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CHAPTER 1

INTRODUCTION

This thesis presents results of a part of the project to determine
the influence of room equipment and control system dynamics on energy
consumption in HVAC systems. This study will help to implement optimal
control strategies to save energy. To conduct such a study, it is
required to have validated dynamic simulation of room, equipment and
control system. Model formulation, digital simulation and experimental
validation of the transient thermal response of the room with fan coil

heating system has been reported in this thesis.



CHAPTER 2

MODEL FORMULATION

2-1 Introduction

Digital simulation of HVAC systems has been widely accepted by HVAC
engineers as a versatile tool to evaluate energy consumption. These
simulations can be classified as steady state and dyﬁamic. The dynamic
simulations can be further divided into long-term dynamics of the system
(hour-by-hour simulation) and those which consider short-term dynamics as
well. 7To evaluate energy consumption in the transient period of the systems
operation, it is required to have validated short-term simulation for the
HVAC system,

Literature search shows that following people attempted to model
various systems of the HVAC system.

Zermuehlen and Harrison [2] modeled room air without thermal capacitance.
Their system consisted of dual duct system and thermostat controlled damper
to control air temperature. The main objective of their work was to
demcnstrate principle of control as applied to HVAC system.

Nelson [3] modeled a one storey house and its associated heating and air
conditioning plant. He used an analog computer to simulate his model. He con-
cluded that variations in component design could be readily evaluated by
computer techniques to get maximum control performance with minimum cost.

Fan, Hwang and Hwang [4] and Nakahisha, Pereira, Fan and Hwang [5]
modeled a room heating system. The main objective of their work was to
demonstrate the applications of optimal control theory.

Hubbs [6] modeled a room with a unit ventilator system considering only



heat flow through the outside wall. He used response factors with a time step
of 6 minutes.

A "thermostatic radiator valve/panel radiator/room" system was
modeled by Hanby [8]. Thermostat, room air flow, room load and radiator
were modeled as first order systems with time delays.

Kaya [9] modeled one zone of a multizoned building and its heating
and cooling unité. Analysis was carried out by using the Root Locus method.

Miller [10] modeled, analysed and simulated single and multi-zone
buildings and associated multi zone heating and cooling units. He
concluded that the dymamics of the controls of an HVAC system can have
significant effect on reduction of energy usage.

J. R. Anders [12] used analog circuits to model heat flow. His digital
simulation predicted room temperatures with an accuracy of 2% and heat fluxes
through the walls within 15%.

Thompson and Chen [1l] modeled a room with a fan coil heating system.

Their model consisted of room air, walls, fan, ducts, and coil. Their

control unit consisted of a thermostat, valve, and valve actuator. Experiments
were conducted to validate their model. The work reported in this thesis

is a refinement of the above model that better matches the experimentally
observed behavior of the system. Component parameters were found by the method

of least squares and a parameter optimization technique.

2-2 Room Air Model

Room air is modeled to compute the average room air temperature. The
model is fermulated by carrying out an energy balance of the room.

Zermuehlen and Harrison [2] modeled room air by assuming perfect



mixing of air.

Harrison, Hansen and Zelenski [13] included thermal capacitance of the
air in their model. They used a combination of mixing and bulk flow of the
room air. 1In their experimental verification they were able to determine
a time constant, but no transit delay was observed. They considered an air
flow rate of 20 air changes per hour. A possible formulation of the transit
delay could be (assuming no mixing)

- Va Pa

D . (2-1)

Fan, Hwang and Hwang {4], Pereira [14], Nakanisha, Pereira, Fan and Hwang
[5] and Hubbs {6] modeled, the room air as a first order system assuming
instantaneous mixing of incoming air with room air.

Chen, Fan, Hwang and Lee [15] used the concept of age distribution to
study the air distribution in confined space.-.They also used statistical
analysis to relate age distribution and energy content of air in the room
to compute average room air temperature.

Nielsen [16] developed a theoretical model of the motion and temper-
ature of the air in a room. He used the finite difference method to solve
the partial differential Navier Stokes, continuity and energy equations.

Thompson and Chen [l] modeled room air assuming perfect instantaneous
mixing of incoming air with room air.

For this thesis the room air model is developed by making the following
assumptions:

1. Walls can be modeled by layers which are homogenous and have

constant thermal properties.

2. One directional conduction is assumed in walls.



3. Heat transfer film coefficients on the inside and outside of the
walls remain constant.

4. Wiﬁdows, doors, and the ceiling tile have-negligible thermal
capacity..

5. All four walls have the same average temperature.

Figure 1 illustrates the heat flow in a room. The following

factors are considered in the heat balance:

1. Heat stored in room air - PA-VA-CAwég%
2. Heat stored in furniture - XMF-CF-%%%
3. Heat flow into the room by HVAC system - XM1+CA-T1

4. Heat flow into the room by infiltration - XMO<CA-TO

5. Heat loss through return air - XM2.CA-TRET
6. Heat loss through surfaces with heat storage - QFLO .
7. Heat loss through surfaces without heat storage -~ QCOND

8. Heat gain due to lighting - QLITE

This model does not distinguish between latent and sensible heat. The

heat balance equation is

Pa-Va-CA %%3 + XMF-CF-%%% = ¥M1+CA-T1 - XM2+CA+TRET

+ (QFLO + QCOND + QLITE)

+ XMO-CA-TO (2-2)
This mass balance equation is XMO = XM2-XM1 (2-2a)

The room air temperature 1s considered to be an average temperature of
the air in the room and is representative of the total heat stored in the
room. For simplicity furniture 1s assumed to be at the same temperature

.as the air. In order to account for the heat leaving the room in the return
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air it.is necessary to determine the temperatqre of the return air. The
relationship between the temperatures of the incoming air, the infiltration
air, the return air and the average room is dependent upon the kind and loca-
tion of air diffusers, the shape of the room, the location of heat sources,
etec., If experimental data is available the return air temperature may be
expressed as

TRET = A2+T1l + B2+T2 + C2+TWALL : - (2-3)
Using experimental data and applying the method qf least squéres the weight-

ing factors A2, B2 and C2 were found and implemented in the model.

2-3 Wall Model

The wall model computes the heat loss through walls with thermal
capacity. Mitlas and Stephenson [17, 18] introduced the concept of response
-factars. They carried out their work by assuming one dimensional conduction,
homogeneous material, and constant thermal properties. They solved the
conduction equation for a unit ramp temperature excitation. The wvalues of
this response at discrete time intervals are the response.factors.

Calculation of respo£se factors was extended to multilayered structures
of various curvatures by Ksuda [19].

Stephenson and Mitlas [20] further developed the respomse factor method
by using Z-transforms for the inversion. This method is usually referred
to as the modified response factor method. They also found out that the
computation time and computer memory usage were reduced by using this method.

Mitlas and Arseneault [21] developed a computer program which computes
either response or modified response factors using either step or ramp inputs,

Thompson and Chen [1] chose the modified response factor method to

describe transient heat flow through the walls and floor because:



1. It can be used for multilayered walls.

2. It can be used for periodic and non-periodic temperature

excitations.

3. It is quite accurate.

4. Computation time is short compared to other methods.

The ramp approximation requires fewer terms than the step approximation
to fit most temperature profiles. But the ramp approximation method requires
current temperatures to compute heat fluxes. This step approximation method
does not require current temperatures to compute heat fulxes, Thompson and
Chen [1] decided to use the step approximation on inside temperatures and the
ramp approximation on outside temperatures. The modified response factor
th

equation for computing the heat flow through the jth surface at the n

instant of time is

r T
q.(n) = ¥ X, *T2(n-k) - } Y, -TO(n-k)
j e o L
r
-kél ij-qj(n—k) (2-4)

The temperature on the jth surface is compﬁted by

T, = T2 + q. 2-5
j qJ/ (2=5)

2-4 Thermostat Model

The thermostat model relates the temperature sensed by the thermostat
to its output pressure,
Hamilton, Leonard and Pearson [22], Thompson and Chen [1] and others

have modeled a thermostat with a gain and a single time comnstant, i.e.



P7(a) _ K7 - (2-6)
T7(s) {T71s+1) .

where T7 is the effective temperature of the thermostat. Nelson [3], Nelson
and Tobias [23], and Kaya [24] modeled T7 as

T7 = TEFF = A7+T2 + B7+TWAL (2-7)
where A? and B7 are weighting factors. This model did not agree well with the
experimental data. The experiment indicated that there is a phase lag between
TEFF and T2 and between TEFF and TWALL. In this work the thermostat

is modeled as

_ _A7.T2 B7+TWALL
TEFF = T371e+1) T (172s+D) (2-8)
In order te match equilibrium conditions we require
A7 +B7 = 1 (2-9)

The experiment also indicated the existence of a phase lag between TEFF

and the cutput pressure P7. To include this effect TEFF and P7 are

related by
P7(s) . _KC
TEFF(s) {s+c) (2-10)

Using experimental values for T2, TWALL, TEFF and P7 and applying the param-
eter optimization technique A7, B7, T71l, T72, C and K are evaluated. Details

of the parameter optimization technique are given in Appendix D.

2-5 Value Actuator Model

The value actuator is modeled to compute the valve travel. Thompson
and Chen [1] modeled the valve actuator as a damped spring-mass system
taking hysterisis into account. The values of the coefficients in the
model_were found experimentally and implemented as

Y9 =U+P8 + a + HYS (2-11)
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2-6 Valve (water flow) Model

The valve is modeled to compute water flow rate through the valve.

Thompson and Chen [1] proposed a plecewise exponential model of the form

. Mmax
Mw - BS

“EXP (A9-Y9) 7 ' (2-12)

The coefficients in the above model were to be determined using experimental
data. Tbe parameters df the syétem and the characteristics of the experiment
were such that the water flow rate was either zero or near the maximum flow
raté during most of the experiment. Very few data points were obtained

at lower flow rates. There was not sufficient data distribution to make

a suitable evaluation of the above model. A simplified model consisting

of a linear function for low flow rates and a power function fo; higher

flow rates was implemented. The simplified model is

FLO = b*Y2 , Y9 < A (2-13)

FLO = d-¥9° , Y9 > A (2-14)

where b, d, e, and X are selected to obtain a suitable match of the
experimental data.

2-7 Heat Exchanger Model

The heat exchanger model relates the temperature of the éir leaving
the coil to the water flow rate through the coil.

Gartner [25] and Tamm and Green [26] modeled heat exchanger with a
gain and a time constant.

Boot, Pearson and Leonard [27] obtained algebric expressions to
approximate the gain and time constant of a finned, serpentine, cross
flow heat exchanger. Calculated values from their algebric approximatioms
had a maximum difference of 6.1% from the theoretical model and fitted

their experimental data within a 15% uncertainty.
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Gartner [25] proposed a partial differential equation model with .
time and distance along the tubes as the independent variables. He also
solved the partial differential equation and expimentally verified the
solution.

Toblas [28] gave a transfer function relating primary fluid outlet
temperature to primary fluid inlet temperature.

Thompson and Chen [1] proposed a model based on the effectiveness

of the heat exchanger. Effectiveness is defined as

_ Actual Temperature Rise in the Colder Fluid
Maximum Possible Temperature Rise of the Colder Fluid (2-15)

Based on this definition the temperatures of the air and water leaving

the heat exchanger may be expressed as

T6=TS+E. (T, -T5) Ma + CA<Mw+ CW (2-16)

Tew = T4 E-(Tiw - T5)°ﬁa-CA/(ﬁw;CW) (2-17)
or

T6=T5+E-(TiW-T5)-ﬁw-cw/(ﬁa-CA) | (2-18)

T =T, +E(T  -T5) , Ma« CA>MweCW (2-19)

Thompson and Chen suggested fitting the characteristics of a particular

heat exchanger with a polynomial in air and water flow rates and inlet

air temperature (for a specified inlet water temperature). The model

‘used in this thesis fits the effectiveness of the heat exchanger with a
piecewise linear function of water flow rate (the air flow rate is comstant).

< <
-FLO , F,. - FLO - F (2-20)

= +
B=E 11 i

107 11
For all but a few data points Ma+CA < Mw+CW and T6=T5+E« (T, -T5)

gives the temperature of the air leaving the heat exchanger.
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2-8 Fan and Duct Model

The fan and duct have significant effect on the temperature of the hot
air entering the room. The fan adds some energy to air and the duct loses
energy in the form of heat tramsfer to the surroundings. It is quite
difficult to separate the effeéts of the fan and the duct so they are
modeled together.

Tobias [28] modeled a duct as

Tao _ e 2T Y. _ Td+s "
Tai = EXP (-o°L+*s)*EXP(-B+L)*EXP [ aL[Tds+l] ] (2-21)

where the first exponential term is the delay time, the second is the atten-
uation of air temperature due to the transfer of heat to the duct and the
third is the phase shift and attenuation due to the transfer of heat from
the duct to the surrounding air.

Thompson and Chen [1] assumed zero phase shift, unity gain and zero
time delay because the ducts are short. Analysis of the experimental data
indicates the need to include heat loss from the supply duct to the
plenum above the ceiling.

Energy is transfered to the air from the fan along the duct as the
static pressure head is dissipated by friction. In this model the duct
is divided into two sections. One is the duct between the room and the
fan inlet and the other is the duct between the fan exit and the room inlet.

The energy balance for the duct between the fan inlet and the room
yields

T3=T2+¢-hm-hs-Wm/(XMZ-CA) (2-22)
The energy balance for the mixing of ventilation air yieldé

T4 = 5T+ (1-5)°T3 | (2-23)

The temperature rise across the fan was modeled by writing the energy



balance for the fan

T5=T4 + hm-(ht-hs)-wm/(mz-CA)

The energy balance for the duct between the fan exit and the

room inlet yields

Tl=T6+(l—¢)'hm'hs'wm/(XMl'CA)

The addition of heat transfer from the duct to the plenum air,
- the modified return air temperature model, and neglecting the temper-

ature rise across the fan the model for the fan and the ducts is

given as

TRET = A2-T1 + B2-T2 + C2-TWALL

T3 = TRET + &b ch_ewm/y 0. o
T4 = §T_ + (1-8) T3
TS5 = T4

XM1+CA+(T1-T6) = (l—@)-hm'hs-Wm + UAD°(T0—

(T1+T
2

A

13

(2-24)

(2-25)

(2-26)

(2-27)

(2-28)

(2-29)
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

3=-1 Introduction

An experiment was devised to validate the model of the transient thermal
response of a room with a fan coil heating system. Details of the system

and experimental procedures are described below.

3-2 Test facility

The test facility consists of a room within a room. The space between
the two rooms is used to circulate large quantities of cold air. The test
facility is suitably instrumented to obtain data. The details of test facility
and instrumentation can be visualised from the photographic Plates 1,
2 and 3.

The plan of the room is as shown in Figure 2. The room measures
19" 10.5"x12'x8'11". It has two wooden doors and one of them has a glass
window, The floor is built of wood. The ceiling is Celetex tile. The
ceiling has two heat diffusers and four florescent lights. The walls are
wood studs (frame), gypsum board, and fiber glass insulation. The construc-

tion details with thermophysical properties are given in Table (3-1).

3-3 Heating Circuit

The heating circuit can be divided into two sub-systems:
1. Hot air circuit

2. Hot water circuit.



Wall Data
Thickness

Layer ft

1 0.0

2 0.417

3 0.25

4 0.0

Floor Data
1 0.0
2 0.125

3 0.0

TABLE 3-1.
Specific
Conductivity Density heat
BTU 1b BTU
hr. ft.°F ft3 1b. °F
0.0 0.0 0.0
0.0925 50.0 0.26
0.026 9.0 0.24
0.0 0.0 0.0
O‘O O‘O 0.0
0.0667 32.0 0.33
0.0 0.0 0.0

15

Heat transfer
Coefficient
BRTU

hr.°F ft<

0.833



EXPLANATION OF PLATE 1

North View of Test Facility

Control Valve

Hot Water Reservoir

Coil

Supply "Q"-box

Micromanometers

Multimeter (to measure Valve travel)

Power Supply

16



17

Plate



EXPLANATION OF PLATE 2

View of Inside of the Room

Thermostat
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EXPLANATION OF PLATE 3

East View of Test Facility

Data acquisition System

Multimeter (to measure output pressure from thermostat)
Rotameter

Coil

Multimeter (to measure pressure drop across orifice)
Multimeter (to measure valve travel)

Power supply

Cold Air Fan



Plate 3
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Fig. 2. Schematic diagram of room and cold air circuit.
(note: numbers indicate the data acquisition channels
assigned to thermocouple locations).
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Hot Air Circut

Thé hot air circuit consisted of insulated duct, heating coil,
'Q'-boxes, dampers, diffusers, and fan.

Figure 3 is the schematlic, diagram of the hot air circut. The
return duct includes the return 'Q'-box and damper D1. The ventilation
duct includes damper D2. These ducts join in mixing box.M. The supply
duct includes supply 'Q'-box, damper D4, the coil, and the diffusers.

The exhaust air duct includes damper D3. Adjustment of dampers DI, D2{
D3, and D4 controls-the amount of ventilation air admitted to the system,
and the supply and return air flow rates. The supply andlreturn air flow
rates control the room pressurization which controls the infiltration flow
rate. The 'Q'-boxes are used to measure the supply and return air flow

rates.

Hot Water Circuilt

The hot water circuit consisted of a flowmeter, control valve, bypass
valve, coil, pump, water heater, and an orifice plate. Figure 4 is the
schematic diagram of the hot water circuit. Water is pumped from the
reservoir into the bottom of the water heater. The bypass‘valve is
used to control the pump outlet pressure by permitting some water to
flow back to the reservoir. Hot water from the top of the water heater
flows through to the flow meter, the pneumatic control valve, the coil,
and an orifice into the reservoir. The orifice which is adjustable is
used to control the rangability of the control wvalve.

A rotameter type flowmeter was used to measure the water flow rate

in the hot water circuit. It could measure flow rates between 0.2 to 3.0

gpPm.
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COoIL
14 L5

CONTROL VALVE
AND ACTUATOR  /'\

RIFICE PLATE
RESERVOIR

e

- BYPASS VALVE
PUMP

WATER
HEATER

Fig. 4. Schematic diagram of the hot water circuit.

CONTROL VALVE

THERMOSTAT AND ACTUATOR
5 VALVE
— > > == TRAVEL
INPUT OUTPUT
PRESSURE T PRESSURE
R00M
TEMPERATURE

Fig. 5. Schematic diagram of the control circuit.

25
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A Johnson model V-3762‘control valve was used to regulate the water

flow rate in the hot water circuit. The valve is accurately controlled
by an exposed type pneumatic actuator which has a synthetic rubber
diaphragm in a die cast aluminum housing. The molded diaphragm design
provides a constant effective area throughout the stroke. The complete
valve actuator assembly can be removed without disturbing the remainder of
the assembly. The valve actuator also gives an equal percentage relation-
ship between valve lift and flow at constant pressure drop.

Alteration of flow in the valve is effected by the movement of the
actuator, which is caused by the pneumatic pressure signal from the
thermostat.

A single pass, cross flow type heat exchanger was used.

An A. 0. Smith model KEN-52 electric water heater was used.

Specifications of the water heater are:

Model No.: KEN-52

Series No.: 860

Maximum power: 4500 watts
Working pressure: 150 psi
Capacity: _ 52 U.S. gallons
Range of temperature control: 110°F to 170°F

3-4 Control Unit

The purpose of the control unit was to maintain the room at a
set temperature. It consisted of a thermostat, pneumatic line and wvalwve
actuatof. Figure 5 is the schematic diagram of the control circuit.

The thermostat was mounted on one of the walls of the room. A constant

pressure air supply was provided to the thermestat. Input pressure to the
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thermostat was adjusted to PSe .. The thermostat senses the room temperature

t
and adjusts the output pressure which activates the valve actuator to alter
the hot water flow rate, The hot water flow rate controls the temperature of
the air delivered to the room.

Johnson Control Co. model T-4752 heating-cooling room thermostat was
used. It is a proportional action instrument. Figure 6 is a schematic
diagram of the thermostat.

On rising ambient temperdture the direct acting bimetallic element
bend toward the control port. This causes the pililot chamber pressure to
increase. The increasing pressure actuates the instrument relay, allowing
air to flow to the contrél line, thereby increasing the control pressure.

The increasing control pressure reduces the valve opening, hence reducing
hot water flow rate through the coil, and thus reducing the ambient temper-
ature in the room. Controi pressure acting on the feedback diaphragm causes
the lever to rotate away from the control port, thus establishing an exact
pressure corresponding to the tempature measured by the element.

On decreasing ambient temperature the bimetal element bends away
from the control port, allowing the relay pilot chamber pressure to escape
through it to the atmosphere. This decrease in the chamber pressure actuates
the relay, allowing the control and feed back chamber pressure to decrease.
The decreasing pressure on the feed back diaphragm causes the lever
to rotate towards the control port and the oufput pressure 1s varied
in proportion to the ambient temperature measured by the element. The
reduced pressure also permits the control valve to open, increasing

the flow of hot water to the coil and increasing the room temperature.
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3-5 Instrumentation

The instruments used in the experiment are described in this section.

'Q'-box:

'Q'-boxes were used to measure supply and return air flow rate. The
'Q"-boxes were manufactured by Tuttle and Bailey Company. The longitudnal
cross section is shown in the Figure 7.

Air flow rate is indicated by the pressure drop across the sieve
plate which is measured using a water micromanometer. Calibration
of pressure drop vs. velocity of flow in f.p.m. is provided by the
manufacturer. Flow rate is found by multiplying the air wvelocity
by the throat area of the box.

Balancing the Air Flow Rates;

The desired air flow rates were obtained by adjusting the dampers
in the ducts. The pressure drop corresponding to the desired flow rate
was obtained from the calibration. The control levers were adjusted
so that the manometers read the required pressure drops thus ensuring
the required air flow rates in the system.

Data Acquisitien System

During the validation experiment 23 different temperaﬁures were measured
every 3 minutes. Copper constantine thermocouples were used. The thermo-
couples were read by a data acquisition system.

An Easterline Angus P.D. 2064 data acquisition system was used.

The salient features of the P.D. 2064 are:

1. It is a key programmable data acquisition system under the control

of a2 micro-processor. The system can gather either analog or digital
data from up to 248 channels. The system prints out the measured

values in engineering or scientific units.
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2. A solid state integrated circuilt microprocessor is combined with
RAMS, ROMS and PROMS to provide a keyboard programmable system
that permits the instrument to scan, measure, collect, identify
and record both analog and digital signals.

3. The system provides linearization circuits for up to 4 different
thermocouple types. Input circuits for analog signals in the
millivolt and volt range and for (BCD) digital signals are provided.

Twenty three channels were used to measure and record temperatures at

twenty three different locations. The location and function of the
thermocouple attached ta each channel given in Table (3-2) and shown in
Figures 2, 3, and 4. The data acquisition system was programmed for
each channel with following parameters:

Units option: °C

Scan interval: 3 minutes

Channel interval: 1 second.

Data were prepared manually for input to the computer.

Potentiometer

A linear potentiometer was attached to the valve stem and used to
measure valve position. The potentiometer voltage which was proportinal
to valve position was measured with a digital multimeter.

Pressure Transducers Pace Wiancko model KP-15

A pressure transducers were used to measure the water flow rate in
the hot water circuit and the thermostat output pressure. The pressure
transducers were calibrated using a dead weight tester.

The water flow rate was obtained by measuring the pressure drop across
the orifice plate. The pressure transducer provides a voltage proportionmal to

pressure. At each sampling interval the transducer voltage was recorded



Channel #

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

15

20

22

23

TABLE 3-2.

Thermocouple location

Return airduct
Air space North
Air space West
Alr space South
Air space East
Ventilation air
Room down stairs
Plenum

North diffuser
South diffuser
Fan inlet

Air entering coil
Alr leaving coil
Water entering coil
Water leaving coil
North wall

West wall

South wall

East wall

Floor

Thermostat sensor

Qutlet of fan

Thermocouple #

32

1

2

10
11
12
13
14
15
16
17
138
19
20
22

23
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and the water flow rate was computed using the formula:
W %
FLO FLOmax 'VSQRT(V3/V3max)
The output pressure from the thermostat was obtained from another
pressure transducer. The pressure was obtained by multiplying the transducer

voltage by the calibration coefficient.

3-6 Experimental Procedure

The experiment was conducted in the following steps:

1. Inside room lights were turned off.

2. Room doors were closed and sealed with.tape.

3. Electrical connections were checked.

4. Dampers D5 and D7 in Figure 2 were closed and Damper D6 was
opened.

5. Cold air fan in Figure 2 was turned omn to circulate air in the
annular space.

6. Water heater temperature was maintained at 160°F.

7. Water pump was started.

8., Hot air fan in Figure 2 was turned on.

9. 'Q'-boxes were balanced as explained earlier. Air flow rate of
95 cfm was maintained in supply RQ'—box.

10. System was.operated until steady state conditions were reached.

11, After steady state conditions were reached dampers D5 and
D7 were opened and damper D6 was closed thus subjecting the
room to rapidly changing load. Data were obtained at 3 minute
intervals. The experiment was continued for 3.2 hours.

3-7 Determination of Coil, Valve and Valve Actuator Characteristics

Characteristics of the coil, valve and valve actuator were determined
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by using validation experiment data.
Coil
Effectiveness (E) of the coil was related to water flow rate through

the coil. The coil characteristics are tabulated below.

Flowrate of water in GPM Effectiveness
0-0.3 0.115
0.3 - 0.4 0.788
0.4 - 0.6 ' 0.790
0.6 - 0.8 0.7925
0.8 - 1.0 0.795
1.0 - 1.2 0.800
1.2 - 1.4 0.810
1.4 - 1.6 0.821
1.6 - 1.8 : 0.830
1.8 - 2.0 0.840

Valve (water flow)

A plot of water flow rate vs. normalized valve travel
is shown in Figure 8. Using the method of least squares the earlier
part of the curve was fitted with a linear curve and the later part with a

power curve. The parameter values are given below:

FLO = 2.362 * Y9, Y9 < 0.81379

1.98 * (Y9)O'14699, Y9 < 0.81379

[l

FLO

Valve Actuator

The normalized valve travel was related to the input pressure to the

valve actuator taking the hysteresis force into account. Experimental
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values of normalized valve travel vs input pressure to the valve actuator
aré ptotted in the Figure 9. The wvalve travel correction due to
hysterisis was found by measuring Iength DE in Figure 9. From the

plot the normalized valve travel is related to the input pressure by:

Y9 = YMAX « (5.11 - 1.23 P8+0.265)
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CHAPTER 4

RESULTS AND DISCUSSION

In order to evaluate the simulation, plots of experimental and
simulation data are presented. Simulation and experimental values are
also presented in the form of tables in Appendix 1.

In the experimental results the following uncertainties are tolerated.

Temperature measurement + 0.5°F

Pressure measurement + 0.28 psi

Water flow rate + 0.01 gpm.

4-1 Room Air

The simulated and the experimental room air temperatures are plotted
as in Figure 10. It is evident that the phase lag between the experimental
and simulated responses of room temperature is zero. There is an amplitude
difference of between 1 and 1.9°F between the two responses. The experi-
mental response is always higher than the simulated response. Part of this
difference may be attributed to the uncertainty in temperature measurement.
Other factors which may contribute to this difference are the inability

of the model to handle radiation effects, return air temperature, atc.

4-2 Supply Air

The experimental and simulated values of the temperatures of the air
entering the room are plotted in Figure 11. It may be observed
that there is a slight phase lag between the simulation and experiment.
This may be the result of neglecting the heat storage capacity of
the duct. The slight amplitude differeﬁce may be attributed to

experimental uncertainty.
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4-3 Coil
The simulated and experimental values of the temperature of the
air leaving the coil are plotted in Figure 12. The small difference
in the amplitudé may be attributed to uncertainty in the temperature
measurements. The slight phase lag may be the result of neglecting

the heat storage capacity of the coil.

4-4 Return Air

The experimental and simulated values of return air temperature are
plotted in Figure 13. Part of the difference iﬁ amplitude may be attributed
to experimental uncertainty. In the model the return air temperature was
computed as a weighted sum of supply, room average and wall temperatures.
It may be observed that all three of these temperatures are consistently
higher than the experimentally measured return air temperature so that
the weighted sum will also be consistently higher than the experimental

value. The return air model should include the outside air temperature.

4-5 Air Entering the Coil

The simulated and the experimental values of the temperature of
the air entering the coill are plotted in Figure 1l4. Part of the amplitude
difference may be attributed to experimental uncertainty. The diffenence
in the simulated and experimental wvalues of the return air temperature
would also contribute to the observed difference in the temperature of the

air entering the coil. .

4-6 Wall Temperature

The experimental and simulated wvalues of wall temperatures are

plotted in Figure 15. The small difference in the amplitude
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may be attributed to .experimental uncertainty.

4-7 FEffective Temperature of the Thermostat

The simulated and experimental values of the effective temperatures
of the thermostat are plotted in Figure 16. Effective temperature depends
on room air temperature and wall temperature. Part of amplitude
difference may be &ue‘to the differences in room air énd wall temperatures

and the rest to experimental uncertainty.

4-8 Thermostat Qutput Pressure

The simulated and experimental values‘of the thermostat output
pressure are plotted in Figure 17. It may be observed that the
simulated response tends to attain steady state faster than the
experimental response. During the first 1.3 hours of the experiment
the thermostat was not within its operating range and the substantial
difference in pressure is not considered to be a serious deficiency

in the model.

4-9 Valve Travel

The simulated and experimental valués of the normalized valve
travel are plotted in Figure 18. The simulation wvalve travel depends
completely on the simulated output pressure from the thermostat. It
may be observed that once the wvalve opens‘in the simulation it does
not modulate back like in the experiment. This behavior is do to the
difference in the thermostat output pressure.

4-10 Water Flow Rate

The simulated and experimental values of water flow rate are plotted

in Figure 19. Note the same difference in response as in the valve

46
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travel.
4-11 Conclusion

After a careful study of the results it is concluded that the
mathematical model is quite adequate for analysis and design purposes.
However, further improvements in the model, which are beyond the scope

of this project, are suggested in the next chapter.



CHAPTER 5

RECOMMENDATIONS FOR FURTHER STUDY

Recommendations for further study are given in three parts:

1.

2,

Z.

Experimental Work
Model Improvements

Model Extensions

5-1 Experimental Work

The experimental facility used for this project requires outside

air to provide the thermal load on the system. Because of delays in

getting some of the materials and instrumation used in the project

only a limited number of days of sufficiently cold weather were available

to conduct the experimental tests. The facility has been retained and

it is recommended that a few additional tests be conducted to provide

additional data under different conditions to more extensively verify

the model.

Based on our experience with the experimental results the

following suggestions are made for future experimentation:

1.

In the experiment 'Q'~boxes were uesd to measure the supply and
return air flow rates. As this type of measurement depends on
the perfection of the calibration of the '(Q'-box and on water
micro-manometer, the chances of making erronecus measurements
are high. It is suggested that a "Velometer' type instrument
be used to chack the 'Q'-boxes in further work.

It was found that a very high air infiltration rate existed

in our experiment. Because of the dominance of infiltration
more energy was required to maintain the room temperature.

It is suggested that door gaps be taped and wall cracks be



taken care of properly thereby more nearly duplicating the
practical case and saving energy.

In the experiment the valve travel, water flow rate and cutput
pressure from the thermostat were measured manually. To

avoid this tediousness, it is suggested to connect these
transducers to the data acquisition system in future
experiments.

In the experiment, the heat exchanger was operated in the
saturation region. As a result, the mathematical model for
the heat exchanger is almost flat (relation between effective-
ness and water flow rate). It is, therefore, quite insensitive
to changes in water flow rate. It is suggested that in

future experiments care should be taken not to operate the

coil in the saturation regiomn.

5-2 Model Improvemtns

After a careful study of the simulated and experimental results,

the following improvements in the mathematical model are suggested:

Lo

In the present model the return air temperature is taken as
a linear combination of supply, room, and wall temperatures.
It was observed that the simulated values were consisténtly
higher than the experimental wvalues. It is suggested that
the returm air temperature be modeled by adding the effect
of the outside air temperature.

The room air and wall models may be improved by accounting
for the convection film effect in the room air model rather

than in the wall model. The same change should be made at

53



the outside surface of the walls. These changes are suggested
for the following reasons:

Radiation effects may be handled more directly.

Changes in air flow conditions will cause the inside and out-
side convection film coefficients to vary. 1In the existing
method these coefficients are ineluded in the response factors
and cannot easily be changed during the calculation. 1In the
suggested method the coefficients appear directly and they
can be changed during the calculations as needed.

It is suggested that the heat storage capacity of the coil

be included in the model to overcome the small phase lag

between the simulated and the experimental respones.

5-3 Model Extensions .

The scope of this project was limited to the comnsideration of a

fan coil heating system of a single room. The results of this project
are encouraging and it 1s recommended that the work be extened to include
additional types of heating and cooling systems and components and to
include mere than one room. Many important questions of the effect on
energy consumption of system dynamics can be explored if alternative
system types can be considered and if the interactions of rooms in a

zone and zones in the system are included in the model.
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11.
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13.
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APPENDIX A

SIMULATION PROGRAM

The transient thermal response of a room with a fan coil heating
system was simulated on a digital computer. The computer program was
written in FORTRAN IV and run on an ITEL/AS5 machine.

The program consists of a main program and several subroutines.
Subroutines are sequentially called by the main program. Each subroutine
represents an individual component in the system. The program prints
the simulated results along with the experimental results for easy
comparison.

Integration Procedure

The room air and the thermostat models consist of linear differential
equations with constant coefficients. They are of the form

x = =Ax + 8(t) (A-1)
where

4 i state variable

A ¢ constant

$(t): forcing function
Assuming the forcing function to be constant over the sampling interval,
equation (A-1) may be integrated in closed form as

X(k+1) = EXP(-A*T) *X(k) + (1-EXP(-A#T)) —"%ﬁ Eh=2)

A copy of the simulation program with output results follows.



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH THE ORIGINAL
PRINTING BEING
SKEWED
DIFFERENTLY FROM
THE TOP OF THE
PAGE TO THE
BOTTOM.

THIS IS AS RECEIVED
FROM THE
CUSTOMER.
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EFEFES LAY BT R EFIFEF FELBZEXCEREREF LT RS I FFE IR KRR P UER AR F AN EE I L EZ R ERF L RAE R ES &

THIS PROGRAM 3IMULATES TRANSIENT THERMAL RESPONSE UF A Roulr wllH
FANGPLPE ANC CUIL HEATING SYSTek.

SAMPLING INTERVAL 15 THREE MINUTcS.

PRCGRAM CONSISTS CF SEVERAL SUBROUT INES wWHICH ARKE CALLEL 3EQUENTIALLY
EY MAIN PROGRAM.

EALH SUBRGUTINE CORRESPCNDS TGO AN INDIVIOUAL ELEMEANT CF THE SYSTEM.

FSRSFEFEE XS EESEFEECF L FAFRLIACRE AR IR IE FRLXBRBZT LT R ISEFZINILIARIF R AR RR XL SR EA Y

SYMAULS USEC [N EACH SUBRCUTINE ARE DEFINED pZilnme

CCORSTANTS WSED IN ThIS SIMULATICH ARE GIVEM IN PAKEMIAESIS.

SUBKUUT [he
PURPLGSE:

AZyB2uC2
WOENS
LA

Lk

oY
1STEF
p2
GuliTE
T1

TE
TOUT
TAG2
VR
XML
AM2
KM
iMF

SUBRC JTIAE
FURPISE:

Loill
Lalz)
FLyx
HRTrLY
NSURF
WX GNY oD
SAREA( L)
SAREA{Z)
A54¥5425

SUBRUUTINE
PURPLSE:
SJBREJTINE
PURPGIE:

Trall
AwAlLL

RMAlR
TC COMPUTE RUCH TEMPERATURE.

WEIGHTING FACTORS TO COMPUTE RETUJRAM AIR TEMPERATURE.
RUOM AIK CENSITY,LB/FT*#3

SPECIFI{ HELT CF AIR,BTU/DEG.F¥LB. (0.24])

SPELIFIL REAT OF FURNKITURE IN TAE RUCM yBTUL/DEG.F. 1Q0.8)
SAMFLING INTERVALhR3. (0405)

CURRENT TIME STEP.

AGUM PRESSURC ATM3 . (1032

AeAT LUAL CUE TS LIGHT ING:B8TU/BRe (U0

SUPPLY AIHR TEMPEKATURE yJEG.F.

AVERALGE RUGM AIR TEYMPERATURE DcG.Fa

AIRSFACE TEMPERATURESCEG.Fa

ALGCM TIME CONSTANT yHRS.

VOLUME OF ACCNM.FT*%3 (2126.0)

MASS FLGm RATE OF AIR ENTERING Thke RLLMLB./FRe (427.51
MASS FLOW RATE JF RETURN AIKsLB./kRs (776.5) ‘
AASS FLOwm KATE OF INFILTERES Aln INTOD ARUSH,LEBL/HR. |1 347.49)
MA5S CF FUMNITLRE IN THE RLCOM,L3. (1000

SFLUX .
1C COMPUTE HEAT LOSS TrHrOUGH THE SULRFACES wlTh HEAT STIKAGE.

CCMNOLCTANCE  COF CUTSIDE WAL oBTU/ER.FT*42,0EC.F. (0.C2EE0)
CONDULTANCE OF FLOCE yoTU/HRWJEG.FL.FT#22 {0,3253}

FEAT FLUX TRRLUGH SURFACE | AT TIME ISTEP

TLUYAL HEAT LUSS THRIUGH THe SJURFACE wiThk REAT STLRAGE
NUMBER OF SURFACES WITh REAT STJRAGE. (2]

ivJMBZR GF CLEFFICIENTS FOR mALL ANC FLOCK.

SURFALE arEA OF CUTSIOE wAlLL.FT*®2 {3531.3])

SURFAZE AREA LF FLCOH,FT#=2 (£3]l.8)

COEFFICIENTS FOx SUKFACES wlTH HEAT STCRAGE.

AFLUX

TO LCHPUTE INSIDE HEAY FLUX OF SURFACE wlTh REAT STURAGE.

wLTEMP
TC COMPUTE INSIOE wWALL TEMP. CN ahllh TRERNMUSTAT I35 MUURTEL.

wALL TEMPERATURE yDEG W7
HEAT TRANSFER LUEFFICIENT OF WALL oBTL/HRLGJIESWFLFT*%2 (Q.u)
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SUBROUTINE

WTRFLO

PURPGSE: TC COMPUTE WATER FLOW RATE IN GPM.

FLOULISTER) WATER FLCW RATE AT TIME ISTEP

FLCMAX MAX IJMUM WATER FLOW RATE,GPM {2.0}

SUSRDUTINE FNOC ]

PJRPCSE: TG CCMPUTE AIR TEMPERATURE AT FAN EXI[T.

ARATIC RATIO OF VENTLN. Alx TG RETURN Alr (C.0}

ETAM MECHe EFFICIENCY OF MOTCR OKIVING HUT AIR FAN (QJ45!
cTAS FAN STATIL ENERGY/ENERGY TC FAN SHAFT

TS Alk TEMP. ENTERING CCIL DEGSF

T8 RETURN AIR TCMPERATURE,DEG.F.

SUBROGUT INE FNDC2

P IRPISE: TO CCMPUTE SUFPLY TEMP.

PHI PRESSURE ORGP i RETURN DUCT/URUP IN ENTIRE SYSTEM {0.2)

UAD OVEKALL HT CGEFFICENT CF SUPPLY PIPE, BTU/hK.DEG.F.FT¥%2
{5240)

SUBRCLTINE  COSL _

PURPUSE: TO CCMPUTE TEMF. OF ALR LEAVING THE CCil.DEG.F.

56 IFFECTIVENESS CF CCIL

GPM WATEK FLUW RATE IN THE CCIL

SUBRCUTINE

THRMST

PURPCSE: TJ LCMPUTE THE QUTFUT PRESSJRE FRCM THE THERMCSTAT.

ETLET wCiGHTING FACTURS TO CCMPUTE EFFCTIVE TEMP. (Q.725,0.2175)
PSerl ScT PRESSUREZPSI (3.45]

TAUTL TIMe CINSTANT EFFELTED &Y wALL

TAUT2 TiMe CONSTANT EFFzCTED BY ROCM AlR.

TEFF EFFECTIVE TEMP,., OF THRPMST.

P7 WUTPUT PRESSURE FRGM THRMST.

TSET SET TeMP, CF THAFMST. {74.5)

P7 AND TEFF ARE RELATED BY GALIN ANU 4 TIME CONSTANT.

1/9
PK

SUBRGLTINE

TIME CCASTANT ynRS. (Cul9)
GAIN [C.5C8)

CCOND

FurP(Se: TS COMPUTe HEAT LCS> ThRIUUGH SURFACES AITHCUT KT .STORAGE.
o OVER ALL HT. CUEFFICIENIS OF SURFACES weC.oTe HI. STURASE.
AREA AREAS COr SURFACLZS mel.T. HT. STGRAGE.F1##2

SUarRGUTINE

YALALT

PURPCSE: Tu COMPUTE NCRMALL ZEC VALYE TRAVEL.

L] NORMALIZED YalVE TRAVEL

YMAX MAXIMUM VALVE TRAVEL, INCHES. (0.256]

Y5 VALVE TARAVEL CGRRECTION CUc 18 AYSTERISIS. (C.205]

DIMEWGIuN ASE2,30),YS512,320),2802,303)s5A4REAL2),
LTSUTL3 4105 ,TL1100),T20100),5M0(390, L0GC) ,TAL{30,100),
2 NALZ) eMNYL20 4,02 12),

ATHM130, 1000006 (30,10C),COL2)FLUXIZyLICD)
GHPMILG) p0&l10) yCAREA(3 ) UL, TMXLL0G),
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5 PBLLCZ) +PEBALLIDC),THOULLCS)
GYSEXN(L192VIL{L00) V2100 W2 L00) PEEXILOCIFLEXILOG],
TYSLLaa) o rLSL130) 4PTLLIS0) yPTEALLOS Y

FLZAL NUMBER LUF INTERVALS

READ 141ERD

REAJ INITIAL RGSM ToMPERATURE AhJ TEMPERATURE CF THERMOSTAT
KEBD &, T2{1},TEFF

REAU GLTSIDE TEMPERATURE PRCFILES.
LT L1l J=i,1END

REAS LO00 )MalelsmsBaYi{diov2id)yv¥30J]
FORMATIZIZ215F 6a2)

READ L1301, 1TM{I,d1el=1,12)
FurmaTll2F6a2] <

FEAu duG2rlaMited)al=l,il])

FCRMAT [LLFa .2}

TLLTLI )=l THIZ s JI#TM({3, 01 +T {14, J)+TM(5+J])) /4.0
TALTZ2,JisTRIT W J)

TouT i3, )=TH{3:0)

CONTINUE

mEal I RCCM CATA ¢

00 10 I=l1sl2

B0 10 J=l.1END

TAC{Ly JI=TMIL,J)#1ab+32.3

CChTINUE

€ Ll I=1,11

OC 11 J=l,lEND

CMLLlpJdl=0Mll yJI®laB+32.0
CORTINUE

RzAD Ly NSURF

FEAD 3¢ INXCI)oNY(IFONZILYy I=1 yNSURF)
PELD O [LOU T +SAREATITI 1= ivaURF)
G0 200 1=1 . NSURF

mM=lvx{l)

READ TV (X311 ddsd=1,HM)
MMENY (] )

READ T30y {YS(Iad]ad=1lMNj
MM=nIL)

wEAD TICHIZST1ad)pd=l MM
COhTINUE

REAJ 54 VANM

nZA0 54 HeALL

READ Lyhml

rEAD Ly [ivF

REAL &y XMF,CF

REAQ 6LAyP2

REAG Eraul Tz,07

REALD 5,P0

Uialh FOR SUrrALZS wlTA NEGLIGIBLE MEAT STORAGE @
03 23 I=1.,3

Rzal 6, LI, CARESLD)

COhTINUE

FAN=LJULT CATa ¢

FEAl ormMsETAM,ETAT JETAS

r\EA; (*N ] -'UT\L"IG’PHJ:

ALAD B, XM]

REAU 5,FulMAK

THEARMZSTAT DaATA &

READ o4sFS,TSET

FEMd &y TALTL,TELTZ

F2AD Lo AT B
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&3
(A0 ]

o&
o7
&E
(%]

TG

Ta
75
1a
77

1é

(&)

OCoOo

(8]

o

1¢C

53¢

L DaTA =

2 5,TruTk
v OlSShiuAL
URAMAT(FE.2)
FELD 1J0e XM
FURMATIFlLa5])
XMI=xXMzZ=XM]
CEM=XMl /00, /0. 078
valLve CATA ¢
YMAA=]).256
HYS=2ua2E5

[
NEA
FEA
nEA
U

COWVERT TEMPERATULRE INPLT TO DEGREE

D2 120 I=1,3
WG 120 u=l.IEND

TOUTHL JIsTOUT L W J)*5./5.+32.

CIONTINUE
T1201)=T2(1)%%./5.+32.
TEFF=TEFFeG/5.432.
PARINT 532

J b.luPM(!J.GHIJ.i-tl,lDJ

FORMAT [ TX s 'Ta! yGX e 'To*?, 8X, " ThALT "y 6X ' TRALCE!,

THE FIRST LOOP INITIALLIZES ALL VAR[IABLES

(18TeF=1)

ZACH FoLLUm NG LLCP COMPUTES ALl YvAKlAoLES AT ThE

JC 70 1S8TEP=1.1END
LFLi3TEP.EQ.Ll) GC TGO &2

IS " TEFC v TX,"TEFC®! y X "TE ' ¢+ GX " T3%" 58X, 'T3",9X,'T58%,//)

END OF THE TiM:Z

CALL RMAIR(TOUT y T1oT2+s0T ¢ WRMe LA JCF ) XMF XML o KM2 W QLITE yKTFLC,

LQLCND P2y TAJZy INFISTEP s TWALL , TEAP, S)

ol CLALL SPLUXIT2yTIOUT X5 Y3, ZSeNX o NY JNZ NSURF ySARER,CO+FLUX,

LHTFLO,ISTEP)

UAYLl=FLUX{AwL [STEP)
OMY2=T2(I(STEP)
X1=FLUR{NALISTEP)
xX2=T2{15T:P)

CaAll nlLTEMP(X] X2 sHmALL )Tl

CALL TREMST(xZ,Teacl 27,67, TEFF ,TSCT+F8,PS,

ATAJTLTAUTZ 407 T i3TEF GML

wCONUET .0
¥3=TOLT(l.ISTEP)
vl &5 I=},Z
Ke=U(])
r5=CmaRELL])

Chll CONULAZ X3+ X443 X5,48)
wClnD=e Ll RD+Rs
CONTINUE

COOhNO=RCINO+U (31 =CAREA(3)* [TCUT (3 ,13TEPI=T2(ISTEP))

CALL YALACTIPTEX, V2, YMAX, YT ,PEynYS, I5TEP)

CalL WTRFLILYZ FLO YMAK,FLO AR ISTER)

CALL FAROLUIATL T2 4T3 ,74 375,75, TCuT o X MO AML, XM,
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[SRTR*+ B o VRPN o SR U LI R G o B O SN &

OGO OO OO D

LETAT  ETaArETaS enrsCa, PHI VARATIC )ISTEPINF 1 »UAC s ThALL,TE]

CALe CCluiGPMsS& FLLGMO yTMC,To s iSTEP (TS}

63

Call FALCI2(Ti472.473,7« 1753 Ty TCUT y X MO o XMLy XH24yETAT, STAMYETAS,

1M CAPRIVARATIC ISTEP W INF 24 UAL)

JF(ISTEF.GTL1} GO TO 39

SALL KMalrR{TLIT T o7 227 |VI"\P’.||CA 1S Fy XMF uXHl-XHE'CLITEphTFLC.

LWCOND P2 TAJZ s INF ISTERP THaALL »TEMP, 5}
23 T30=T3

T3C=75

ToGll3Terl=Te

TIC=TLUISTEF)

Teall=Tnall

TEFO=TEFF

PRINT S53L,ISTEP»TOLIISTERI,GNCLLISTEP)  ThAlGGMoL T, 1STEF ],

ITEFGC OMIIL O LSTEP) T8, THMCIL,ISTEP)T5,TMC (L2, ISTEP)

£zl FURMATIZ2K 1120 2X ) Flals SX FEaZi 5X FEa 2y 5X ) FE. 22 EXyFEL2 15X F 6.2y

1S A Fr0ec 13K sFha2 13X 1FEa2904F0 2]
70 CUNTINUE
PRINT 800
£I0 FurMaT(LHI TR PTL o 3X,'T12! ,TX,'T2Y,9X,'T12%1,//)
2% 49 I=l,ithD
TRA(II={TML L9, 1) +TMC(10+1)0/2.48
&0 PribT ol o TLLL)4THALL),T2(1)GML(S, L)
&0 FORMATI2R 1 1212X  Fea21 5K Fb a2y 5XFEa 2y 85X, FEL 2]
PRINT 5¢2
FURMAT('1)
FORMAT(15)
FORMAT(315)
FOMMATIFLIO.E)
FCPMAT{2F10.5)
FORMAT(4FLZ.3)
FOrRmAT(OZ3. 1E]
PRINT 50C
900 FUOAMATLIHIy TX'VTRY TR " VIREF  TX,'PE TN ' PBxT,
LEX G TRLU LT LX  YFLCLEY /)
JI 92 L 3TeP=Lel ENC
IFIV3(I3TcP)ailbad.00 V3LIS
IFIVILESTEP). ST .%.55) VLI
i
=}

wn
. [ )
O v Al — oy

-4
(&)

[l £ B ]

Ielw(ISTCP)aZde3edal VI
=, G LTS5V ISTERP }+CLEE
SEALLISTEP ) =r5/YMAX
Kliﬁx-P;*é-b“VZ[IST 7l

A{13YEP )22 ,0#5CATIVA{1ISTEP )* 2, 0]
X

o
TV &

l‘ =T N

it

3] ?;. T &9,15TEF frl.ST‘P]p?‘i:KIIST.P};PBfISTEp)|
1P e X ISTeP) +FLLLISTEP) (FLEXLISTEP)
%45 FonMaT [2X sl 22X s FEuZ 1 X1 FEals4X FEa2y 33X,

IF5.2020 )PbairdX i Ftal)

KEY TC GITPJT

ALL CABELS STARTING nITF ALPRASET 'T! ARE TEMPERATURES IN

Ts Al LEZAVING THe-CCIL (SIHMULLATICN)
To® L1k LZAVING ThE CTIL (EAPERIMENT)
Tahl aill TZ2MP LILIMULATICN)
TrALS*®  adic TEMP (CXPERIMENTY

FaAHRENRIET 3CALE
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133
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138
i3
142
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Gl

13¢

1C

TEFC THERMCSTAT EFFECTIVL (SiMULATICN)

TeFFI®  THERMISTAT EFFECTIVL (EXPERIMENT)

T3 RETURN &1R {SIMULATICSN)

T3 AETURN AlR [EAPERIMENT)

T3 LIn ENTEkING CCIL [SIMULATICNI

i5= aik ENTELING COIL (EXPERIMENT)

T1 Alk ENTEF ING ARCCH® (SIMULATICK)

Tls L1k ENTRIG RGOM (EXPERIMENT)

T2 ACCM AVERAUE [SIMULATICINI

T2* A0CM AVERAGE {EXPERIMENT)

VTR NGRMALIZEC vALVE TRAVEL {SIMULATION)

VTr® NOAMALIZED valve TRAVEL IEXPERIMENTALI

Pa UJUTPJUT PRESSUKE 1IN PS| FRCM THERMUSTAT (SIMuLATION}
Poe* UUTFUT PRESSURE IN P31 FALM THERMOSTAT (EXFERIMENT)
Foll wATEx FLURRATE IN GFM (SIMJULATIGN)

FLC 1= whATEn FLOWRATE 1h GFM {EXFZRIMENT)

STCP

ENUG

SUEBRSJITINNE AMAIRITOUT ¢ TL o T2)DT s wRMi CmsCF  XMF, M), xM2,JLITE,
IFTFLC s LCoONO P2 TALZ W INF L ISTEP »ThALL wTEMP, S}
SIMERSICN TOUTIE3,LCC),TLLLECH T2 10C)
Ac=0,2041388273

22=0.,10.2

C2=0.8E25

K=13TZF~-i

IFINneLTed) K=1

TF{LOTEP.Eal) TEMP=T2(1]

iF{I3TEFatwel) GL TC G4

AUEND= 14 .062%144,0%P2/53,382/(463.0+T2(K))
XMIzX M=KV ]|

Tau2s{ ACoHNSEVRMEC A+ XMFRCF ) / (XM23CA%82)
TC=1.0/TAau2

Siz{xmle L=-A2 % Mo sCA)FTLIK I/ XM2%CARE2]
ScEl XMITTOLT{LyISTEP) )/ XM2RHE2)

535 «CONLO+HTFLUASLITEI/Z ( XM2RASE2 )
Se=-{L2*TnalLlLl)/Ec

S=81l+32+83+54
TEMP=TEMPREXP{=TC*0T )+ {1 0~EXP{~TC*LT) ]3>
TZLLLTERP)I=TEMF

FETURN

Zhi

SUBRUUTINEG SFLUAITZeTCOT o XSy Y S I3 eNAINY s NI yNSURFSAREA e COFLU A
IATFLC ISTEFR)

CSIMENSICH NALZ) oY (20 N2L2) X582, 33),¥512)3C040502,2C),
IT20100), TOUTI3p0CC) vFLUXI 291030 »38REA(2).C0(2)
HTFLO=2,.2

IFtI53Ter.EC.1) GG TS 1IC

02 100 I=1,NSUKRF

CALL HRFLUX (XS :YS 23 0T 2 TOJT s FLUXIAX yinY s NZeLSTEP,1 )
ATFLUSHTFLO+FLUX( L, ISTEPI®SAREA(TL)

CONTINUE -
NETURN

UG 20 I=1yNSURF

FLUXILaL)=Co00)®(TuUuT(l, L}=T20L0)

64



léo
IE-¥
L&
169

172

—— e — —
B R R s
o w5 N -

o e
~ =~
o Mot

183
LEL
1&2
183
lb4
185
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193
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STFLI=mTFLO+SAREALIISCOIII*#(TLUTIIN13=T2(1})
CORTINRJE

RETUARN

END

SUBROUTINE RFLUX [XSyY3 s 25+T2 TOUT  FLUX NKeNY yhZ, ISTEF K}
GIMENSION KWX{2) o WY I2)sNZL2) o XS 1300 YS {2430} ,2302930).T201032),
LTGUT{ 3, L30) »FLuXl 2 1CC)

FTEMP=],.2

nAENX(ND

el 10 I=l.KK

11=215Tgp=0+l

JF{Il«LE«C) 1l=1

FTEMP=FTEMP#XSIK, I)*TOUT(K, 11}

LT CONTI hue

KKSNY (K4

02 20 I=lykK

1[=]5TeP=1+1l

IF(il.LE.C) 1l=1
FTEMP=FTEMP=YS{K, ])=*T2([11)

280 CONTINUE

re=EhZ (R

CC 30 I=2,.8K

11=]5TEP=-1+1

[F{li.LE.0) 1lI=1
FTEMP={FTEMP=FLUXIK, 11 ®ZS(K,{) 3/ 258K 1)

2C CONT InJE

053
Bl

FLUXIR)ISTEF)=FTEMP
RETURN

END

SIBRCGUTINE AL TEMP(FLUK T2 sbmale TwaALL)
TrALLSFLUA/ RRALL+TZ

REIUKD

civg

SJBRCGUTINE ATRFLL{YY FLO,YMARFLOPAX, [STEPR)
SIMENSION YSUL30) ,FeUl100Q)
TF{YY(I3TEF)WLELD.EL379) GO TC €5C
FLOIISTERP)=L 9= Y [[STEP)I*30,.14659%)

GO TG eC2

FLClISTEPI=a, 302*YS(ISTEFR}
RETUR v
oho
JUBRGJT INE FROGIIITIaT 2073474, T5:Te s TOGLT kD arM] LA F2,ETATVET &Y,
LETAS i mMsCh Pl yarnaT I ISTEFINF Lyt A0sTnALL,TE)
SIMENGIL TCUT(2,0820,TLL100),T2(100Q)
Lilt=Tegll)
=] STEF=L

(KewToll K=l
=3,0041348273
=

Te=lig*T1l{K]+b2*T2 (1STEP)+L2¥TWALL
Ti=TorPHI®ETAMEE T ASeaM/ X 02 /CA

To= ARAT LUSTUUTLINE LSTEF )+ (1. 0=4RATICI*TS
T5=T4

R ETJI\I‘\"

END
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232
233
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233
238
237
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239
242
24l

242

743
2 Gde
3]
244
247
2ad
245
259
251
232
;53
25
233
254
257
258
25+
263
26l

262
243

410

“20

SUMRAUTINE FNDCZ‘Tl-TZ:TS.T@-TivT&oTGUTlXﬂQrXﬁllXHZ:éTATcET&Mr.

1ETAS M sCAPHI e ARATICISTEPINF 43 aA0)
JIMENSTIGH TCUTL3+12MTICLG0)TLSL1I0)
UENSX ML *LA+UADS(Q.LS

TLIISTEPI=(To®( XHLleCA=JadRC 5]+l . 0-PH] J®ETAH
18 ETASswM+UAl*TOUT (3L, ISTEP) I FDEN

RETURN :

EiD

SUBACUTINE CLILIGPM GO FLO 3G+ THC« T+ 1 3TEP T 5)
SIMENSICY IPMULQI oGoll0) o FLCULID0) »GMLL3 341001« THII3Q,1201
FFRFIFLOLISTER) aGT a0t FLLCIISTEP) abhBaGPMIL) )

1T6aGa({ LI*I3MLI2,[STEP)=TS) +T5
LFAPLCUISTEP) awaT oGPMIL) e AND W FLULISTEP ) eBedbMig)}
ITHaGe {212 (GMOL2 . [STEFI=TS5] +T3
JFIFLLLISTEP) aGT eGP Ml 2} aANDFLGILISTEP) e LELGFAL2))
L1Te=uo L2 i#(aMC(2 . ISTEPI=TS ) *T3
LRIFLCLIGTEP) aGT aGFM (3 e ANOJFLLIISTEP) aLZa3P L4}
1T92Ga 3 )#(GMC{ 2. I5TEP)=T3) +T3
IFIFLCLISTER) aGT oOPHMI(4 ) L ANCLALG(ISTEP I WLELuP L8}
1T oxGal4 )1 ®¥{GMCI2.[{STER)=T 5! +15
TFIFLGIISTEP) e OT eGP {5} e aNO o FLUlISTEP ) dLEaGPm{c))
LTeaGa (S Hi®{GMC(2.iSTEP =TS} +T5

IFIFLE! ISTEP) aoT eorMl) et e FLIIISTEP  LELGA (T
1Tém35 (4 #{GMLI2,JSTERPI=TS) +«T5
TFIFLOLISTEP) aoT oGP IT) cANDLFLEIISTEP ) 4lEJGPMLE))
lTosGa (T i*{ oMLl 2. 15TEP)=TS) +T3
[FIFLOITITEP) 0T o GPMIB) ¢ ANCLFLSUISTERP )W LE.GPH{S])
lTosd (a3l ®(GMu( 2, [3TER}=T3) +T5
TEIRPLCLISTER) euT e GPMIS ) e AU FLULISTEF ) LB aaF L LO) )
IToaGa (918 (G¥IL2 « ISTEP)=TS3) +T3
TFIFLOIISTER) «GTLGPAILTl ) To=Go(L0L®(GHOL2 ISTERI=T5)+T75
AETURN

END

SUBRAGUTINE THRASITITZ+TmALL v a7 +3 T+ TEFF JTIETWPTPSET,
LTadTL TAUTZ 0T +3T ISTER,GMC)

DIMENSICH GMUIZ0,100)PTLLIQ)

PEJ 2 4%0

PRK20,5341702

[FIISTEP.ES.L) GL TO 413

PLAST=PT{[STEP=1)

TLASTI=TEFFL
TLAST2=TEFF2
TEFFL=TLASTLI®EAP(=CT/TAUTZI+T2 ¥ leImEAPI=aT/TAuT21)
TEFF2aTLAST2%EAP( =0T/ TAUTL) +TALL #[Lod=EXPL=DT/TaUTL)

TEFFaTEFRL*RBT +TEFF22AT7

.50 Td 20

TEMPLaGMO( 9 ¢l STEP)
TEFFLl=TEMPL

TEMP2=GMC (T [ STEP)

TEFF22TEAP2

TEFF=TERFL¥aT+T EFF2%a7

PTLLI=11465

GG TL 7940
PTUISTEPImPLASTREXP (=PGT I+ (L. J=EXP (=P*OT 1} #{ ARITEFF
L= T4 5%PK+3, 45}

7330 IFIPTIISTEP JLELDD] PTILISTER, 1=l

RETURN

66



160
1T
7190

790
713

ENC

SUBRLUTINE CanND{T2,TIUT,UARELFLUX)
FLLAS JRARZA®(TCUT=-TZ)

AETURN

EAD

SA3ALUTINE VALACTIFIEX V2 YMAR YS,PEYHYS)ISTEP)
DIMENSICK PECLOO),YS{1J0),PTEX(LI00)+V2(1062)
IF(iaTeP.GT4l) GC T2 750

FrArd=s-Hrs

LPp=zz, 0%+KHYS/1.23

SN RO R B B

{FRYS o2 (~HYS) LAIDLPEIISTER) JLELPTEMP) SC TL T1LEC
[FAYS e f0eFY 3 ANLPolISTEFILCELPTEMP) GUL TO 71€

—

«(PTEHP«DP)) GL TO 790

MNMeg T

G
b
i
i
L
1
-
r

LGE.{PTEMP+CP} ) G TC 762

I FmY S e et 3 ANCPELISTEP LT JPTEMPLANS.PBIISTEP).
15T 1PTeMp=uP) ) G0 TO 790

PR (FHY S e E e FY S AL LPELISTERP) L LTLPTEMF ANDL.PEIISTER).

ILEJIPTEME=0F})  SC TG 770

FHYS=HYS

GZ TG 712

FHY3==HYS

YOUISTzP) ==1.23*P5{15TEPI+2.11 +FHYS
PICMP=PE({ISTEP)

GC Tu 713

YS{ISTEPI=YS{15TEP-1)

IFIYFIISTEP) sLELGeD) YS(ISTERISCLU
IF{Y2118TePl.Gtelacd Y9(]18TEPI=1.0
ATTURK

END

(FHEYSufuwal=MYS)sANULZPOlLISTER) o5Ts FTEMPLANL.PEIISTEF),

(FAYSeEQe {=HYS) o ANwa PELIST IR o ST FTEMPLANGLPE(ISTERP].
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. 68
The data listed below are the system parameters required to run the

program. This data is input to the program starting with the READ state-
ment on program card number 23, and ending with the READ statement on

program card number 56.

10 i 11
o 4 8
Ded835 531.8
0«3253 23645
J.638023795031278510=-06
=0.30990379920U5343D-95
Je50242557749545450-05
=0.43171982065085955L-U5
0.1%609431155800440-04%
0421530014475 7469700=04
JelolTTL28T13489330~-04
0.4006306Ll51l06006720-05
Je381117324418514570-06
Jeld3507424415265670-27
Jed4024580440711450 g
=3433434G454TT336540 21
0.23762235326370840 Q1L
—Q0e454312396442130010 01
0.21839565155370930 Q1
=-045031i527L1651340CD 32
De3403675098177722D0-01

=), 73660205212950240-02



0.3410747?52272680U-03
-0.65589831463374750-05
0.48155846202854660-07
J.10030000000000000 01
-3,3501211879192848D 01
0.49102706L26L84670 0Ol
~0.353852554009%92060 01
0.14044671410470420 Q1
=-0.30879314694345910 00
0.365543889082225220-01
=0e21l5606710380153150-02
0.5663763113354127D-04
=0.62360125342 744600-06
0.20120428221414240-03
0.22613727970658630-05
Qa4l909605¢98370410-04
0.745d5495184189806-03
0.2151522393157373u=02
J.1056736522606352505-02
0.11306542015943530-23
0424195741 T73272044D=05
Ded1THESTLO2125T7T10~038
D«12391049075091520 01
=0.20e460647725316430 01
0.2312968427990492D0 01
=0.750920£2205562380 00
0.71224994044520660-01

~0.33912399B67211460-02
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0.31807409572645335-04

-0.565376648063167330-07

0.10003000000000u20 01

-0.21267531382191860 01

0.15386301531697640 01

-0.43869280512062210 J0

0.44389565031734240-01

-3.12015334623992300~-02

0.5820%015237Ly4350-05

~(..32765102678251360-33

2126.6

3.6

l

1

100.0

e 2%

-5 . Oﬁ

4.5

Ueld&o

b
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0.8

175.5

0.275

Q.115

0.783
0.79
0.7925
0.795

«83
.81

«821
«83

.04
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7. 0n
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I5. 11
T15.59
1,50
22 .15
114540
[1%.T9
116.36
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16. 46
15.74
19.05
15.29
T4.0%
14.01)
13.n5
13.40
73.13
12.11
720 B!‘I
12.17
2.1t
12,17
12.59
2.5
12. 540
192. 56
14,53
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L1t 42
11Y. 01
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1o 14
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Thoir?
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T6He 10
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6. 6l
To.o7
Thals?
th.bh
16.%9
Th.58
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Thevd
1671
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fo.\9
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Td .80
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THa12
'7'5’1
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Fr.00
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Thaath
Ta. 46
15.560
Ta.0h
15.02
14 .84
14 .66
T4, 30
f"r . lz
11.76
11.54
13.59
11,22
ryv.22
1264
11.2¢
ih Al
15.56
TA.NR2
Hr.ia
17.5%
17.990
18.00
T7.20
Th.2h
18.01
.26
TH.08
TRh.26
8,08
Tr.72
17.1¢
Ih, 26
TI.90)
171.99
IT.m0
T1.%54
.12
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58
59
60
61
H2
Al
L4

109.10
to9. 0i
108, 806
179.493
10n. 91
109.10
1L07.02

108.50
1J8.50
108,32
108.68
LO8%. LY
119.04
LO2.04

16.37
a1
16.34
16.27
T6.27
16.25
H‘:.ZZ

TT.5%
it1.36
17.18
re.1a
Tr.ln
17.in
i1.00
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-
[N

ET0)

U]
ah
45
o
al
(Xt
49
S0
51
52
93
54
5%
D6
ST

VIR

0.00
0,00
0.00
.00
.00
0.00
n,.00
.00
0,.,un
J.n0
0.00
.00
n.nn
0. 00
N.00
.00
0,00
.00
N.00
N.00
V04
a. 14
). 1\3
Q.4
U.060
n,71
0.9
.86
Q.90
.93
0.49%
.94
0.94
0,94
Q.4
0N.9%
.94
0.7
.94
0.94
0. 94
0,24
0,4
D.9%
LA B
0,94
0.9%
.94
0. 94
.74
0.9%
O.%4%
1},%%4
N.9%
3,940
(¥, P
0. 9%

vine

0.900
00N
0.000
0. N}
3,300
0.000
20.100
0.000
0,000
0.000
.00910
0. 104
.99
g.0u}
0.000
0.000
. Qi)
0,000
d.000
0,100
3.909
0. 0%0
0.0
D.1a66
0.534
n.n2n
0.9459
1.090
1.0
1.003
1.000
1.000
1.000
1.00°
0.99%
v.312
N, yqa4
N.733
U.%10
0.890
Q. 1)
0. 069
Q. M07
0.421
n.at4
.81
Q.14
OBl
Q.81%
. 1is
2.01%
N.AL14
Hoith
Q. HOQ
.14
g.i2
0.121

3]

1l.0%
. 1n
?2.04
A.lo
T.h46
6.1
b.%17
6.11
5.01
556
5,54
S.19
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o OOH
4,54
4.0
4.24
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Y.
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.07
}.56
345
3. 30
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.10
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j. 1o
3.19
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Y.24h
3.26
1.20
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3.0
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). 3
}.34
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3.34
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1. 33
1. 13
3,12
.31
j. 30
3.2
3. 24

g

11.65
11.50
i1.30
Ii.tv
1n.ns
f0.63
L. 35,
1. 05
V.15
9,40
2.05
B.68
B.25
r.ar
T-4)
1.00
660
h. 18
.72
5.135
a9t
%.55
4.18
1.80
3.A5
3.25
3. 13
3.13
j. i
3.29
3.y
3,106
.42
. "8
3.5%0
31.59%
1. 58
J.60
3. 62
3.65
.00
Y. 6N
3. 10
Y. 10
1.10
3. 10
3.7
3. 10
.10
J. 68
3.65
Y05
3.62
3.50
3.%2
LY
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. an

©0.09

0.00
0. 00
Q.00
0.090
0.00
0. 00
Q. 00
0.00
0.00
0. 00
0.00
0. 09
0. 00
0.00
0. 00
0. 00
0. 00
U. 09
0.4
0. 117
1. L0
l.al
l. 6!
1.948
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APPENDIX C

STATISTICAL RELATION BETWEEN RETURN, WALL, ROOM, AND

SUPPLY AIR TEMPERATIURES

A linear relation between return, room, wall, and supply air
temperatures was assumed of the form
TR(k) = A2-TS(k) + B2-TRM(k) + C2-TW(k), k=1,2,...N

and A2, B2, and C2 were evaluated by the method of least squares as follows:
N

: 2
J = E (TRexp - TRmodel) -1
k=1
For hest fit 2l . a, L = 0, and = 0, Applying these conditiocus
A2 3B2 £ BC°
yields:
N y y N
A2 ) TS*TS + B2 ) TRM-TS +C2 ) TW:TS = | TS-IR {C=2)
k=1 k=1 k=1 k=1
N N N N
A2 ] TSeTRM + B2 ) TRM-TRM +C2 } TW-TRM = } TR-TRM {C-3)
k=1 k=1 k=1 k=1
y y N y
A2 7 TSeTW + 32 ] TRMeTW +C2 } TW-TW = ) TR-TW (C=4)

&=1 k=1 | k=1 k=1

This set of simultaneous equatioms was solved using a FORTRAN-Program and
the value of the constants were found to be;

AZ = 0.0041388273

B2 = 0.10132271

C2 = 0.382595%0
In order for the model to satisify the steady state condition where all the
temperaturas are equal the constants should satisfy

A2 + B2 + C2 = 1, {C-3)

The constants A2, B2 and C2 do satisfv this conditicn.
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APPENDIX D

OPTIMIZATION OF THE PARAMETERS OF THE THERMOSTAT

The model of the thermostat is of the form
A+a*TRM (1-A)* b*TW (D-1)

TEFF = ~rota) T (s+B)
(P7-PSET) = %‘si—c)-(mw — TSET) (D-2)

-Using the experimental values of TRM, TW, PSET, TSET, and P7 the parameters
A, a, b, ¢ and K were found by the method shown below.

Consider Equation D-1 and let

a+*TRM
X1 {s+a)
and (D=-3)

TEFF = A-Xi+(1-A)+X2

Equation D=3 may be written
X1 = = a*X1 + a+TRM (D-4)
X2 = - b-X2 + bTRM (D-5)
Equations D=4 and D-5 are linear differential equations with constant
coefficients. Assuming the forcing functions to be constant over the
sample interval the solutions of D-4 and D-5 may be written
X1 kD) = e T 100 + (1=e™ T cTR(K) (D=6)

T 4 (1= Ty i) (D-7)

X2(k+1l) = X2(k) -e
Since the system is initially at s;eady state the initial conditions
may be found from Equations D-4 and D-3.
X1 (0) = TRM (0)
(D-8)
X2 (0) = TW (0)

Defining the performance index J
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3 B 2
J(a, a, b) =3 kzl (Ty, = Toy) (D-9)

where
T _ = TEFF model
em
Tex = TEFF experimental.

The constants A, 2 and b are determined to minimize value of J.

Consider
2 (4, &, b) ? (T_ -T_)-(X1-X2)
dA em " ex
k=1
N
= ) (4*(X1-X2) + X2 - T, * (X1-X2) (D-10)
k=1
Let

F, (A, a, b) = 3J (4, a, b)=0

F_ (A, a, b) = (A, a, b)=0 (D=-11)

Fb (A, a, b) = 3 (&, a, b)=0

The set of Equations D-11 are non-linear in A, a, and b. They may be
solved by an iterative '"steepest decent" method.

The new value of A may be obtained by solving D-10

N _ N |
A, ™ - L (X2-T_)-(X1-X2)/ ] (X1-x2)2 (D-12)
' k=1 k=1

SA = Anew-A (D=-13)

Expanding Fa and Fb in Taylor's series, neglecting higher order terms,

and equating to zero yields
IF oF aF

- 3. a a o
0 = F + =208+ s—2esa + =Eusb (D-14)
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oF oF 3F

0= F +—Lega + —246a +

b 3A 3a ab

b, sb _ (D-15)

These two equations are to be solved for 8a and &b.

Let
' a3 _ Y
F,=5 " Y (A+(X1-X2) + X2 - T,) AVl (D-16)
=1
and 33 N
F, = 33--kzl(a-(x1-x2) + X2 = T ) (1-4)-V2 (D-17)
where
8X1 X2
V1 " and V2 b (D=18)
Then let
3F N 5
G, ==t ¥ (F T POHL, % KeVY (D-19)
k=1
BFb N )
and
_ BFa N
Gy ™ 50" ) A+(1l=A)+V1eV2 \ (D-21)
k=1
where
_ 8V = V2
Ul = = and U2 b (D=-22)

" Equations D-4 and D-5 may be solved as illustrated in Appendix A

X1(k+1) = X1(k)+e™2"T + TRM(K)+ (1-e™2"T)
and . Sl (D=23)
X2(k+1) = X2(k)+e + TW(k)+*(1l-e )
Applying the definitions of V1 and V2 to Equations D-23. vields
VI(k+l) = V1(k)+e 2T - po(x1(x) - TRM(K)):e T
(D-24)

and .T T

V2(ktl) = V2(k)+e 2T o To(X2(k) - TW(Kk))+e D

Applying the definitions of Ul and U2 to Equations D-24 yields
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UL(R#L) = UL(K)ee 2T = 2.7-v1(k)ee ™2 T 4 T2. (X1 (k) -TRM(K))-e 2"T
and ' (D-25)
U2(k+1) = U2¢k) e 2T = 2erev2 (k) oo T + 2. (x2(k)-TH(K)) e 0T
The initial conditions for Equations D-23, D-24, and D=25 are
X1(0) = TRM(0), V1(0) =0, UL(0) =0 .
(D-26)
X2(0) = TW(O), V2(0) =0, U2(0) =0
From Equations D=-16 and D=17 define
3F N
Yo 8
B T * kzl (2:47 (X1-X2) + X2 - T_)-V1 (D-27)
and BFb N
R kél- ((2°4-1)+ (X1-X2)+(X2-T __))*V2 (D-28)

From Equations D-14 and D-15 &a and 6b may be found

= L] - L] L] = . - * - 2
Sa = ((G_, *F =G *F ) + (G +G =G, C_,) sA)/(Ga 6, =6 %)
and (D-29)
8b = -(F, + G_,*6A + G_ +3a)/ G.

Computation begins by selecting initial wvalues of A, a, and b.
Equations D-23, D-24, and D=25 are solved for X1, X2, V1, V2, Ul, and
U2 starting with initial conditions D-26. These values are used to find

F, F,G

a d Gb’ &

ab? GaA’ GbA’ and Anew from Equatioms D-16, D-17, D-19,

D-20, D-21, D-27, D-28, and D-12 respectively. &A is found by Equation

a

D-13. éa and &b are found from Equationm D=-29. New values of A, a, and
b are found from the old values by

A = A + GA

new old

a = a

new old T 62 _ (D-30)

and

b =D

new old‘+ ok

Using the new parameter values, the proceedure is repeated. The
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iteration continues until the values of 6A, 8a, and &b are all
sufficiently small. This proceedure was programmed in the Basic
language on a Z-80 microcomputer. Values of A, a, and b were
foﬁnd to be

A = 0.2753377

a = 3.848994

b =1.7507167

A similar procedure was developed for finding K and ¢ in Equation
D-2. The values of PSET = 3.45 psi and TSET = 74.5°F were observed
from the experiment. The values of K and c found by the above procedure
were

K = 5.2446
and

c = 0.5081702.
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ABSTRACT

Experimentally validated mathematical model for the transient
thermal response of a room with fan coil heating system is presented
in this thesis.

The objeqtive of this project was to have an experimentally
validated model of the tramsient thermal response of a room with
a fan coil heating system, so that one could épply opgimal control
strategies to the control equipment in the HVAC system to minimize
energy consumption.

Experimental data were obtained by subjecting the room to a
change in the load. The temperatures at various locations in the
room were recorded each 3 minutes (sampling interval) for a period
of 3.2 hours. Other necessary details; like wvalve travel, water
flow rate, and thermostat output pressure were also recorded each
3 minutes.

Models for the individual components were formulated and combined
into a closed loop feedback control system. The closed loop system
was simulated on a digital computer. The computer program was written
in Fortran.

The simulation results and experimental results were compared by
plottiné them on a common time axis. The agreement between the
simulation and the experiment was good. Reasons for certain deviations
were discussed., Based on the experience with the experimental facility
and results obtained, recommendations for further study are also

provided.



