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INTRODUCTION

Rapidly rising energy costs increasingly and continuousiy demand mcre
efficient ways of using present available energy. As the cost of produc-
ing energy continues to rise more forms of energy and methods of convert-
ing them into usable forms become economically acceptable. Nevertheless
the importance of employing efficiently managed energy systems cannot be
overstated.

A significant amount of energy is used in conditioning the air of
buildings. The way a building air conditioning system is designed has a
significant impact on energy use. It is doubtful that design procedures
employed in an era of inexpensive energy, placed enough stress on the en-
ergy efficiency of the system. Today, much work is being done in devel-
oping new tools for better design. The primary concern remains the accu-
rate prediction of heating and cooling loads which directly affect the
sizing of heating, cooling, and air conditioning equipment to be installed.

Refined and sophisticated calculation procedures are both time con-
suming and expensive. Without the use of advanced computer methods, they
are impossible. The development of calculation procedures must be justi-
fied on the basis that the more accurate calculations will result in over-
all savings in energy usage, in owning and operating costs and consequent-
1y in total 1ife cycle costs. This will be achieved through better de-
sign of the building systems, and more efficiently controlled operation
of the heating and cooling systems. There are many indications that such
a justification is warrented.

The simulation of the heat transfer mechanism of a room or building
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may be made on a digital computer. These simulations are based on solu-

tions to simultaneous heat balance equations at all interior surfaces of

a room or space. They contain different subroutines, each handling a spe-
cific part of the physical problem. For example, one subroutine may find
heat loss due to conduction heat transfer through walls, while another may

simulate room temperature at a given time step, etc.

Simulations may be made of steady rate or transient operation of the
system, Simulations of the dynamic response of a system would be more
complicated and informative, as it would represent the true functioning
and nature of the system. Dynamic simulations are available which consi-
der only the long term dynamics of the system, hour-by-hour simulations.
These hourly simulations make use of weather bureau tapes for hourly wea-
ther data. Simulations with an hourly step size consider the dynamics of
the building shell, but neglect air and water distribution system and the
control system. To obtain hourly heat loss, the inside temperature is as-
sumed to be fixed at a value determined by the control strategy. These
programs compute the amount of energy that must be supplied by the HVAC
system to maintain the specified temperature.

Hour-by-hour simulation programs are not well suited for studies of
the dynamics of HVAC control systems. They are well suited for and em-
ployed to studies of the effect of the buildings' physical characteristics
on energy use. In order to evaluate the effect of the short term dynamics
of the control system and room; on energy consumption, simulation programs
- should be generated with shorter time step size and with the addition of

models of the short term dynamics of the system.

This thesis is divided into four major parts.

8
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Part I: Formulation and Improvements in Modified Thermal Response Factor

Method. This part is an investigation of the effect of reducing step size on

the terms
Part I: Formulation and Improvements in Modified Thermal Response Factor

Method.

This part is an investigation of the effect of reducing step size on
the terms of the conduction transfer functions. It also includes an im-
provement in the calculation procedure for heat fluxes at inside and out-

side surfaces of walls.

Part 1I: Generalization of Thermostat, Valve, and Coil Models.

Part III: Micro-Computer Implementation of the Thermal Simulation of the

Room.

Part IV: A Study of the Effect of Control System Parameters on Enercy

Consumption.
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Part 1

FORMULATION AND IMPROVEMENTS IN MODIFIED THERMAL
RESPONSE FACTOR METHOD

It is the aim of this part of the thesis, to study the Modified Ther-
mal Response factors applied in the calculation of‘transient heat conduc-
tion. Also, a method is proposed for improvement in the calculation pro-
cedure for obtaining surface temperatures and heat fluxes.

An algorithm for the Modified Thermal Response Factor Method is deve-
loped. It is desired that the algorithm (1) be able to handle different
walls of varying number of layers, (2) has capability for variation in
time step increments, which are short enough to be used with faster dyna-
mic elements of the system, (3) be amenable to computer usage, and (4)
have no restrictive input, such as constant or periodic boundary condi-
tions.

A computer program for the above algorithm has been written which (1)

is able to handle up to ten layered walls, (2) has variable time step, (3)

is fast enough to be acceptable for practical application, (4) computes

values as accurately as values reported by ohter investigators, and (5)
has structured programming approach with good documentation for easy un-
derstanding.

Prediction of the rate of heat flow through walls and roofs., made of
several layers of different materials and subject to arbitrary variations
of ambient conditions, is a problem of practical importance in the design
of buildings. One of the earliest studies of the subject was made by
Nessi and Nisolle [1] . Their approach involved such a great amount of

computations that it was of very 1ittle practicai value as long as the
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calculations had to be made by hand. Mackey and Wright [2] worked on the

same problem with restricted boundary conditions where outside temperature
varied periodically and conditions were constant inside. Their work has
been the basis for air-conditioning design calculations made in America
during the past 20 years. Mitalas and Stephenson [3] pioneered develop-
ment of procedures suited for digital computers. Their approach was based
on the Nessi-Nisolle procedure. It was called Thermal Response Factor
Method. Mitalas [4] used the method to solve the problems with variable
surface heat transfer coefficients and Kusuda [5] used the same technique
to determine the flux through cylindrical and spherical walls. Mitalas
and Stephenson [6] applied z -transforms to the problem of transient heat
conduction. They observed that the resulting z-transfer function were
similar to the response factors, but they were much more economical to use
in terms of computer memory and running time. The new procedure was called
Modified Thermal Response Factor Method. Mitalas and Arseneault [7] pro-
duced a computer program for the modified thermal response factors.

Other approaches to the problem of transient conduction could be ana-
lytical and finite difference methods. Analytical solutions to one-dimen-
sional unsteady state systems with restricted boundary conditions are ex-
tensively investigated. VYet a solution for the problem of transient heat
conduction through walls or roofs made up of different materials and sub-
ject to arbitrary variations of ambient conditions are not possible.
Finite difference method is frequently used, but this approach is not pre-
ferred in the study of effects of dynamics of control system. The advan-
tage in using the Modified Thermal Response Factors is use of experimental
results for structures of complicated or nonhomogeneous composition.

The development of the algorithm for the Modified Thermal Response
Factor Method for a multi-layered wall is accomplished through the follow-

ing steps:
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1. The Partial Differential equations for one dimensional heat flux and

temperature in an infinite homogeneous are considered.

2. Time variable is eliminated by taking Laplace transforms of these
equations to obtain Ordinary Differential equations.

3. The Ordinary Differential equations are solved to obtain a matrix form
relating temperature and heat flux at one surface to that at the
other surface.

4, The above matrix form for one layer is extended to obtain a matrix
form for a multi-layer homogeneous semi-infinite slab. This relates
temperature and heat flux at the interior surface of the slab to that
at the exterior surface.

5. These equations are manipulated to obtain fluxes at the interior and
exterior surfaces in terms of the inside and outside surface tempera-
tures, and the corresponding transfer functions between these surface
temperatures and fluxes.

6. A finite set of the smallest poles of these transfer functions is ob-
tained. The number of poles considered depends on the solution time
step size; and thermo-physical properties of the materials of the wall.
A large number of poles must be considered if the time step size is
small and/or the wall has high thermal storage capacity and high ther-
mal resistivity.

7. The resulting finite approximations to the Laplace transfer function
are transformed to the z-domain, using an appropriate hold function

to account for the values of the temperatures during sampling intervals.

8. The z-transforms of the transfer functions are expressed in ratios of
negative powers of "z's", such that numerator and denominator polyno-
mials are of the same order.

9. Inverse z-transforms are obtained using the signal delay form to pro-
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duce a recursion formula to express the fluxes at the interior and ex-
terior surfaces at the present time step in terms of weighted sums of
surface temperatures at the present and previous time steps and fluxes
at previous time steps. The weighting factors are the Modified Ther-

mal Response Factors.

Lol.d PROCEDURE FOR FORMULATION OF WALL MODEL

——

It is assumed that a wall is made up of several uniform layers of
homogeneous materials and that the physical and thermal properties of the
materials do not change with change in temperature.

An approach to modeling of walls includes the resistances of surface
films at the interior and exterior surfaces of the wall. The results ob-
tained are in terms of fluid temperatures and the radiation is ignored.
Another approach does not include the film resistance in the Modified Re-
sponse Factors and obtain the results in terms of surface temperatures,

providing the opportunity to include the effect of radiation.

1.).2 SINGLE LAYERED SLAB AS A WALL

An infinite slab of homogeneous material is considered, figure

(1.1.1). The one dimension conduction equation for the slab is given by

[8].

329 _ 1 36 ok i "
“x2 @ 7 where B e and ¢ "k'"ﬁi_ (1.1.1)
where,

8 = 8(x,t) - temperature at time t and distance x as shown in figure
(1.1.1).

L - time
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x - local position with respect to x coordinate
a - thermal diffusivity

k - thermal conductivity

p - density

¢ - specific heat of the material of the slab

g - heat flux

Figure (1.1.1) shows the application of heat flux, ¢, and placing of
coordinate system.

Equations (1.1.1) are partial differential equations.

Define, T(x,£) = s8(x,%) - 8(x,0) (1.1.2)

Taking Laplace transform of equations {(1.1.1) and (1.1.2) yields

d2T(x,4) e B . T(x,4)
dx2 o
and Qx8) = - LLLx:8) (1.1.3)

The solutions to the above set of ordinary differential equations are,

T(x,8) = - L2 75 Sinh(/aTa - x) + T(0,8) - Cosh(/57a - x)

Q(x,4) = Q(0,4) Cosh(va7a « x) - T(0,8)+k+ Vs/a + Sinh(Vs/a-x)
(1.1.4)

where T(0,4) and Q(0,s) are conditions at the boundary x = 0. These expre-

sions may be evaluated at the boundary x = L to give,

SURIEE ﬂ%’iLmsmh(m . L) + T(0,8) - Cosh(/37a L)

Q(Ls4) = Q(0,4) Cosh(va/a « L) - T(0,8)ke va/a « Sinh(vs/a - L)

(1.1.5)
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Transforming hyperbolic functions to normal trigonometric functions

and arranging them into a matrix form, we obtain,

T(L,s)|  [cos(/ATa-L) g sinAT|[T0)|
Q(L,8)| |e/A7a Sin(/ATa-L) Cos (/A7a-L) | |0(0,)

The "s" is real and negative (Appendix A}, hence &4 = —t is substituted.
The square 2 X 2 matrix on the right hand side;nkhown as the trans-
mission matrix for-a slab, relates temperature and flux at one surface with

that at the other.

1.1.3 MULTI-LAYERED SEMI-INFINITE SLAB

The single layered slab formulation is extended to an n-layered slab,
figure (1.1.2). The derivations are carried out in s-domain.
The transmission matrix equation (1.1.6) 1is generalized for a pth

layer in a multi-layered slab,

Tp(8) | | Cosh (475, 2, —%p@?-smh(/m;-%)
Q,(4) ~—"zpf57€}; -Sinh‘(/ﬂg -Axp) Cosh(/37a, - ax,)
Tp-1(4)
0,106 (1.1.7)
which is,
T | [ALe) e | [T -
Q(a) | | Cpls)  Dy(8) Q5 (4)

where, subscript p denotes that the pth layer is considered.

Ap(a) = Cosh(¢é7ap- Axp)
-1 :
Bp(a) = —-Eb' #ap?é S1nh(¥A7up- axp)



C = g 51 :
p(é) —kp Vé?ap THh(vé?ap Axp) 1.8
D (5) = Cosh(/A/ap~ Axp)

Since the temperature and heat flux out of the surface of one layer
correspond to the temperature and heat flux into the next layer the trans-
mission matrices of different layers may be combined in the order of dccur-
rence. For an n-Tayered slab assuming perfect thermal contact between

each different layer, .. .

( 1 )
T (8) A (s) B (s) | A _4(s) B, 4 (s)

Qs(8) |~ [ Cule)  BLe) || Cpyle) D, (4)

n ) Tl n—1

rAl(/s) Bl(é)‘ 'Tlém

cyle) 0y(e) | | oy, e) S

Subscript ns and 1s denote consideration of surfaces exposed to air of

nth and 1st layers.

1.1.4 MODELING OF SURFACE FILMS

The surface films on the open surfaces of a wall are modeled as,
(1) having negligible thickness
(2) having negligible capacitance
(3) having a linear resistance R to the flow of heat.

In matrix notation this can be written as [refer to figure (1.1.2)]

T () 1 R Té(é)

Q(4) 0 1 Q,(s) (1.1.11)

Where subscripts a and 5 denote the temperature and heat flux at
ambient conditions and surface respectively.

A surface film is present of each side of the semi-infinite multi-



layered slab.

1.1.5 TRANSMISSION MATRIX FOR A WALL

The matrix expression (1.1.10) is now written, including the surface

film resistances as

To(s) 1 Ry | [ AL B (s) A(8)  By(4)
Qo(é) 0 1 L Cn(é) Dn(é) Cl(a) Dl(é)
L Ry | T,08)
(1.1.12)
0 1] 0q)

AN

The resultant matrix after the multiplication is

Tols) A) B || T8) -

I

0q(4) c(s)  n(s) ) | Q)
The square 2 X 2 matrix on the right hand side is transmission matrix

for the wall.

Equation (1.1.13) can be written as

A(s) 'Ti(é) " B(A)--Qifb) (1.1.14)

Cls) - T,(s) +D(s)-Q;(s) (1.1.15)

i

Tpls)
Qgls)

i

In further derivation the argument "4" is dropped for convinience, ex-

cept where necessary.

Since heat flux can not be measured directly, it is expressed in
directly measurable temperature. Equations (1.1.14) and (1.1.15)are

written as

A 1
G =5 '8 T (1.1.16)

(1.1.17)

L)
o
1
|
I=
L]
[
jwe)
o
_|
+
w|o
._..'
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The term ( AD— BC) is the determinant of the matrix,

A B
(1.1.18)

C D

The determinant is evaluated as follows
I = A = T e« T T . . Tae T T
C Ri n n—1 2 1 R1 (1.1.19)
_ 1 —Rn An Bn Jﬂhn__1 Bhri A1 B1 1 —Rl
0 1 Cn Dn Cn—l D”___l Cl D1 0 1
where FRn = FRl = 1

The determinant of the transmission matrix for a layer p is consi= .

dered as follows,

Cosh (/57 - ax,) -1 /a5 - Sinh(V57a « bx,)
& P
P inh{V37a _ » V&l -+
—kp/é?up51nh( é/ap Axp) Cosh( A/ap Axp)
= Cosh2(¢47ap . Axp) + Sinhz(wé/ap . axp) =1 (1.1.20)

Hence, the determinant of matrix (1.1.20) is equal to 1.

Thus equations are simplified to

= _A 1

0 Ayoe L (1.1.21)
. 1 D

% = -5 *8To (1.1.22)

These are re-arranged inthe following forms, each suited to a par-

ticular kind of boundary condition 5
Case 1. Temperatures Ti and T0 given
0. — A 1 T.
3 % L (1.1.23)

QO s 3 D T0



Case 2. flux QL and QO given
T - D 1 Q
R 5 (1.1.24)
Case 3. flux QL and temperature TD given
~ T - B 1 Q¢
= L (1.1.25)
QO A ! ¢ J TO
Case 4. flux QO and temperature Ti given
TD ) B 1 Q0
=7 (1.1.26)
Q; 1 =¢ TL

Similarly it is also possible to express the temperature and flux at
any plane inside the infinite slab in terms of a transfer function
matrix and column matrix of boundary conditions.

It is important to note that all the 4-transfer functions associated
with one kind of boundary conditions have the same denominator. The deno-
minator is B,  when the surface temperatures are specified; C, when
the surfaces fluxes are specified; A or D, when the boundary conditions

are of the mixed type.

l.2.1 THE Z-TRANSFORM TECHNIQUE

The z -transform technique provides a means of finding the output of a
system at time £, in terms of the input at time £, the input, and output
at previous times £ — 44 and the co-efficients in the z -transfer func-
tion. This characteristic is applied to the problem of finding the heat

flux through a wall in terms of the temperatures of the air on both the
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sides of the wall. The z-transfer technique is demonstrated below.

A time function x(%), shifted in time by an amount na is

x(t —na) - The Lap]éce transform of x(£ — na}'is

Llx{t — na)] = fx(:: —na) e T de (1.2.1)
Substituting, ‘
A = t-—nA yields
Llx(t —n8)] = {MU@“NA+HM i (1.2.2)
-

Since x(») = 0 for A <0. Equation (1.2.2) may be written as

i

Llx(t — nall g AN fx(;\)-e ~dx (1.2.3)
' ' 0

The z-transform is obtained from the Laplace transform by substitut-

ing z = e 24 thus equation (1.2.3) gives the Z-transform of x(t — na)
as  Z x(t—na) = X(z)z " (1.2.3a)
Taking the inverse Z-transform yields X(t —na) = Z _i[itzlz M

(1.2.3a) which is known as the shifting theorem of Z-transforms. The Z-

transfer function of a system which represents the Z-transform of the out-

put over the Z-transform of the input is a ratio of polynomials in z '{,

thus
~1 -2 — i
X(z) _ % taz ta,z T taz o
=l —2 —n L
v(z) bo + blz + bzz + o . o 4 bnz

Where X(z) and ¥(z) are the transforms of the output and input respective-
ly. Cross multipiying yields

(ag + ajz _'1-+a22 BETEET a z ) ¥z] =
_1 —n
(1 + b2 +byz T+ tbz ) X(z) (1.2.5)

Taking the inverse z-transform and using the shifting theorem yields,
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x(2) + byx(t — ) + box(t — N bnx(lt — )

.2.6
= aoy(i) + aly(z —A) + azg(,t —A) e et a’mg(’t — ] (1.2.6)

Now the output of function x(t), at time £ can be written in terms of out-

put and input at previous times t — .iA as,

x(t) = aoy(z) + alg(z —A) ot o4 amy(t — mA)

—[blx(t—a) + bzx(/t—EA.) +o 0 ot bnx(/t—mx)" ' (1..2.7)

The following sections develop the Z-transfer functions for the wall.

1.2.2 PROCEDURE TO OBTAIN Z-TRANSFER FUNCTIONS

The following steps are involved in deriving the Z-transfer function
from a Laplace transfer function.

1. An input form is selected (step or ramp).

2. The Laplace transform of the output for the selected input form

is the product of Laplace transform of the input function and the
Laplace transfer function. |

3. The z-transform of the output is found from tables of Laplace and

z-transforms.

4, The required z-transfer function is obtained by dividing z-trans-

form of the output by z-transform of the input.

[t is observed that the z-transfer function is not obtained simply by
taking the z-transform of the Laplace transfer function. If the z-transfer
were to be obtained that way and then multiplied by the z-transform of the
input, output obtained would be the response due to a sampled input rather
than a continuous input, [9] . The input form selected [g] determines
the nature of the continuous input between sample points. If a step input
form is selected, the continuous input is constant between sample points.

If the ramp input form is selected, the input is a ramp function between
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sample points.

The z-transfer function will have poles at the zero of the z-transfer
of the input form, as the output is divided by the z-transform of the input
form. The z-transforms of time functions of order higher than ramps have
zero on or outside the unit circle which become poles of the z-transfer
function. Systems with poles on or outside the unit circle are unstable.

Hence, inputs of order higher than ramp yield unstable z-transfer
functions, figures (1.2.1)-(1.2.2) show the step and ramp approximations
to an input function. It can be seen that the step requires only previous
values of the input function, while the ramp approximation requires the
present value as well. Yet, in the following developments, ramp approxima-
tion to the input function is used since, as seen from the figures, the
ramp approximation fits the input function more closely than the step

approximation.

1.2,3 Z-TRANSFER FUNCTIONS FOR THE WALL

The s-transfer function whose z-transfer function are required, are
— A/B, 1/B, and D/B. The z-transfer function for — 1/B would be opposite
L . G(s) -
in sign to that of 1/B. Generalizing them as O where G(4) A(s),

1, D(s) and following the pracedure mentioned in section (1.2.2)

0(s) = 1) = Fle)-1(s)
I(s) = L (ramp approximation)
e
Gives,
0 . _G(s)
(5) 328(0) (1.2.8)

0(4) has a pole of multiplicity two at 4 = 0 and other poles at the

roots of B. Refer to Appendix A for discussion on roots of B.



Let,
a b < ¢ e
O(»&) e — + + 1 + 2 + o o« o+ 4 h
52 5 A+4 A+ 5 A+
1 2 n
a + Bbs n G
- s & E: 4 (1.2.9)
; A+ 4.
o §=1 i
where, Aj, {=1,2, . . . n are the roots of B.

a, b, and cj‘s are constants given by

G(s) (s) . S8l8) gy . 4808)

a = B i b = >
|5=0 B™(4) 4=0
G(s)
c; = (5 +4.)
I s Bla) I s = = (1.2.10)
M i _ G
Equation(1.2.10) gives cj e
Applying L'Hospital's rule,
. 6(s)
1 2 4B
ds he s
J

The z-transform of the partial fraction expansion of 0(s) is obtained

as follows,

-]

. -1 P
b E f ) 25
0(z) = asrz —— 4 —— _{) (1.2.11)

(1=-z" 1) (1—z ) j=1(1__e itz
A is the sampling interval in hrs.
Then,
pz % (1.2,12)




_ 0(z)
F(z) = T(z
(1 -z 1)2 a sz b
= + +
az % (1 -2z 1)2 (1 ~ 3z '1)
= e
d Z L (1.2.13)
(1—e 4% 2z 7)
§=1
F(z) may be written as (1.2.14)
: T a8 _ =1
Piz) = = . a“ﬂﬂ-(l e " %1%z 7
L TT(—e #4227 =1
§=1
+ob(l-z 1) (1 —a™ AR gty ) # - — 54 _ =1
=1 _ =1 8z (1—e *“1%z )
-1

By gathering co-efficients of the same powers of zZ
=]

equation (1.2.14)
may be written as a ratio of polynomials in z B(s) has an infinite
number of roots on the negative real axis (Appendix A). 1In practice, only

a finite number of roots are calculated to make the polynomials finite.

1.2.4 EVALUATION OF Z-TRANSFORM COEFFICIENTS

Equation (1.2.14) may be written in the form,

-1 —2
@y + a,z = a,z + . .
F(z) = (1.2.15)
1 + blz -1 + bEZ —2 + e e .
The z-transfer co-efficients ags Gys dps oo and bl, bz, b3, can be

evaluated by calculating a,b and cj's of F(4) as described earlier, equation

(1.2.10).
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Equation (1.2.10) requires the values of G(4), B(s), dG(s)/ds, dB(4)/ds
at 4 = 0 and dB(s)/ds, and G(s) at 4 =-—5j.
Recall that G(s)/B(s) was a generalized transfer function for — A(s)/B(s),
1/B(s), and D(s)/B(s) where, A(s), B(s), C(s),and D(s) are the elements of
the transmission matrix for the wall, equation (1.1.13) . Since.the trans-

mission matrix is a product of transmission matrices. in a particular order,

the following procedure is adopted to find the required values.

' 1. Y L e cion( a7 1
Ap(a) Bp(é) | ] Cosh( é/gp Axp) kp up/a Sinh( A/ap Axp)
Cp(é) DP(A) —-kp#a/ap Sinh(«a/up- Axp) Cosh(f&/ap- Axp)

(1.2.16)

. Substituting s = 0 and applying~t'Hospital's rule as necessary.

A,(0)  B,(0) 1 T
. (1.2.17)
C,(0)  D,(0) 0 1

C(0) D(0) 0 1

(1.2.18)
Differentiation of equation (1.2.16) yeilds

: Y g

dAp dBp AX
—E  Sinh(Va/a. - ax)
73 ds TR o fo
dC dD R «AX k
-—f%f—19~ Cosh(vs/a_ ax, ) ——L— Sinh(va7a ax )
L ) | u‘b p p 21’(1 A p p
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)

AX
1
- osh(vs A + i V5 T
?E;ELC (V 7ap xp) kaé Vap?é Sinh( é/up Axp)
AX '
—E Sinh(/s7a, ax )
2/_'%/,5 - pop
1.2.19
for 5 =0 ( )
( 1 [ 3 3 )
dA . B Ax AX
Eaﬂ EE 2 6
% %" *p (1.2.20)
= 2
dC dD b AX AX
5 T = e :
\ J \ p p J
£=0
Since,
A 4 VRl (A Bl [Au-180-1 Ap By R
- (1.2.21)
C D o 1|c, D |C,_,D, ¢, D, 1
The derivative of equation (1.2.21) is,
TR ER | P R A, B, -R;
ds  db d5 a5 || T H
ool o 1% ®llc o c, 0, 1
ds  ds da "
1 Ry B )[R, (n, B R
4 8 b e 1 1 !
dc  .dD
0 1 Cn Dn id,:,n_Id,a,n-r kCI D?J 1
o N iy
1 -R1fA 871 [A, B, dA, dBy] (1R,
oot ds HZ_J J (1.2.22)
dC, dD 0 1
o 1jic, o) Lc, DpylEr Py L
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To obtain,

equations (1.2.20)

RN
B8 B

=0

and (1.2.17)are substituted into equation (1.2.22).

The multipliction of the above matrices and evaluation of residues
is accomplished by a computer program, which is described in ~Appendix B.
The evaluation of G(s) and B(4)/ds at 6=-Aj follows the same

procedure.
1.2.5  MODIFIED THERMAL RESPONSE FACTOR METHOD

Consider the equation,

-1 —2 —3
a~r + a.z + a.Z * sz +
TERNEC M I L 0.2
1+ blz + bzz + b3z
Seperating out the terms 0(z) yields,
0(z) = (ao4-alz =+ 4 ay2 24, L) o I(z) —
b _1 _2 i
(bjz "+ bz "+ .. .) " 0(z) (1.2.24)

oo ; ; -1
The above infinite series in powers of z

are truncated when their
coefficients become sufficiently small.

Taking the inverse z-transform of the above equation
0(t) = ay I(z) + a I(t—a) + a, (£ —2A) + . . .+ a I(£ — na)
— [by Ot —a) +b,0(t—28) +...+b 0(¢—n)] (1.2.25)

where A is the sampling interval, I(% —na) and 0(% — na) are the values
of input and output at time (¢ — na).

This method of obtaining the output value at time £, as a function of
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present as well as the previous values of output is used to calculate the

heat flux at the inner or outer surfaces of a wall.

The equations in the Laplace transform

q.(8) = —H%TL(A) + B—(]'I)—TO(A) (1.2.26)
and qp(s) = —ghey Tos) + BT (1.2.27)
may be written in time domain as
N N
q,L('é) = Z A{z TL(;C - k) - Bh To(’t - h) - Zﬂk ql'_(’t"— h’-)
k=0 k=0 k=1
and (1.2.28)
N N N
qy(4) =_Zsk Tt —k) + Zch Telt —&) = Z D, 99(t — k)
=0 k=0 k=1
(1.2.29)

This method of calculating qi(é) and qp(4) is called Modified Thermal
Response Factor Method.
The advantage in using the above method over the Thermal Response
Factor Method is in saving of computer memory. The input variables are
sampled values of temperature.
The z-transfer coefficients for walls and roofs that are made of homo-
geneous materials can be determined by calculations. For a more compli-. .

cated construction, these coefficients may be determined by test [10].

1.3.1 IMPROVEMENT IN COMPUTATION OF
HEATING OR COOLING LOAD

For precise sizing of building air-conditioning systems and estimation
of energy consumption, accurate prediction of building heating and cooling
load is essential. Various computer programs 1ike NBSLD, BLAST, CAL-ERDA,

DOE-2 [11 to 14] have been developed which carry out extensive calculations
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for the same. Two approaches, namely, heat balance equations and ASHRAE
weighting factor method[15] are available. The NBSLD and BLAST incorporate
maticulous solutions of various heat balance equations written for most
types of heat transfer phenomena at each node of the thermal network.
These equations are solved at each time step increment. Hence, this pro-
cedure is very accurate in predicting the cooling or heating loads and
energy consumption. CAL-ERDA abd DOE-2 use ASHRAE weighting factor method.
Computational economy is achieved but at the expense of accuracy and flex-
ibility. This method segregates loads into established categories for
which weighting factors are established. It avoids non-linear phenomena
such as variation in convection heat transfer coefficients. Flexibility
is Tost due to the weighting factor data, whose description for a parti-
cular building under analysis, is often not satisfactory.

Sowell and Walton[16] proposed improvements in the method of calcu-
lating cooling or heating load by use of heat balance equations. It is
claimed that with these improvements the method retains the desired flex-
ibility and accuracy (through solution of heat balance equations) and takes
only about 10% - 15% more computer processing unit (C.P.U.) time than the
guicker but less accurate ASHRAE weighting foctor method.

The heatbalance method consists of selection and manipulation of
heat balance eguations in such a way as to form a matrix equation of the

form,
VXT=W

where V is an (NS+ 1) X (NS+ 1) coefficient matrix. NS is the total
number ~of surfaces in the room or building envelope considered. T is an
(NS + 1) vector of temperatures and W is an (NS + 1) vector of known quan-
tities.

The solution for T involves inversion of the V matrix and multiplica-

tion by W. If the conditions remain such that the coefficients of the
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equation remain unchanged than V need not be re-inverted. If a few

coefficients vary, the new inverse of V can be obtained without going
through all the extensive calculations previously carried out.

In the calculation of z-transfer coefficients for Modified Thermal
Response Factors, a ramp approximation to the input function is used. The
ramp approximation requires the present value of the input function as well
as the previocus value. This poses a problem in the simulation programs as
cited by Thompson and Chen[17] , the value of heat flux at the ith instant
of time is not known until the room temperature at the ith instant of time
is known and vice versa. In most simulation programs this problem is cir-
cumvented by slipping the temperature data back by one time step increment.
The effect of such a procedure is shown in figure (1.3.1).

An algorithm is developed in the next section, which circumvents the
problem mentioned above without slipping temperature data back by one time
step increment. This algorithm uses Modified Thermal Response Factors to

calculate heat fluxes through walls.

1.3.2 DERIVATION

Heat balance equations are written for various surfaces and for room
air mass. The heat flux at the £th instant of time through the jth inner

surface may be expressed in terms of Modified Thermal Response Factor.

N N
qj/{'('t) = k—zg'qﬂa Tj“«{‘.(:t _!?-) - k‘gB_’fh Tj‘o(’t = k"-)

N

=2 Dt -k (1.3.1)
k1

where N: number of z-transfer coefficients and NS: number of surfaces.

The heat flux onto the jth inner surface from the room may be



1.25

expressed
\ NS ’
m=1
\
= Tﬂ(t)] + Rﬂ(z:) (1.3.2)

where the first term is the heat flux by conduction through the film, the
second term is long wave radiation from other surfaces and the last term
is short wave radiation from the sun.
The heat flux at time £at the fth outer surface expressed in terms of
Modified Thermal Response Factors,
N N N
a,(t) = = kZBﬂa To(t—k)+ hz.cj.h Toplt = k) = kz D 9 70(T — k)
=() =( =1

{1.3:3)
The heat flux onto the jth outer surface from the outside

atmosphere is written as
90080 = hi L T 0 =T+ Ryp(0) (1.3.4)

where the first term is the heat flux by conduction through the film and
the second term is short wave radiation from the sun.

The energy balance for the room air yields

dT () < .
"ot T T Z sj h LT (2} =T ()] + My e T, () +
i=0
Y — M .3.5
M, ¢, T, (%) M, c T, () +Qs(x) (1 )
where

m, i mass of room air

ﬂl . dinfiltration air flow rate

Mé . supply air flow rate

Me 1 exhaust air flow rate

c_ : specific heat of air
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T&(i) : room temperature
ji(t) : inside surface temperature of fth surface
Tjo(i)" :  outside surface temperature of jth surface
5 film coefficient on inside of jth surface
th : film coefficient on outside of fth surface
Sj : area of jfth surface
Ta(t) : outside ambient temperature
Té(z) supply air temperature
Te(i) exhaust air temperature
and QS(t) : heat convected to room air by occupants, lights,

equipment, etc.

Dividing equation(1.3.5) by mc, and rearranging terms yields,

d Tn(i) 5. h-é
dt ==V Tff.('t) ¥ m.C, Tj»(.(t) + Fle) (1.3.6)
j=i
where, . .
M
_ 1 Vs e QS(t)
Flg) = =T (2} + —T. (&) — =T,(&) +
m, o a m, s m, e m, (137
and NS .
v o= Z: S (1.3.8)
= m.C, ey
The solution of differential equation (1.3.6) may be discretized as
follows:
_ i —vE B —y _ NS
e =< aTEL ) v VA & ;a:ae ji: JEPURGEIE _-Ev i Tn%:E = ;b Tt —a) +
i=7 T i=1
vn~12+ T Fle) + l—e_“';—vae—“ Fit =a)

va VA

(1.3.9)
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Rewritting eugation (1.3.1) separating out current variables from pre-
vious values,

N
AT (2) — BT, (t) +Zqﬁ(t—h)

= -‘/t
40" ji j0' j0 - 9, (%) (1.3.10)
where,
A N N
ZQJ'L('t_k') = Z ik j&(/t—fz) - XBjijG(I—Fz)
k=1 k=1 h=1
N
N D gipghts = 4)
k=1
or
= = = — B, T.. (- - D..q..(f£—k
jS(I k) Ap jL(I k) Bjijo(i k) DthjL(I )
Equating (1.3.10) with (1.3.2)  yields
NS
NS
[ Ao * Mje * Z_gjm]Tji('t) - Zgjm Tue — o T(0)
. Pe
" :
- k) — R.. (1.3.11)
BjoTjo 2{; QJL t— k) Rji(t)

Similarly rewriting equation (1.3.3) separating current variables from

previous values,

N
q,(1)= —Bj T )+ Cop Tplt EX ot — k) (1.3.12)
wher‘e
N N N
. B A
Z Qjlt — k) = zsthﬂ(r )+ p C T lt—k)
h'—'] k=]l f'a:]
N

zz: jkq G(I k)
f2=
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or

Qfo(t-— R) = "BjijL(i - k) + cthjo(t - k) - Dthjo(t — k)

Tjo(t) may be found in terms of Tji(i) and other terms by equating
- (1.3.12) with (1.3.4).

o4t %—’QJ‘” T Nl T Rpgld s

Cio * b

jol2)

Substituting equation (1.3.13) into equation (1.3.11) to obtain an

equation free of Tjo(t) but containing Tji(z), Ta(t) and T,(%£):

NS
2
- _ (t-k) —R ;{2
" ,E:%mnuu) njaTa4) = =L Qglteh) = Rykd)
Cjo+ hja
N
B, —) Q (¢t-k) +h T (t) +R_(t)
v 2 AZ; 0 e o (1.3.14)
cjo * hja

And rewriting equation (1.3.9)

NS
1 -y va_ -
(.3_+6_) Z th_r'LT“(t) +T(e) = & T (t-8) + llz_e...!ﬂe_) z Sh,. T, (-8) + (ﬂ,_l_t___) F(E)

VA ITI C VoA ITI l: j { JL '“' V A
1- évﬂ-v&é\’&
+ (‘“““;{7;——‘4 F(-a) {1.3.15)
These equations can be put into a matrix form given by VXT =W
s - - - e
Vi Mg se s VL g el L§ 4y
Va1 V22 T2 %
s 1,1 0 YNs e, Ns+1] L s+ 1l LlVys o1

(1.3.16)
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The elements are identified as follows,

NS
) (Ajo+hji+éz;gjm)(Cjo+hjo) B B?o
v: = -
Y Cfa+ hjo
Observe that gjj=0
vioi® "%
Vi NS+l T TP
T
Ws+1, T T (33;14—; . ) S
a a
YNs+1,Ns+17 L

;s for j=1 to NS 1is the right hand side of equation (1.3.14) and

'NNS+1 is the right hand side of equation (1.3.15)

Observe that the values of the diagonal elements of matrix V are
large relative to the values of the off diagonal elements.

It is suggested that Gauss-Seidal iteration [16] be used to solve
the matrix equation. Temperatures Tji(t) and T&(t) are obtained on solving
equation (1.3.16) . These can be substituted into equation (1.3.13) to
obtain Tjo(t). Using these temperatures heat fluxes qji(t) and qjo(t)

at current time can be obtained from equations (1.3.10) and (1.3.12)

This procedure circumvents the problem cited in [17]



21
PART 2

2.1 GENERALIZATION AND MODIFICATION OF COIL, VALVE,
THERMOSTAT AND RETURN AIR MODELS

A model has been developed to simulate the performance of the heating
system for a room. The model was developed to match the characteristics
of an experimental room at Kansas State University. Figure-(2.1.1) is a
schematic diagram of the room heating system. Models have been developed
for thgryhgrmostat, valve, coil, ducts, room, wall, etc. Details of the
work rdone previously is reported in reference [18]. The work to be re-
ported here details improvements in the models of the temperature. These
improvements were found necessary when the simulation runs were made for
more general weather patterns and for longer periods of time. The veri-
fication experiment was run for 3 hours and 12 minutes. Consequently, the

simulation was run for 64 three minute time steps. The modified simulation

runs were made up to 1440 time steps(or three full days).

2.2 COIL MODEL

It is desired to have a coil model which relates the temperature of
air leaving the coil, with the rate of air flow, the temperature of air
entering the coil, the rate of water flow through the coil, and the tempe-
rature of water entering the coil acheived through the parameter, effective-
ness (E4). \The model used for the coil in reference [18] was limited to
only one air flow rate, 95 cfm. The model also had a sharp discontinuity
in the effectiveness versus flow curve, figure (2.2.1).

The model presented here eliminates the discontinuity and allows

variations in the air and, water flow rates, and entering air and water
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temperatures. The operating characteristics provided by the manufacturer

of the coil were in the form of curves for Heat Transfer Index (HTI) versus
Air Flow Quantity for various water f10Q rates (GPM), figure (2.2.2).
Heat Transfer Index is defined as,

Total Heating Load (THL)

HTI = s (Btu/hr.°F) (2.2.1)
G2(1)-T3

For this part of the thesis symbols used are the actual symbols
used in the computer program, SIM 7:

G2(1)

Temperature of water entering coil (°F)

T3 Dry bulb temperature of air entering coil (°F)

The totla heating load,

THL = M(0)*C1(0)*(J1-T3) (2.2.2)
where,

M(0) = Mass flow rate of air through coil (1bs/hr)

c1(0) = Specific heat of air (Btu/1b. °F)

J1 = Temperature of air leaving coil (°F)

Effectiveness of coil is defined as,

J1 - T3
E4 = _ (2.2.3)
G2(1) - T3
we have,
HTI = M(0)*C1(0)*E4 (2.2.4)

Mass flow rate of air is given by,

M(0) = 60*D9*C {2.2.5)
where,
D9 = Density of air (1bs/ft°)
C = Air Quantity (cfm)

The values in figure (2.2.3) were extracted from figure (2.2.2).

A cubic equation is fitted for HTI versus Air Quantity for each



water flow rate. 2.3

HTT = a + b*C + c*C? + d*C° 2. 2.8)
where the values of a's, b's, c¢'s, and d's for the various values of water
flow rate are given in figure (2.2.4).

Effectiveness now can be obtianed for a given air flow rate and

water flow rate from equations (2.2.4), (2.2.5), and (2.2.6).

HTI = M(0)*C1(0)*E4
= 60*D9*C1(0)*C*E4
= 1.08*CE4
= b*C + c*c% + dxc®  (a = 0) (2.2.7)
Therefore effectiveness is given by
b c*C d*82
E4 = + + (2.2.8)

1.08 1.08 1.08
To make equation (2.2.8) general enough we realize that each of
the b/1.08, ¢/1.08 and d/1.08 are functions of water flow rate FO(1).
Fitting a forth order polynomial in water flow rate to each

coefficient yields,

2 3 4
—2 = b *FO(1) + b*FO(1)% + by*FO(1)” + b,*FO(1)
C = o *F0(1) + o, *F0(1) % corFo(l)® + ¢ rF0(1)?
T.08 1 2 3 4 (2.2.9)
d . 2 3 4
W = dl*FO(l) ¥ dZ*FO(l) + dB*FO(l) + dq*FO(l)

The values of the b's, c¢'s, and d's we give in figure (2.2.5).

The model for E4 is obtained by combining equations (2.2.8) and
(2.2.9), thus:

E4

[b*FO(1) + b *F0(1}2+ b3*F0(1)3+ b *F0(1)4]

& [cl*Fo(l) + c,*F0(1) 2, c5*FO(1) % ¢ 2*FO(1 é}fc (2.2.10)

3
[d*FO(1) + d,*FO(1) % d S¥FO(1) + d,*FO(1 ]*C

+
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Rearranging yields:

E4 = (b, + c,*C + dl*CE) * FO(1) + (b, * C,*C + dz*Cz) * F0(1)°

1 2

+ (b, + c,*C + d3*02) * FG(1) s (by + ¢ 2y « Fo(1)%

3 ¥ ¢ *C + dy*C

“
(2.2.11)

A plot of E4 versus FO(1) for various values of C computed from
equation (2.2.11) is shown in figure (2.2.6). The undulatory nature of the
plots between the data points is typical of polynomial curve fits, and is
undesirable. To avoid this quality in the model, equation (2.2.11) will
be used in the range 0 < FO(1) < 0.5 and Tinear interpolation between the
data points will be used for 0.5 < FO(1). Figure (2.2.7) illustrates the

final model.

. VALVE MODEL

Four test runs were made to investigate valve characteristics at
different maximum flow rates. All the four test results were satisfactory
and in agreement. Hence, only one set of test readings and corresponding
plots are reported. Refer to figure (2.3.1) for readings of valve actuator
pressure, the normalized valve travel, pressure drop across the valve, and
% flow rate of water. The schematic diagram of the test set-up is shown
in figure (2.3.2).

Three major discrepencies were observed on comparision with the model

reported in reference [18] as detailed below.

2:3.:2 VALVE TRAVEL VS. ACTUATOR PRESSURE

Figure (2.3.3) is a plot of valve travel vs. pressure. Hyterisis was
not found to be as great as reported in reference [18]. Also, the valve

travel did not enter or come out of the fully closed position as sharply
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as was previously assumed. The new model consist of straight Tine segments

for values of valve trael Y9 > 0.1 and quadratic curves for 0 < ¥9 < 0.1.
The coefficients in the linear and quadratic models were obtained by least
squares fits of the data from the four tests. Appendix C is a flow chart

of the logic used to implement the model.

2.3.3 FLOW CHARACTERISTICS

Valves used to control the flow of water through heating or cooling
coils are usually "equal percentage" valves. The characteristics of an
eQua] percentage valve is that it provides an equal percentage relation-
ship between valve opening and flow at a constant pressure drop across the
valve. For the water circuit used in this project the pressure drop across
the valve is not maintained constant. Figure (2.3.4) shows the relation-
ship between water flow rate and pressure drop across the valve. Figure
(2.3.5) shows the relationship between water flow rate and valve travel.

The model developed form these data is:

F8 = Y9
FO{1) = F8 - F9 , (2.3.1)
where,
Y9 = normalized valve travel
F8 = normalized water flow rate
F9 = maximum water flow rate
2.4 : THERMOSTAT

A test was set up to investigate the behavior of the thermostat.
Figure (2.4.1) shows the schematic of the experimental setup. Tempera-
ture was varied by controlling the power of the heater. The temperature

of the thermostat and the pressure output from the thermostat were mea-
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sured. Input pressure to the thermostat was maintained constant. The tem-

perature was varied slowly tp avoid the dynamic response characteristic of
the thermostat. Readings were taken for several different temperature set-
tings of the thermostat.

The purpose of these tests was to establish the value of gain (change
in output pressure per unit change in temperature). The value of gain is
influenced somewhat by the temperature setting, but this dependence is ..
small. The value of gain which most accurately describes the thermostat is

P6 = 2.1 psi/®F

2.5 RETURN AIR MODEL

In order to compute an evergy balance on the room air it is necessary
to establish the return air temperature. 1In a general sense the relation-
ship between the return air temperature and temperatures at other points
depends on the location of supply and return grills, sources of infiltra-
tion, the location of windows, etc. In a heating system, the air tempera-
ture will be higher near diffusers and lower near windows or in locations
subject to air infiltration. In the energy balance equation, an "average"
room temperature is computed. The return air temperature depends on the
air circulation patterns and on the location of hot and cold air sources
as well as the location of the return port. In the model previcusly used,
the return air temperature was modelled as a weighted sum of supply tempera-
ture, average room temperature, and wall temperature.

Examination of the data taken in the verification experiment shows that
the return air temperature was consistently lower than the temperature used
in the weighted sum. This is Tikely due to air infiltration arcund the
doors which are near the return air port. It was recommended in reference

18 that the model of return air be extended to include the effect of in-
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filtration by adding the outside temperature to the weighted sum. A model

of the form,
Tl = A2 * T1(1) + B2* T3(N2) + C2 * T7 + D2 * T9(1,N2) (2.5.1)

is used, where

N2 = number of z-coefficients in a time series
Tl = return air temperature
T1(1) = supply air temperature
T3{N2) = average room temperature at current time instant
T7 = 1inside temperature of the wall
T9(1,N2) = temperature outisde the wall at current time instant

The method of least squares is used to obtain the values of A2, B2,
C2, and D2. The values obtained were:

A2 = 0.004114866 C2 = 0.7848157

B2 = 0.1478111 D2 = 0.06874663

Figure (2.5.1) shows a comparision of the return air temperature com-
puted by the two models and measured in the verificaiton test. MNote should
be made of the fact that this dependent on the specific physical arrangement
of the room under consideration and on the conditions of the test. A more
general methodology for determining a return air model is badly needed.
It was observed in the project that a suitahle model of the return air tem-

erature is a very important aspect of the system model.
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PART 3

MICROCOMPUTER IMPLEMENTATION OF THE
THERMAL SIMUALTION OF THE ROOM

At
—

Development of microcomputers make practical use of complex control
strategies based on the values of many system parameters. The extensive
arithmetical and logical capabilities of microcomputers make them suitable
for executing complex and extensive simulation programs. Microcomputers
are being increasingly uéed in the field of air conditioning (HVAC) for
efficient control of equipment.

Besides the advantages of cost effectiveness and high speed computa-
tions; the single, most important advantage of the microcomputer would be
jts ability to communicate directly with the programmer through a CRT and
a keyboard. The simulation program written for the IBM 370 Computer in
the FORTRAN language and described in [lé] was modified and implemented in
the BASIC Tanguage on a Z-80 microcomputer. The results obtained by this
program were perfectly identical to those obtained by the simulation pro-
gram described in [18].

Due to memory limitations on the microcomputer all the programs were
designed accordingly, avoiding dimensioning of variables and storage of
data, etc. to an extent necessary. Most of the experimental data were put
on data files. The software support for creating data files, INDIAN, and
reading them back SBREAD was also created.

Program SIM2 includes the modifications in the models mentioned ear-
THer. Both SIM1 and SIM2 were written for model verification. Program SIM7
is a modified version of SIM2 to accommodate a sinusoidal weather pattern.
The consistency of SIM7 with SIM2 was checked. In SIM7, the outside tem-

perature may be varied between prescribed limits. This program can handle



an infinite number of time step increments. SIM8 is identical to SIM7
except that it makes printer plots of the outside and room temperatures
at specified time intervals.

The BASIC language used on the microcomputer is of the interpretive
type, and is therefore, not very fast. Execution time for the model veri-
fication runs take about 7 minutes. The microcomputer version of the pro-

gram was used to conduct studies of the effect on energy consumption of

system dynamics. These studies are described in the 4th part of the thesis.

(%]



4.1
PART 4

EFFECT OF CONTROL SYSTEM PARAMETERS ON
THE ENERGY CONSUMPTION

The simulation program described earlier was modified to accomo-
date a sinusoidal weather pattern in the ambient temperatures outside
the wall. The temperatures above the ceiling and below the floor were
assumed to remain constant. The simulation porgrams was modified to run

as many increments in time as desired.

=
=t

SIMULATIONS RUNS

The simulation was initially run for és Tong as three daily weather
cycles. Ambient temperature was varied from 52 °F to 70 °F in a sinusoi-
dal pattern, while the temperatures below the floor and above the ceiling
were maintained at 76 °F. It was observed that the response of the room
temperature, due to initial conditions in the temperatures settled out very
quickly. Hence, a one and a quarter day cycle (600 time steps of 3 minutes
each) was used for study.

The temperature range 52 °F to 70 PF for daily weather cycle was used
since this was within the control system range. During this range, for
the base run, the valve was never fully closed or fully open. Wider range
could be accommodated by raising the water temperature. The control para-
meters identified for variation were; mass flow rate of supply air keeping
infi]tration ate constant, temperature of hot water, thermostat time con-
stant, thermostat gain, and the set temperature of the thermostat. Refer
to figure (4.1.1) for the amount of variation in the parameters, the average

room temperature and the energy consumed in one day's cycle.



4.2 RESULTS AND OBSERVATIONS

Refer to figures (4.2.2) through (4.2.12) for the effect of varia-
tion in control parameters on the room temperature.

The average temperatures calculated from the plots are estimated to
be 0.25 °F lower than the actual average temperatures, due to the type of
plotting function used. Hence, the average temperatures noted in figure
(4.1.1) are the adjusted values of temperatures. calculated from the plots.

In general, higher average room temperature accounted for higher heat
energy used by the room. An exception was observed when the mass flow rate
of the supply air was increased or decreased by 25%. The energy supplied
for 24 hours was lTower in both the cases than the base line run in one
case, and lower in the other. |

A substantial reduction in the energy supplied to the room was
observed when the set temperature of the theormostat was decreased to
69.19 °F. An explanation to this behavior could be that, as the room tem-
perature went below the constant temperatures of the space above the
ceiling and the space below the floor, heat transfer from these spaces to
the room in a 24 hour cycle are based on the raise in temperature of
supply air as it passes through the heating coils.

A similar explanation could be given to account for above average
supply of energy to the room when the set temperature was raised from
74.5 °F to 79.84 °F. Due to the higher room temperature, heat transfer took
place not only through the walls, but also through the ceiling and floor
to the spaces above and below. Heat was also lost from the supply air
ducts to the spaces through which these ducts pass.

In other cases the average room temperature remains in close vicinity
to the 76 °F constant temperatures of spaces above and below the room.

Because of unknown energy required to keep the attic and cellar at constant
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temperatures, the results obtained must be viewed with caution.
It is suggested that a complete simulation of the thermal behavior

of the attic be implemented.

4.3 CONCLUSIONS

The following conclusions can be drawn from figure (4.2.13) which is
a plot of percentage change in temperature difference between the room and
outside ajr from the base line run versus the change in energy supplied per
24 hours with respect to the base line run.
1. The increased energy supplied caused an increase in the average room
temperature except in one case.
2. There is a proportionate relationship between the percentage change
in energy supplied with the percentage change in the difference in

average temperature of room over the outside temperature.



5.1
SUMMARY AND SUGGESTIONS

5.1 SUMMARY

The algorithm for calculation of Modified Thermal Response Factors was
developed in the first part of the thesis. A computer program was made to
execute this algorithm. The algorithm has variable sampling time intervals.
The inputs required to this program are, the number of layers in the wall,
sampling time interval and thermal properties of the material of each layer
of the multi-layer wall. The results are given in Appendix B.

It is observed from the results that a decrease in sampling time inter-
val results in a larger number of z-transfer coefficients and larger number
of roots of B to be calculated. A 95% reduction in the sampling time inter-
val caused a 71% increase in the number of z-coefficients required to main-
tain the same order of truncation error. It may be observed that the re-
quired number of roots and of z-coefficients, for the same order of trun-
cation error, is inversely related to the sampling time interval.

An algorithm was developed for the simulation of heat fluxes and tem-
peratures in the thermal network. This algorithm is more accurate and gene-
ral than the ASHRAE weighting factor method, though the latter would take
less computing time. The algorithm also provides a move satisfactory de-
scription of the thermal network of the room. The improved method uses
heat balance equation at each node of the thermal network.

Subroutines COIL and VALVE TRAVEL were modified and generalized to im-
prove the simulation progranlﬂéﬂ. Change was also made in the gain of the
thermostat. The COIL subroutine was expanded to be able to simulate
the effectiveness of the coil at different water and air flow rates. the
VALVE TRAVEL SUBROUTINE was changed to predict normalized valve travel] for
a valve having the nonlinearity represented in figure (2.3.3). The THERMO-

STAT subroutine was modified to accommodate the value of thermostat gain
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observed in an experimental investigation. The simualtion program was

further modified to handle an indefinite number of time steps. The modi-
fied program was used to study the effect on energy supply to the room due
to variations in control parameters. A sinusoidal weather pattern was in-
troduced in the outside temperature. It was generally observed that changes
in control parameters which resulted in higher average room temperatures
resulted in higher energy use. A proportional relationship was observed
between the percentage change in the difference of average temperatures of

the room and the ambient and the percentage change in energy usage.

[$2]
[a%)

SUGGESTIONS

The following suggestions are made for improving the accuracy and cal-
culation procedure of the simulation program and for exploring the effect
of various control parameters on the energy supply to the room.

1. It is suggested that the algorithm developed in Section (1.3) be imple-
mented in the modified simulation program for the following reasons:

a. The proposed algorithm would avoid stepping back in the temperature
data by one time step.

b. The proposed algorithm would enable more accurate predictions of
heat fluxes and temperatures of the thermal network including
average room temperature.

c. The proposed algorithm would allow direct inclusion of radiation
effects in the calculation of heat transfer at the outside and in-
side surfaces of the walls.

d. The proposed algorithm allows for variation in film convection
coefficients without recomputing the values of the wall z-transfer
coefficients.

2. It is recommended that the effect of each control parameter on the
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energy supply to the room be studied independently and that mathema-

tical relationships be developed for each. This may be achieved by
‘making wore runs of the modified simulation program, SIM7, with addi-
tional values of each control parameter.

3. It is recommended that a more detailed accounting of the energy flows
to and from the room be made. This should include the heat transfer
from the floor, ceiling and walls as well as the heat supplied to the
room through the supply air, and the heat loss by air infiltration.

4. It is recommended that more realistic temperatures be used for the
space above the ceiling and below the floor. This may be accomplished

by providing a detailed model of these spaces.

It is hoped that the follow up of these recommendations would help
produce a more realistic and reliable simulation for the study of effect

of control parameters on the energy supply to the room.
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APPENDIX A

=
—

DISCUSSION ON ROOTS OF FUNCTION B

A wall being a physical system is a highly stable system from the
conduction heat transfer point of view. Hence, it may be expected that
the roots of B(s) should Tlie in the left half of the s-plane.

Through the following mathematical investigation for a single layer
of semi-infinite slab, it will be shown that the roots of B are all nega-
tive real numbers.

For a single layer,
B = — i Valt Sinh(/37a, L), for n=0, =0 and /& 75 = =.

P p (A.1.1)

where Lp is the thickness of the layer

For roots of Bp

Bp = 0, gives

Sinh(/_/s/ap Lp) = 1 (A.1.2)

Hence,

A/ap Lp Lmn

where,

ST T2 (A.1.3)

Since, > 0, L 20, 250 ,n8> 0, 5<0

The above derivation shows that roots of Bp, are all real negative

numbers and cannot be complex numbers.
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The roots of B are obtained from equation (A.1.3) as n is increased

in value.

The first root of B, from equation (A.1.3) is,

2
él—-naP/Lp

It may be proven for a multi-layered wall, which is essentially a multi-

layered infinite slab, that roots of B are real and negative.

A.2 DETERMINATION OF THE STEP SIZE ON 4-AXIS FOR ITERATIVE
METHOD OF CONVERGENCE ON ROOTS OF B

A method for finding the roots of B is developed based on stepping out
the axis until a root is passed, then converging on it. The process is re-
peated until the necessary roots are found. It is more convenient to use
trigonometric functions than to use hyperbolic trigonometric functions since
some computer libraries do not have the hyperbolic functions. hh

Since it is known that the roots of B are negative and real, 4 = —xn
is substituted in the formula derived in Part 1 of this thesis, and Bp

becomes:

1 .
= — A.2.1
Bp E;—Vap?k S1n(fn7ap Axp ( )

The step size for searching for roots should be determined by the layer
which has roots most closely placed, since that layer will have the tendency
to bring the roots of B (multi-layered wall) closer. Hence, equation

(A.2.1) is investigated as follows. To find roots of B equating (A.2.1)

with zero,
Sin(¢n7ap Axp) =0
2 2
T o
M.?ap Axp =nr ;L=—J°_2 , n=1,2, 3,
(ax )
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which means that the layer which has the smallets value to ap/(ﬂxp)2 1s

the critical layer. The computer program listed in Appendix B finds the
smallest value of the ap/ (.Jsxp)2 and uses it as the step size to step out

on the x-axis.
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APPENDIX B

B.1 EXPLANATION TO THE COMPUTER PROGRAM FOR MODIFIED
THERMAL RESPONSE FACTORS

The procedure is described here for the computer program written,
to find the z-transfer coefficients. The data supplied are, thickness -
(ft), thermal conductivity (Btu/hr. ft. °F), density (1bs/ft3), specific
heat (Btu/1b. °F) and thermal resistance (hr. ft.z °F/Btu). The thermal
resistance for all the layers except surface films is given as zero, while
all the other properties except thermal resistance are given zero for the
surface films.

The residues a's, b's, and c¢'s are obtained by knowing the roots of

B, equation (1.2.10). Following steps are made in calculating z-transfer
coefficients to different s-transfer functions.
1. A root of B is calculated. This requires use of subroutine COMP.

a. Steps of the r-axis are made, until the function B changes sign.
Step size is determined as explained in Appendix A. Subroutine
COMP computes the value of B, at different values of r, using
matrix multiplication of transmission matrices.

b. When B changes sign, it is clear that a root has been crossed in
that step. Hence, a reverse step is taken and then the step size
is halved. Once again steps are taken on the r-axis until B changes
sign. The above procedure is repeated until the root is approached
so close that value of B reaches a near zero value. The value of
r at that step is taken as the root of B.

c. To calculate more roots of B, step size (Appendix A) is used to
take steps from the previously found root. Step 1.b is repeated.

2. Once a root is calculated, z-transfer coefficients are calculated in

the following manner.



B.2
a. Subroutine GZ makes use of subroutines DERIY and COEFF to cal-

culate residues of the s-transfer functions A(s)/B(s), 1/B(s)
and D(s)/B(s).

b. Subroutine DERIV evaluates the derivatives of equation (1.1.18)

using equation (1.2.22) at different roots of B.

c. A(s), B(s), C(s), and D(s) are evaluated at roots of B(s) by sub-

routine COMP.

d. The above values are used by subroutine COEFF to calculate the

residues of s-transfer functions.

e. Subroutine GZ uses these residues to calculate z-transfer coeffi-

cients.

With each new root the number of z-transfer coefficients increases by
one. A check is made to see if the last coefficient of the series falls
below significance level. If so, the calculations of more roots is stopped
and the Modified Thermal Response Factors are printed out. If the last co-
efficient has not reduced below the significance level, a new root is cal-
culated. The procedure from steps 1 to 2.e are repeated. The Modified
Thermal Response Factors are calculated using equation (1.2.14). Subroutine
POLYM multiplies two polynomials to obtain the product polynomial.

An example of the input and output of this program follows.

B.2 COMPUTER PROGRAM FOR THE MODIFIED
THERMAL RESPONSE FACTORS

In the follwoing pages, the computer program for the calculation of
Modified Thermal Response Factors is produced. The program was run for
two sampling time intervals of one hour and 0.05 hours. The results of

these two runs are also printed after the program.
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Figure (2.3.3) is a schematic diagram of valve travel characteristic.
Figure (C.1.1) is the flow chart for subroutine VALVE TRAVEL to determine

the normalized valve travel from the valve actuator pressure which is the

APPENDIX C

EXPLANATION OF LOGIC FOR SUBROUTINE VALVE TRAVEL

output of the thermostat.

A flag F1 is set up which conveys the state of valve in the previous
time step.
line between two curves.

Curve 2 is the valve closing characteristic.

F1=3 indicates constant valve travel, that is the horizonal

Fl1=2 indicates that on the

previous time step the valve was on the closing curve while F1=1 indi-

cates that valve was on the opening curve on the previous time step.

Gk

Curve 1 is the valve opening characteristic, and

Using

the following equations, valve travel is determined from given valve actua-

tor pressure.

Curve I:
Y9
Y9
P7
Y9
P7
Curve 2:
Y9
Y9
P7
Y9
P7
Y9

1.0 for
- 0.277*P7 + 1.466}
-3.610%Y9 + 5.292

2

P7 < 1.68 ; Y9

0.111 - 0.0765 ¢$7“?'4.9111§

170.9%Y9% - 37.79%Y9 + 7
1.0

~0.300%P7 + 1.600
-3.333%Y9 + 5.333 i

0.110 - 0.0755 vP7 -4.983
166 - 7%Y9% - 36.67*Y9 + 7
0

}

0

for

for

for

for

Tor.

for

for

P7 <

1.68

4.93

P7 <

2.00

5.00

P7 >

A

.00

P7 < 4.93

P7 < 7.00

.00

P7 < 5.00

P7 < 7.00

.00



APPENDIX D

Bod. LISTING OF SIM7

In the following pages a listing of program SIM7 is produced.
The Tlisting includes subroutine SBREAD which is also an independent file
by itself. SIM7 is the program for simulation of room heating system
with variable number of time step increments.

Listing of nomenclature used for SIM7 , KEY,follows the listing

of SIM7.

D.1



K
B
R
F
24
K

WO -0 3= G b

=y

Eﬁ

-3 =3 =J -
B B

=

1ét
118
11z
114
11E
113
125
1":"’:
124
128
128
151
1 i.f.
[ 5
158
1 h.J
166
=9}
154

R
K
R

EM ## THIS 15 INDEPEMDENT SUBROUTIME “SBREAD".
EM #% READS DATA FROM A GIVEM FILE “G%".

EM #% DATA FILE SHOULD EMD WITH "#". LEAUING HO SPACE
EM #% BETWEEM THE LAST VALUE STORED AMD THE #

EM % STATEMEMTS | TO 7@ RESERVED FOR “SEREAD™

Ert #% 1IN THE MAIN PROGRAM

EM ## "SEREAD" IMITIALIZES ITS OWW UARIABLES. DIMENSION
EM ## P3(25C 5 BF( 1624 % CH 64 5 20 1881 IN MAIN PROGRAM
EM ##% DIATA FILES ARE ASSUMED STORED OM DRIVE UNIT #1
REM #% “SBREAD™ NAYEE CALLED FROM STHT.NO. 22

PE="P" : Eg="1"

FOR %=1 TO &

PE=F$+P$ : BE=RS+ES$

HERT

GP=CALLL 2560 )

DEF FHF( C% J

=FECLCEC B, 5 ) 148

PE( URE4+1, UGS +64 I=CH

RETURMHCALLL 2675, U )

FHENT

SP=FMFC"FILE#D OPEM, IHPUT. “+E$+" DA™ )

T=1

@7=FHF{ "FILE#1 READ" )

IF @7=0 THEH B8

I=1

Z6 1 1=UALL BSC 141, 1824 1)

I=I+1

IF B 1 T3=" " THEW J=J+1 : GOTO 52

IF BS( 1, I="%" THEHW B

IF ASCIESC I, I 1 >1 THEM 54
E07TO 46
FRINT " MO MORE ROOCHM " - GOTO B3
PRINT "FILE ";G6%:" RERDIMG COMPLETEL"
RETURM
DI PEOZSC L BSO 1624 L. CH B4 1L, 20 168 )
BIM To 3 11 LAl 2, 113»PEF(.=4111.-L.B£ .11
DI CHLLM2LCHSLAKE
DIM T 2L 6B 18 ), GBE 164 ), F’Efi S+ 23T
BIM T3{11 LPHILE(SLFE 1)
DI THH1LEXH 1 LES)
REM #% RERD DATA 1681-158
FESD M3, T, M1, H2
RERD & L MO LW HE
mERD I CHeLCHlLMa
READ :J @9, b ElL
FESD B2 E3 A%, P2
READ PELTE. T 1L T 2)
RERD AV, E7. 79, UL
READ T TE. ¥, H
REARD HZ, B2, C2, B2
REARLD F3, T4, T3(@ L F1L
REM #% DARTA AND READ DATA FILES 151-406
OATH 6@E, 8 .65, 2. 1 1 '
LATA 427 .5, 776.5, 2126 .6, 8.6
DRTH 1.8.24,8.8, IEIG
DRTH 1.6, 1666,6 .5
DHTH Ef,Es'; B.E; Eh @.2
DATH Ei ""5, E‘ 275, 155.~ Sz

™3



D.3

166 IATH V&.8, V7.9, 8 256, 8. 265

168 DATH 4 1143266E-3, 1 . 478111E-1,7.84815VE~-1, 6. 8746E3E-2
178 DRTA 2, 78.8.78.8, 1

19 FOR I=t TO K2

191 T3 3.1 =76, 68

192 T2 1 1=76 . a8

193 T3 13=78.8

195 MEXT 1
196 G2 1 )=135. 66
263 CF="AEE"
283 GOSUB 22
216 FOR I=1 TO N2
211 AB L, 13=2( 1)
213 NEXT 1
214 G$="BEG"
215 GOSUB 22
216 FOR 1=1 TO N2
217 B 1, 11=2( 1)
219 NEXT I
226 CF="Coa”
221 GOSUB 232
232 FOR I=1 TO M2
223 CO1,11=2(1)
225 MEXT 1
236 CF="FAEL"
227 COSUR 22
228 FOR I=1 TO H2
229 RO 2, 11=2( 1)
231 NEXT I
232 GF="E@1"
233 GOSUB 22
234 FOR I=1 TO N2
235 EB(Z 13=2C 1)
237 HEXT 1
238 G$="CE1"
9 GUSUB 22
@ FOR I=1 TO M2
241 CO(2, 11=2(1)
243 HEXT I
244 GF="CI"
245 GOSUE 22
246 FOR I=1 TO 5
247 CH131=2( 1)
D49 MENT I
256 GH="AI"
251 GOSUB 22
252 FOR 1=1 TO 5
253 AT =Z( 1)
255 HEXT I
286 PRINT
281 PRINT
282 PRINT

5 PRINT “###% SIMULATION WITH MODIFIED OUTSIDE TEMP. ANI RETURN AIR
226 PRINT
&7 PRINT “TH( 1, HZ j=61+3#SIH( @ B1Z1H4 I TO0 2 N2 =TS 3 N2 =76 8"
2838 FRINT



259
2T
461
467
43
4614
467
458
4@
410
411
412
414
415
418
42213
421
422
423
424
425,
425
427
437
433
434
435
436

437
433
437
44
441
427
447
444
445
446
447
451
452
45
456
453
561
518
512
514
516
518

e
52
521
5
5o

]

D.4

PRINT ™ O0=0UTSIDE TEMP .OF HWALLS ; R=ROOM TEMPERATURE®
PRINT "®eddEEEseEs SINT sekeeeksss™ © PRINT

REM #% PROGERAM BEGIHS

PRINT

PRINT "H T3 11} TH 1,111 Y E T4
PRIMT"
THL=T3(B]} :+ E=@

MEL =2 -8}

C=M 8 }-68-3 .475

FOR H=1 TO N3

TH 1. H2 1=61+9%SIHE G131%H )

IF W<>1 THEH 4Z&

FOR 1=1 TO H2 '

TIH L, I =T L. H2Y « TAHI =T3(@73

HE®T I

FOR I=1 TO H2-{

THI =T3(I+11}

Pac i, T=Pan 1, IT+12

Pol 2.1 =Pal 2L I+1 )

T2 I =T9 2L I+1

HEXT 1

IF M=128 THEM E=&

IF H=1 THEH 434

EOSUE Seti

EOSUE 551

GOSUE a1

GOSUE BS51

ai=g

FOR I=4 TO 5

GOEUE TEl

Cl=01+P@El T, HZ A9 T 1

HEXT 1

GI=G1+C2 3 HAS I B TH 3, H2 1=-TIL N2 1)

GOSUE TSi

GOs5UE gal

GOSUE 351

GUOSUE 981 @ E=E+M( G #C1( 8 ¥ 11-T3 1726

HOSUE 95t

AI=IHTOOTI0 L H2 348 131 51 ¢ X2=INT(( T3 N2 1~40 %1 .57
PRIMT N TRE(S LT3011 L TABO1T L T2 1. 11 L TRAB( 29 3: Y9 TAB 41 L E; TRB(S3 &
F3=P2 11

MEST H

EHD

FEM ## SUBROUTIME "ROOM TEMP.PREDICTICOHN™ #EdEioekrsiidmery
IF M=! THEH 53@

Ig=14 g9c# 1 44¥F2-53  Z52-146B+TI H2 13

JE={DSRC IR MO0 1 0 AP 2 BRI G B2 )

I3=1-72 l

Si=(r 8 ~AZM0 27 T1I0 L L7 M 2 IEBR D

2= 1 P 2 102 BTS( 1, H2 0N 2 ER2

SE3=0 GGG L0 P 2 O 108 ED |

Sd=—{ C2%T7 I¥B2Z

 SEIIHER+EEE4

T3 M2 =T33 HE HERPL T 3%T 1+ 1-EXP( =T 3%T 1 3
RETURNM
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551 REM #3% SUBRCUTINE "SFLUR" SSeddeEEssEEik ek s ib sk £ 5 e
S50 =@

BER IF H=1 THEH 594

g FUOR I=1 0TO Hi

56 SO5UR 1as]

580 U=OFPE 1, H2 BT

5V HEXT 1

=R RETURH

Hd FOR I=t 70 Hi

0 P 1L HZ2 =02 ] M T I HE T30
578 Gi=(AEol T EPsl 1,110

“EE HEXT I

BEs IF HrD THEH 594

B FOR I=1 70 {H2-11

Rom FOR I2=1 TO Hi

SE Pl 120 ] =Pel 12 H2 D

4G HERT 12

B HERT I

Eels RETURM

Bl REM s SUHBEROUTIHE "WHRLL TEMPERATURE™ ssssrssesekpsniokrs
Big To=Fal 1. {2 HeETS0 HE

G132 RETURHN

651 REF ¥#% SUBROUTIME “THERMOSTAT" ki srdtksssisiioniiom skl

BEl FPh=5 . 2445

BED FE=2.1

BSd IF H=1 THEH &74

GRS TE=TEHE] 2 T30 H2 BEC 4 3
62 TE=TEEEl 3 +T7HE( S}

BV Ta=TEXE?+TEHEH7T

57 07O 892

V4 Td=To%BE7+TGHEHY

BvE PP =11 .85 « PE=PW 1}
EVE EL @ =ERP —PEET )
g56 B0 J=1-E( ]

ERE Ef 2 I=ERPE-ToTH 21D

BEg B2 I=ERPL-TATW 111

BoE Bl d i=1-E{ 21}

ot E{S1=1~-E( 3}

Bai GOTO 69

B2 P L = F“EIJ#ELU)+E£11*1P6*T4 V4 ERPE+E 45 1

694 1F P71 =@ THEH PV 1 =6

E9E RETURH

TEI KEM % SUBROUTINE "FLUR™ SEsdissokksis sk s rbr s skt
i PRI M =C ] MU TS L. HZ T3 HZ 1)

Tiz RETURH

YEL REM dmdmkdckds® UALUE TEARUEL sedklokbkeiiirksdkd ek iilomnir s |
o2 IF Fid>»i THEH 78S

E3 IF P w=P3 THEH VB3
Teg IF PWOL 1S THEH P—~“.EEE
TEE PeleE  BVEYSTZ-E6 BV AT
PhE TF PR1 k=P THEM I=3 @ £07TO0 7%
PER YE=E 110 @TVEeR PL -4 983 a5 - GOTO 7aET
PEDOIF P =R THEW I=3 @ GOTO 65

VEDZ YO=—@ ERF I 1.6 ¢ I=2 - GOTO e

PEI IF PVWL x4 93 THEH Ya9=0 . 111-6 675 PP 1 -4 9117785 ¢ GOTO 7397

¥rH+S Z33 0 GOTO Vel

'-J

@ 3 -3



764

.5

-J =3
3 =d
o

(="

=3 =3 =] =d =3 -3
300 @3 -3 13

A

-3
m

w0 =JP GHR) = U Gl Y= G B ) b

@

0L w ) W W @

O o -d-3 -J3-3-3-3-3-3-J3~
e 3 )
T e

b,

o
-
£

§51
ge
oE2
364
SEE
8eg
@@l
916
g1z
914
qie
9413
g2
931
922
Q24
H2E
423
938
a3z
934
92K

L,
Kt

S0
G342
e
Y45

D.6

Ya=—@ . 27THP( L 1+ 4BE ¢ GOTO 797

IF F1<>2 THEN 783

IF F7( 1L 1e=P3 THEM 781

IF P701174.53 THEM P=176.9¥Y3"2-57 73Kv3e7  GOTO 775
P=-3 E1#YI+5 . 2

IF B0 105F THEM I=3 © GOTG 266

YIE-@. ZTTEFTOL L 466 ¢ I=1 ¢ GOTO 797

IF P7019%F THEN I=3 : GOTO Som

YE=GE . 111-8. G7ESH P71 1-4 911 178.5 : GOTO 79
IF P15 THEN Y8=—G Z#P7( 1 +1 .6 : GOTO 73
Vo=@, 11-@. G775 P L 1-4 983 1@ 5 © £OTO 737
IF ¥33@.1 THEW P=-3.61¥YS+S. 292 : P1=-3 333%va+5 333 : GOTO
PE17G . SHYSI-37. PHEYIHT ¢ PI=166. E7RYETE-36. 679+

IF P7(1 =P THEM 733

IF P7(1}=FP1 THEW E@E

IF P7(1 055 THEM Y9=@. 11-8. @77S¥ P71 14 983178 5 : £OTO 797
YE=-@ THFTCL L6 ¢ I=2 ¢ GOTO 797

IF P70 1144 93 THEN Ya=—@ 277#P7(1 141 466 : I=1 : GOTO 797
YO=E . 111-G.G7TSH P 1 1-4 9111785 + I={ : GOTO 797

IF Y34@ THEN Y3=0

IF ¥331 THEW va=1

P3=F7( 11

RETURM

REM ssksnksobes WATER FLOM RATE Sk s s s
Fa=r3

FE( 1 I=F oKk

RETURN

REM skgasskdkrs IMLET FAH DUCT saombisbitr b g
IF W=2 THEM Ti(1)=T3(@&}

TI=AZHTI0 1 HECHRTS0 I +CIRTT+D2RTS 1, N2 )

TZ=T 1+PSHE IRETHLI 2 10106 )

TE=ASETIC 1, HD 140 1-A5 T2

RETILIRN

REM %% SUBROUTINE “COIL™ $hbibriiin mrnsp i i s
C1=Cr 168
FE=C1%( @
Fa=C1%( @,

2E7RHCI-1 . 4811 #3.325
3 =
ARE=Cl%( @, 1
@
i

el i

4E#RCL -2 2456 45 1568
SS¥C1-1 3222 42 3413

RE=C1i%( 8 B395#C1-0. 2685 @ 76T

FOoR I=: 7

F=1-3

E4=F# F#l F# ~AE¥F+AS 1-Ad HA3 ]

Bt 1)=E4

HEXT I

BlSi=R{ 4}

F=Fet 1}

IF F<4.5 THEN Ed4=F#¥ F¥ Pt -AC¥F+AS 1-A4 A3+ GOTO 944

IF F<Y THEM I=1 @ GOTO 942

IF F<1.5 THEHW I=2 : GOTO 942

IF F<2 THEM I=3 : GOTO 942

I=4

Ed=B{ I +( 2%F-1 8 Bl I+1 =B 11}

Ji=Ed# G2( 1 =TI T3

RETURH
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951 REM #% SUBROUTIME “EXIT FAM DUCT™ $ebiikissdst bl £k
GEf Do=M0 e kO] & p+UL#0 5

GEZ TI0 =TI M6 WC108 1-ULEE 5+ 1-P3 ELSESHM+UI#TS 3, N2 13708
gEd4 RETURN

fEnal REM #3% SUBROUTIME "HERT FLUK" #3EEEirsstd @ iies S eeire e
11E Parc I, M2 =i

@12 I2=H2

1314 FOR 1i=1 TO 12

1a2g 10=H2-I1+1

tEas IF 184=8 THEH 18=1

124 POl I N2 =P&{ 1, N2 HCB(O T, I1 T2 1, I8

taze POl I, M2 i=Pal L N2 -Ae0 L, 11 MTS0I8)

1E2e HEXT It

1838 1Z2=H2

G322 FOR 11=2 TO 12

138 I8=HI~-I1+1

148 [F 18<=8 THEH 1&8=l

142 PEC I, HZ = PB0 T, M2 1Pl I, I3 #Eal 1, 11 10-B@C 1, 1]

todd HERT Il

fo4de RETURN
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KEY, nomenclature for variables used in SIM7
and nomenclature for DATA FILES
KEY " 70 WARIARRLE= OF SIﬁﬁVJFDGF ¥EFEEEEEES

“HFlHBLES b 3 E R g #*#%#ﬁ%####
HhEA
ARER OF
HREEH OF
AREA OF
AREA OF
Z-COEFF .
Z-COEFF .
Z~-COEFF .
2—-COEFF .

OF MWALL (FT.
FLOOR
CEILING
oS
W IMTCHAS

i AR FOR WALL

OF AH-FB FOR FLOOE

OF DEMOMINHATOR FOR
OF DEMGHIMATOR FOR
Z-COEFF . OF 108 FOR WALL
S-COEFF . OF 1.8 PaR FLOGR
HEAT CHPACITY OF HIF
HERT CAPACITY OF FURMITURE
OUERHLL COMDUCTANCE OF MWALL
CUERALL COHILICTAMCE OF FLOOR
OUERALL COMDIUCTAMCE OF CEILING
OUERALL COMDUCTHHCE OF DOORS
OUERALL COMDUCTAMCE OF WINDOMWE
FLEW RATE OF WATER (GRPH

TEMF. OF MWATER EWTERING THE COIL
SUFPLY AIR MAZS FLOM RATE (LHEESHED
IHFILTREATION Mz FLOM HATE (LBZ-HRE D
RETHRH HIF MASS FLOM RATE (LES/HR T
UHLUE MCTURTOR  PRESSURE (PSIX

PAFELL
FLOCE

iF1

SUFFLY HIE TEMP.OCF I
ROOF TEMP. AT CURREHT TIME (F 1
TIME COMSTHMT EFFECTED BY WRLL

TIME COMSTAMT EFFECTED BY ROOM AIE
TEMP. GUTSIDE MALL AT CURREMT TIFE (F
TEMF. GF SPACE BELOW FLOOR CF 1

TEMP. OF SPAHCE ABOUE CEILING (F I

ERFREEEEEEEEEEeEy

MEIGHTIHG FARCTOR TO COMPUTE EFFECTIUE TEMP.
_I.“J_

SUPFLY AIR FLOMW RATE ( CFH

BEHZITY OF HIE

FMECH. EFFICIEMCY OF MOTOR DRIVING HOT HIR FAH

FAM STRTIC EMERGY-EHERGY TO FAH SHAFT

EFFECTIVEHESS OF COIL

FLAG IW UALUE TEAVEL

WATER FLOW RATE A5 FRAECTION OF MAS FLOW RBRTE

FiAx . WATER FLGHW REATE

COMY . HEAT TH.COEFF . BETHEEM MALL ANIE ROOH
TEMP. OF HIR LEAUINE THE COIL

RO TIME COMSTHENHT IHM HOCH TEMP. PREDICTION
MRS OF FURMITURE (LEE

HUFMBER OF TIME STEFS COMSIUERED
HUMBER OF SURFHCESZ MITH HERT STORAGE
WUMBER OF Z-COEFF. FOR A TIME SERIES
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116 P2 EOOM HIM, PRESSURE (RTH

117 PS IMUERSE OF THERMOSTAHT TIME COMSTAHT

iig PE GRIN OF THERMUSTHY

113 P& SET PRESSURE OF THERRMIZTHY (PSL

1263 i HEAT TR_EBY COMOGUCTION FROM SURFARCES WITH HERT STORRGE
122 @1 HEAT TR.EY COHDUCTION FROM SURFHCES WITHOUT
124 a3 HEAT FROM LIGHTS

126 T TIHE STER (SHMPLINE INTERUAL ) (8,85 HES )
1228 T1 FETURH HIR TEHMF . {(F 1

138 73 TEMP . OF HIE EHTERIMHG THE COIL {F 3

132 T4 EFFECTIVE TEMPERATURE AT THERRMUSTHTY

134 T7 TEMP . OF MWALL (F 12

138 T8 SET TEMF. OF THERMOSTET (F )

148 #**#*&*###*###*# DATH FILES eedisklessiddiisbsnisinikisgs
142 Tri RETURH AIE TEMFERATURE

144 THZ CUTSITDE TEMPERATURE OF HORTH WALL

{48 TH3 ITS1IHE TEMRERATURE OF MWEST WALL

143 Trid QUTSIDE TEMPERRTURE OF =S0UTH WALL

156 THS GUTSILE TEMPERATURE OF EAST WALL

152 THE VEHMTILRTION RIE TEMPERAHTURE

154 TH7 OUTSIDE TEMFERHTURE BELOMW THE FLOOR

158 THE OUTSINE TEMPERATURE AEBIVE THE CEILIMG

193 THA TEMPERHATURE OF HORTH LDIFFLSER

168 THiG TEMPERATURE OF SOUTH DIFFLSER

162 THL TEMFERARTURE ST THE IMLET OF THE F@AH

164 TH1Z TEMPERATURE OF HIFR ENTERINGS THE COIL

168 Gl TEMFERATURE OF HIFE LEARUIHG THE COiL

153 GHZ2 TEMFERATURE OF MWATER EMTERING COIL

178 GH3E TEMPERARTURE OF MWARTER LEAUIHE COIL

172 GHM4 IHSIDE TEMPERATURE OF HORTH BHELL

174 GHS IMSILE TEMPERATURE OF WEST WALL

175 GME IMSIIE TEMPERATURE OF S0OUTH MALL

{78 GH? INSIDE TEMFERATURE OF EARST WALL

173 GH& TEMPERATURE OF FLOOE

1868 GHS RUERAGE TEMPERATURE OF ROOH

182 GHig TEMPERATURE HT THERMOSTAT

194 Gl | TEMPERATURE OF #HIE HT OLET F FEM

126 AAE Z-COEFF OF H-B FOR MALL

188 AG1L Z-COEFF OF R-B FOR FLOOH

146 Ro@ Z=COEFF OF DEMOMIHATOR FORE HALL

192 E@l Z-COEFF OF BEROMIMATOR FOR FLOORE

124 Caa 2-COEFF OF 1-F FOR MARLL

195 061 S-COEFF OF 128 FOR FLOOR

198 R[4 AREARS OF HWALL, FLOOR, CEILIRG, DOOES, MIHIOS
e C2 GUERALL COHIUCTIIHCE OF AHRBOUE FIUVE ITERS
2e62 EXPY EXPERIMEMTAL UALWVE RCTURTOF PRESSURE IH 51
264 EXUTR ESPERIMENTAL HNORMALIZED UBLUE TRALEL

2686 EXMFLO: EAPERIMEWMTHL WARTER FLOM IN &PH
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Figure (1.1.1). Single Layer slab with surface film.
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Figure 1.2.1 Rectangular pulse (step) form

input function

step approximation

//,/’
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Figure 1.2.2 Triangular pulse (ramp) form

ramp approximation
input function

At

™



E-3

uorjewixoadde dweda pakepaq

L'€'T ®unblL4

4

e

N

uotjeurxoadde durey
pafelaqg

N

uotiouny ndug




E.4

-patepoN Bureg wolsAg jo uoriwjuasaaday d1jewaydg A..H.H.Nv aunbl 4

HWOOod

NanLIg
1V

AATTIOUINGD
8
d]

L

LVLSOWdHHL

SMH —

YOIVNLOV
ANV AATVA
| TO¥INOD

UMH —

Aladns
q1v

O

\

YAONVHOXAE
IVHH

NV

I

NOLLVIIINIA



EFFECTIVENESS (EA)
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Figure (2.2.1) Coil Effectiveness - Reference{15)
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Figure (2.2.2) Coil Characteristics
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Figure (2.2.3) HTI for various values of Air Quantity and Water flow

rates.

(GPM) Air Quantity (cfm)

water

flow 0 100 200 300
0.5 0 72.00 101.0 118.1
1.0 0 80.00 121.1 147.0
1.5 0 83.25 129.3 160.0
2.0 0 84.70 133.4 167.1

Figure (2.2.4) Coefficients for Equation (2.2.6)

(GPM)
Water
flow a b c d
. -5
0.5 0 1.0263 -35.4x10 4.76x10
1.0 0 1.0735 -31.3x10"%  3.95x1076
1.5 0 1.0913  -29.5x10"%  3.65x1076
2.0 0 1.0962 -28.5x10~4  3.50x10°6
Figure (2.2.5) Coefficients for equation (2.2.9)
1 3.8257 1.4811x10"2 0.2070x10™%
2 _5.1568  -2.2450x10"° -0.3246x10™%
3 2.9014 1.3222x10°2 0.1938x10~%
4  -0.5763  -0.2685x10°° ~0.0396x10"%
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Figure (2.3.1) Experimental readings for investigative test of valve

2] P8 p7 AP PS
1 .0.0 . 0.0 7.0 15.88 18.13
2 2.36 0.0 6.0 15.88 18.13
3 7.87 12.20 5.0 15.50 17.88
4 21.26 29.27 4.5 14,50 17,63
5 34.65 39.02 4,0 13.38 17.50
6 49.61 48.78 3.5 12.00 17.50-
7 62.20 62.20 3.0 10,13 17.25
8 76.38 80.49 2:5 6.68 17.00
9 90,565 93.90 2.0 3.73 16.93
10 100.0 97.56 1.5 2.85 16.83
11 100,0 100.0 1.0 2.50 16.80
12 100.0 100.0 0.5 2.35 16.75
13 100.0 100.0 0.0 2,30 16.75
14 100.0 100.0 0.5 2,30 16.80
£ ~100.0 100.0 1.0 2.23 16.83
16 100.0 100.0 1.8 2,23 16.83
17 100.0 100.0 2.0 2.28 16.83
18 87.40 90.24 2,5 4.38 16,93
19 70.87 71.95 3.0 8.10 1715
20 53.54 53.66 3.5 11,18 17.48
21 41,73 44,88 4.0 12.45 17.53
22 22,83 30.49 4.5 14,20 17.85
23 11.02 25,37 5.0 14,70 18.00
24 5.51 0.0 6.0 15,90 18.35
25 0.0 0.0 7.0 15.95 18.45

NOTE:  Bypass waterflow rate about 10.6 GPM, according to pump curves,

Max water flow rate 2.05 GPM.

Y9 - Normalized valve travel

P8 : Normalized water flow rate

P7 s Valve actuator pressure

AP 2 Pressure drop across the valve
P - Supply pressure head
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Figure (2.5.1) Return air temperature of SIMl , SIM2 and experimental

readings.
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ET2

Supply 1 Thermostad Inverse | Supply [ set | Energy % Change | Average %
air gain of Therm-| water Temp. in room Change
Qstat time i Energy temp. in ave,
constant ! (Tp-Ta)
(Tbs/hr) | (psi/'F) | (1/hr) ("F) (‘F)  |(Btu/24hr) (°F)
1
Base
line 427.5 2l 5.2445 135.0 74.5 80548.35 76.52 0
run |
|
+25% 534,37 77527.23 -3.75 76.9 2.45
1
-25% || 320.62 77175.91 | -4.19 75.48  |-6.70
I
+10% 2.3 79861.79 | -0.85 76.48 -0.26
i
-10% 1.89 ga13g0.11 Q.93 76.57 1 0.32 |
+10% 5.76906 80506. 22 -0.05 76.52 Q.00
I
E
!
\
-10% 4.72014 80532.31 -0.02 76.53 1 0.06
| :
! !
L i
+ 5% 164.75 33880.15 10.34 77.01 3.16
- 5% 105.25 54167.65 | -32.75 74.95  |-10.12
|
+ 1% 79.84 115191.28 t 43.01 78.57 13.21
!
i
- 1% 69.16 16986.03 |-78.91 72.73  |-24.42
1
{ i | ;

Figure (4.1.1) Controi Parameters and Their Effacts
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P6=1.89

Figure (4.2.6)

Figure (4.2.5) P6=2.31

e
b

-

g

o O O O N O X O O O X O

DO R O I I I I O i I S S Y S S S S S i S A O E R T I Y

(Aap_faf Saf €48 €0 €08 Saf Hof Laf Tnf a“ﬂ A

llxlpn...tﬂa—‘?ﬁé]adal.‘l.‘ﬁﬁh -t_s 5857?7?333599991

o 00 G O o O o OO O O OrOrox O RO KX

R AR 2 R B 2R IR TR S Ik IR I AR I I AR I R A A AR I B I B

fap_faf Qnf £aR Qa0 a8 Qa0 Qo0 Qa0 o0 fnf m

e Aa AN NN T T TN NN GO GO NN NS DD DR DAD D

O o O L O Ox Or O O O

O O O O O
oo 0

0 OfO0C O O Xar

oo o deod el Scoc oror OfOCY OfOOC O OF O Qe

[=] o
Q93000000000

¢+&M+$+&+%
nf Hall fat
FRTmet 4NN MMM
e = R i b

O o0 Of o ¢ &

o OrOr OO Ofie OO o

=]
co 599
o o
o3ac00000000
+?0W0%¢&+E09+
ni- N - aie Nin
DOD T = = INNONM MMM * T
i b o ftntofedd e it L i 4t e

o Of O 0 (X O

X Ol Xy O pe O O OC

oo g O Mgl

o 0 X

o o 00D Do o OO0 O I D A

o X

oo
UQGOD

4 o
o0 e & koo O O O

LT ALRT AL AL AL

PEERE AR NNAARRERS

l?:h



E.21

G2(1)=105.25

Figure (4.2.8.

G2(1)=164.75

Figure (4.2.7)
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T8=69.16

Figure (4.2.12)
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ABSTRACT

The study of the effect of control system parameters on the energy
consumption requires a simulation with a time step short enough to mani-
fest the dynamics of the control system. An algorithm to calcualte Modified
Thermal Response Factors for multi-layered walls was developed. The com-
puter program for this algorithm has a variable sampling time interval.

The algorithm was used for two different timé steps to observe the change
in the number of z-transfer coefficients. The computer program produced.
requires thermal properties of the materials of the wall, the time step
size and the number of layers in the wall.

An algorithm was also developed for accurate prediction of inside and
outside temperatures and heat fluxes in a room heating system simulation.

A study of the effect of control parameters on the energy supply to
the room was made. Five parameters studied were mass flow rate of supply
air keeping infiltration rate constant, temperature of hot water, set tem-
perature of thermostat, thermostat gain, and time constant of thermostat.

It was observed that higher average room tmeperature required larger energy
supply. Results and graphs are produced for the room temperature for a
daily cycle where the outside temperature was varied sinusoidally from 52 °F

to 70 °F.



