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ABSTRACT

Two simplified methods for calculating one-dimen-
sional tramsient conduction in multi-layer slabs, the
response factor method and the z-transfer function method,
are outlined. The effect of the assumptions of constant

surface heat transfer coefficients is investigated in

relation tO the transfer function method.

A room model with three elements, external wall,
glazing and a single interioT partition—ceiling—floor
element, 1s developed. The errors resulting from the
use of a combined interior convection/radiation resis-
tance by assuming the partition is at room temperature

are investigated. The model USES wWars transfey func-_

tions for both exterior and interior walls, and uses

separate convection, long wave radiant exchange, and

absorbed short wave radiation calculations at each sur-
face. A deadband thermostat and "free" cooling with out-
= gide air are included in the model. The model is econ-
omical while including significant detail in the heat

transfer mechanisms.

The concept of Toom transfer functions is reviewed,

and a comprehensive room transfer function (CRTF) 1is
proposed and tested. The CRTF correlates the heating

and cooling loads with current and previous sol-air
iv



temperatures, yoom temperatures, and heat gains tO the

room. This single function, when used with simple logic

representing & thermostat with deadband and/oT night

setback, can be used to compute hourly loads during

heating and cooling, or room temperature when the equip-

The transfer function 1is obtained by re-

The

ment 1S off.

gression of a limited data set from & simulation.

method is tested with hourly simulation data generated

by the three-element ToOm model developed in this the-

gis, and by zone and building models constructed using

TENSYS, & transient simulation program.
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1.0 TNTRODUCTLON

1.1 Objectives

Calculation of hourly heating oOT cooling loads and
space temperatures in buildings ig very complex. New
methods have been developed tO simplify the calcula-

tions, however they introduce assumptions and restric-

tions. GEven with these methods, the calculations can be
extensive and expensive.

The objectives of this thesis are tO outline
these new methods and to investigate the effects of some
of the assumptions, TO develop a room model based on

___these metho@i_with some modification, and to find a

method tO calculate hourly LoAES_ZJE_fcﬁpﬁrﬁFnﬁes_using___

a single functional relationship which is simpler and
more economical than the full hourly simulation calcu-

lations.

1.2 Organization

The research cfforts of the past fifteen months
have been concentrated in three major areas, and are

reported in the following three chapters.

In the Chapter 2, two simplified methods for calcu-
lation of transient conduction in multi-layer slabs, the

response factor method, and a later improvement, the



z-trans fer function method, are outlined. The effects
af the assumption of constant surface resistances in
relation tO transfer functions are investigated.

In Chapter 3, & model for a room with simple geo-
metry is developed. The common practice of combining
radiation and heat transfer resistances at the inside
surface by assuming the interior surfaces are at room
temperature is investigated. The use of equivalent
temperatures as 2 method for including long and short
wave radiation at a surface in a transfer function ap-
proach is developed. The equations governing the
heat transfer in a three element room are then devel-

_ngd_usiqg_transfer functions for the interior as well

as the exterior wall. Control 15 adﬂgﬂ'ﬁi*h'ﬁ"medel

for a thermostat with deadband between the heating and
cooling setpoints.

Finally, in Chapter 4, the concept of a comprehen-
sive room rransfer function is introduced and compared
with the current ASHRAE methods for hourly load calcula-
tions. This function, when used with 2 control logic
representing 2 thermostat, allows rapid calculations of
heating OT cooling loads and the room tempefature, re-
sulting in savings of computing costs. The compre-
hensive room transfer function is tested with data from

the model developed in the Chapter 3 and with TRNSYS



zone and building models.

1.3 Literature Survey

The transfer function methods for transient comn-
duction in multi-layer slabs 1is introduced by Stephenson
and Mitalas [1,2], MWMitalas and Arsenault [3] give a
computer program to calculate the function coefficients.
Ceylan (4] also presents a method for computing the co-
cfficients. These transfer function,coefficients are
tabulated by ASHRAE [5]. pawelski [6]1 and Kimura 171
give detailed outlines of the transfer function method.
Horn [8] investigates the use of a constant yoom temper-
ature transfer function for varying room temperature, and

explores the use of an effective soitding—eapacitance.

ASHRAE [5] gives a method for hourly load calculations
using room and room air transfer functions in conjunc-
tion with conduction transfer functions. Chen [91 shows
ways of combining the conduction transfer functions of
211 the surfaces in 2 room. Pawelski [6] uses regression
fits to finite difference solutions for conduction in
walls with parallel paths toO obtain transfer function

coefficients for the walls.



2.0 RESPONSE FACTOR AND TRANSFER FUNCTION METHODS FOR

0NE~DIMENSIONAL TRANSTENT CONDUCTION
2.1 Introduction

Modeling the heat transfer and temperatures in
buildings requires solution for transient conduction
through walls, roof, and floor. Methods have been de-
veloped in the last fifteen years which allow deter-
mination of heat transfer and temperatures with very
few algebraic calculations. The response factor method,
and an improvement, the z-transfer function method,
give sets of coefficients which are calculated only
once for each type of wall, roof, OF floor. With these

coefficients and weather daLd,'ECE?'F*ﬂfes—&nd_Lempgz—

atures can be rapidly calculated.

The one—dimensional transient conduction problem
will be formulated for exterior walls, and the rraditional
method of solution by finite difference methods will be
briefly summarized. Next, the response factor and the
z-transfer function'methods will be introduced with a
summary of their origin. Finally, the problem of time-
varying surface heat transfer coefficients in relation

to the transfer function method 1is explored.



2.2 Governing Equations

For practical application in building load calcula-
tions, heat conduction through plane walls and slabs
can be modeled as one—dimensional systems represented by
the classical heat conduction equation for constant

thermal properties.

2
37T _ 3 3T
~;7 e T (2.2.1)

At each boundary there may be convectiwve and/or
radiative heat transfer. The First Law requires that the
conduction, convection, and radiation heat transfer at

~ the surface balance. At the outside surface, with

convection only, the balance 15: - -
BTO
-k w T hc,o (L, * T) (2. 2.2

There is also the possibility of absorbtion of solar
radiation and of long wave radiation exchange with the
gurroundings and sky. These will be addressed in Sec-
tion 3.2.2.

At the inside surface, conduction must balance con-
yection tO the room air and long wave radiation exchange
with the gurroundings . For present it is assumed the
interior surfaces are black for long wave radiation, and

the surroundings seen by the wall are isothermal and at



room air temperature. The balance then becomes:

L — _ =3 o
- kgx T Peyd (T, - T + 4T (T; - Ty) (2.2.3)

A linearization of the radiation term is used. The

range of temperatures inside a puilding 1is small enough

that this 1s & good approximation. The possibilities of

absorbtion of solar radiation through windows, absorbtion

of radiation from lighting, and radiation exchange with
multiple surfaces not at room temperature are also pos-

sible, and will be addressed in Section 3.2.2.
2.3 Finite pifference Methods

Traditionally, transient conduction problems have

been solved by finite difference methoas Thieh—may—Dbe

found in any standard heat transfer text. The general

idea is tO divide the wall into thin sections, and to
treat each of these sections &S an isothermal element
with a 1lumped thermal capacitance. Conservation of
energy requires that the net energy transfer with
neighboring eclements must equal the change in energy
storage within the elements. The equation for each

_____ element then includes temperatures of neighboring

elements, and all of these equations must be solved

simultaneously to find the current temperature of each



element. Time is divided into small discrete time steps,
and the temperatures are solved during each time step
with a time-dependent forcing function at the boundaries.
The accuracy of these methods depends on the size
of the elements and the time Step. As these decrease, the
numerical solution approaches the exact solution. How-
ever, the computing time and cost rapidly escalates as
well., These numerical methods also require considerable
effort to set Up. Node size and placement has to be
chosen, conductances and capacitances for each element

calculated, and all input TO the computer program.

9 4 Response Factor Method

The Response Factor VMethod of_aJIEfiﬂﬂ—nF—tfansient___
one—dimensional conduction problems was developed by
Stephenson and Mitalas [Li Em 1967. The central ideas
of the method are that if the system is linear, and LE
the forcing function can be adequately represented by
a time series of triangular pulses, then if the system
response to a wit triangular pulse can be determined,
the actual response of the system_will be the super-
position OT summation of the responses tO all the tri-
angular pulses which constitute the input forcing func-
tion. Each individual responsé is the response tO the

unit input scaled by the magnitude of the actual input



pulse.

As seen in Figure 9 4.1, a forcing function such as
outside temperature, can be represented by a summation
of triangular pulses, and each pulse is just a scaled
unit pulse. The resulting representation is a series
of amplitudes at each time step connected by ramps.

A typical output, oOr response, to a unit input

pulse 1is shown in Figure 2.4.2, The amplitudes of the
response at each time step after the unit pulse are
called response factors.

As an example, consider a temperature difference
producing 2a heat flux at the inside surface of a wall.

____Figure 2 4.2 shows a typical response of heat flux to a

unit temperature pulse for a time step of one houl.

The attenuation, OT gain, of the response is a result

of the conductance of the wall, while the lag is a result
of the capacitance. This wall shows negligible instan-
taneous heat flux TO the room. The flux increases to &
peak after about three hours, then decays slowly over

the next several hours. In order to find the current
heat flux to the roOm, a superposition of the responses
to the current and all previous temperature pulses 1is
made. For example, the temperature three hours ago is

now resulting in 2 flux equal to the third hour response
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1l

factor multiplied (scaled) by the temperature at that
time. There is a similar contribution from every
other previous time step, and all of these individual
responses must be summed toO find the total response
at the current time step. Mathematically:
o, T-nb Yn (2.4.1D
Figure 2.4.3 shows hypothetical responses O the series
of input pulses shown in Figure 2.4.1. The actual re-
sponse of the wall is then equal toO the sum of all the
responses at a particular time, resulting in the com-

posite response shown at the bottom of the figure.

Though theoretically the fEEEBEEE co—an—iaput—pulse con=
tinues indefinitely, for conduction through standard
construction walls with time steps of one hour, the
response 18 negligible after 24 to 48 hours. However,
since the response is the summation over all previous
hours, the sum of many small numbers may become signifi-
cant, and the gummation may require even more than 46
terms, especially for massive construction.

A wall may have time-varying forcing functions on
both sides. gince the system is linear, the two forcing
functions can be treated separately, and the total re-

gponse 1is just the sum of both sets of individual re-
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sponses. A cet of response factors for the heat flux
at the inside surface for an inside temperature pulse

can be derived. Then:

(o] co

q = 2 T y - % T Z (2.4.2)

T n2o "o,T-DA N nZo “i,t-nA .

Response factors are obtained by taking the Laplace
trans formation of the conduction equation (Equation
2.2.1), solving ahd expressing the solution as & series
expansion, trans forming back to the time domain and mak-
ing special substitutions for the surface temperature
and discrete time steps. This series expression is

then compared term by term with the general form of

the rEbyu“sc‘fzﬂfﬁr—e&uation_LEquation 2.4.1) to give

the response factors. The original derivation can be
found in Stephenson and Mitalas [L]. A more detailed
description of the derivation and the method can be
found in Kimura [7] ox Pawelski [61].

The response factor method, while offering poten-
tial savings in rime and expense, still requires many
algebraic calculations, and the transferal and storage
of response factors and histories which may easily
total over 100. Tt does lead, however, to a further
improvement by Stephenson and Mitalas, the Z-Transfer

Function Method.
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V. 7-Transfer Function Method

Stephenson and Mitalas [2] found that if the pre-
heat fluxes) were used as well as the

vious outputs (
arge reductions could b

inputs (temperatures), e made
in the number of previous time steps required, and,

therefore, in the number of calculations.
The key to this method is finding the ratio of
as given by the solu-

rm of the output,
to the 7-transform

the 7-transfo

tion of the differential equations,
1led the 7-trans fer

of the input. This ratio is ca

function, K(z) .

(z) Z-t1 transform of

A A 20 T———
R -—f \4) —Z—tran orm oL

and can be expressed as:

a, + a; z—l + a2y z_2 A iy wm
K(z) = —— —'_I——*——M——g—w~—-- (2.5.2)
+ by Z + by 2 + s
Then,
2o £+ 9 £.5 %8 £roon T =B By
(2.5.3)

and the output at the current time step can be solved
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in terms of current and previous inputs and previous

outputs, giving

vy b. g _ (2.5.4)
n=o0 e nA

For a detailed derivation, see Stephenson and Mitalas
[2], Kimura {71, or Pawelski [61].

As with Response Factors, there can be more than one
input driving the system, for example, time-varying out-
side and inside temperatures. The general form of the

7 -transfer function for conduction in walls most widely

used is:
—_— e — b_T. . __apn - L%y Ty, c-na
"[' n=o T LI\ =5 2 T —
(2,55
_ 5 d qn
n=1 B Tl

Note that if the room temperature is constant, OT

nearly constant, as in many commercial buildings, then:

1] . = d iR
1 nio bn Te,T—HA nil n 4 L T=TA

(2.5.6)

- T AL
r,constant _g T
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9.6 Obtaining 7 _Transfer Functions

Mitalas and Arsenault [3] wrote a FORTRAN program
which calculates transfer function coefficients given
the properties of each of the massive layers of a multi-
layer wall or slab, the thermal resistances of any ailr
spaces, and the surface convection-radiation resistances.
Using this program, transfer functions for any multi-
layer wall or slab may be calculated.

ASHRAE [5] has tabulated the sets of coefficients
for determining heat flux into the room for many stand-
ard walls, partitions, roofs, and floors for the case

of constant room temperature only. The tables contain

the b and d coeificlemts TCE_EEWH"hﬂﬁf——buiqonly—Eh@

sum of the c coefficients is tabulated, since, for
constant room temperature, the ¢ coefficients can be
combined as shown in Equation 2.5.6.

For many buildings, especially residential, where
the room temperature is allowed to float through a
fairly large range, the c coefficients are required for
accurate results. Horn [71] investigated the effect
of using the constant room temperature transfer function
for non-constant room temperatures, and found that
significant errors can occur even for total energy quanti-

ties, especially during fall and spring. It seems that
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using the c coefficients separately for the case of non-
constant room temperature is required for accuracy, and
therefore the ¢ coefficients need to be calculated by a
program such as that of Mitalas and Arsenault.

An alternative method for calculating the coeffic-
ients has been formulated by Ceylan [4]. His program is
a bit more flexible for specifying boundary condition
types. However, setting up the input toO the program 1s
more complicated than Mitalas and Arsenault.

An example using the Mitalas and Arsenault program

is included in Appendix A.

%.7 Trans fer Functions and Variable Surface Conductances

As presented in the previous sections, transfer
functions can be obtained for outside and room tempera-
ture driving functions. These driving temperatures are
air temperatures, SO & surface conductance is included
at each surface to give the resulting transfer func-
tion. It is necessary for these conductances tO be
constant. Changing the surface conductance requires
calculation of a new set of coefficients.

The assumptions of constant interior surface con-
ductance is probably fairly good, though they do cer-

tainly change with surface temperature. The calculation
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of this conductance is addressed in the next chapter.
The assumption of constant exterior surface conduc-
tance is suspect, however, since wind speed, and there-
fore the convection coefficient, varies considerably.
Since wind coefficients are not known very well for
buildings, the assumption of constant average wind
speed is cften used.

For most buildings, the surface resistances are
only a small fraction of the total resistance of the
wall. However, these surface resistances can be very
important in that the rate at which heat can be trans-

ferred to and from the mass of the wall is strongly

dependent on them. Therefore, while an 1ncorrect con-
vection estimate will make little difference in the
total amount of energy transferred to and from the
room for a given AT, the time distribution of that
heat transfer can differ significantly.

In Figure 2.7.1, the heat flux into the room for a
block and face brick exterior wall is shown as calcu-
lated by two different transfer functions, but using
the same outside sol-air temperature distribution typi-
cal of a south surface on a sunny March day in Madison.

2

The sol-air temperatures are based on h = 6 Btu/hr-ft“-F

(34 W/mZ—C), however, the transfer functions use exterior
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Different Heat Transfer Coefficients.



sur face conductances of ho=13Btuﬂuwft24? and h0==6‘5aﬂhr—
ftz'F (17 and 34 W/mz—C). 1t can be seen that the lower
convection rate at the exterior surface results in
attenuation of the amplitude and some lag over the

case of the higher convection rate. The integrated

heat transfers are nearly identical, as they should be,

since the overall conductances are not significantly

different. It can be seen that significant errors in
hourly loads can occur if a function derived for one
h, igs used for a case in which the ho ig different.

A transfer function from surface to surface could
be used if surface temperatures are known. Then the sur-

= ———— face conduetances are outside the transfer function.

The two transfer function equations for inside and OULT

side surface fluxes given surface temperatures can be
solved simultaneously with the two equations relating
surface and air temperatures, surface conductances, and
heat fluxes at each surface. This gives the heat flux
at the interior surface as a function of air tempera-
tures and surface conductances . The complete deriva-
tion can be found in Appendix B.

There is a minor problem in such an approach, how-

ever. A transfer function solution is based on, and

assumes, & ramp input. Wwhile the air temperatures are
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specified:as a geries of ramps, the corresponding
surface temperature is determined by the thermal state
of the wall, as well as the air temperature, and it may
not follow a similar ramp, especially after maximum OT
minimum temperatures. The surface temperature is not
truly an independent forcing function. 1t was found by
comparison of solutions of air to air versus gurface to
surface transfer functions, differences up to 3% could
occur just after maxima or minima in light construction
walls while differences were negligible in heavy walls.
Reducing the time step to one-half hour improved the
agreement considerably.

In the work to follow, it was decided to use con-

stant average values of the convection Coefriciemnts—8
order to keep the models somewhat simpler. Also, con-
vection coefficients are not known Very well for build-
ings, and since errors are SO easily introduced via

the sol-air temperatures, which are very sensitive to
convection, the assumptions of a constant average value

is probably safe.
2.8 Conclusion

The z-transfer function method provides 2 fast,

inexpensive numerical solution of transient conduction



22

through multi-layer walls. While changes in surface heat
transfer coefficients make little difference in the

total energy conducted through walls of standard construc-
tion, the hourly heat fluxes can be quite different. The
trans fer function method can be formulated to accomo-

date varying heat transfer coefficients, however, since
the coefficients are not known very well for a particu-
1ar building anyway, the standard transfer function

method 1s probably sufficient for most applications.
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3.0 DEVELOPMENT OF A 3-ELEMENT ROOM MODEL

3.1 Introduction

A model for the transient thermal response of a room
should account for all heat transfer mechanisms at the
surfaces, as well as the transient conduction and stor-
age in the massive elements. In this chapter, a simpl-
fied room or Zzone model is developed to simulate a
system consisting of an exterior massive wall with glaz-
ing area and an interior massive partition. It is
assumed in this model that the floor, ceiling, and

partitions are of a similar construction and at the same

:ﬁﬁ?ﬁTﬂ+er——aﬂd_Gan.be treated as a single element.

The derivation of the equations for the general case of

cach roof, wall, and ceiling being different is in-
cluded in Appendix C. However, for the purposes of
this research project, the 3-element model was considered
adequate.

1t was decided that a room model should include the
ceffects of thermal storage in the partitions by using
transfer functions, rather than by assuming some esti-
mated value for a lumped thermal capacitance. Treating
the system this way also allows interior surface temper-

atures to be calculated, and therefore long-wave radiant
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exchanges between the interiox partitions and the ex-
terior wall and window can be calculated.

It is also required that the model can handle solar
radiation on the interior surfaces that enters by the
glazing, and/or other radiant loads, such as that from
artificial lighting. Convection and radiation are "
treated separately to avoid some of the problems and
assumptions in using a combined heat transfer coeffic-
jent. Constant average convection coefficients are
used, SO transfer functions from outside air to inside
air may be used.

In this chapter, simplifications in modeling the

heat #faasier_mechanisms in a room will be considered.

The use of equivalent temperatures is outlined, and Lhe
effects of the assumption of a combined inside convec=
tion/long wave radiation heat transfer coefficient are
investigated, and conclusions drawn. Then the equations
governing the heat transfer in a room with exterior wall,
glazing, and a combined interior partition—ceiling-floor
element are developed and combined into a single set of
simultaneous equations. control of the room tempera-
ture by a thermostat with & deadband between heating

and cooling 1is incorporated, as well as provision for

nfree' cooling with outside air when possible. Finally,
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an example using the model is presented.

3.2 Considerations and Simplifications in Modeling Heat

Transfer in a Room
5.2.1L Combined Heal Transfer Coefficients

Heat transfer at an inside surface can occur by
convection of room air, long wave radiant exchange with
other surfaces, and absorbtion of solar radiation through
windows, and radiation from lights.

Convection and long wave radiant exchange are often
combined in a single combined heat cransfer coefficient,
or conductance. 1f the surrounding surfaces are black

and at room CemperatuEes cher in a network analogy, the

convection and radiation resistances at the inside sur-
face of a wall are in parallel as seen in Figure 3.2.1,

where hr is a linearized radiation coefficient.

_ =3
b, = 4of; 4T £3.2.1

and for turbulent natural convection with a surface-air

temperature difference of 10F (5.6 C)

h, = 0.47 sru/hr-fe2-F (2.67 W/-0)



T/hcA

' TroomrTsurround._‘

Combined Interior Radiation/

Figure 3.2.1
Convection surface Resistance.




27

giving a combined inside heat transfer coefficient

h, = 1.46 atu/hr-fr>-F (8.29 -0

The assumption that the interior gsurfaces are black
is fairly good for long wave radiation. However, the
assumption that the interior surfaces are at room
temperature 18 questionable under certain circumstances.
For example, the interior walls opposite a large expanse
of glass can significantly depart from wOOM temperature
in sub-freezing weather. Solar radiation on a wall may
raise the surface temperature well above the ambient
room air temperatures. In fact, the whole concept of

thermal storage in massive walls depends on 2 tempera-

ture difference between the mass and The Zir-

For the simple casé of two black gurfaces facing
each other, the thermal network is shown in Figure 3.2.2 and
3.2.3. Comparison of Figure 3.2.3 with Figure 3.2.1 shows
that the addition of a convection resistance at the in-
terior partition sur face can significantly change the
magnitude of the total resistance. 1f the sun is shin-
ing on the gurface or if it is facing a cold, single-
glazed window at night, the temperature of the surface
will not be room temperature, and convection will occuxr

at the partition.
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L 1/h

r,w—pAw

Figure 3.2.2 Radiation and Convection Network
for Two Facing Black Walls.

1/hy woph 10 pAp

Figure 3.2.3 Rearrangement of Two Surface Network
in Figure 3.2.2.




Solar

Figure 3.2.4 MNetwork for Room with Exterior Wall,
Glazing, and Interior Partition-Ceiling

Floor Element.
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The complete network for the case of an exterior
wall, glazing, and interior adiabatic partition is shown
in Figure 3.2.4., Comparisons between the solution of
this network and one using constant, combined inside heat
transfer coefficients for the exterior wall and glazing
were made for several cases. For the network of Figure
3.2.4, the resistances were estimated and the network
was solved for the surface temperatures given an applied
room temperature and outside temperature. The resistances
were then corrected using a convection correlation and the
linearized radiation expression, and the network was

solved again. For the simplified network, the ASHRAE

recommendation for heat transfer coefficients given
above for a temperature difference of 10F (5.6C) was
used.

Figures 3.2.5 and 3.2.6 compare the heat flux to
the room air by conduction from the outside as predicted
by the constant combined conductance case versus the sol-
ution of the network in Figure 3.2.4 for temperature-
dependent, separate heat transfer coefficients as a
function of glazing fraction. Cases for single and
double glazing, with and without solar gains into the
room, for winter and summer are shown. The solar radia-

tion used is the ASHRAE design solar heat gain through a
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Model Based on Constant Combined
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Comparison of Calculated Cooling
Loads Between a Network and (UA)AT
Model Based on Constant Combined
Radiation/Convection Coefficients.
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yertical south glazing at 40° latitude omn March 21 and
August 21; the ambient temperatures are 20F and 100F
(-6.7C to 37.8C), with a room temperature of 70F (21.10).
An interior tO exterior surface area ratio of 5:1 is
used, and the interior surroundings are considered iso-
thermal and black.

The comparisons of the winter day, Figure 3.2.5, re-
flect that the convection losses at the cold glazing are
higher than predicted by the constant combined h, how-
ever, the radiative losses from the cool partition to
the outside walls are lower than predicted, and the total
loss is mearly correct. However, for the double glazing,

+he glass and partition aré warmer, but the underpre-

diction of the radiation is not as great as tne Over
prediction of convection, and the total loss is over-
predicted. With solar gain, the partition is close toO,
or even above, TOOm temperature, giving radiative losses
equal to OT above those predicted by a constant combined
h. The glass 1s still quite cool, giving rise to higher
convection losses than predicted. The result is 2 signi-
ficant underprediction of total losses, especially at
high glazing fractions. In all of the above analysis,
the exterior wall acts eimilarly to the glazing, but

because of the insulation, the wall temperature is much
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closer to room temperature than the glazing, and its con-
tribution to the erroTr is much smaller.

The analysis of the summer cases of Figure 3.2.6
is similar. In summer, the interior partitions get very
warm and reduce the radiative gains from the outside wall
and glass. This is usually 2 much greater factor than
the increased convection at the glazing. Therefore, the
rotal gain tends tO be overpredicted significantly by a
constant, combined hi’ especially when there 1s solar
gain to the room,

In light of these findings, it was decided to separ-
ate convection and infrared radiation at interior sur-

faces, This can be handled fairly easily using the

equivalent temperature concepts of the next sectiom: The
use of temperature—dependent heat transfer coefficients
adds considerable expense because of the necessity of
computing the inverse of the conductance matrix each time
the coefficients change, and it would require the more
cumbersome wall transfer functions for variable surface
conductances. Lt was decided to use constant user-
supplied heatl transfer coefficients, which can be chosen

depending on the expected temperatures.



35

3.2.2 Equivalent Temperatures

In addition TO convection at the outside surface of
an exterior wall, there is also the possibility of absorb-
cion of solar radiation and eschange of longwave radia-
tion with the sky and gurroundings. BY using the concept
of a sol-air or equivalent temperature, the system can
still be modeled with a single surface conductance, and
thereforve, the transfer function approach can be used.

The concept is that there 1s an equivalent air
temperature such that heat transfer by convection only
from air at this temperature €O the surface is exactly
equal to the sum of all the actual heat trans fer to the

aurface, DY convection and radiation. This temperature,

when used at an outside surface, is called TOE€ SoL=atE
temperature. As an example, the heat transfer at a
sunlit wall and an ambient air temperature 80F (26.7C)
may be equal to the heat transfer for a shaded wall in
ambient air of 100F (37.8C). The sol-air temperature of
the sunlit wall is then 100F (37.8C) .

The heat balance at the outside surface is

g = ¥ It h (T, - T,) - € b R (3.2.2)

This form of the balance is that used by ASHRAE [81. AR

is the long wave radiative exchange term as defined by
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ASHRAE. It 1s difficult to estimate for a particular
wall since it depends on the sky condition as well as
temperatures of the surroundings. ASHRAE recommends
using AR = 20 Btu/hr - ft2 (63 W/mz) for horizontal sur-
faces and AR = 0 for vertical surfaces.

With a sol-air temperature, Te, the heat flux

could be expressed Dy:

¢" = hy (Tg = To) ¢3.2.3)

Solving these two equations,

a% 1
To=T, t—p— " B A5
= a 0} O

(3.2.4)

— ~ The sol-air temperature is strongly dependent on the

value of the outside convection coerribicuﬁg_ﬁﬁiﬁh-+%-ﬂet

known very well.

A similar equivalent temperature can be found for
inside surfaces with solar radiation through windows,
radiation from lights, and long wave radiation with
other interior surfaces. Then, the equivalent temperature

for the ith gurface is found to be:

n
T, » = Is + s" + 1" + i (Tj = Ti) (3.2.5)
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It has been assumed that the surfaces are black.
This assumption 1is good for long wave radiation by
common construction materials.

For solar radiation through windows and for radia-
tion from lights, the room should act as & black enclo-
sure since Very 1ittle of any reflected light will exit
the room. Deciding how tO distribute the solar radia-
tion on the interior surfaces of a rooOm is very difficult.
For the 3-element model, the radiation 1is assumed CO be
spread uniformly on the interior partition—wall—ceiling
surface. In the multi-element model 1in Appendix C, the
user supplies the fraction of the total solar gain for

_ _each surface.

The sol-air OT equivalent Femperature concept gives
a convenient method for combining radiation and convec-
tion at surfaces allowing use of the convenient transfer

function method.
3.3 Derivation of Governing Equations

In this section, the equations which govern the
heat transfer in a single room or zone with three ele-
ments--exterior wall, glazing, and interior partition-
ceiling-floor are developed. Appendix C contains the
derivation for a zone with more than three construction

elements.
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The following heat transfer occurs at the surfaces:

golar radiation absorbed by outside wall

q" = o Ty (3.3.1)
Solar radiation absorbed by glazing
(3.3.2)

o= g%
q u% L

ed by glazing and absorbed

Solar radiation transmitt
ent to total exterior areas)

£ is the fraction of elem

inside (
o= :
q g I fg/fp (3.3.3)
Convection at outside wall
=y F T )
% e, w,0 a mw,u’ (3.3.4)
Convection at outside glazing surface
q" = e g.o (Ta ™ Tg,o (3.3.5)
Convection at inside wall
q" =he y,i (Ty 1~ T.) (3.3.6)
Convection at inside glazing surface
q = hc,g,i (Tg,l - Tr) (3“3.7)

Convection at partition—ceiling—floor surface



q" = h,

(L, = T,)

P

Net radiant exchange between glazing and p-c-f

"= h T - T .
q r,gp op g,i’

Net radiant exchange between wall and p-c-f

q" = By yop Tp = T, s

Conduction through glazing

W= (T - T . B
Q" = (Tg o 0. i) | By
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(3.3.8)

£3.8.9)

(3.3.10)

Chiodi 113

Conduction and storage in the wall and p-c-f are repre-

‘sented by transfer functions. By defining the follow-

ing sol-air and equivalent temperatules, treat

o=
==

B
‘.!\—L‘-._'-l_pr

modes at the surface can be combined to allow use of

the transfer functions.

Te,w,o - Ta + O‘;’; It / ho,w

T

e,g,0 Ta ¥ &t It / ho,w

£fh T -T )+£.h T T )+, t £
_ gngﬁg HfﬁLW&W Py
e,p T Fh

pc,p

(3.3.12)

{3.3.13)

(3.3.14)

(3.3.15)



If the conductance of the glazing from the sol-air

temperature node to the inside surface temperature node

is used,

¢ - B ¥ I/h (3.3.16)

the énergy balance on the glazing is

. T +-h - CU'+h

h : . t+h T = 17
¢c,g,1 T r,g-p P c,8,L E?P) & (3 el

UgTe g0

The transfer function for the heat flux at the in-

side surface of the wall is

41

”O = Ll 181 nn
2 W__nio b Te w,0 nEO Cw Tegw,i'_nil d, 94 (3.3.18)

Combining Equations 3.3.18 and 3.3.15, and reérranging,

h
w0 _,0 .0 0 _r,w- -
d w'_bw Te,w,o Cw (T, + E;";E (Tp Tw,i)_+Pw (3.3.19)
where P

- is the contribution to the flux from previous

time steps

n .n n .0
P = ¢ b T - c :
Al w “e,w,o0 =l ¥ e,w,1

The flux at the inside surface is also given by

Tw ™ hc,w,i (Tw,i - Tp) * hr,w—p (Tw,i - TP) (3.3.20)
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Combining Equations 3.3.19 and 3.3.20

0 o
(hc,w,i e Tt hr,w—p Gk~ Cw/hc,w) Tp

0
* [hr,w—p (Cw/hc,w,i = L) - hc,w,i ] TW (3.3.21)

Il

0 .0
B (bw Te,w,o w

For the partition-ceiling-floor, the transfer function

is

¢, = * (bg - c;) Ty p 2 d;j q'”; (3.3.22)
n=o ! n=

This form assumes the temperatures are the same on both

sides, or, in other words, the construction is adiabatic
at the centerline. It is also possible to use a known
other side temperature very easily, though it is not
done here. Combining Equations 3.3.22 and 3.3.14, and
again separating out the contribution from previous time

steps, the flux is

£h_ (T -T)+Eh_ (T ~T)+Lf
g2 - 2 . [T vp drepT gr,W-P( p 5 e ]
P P T P toe,p (3.3.23)

The flux at the surface is also given by
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w0 _ _ -
Q' he o (T, T) + by gop (Tp T, fu/fp
(3.3.24)
+h T -T) £ /E_ + If
r,gp ‘Tp g S/tp T e g'el Tp
Combining Equations 3.3.23 and 3.3.24
( bg - < by g-p
1+ B P I
c,p p &
bg - 2N B ga Y o 0
Bep P .
/ £ h + £ ho o P - el |
C hep | e imem e (10 :
e, P \ P i D
bg-cg f 1 ‘It

There are two possible solutions for the room alr
temperature. During periods of heating or cooling, it
is assumed the room temperature is fixed at the setpoint
and the correct amount of energy is added or removed from
the room by the system tO maintain the setpoint. In this
case, thenet energy trans ferred to the room air is calcu-

lated. This type of control will be called energy rate



h&

control. The thermostat control is discussed in the next
section. If the room temperature 1s within the accepted
comfort zone, or in the thermostat deadband, there is mno
auxiliary heating OT cooling, and the room temperature
nfloats'" within the allowed range depending on the loads
on the room.

For the first solution,

T. =T

r setpoint (3.3.26)

For the second case, since the room air has negligible
thermal capacitance, the sum of the convective exchanges

between all interior surfaces and the room air must

5
Saaal
CO o= L2 L 1)

£h T +f D .1 .+ f_h . T
pc,pP w c¢,w,i "w,1 g ¢,8,1 8

(3.3.27)
- (£, hc,w,i + fg hc,g,i + fP hc,p) L, = 0
Equations 1.3.17, 3.3.21, 3.3.25, and 3.3.26 or
3.3.27 form a system of four equations relating the three
surface temperatures and the room air temperature, and

can be expressed as a matrix equation.

[A] x (1) = (B) (3.3.28)
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or, solving for the temperature vector,

(T)y = (A1 x (B) (3.3.29)
Note that the A patrix contains only heat transfer co-
efficients and geometrical information, and therefore
the inverse is only calculated once. There are two

jnverse matrices--omne for the case of a constant TOOM

temperature during heating and cooling, and one for the
case of a floating room temperature. The B vector in-

cludes the current gol-air temperatures and the P terms
containing the historical contributions in the transfer
functions, all of which need to be updated at each time

step.

The simulation program ust decide at each rime Step

in which mode the room is operating. This control is
described in the next section,

The thermal state of the room can thus be repre-
sented by a fairly simple system of equations by using
the transfer function approach, even though the con-
vection, long wave radiation, and solar gains are
handled separately, rather than being lumped by combined
heat transfer coefficients. This leads to greater accur-

acy with minimal additional computing cost.
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3.4 DSystem Control
3.4.1 Thermostat.with Deadband

The room model outlined in the last section uses
energy rate control. It 1s assumed that‘ﬁVAC system
always exactly meets the instantaneous heating or cool-
ing load unless the room temperature igs within a dead-
pand between the low and high thermostat setpoints.
Otherwise, the room temperature floats within the dead-
band to satisfy a heat balance on the room air.

The procedure is to calculate the new room temper-
ature with the floating mode matrix. If the room is

_ within the deadband, no energy addition or removal is

necessary and there is no load. Surface temperatures
are then calculated so that equivalent temperatures can
be calculated for use in the transfer functions during
future time steps. 1f the new room temperature is greater
than the cooling setpoint, the system is in the cooling
mode, the room temperature 18 set to the setpoint, and

the surface temperatures are calculated using the fixed
temperature mode matrix. The load is then calculated

by summing the convection from all the interior surfaces.
New equivalent temperatures are calculated for future

use. Similarly, if the calculated room temperature 1is
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below the heating setpoint, the room temperature is set,
and temperatures and the load are calculated as in the

cooling case.
3.4.2 "Free" Cooling

1f the model calculates a cooling load, it will
attempt to meet any or all of the load by positive venti-
lation of outside gir ; so-called free cooling. The pos-

sible reduction in the cooling load is:

Qfree cool - p’ air v (T, - Tyl (3.4.1)

While theoretically any 1oad could be handled if there is

ature difference, actually it is limited by the

supply air fan. One of the system parameters_is the
maximum.volumetric flow rate for the yentilation system.
It is assumed that at partial free cooling loads, the
fan is cycled or modulated to provide the correct volume

of outside air.
3.5 Weather Data, Subroutines, and Cost

The model calculates hourly loads and temperatures
using SOLMET TMY (Typical Meteorological Year) data [10}.
golar irradiation on the vertical surface is calculated

in a separate subroutine. This requires the azimuth
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angle of the wall, the month, day, and hour, total hor-
izontal and normal beam radiation, and a flag indicating
snowcover for use in the reflected solar calculation.
Qutput of hourly loads and temperatures and/or periodic
summaries is possible. The matrix inverion routine
uses CGauss-Jordan Elimination.

An hourly simulation for one year requires about
10 seconds CPU time on a UNIVAC 1100, and costs less
than $1.00

3.6 Example

The hourly heating loads per square foot of exterior

area 8.'[1(1 thre—Toot tc'ﬁi'_l}\..”

son on a typical sunny March day are shown in Figure
3.6.1. The building has a brick and block exterior
wall with 10% double glazing. The interior is 4 inch
(.10 m) poured concrete. The thermostat setpoints are
67F and 73F (19.4C and 27 .8C) .

The monthly summary showed a total heating load for
March of 888 Btu/ft2 (10.1 MJ/mz) with a maximum hourly
load of 7.54 Btu/hr-ft2 (85.7 KJ/hr~m2). There was a
mall cooling Load of 11 Btu/ft® (125 KJ/m?) which was
met by outside air ventilation. No lights were included

in the model.
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ture Calculated by the 3-Element Room
Model .
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Such hourly information and monthly summaries can
be compared for cases in which wvarious parameters are
changed. One of the projects left undone was a factorial
design study of the effect of the various heat transfer
coefficients on the loads for different construction
types and glazing fractions. Such a study would help
answer the question of how much accuracy is required in
knowing the real values of the heat transfer coefficients
before it is meaningful to even include variable heat

transfer coefficients in a model.
3.7 Conclusions

The model outlined in this chapter provides a con-

venient, fast, and inexpensive sotutiom of—t#e thermal
state of a gsimplified room. While the geometxy of the
room has been oversimplified by the assumption of a single
partition—ceiling—floor element, the physics of the heat
transfer mechanisms ig fairly detailed by use of separate
long wave radiation calculations, the use of equivalent
temperatures to include solar and lighting radiation,

and the use of transfer functions to represent the
transient conduction in the exterior wall and the p-c-f.
However, this model, or one for more surfaces based on

the equations in Appendix C, can be used as a good tool
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for investigating the sensitivity of heat transfer co-
efficients at different surfaces, the effect of the in-
terior construction, glazing and insulation combinations,
or as used in the next chapter, to determine whether

comprehensive room transfer functions can be obtained.
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4.0 ROOM TRANSFER FUNCTICNS
4,1 Introduction

The concept of a Comprehensive Room Trans fer Func-
tion (CRIF), a single function correlating heating/cool-
ing loads with sol-air temperatures, solar gains, light-
ing and occupancy gains and room temperature will be
proposed and tested. This function can be used with
logic representing a deadband thermostat control to cal-
culate hourly HVAC equipment loads and room temperatures.
After outlining the current room transfer functions given
by ASHRAE, the comprehensive room transfer function will

be defined. Methods of selection of data used to obtain

the function are explored. Finally the compronensIve
room transfer function is tested, first for the room
model of the last chapter, then for a multi-zone build-

ing modeled with TRNSYS.

4. 2 The ASHRAE Room Transfer Function Method

The ASHRAE Handbook [5] gives a method for obtaining
hourly cooling loads using room transfer functions. The
method assumes & constant room temperature in calculat-
ing the load. If the temperature is not constant, the

calculated load is modified by another transfer function.
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Conduction loads are first calculated for each wall,
roof, and floor using the constant room temperature COL-
duction transfer functions (See Equations 2.5.5 and
2.5.6). These calculations are done at each time step.
Also, the heat gains tO the space from lights, solar
radiation, equipment, and people are determined. Because
of the thermal capacitance of the walls, floors, ety
and of the furnishings, only part of the energy gains
are immediately trans ferred to the room air. Some of
the energy will be stored in the mass, and will be re-
leased at a later time. The Room Transfer Function,
Equation 4.2.1, gives the time distribution of the re-

lease of the energy for the different Ltypes of gains.

Q: = .lio vi doogp T j?__l wi Q_ia (4.2.1)

There are separate sets of Vv coefficients for solar
gains, for conduction gains, for lighting gains, etc.
Again, by using previous values of the output (cooling
]oad), the number of previous values required is greatly
reduced. The v and w coefficients are tabulated in
ASHRAE [5]1 for light, medium, and heavy construction with
a very limited choice of 1ighting—ventilation—furnishings
combination.

1f the room temperature is not constant, then in-
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formation about the terminal unit, operation schedules,
and total conductance of the space to the surroundings
must be combined with normalized coefficients of a

room air transfer function given for light, medium, or
heavy construction which relates room temperature, energy
extraction rate, and the constant room temperature cool-
ing load, to give the room temperature.

The ASHRAE method is intended for use in cooling
situations. It requires extensive calculations for each
timestep, using three levels of transfer functions.
Finally, the user must decide which set of functions
most nearly represents his building. However, the method

is a fast inexpensive alternative to the very detailed

hourly simulation programs available. =
4.3 The Comprehensive Room Transfer Function

In the ASHRAE method, three separate levels of
transfer functions are required to arrive at the final
load and temperature of a room, and the use is restricted
to the configurations tabulated. In this section, a
single comprehensive transfer function will be proposed.
This transfer function allows calculation of heating OT
cooling loads, or room temperature, and can incorporate
different heating and cooling setpoints. Energy rate

control, in which the equipment exactly meets the load
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at all times, is used here. However, the technique,
with some modification, should be applicable in tempera-=
ture level control.

Assume that the heating or cooling load, QT, can

be represented as:
QT - i (ai Ts-a,T—iA * bi Tr,T—iA * Ciqs,TiA
(4.3.1)

£,y g T eip, -8 Tl £5 Q-3

There are two major differences between this equation

and Equation 4.2,1, TFirst, conduction gains do not

appear eXpIicitys gather sol-air temperatures are used

in conjunction with room temperatures. The question of
evaluating sol-air temperatures 1is addressed later.
Second, the room temperatures appear within the transfer
function. Note also that any additional instantaneous
heat gains, such as heat convected from equipment ot
people, are included within the transfer function.

1f such a transfer function can be found, then by
combining it with a control logic which determines
whether the system is in the heat, cool, or off mode,
then the load can be found when equipment is on and the

room temperature is at a setpoint, OF the room tempera-
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ture can be found if the equipment 1s off and there is no
load. In the latter case, the current load, QT, is set
to zero, and Equation 4 3.1 is rearranged to solve for
the unknown current roOm temperature, Tr,T' Thus two
different outputs cal be determined from a single CRTF
depending on whether the current room temperature OT

the current load is fixed and known.

The CRTF can perhaps be determined directly in a
manner similar to that for wall transfer functions.
However, it seems easier to assume a form, and then try
to fit data from a detailed simulation over a limited
time with a lineatr regression. Presumably, this method

could also be used on measured data from an existing

building to obtain the transfer functiom.

There seem to be twO distinct advantages of this
method. First, there are many fewer calculations once
the coefficients are determined. Second, the user can
find a transfer function customized for his building,
rather than using a generic transfer function which may
not apply to his case. The drawback is that he needs
data for the linear regression, which means some limited
cimulation must be made. The following sections investi-
gate methods of finding and using the comprehensive room

transfer function.
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4 4 Obtaining Data for the Regression

To obtain a fit siich can accurately predict the
l1oads and temperatures, there must be a representative
distribution of data over thé¢ range for which the func-
tion is to be valid. Otherwise, there can be poor pre-
dictions near the edges' and in regions where the data
used in the regression are sparse.

Figure 4.4.1 shows a hypothetical load curve versus
outside temperature for an exterior wall with no capaci-
tance and no internal loads. In a real building, the
load lags the heat gains and depends on the magnitude

of several heat gains, not just conduction, and the load

CUTVE Cantot—be represented in 3 plane. At low outside

temperatures, heating is required, and the room tempera-
ture is held at the heating setpoint by the heating
plant. As the temperature rises, the heating load de-
creases toward zero. At this point, the heating equip-
ment is off and the room temperature begins to rise
through the deadband until it reaches the cooling set-
point. Then, cooling begins, and the load rises with
outside temperature.

A set of data from a simulation over these condi-
tions can then be fit to obtain a transfer function

relating load, outside temperature, and room temperature.
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1f the system 18 truly linear, and if sufficient data are
used in the regression, the resulting CRTF should be
applicable to any deadband, However, a different approach
using less data can be used to improve the accuracy of the
CRTF when applied to different deadbands .

An alternative is to do a few different gimula-

tions for single setpoints, i.e., the heating setpoint

equals the cooling setpoint and the room temperature

is constant. FoOT example, run the simulation for set-
points of 65F, 70F, and 75F (18.3C, 21.1C, and 23.90) .
Next, switch off the heating/cooling, and do the simula-
tion for a range of conditions tO obtain the floating
room temperature response tO these conditions. Data for

this simple case might—look 1ike chat in Figure 4.4.2.

Then use all four sets of data toO obtain a single f1E.

Such a spread of data will then allow use of any deadband,

as long as it is within the region covered by the data set.
A final way of obtaining a data set for a regression

fit is to useé measured data from an existing building

during normal operation, OTF during an experimental oper-

ation done along the lines of the case€ above. Again,

a representative distribution over the range of the fit

is desirable. Unfortunately, 2 real data base was un-

agvailable for this project.
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Two different types of simulation methods were used
to investigate the CRTF, the model outlined in Chapter
3 and extended in Appendix C, and a TRNSYS standard
component model based in part on the ASHRAE trans fer

functions.
4.5 Transfer Functions from the 3-Element Room Model

The 3-element room model outlined in Chapter 3 pro-
vides a simulation tool which accounts for conduction,
solar and/or lighting gains, long wave radiant exchange,
the capacitance of the mass of the building, and a dead
band thermostat. 1t has sufficient detail, therefore,

to test the CRTF method for a gimulation model.

A transfer function O T LoTri:

n
QT - iio (aiTs—a,T—iA+kH_Tr,T-iA+cﬁ.qsolar,T—iA)
Gl oS < L)
n .
+ T £. .

was assumed. The model was run for a particular con-
struction for various days and thermostat settings.
The driving weather data was Madison TMY data. The
heating/cooling load was then correlated with the pre-
vious loads, the current and previous sol-air tempera-

tures, room temperatures, and solar heat gains.
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Both approaches described in the last section were
used for creating data to include in the linear regres~
sion. First, & few spring days with the potential of
requiring both heating and cooling were chosen. The
loads were simulated for single setpoints (no deadband)
of 65F, 70F, and 75F. Then a few days scattered about
the year were gsimulated to obtain the data for the
floating temperature mode. Again, the goal is tO have
representative coverage of the operating range of room
temperature. Second, several days of simulated loads
and temperatures Were obtained for a specific deadband.
Days in winter, spring, and summer Were used in the re-
+eggion

oo
= L
L=

A linear regression was then done IOT gtfferent

cases using MINITAB, a statistical package from Penn
State University [L31. TheucaseS'used combinations of num-
ber and type of days, and number of previous time steps.
Table 3.4.1 shows results for four typical cases. Case
1 used six days of data, three days at setpoints of 65F,
70F, and 75F (18.3C, 21.1C, and 93.9C), and three days
of floating temperatures. In Case 1L, 3 additional days
of data were added to Case T to fill in gaps. In both

1 and 11, the current and five previous hours of data

were used in the regression. Case III used the same



63

-{opou Y3 £q pelBINOTE? sE
‘yoem B UT
kg speoTl uoom19q 20UPISTITP S

guryeoy uesw Ul £q PePIATP
z03 AI1¥0 PUE TSPOR

A %E 0
%" ¢ %70
%81 %70
%€ "8 %0° ¢

«X01XH S %

wx0x13T SWE %
A¥o9M °3BIBLY

AT¥e2M 15981871

TN

sNOTASId

gonduy pue EIEA UoTSH

103 §,4L190 Aq voTIvTPeid peoT U

H
)

¥

gznoy asayl 1o peoT
fuT 002 10

£ 1¢

& 1T

G 1T

g 9
idoasauwl] uoTssex8ay Ul
o Iaquni sfkeq Jo IequnN

2189y JO sUOT2BUTqUOD

szoxxq 3O wosTAedmo)d T°%°¢€

guTy002 10
3utieoy 10 sanoy TT®
uo peseq 10119 Qg

Ut

AT
i

11

2s®e)

9TqEL




6L

data as II, except only the current and 3 previous hours
of data were used in the regression. Case IV used a
week each of winter, spring, and summer data with a
specific deadband of 67F to 73F (19.4C to 72.8C), and
used the current and 3 previous hours of data in the re-
gression. The percentage RMS (root mean square) errors
and the mean bias errors between the model and the
transfer functions were calculated for all hours in a
week over the whole year tO determine whether there was
any seasonal dependence in the fits. The third column
of Figure 3.4.1 chows the mean of the 52 weekly RMS

errors. The last colum shows the highest weekly RMS

error for the whole year.

Comparison of Cases I and Il shows the 1mpOTCAITE
of getting & good distribution of data over the operat-
ing conditioms. Comparison between Cases 1T and IIL
shows that reduction of the number of previous hours of
data included in the transfer function may not signifi-
cantly increase the errors. The number of terms required
depends on the constructiom. For these cases, the number
of calculations for each timestep can be reduced by over
9597 with little loss of accuracy. 1he regression analy-
sis has to be studied to determine whether the number of

terms can probably be reduced. One indicator is the
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ratio of each coefficient to its standard deviation, the
T-ratio. A T-ratio which is significantly smaller than
the others probably indicates the term is not very sig-
nificant and can be removedifrom the regression. The
current and three previous hours of inputs seems to be a
good place to begin.

Case IV shows that using data from a simulation for
the same deadband for which the CRTF is to be used gives
the best fit, but only by a small margin. However, the
resulting function is very specific, and cannot be applied
as accurately foreadifferent.deadband,whereas-Case 11T, for

example, can be used for different deadbands, or even

time—of &ay—#he%mesgat_snfhaoks with little sacrifice

in accuracy.

All of the above cases were done using an exterior
frame wall with R=7 hr—ftz—F/Btu (1.23 mZ—K/W) insulation
and 20% double glazing. The interior partition-floor-
ceiling was 4 in (0.1 m) poured concrete. While this is
not a conventional construction, it mixes light and
heavy building materials, and therefore introduces dif-
ferent "time constants' into the system, thereby testing
the method more severely.

Figure 4.5.1 shows a comparison between the heating

loads calculated by the room model and the room transfer
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function for Case IV for March g-12. This was & week
with a percentage RMS error Of 0.93%, three times the
average for the year. Figure 4 5.2 shows the similar
comparison for the room temperature during this period
when the heat was off and the room temperature was float-
ing in the deadband.

The CRTF 1s very successful in predicting loads and
temperatures for the 3-element room. The accuracy ob-
tained by using 2 specific deadband in the regression

data is slightly better, but the trans fer function loses

generality.

4.6 Transfer Functions from 2 TRNSYS Building Model

TENSYS, the transient simulation program ITON thre
Solar Energy Laboratory of the University of Wisconsin
(111, contains separate components which can be coupled
together to model a multi-zone building. The main com-
ponents in such a model are the Type 17 Wall or Flat
Roof, and the Type 19 Room. Each perimeter zone consists
of one or more Type 17 exterior components which calcu-
]ate conduction and transmitted solar gains coupled
along with other inputs, such as lights and occupancy,
with the Type 19 Room. Type 19 uses the ASHRAE room

transfer functions for constant room temperature (Sec-
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Figure 4.5.2 Room Temperature Comparisons Between
the Room Model and the CRTF for March
8-12 in Madison.
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tion 4.2) to distribute the gains in time in order to
compute the current load. 1In the Type 19 energy rate
control mode, the room temperature floats within a dead-
band between setpoints during periods when no heating
or cooling is required. The room temperature is deter-
mined by the solution of the differential equation for
a single lumped room capacitance, a user-supplied para-
meter. Lf the mode changes between heating or cooling
and floating temperature during a time step, Type 19
splits the time step into two parts, makes the approp-
riate calculations for each, and outputs the load and
average room temperature for the timestep. During time

steps when the mode changes, a nonlinearity 1is introduced

-

by the two part solution. It 1s mot ctegTrwhat—e—e+agle
node room capacitance should encompass. Lt is used to
determine the room air temperature, but if all the mass

of the building is included in the capacitance, then

the mass is also at the same temperature as the room air,
while in a real building the mass temperature will usually
lag or lead the room temperature. The question arises
whether the exterior wall and roof mass should be in-
cluded in the room mass at all. The wall transfer func-
tion includes the cffect of storage of energy conducted

between room air and the outside, but the walls can also
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store energy radiated from lights and occupants, Or solar
radiation reflected back to the exterior wall. The
TRNSYS components were used in a building model to test
the CRTF method.

A six-zone office building model, originally modeled
with TRNSYS by Ottenstein [12], was used. It consists
of four perimeter zones, & roof zone, and a core zone.
The three story building has 2700 m2 (29,000 ftz) of
£1oor area with brick and block exterior walls with 20%
double glazing, and a poured concrete roof. Madison
TMY data was used for the simulations.

Two modifications of the standard TRNSYS components

were used. The original Type 17 Wall uses transfer

functions for constant room temperature, while Iype t7
allows the room temperature to vary. Type 17 uses the
current room temperature as the "constant' room tempera-
ture in the trans fer function. Horn [8] has shown that
this introduces a sharp nonlinearity and can result in
significant errors. The standard Type 17 was initially
used in the building model; however, when Horn's modi-
fied Type 17 using wall transfer for variation room temp-
erature was used instead, there was a significantly better
correlation of the data, and the errors in predictions

of loads and temperatures by the resulting CRTF were
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significantly reduced. Therefore, it was used in all
subsequent simulations. This requires obtaining the c
coefficients directly from the Mitalas-Arsenault pro-
gram. Second, Type 19 uses the ASHRAE room transfer function
coefficients from 1972. These were changed in 1977, and
the new coefficients were used in this work. Also, the
room temperature output by Type 19 is an average OVer
the timestep, while the final temperature would be more
appropriate for use in transfer functions since ramps
are assumed between time sSteps. Therefore, the final
temperature was output from Type 17.

gince transfer functions assume linear systems

driven by ramp inputs, there may be difficulties using

TRNSYS to test the COmMpretensve tooH txansfer fimction
method. As discussed above, TRNSYS Type 19 introduces
nonlinearities at time steps in which the mode changes.
The transfer function must assume the system has been

in the same mode for the entire time step, and that the
inputs and responses are following ramps. Therefore,
tests of the CRTF using TRNSYS-generated data may not be
an appropriate test of the method. It may, however,
indicate how flexible the transfer function approach

is when used in situations for which it is not entirely

appropriate, and may give some indications of whether
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the CRTF method will work for real buildings where there
is noise in the data, and the inputs will not be smooth
ramps.

There seem to be two possible applications of
transfer functions for a multi-zone building. If the
whole building is being held at a constant temperature,
or if only knowledge of the total load of the building
on the plant is required, rather than knowledge of the
1oads and temperatures in individual zones, then a
single transfer function for the whole building could
perhaps be found. This would necessitate use of some
kind of average sol-air and indoor temperature. Such

an approach might be useful for use in detailed simula-

tion of the plant. Then the building could e treated
as a black box with a transfer function giving loads
for input conditions. The second possible application
would be to obtain a CRTF for each zone as was done for
the 3-element model in the last section. This would
be useful for simulations of air handling unit--zone
interactions, heat pumping between zones, etc.
The simulated total hourly 1oad for all six zones

during July was used to test the use of the building
transfer function. All six zones WwWere maintained at

a temperature of 25.5C (77.9F) . An area-weighted sol-
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air temperature was used as the representative outside
temperature. The current building cooling load was
correlated with the three previous hourly cooling loads,
the current gains, previous three solar and lighting
gains, and sol-air temperatures, and the current occu-
pancy load. The first seven days of July were used in
the regression,

Figure 4.6.1 compares TRNSYS with the transfer
function for three typical days in mid-July. The
agreement is quite good. The RMS error between the
trans fer function and the TRNSYS simulation for all

hours in July is 1.8% of the mean hourly cooling load.

— This seems to indicate that an area-weighted sol-air

temperature can be used in the transfer function, rather
than the sum of all the computed conduction loads. How-
ever, more research should be done before generalizing.
Next, the temperature and loads in the south zone
were used to test the comprehensive room transfer func-
tion approach. Hourly TRNSYS simulations were made
for the whole year in Madison for a deadband of 20C to
25.5C (68F to 77.9F) for a room capacitance of 40 KJ/C—m2
(2.0 Btu/F—ftZ). Some limited simulations and tests were
also done for a room capacitance of 200 KJ/C—m2 (9.8
2)_

Btu/F-ft The TRNSYS default convergence tolerance
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of 1% was reduced to 0.1% after it was discovered that
significant numerical errors Were sometimes occurring
in the spring and fall when the zone was alternating be-"
tween heating, floating, and cooling modes.

Five days each of winter, spring, and summer hourly
simulation results were used in the regressions. The
TRNSYS simulation loads and room temperatures were then
compared with those predicted by the transfer function for
every hour of the year. The RMS and bias errors were
calculated over all hours in each week to determine
whether there was & seasonal error.

The results for the lower room capacitance case

were investigated in more detail than those for the

higher capacitance. Tor The CRIF usimg sei—alr—temp

eratures, the results were somewhat disappointing.

While the total annual heating load was underpredicted
by only 2.6%, the mean of all of the weekly RMS error
percentages weighted by the number of hours of heating
during the week was 7.29. TFor about 48 hours during

the year, the errors were over 50%. The largest errors
were during spring and fall when the room was switch-
ing from heating to deadband to cooling and back again,
often in a single day. The average RMS error weighted

by the weekly 1oads, rather than by number of heating
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hours in the week, would be much smaller since the large
errors occurred at times of small loads. For the cool-
ing season, the total annual load was underpredicted by
1.9%, with an hour-weighted average of the cooling weeks
RMS error of 5.0%. The fact that the average weekly RMS
error percentages are large compared to the errors in
the annual totals is because the large errors occurred
during periods of low loads.

The loads and temperatures during one of the weeks
with the largest errors in predictions is shown in Figure
4. 6.2. The RMS errors in the heating load for the week
is 35%, while the cooling load error is 24%. Though the

errors are large, this week represents only 0.4% of the

annual heating load and 0.5% of the annual cooling load.
Figure 4.6.3 shows similar comparisons for a spring week
with an RMS error in the cooling load of 4%, near the
average for the year, and represents 3.4% of the total
annual load. The majority of cooling occurs during weeks
when the room temperature rarely leaves the setpoint, and
the typical RMS errors for these weeks is on the order of
i .

The regression was done again for the lower capaci-
tance case using the computed conduction loads instead

of the sol-air temperatures. For this case, the annual
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heating load was off by only 0.4% with an average per-
cent RMS error of 2.1%. There were only two weeks,
totaling 10 hours of heating, with errors over 10%.
The annual cooling load was off by 0.2% with an average
weekly percent RMS error of 1.3%. There were six weeks,
totaling 53 hours of cooling, with weekly errors OVer
10%. The standard deviation about the regression line
was reduced by 55% over that of the regression using
sol-air temperatures.

The differences in accuracy of these two cases are
difficult to explain. It would seem that since conduc-

tion gains are calculated using wall transfer functions

~

the regression should "include" the wall transfer func-

tion in some way within the comprehensive TOUM transfer
function. One possibility investigated was tO include
the current ambient temperature in the first regression
to perhaps get a better handle on the differences be-
tween conduction through the walls and that through

the glass. Hopefully, the part of the conduction through
glass would be better correlated by the ambient term.
However, the standard deviation about the regression

line was only reduced. by 15%. Another possibility is
that the use of the room capacitance with the ASHRAE

room transfer function may have a secondary effect on



the conduction calculations. Also, Type 17 uses the
average room temperature computed by Type 19 in the
conduction caleculation. This could give rise to prob-
lems since it is the final room temperature which is
used in the regression. Each of these problems would
tend to introduce problems at changes of mode, which
are the times when the comprehensive room transfer
functions are at their worst for the TRNSYS zone. DMore
research needs to be done on this difference between the
regressions using sol-air temperatures and conduction
gains.

For the case of very high effective capacitance,

an interesting problem arose. Since the changes in

room temperatures are much smaller than they are for low
capacitance, the regression routine eliminated previous
room temperatures from the fit, as they were so close
in magnitude that they were insignificant. Since it 1is
the changes in temperature, rather than the absolute
temperature that are critical in getting an accurate
transfer function, it was decided to subtract off a bias
equal to the midpoint of the deadband, from the room
temperatures used in the regression. Then differences
on the order of tenths of a degree become more signifi-

cant when the maximum temperature is on the order of
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degrees rather than tens of degrees. Using the biased
room temperature improved standard deviation about the
regression line by nearly an order of magnitude.

The detailed analysis of errors done for the low
capacitance case was not repeated for the high capaci-
tance case. On the basis of the analysis of the re-
gression, the errors in the fit may be on the order of
twice those for the lower capacitance case. However,
this capacitance is high, and assumes most of the mass
in a heavy building is active in the storage of energy,
which is probably mot true for the diurnal storage
cycles present in spring and fall days when the errors

in the fit are large. As discussed above, the question

of what is included in the room capacitance 1s uncer-
tain. While the errors for the comprehensive room
transfer function for the high capacitance case are
probably significant, real buildings will probably have

a much lower room capacitance.

4L 7 DModified Room Transfer Function Approaches

Three variations on the comprehensive room transfer
function were tried in the course of finding a better

fit for the TRNSYS zone model. These methods were tried



early in the research efforts before the modifications
to the standard TRNSYS components were made, so it 1s
unknown how well they might work with these modifica-
tions. They are briefly outlined here as methods which
may be looked at again if the comprehensive room trans-
fer function does mnot work well for actual buildings.
First, the changes in room temperature, rather
than the absolute temperatures can be used in the re-
gression. This did not work as well as hoped, probably
since there were no absolute temperatures, the predicted
values were not "pegged,” and bias errors mever get
corrected until the room temperature reaches a setpoint

again. Perhaps including the current room temperature

in the regression could tretpprevent errors from accu-

mulating. One of the problems with transfer functions
is that because they use previous values of outputs,
future outputs are affected by a poor prediction in a
recent hour.

gecond, separate regressions can be done for the
1oads and for the room temperatures, using only data from
heating oT cooling modes for the first, and only from
the floating temperature mode for the second. For all
regressions done in this way, the individual regression

fits were excellent. The problem arose when changing
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over from one correlation to the other at changes of mode
during simulation of a zoné with a deadband. The question
is whether it is appropriate to use previous outputs
predicted by one correlation as inputs to the other.

Doing so led to errors at the mode changes which then
were carried on through the simulation for several hours.
Apparently, 2 discontinuity exists between the two
transfer functions.

Finally, a method was used which worked very well
for the TRNSYS zomne, however, it 1s probably not a fair
test with TRNSYS since its method is quite similar to
that of TRNSYS Type 19, 1t may be sseful for a real

building if the comprehensive room transfer method fails.

The heating OT cooling load is exactly equat to theenergy
transferred to the room air in energy rate control. If

a transfer function is found for the load at a setpoint,
then this transfer function also gives the amount of
energy transferred to the room air, or to the room
capacitance, during the floating temperature mode. Know-
ing this energy input and the change in ToOM tempera-

ture for each time step, a linear 1east squares fit can
be done to relate the energy transfer with the change in
room temperature. The ratio relating these two is then

a kind of average ]inear room capacitance. To use the
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method, always compute the net energy input to the room
using the transfer functionm, regardless whether the room
is in a heating or cooling mode, in which case the energy
transferred to the air 1is the load on the equipment, OT
in the floating mode, in which case there is no load and
the energy is transferred to the linear capacitance. If
the room is initially being heated or cooled and the
sign of the energy input changes from one time step to
the next, then the zone will enter the deadband and the
load will be zero. The average linear capacitance is
then used with the energy input to the room calculated
by the transfer function to give the change in room

temperature over the previous step. If the room temper-

ature exceeds a setpoint during a time step, then the
mode changes to heating or cooling again, and loads are
calculated. This method could perhaps be used in a real
building. During periods of heating or cooling when the
load equals the net energy transfer to the air, data
could be collected to use in a regression to find the
transfer function. During times when the temperature

is floating, the changes in temperature and the other in-
puts could be collected. The transfer function derived
from the loads then provides an estimate for the energy

transfer to the room, and together with the temperature



85

differences, the average linear capacitance could be ob-
tained. This assumes that there really is a single in-
ternal capacitance for a real building, which is not

apparent at all.

4.8 Conclusions and Recommendations

The comprehensive room transfer function approach
worked very successfully in predicting the loads and room
temperatures calculated by the 3-element room model de-
veloped in Chapter 3. The method also worked well in
predicting the total building cooling load for constant
space temperature as calculated by a TRNSYS model of a

multizone building. The results were not as good in

predicting the loads and temperatures calculated Dy
TRNSYS for a single zone with a deadband, however the
errors were acceptable for most applications. 1t is
not clear whether the errors are due to some inherent
flaw in the comprehensive transfer function, OT whether
there is a problem arising from the way TRNSYS does
certain calculations. The fact that the method works
so well for the 3-element room model, which is based
directly on the equations governing the heat transfer
within the room, seems to support the approach. Meas-

ured data from existing buildings should be used to
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see whether the uncertainties in the data prevent find-

ing an accurate CRTF.
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5.0 CONCLUSTIONS AND RECOMMENDATIONS
5.1 Conclusions

The transfer function method for calculating the
transient conduction in walls and roofs is convenient
and economical for use in modeling building heating
and cooling loads. The limitation of a single surface
resistance is easily overcome by use of equivalent air
temperatures. The equivalent air temperature idea also
allows the radiation and convection heat transfer to be
separated, rather than combining them by the assumption

of surroundings at air temperature, and therefore im-

"_‘"—-pfeves—thp accuracy of the model. The limitation of

constant surface heat transfer coefficients call atso—FE€
overcome easily by reformulating the transfer function
so that time-varying coefficients can be incorporated;
however, since convection coefficients for a particular
building are not well known, this improvement requires
further justification for inclusion in a model. The
simul taneous solution of the equations governing the
heat transfer at each surface along with the equation
representing the room air provides an exact solution for
a particular time step, and is easy to compute. It

results in rapid, economical hourly simulations of
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equipment loads and room temperatures.

The comprehensive transfer function is more con-
yenient to use for a particular building or TYOOM, and
requires fewer calculations than the present room trans=
fer function methods of ASHRAE. They are not, however,
generalized, and data, either from a simulation or an
existing building, must first be obtained. The result
is a customized function for each building or room, and
presumably results in better results than a general
transfer function from ASHRAE. The comprehensive TOOM
transfer function combines the possibility of heating oOT
cooling load calculations with a thermostatic control

which can include 2a deadband and night setback. It also

is more convenient in that the sol-alr Temperatures—ead
be used directly, rather than requiring separate conduc-
tion gains calculations.

The comprehensive TOOM transfer function is very
successful in predicting the loads and temperatures
calculated by the room model developed in this thesis,
and for those calculated by a TRNSYS model of a six zone
building operated at a constant building temperature.
There are some difficulties in the prediction of loads
and temperatures for a TRNSYS zone model with a deadband

during weeks when there are frequent changes of mode be-
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tween heating, floating temperature, and cooling. How-
ever, using the conduction loads in the function rather
than sol-air temperaltures gives very good predictions.
The reasons for the difference is mot obvious, but they
probably arise from the mixing in TRNSYS of the ASHRAE
room transfer function methods with a single node room
thermal capacitance, and with the ability of TRNSYS to
divide up timesteps if a change of mode occurs during
the timestep, whereas the transfer function must assume
the mode has been the same for the whole timestep and
that the inputs are ramps. Even with the errors in the
TRNSYS tests, the method seems promising for application

to real buildings.

5,2 Recommendations

The following recommendations are made regarding
future research and use of TRNSYS room models and the
comprehensive room transfer function method:

1. TRNSYS 1ype 19 should include the option of
using the ASHRAE room air transfer functions
rather than the single room capacitance. This
will enable a user toO calculate loads and
temperature using purely ASHRAE methods.

2. TRNSYS Type 19 should be updated to use the
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1977 room transfer functions.

TRNSYS Type 17 should include the option of
using wall transfer functions for variable room
temperature. This would require providing
users with a table of transfer function coeffic-
jents which include the individual c¢ coeffic-
ients, since ASHRAE does not.

A new TRNSYS zone component should be developed
which solves all equations for heat transfer
within a single component along the lines of
Appendix C. This would require extensive para-
meter lists for a single component and a

matrix inversion routine within TRNSYS, how-

ever, the possibility exists in such a room
model to model the actual physics much more
accurately.

The simulations done toO provide data for fitting
the comprehensive TOOm transfer function should
perhaps be driven with artificial weather and
input schedules, rather than using real weather
data and typical operating schedules. 1t is
possible that the different gains, €.g., solar
lights, and occupancy, have such similar dis-

tributions that the regression cannot completely
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identify them separately.

The simulation data used in fitting a trans-
fer function should be randomly perturbed tO
see how this affects the quality of the fit.
This could represent the noise in measurements
from real buildings to determine if the re-
gression fits are too sensitive tO be used
with data from real buildings.

Data from an existing building, or prefer-
ably several buildings, should be used to
test the comprehensive room transfer function
method.

1f the comprehensive room transfer function

method does not work for real buildings,

the modified methods of Section 4.7 should be
tried again.

gince most buildings use€ proportional temper-
ature level control rather than energy rate
control, ways of including this in the trans-
fer function tO calculate the actual load on
the room at a given temperature, determine
how much of that load will be extracted, and
then calculate the mew room temperature as

usually done except that the excess energy



not removed by the system should be added in
with the instantaneous convection gain term.
0f course, one could also go back to a separ-
ate transfer function relating energy €x-
traction, zone gains, and the zone tempera-

ture similar to what is currently done by

ASHRAE .
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Appendix A Sample Input and Output for the Mitalas-

Arsenault Program

The computer program written by Mitalas and

Arsenault computes the coefficients for multi-layer

slab transfer functions. The default case computes the

coefficients giving the heat fluxes for temperature in-

puts. The input card images are:

1 Time Step
2 2 line label for the element
3 Format (80 Al/80 Al)
4 Properties and label for each slab
Format (5 F10., 30 Al)
__________ thickness—ecenductivity —density —specific
heat, resistance
n (resistance is only specified for
surfaces or spaces)
nt+l blank card ends layers
n+2 blank card default case
n+3 blank card ends input or begin new

wall with Card 1

The program returns 4 sets of coefficients, usually de-

noted a, b, ¢, and d in order in each row.

IR
9 inside
surface

7 1 nl
IR T - ket 7L d1 Yinside
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1 1 -~
" = T - % b,T.” - I d_gq ;
9 outside io %1 %o 1=o 1 1=1 © ‘outside
surface
1.0

ASHRAE EXTERIOR WALL 27 H=4
HO=6  HI=.33 CONVECTION ONLY

1167
L0833 +4 114, + 20 Al 1 IM. STUCCO
+ 273 025 2.0 0.2 B4 7 IN. YNSUL
20624 »42 1090, + 20 E1 378 IN. GYP
340




@XAT J%M.TRANS
@ADD JkM.A37FP

ASHRAE EXTERIOR WALL 27 H=4
HO=4  HI=.33 CONVECTION OMLY

LAYER THICKNESS CONDUCTIVITY DENSTITY
RESISTANCE

DESCRIFTION OF LAYER

1 L2000 +0000 D000
+1670
2 + 0833 +4000 116.0000
0000 Al 1 IM. STUCCO
3 + 2730 $0250 2:0000
Q000 B4 X IN. INSUL
4 + 0624 + 4200 100.0000
P Q000 E1 378 IN. oYP
3 » 0000 0000 +0000
3.0000

THERMAL COMDUCTANCES Us=

95

Sk HEAT

+Q000
+ 2000
» 2000
+ 2000

0000

SANPLING TIME IN

TERYAL s

nT= 1.000
COLFFICIENTS FOR RA
MP INPUT
J n/n 1/R
A/R D{Z)
0 +174939189221614001 +20394355871254- 002
+289921464196856474000 ,100000000000004+001
1 =+ 29442794521089-+001 +1115%9020781100-001
-+ 304833835215284000-,840554430280444000
2 +121578529484054001 + 2067564605443 14--002
»317410746587467-001 . 84472733713692 001
3 -+ 40918512992024-002 «40647271626414-004
= 16989939440322-004-,21195172978776-004
4 »79297478246275-004 PE093712130220-009
+143547238976999-008 ,467438313995961 -017
3 »13465498127883-0146 D1418508814194-019

+1467831489399246-017
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Appendix B Derivation of Wall Transfer Functions for
Variable Surface Heat Trasnfer Coefficients

In order to use variable surface heat transfer
coefficients, the wall +ransfer functions are calculated
without surface resistances by the Mitalas—Arsenault

program. ~ The program returns four sets of coeffic-

jents--a, b, €, and d--which are used in different

combinations tO find heat fluxes at either the out-
side or inside surface.

The driving functions are the outside surface
temperature, Ty and the inside surface temperature,
T, - But these are not known directly. Only the sol-

e romperature; Too and the room temperature, T,.

are known. The objective is to combine the transfef

functions with the surface heat transfer equations tO
give an expression for the heat flux at the inside

sur face.

93 ~ : (Tsa’ Ty ho’ hi)

The flux at the outside surface expressed as a

transfer function is:

0 0 0 1 1
q. = a o B Ty F { E &y £ - v b, T
0 0 o 0 "1 {=i 1 "o 1=1 1 71
(A.1)
i}
"1 1 %
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Let the contribution from previous time steps, the terms

in parentheses be called P. Solving for T,

0 0
q. + by Ts P
TO _ ‘o 071 (A.2)
o) a
0
but,
0 _ .0 0 0
q, = by (Tgy - T3 (A.3)
Therefore
-0 sa 01 (A.4)
2 aq 4+ h
0

For the inside surface

(A.5)

Let these previous contribution terms in parentheses

be called R. Then substituting Equation A.4 into A.5

< 7
1 % HY

0 'hg Tga +b, Ty - F 0

= b, Ccg TU+ R (A6

a 1
0 o)

or
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0 0
qo—b bO C)T0+b0h Tsa—bP
i 0 — 0 - -0 - 0
ag + ho aq + ho |
(A.7)
+ R
Let
bg
0T L+ h
a9 0
then,
0 _ 0 0 .
0 = (bgxg - e T * Ro¥o T, - %F T R (A.8)
Bu.t, O
o _ 4 0
R
i EU r
________ l
_____ Therefore e ——
qO 0
0 _ i 0 0
q; — (bOXO - CO) EU * Tr + hgy ¥g rI‘sa
i
(A.9)
- XOP + R
Let
_ by %9 = 0
0T TRl
i
Then, solving for gy
0 .0 0

ga 0

P+ R

j Jgle T Fop o D |
q =% (A.10)
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Equation A.10 gives the heat flux at the interior sur-
face as a function of the current heat transfer coeffic-

ients and the current and previous sol-air and room

temperatures.
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Appendix C Equations Governing a Multi-Element Zone Model

This is a brief development of the system of equa-
tions governing the n surface temperatures and the air
temperature in a zone. The terms are combined and re-
arranged to form a concise matrix equation. Once the
temperatures are known, the total energy transferred
to the room can be calculated by summing the convection
transfers at the n surfaces. If the air temperature is
to be held constant by the HVAC equipment, then this
total energy is the load. If the room temperature is
allowed to float, then the net energy transfer to the

___________ ~_air must be zero, since the air is assumed to have

negligible thermal capacitance.

The building elements are modeled with transfer
functions. However, the function has been modified
to give the interior surface temperatures as the output,
rather than the inside surface heat flux. An energy

balance at the inside surface shows that for

1=0,1,2,...
B, = ol
1 h
C
C
~ 71
‘L TEH, "4

o
;_l
il
fay
'—.l
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where d0 =1 by definition.

The objective is TO set up the matrix equation

L] (o) 7 ()

so that

o) [ad ()

where

|
=

Ts,n+l T TR

whether T. is constant OT floating.

In the following derivatives, ] and k are used
as surface indices, 1 as a time step index, and i

means inside, O outside.
E§terior Elements

For each exterior element

0 g L ~1 1 =1
0 . =-c¢c. T+ 1~ % ; ; & F b ;
S:J .] e:l:J l=_..'| CJ Tesli.] lgo J Te,O,J
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where
Te,o =T + ox I /h
n
gt ¥ hH. i ( = T )
J = r’J‘k S!k S,J
T . =T pookl
& % o, i
h 3

e 5ok T YOk

'

S% is the absorbed solar/lighting flux and can be any
fraction of the total gain to the room divided by the
area of surface j.

Then, ™ ., =
s,]

SEEE

__’"1_‘1 — ]
Z b T c. 1T+ - & —a T — _
]___0 .] e,O,_] ]_—-] N} E,l,J l=‘l J S,J}

0
~0 S ¥ Zh‘rj—k k 0 CO n
- “‘_H/’+T 1- g IobBy ek
e ‘ c,j k=1 3
A0
C. n
Let 8, = L-g— I By jx
c,j k=1 7
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Then
nt+l
T Zis = X,
-1 Jk S,k. i
_ 2 by 5k .
where 3k - E——EDF——— j# k
j ¢,y
A0
¢, h. -
Zis .=-—J___—~——r’3'k = I
Jv.] B-h i
j ¢€.]
'—:AO
2y ot~ %36
(nt+l is the index of Ty)
0.0 1 o
P%’J—+ i c]."I‘]él.-l- T d%'ré = B bl.Tl
O B~ 3 Te,1,9 T gl T3 837 1m0 3 00003
]
By
Glazing
Treat as exterior walls with
EO = EEFF where U= 1TTH___
c,i & Rg * c,i
U A
______ 60 _ hg o1 = bO 1
c,i

o2
1l
=
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b =c¢c = & = o for all 1 > o

Interior Elements

1f there is no heat transfer by conduction through

interior elements, then

Te,i - TE,O
and, # ~
bg - cq n
g, = 1 + = I h
-k
j he ; k=1 <3
/\0 ’\O
b. - c. h_ .
_ ] ] ]’_‘,J—k
J Csl,J
_________________________ ) ~0 ~0
e
i3 By Pe 1,4
S
7 - 3 J
+1 :
J:n BJ
2.
.0 ol at g
_ s'o + I by - T R
XJ _ —hc,j 121 j i €y, 1=1 J 5,]
'Bj
Room Air

There are two possible solutions. For fixed room
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temperature,

Zotl,k = 0 k # wtl

Z‘1:1+l,n+]L -

Xm+l - Tr,set

For floating Tr’ the net energy transfer by con-

vertion to the air is zero, giving

Zotl k hc,j Aj for 1 <3 32n

Zoal ntl - Ty Po,kak T P %p Vinfil

o+l = f % Vinfil Ta = QUnst ~ Laux

which includes the possibility of additional convective
gains to the air from people, lights and equipment, and
the possibility of auxiliary energy input, e.g., in a
temperature level control where the room temperature is
not fixed.

The system of n+l equations is then solved simultan-
eously at each time step for the n surface temperatures
and the room temperéture. If the heat transfer proper-
ties in the Z terms are constant, the two matrices for

the fixed and floating solution need to be inverted

just once.
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Appendix D Program Listings

PROGRAM MODEL SIMULATES A RODOM CONWSISTING OF EXTERIOR WALL:
GLAZING: AMO IMTERIOR FARTITIOM-FLOOR-CEILING. INTERIOR
CONVECTION AND LONG-WAVE RADIATION EXCHANGE ARLE TREATED
SEPARATELY., SOLAR GALMN [S ALLOUED THROUGH GLAZING AND IS
CONSIDERED DISTRIBUTEDR CEVENLY ON THE P-F-C. THE WALL AND
P-F-C ARE REPRESENTED RY TRANSFER FUNCTIOMS ORIVEM RY

SOL-AIR OR ERUIVALENT TEMPERATUREGS ON ROTH SIRES.

ENERGY RAVE COMTROL [S USEDR WITH A THERMUSTAT WITH A

OEADBAND RETWEEN HIGH AND LOW SETFOINTS. “FREL COOLING®

18 USED IF OUTSIRE AIR ALLOWSs AND IT [S LIMITED RY VEMTILATION
RATE.

THY DATA IS USED FOR THE WEATHER DATA.

SUSROUTINE RAQVER COMFPUTES THE SOLAR IRRADIATION OM A VERTICAL
SURFACE AND SUBROUTINE SIMUL INVERTS THE MATRICES.

CoOoOOoOOoOnDOoOOoOnD oOoOoDoO0oOn

DIMENSION A0C2)sROL2)CO(Z)sDOL(2)sATE:2)sB(602) 50 (6239 (6 2
DIMEMSION TSACAY I THE(S) s TRE(AI o NN QU QP (A
NIMENSION ITEXT(2:20)sDUNHY(4)
EQUIVALENCE (TRaT(LX)a(TPT(2Y) 0 {THT(I)I(TGT(4))
DIMENSIDN SET(494)sFLT(454)sEF(4+4)T(4),2(4)
DIMENSION TROOM(S) sRADWAL(A) »SOLARCS) QLAY s TAREBMT (635 TCAWAL ()
DIMENSION MODAY(12)
DATA MODAY/Z21s28:31s30:3153031531:30,21: 30,31/
— PATA UMAXCHALCOO HOR HL , CLA6X0 . 0/

C INPUT HEAT TRANSFER COEFFICIENTS AND GLASS RESISTACE
C ARRREVIATIONS: G,0LASS W-WALL PHPARTITION C.,COMVECTION

C RsRADIATION 0QsQUTSIDE T.TEMP QsFLUX
C IF ISI=1, UNITS ARE 8I MLIRIC
- IPRT=-1
WRITE{%s113)

115 FORMAT("17)

C INFUT CONVECTION COEFS.: OUTSIDE,INGIDE WALL, GLAZINGs F-C-F

C RADIATION COEFS. (4%SIGHAXTRARYYI) WALL-FCF, GLAZING-FCF

c RG IS GLAZING CONDUCTION RES. OMLYs NO SURFACE RES.

C SOLAR ARSORRTIVITYIOQUTSIDE WALL. GLAZING GLAZIMG TRANESNIT

c LATITURE, AZIMUTH, SI UNITS FLAG (85I=1) USEDR 1M THY CONVERGION
READCX, %) MO HCH, HCGs HOF s HRWS HRG G
READ(%s%) ALFWsALFG»TAUFHISEAMYISI

C INPUT THERMOSTAT SETPOINTS! LOWsHIGH
£ INPUT FRACTION GLAZING ANDl PCF AS RATIOD TO TOTAL EXT. AREA
C E+G. FG=,2 [5 20% GLAZINGiFP=3 [S8 5i1 RATIN FCF T TOTAL EXT AREA
€ INPUT AIR DENSITY AND CF» AND' MAX VENT FLOWRATE
c FER UMIT TOTAL EXT. AREA; ENTER ZEROES T0 SKIF OPTION
REAR{R, %) TSETLO,TSETHI
READCE, XY FO.PAREA
READ(%s%) RHOSCFAIR.VDOT
VENT=RHORCPAIRIVDOT
C READ THE STARTING MONTH AMD DAY TO REGIN HOURLY FRINTING:

0

AND THE NUMERER OF HOURS TO RE FRIMTELR.
READN(%s%) IMD1.IDAY1»NHOURS



TNPUT TRANSFER FUNCTION COEFFICIENTS
EXTERIOR WALL 18T THEN FCF
AsR,CsD ARE COEFS FROM MITALAS ARSENAULT FROGRAM
CURRENT TIMESTEF FIRST (0)s THEN THE NN PREVIOUS
no 5 J=1.2
READ(%s105) (ITEXT{J:K)sK=1,20)
105  FORMAT(20A4)
READ(Ks %) NN(J):AO(J)sBO(J)pCO(J)pBﬂ(J)
po 5 I=1,MMCD)
READ{ ks %) A(IyJ)sE(IpJ);E(I:J)sDIIyJ)
2 COMTINUE
WRITE(%s104) (ITEXT(l#K)tﬂ=1y20)!(]TEXT(?&K)!K=1!20)
104  FORNATUS ‘3 2004)
WRITE(%:106) HB:HCH!HCG;HEP:HRU;HHG&RG
106 FORMAT(/ 10%, ‘HEAT TRANSFER COEFFICIENTS /! =" sF5.3»
1 ¢ HoW="sF3.20° HCE=/sF5.3s’ HER=/3FS.2s BRW= "y
2 F5,3:¢ HRB=’3F3.3/7 GLAZING RESISTANCE *3FS. 34
WRITE(®:107) ALFH:ALFB:T#U:PHI;GAH
107 FORHAT(’ WALL ALPHA= sF3.3:73° GLASS ALFMA= »FS.3s
1 5Xs  TAU=" sFS.32/ s LATITUDE=‘sFé.2sSX>'ﬁZIﬁUTH=’yFé.Z)
IF(ISY.NE.1) WRITE (%s%) UNITHS QT HRFToLEHs DED FY
IF(ISI.EQ.1) WRITE(¥s%) ‘UNITS! KlsWRsMyKG,DEG CF
WRITE(%,109) FG:PQREQ:TSETLD!TSETHI

o0 D0

107

109  FORMAT(S FRACTION GLAZING='sF5.3:° INTERIOR AREA RATIO= ¢FSe3s

e { /* THERNOSTAT SETPOINTS.... LOW=*1F 7429

e e e
WRITE (%5102) o7y

102  FORMAT(S YENTILATIOR UULUHETRIE‘RhTEI’rFI0.0:’ PFER HOUR'D
WRITE(%: %) PRINTOUT FUR’;IHUI;IBﬂYl!NHQURS
€ INITIALIZE VECTORS AND VARIARLES
FHEIQMFB
UG=1./(RE41./K0)
QPOLO=0.
TAU=(TSETLD+TSETHI)/2.
Do 10 I=1s6
TEA(I)=TAV
aueII=0.
arc11=0,
THE( 1) =TAY
TPE(I)=TAV
10 CONTINUE
RC=R0(2)-CO(2)
x1=FOXRG/PAREA
¥ 2=FWkHRU/FAREA
RCH=RC/HCP
XX=X14+X2
EFCI:1)=“FN*HCH"PAREQ#HEP”FGXHCG
EF(lfB)“VﬁREh#HCP
EF(1:3)=FUXHCU
EF(1,4)=FORHCE
EF(251)=RCHHCF
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EF(2323=“HEP“XX#(1.+BCH)
EF(253)=X2%(1,4BCH)
EF(2s4)=X1%(1+BCHD
EF(2s1)=HCW-CO(1)
EF(3$2)”WRH*(1»WCO(IJKHEU)
EF(E;3)=HRH*(EO(1)!HCU"1.)"HCU
EF(3:4)=0.0
EF{451)=HCE
EF(4:2)=HRG
EF(4s3)=0:0
EF(4!4)="(U6+HCG+HRG)
¢ COFY MATRIX INTO FLT AND THVERT
no 20 I=ls:4
ng 20 J=1.4
20 FLT(Is I=EF (L, 0)
HET=51HUL(4rFLT&DUHHY#1oE"63“154)
€ SET UP SET AND INVERT
no 22 I=2:4
po 22 J=1-4
22 SET(I,J)=EF(I+J)
gET(1s1)=1.0
QET(1521=0.0
SET(123)=0.0
SET(1:4)=0.0
DET=SIHUL(4!SETSDUHHY’1-E“éy"1:4)

O qOURLY CALCULATION LOOF

15 CONTINUE —

C READ THY DATA FOR HOUR ’
REAB(*:llEsEND=?99)IHD;IDAYﬂIHRsRﬁDBNiRhﬂsTﬁHByISNUH
IF(IND.OT.12) STOF

IF((IDAY;EE.IﬂﬁYl).AND»(IHO;EE.IMDl).ANDﬁEIHR.ER.ii)
1 IPRT=NHOURS
114 CONTINUE :
112 FDRHAT(iOX:IE:iX:I2:1X&IE:1X9F4+091X!F4.0:
1 1X:F4.1,36%: 110
IF(ISI.EQ.1) 6O TO 29
TAMR=TAMRXL.B+I2.
RADRN=RADEN¥.08B076
RAD=RADS . 088076

29 CONTIMUE
RADT=0.0
IF (RAD.ER.0.) GO TO i7
CALL RADUER(RQDT:Iﬁﬂ:IBﬁYrIHRsRQHBN:RAU:ISHDH;BAH:?HI)

17 TSAW=TANREALFUERADI/HO
TSAG=TANREALFEXRADT/NHO
IF(TANR.GT, TSENHT) CORn=CRO} (TARR-TSETHID
IF(VAME.LT.TSETLO) HDD=HDIM (TSETLO- TANE)

C CALCULATE HISTORIES I
PF=0.0
no 30 I=1sNN(2)

30 PF=FP+(B(I;2)"C(I:2))#TFE(I)"D(I:?)*GP(I)
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F=0.0

Do 22 I=1sNNC(DD
32 PH=FN+E(I:1)*T5§(I)“C(I&i)*TUE(I}”D(I!l)*HU(I)
C SET UP Z VECIOR

2(1)=0,

Z(2)=“PP“(1a1BCH)*FG!FAREA*TRU*HAHT

Z(3y=-ROC1)RTSAN-FU

Z(4)=-UGLTEAG

£ FIND TR
TR=Q»
no 50 J=1-4

50 TR=TR4FLT{1s ) $Z(J)
INRIC=0

IF(TR.GT.TEETHI) INDIC=1
IF(TRLLT.TSETLO) INRIC=-1
1F (INDIC.EB.0) G0 TO 60
IF (INDIC.EQ.1) T(1)=TSETHI
IF C(INDIC.EQ.-1) T(1)=TSETLO
FASSEARE D)

£ FIND OTHER TEMPS
DO 54 I=2:4

54 T(I)=0.0
0o 55 I=2:4
DD 55 J=1:4

GO 10 70 -

40 DO 98 I=2+4

58 T(1)=0.0 ’
Do 39 I=1»4
Do 59 J=1:4

3% TCD=T(IFFLTOL, JIRZC)

G0 70 70

70 CONTINUE

€ NOVE HISTORY STACKS DOWM

po 72 [=2.MM(1)
L=NN(1) 411
LP1=L4+1
TSA(LP1)=TSA(L)
TUE(LF1)=THE(L)

72 QU(LP1)=0W{L)
O 74 I=2sHN(2)
L=NN(2)41-1
LRi=Lt1
TPE(LF1)=TPE(L)

74 AP(LP1Y=QF (L)

C EVALUATE EQUIVALENT TEMPERATURES
TSA(1)=TEAK
TPE(I)=TR"(Xi#(TPwTG)iXEt(TF"TU))fHBP1TAU*RQDT#FB/(PQREAﬁHEP)
THE (1) =TR-HRWR(TW-TP)/HCH

‘C CALCULATE LDADS
GH(1)=BO(1)#TSAH"CO(I)*THE(lJﬁPH
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QP (1)=RCETPE(L) PP
AUFW=FWRHCHE(TU-TR)
AFAR=PAREAKHCPR(TP-TR)
AGFG=FGRHCGR(TE-TR)
QLOAR=QGFGFAFAR FONFUW
IF {(ABRS(RLOADM.LT.0,01) GO TO 89
IF(aLoaD.LT.0G.) GO TO B3

C UFDATE COOLING LOAD AND CHECK FOR FREE COOL
IFCTAMR.GE. TSETHI) oo g 82
QU=VENTX(TSETHI-TANR)
FAN=QLOBAR/QY
IF(FAN.BT.1,) FaN=1,
CFAN=CFANLFAN
QU=ANINI (QVsQLODADI)
QLOAR=QLOAL -GV
COUNP=CRUMP+AY

g2 CL=CL+ALOAD
IF(QLOAD.GT.CHAX) CHAX=CLOAD
GO TO 89

C UPDATE HEATING LOAD AMD CHECK FOR FREE KHEAT

83 IFCTalR.LE.TSETLOY 0O T 87
QU=VENTR(TSETLO-TAKR)
FAN=QLOAL/ QY
IF(FAN.BT.1.) FAN =1,
HF AN =HF AN+ AN

= AT —————
SU=AMAX IOV - BLEAT

QLOAR=QLOALD -1V
HIUKP =HDUNF--QY .
87 HL=HL -GLOAR
IF(ALOAD.LT . HMAX)Y HHAX=RLOAD
a7 COMTIMUE
C HOVE TEMPERATURE: GOLAR AND LOAD ETACKS DOWH
DO 78 I=246
L=7-1
LP1=L+1
TEAWAL (LP1)=TSAWAL (L)
TROOK(LPL)Y=TROON (L)
RADWAL (LF1)=RADWAL (L)
SOLAR(LF1)=B0LARCL)
TAMBNT (LF1)=TAMENT(L)
QLRILPL)=QLOML)
78 CONTINUE
TSAKRAL (1)=TSAM
TROOK(1)=TR
SOLARCLY=RADRTRTAULFG
RADWAL (1)=RADT
TAMBNT (1) =TAKE
QLI 1) =0L0AD
C OUTPUT HOURLY INFO IF WITHIN RAMGE OF PRINTING DPTION
IFCIPRTLT.1) GO TQ 79
IFRT=IFRT-1
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WRITE(%s200) QLB(i)rTRQDH(i)aTﬁMBHT(i)yTSAHﬁL(iJsSULAR(i)
FORMAT(18F7.2)
CONTINUE

£ OUTPUT MONTHLY SUMMARY ANl RESET

114

E __________________ __CRUMP=0.,

IFCTHRLLT.23) GO TO 13

IF (IDAY .NE . MODAY(IND)) €D TO i5

HDR=HOR/ 24,

COD=CLD/24.

HMAX =-HHAX

WRITE(%+114) IHO s HL s DI s HMAX s HDUMP s KFAN
1 CLsCDDsCHAX:COUMP.CFAN

FORMAT (’ SUMMARY FOR MONTH 7»I2s/

1 s’ HEATING LOADS’+F10.0,3Xs 'DEGREE DAYSE sF 6.0
2 3%s’ HOURLY MAX:  FB.2s¢ GAINL s F10.,032Xs ‘FAN HREL$F5.0/
3 ¢ CODLING LOADR: sF10.0+ 3%, 'DEGREE NAYSE aF5.0
4 y3%s! HOURLY MAX:’sFB.247 DUMPY sF10.,0:2Xs “FAN MG sFG.07)
HDD=0,

Chn=0,0

HL=0Q.

CL=0.

HHAX=0.

CHAX=0.,

CFQN=0|

HF AN=0.

999

HOUKP=0,
860 TO 13

8ToR
EMD
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FUNCTION SIMUL(NsAsXsEPS,INDICsNRC)
THIS FUNCTION USES GAUSS-JORDAN ELIMINATION 70O COMFUTE
THE INVERSE IN PLACE., N 15 THE NUMRER OF ROWS, A IS THE MATRIX
¥ 09 THE SOLUTION VECTOR. EFS I8 THE TOLERANCE FOR A SINGULAR
MATRIXy INDIC? NEGATIVE, COMPUTE INVERSE IN PLACE
ZERQ, SOLVE SYSIEM WITH AUGHMENTEDR MATRIX OF COEFS IN N RY NHK1
A MATRIX. IF FOSITIVEs SOLVE SYSTEM EBUT DOH’T INVERT
NRC IS FHE DIMENSION OF A :
THE FUNCTION RETURNS THE DETERMINANT
Fhdaadikdiaiik
THIS FROGRAM IS FROM APPLIED NUMERICAL KETHODE RY
CARNAHAM, LUTHER. AND WILKES, WILEY,» NEW YORK (19469
Pttt od et s
DIMENSION IROW(SQ),JCOL(50)yJORD(S0)sY(S0) »A(MRCINRCY s X(N)
MAX=N
IF{INRDIC.BE.0) MAX=N}1
IF(N.LE.50) GO TO 3
WRITE(®s200)
SIMUL=D.
RETURNM
DETER=1.,
RO 18 K=1sN
Kil=fK-1
PIVOT=0.

i1

13

14

Do 11 I=isN

no 11 J=isN

IF(K.EQ.1) GO TO 9

no @ ISCRN=IIKH1

Do 8 JSCAN=1.KM1
IF(I.EQ.IROUW(ISCAN) » GO TO 11
IF(J.EQ.JCOLCJIBCANY ) G2 T U1
CONTINUE

IF (ABRS(A(I:J))LE.ARS(PIVOATY } GO TO 11
FIVOT=A(I.0)

IRDR(K)=I

JCOL(K)=J

CONTINUE

IF (ARS(PIVOT).CGT.EPS) GO 70 12
SIMUL=0.

RETURN

IROUK=IR0OW(K)

JCOLK=JCOL (K)
DETER=RETER¥FIVOT

0o 14 J=1.Ma%

ACTROMK J)=ACIROWE, JY/FPIVOT
A(TROWKs JCOLK) =1, /FTVOT

Do 18 I=1sHM

ATJCE=A(I, JCOLK)

IF(I.ER. TROMK) GO TO 18
A{IsJCOLK)= -ATJCK/PIVOT



no 17 J=1rHAX

17 IF (JiNE . JCOLK) A(IpJ)=ﬁ(IrJ)"ﬁ1JCR#h(IRUUK:J)

i8 CONTINUE
po 20 I=1sN
IROMI=IROW(I)
JoOLI=JCoL(I)
JDRD(IRUHI)=JCOLI

20 1F(INDIC.GE.0) X(JBBLI)ﬁﬁ(IRUUI:HAX)

INTCH=0
NMi=N-1
po 22 I=1:NM1
Iri=I+1
pa 22 J=IPLsN

IF(JDRD(J).GE-JORD(I)) G0 TO 22

JTENP=JORRCD)
JORD(J)=JORI(T)
JORD{I)=JVENF
INTCH=INTCHI1
CONTINUE

3
]

IF (INTCHIE#E.NE.IHTCH) DETER=-NETER

IF(IMDIC.LE.Q) I

SIMUL=DETER
RETURN

26 np 28 J=1,N
po 27 I=1sd

TROWE=TREHI—

1 26

JooLI=JcoLel)
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a7 Y(JCOLI)=A(IROWI+J)
po 23 I=1sN

28 A(I, =YD
po 30 I=1sN
po 29 J=1sN
IROWJ=IROWCS)
JCOLJ=JCoL(d)

a¢  Y(IROWJI=A(T.JCOLD
no 30 Jelsi

30 AT, =YD
SIMUL=DETER
RE FURN

200  FORMAT('N T0O BIGT)
END
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SURRDUTINE RADUER(RADT:IHD&IDAY;IHR:RADBN:RAD:ISNUU:
THIS SURROUTINE COMPUTES THE SOLAR IRRANIATION ON

A VERTICAL SURFACE:» RADTs GIVEN THE MONTH: DAY s HR
NORMAL BEAM RARs TOTAL HORIZ RAD, I[SNOW FLAG
AZIMUTHs LATITURE,

DIMENSION MD(12) 2 RHOL2)

DATA ND/O,ZI,59590s1209151;181:212;2435273&3045334/
DATA RHO/.29.77

DATA IENTERsC/0y 0174532/

IR=ISNOWHL

IF{IENTER.NE.0) GO TO 1

CPUI=COS(LYPHLY

SPHI=SIN(CRPHI)

COAM=CUS(CXEGAN)

5GAM=GIN(CREAN)

IENTER=1

CONTINUE

IF (IDAY.EQ.IDAYD) G0 TO 2

BhY=FLUAT(ND(IHU)+IﬂﬁY)
BEL=°3.45$SIN(.01?2142#(284.%DQY))

SDEL=GIM(CEDEL)
CDNEL=COS(CXDEL)

_____ IDAYR=IDAY

CONTINGE—— =
DH=.2&18#(FLDAT(]HR}"IE.E)
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BAM: PHID

CoM=COS(0M2

SOM=SIN(OM)
CTH=“¢DEL¥CPHI$CGQHiCDEL#SFHI#EBAH#CD”%CDEL#SEAHKEDM
CTHZ=CDEL#CPHI#CUH%SDﬁL*SPHI
RE=CTH/CTHZ

RADR=RADNRNECTHIZ

IF(RADB.LT.O}) RABB=0.

RADD=RAD-RADR
IF((CTH.LT.O;?¢DR.(CTHI;LT-OF)) REB=0.
RﬁDT=RﬁBR$RB!-5$(RABH+RAD$RHG(IR))
RETURN

EMD
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THIS PROGRAK USES THE COEFFS. OF A CONPREHENSIVE RDOM TRANSFER
FUNCTION ORTAINED RY REGRESSION OF DALA GEMERATED RY THE 3-BURFACE
MODEL TO CALCULATE HOUKLY HEATING AND COOLING LOADS AND RDOM TEMPS.
THE LOAOS ARE PER UMIT AREA TOTAL EXTERTOR AREA.

IT IS SET UP TO USE 5 FREVIOUS LOAD COEFFS. AMD & EACH OF

SOL-AIR TEMPS, ROUM TEMFPS, AND SOLAR HEAT GBAIM (PER UMIT EXT AREA)
1T COMFARES THE HOURLY SIMULATION FROM THE MODEL WITH THE

VALUES CALCULATED BY THE CRTFs AND DOES SUME ERROR ANALYSIS

FOR EACH WEEKLY PERIOD (168 HRS)

THE SIMULATION ANR INFUT DATA IS READ IN THE SAME FORMAT AS IT WAS
PROBARLY INPUT TO THE REGRESION ROUTINE.

HERE [T IS ASSUMED THE CURRENT AMD 5 PREVIOUS LUADS, TSA» TR AND

SOLAR GAINS ARE INFUT.
TSETLD AND TSETHI ARE THE THERMOSTAT FOINTS. MWs 4 WEEKRS 710
gE ANALYZED
IFPRIN =1 IS & FLAG TO FRINT HOURLY VALUES FOR IFRMR COMSECUTIVE
YOURS. HOURLY VALUES ARE PRINTVEQR ONLY (F FLAGGER
DIMENSION CR(A)sCT{6)CR(E)CB(H)
200 FORMATCLIOF 7. 2/6F7.2)

F(R1s02:03:04:059T0sT15T2sT3>T4sT5s
{ROsR1/R2sRI+R4:R5,50,581,52,83:84,53)
1=€G(2)#GI+CG(3)#GE+CG(4)*93+CG€5)*G44CR(6)¥H§
1+CT(1)*TO#CT(231T1+CT(3)*T2¥CT(433T3+CT(5}1T4+CT(&)#T3

oo oon 0O oo ono

1+CR(1J*R0+CR(2)*R1+CR(3)#R2+CR(4)#R3+CR(S)$R44ER(é)ﬁRS
5 g R AN T AL BALCGLAYESS

HEstt)

IHDUR=0
IPRHR=~1
INIT=0
READ(%s%) (CO(J)»JI=256)sCT+LRsES
READ(Xs%) TSETLOD.TSETHI.NU
READ(%:%) IFFRIN
IFCIFPRINSNE.1JGO TO 10
READ(%, %) IFPRHR

10 CONTINUE
WRITE(%s%)TSETLO’» TSETLOy ' TSETHI'+ TSETHI
WRITE(Es%) * WEEKS/ yNWs’ HOURLY PRINT’sIFPRINs IFRHR
WRITE(%s%) ‘REGRESSION COEFFICIENTS:'
WRITE(Xs%) (CO(S)sJ=256),CT2CRLES
WRITE(ks%) *° 7
D0 500 IWK=1:N¥

NC=0
NH=0
NT=0
85GH=0.
CRIAS=0,
HRIAS=0.
TRIAS=0.
SSDCIO v
SRCE=0.

8@HS=0.
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STB=0:
STC=0.
SOHC=0.
SQCC"QQ '
§6T=0.
DO 499 IHR=1:148
READ(B;EOO)GS&DI:DE:BZ:D4;D59TO:T1sT2,T3;T43T5:
1 RﬁaﬂéiU?sDBJﬂ?aUlOfﬁO;Slfﬁ2;ﬁ$ﬂﬁ%;35
IF(INIT.NE,0) GO TO 60
IMIT=1
Q=08
RO=RS
Ri=né
R2=D7
R3=08
R4=D%
RS=N10
a1=n1
A2=n2
@3=03
A4=D4
@5=05
MODE=SICGN{1. 00042,
60 GO 1O (70.,100,80):HO0DE
C_ HODE 1 HEATING B B
70 RO=TGLILD - —————————— —

GO“F(91!92703yﬂ45DS:TO&TI:T?&TE:T4’T51
1 R09R15R21R3sﬂ4ﬁﬁﬁw50351s52333!54535)
IF(RO.,LE.0.) GO TD 150
HOQE=2
‘ G0 TO 100
G MORE 3 CODLING
80 RO=TSETHI
G0=F(G1:EE!Q3;Q4!R5!T0;T15TQ!TE:T##TSE
i R0§R1¥R2JR3)RdiR5!SQ!BI552553!S4i953
IF(RO.GE,D,) GO TO 150
HODE=2
GO TO 100
c MODE 2 FLOATING
100 CONTINUE
Q0=0,
RO=CG(E)*H1+CG(3)*92+CG(4)*93+CG(5)¥944CG(&)#RS
1+Cr(1)$TOPCT(23$T1+CT(33*T2¥CT(4}$T3PCT{5)1T#+CT(E)#T5
1+CR(2)*R1+CR(3)#RE%CR(4}$R31CR(5}#94+CR(65$R5
1+Cﬁ(1)¥50§ﬂ$ﬁ23*ﬁlTCS(3)#52PCS(ﬂ)KSS#ﬂS(5)#54+CS(61$55
RO=RO/(~-CR{1)
IF(RO.LE,TSETHIY GO TO 110
MODE=3
60 TR 80 :
11¢ IF(RO.GE.TSETLO) GO TO 130
MoOE=1



150

139
140

60 TO 70
COMT INUE

IF({IFRHR.LE.O0) GO TO 160

ITHOUR=THOUR L
IPRHR=IFRHR-1

WRITE(ks15%) IHOURyQRS»Q0sREsRO»TO»H0
FORMATCIS 3% 2F 7,25 3% 2F7.2,3X52F7.2)

CONTINUE
Q5=04
@4=03
03202
A2=01
Qi1=0ao
RG=R4
R4=R3
R3=R2
R2=R1
Ri=R0

IF(QS.EQ.0.) GD TO 430
IF(AS.LT.0.) GO TO 440

NC=NC+1
RBC=Q0-Q8
CRIAS=CRIASIDC
55QC=53QACHDERNC
SQACE=50CS+As

Sm T A
| % 1E B
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440

450

499

NH=NH+1
DH=00-GS
HRIAS=HBIAS4IH
SSAH=SSAH+DHEDH
S5@EHe=5aHE 18
CONTINUE
NT=MT41
STS=8TSHRS
STC=8TCHRO
DR=RO-RS
SST=83TH+IRY*2
TRIAS=TRIAS+DR

IF(A0.LT.0,) SHHC=SAHCIA0
IF(R0.BT.0.) ‘SACC=SACCHRO

COMTINUE
TSRAR=STS/NT
TCRAR=STC/NT
QHSEAR=SOHS/NH
AHCBAR=SQHC/NH
@CSBAR=ESQCS/NC
QrCeAR=SBCC/NC

TSIG=CART(BET/NT)
QHSIG=SART{SEAH/NH)
ACSIG=SRRT(ESQAC/NC)

HRIAG=HRIAG/NH
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CEIAS=CRIAS/NC
TRIAS=TRIAGB/NT
WRITE(%:401) OHERAR:CGHCEARSHSICsHRIAS NN QCERARyOCCEAR s
1 QCSIGLCRIALR,NC
1 sTSBARsTCRBARSTSIGsTRIAESHT
401 FORMAT(AF? oA X404F9 . 414, 4F7 . 4514
WRITE(?2401) OHSRAR:OHCRARsCHBIG:HRIASMHQCSRAR sQCCRAR s
1 GCSIGSCRIAS,NC
1 sTSRARSTCRARTESICGsTRIASHNT
500 COMYINUE
S5TOF
END
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