.2(50) -

* From ASHRAE Duct Fitting Database (ASHRAE 1993)
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Thear-handing unit islocated at Zone 19 and air is distributed to the perimeter zones
20, 21, and 22. Zone 20 on the east Side has two termina boxes and eght exits, zone 21
on the north ssde has four termina boxes and 15 exits, and zone 22 has two termind
boxes and six exits. Every duct section is assumed to be a round duct.

The HVAC system for this floor was originaly athree-deck multizone system
that featured hot and cold decks and separate mixing dampers for each zone. Inthis
dudy it isassumed to have a VAV system, in which air flows through amain cooling coil
at adesgn cold-deck temperature of 55 °F (12.78 °C). Thearr isthen sent to each zone
by modulating the amount of ar withaVVAV box. If the zone requires heeting, the air is
heated by use of auxiliary reheat. The sysem hasa VAV control schedule that specifies
the fraction of pesak cooling or heating at a specific zone temperature for aVAV system.
For purpose of this study the occupancy, lighting and equipment profiles for the building
are assumed to have aweekday schedule of being fully on from 8 am. to 5 p.m., and the
building is assumed to have no occupancy, lighting or equipment heat gain for nights,
weekends and holidays. The system is smulated based on two different operating
schedules: (1) 8760-hour schedule (dways on), (2) setback controlled schedule. The
8760-hours schedule has VAV control for 24 hours aday dl year long, while the setback
controlled schedule has VAV control from 7am. to 5p.m., Monday through Friday and
setback control from 5p.m. to 7am., Monday through Friday, al day Saturday, Sunday,
and Holidays (See Appendix C for the BLAST input files). All the VAV boxes have
minimum fractions of 0.4. 1t could be set to alower minimum fraction for the VAV
boxes. However, in this sudy when the duct system of the large office building was used

with the BISW type of fan asintroduced in Chapter 3, alower minimum fraction than 0.4
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caused fan operation in the surge region. Hence the minimum fraction was set to 0.4.
Airflow data summed for dl zones are represented using a histogram, whichisa
frequency didribution with the fraction of full flow as the abscissa and the number of
hours at each increment as the ordinate in Figure 5.4. Bin 1 corresponds to 0~5% of full
flow and bin 2 corresponds to 5~10% of full flow, etc. In Figure 5.4(a), for the large
office building in Oklahoma bin 9 that corresponds to minimum fraction of full flow has
6,623 operating hours for the 8,760- hour schedule. In Figure 5.4(b), the setback
controlled schedule resultsin 2,763 hours operation, of which 1,288 hours are & the of
minimum fraction.

The large office building in Minnesota shares the same layout and sectiona
information with the one at Oklahoma. The building is smulated a Minnegpalis,
Minnesota, in order to investigate the effect of dimate on optimum duct design with
different weeather conditions. All duct sections are again assumed to be round ducts. The
histogram of airflow data of the building in Minnesotais shown a Figure 5.5. In Figure
5.5(a), bin 9 that corresponds to minimum fraction of full flow has 6788 operating hours
for the 8,760- hour schedule. In Figure 5.5(b), the setback controlled schedule resultsin

4,269 hours operation and 3,177 hours of minimum fraction of full flow.
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CHAPTER 6

PARAMETRIC STUDY

The three duct systems are optimized using four design methods for four
different electric rates and two different operating schedules with duminum ducts and
gdvanized ged ducts. Duct sizes from the equd friction method are obtained with the
pressure loss per 100 ft that gives the lowest life cycle cost with the TSAL dectric rate:
0.15 in. wg/100ft (1.22 Pa/m) for the ASHRAE example, 0.15 in. wg/100ft (1.22 Pa/m)
for the office building in Oklahoma, and 0.1 in. wg/100ft (0.82 Pa/m) for the office
building in Minnesota. Duct Szes from the static regain method are obtained with the
velocity of the duct attached to the fan that gives the lowest life cycle cost with the TSAL
eectric rate: 2600 fpm (13 m/s) for the ASHRAE example, 2800 fpm (14 nvs) for the
office building in Oklahoma, and 2700 fpm (13.5 m/s) for the office building in
Minnesota. The duct systems designed with the equad friction and Static regain methods
are then smulated with different eectric rates in order to see the economic effect under
VAV operation. In the T-method, different eectric rates establish different optimum duct
szes Snce the optimum fan pressureis changed. The VAV optimization procedure
edtablished optimum duct sizes with varying airflows through the selection of an efficient
fan, finding duct fitting coefficients, caculating system pressure loss, and evauating the

lifecycdecog. Typicaly, 20,000 ~ 25,000 objective function evaluations are utilized.
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For duct size rounding or discrete programming, a 1-inch increment is used for
duct sizes up to 20 inches and, a 2-inch increment is used for dl others. The resultsare
organized asfollows:

Comparison of Duct Design methods: (1) Life cycle cost Andyss and (2) Duct

surface area.

Influences on the Optimd Design: (1) Effect of dectric rate on optimal design,

(2) Effect of ductwork unit cost on optimal design, (3) Effect of topology on

optima design, (4) Effect of arrflow schedules, (5) Unconstrained optimization

results, and (6) Optimization Domain.

6.1 Comparison of Duct Design M ethods

Three duct systems designed with four different design methods were eval uated
under VAV operation for cost comparison purposes. The evauation generated theinitid,
operating, and life cycle cogts and they were compared to investigate the savings of the
VAV optimization procedure. Furthermore, duct designs were compared for four
different eectric rate sructures, athough only the VAV optimization procedure and the

T-method take the eectricity rate into account in the duct design.

6.1.1 Life Cycle Cost Analysis

Table 6.1 shows the life cycle cost when the three duct systems are designed
under four different dectricity rate structures usng auminum ducts. The percent saved
by the VAV optimization procedure compared to the other design methodsis shownin

parenthesis. When the life cycle cost of the VAV optimization procedure is compared

108



with the other duct design methods as shown in Table 4, the VAV optimization procedure
shows 6 ~ 19% savings for the equd friction method, 2 ~ 13% savings over the Satic
regain method, and 1 ~ 4% savings over the T-method.

The VAV optimization procedure gives greeter life cycle cost savings with lower
eectricity rates. For example, the ASHRAE example shows that the savings with the
TSAL €ectric rate compared to the equd friction, Satic regain, and T-method are 14, 8,
and 3%; and the savings with the NY dectric rate are 6, 4, and 2%, respectively. The
better savings with lower eectric rates are explained below in the section, Optimization
Domain. Whilethe VAV optimization procedure gives larger savings for the large

office building for dl dectricity rates, the savings are smilarly lower for higher

electricity rates.
TABLE 6.1
Life Cycle Cogt and Savings of the VAV optimization procedure
(Aluminum Ducts)
Unit: $
Duct System] DUctDesign TSAL OK MN NY

Method Electric Rate Electric Rate Electric Rate Electric Rate
Equal Friction | 13063 (14.4%) | 17293(9.4%) | 17664(9.2%) | 21424 (6.1%)
ASHRAE ASH_RAE A_ns- 12125 (6.4%) | 16231(35%) | 16640(3.6%) | 20560 (2.2%)
Example | DUCREOAN | 12970 (7506) | 16407 (45%) | 16408(22%) | 20837 (35%)
T-method | 11665(2.79%) | 15960(1.8%) | 16377 (20%) | 20547 (2.1%)

VAV Opt 11348 15668 16044 20115
Equal Friction | 14470 (17.3%) | 19223 (12.2%) | 20010 (115%) | 25718 (7.8%)
Building | StaticRegain | 13303(10.0%) | 18165(7.0%) | 19025(6.9%) | 25060 (5.3%)
inOK T-method | 10007 (219%) | 17093(12%) | 17972(15%) | 24042 (1.3%)

VAV Opt 11967 16887 17707 23720
Equal Friction | 13419 (18.79%) | 17777 (12.2%) | 18536 (11.7%) | 23246 (8.7%)
Buildingin | StalicRegain | 15571 (13.3%) | 16989 (8.1%) | 17790(80%) | 22673 (6.4%)
MN T-method | 11370 (4.1%) | 15806 (1.2%) | 16609 (14%) | 21617 (18%)

VAV Opt 10905 15617 16369 21231

* All costs arelisted in Tables B4 to B7 of Appendix.

The VAV optimization procedure gives optimum duct Szes coincident or near to
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good or bad a system designed with dl duct Szes a the minimum duct Size congraint
would be. Thelife cycle cogt of the minimum duct Sze sysem compared to the VAV
optimization-designed duct systems are 0.3 ~ 1.8% higher for the large office building in
Oklahoma and 3.4 ~ 7.8% higher for the ASHRAE example. Thelife cycle cost of the
minimum duct sSize system of the ASHRAE example that has |ess congtrained optimal
duct szesis much higher than that of the optima duct system.

Table 6.2 thelife cycle cost and savings when gelvanized stedl, which hasa
dightly higher unit cost than the duminum ducts, is used for ducts. TheVAV
optimization procedure yidds the life cycle cogt savings ranging 6.8 ~ 12.7% over the
equa friction method, 4.8 ~ 7.7% over the dtatic regain method, and 0.4 ~ 0.8% over the
T-method. Thisisadight decreasein savings as compared to duminum ducts. The
auminum duct system designed with the VAV optimization procedure was nearly
completely congrained by the lower limits on duct Size, o that little reduction in duct
Sze was possible with the more expensive gavanized sted ducts. Therefore, for this
building, the VAV optimization procedure s performance, relative to the T-method
decreases as duct unit cost incresses.

TABLE 6.2

Life Cycle Cost and Savings of the VAV optimization procedure
(Gadvanized Stedl Ducts)

Unit: $
Duct Duct Design OK MN NY
System Method Electric Rate Electric Rate Electric Rate
Equal Friction | 21893 (12.7%) | 22720 (11.0%) 28606 (6.8%0)
Building | StaticRegain | 20712(7.7%) | 21641 (6.6%) 27996 (4.8%)
inOK T-method | 19276(0.8%) | 20292(04%) | 26831(0.7%)
VAV Opt 19123 20213 26654

* Optimum duct sizes and economic costs are shown in Tables B8 and B9 of Appendix.
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6.1.2 Duct Surface Area

Table 6.3 gives acomparison of the duct surface area of three duct
systems using different duct desgn methods. The VAV optimization procedure saved
duct surface 23 ~ 31 % over the equd friction method, 13 ~ 22% over the static regain
method, and 4 ~ 7% over the T-method.

A characterigtic of the problem isthat the duct system has an optimum solution
near to the minimum szes, depending on the dectric rate. For the large office building in
Oklahoma and Minnesota, the duct system is dmost completely congtrained to the lower
limit duct sizes with the TSAL eectric rate. However, when the higher eectric rateis
used, optimum duct sizes for most duct sections are higher than the lower bound. For the
ASHRAE example, some optimum duct sizes are coincident and others are near to the
lower limitswith the TSAL dectric rate. Thisdiffersfrom the nearly completely
congtrained large office building. The reason for this different optima solution location

depending on the problem is discussed later in the section, Effect of Topology on Optimal

Design.
TABLE 6.3
Comparison of Duct Surfaces Using Different Duct Design Methods
(Aluminum ducts)
Duct Surface,ft? (mf)
Duct System
Equal Friction | Static Regain T-method VAV Opt. Proc
ASHRAE Ex with
TSAL E. Rate 2271 (211) 199 (185) 1824 (169) 1740 (162)
Building at OK with
OK E. Rate 2225 (207) 1897 (176) 1645 (153) 1585 (147)
Building at MN with
MN E. Rate 2100 (195) 1868 (174) 1564 (145) 1458 (135)

* Optimum duct sizes are shown in Tables B1 to B3 of Appendix.
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6.2 Influenceson the Optimal Design

There are saverd factors that influence optima duct design: electricity rate,
ductwork unit cost, duct topology, airflow schedule, and congraints (air velocity/ duct

diameter). The influences of these factors are investigated and discussed below.

6.2.1 Effect of Electricity Rate on Optimal Design

Table 6.4 shows the optimal duct surface area found with different eectric rate
sructures using the VAV optimization procedure. The dectricity cost of New York
($0.08755 /kWh) is about 4 times higher than that of the TSAL dectric rate ($0.0203
/kKWh), while having asmilar demand charge. It might be expected that the higher
electricity rates would cause the duct system diametersin New Y ork to significantly
increase in order to lower the operating cost. But, in fact, the duct surface with the NY
eectricrateisonly 4.2 ~ 6.7% higher than that with the TSAL dectric rate asshownin
6.4.

The increase of operating cost due to higher dectricity rates shoud be offset by a
optima design that has larger duct sizes and hence larger initid cogt, but dso lower
system pressure drop and lower operating cost. But, in fact, the increased duct diameters
make asmall impact on the average total system pressure drop because of the
requirement to maintain afixed atic pressure at the end of the longest duct line. This
datic pressure requirement limits the potentia reduction of the operating cost. For
example, when the optima duct diameters of the large office building in Oklahomawith
the NY electric rateis doubled (duct surface area changed from 1614 ft* (150 nt) to 3228

ft? (300 n7)), it is expected that the system pressure drop should be reduced by afactor of
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2° or the average pressure drop should only be about 3% of the original system. However,
the average total pressure drop, including the 1.5 in. static pressurerequirement, is

only reduced by 12%. The average system pressure drop for 8760 hrswas 1.721 in. wg
without doubled duct sizes and 1.514 in. wg with doubled duct Szes. The system

pressure drop at minimum airflow is 1.646 in. wg without doubled duct sizes and 1.507 in.
wg with doubled duct sizes. At full flow, the system pressure drop is 2.787 in. wg

without doubled duct sizes and 1.533 in. wg with doubled duct Szes. At minimum

arflow, the gatic pressure requirement at the end of the longest duct line dominates

system pressure loss since the pressure losses in the ducts are very low. Congidering the

VAV system is operated much of time at lower airflows, the system pressure losses for a

full year's operation do not change greatly with the change in duct sizes. Consequently,

the change of operating costs becomes smdll, and does not force asignificant changein

duct Sizes.
TABLE 6.4
Comparison of Duct Surfaces with Different Electric Rate Structures
usng the VAV Optimization Procedure (Aluminum ducts)
Dugct Surface,ft? (nf) Surface
Duct System TSAL OK MN NY Increase %
Electric Rate Electric Rate Electric Rate Electric Rate (TSAL toNY)

ASHRAE Ex 1740 (162) 1768 (164) 1773 (165) 1856 (172) 6.7
Buildingin OK 1546 (144) 1585 (147) 1551 (144) 1611 (150) 42
Buildingin MN 1410 (131) 1496 (139) 1458 (136) 1521 (141) 79

* Optimum duct sizes are shown in Tables B1 to B3 of A ppendix.
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6.2.2 Effect of Ductwork Unit Cost on Optimal Design

Table 6.5 shows the optimal duct surface areaand operating cost found with the
VAV optimization for the large office building in Oklahomawith the OK dectric rate.
The ductwork costs are $4.02 /ft* ($43.27 /n) for duminum ducts, $5.16 /ft? ($55.50
In?) for galvanized sted ducts, and to investigate sensitivity a“double” ductwork unit
cost of $10.31 /ft? ($111.00 /n) was set. It might be expected that the higher ductwork
unit cost would cause the ducts to be szed smdler, which in turn would give a higher
operating cost but alower initid cost. However, the optima duct surface areawith a
double ductwork unit cost is reduced only alittle with asmal increase of the operating
cost asshown Table 6.5.

The smdl reduction of the optima duct surface arearesults from the
velocity/minimum duct Sze condraint. The optimization with a double ductwork unit
cost could not make a further reduction in many duct sections snce the diameters of the
origind duct system are coincident and near to the lower limits, which are congrained by
the upper velocity limitation (See Table B8 in Appendix for the change of individud duct
szes of gavanized sted ducts).

TABLE 6.5.

Optimization for Different Ductwork Unit Cogts
(Gadvanized Stedl Ducts)

Ductwork Unit Cost Duct Surface, ft? (m?) | Initial Cost,$ | Opr.Cost,$ | L.C.Cost, $

$£(|); r/?tI£1 l(J$nz1|3Dzu7C t/?ﬁ) 1585 (147.3) 8947 7940 16887
ey (35?55 ;Jncftjc’ ’ 1543 (1434) 10532 8501 19123
$1o.3[ic;fligl(e$‘ﬁgztb Inf) 1530(1422) 18355 8674 27029
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6.2.3 Effect of Topology on Optimal Design

In an earlier section, it was noted that the large office building example was
amost completely congtrained to the lower limit duct Sizes with the TSAL dectric rate
while the ASHRAE example is constrained to the lower limit only for afew duct sections.
They had the same dectric rate, ductwork cost, and smilar airflow distributions but the
result was different. A possible explanation is the difference in duct topology. In order
to invedtigate this difference, the large office building in Oklahomawith the TSAL
eectric rate is optimized again after increasing dl duct lengths by 20% and 40%. The
result was that the enlarged duct system moved duct sections off of the congtraint. The
origind duct sysem had 5 of 34 duct sections not on the minimum size condraint. \When
the duct lengths were increased by 20%, 9 of 34 duct sections were not on the congtraint.
When the duct lengths were increased by 40 %, two duct diameters increased: one duct
section was moved off the congtraint and another duct section increased duct diameter by
2in. Thisindicatesthat the VAV optimization procedure finds optima solution near the
lower limit duct Sizes with the low eectric rate, but the number of duct sections a the

congtraint depends on partly the duct topology.

6.2.4 Effect of Airflow Schedules

The dimatic conditions and the system operation schedule both affect the hourly
digtribution of arflow rates. These have ardatively minor effect on the optima duct
Szes,

Climate condition: The large office building in Tulsa, Oklahomawas optimized
under two different weather conditions. (1) Oklahoma and (2) Minnesota. They create

two different airflow data sets, including two different system capacities and pesk airflow
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rates, for the same duct topology. For the four different eectric rates, thelife cycle cost
of the large office building duct sysem in Minnesotais 8 ~ 10% lower than that of the
building in Oklahoma. The duct cost of the building in Minnesotais 6 ~ 10% lower than
that of the building in Oklahoma. As expected, the duct syssem in a cold climate hasa
smaller duct sysem with asaving in the life-cycle cogt.

System operation schedule: Table 6.6 shows the computation results for two
different system operation schedules using the VAV optimization procedure. The
setback controlled schedule results in 2763 hours operation for the large office building
in Oklahoma and 4269 hours operation for the large office building in Minnesota
Comparing optimal duct aress, it is expected that the duct system with the setback
controlled operation should have smaller ducts compared to the one with the 8760- hour
operation as with asmaler number of operating hours the effect of the operating cost on
the life cycle cost should be less. However, as shown in Table 6.6, the system with the
setback controlled operation has 1.5 ~ 1.8% larger optimal duct surface area. The
setback controlled operation requires alarger pesk airflow than the 8760-hour operation
due to morning start-up loads. Thelarger airflow resultsin higher system pressure drop
and higher operating cost. Hence, the increase of operating cost is offset by an optimal
design that has dightly larger duct Szes.

TABLE 6.6
Optimization for Different System Operation Schedules

Duct system Operation Schedule Du?ttzs(uﬁr;;;\c S | Initial Cost, $ [ Opr. Cost, $| L.C. Cost, $
Buildingin OK 8760-hr 1585 (147) 8947 7940 16887
with OK E Rate Setback control 1614 (150) 9063 5845 14908
Buildingin MN 8760-hr 1458 (136) 8282 8087 16369
with MN E Rate Setback control 1480 (138) 8371 7182 15554

* Optimum duct sizes and economic costs for setback controlled schedule are shown in Tables B10 to B12
of Appendix.
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6.2.5 Uncongrained Optimization Results

The comparison of duct design methods presented above showed that the VAV

optimization procedure did not give Sgnificantly better results than the T-method.

Further investigation of the effects of eectricity rates, ductwork unit cogts, topology and

arflow schedulesled to the observation that with the test buildings and eectricity rates

used:;

The problem tends to be congtrained by the maximum vel ocity/minimum duct

diameter.

The minimum datic pressure requirements lead to argpidly diminishing point of

return; operating costs can only be reduced up to apoint by increasing the duct

Sze

In order to confirm these observations, arather artificid comparison is performed. Table

6.7 shows an uncongtrained optimization of the large office building duct sysemin

Oklahomawith the NY dectric rate and zero in. wg Static pressure requirement.

Table6.7

Uncongrained Optimization of the Large Office Building in Oklahoma
with No Velocity Limitation and Zero Static Pressure Requirement (Aluminum ducts)

Electric Rate D”ﬁzs(“r:;‘;‘ce’ Init. Cost, $ | Opr. Cost, $| L.C.Cost;$ | Saving %
VAV Opt. Proc. | 1643 (1526) 9179 2860 12039
A s | zzrore | 1 2341 13467 106
VAV Opt. Proc. | 1958(18L9) | 10447 11919 22366
N T e | Zrm@m2s) | 13 11019 24518 88

The life cycle cost savings of the VAV optimization procedure increased from 2.1% to

10.6% for the TSAL dectric rate and 1.3% to 8.8% for the NY dectric rate. The VAV
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optimization procedure gives much better savings with alower dectric rate, no sze
congtraints and no static pressure requirement. This provides some confirmation for the
above observations. The static pressure requirement and velocity congiraints prevent the

VAV optimization procedure from finding significantly better designs.

6.2.6 Optimization Domain.

Over the course of thisinvestigation, it has been observed that the life cycle cost
does not seem to be as sengtive to the duct design as originaly expected. Although the
optimization domain is not relatively flat when viewed as afunction of individud duct
gzes, thereisasensein which, if theindividud ducts are correctly Szed rdative to one
another, the domainisreatively “fla” (i.e. thelife cycde cod isrdaively insengtive to
the total duct surface areq). To help explain this, consder the following. If the T-
method is utilized to Sze duct systems for the large office building in Oklahomawith no
veocity limitation and no static pressure requirements, but with arange of dectricity
rates, a corresponding range of duct sysemswill result. Thelife cycle cost for these
system are caculated, using afixed dectricity rate.

Figure 6.1 is a representation of the optimization domain for the large office
building in Oklahomawith the NY eectric rate. Economic costs are plotted in terms of
total duct surface area. Each point represents a duct system that has been optimized with
the T-method for an dectric rate that is higher or lower than the actual NY €electric rate.
However, the operating costs are calculated with the actua NY dectric rate. From the
figure, the life cycle cost has a gently increasing dope, demongrating that the life cycle
cost isrddivey insengtive to the tota duct surface area. If the atic pressure

requirement is included in the duct design, the curve will be much flatter and the life
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cycle cost will be more insengtive to the total duct surface area. Thelife cycle cost
savings of the VAV optimization procedure relétive to the T-method will be further
lowered. When theinitid and operating costs curves are compared, the initia cost curve

is steeper than the operating cost curve.
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Duct Swface Area, md

Figure 6.1 Optimization Domain of Duct Systems
of the Large Office Building in Oklahomawith the NY Electric Rate
Figure 6.2 isthe plot of economic costs in terms of the eectric rate multiplier.

Both the kwh charge and the demand charge for New Y ork were multiplied by the
electric rate multiplier. Again, a each point the operating cost was caculated with the
actua electric rate. When finding adesign solution, the T-method uses the pesk airflow
and the VAV optimization uses arange of airflows, but they are dominated by the
minimum arflows This, in turn, resultsin the VAV optimization procedure calculating a
lower operating cost for any given duct configuration. The savingsin life cycle cost

yielded by the VAV optimization procedure result from it being able to take advantage of
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the knowledge that the operating cost is lower than that caculated by the T-method.
Although thisis due to using the actud flow rates, it is andogous to having alower
eectricity rate for the VAV optimization procedure. For any given building/duct

topol ogy/climate/etc. combination, the reduced operating cost is equivaent to afixed
percentage reduction in the eectricity rate. Ascan be seenin Figure 9, the operating
cog, initid cogt, and life cycle cost al change more rapidly at lower eectricity rates.
Arguing by analogy provides an explanation for why the VAV optimization procedure
(compared to the T-method) performs better at lower eectricity rates. At lower
electricity rates, the life cycle cost is more sengitive to a change in dectricity rate or a

change in operating cost caused by evauating dectricity consumption at low flow rates.
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Figure 6.2 Plot of Costsintermsof Electric Rate of Duct Systens
of the Large Office Building in Oklahomawith the NY Electric Rate

However, in actud practice, the change in performance is significantly damped by

duct size condtraints and Static pressure requirements. Therefore, the VAV optimization



procedure does not appear to offer sgnificant enough savingsto warrant itsusein
practice. (Sinceit requires asgnificant increase in the amount of input data and the
computational time required.) Instead, the T-method seemsto offer a good baance

between results and ease- of- use, when implemented in a computer program.
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CHAPTER 7

CONCLUSIONSAND RECOMMENDATIONS

The VAV optimization procedure was applied to the three VAV duct systems to
investigate the impact of varying airflow rates on the Szing of duct sysems. For
comparison purposes, other duct design methods, such as equd friction, static regain, and
the T-method were dso gpplied to the duct systems. Whilethe VAV optimization
procedure uses varying airflows, the other methods use peak constant airflows for duct
system design. The equd friction and static regain methods cdculate system pressure
loss after duct sizes are decided. The T-method calculated fan pressure using eectric rate
and ductwork unit cost and then optimized duct szes. The VAV optimization procedure
selectsafan by checking as to whether the system design point with the peak hour’s
arflow and other system operating points for varying airflows reside in the fan operating
region. After fan selection, the downhill smplex method searches optimum duct Sizes
through evduation of the life-cycle cost.

After optimum duct Szes are found, the duct systems resulting from four different
duct design methods are smulated under operation for atypica meteorologica year in
order to investigate the performance of the methods. With respect to life cycle cogt, the
VAV optimization procedure showed 6 ~ 19% savings compared to the equd friction

method, 2 ~ 13% savings over the Static regain method, and 1 ~ 4% savings over the T-



method. Compared to the T-method, the VAV optimization procedure gives alower
initid cost and a higher operating cost. Thetotd duct surface, and hence theinitid codt,
using the VAV optimization procedure was sgnificantly lower compared to other duct
design method. The VAV optimization procedure saved duct surface 23 ~ 31 % over the
equal friction method, 13 ~ 22% over the static regain method, and 4 ~ 7% over the T-
method.

Trends that were identified include:

The VAV optimization procedure dlowed greater life cycle cost savings

(compared to the T-method) with lower eectricity rates.

For the large office building, the life cycde cost savings of the VAV optimization

procedure compared to the T-method decrease as duct unit cost increases.

The duct topology influences the degree to which the optimd solution is at the

duct size condraints. Longer duct lengths tended to reduce the number of duct

sections a the minimum size condraint.

While different climate conditions and operating schedules influenced the optimal

design, they did not have a Sgnificant impact on the savings of the VAV

optimization procedure compared to the T-method.

In generd, the VAV optimization procedure yidds Sgnificant life cycle cost
savings compared with the equd friction and static regain methods. However, compared
with the T-method, the life cycle cost savings of the VAV optimization procedure was
not as great. Thisis partly due to two sgnificant limitations thet prevent the VAV
optimization procedure from finding Sgnificantly better designs. Firs, optima duct Szes

are found near to the lower limits, which are congrained by the velocity limitation.



Second, the change of system pressure drop due to changing the duct surface arealis
smaller than expected because of the static pressure requirement at the longest duct line.
Even when these limitations are attificidly diminated, the optimization domain
andysds showed thet the life cycle codt is rdaively insengtive to the total duct surface
area, when the duct design has been arrived at by the T-method. Thisindicates thet the
T-method can be used favorably evenin VAV system optimization. The T-method has
great potentia to save costs over the non-optimizationbased methods, without the input
data and computation time requirements of the VAV optimization method. Therefore, it
is recommended that the T-method be utilized for duct designin VAV sysems. Given
the margind improvement in life cycle cost yieded by the VAV optimization procedure
compared to the T-method, further research is probably not warranted a thistime.
Nevertheless, if the Stuation arose where the procedure could be profitably applied, it
would be useful to decrease the computationd requirements. This might be achieved by

modeling adatistical representation of the airflow data rather than al 8760 hours.
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APPENDIX A--Survey on the HVAC duct System Design
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Survey on the HVAC duct sysem design

Thank you for taking part in the survey on the current trends of the HVAC duct system
design. The purpose of this survey istwo-fold: first, to determine which duct design
method are most commonly used for variable air volume (VAV) systems; and secondly,
to determine how fansfor VAV systems are selected and controlled.

The survey results will be referenced for my Ph.D. research work, which involves finding
an optimum duct design method for VAV duct syslems. All participants specific
information will be held drictly confidential and will not be used for any commercid
purpose. Some comments from survey participants may be quoted in my fina report, but
they will be treated anonymoudly.

| gppreciate your time and input in answering the following questions. This survey will
take approximately 5 minutes. Please return the completed survey in the enclosed
stamped and addressed envel ope.

Thanks.

Taecheol Kim

E-mail: ktaeche@okstate.edu

School of Mechanica and Aerospace Engineering
Oklahoma State University

218 Engineering North

Stillwater, OK 74078

Ph: (405) 744-9016

Fax: (405) 744-7873
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1. Inthe last year, gpproximately how many duct systems for varigble air volume systems
have you desgned?
2. Which design methods do you use to size ducts?

[ daticregan [ balanced capacity (] equd friction

0 T-method other

3. Do you incorporate any diversity when szing
[ the duct system? Othefan?

If S0, how do you incorporate it?

4. What type of fans do you specify for VAV systems?

Frequency
Type Never | Rady | Occasona | Often Very
Ily Often
Airfail
Backward Inclined
Forward Curved
Other:

5. How do you select afan to avoid fan operation in the surge region?

6. When you sdect afan for aduct system, how do you determine the required fan
pressure? In addition to pressure loss from ducts and fittings, do you include:

[ static pressure that should be maintained at the end of the longest duct line.
[J a pogitive pressure a the zone to prevent air infiltration.

other
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7. Do you have any specific method or comments about how you sdlect afan?

8. If the duct dtatic pressure at the end of the longest duct lineis controlled,

If the pressure is constant year-round, whet is it?

If it is not congtant, how isthe leve scheduled?

9. If you specify apodtive air pressure in azone, what ar pressure do you specify?

10. If you have any other comments related to this survey, please add them here.
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TABLEBL.

Duct Sizes of the ASHRAE Example (8760-hour schedule, Aluminumducts

Unit: inch (1in.=0.025 m)

Max Min. Max . T-method VAV optimization Procedure
SeDCl:fct) | Airflow, | Duct | Duct F'r:‘iit’iz' . AES';EQ Fitg;f] TSAL | OKE | MNE | NYE | TSAL | OK | MN NY
cfm Sze Sze E Rate Rate Rate Rate ERate | ERate | ERate | E Rate

Retun: 1 | 1504 10 20 15 1200 14 10 11 11 11 10 10 T 2
2| 509 6 2 10 8.00 9 7 7 7 8 7 7 7 8

3| 2013 11 24 17 1200 14 13 14 14 14 13 14 14 13

2| 192 11 24 17 26.20 14 16 17 17 18 P 7 13 14

5] 1992 11 24 17 15.00 14 2 13 13 13 2 3 3 14

6] 4005 16 % 2 17.00 17 20 20 20 2 17 17 17 18
Supply7 | 593 6 13 11 10.90 9 8 8 8 6 6 6 6
8| 5% 6 3 11 10.90 8 8 10 9 1 13 13 13

9| 1187 9 19 2 15.20 7 10 10 10 11 2 3 3 3

10| 187 9 19 2 13.70 7 3 3 3 14 2 3 3 3

| 9% 8 17 13 10.90 14 11 11 11 11 9 9 8 8

2] 9% 8 17 3 10.90 2 9 10 9 10 9 8 8 8

13| 192 1 24 17 1290 16 P 2 7 13 2 12 11 11

14| 3179 1 30 20 17.10 17 17 17 17 18 16 17 17 17

15| 403 5 11 9 7.60 9 6 6 6 6 6 5 5

16| 403 5 11 9 7.60 7 6 6 6 6 6 5 5 5

17| 805 7 15 2 840 9 8 8 8 8 7 7 7 7

18| 3004 16 % 2 18,80 17 26 26 2% 28 24 24 24 26

Root: 19 | 3984 16 % 2 2520 17 26 26 2% 28 24 24 24 26

* Numbers in shaded cells indicate duct sizes at lower bound.
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TABLE B2. Duct Sizes of the Large Office Building in OK (8760-hour Schedule, Aluminumducts)
Unit: inch (1in.=0.025 m)

Max . T-method VAV optimization Procedure
S([a)cl:icct)n Airflow, | Min. Size | Max. Size Fﬁ‘é‘t’%n Ffetggj% TSAL | OK MN NY | TSAL | OK MN NY
Cfm E Rate ERate | ERate | ERate | ERate | ERate | ERate | E Rate
1 8678 24 50 30 24 26 26 26 26 24 24 24 26
2 2699 13 28 18 14 13 13 13 14 13 13 13 13
3 1800 11 22 16 14 12 12 12 12 11 11 11 11
4 1350 9 20 14 14 9 9 9 10 9 9 9 11
5 900 8 16 12 12 8 8 8 9 8 8 8 9
6 450 6 11 10 9 7 7 7 7 6 7 7 7
7 900 8 16 12 9 8 8 8 8 8 8 8 8
8 1637 10 22 16 11 11 11 11 11 10 10 10 10
9 910 8 16 12 9 9 9 9 9 8 8 8 8
10 728 7 15 11 9 7 8 8 8 8 7 7 7
11 546 6 13 10 9 6 6 6 6 6 6 6 6
12 364 5 10 9 9 5 5 5 6 6 5 5 6
13 182 7] 7 7 7 4 4 2 7] 7 7 4 5
14 182 7] 7 7 5 71 1 7] 7] 7] 7] 1 7
15 728 7 15 11 9 7 8 8 8 7 7 7 7
16 182 7] 7 7 5 71 71 7 4 7 4 71 7
17 546 6 3 10 9 6 6 6 6 6 6 6 6
18 364 5 10 9 9 5 5 5 5 5 5 5 5
19 182 7] 7 7 7 4 4 2 7] 4 7] 4 2
20 4341 16 36 22 18 19 19 19 20 16 20 17 20
21 728 7 15 11 9 7 7 7 8 7 7 7 7
22 546 6 3 10 9 6 6 6 6 7 6 6 7
23 364 5 10 9 9 5 5 5 6 5 5 6 5
24 182 7] 7 7 7 4 4 2 7] 2 7] 5 2
25 3614 15 32 22 18 15 16 16 16 15 16 16 16
26 723 7 14 11 9 7 7 7 7 7 7 7 7
27 1445 10 20 15 14 10 10 10 11 10 10 10 10
28 1084 8 18 13 14 9 9 9 9 8 8 8 8
29 723 7 14 11 12 8 8 8 8 7 7 7 7
30 361 5 10 9 9 6 6 6 6 5 5 5 5
31 1445 10 20 15 14 12 12 12 13 11 11 10 10
32 1084 8 18 13 14 10 10 10 10 8 8 9 9
33 723 7 14 11 12 8 9 9 9 7 8 7 7
34 361 5 10 9 9 7 7 7 7 6 6 6 6
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TABLEB3. Duct Sizes of the Large Office Building in MN (8760-hour schedule, Aluminum ducts)
Unit: inch (1in.=0.025 m)

Max . T-method VAV optimization Procedure
S([a)cliicct)n Airflow, Min. Size | Max. Size Flr:_i(gltji%]n F;Ségt;% TSAL OK MN NY TSAL OK MN NY
Cfm E Rate ERate | ERate | ERate | ERate | ERate | ERate | E Rate
1 7584 22 48 28 22 24 24 24 26 22 24 22 24
2 2481 12 26 18 14 13 13 13 13 12 12 12 12
3 1654 10 22 15 14 11 11 11 12 10 11 11 11
4 1240 9 19 14 14 9 9 9 9 9 9 10 11
5 827 7 16 12 12 8 8 8 8 7 8 10 8
6 413 5 11 9 9 6 6 6 7 5 6 6 7
7 827 7 16 12 9 6 6 6 6 7 7 7 7
8 1254 9 19 14 9 10 10 10 10 9 9 9 9
9 697 7 14 11 9 8 8 8 8 7 8 7 7
10 558 6 13 10 9 7 7 7 7 7 6 6 7
11 418 5 11 9 9 6 6 6 6 5 5 6 6
12 279 5 9 8 9 5 5 5 5 5 5 5 5
13 139 3 6 6 6 4 4 4 4 4 4 4 4
14 139 3 6 6 5 3 3 3 3 3 3 3 3
15 558 6 13 10 7 7 7 7 7 6 6 6 6
16 139 3 6 6 4 3 3 3 3 3 3 3 3
17 418 5 11 9 7 6 6 6 6 5 5 5 5
18 279 5 9 8 7 5 5 5 5 5 5 5 5
19 139 3 6 6 5 4 4 4 4 3 4 3 4
20 3849 15 34 22 18 18 18 18 19 16 17 16 19
21 558 6 13 10 9 7 7 7 7 6 6 6 6
22 418 5 11 9 9 6 6 6 6 5 5 6 6
23 279 5 9 8 9 5 5 5 5 5 5 6 5
24 139 3 6 6 6 4 4 4 4 5 4 4 4
25 3291 14 30 20 18 15 15 15 16 14 14 16 17
26 658 7 14 11 9 7 7 7 7 7 7 7 7
27 1317 9 20 14 14 10 10 10 10 9 9 9 9
28 987 8 17 13 14 8 8 8 9 8 8 9 8
29 658 7 14 11 12 7 7 7 8 7 7 7 7
30 329 5 10 9 9 6 6 6 6 5 6 5 5
31 1317 9 20 14 14 12 12 12 12 9 11 9 9
32 987 8 17 13 14 9 9 9 10 8 9 9 9
33 658 7 14 11 12 8 8 8 9 7 8 7 8
34 329 6 10 9 9 7 7 7 7 6 6 6 6
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TABLE B4. Cost Comparison between Different Duct Design Methods (TSAL electric rate)

Duct Duct Design Duct Cost Operatin Saving % of

System M ethodg (Aluminum) Fan Cost, $ IC()Zost $ ) L.C.Cost, 3 VA\§J Opt
Equal Friction 9131 2110 2022 13263 14.4
ASHRAE ASH_RA E A_nS. 7914 2110 2101 12125 6.4
Example | Siaic Regain 8022 2110 2138 12270 75
T-method 7331 2110 2224 11665 2.7
VAV Opt 6995 2110 2243 11348 0.0
Equal Friction 8945 2575 2950 14470 17.3
Building | Static Regain 7625 2575 3104 13303 10.0
inOK T-method 6535 2575 3116 12227 21
VAV Opt 6214 2575 3178 11967 0.0
Equal Friction 8440 2420 2559 13419 18.7
Building | Static Regain 7509 2420 2642 12571 13.3
inMN T-method 6288 2420 2662 11370 41
VAV Opt 5667 2420 2817 10905 0.0

TABLE B5. Cost Comparison between Different Duct Design Methods (OK electric rate)
Duct | Duct Design Duct Cost Operatin Saving % of

System Method. (Aluminum) | FanCost.$ oS L.C.Cost, $ VAV Opt
Equal Friction 9131 2110 6051 17293 94
ASHRAE ASH_RA E A.nS. 7914 2110 6207 16231 35
Example Static Regain 8022 2110 6276 16407 45
T-method 7539 2110 6311 15960 18
VAV Opt 7107 2110 6451 15668 0.0
Equal Friction 8945 2575 7702 19223 122
Building | Static Regain 7625 2575 7965 18165 7.0
in OK T-method 6614 2575 7904 17093 12
VAV Opt 6372 2575 7940 16887 0.0
Equal Friction 8440 2420 6917 17rri 122
Building | Static Regain 7509 2420 7060 16989 8.1
inMN T-method 6288 2420 7098 15806 12
VAV Opt 6015 2420 7182 15617 0.0
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TABLE B6. Cost Comparison between Different Duct Design Methods (MN electric)

Duct Duct Design DUCt,COSt Fan Cost,$ |Operating Cost,§ L.C.Cost, $ Saving % of
System Method (Aluminum) VAV Opt
Equal Friction 9131 2110 6423 17664 92
ASHRAE ASH_RA E A_nS. 7914 2110 6616 16640 36
Example | Siaic Regain 8022 2110 6693 16408 2.2
T-method 7524 2110 6742 16377 2.0
VAV Opt 7128 2110 6806 16044 0.0
Equal Friction 8345 2575 8490 20010 115
Building | Static Regain 7625 2575 8825 19025 6.9
inOK T-method 6614 2575 8783 17972 15
VAV Opt 6236 2575 8897 17707 0.0
Equal Friction 8440 2420 7676 18536 117
Building | Static Regain 7509 2420 7861 17790 8.0
inMN T-method 6288 2420 7901 16609 14
VAV Opt 5862 2420 8087 16369 0.0
TABLE B7. Cost Comparison between Different Duct Design Methods (NY electric)

Sf/)ggtm Dlﬁteﬁ]%ségn (Elt%i(rigns:) Fan Cost, $ |Operating Cost,§ L.C.Cost, $ S@’XQ? g(;)?f
Equal Friction 9131 2110 10182 21424 6.1
ASHRAE ASHRAE Ans. 7914 2110 10535 20560 22
Example Static Regain 8022 2110 10705 20837 35
T-method 7913 2110 10524 20547 21
VAV Opt 7459 2110 10546 20115 0.0
Equal Friction 8945 2575 14197 25718 7.8
Building | Static Regain 7625 2575 14861 25060 5.3
in OK T-method 6835 2575 14631 24042 13
VAV Opt 6478 2575 14668 23720 0.0
Equal Friction 8440 2420 12385 23246 87
Building | Static Regain 7509 2420 12745 22673 64
inMN T-method 6546 2420 12651 21617 18
VAV Opt 6115 2420 12696 21231 0.0
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TABLE B8. Duct Sizes of the Large Office Building in OK (8760-hr schedule, Ga. Steel ducts)
unit: inch (1in.=0.025 m)

Max - : T-method VAV Opt. Procedure
sontion | Airflow, | MimSze - B ) EAE e [T OK ] MN [ N [ OK | MN [ NY [ OKERae(doubled
cfm E Rate ERate | ERate | ERate | ERate | E Rate duct cost)

1 8678 24 50 30 24 26 26 26 24 24 26 24
2 2699 13 28 18 14 14 14 14 13 13 13 13
3 1800 11 22 16 14 12 12 12 11 11 12 11
4 1350 9 20 14 14 9 9 9 9 10 9 9
5 900 8 16 12 12 8 8 8 8 8 8 9
6 450 6 11 10 9 7 6 7 7 6 7 6
7 900 8 16 12 9 8 8 8 8 8 8 8
8 1637 10 22 16 11 11 11 11 10 10 10 10
9 910 8 16 12 9 9 9 9 8 8 8 8
10 728 7 15 11 9 7 7 7 7 7 8 7
11 546 6 13 10 9 6 6 6 6 6 6 6
12 364 5 10 9 9 5 5 5 5 5 5 5
13 182 4 7 7 7 4 4 4 4 71 4 4
14 182 7] 7 7 5 71 4 71 7] 71 7 4
15 728 7 15 11 9 7 7 8 7 7 7 7
16 182 7] 7 7 5 4 7] 4 7] 4 4 4
17 546 6 13 10 9 6 6 6 7 6 6 6
18 364 5 10 9 9 5 5 5 5 6 5 5
19 182 7] 7 7 7 71 7] 71 7] 71 7 7
20 4341 16 36 22 18 17 17 17 16 17 18 16
21 728 7 15 11 9 7 7 7 7 7 7 7
22 546 6 13 10 9 6 6 6 7 7 6 7
23 364 5 10 9 9 5 5 5 5 6 5 5
24 162 4 7 7 7 4 4 4 4 71 5 4
25 3614 15 32 22 18 15 15 16 16 16 18 15
26 723 7 14 11 9 7 7 7 7 7 7 7
27 1445 10 20 15 14 10 10 10 10 10 10 10
28 1084 8 18 13 14 8 8 9 8 9 8 8
29 723 7 14 11 12 7 7 8 7 7 7 8
30 361 5 10 9 9 6 6 6 5 5 5 5
31 1445 10 20 15 14 12 12 12 10 10 10 10
32 1084 8 18 13 14 9 9 10 9 9 9 9
33 723 7 14 11 12 8 8 9 7 7 8 7
34 361 5 10 9 9 7 7 7 6 6 6 5
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TABLE B9. Cost Comparison between Different Duct Design Methods:

when the large office building in OK uses galvanized steel ducts

Unit: $
Electric | Duct Design Duct Cost . Saving % of
Rate Metho dg (Ga Sted) Fan Cost | Operating Cost| L.C.Cost Vv A\? Opt

Equal Friction 11474 2575 7845 21893 12.7
El Sclfri c Static Regain 9915 2575 8223 20712 7.7
Rate T-method 8362 2575 8338 19276 0.8
VAV Opt 7957 2575 8591 19123 0.0
Equal Friction 11474 2575 8671 22720 110
E'Z(':L\'ri . [ StaticRegan %15 2575 9151 21641 66
Rate T-method 8349 2575 9367 20292 04
VAV Opt 8025 2575 9613 20213 0.0
Equal Friction 11474 2575 14557 28606 6.8
o Z'C\t{ric Static Regain %15 2575 15506 2799 28
Rate T-method 8491 2575 15765 26831 0.7
VAV Opt 8329 2575 15750 26654 0.0
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TABLEB10. Duct Sizes of the Large Office Building in OK with Setback Control Operation

(Optimized with d uminum ducts and OK electric rate)

Unit: inch (1in.=0.025 m)

Duct Max Airflow R : Setback-control Schedule 8760-hr Schedule
Section Cfm Min Size Max. Size Eq. Friction T-method VAV Opt VAV Opt
1 8789 24 50 30 26 26 24
2 2730 13 28 19 14 13 13
3 1820 11 22 16 12 11 11
4 1365 9 20 15 10 9 9
5 910 8 16 13 8 8 8
6 455 6 11 9 7 7 7
7 910 8 16 13 8 8 8
8 1639 10 22 16 11 11 10
9 911 8 16 13 9 9 8
10 729 7 15 11 8 7 7
11 546 6 13 10 6 6 6
12 364 5 10 9 6 5 5
13 182 4 7 7 4 4 4
14 182 4 7 7 4 4 4
15 729 7 15 11 8 7 7
16 182 4 7 7 4 4 4
17 546 6 13 10 6 7 6
18 364 5 10 9 5 5 5
19 182 4 7 7 4 4 4
20 4420 16 36 22 20 18 20
21 729 7 15 11 8 7 7
22 546 6 13 10 6 6 6
23 364 5 10 9 5 6 5
24 182 4 7 7 4 4 4
25 3691 15 32 22 16 16 16
26 738 7 14 11 7 7 7
27 1477 10 20 15 10 10 10
28 1107 8 18 13 9 8 8
29 738 7 14 11 8 7 7
30 369 5 10 9 6 6 5
31 1477 10 20 15 13 11 11
32 1107 8 18 13 10 9 8
33 738 7 14 11 9 8 8
34 369 5 10 9 7 7 6
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TABLE B11. Duct Sizes of the Large Office Building in MN with Setback Control Operations

(Optimized with luminum ducts and MN electric rate)

Unit: inch (1in.=0.025 m)

Duct Max Airflow R : Setback-control schedule 8760-hr schedule
Section cfm Min Size Max. Size Eq. Friction T-method VAV Opt VAV Opt
1 7574 22 48 28 24 22 22
2 2498 12 26 18 13 13 12
3 1665 10 22 16 11 11 11
4 1249 9 19 14 9 9 10
5 833 7 16 12 8 8 10
6 416 5 11 9 6 6 6
7 833 7 16 12 7 7 7
8 1213 9 19 14 10 9 9
9 674 7 14 11 8 7 7
10 539 6 13 10 7 6 6
11 404 5 11 9 6 6 6
12 269 4 9 8 5 5 5
13 135 3 6 6 4 4 4
14 135 3 6 6 3 3 3
15 539 6 13 10 7 6 6
16 135 3 6 6 3 3 3
17 404 5 11 9 6 6 5
18 269 4 9 8 5 4 5
19 135 3 6 6 4 4 3
20 3864 15 34 22 18 16 16
21 539 6 13 10 7 6 6
22 404 5 11 9 6 6 6
23 269 4 9 8 5 5 6
24 135 3 6 6 4 5 4
25 3325 14 30 20 15 16 16
26 665 7 14 11 7 7 7
27 1330 9 20 14 10 9 9
28 997 8 17 13 8 8 9
29 665 7 14 11 7 7 7
30 332 5 10 9 6 6 5
31 1330 9 20 14 12 10 9
32 997 8 17 13 9 9 9
33 665 7 14 11 8 8 7
34 332 6 10 9 7 6 6
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TABLEB12. Cost Comparison between Different Duct Design Methods

when two different system operating schedules are used

Unit: $

Duct System Dl:\(/l:techis(;gn (Elt%ig;ﬁ) Fan Cost | Opr.Cost | L.C.Cost S?/VA"\]? g‘;)ff
Seback contro 9029 2575 5649 17254 136
"ok | sobmkceono | O | mm | w2 | s |17
EIect?i)E Rate Set;)/a'?:\lf ccc)JFr):troI 6488 2575 5845 14908 00
o 6372 2575 7940 16887 117
S?tl;aalck':::iggt?gl 8467 2420 6885 17771 125
e | setaeoo | @@ | a0 | 7m0 | mas | a7
EIeCtI\:: CN Rate Sett)/apx‘:\lz ccg)Fr)lttroI o%l 2420 82 1554 00
e 5862 2420 8087 16369 50
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APPENDIX C-- BLAST Input Files
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(1) Blast Input Filefor the Large Office Building in Oklahoma with On-Schedule

BEGIN INPUT;
RUN CONTROL:
NEW ZONES,
NEW AIR SYSTEMS,
PLANT,
DESIGN SYSTEMS,
REPORTS(96,plant loads),
UNITS(IN=ENGLISH, OUT=ENGLISH);
TEMPORARY MATERIALS:
concretel= (L=0.2917,K=1.7296,D=600.0,CP=0.837,ABS=0.65, TABS=0.900,ROUGH);
auminium1 =(L=0.0104,K=100.0000,0=171.0,CP=0.214,ABS=0.20,TABS=0.000,SMOQOTH);
bron2 = (R=0.070,SC=0.71,SMOQOTH,GLASS);
bronl= (R=0.980,SC=0.57,SMOOTH,GLASS);
END;
TEMPORARY WALLS:
wall1= (luminiuml, IN81 - BOARD INSULATION, CB53- 8 IN MW HOLLOW CBLK,
IN82 - STANDARD BATT INSULATION);
END;
TEMPORARY FLOORS:
cfloorl=(E8-5/8IN PLASTER OR GYP BOARD, AIRSPACE - CEILING, concretel ,
FINISH FLOORING - CARPET FIBROUS PAD);
cfloor2=(E5- ACOUSTICTILE, AIRSPACE - CEILING, concretel ,
FINISH FLOORING - CARPET FIBROUS PAD);
END;
TEMPORARY ROOFS,
cceil1= (FINISH FLOORING - CARPET FIBROUSPAD , concretel ,
AIRSPACE - CEILING, E8-5/8IN PLASTER OR GYP BOARD);
cceil2= (FINISH FLOORING - CARPET FIBROUSPAD , concretel ,
AIRSPACE - CEILING, E5- ACOUSTICTILE);
END;
TEMPORARY WINDOWS:
window?2 = (bron2);
window1 = (bronl);
END;
TEMPORARY SCHEDULE (people):
MONDAY THRU FRIDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,1.00,1.00,1.00,
1.00,1.00,1.00,1.00,1.00,1.00,1.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SATURDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SUNDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
HOLIDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL 1=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL2=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL3=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL4=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00);
END;
TEMPORARY SCHEDULE (lights):
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MONDAY THRU FRIDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,1.00,1.00,1.00,
1.00,1.00,1.00,1.00,1.00,1.00,1.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SATURDA Y =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SUNDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
HOLIDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL 1=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL2=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL3=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL4=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00);
END;
TEMPORARY SCHEDULE (equipment):
MONDAY THRU FRIDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,1.00,1.00,1.00,
1.00,1.00,1.00,1.00,1.00,1.00,1.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SATURDA Y =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SUNDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
HOLIDAY =(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL 1=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL2=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECI AL 3=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00),
SPECIAL4=(0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,
0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00);
END;
TEMPORARY CONTROLS (VAV):
PROFILES:
VAV=(1.0000 AT 55.00, 0.83683 AT 67.00, 0.0000 AT 69.4121,
-0.17143 AT 70.0,-0.19429 AT 72.00,-0.6 AT 76,-1.0 AT 90);
SCHEDULES
MONDAY THRU FRIDAY=(0 TO 24-VAV),
SATURDAY=(0 TO 24-VAV),
SUNDAY=(0 TO 24-VAV),
HOLIDAY=(0TO 24-VAV),
SPECIAL1=(0 TO 24-VAV),
SPECIAL2=(0 TO 24-VAV),
SPECIAL3=(0 TO 24-VAV),
SPECIAL4=(0 TO 24-VAV);
END;
PROJECT="Project of BOK simulation (HBLC) 2000 1151 ";
LOCATION=TULSA ;
DESIGN DAY S=TULSA SUMMER, TULSA WINTER;
WEATHER TAPE FROM 01JAN THRU 31DEC;
REPORT FILE FROM 01JAN THRU 31DEC;
GROUND TEMPERATURES=(55, 55, 55, 55, 55, 55, 55, 55, 55, 55, 55, 55);
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BEGIN BUILDING DESCRIPTION,;
BUILDING="BOK- Part #1";
NORTH AXI1S=340.00;
SOLAR DISTRIBUTION=1;
ZONE 18"Zone 18 @ 8502040 T":
ORIGIN:(143.20, 123.77, 0.00);
NORTH AX1S=0.00;
PARTITIONS:
STARTING AT(0.00, 0.00, 0.00)
FACING(180.00)
TILTED(90.00)
PARTITIONOZ (85.00 BY 12.80),
STARTING AT(85.00, 0.00, 0.00)
FACING(90.00)
TILTED(90.00)
PARTITIONOZ (20.40 BY 12.80),
STARTING AT(85.00, 20.40, 0.00)
FACING(0.00)
TILTED(90.00)
PARTITIONOZ (85.00 BY 12.80),
STARTING AT(0.00, 20.40, 0.00)
FACING(270.00)
TILTED(90.00)
PARTITIONO2 (2040 BY 12.80);
FLOORS:
STARTING AT(0.00, 0.00, 0.00)
FACING(90.00)
TILTED(180.00)
cfloorl (20.40 BY 85.00);
CEILINGS:
STARTING AT(0.00, 0.00, 12.80)
FACING(180.00)
TILTED(0.00)
cceill (85.00 BY 20.40);
PEOPLE=15,people,
AT ACTIVITY LEVEL 0.45, 60.00 PERCENT RADIANT,
FROM 01JAN THRU 31DEC;
LIGHTS=7.10,lights,
0.00 PERCENT RETURN AIR, 40.00 PERCENT RADIANT,
20.00 PERCENT VISIBLE, 0.00 PERCENT REPLACEABLE,
FROM 01JAN THRU 31DEC;
ELECTRIC EQUIPMENT=5.92,equipment ,
30.00 PERCENT RADIANT, 0.00 PERCENT LATENT, 0.00 PERCENT LOST,
FROM 01JAN THRU 31DEC;

CROSS MIXING=500,CONSTANT ,
FROM ZONE 19, 0.00 DEL TEMP,
FROM 01JAN THRU 31DEC;

CONTROLS=VAYV, 2587 HEATING, 18.863 COOLING,
0.00 PERCENT MRT,
FROM 01JAN THRU 31DEC;
END ZONE;
ZONE 19"Zone 19 @ 1500 7820 T":
ORIGIN:(121.30, 123.87, 0.00);
NORTH AX1S=0.00;
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PARTITIONS:
STARTING AT(0.00, 0.00, 0.00)
FACING(180.00)
TILTED(90.00)
PARTITION23 (2250 BY 12.80),
STARTING AT(22.50, 0.00, 0.00)
FACING(90.00)
TILTED(90.00)
PARTITIONOZ (20.40 BY 12.80),
STARTING AT(22.50, 20.40, 0.00)
FACING(180.00)
TILTED(90.00)
PARTITIONOZ (85.00 BY 12.80),
STARTING AT(107.50, 20.40, 0.00)
FACING(270.00)
TILTED(90.00)
PARTITIONOZ (20.40 BY 12.80),
STARTING AT(107.50, 0.00, 0.00)
FACING(180.00)
TILTED(90.00)
PARTITION23 (2250 BY 12.80),
STARTING AT(130.00, 0.00, 0.00)
FACING(90.00)
TILTED(90.00)
PARTITION23 (78.20 BY 12.80),
STARTING AT(130.00, 78.20, 0.00)
FACING(0.00)
TILTED(90.00)
PARTITION23 (130.00 BY 12.80),
STARTING AT(0.00, 78.20, 0.00)
FACING(270.00)
TILTED(90.00)
PARTITION23 (78.20 BY 12.80);
FLOORS:
STARTING AT(0.00, 0.00, 0.00)
FACING(90.00)
TILTED(180.00)
cfloorl (91.80 BY 91.90);
CEILINGS:
STARTING AT(0.00, 0.00, 12.80)
FACING(180.00)
TILTED(0.00)
cceil1 (91.90 BY 91.80);
PEOPL E=65,people,
AT ACTIVITY LEVEL 0.45, 60.00 PERCENT RADIANT,
FROM 01JAN THRU 31DEC;
LIGHTS=34.54 lights,
0.00 PERCENT RETURN AIR, 40.00 PERCENT RADIANT,
20.00 PERCENT VISIBLE, 0.00 PERCENT REPLACEABLE,
FROM 01JAN THRU 31DEC;
ELECTRIC EQUIPMENT=28.78,equipment ,
30.00 PERCENT RADIANT, 0.00 PERCENT LATENT, 0.00 PERCENT LOST,
FROM 01JAN THRU 31DEC;
CROSS MIXING=500,CONSTANT ,
FROM ZONE 18, 0.00 DEL TEMP,
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FROM 01JAN THRU 31DEC;
CROSS MIXING=3628,CONSTANT ,
FROM ZONE 20, 0.00 DEL TEMP,
FROM 01JAN THRU 31DEC;
CROSS MIXING=2374,CONSTANT ,
FROM ZONE 21, 0.00 DEL TEMP,
FROM 01JAN THRU 31DEC;
CROSSMIXING=2710,CONSTANT ,
FROM ZONE 22, 0.00 DEL TEMP,
FROM 01JAN THRU 31DEC;
CONTROLS=VAV, 11.988 HEATING, 87.410 COOLING,
0.00 PERCENT MRT,
FROM 01JAN THRU 31DEC;

END ZONE;

ZONE 20"Zone20 @ 2009990 T":
ORIGIN:(251.39, 107.41, 0.00);
NORTH AX1S=0.00;

EXTERIOR WALLS:
STARTING AT(14.90, 0.00, 0.00)
FACING(90.00)
TILTED(90.00)
wadll(99.90 BY 12.80)
WITH WINDOWS OF TYPE
window1 (99.00 BY 11.80)
REVEAL (0.00)
AT (0.60, 0.10),
STARTING AT(14.90, 99.90, 0.00)
FACING(0.00)
TILTED(90.00)
wall(14.90 BY 12.80)
WITH WINDOWS OF TY PE
window1 (14.00 BY 11.80)
REVEAL(0.00)
AT (0.40, 0.50);
PARTITIONS:
STARTING AT(0.00, 0.00, 0.00)
FACING(180.00)
TILTED(90.00)
PARTITION23 (14.90 BY 12.80),
STARTING AT(0.00, 99.90, 0.00)
FACING(270.00)
TILTED(90.00)
PARTITION23 (99.90 BY 12.80);
FLOORS:
STARTING AT(0.00, 0.00, 0.00)
FACING(90.00)
TILTED(180.00)
cfloorl (99.90 BY 14.90);
CEILINGS:
STARTING AT(0.00, 0.00, 12.80)
FACING(180.00)
TILTED(0.00)
cceil1 (14.90 BY 99.90);
PEOPLE=10,people,
AT ACTIVITY LEVEL 0.5, 60.00 PERCENT RADIANT,
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FROM 01JAN THRU 31DEC;
LIGHTS=6.10/lights,
0.00 PERCENT RETURN AIR, 40.00 PERCENT RADIANT,
20.00 PERCENT VISIBLE, 0.00 PERCENT REPLACEABLE,
FROM 01JAN THRU 31DEC;
ELECTRIC EQUIPMENT=5.08,equipment ,
30.00 PERCENT RADIANT, 0.00 PERCENT LATENT, 0.00 PERCENT LOST,
FROM 01JAN THRU 31DEC;
CROSS MIXING=3628,CONSTANT ,
FROM ZONE 19, 0.00 DEL TEMP,
FROM 01JAN THRU 31DEC;
Infiltration=363.00,CONSTANT,
WITH COEFFICIENTS (0.606000,0.020000,0.000598,0.000000),
FROM 01JAN THRU 31DEC;
CONTROLS=VAYV, 86.444 HEATING, 137.118 COOLING,
0.00 PERCENT MRT,
FROM 01JAN THRU 31DEC;
END ZONE;
ZONE?21"Zone21 @ 13161790T":
ORIGIN:(120.15, 201.65, 0.00);
NORTH AX1S=0.00;
EXTERIOR WALLS:
STARTING AT(131.60, 4.90, 0.00)
FACING(0.00)
TILTED(90.00)
wall(130.00 BY 12.80)
WITH WINDOWS OF TYPE
window1 (128.00 BY 11.80)
REVEAL(0.00)
AT (0.60, 0.50);
PARTITIONS:
STARTING AT(1.60, 0.00, 0.00)
FACING(180.00)
TILTED(90.00)
PARTITION23 (130.00 BY 12.80),
STARTING AT(131.60, 0.00, 0.00)
FACING(90.00)
TILTED(90.00)
PARTITIONZ23 (4.90 BY 12.80),
STARTING AT(1.60, 4.90, 0.00)
FACING(270.00)
TILTED(90.00)
PARTITION23 (4.90 BY 12.80);
FLOORS:
STARTING AT(0.00, 0.00, 0.00)
FACING(90.00)
TILTED(180.00)
cfloorl (4.90 BY 130.00);
CEILINGS:
STARTING AT(0.00, 0.00, 12.80)
FACING(180.00)
TILTED(0.00)
cceill (130.00 BY 4.90);
PEOPLE=5,people,
AT ACTIVITY LEVEL 045, 60.00 PERCENT RADIANT,
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FROM 01JAN THRU 31DEC;

LIGHTS=2.61 lights,

0.00 PERCENT RETURN AIR, 40.00 PERCENT RADIANT,
20.00 PERCENT VISIBLE, 0.00 PERCENT REPLACEABLE,
FROM 01JAN THRU 31DEC;

ELECTRIC EQUIPMENT=2.17,equipment ,
30.00 PERCENT RADIANT, 0.00 PERCENT LATENT, 0.00 PERCENT LOST,
FROM 01JAN THRU 31DEC;

CROSS MIXING=2374,CONSTANT ,
FROM ZONE 19, 0.00 DEL TEMP,

FROM 01JAN THRU 31DEC;

Infiltration=237.00,CONSTANT,

WITH COEFFICIENTS (0.606000,0.020000,0.000598,0.000000),
FROM 01JAN THRU 31DEC;

CONTROLS=VAYV, 75416 HEATING, 89.728 COOLING,
0.00 PERCENT MRT,

FROM 01JAN THRU 31DEC;
END ZONE;
ZONE 22"Zone22 @ 2005980 T":

ORIGIN:(106.14, 147.70, 0.00);

NORTH AXI1S=0.00;

EXTERIOR WALLS:

STARTING AT(14.90, 59.80, 0.00)
FACING(0.00)
TILTED(90.00)
wall(14.90 BY 12.80)
WITH WINDOWS OF TY PE
window1 (14.00 BY 11.80)
REVEAL(0.00)
AT (0.50, 0.50),
STARTING AT(0.00, 59.80, 0.00)
FACING(270.00)
TILTED(90.00)
wadll (59.80 BY 12.80)
WITH WINDOWS OF TYPE
window1 (59.00 BY 11.80)
REVEAL (0.00)
AT (0.60, 0.10);

PARTITIONS:

STARTING AT(0.00, 0.00, 0.00)
FACING(180.00)

TILTED(90.00)

PARTITION23 (14.90 BY 12.80),
STARTING AT(14.90, 0.00, 0.00)
FACING(90.00)

TILTED(90.00)

PARTITION23 (59.80 BY 12.80);

FLOORS:

STARTING AT(0.00, 0.00, 0.00)
FACING(90.00)
TILTED(180.00)

cfloorl (59.80 BY 14.90);

CEILINGS:

STARTING AT(0.00, 0.00, 12.80)
FACING(180.00)
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TILTED(0.00)
cceill (14.90 BY 59.80);
PEOPLE=5,people,
AT ACTIVITY LEVEL 045, 60.00 PERCENT RADIANT,
FROM 01JAN THRU 31DEC;
LIGHTS=3.65,lights,
0.00 PERCENT RETURN AIR, 40.00 PERCENT RADIANT,
20.00 PERCENT VISIBLE, 0.00 PERCENT REPLACEABLE,
FROM 01JAN THRU 31DEC;
ELECTRIC EQUIPMENT=3.04,equipment ,
30.00 PERCENT RADIANT, 0.00 PERCENT LATENT, 0.00 PERCENT LOST,
FROM 01JAN THRU 31DEC;
CROSS MIXING=2710,CONSTANT ,
FROM ZONE 19, 0.00 DEL TEMP,
FROM 01JAN THRU 31DEC;
Infiltration=271.00,CONSTANT,
WITH COEFFICIENTS (0.606000,0.020000,0.000598,0.000000),
FROM 01JAN THRU 31DEC;
CONTROLS=VAYV, 65.203 HEATING, 102.428 COOLING,
0.00 PERCENT MRT,
FROM 01JAN THRU 31DEC;
END ZONE;
END BUILDING DESCRIPTION;
BEGIN FAN SYSTEM DESCRIPTION;
VARIABLEVOLUME SYSTEM 1
"vav 1" SERVING ZONES 18,19,20,21,22;
FOR ZONE 18:
SUPPLY AIR VOLUME=500;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
END ZONE;
FOR ZONE 19:
SUPPLY AIRVOLUME=2312
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
END ZONE;
FOR ZONE 20:
SUPPLY AIR VOLUME=3628;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,
zone multiplier=1;
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report variables=(9);

END ZONE;

FOR ZONE 21

SUPPLY AIR VOLUME=2374;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY =3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;

report variables=(9);

END ZONE;

FOR ZONE 22:
SUPPLY AIR VOLUME=2710;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
report variables=(9);

END ZONE;

OTHER SYSTEM PARAMETERS:

SUPPLY FAN PRESSURE=2.48914;
SUPPLY FAN EFFICIENCY=0.7,
RETURN FAN PRESSURE=0.0;
RETURN FAN EFFICIENCY=0.7,
EXHAUST FAN PRESSURE=1.00396;
EXHAUST FAN EFFICIENCY=0.7;
COLD DECK CONTROL=FIXED SET POINT;
COLD DECK TEMPERATURE=55.0;
COLD DECK THROTTLING RANGE=0.0;
COLD DECK CONTROL SCHEDULE=(57 AT 72,53 AT 75.2);
HEATING COIL ENERGY SUPPLY=HOT WATER,;
HEATING COIL CAPACITY =3412000;
HOT DECK CONTROL=0OUTSIDE AIR CONTROLLED;
HOT DECK THROTTLING RANGE=7.2;
hot deck control schedule=(120 at O, 68 at 68);
MIXED AIR CONTROL=FXED PERCENT;
DESIRED MIXED AIR TEMPERATURE=COLD DECK TEMPERATURE;
OUTSIDE AIR VOLUME=0.0;
PREHEAT COIL LOCATION=NONE;
PREHEAT TEMPERATURE=46.4;
PREHEAT ENERGY SUPPLY=HOT WATER,;
PREHEAT COIL CAPACITY=0;
GASBURNER EFFICIENCY=0.;
VAV VOLUME CONTROL TYPE=VARIABLE FAN SPEED;
HUMIDIFIER TYPE=NONE;
HUMIDISTAT LOCATION=18;
HUMIDISTAT SET POINT=50;
SYSTEM ELECTRICAL DEMAND=0.0;

END OTHER SYSTEM PARAMETERS;

COOLING COIL DESIGN PARAMETERS!
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COIL TYPE=CHILLED WATER,
AIR VOLUME FLOW RATE=20000;
BAROMETRIC PRESSURE=406.8136;
AIR FACE VELOCITY=490;
ENTERING AIR DRY BULB TEMPERATURE=80.006;
ENTERING AIR WET BULB TEMPERATURE=66.992;
LEAVING AIR DRY BULB TEMPERATURE=60.404;
LEAVING AIR WET BULB TEMPERATURE=54.0;
ENTERING WATER TEMPERATURE=44.996;
LEAVING WATER TEMPERATURE=54.644;
WATER VOLUME FLOW RATE=0.5348;
WATER VELOCITY=275;
END COOLING COIL DESIGN PARAMETERS,
HEAT RECOVERY PARAMETERS,
HTREC1(0.85,0.0,0.0);
HTREC2(0.0,0.0,0.0);
HTREC3(0.0,0.0,0.0);
HTREC4(0.0,0.0,0.0);
HTREC5(0.0,0.0,0.0);
HTREC6(0.0,0.0,0.0);
HTPWR(0.0,0.0,0.0);
HEAT RECOVERY CAPACITY=3412000;
END HEAT RECOVERY PARAMETERS;
EQUIPMENT SCHEDULES:
SYSTEM OPERATION=OFF,FROM 01JAN THRU 31DEC;
EXHAUST FAN OPERATION=ON,FROM 01JAN THRU 31DEC;
PREHEAT COIL OPERATION=0ON,FROM 01JAN THRU 31DEC;
HEATING COIL OPERATION=0ON,FROM 01JAN THRU 31DEC;
COOLING COIL OPERATION=ON,FROM 01JAN THRU 31DEC;
HUMIDIFIER OPERATION=ON,FROM 01JAN THRU 31DEC;
TSTAT BASEBOARD HEAT OPERATION=ON,FROM 01JAN THRU 31DEC;
HEAT RECOVERY OPERATION=OFF,FROM 01JAN THRU 31DEC;
MINIMUM VENTILATION SCHEDULE=MINOA,FROM 01JAN THRU 31DEC;
MAXIMUM VENTILATION SCHEDULE=MAXOA,FROM 01JAN THRU 31DEC;
SYSTEM ELECTRICAL DEMAND SCHEDUL E=ON,FROM 01JAN THRU 31DEC;
VAV MINIMUM AIR FRACTION SCHEDULE=VAV MIN FRAC,FROM 01JAN THRU 31DEC;
END EQUIPMENT SCHEDULES,
END SYSTEM;
END FAN SYSTEM DESCRIPTION,;
BEGIN CENTRAL PLANT DESCRIPTION,;
PLANT 1"PURCHASE_COOL" SERVING ALL SYSTEMS;
EQUIPMENT SELECTION:
PURCHASED cooling:
1 OF SIZE 100000;
END EQUIPMENT SELECTION;
SCHEDULE:
PLANT ELECTRICAL DEMAND=0.0,CONSTANT,FROM 01JAN THRU 31DEC;
PROCESS WASTE HEAT=0.0, CONSTANT, FROM 01JAN THRU 31DEC, AT LEVEL 5;
END SCHEDULE;
FOR SYSTEM 1
SYSTEM MULTIPLIER=L;
END SYSTEM;
END PLANT;
END CENTRAL PLANT DESCRIPTION;
END INPUT;
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(2) Part of the Blast I nput Filefor the Large Office Building in Oklahoma with Setback Controlled
Schedule.

Theinput fileisthe same as the one for the large office building in Oklahoma with the on schedul e except
the following:

TEMPORARY CONTROLS (VAV):
PROFILES:
VAV=(1.0000 AT 55.00, 0.809524 AT 67.00, 0.0000 AT 69.3182,
-0.171429 AT 70.0,-0.194286 AT 72.00,-0.6 AT 76,-1.0 AT 90);
setback=(1.0000 AT 54.00, 0.0000 AT 55.00, 0.00 &t 99, -1.00 &t 100);

SCHEDULES:
MONDAY THRU FRIDAY=(0 TO 7-setback, 7 TO 17-VAV, TO 24-setback),
SATURDAY=(0 TO 24-setback),
SUNDAY =(0 TO 24-setback),
HOLIDAY=(0 TO 24-setback),
SPECIAL1=(0 TO 24-setback),
SPECIAL2=(0 TO 24-setback),
SPECIAL3=(0 TO 24-setback),
SPECIAL4=(0 TO 24-setback);
END;
BEGIN FAN SYSTEM DESCRIPTION;
VARIABLE VOLUME SYSTEM 1
"vav 1" SERVING ZONES
18,19,20,21,22;
FOR ZONE 18:
SUPPLY AIRVOLUME=514;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
END ZONE;
FOR ZONE 19:
SUPPLY AIR VOLUME=2400;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
END ZONE;
FOR ZONE 20:
SUPPLY AIR VOLUME=3706;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
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report variables=(9);

END ZONE;

FOR ZONE 21
SUPPLY AIRVOLUME=2377;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY =3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
report variables=(9);

END ZONE;

FOR ZONE 22:
SUPPLY AIRVOLUME=2741;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=HOT WATER;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=HOT WATER,;
zone multiplier=1;
report variables=(9);

END ZONE;

(3) Part of Blast Input Filefor the Large Office Building in Minnesota with On Schedule.

Theinput fileisthe same as the one for the large office building in Oklahomawith the on schedul e except
the following:

TEMPORARY CONTROLS (VAV):
PROFILES:
VAV=(1.0000 AT 55.00,0.91915 AT 67.00, 0.0 AT 69.70282,
-0.171429 AT 70.00, -0.194286 at 72.00, -0.6 AT 76.00, -1.0 AT 90);

SCHEDULES:
MONDAY THRU FRIDAY=(0 TO 24-VAV),
SATURDAY=(0 TO 24-VAV),
SUNDAY=(0 TO 24-VAV),
HOLIDAY=(0 TO 24-VAV),
SPECIAL1=(0 TO 24-VAV),
SPECIAL2=(0 TO 24-VAV),
SPECIAL3=(0 TO 24-VAV),
SPECIAL4=(0 TO 24-VAV);

END;

BEGIN FAN SYSTEM DESCRIPTION;
VARIABLEVOLUME SYSTEM 1
"vav 1" SERVING ZONES

18,19,20,21,22,

FOR ZONE 18:
SUPPLY AIR VOLUME=498;
EXHAUST AIR VOLUME=G;
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MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM,;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1;

END ZONE;

FOR ZONE 19:
SUPPLY AIR VOLUME=2303;
EXHAUST AIR VOLUME=G;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM,;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1;

END ZONE;

FOR ZONE 20:
SUPPLY AIR VOLUME=3304;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM,;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1,
report variables=(9);

END ZONE;

FOR ZONE 21
SUPPLY AIR VOLUME=1853;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY =3412000;
REHEAT ENERGY SUPPLY=STEAM;
BASEBOARD HEAT CAPACITY=00;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1;
report variables=(9);

END ZONE;

FOR ZONE 22:
SUPPLY AIR VOLUME=2504;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY =3412000;
REHEAT ENERGY SUPPLY=STEAM;
BASEBOARD HEAT CAPACITY=0.;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1;
report variables=(9);
END ZONE;
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(4) Part of Blast Input Filefor the Large Office Building in Minnesota with Setback Controlled
Schedule.

Theinput fileisthe same as the one for the large office building in Oklahoma with the on schedul e except
the following:

TEMPORARY CONTROLS (VAV):

PROFILES

VAV=(1.0000 AT 55.00, 0.91486 AT 67.00, 0.0 AT 69.6874,
-0.17143 AT 70.00, -0.19429 & 72.00, -0.6 AT 76.00, -1.0 AT 90);

setback=(1.0000 AT 54.00, 0.0000 AT 55.00, 0.00 at 99, -1.00 at 100);

SCHEDULES:
MONDAY THRU FRIDAY=(0 TO 7-sethack, 7 TO 17-VAV, 17 TO 24-setback),
SATURDAY =(0 TO 24-setback),
SUNDAY =(0 TO 24-setback),
HOLIDAY=(0 TO 24-setback),
SPECIAL1=(0 TO 24-setback),
SPECIAL2=(0 TO 24-setback),
SPECIAL3=(0 TO 24-setback),
SPECIAL4=(0 TO 24-setback);

END;

BEGIN FAN SYSTEM DESCRIPTION;
VARIABLE VOLUME SYSTEM 1
"vav 1" SERVING ZONES

18,19,20,21,22;

FOR ZONE 18:
SUPPLY AIR VOLUME=500;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1;

END ZONE;

FOR ZONE 19:
SUPPLY AIRVOLUME=2321;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM;
zone multiplier=1;

END ZONE;

FOR ZONE 20:
SUPPLY AIR VOLUME=3333;
EXHAUST AIR VOLUME=0;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM;
zone multiplier=1;
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report variables=(9);

END ZONE;

FOR ZONE 21
SUPPLY AIR VOLUME=1758;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY =3412000;
REHEAT ENERGY SUPPLY=STEAM,;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM;
zone multiplier=1;
report variables=(9);

END ZONE;

FOR ZONE 22:
SUPPLY AIR VOLUME=2507;
EXHAUST AIR VOLUME=(;
MINIMUM AIR FRACTION=0.4;
REHEAT CAPACITY=3412000;
REHEAT ENERGY SUPPLY=STEAM;
BASEBOARD HEAT CAPACITY=0.0;
BASEBOARD HEAT ENERGY SUPPLY=STEAM,;
zone multiplier=1;
report variables=(9);
END ZONE;
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