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ABSTRACT
A non-proprietary building system simulation program called HVACSIM+. which
stands for HYAC SIMulation PLUS other systems, has been developed at the
National Bureau of Standards (NBS) in an effort to understand the dynamic
interactions be‘tween a building shell, an HVAC system, and building controls.
HVACSIM' consists of a main simulation progran. a library of HVAC system
component models, a building shell model, and interactive front end input data

generation programs.

The main simulation program employs a hierarchical, modular approach and
advanced equation solving techniques to perform dynamic sinnlations of
building/HVAC/control systems. In the building shell model, a fixed time step
selected by the user is employed, while a variable time step approach is used

in the HVAC and control systems portion of a simulation and the zone model.

This report presents tﬁe overall architecture of the HVACSIM"' program,
algorithms used in the main simulation program, a brief discussion of the
nun‘uericalr methods used in solving a system of non—linear simultaneous
equations, integrating stiff ordinary differential equations and interpolating
data and descriptions of the building shell and zone models. Conduction
transfer functions, weather data, and simulation procedure are also described.
This report is the third document, which describes the building model,
supplied with HVACSIN'.
Key words: building dynamics; building simulation; building system
modeling; computer simulation programs; control dynamics;
dynamic modeling of building systems; dynamic performance of

bnilding systems; dynamic simulations; HVAC system simulations;
HVACSIM :
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1. INTRODUCTION

Computer simulations have been a popular means of analyzing building emergy
use. Compared with experimental investigations, computer simulations do not
require installation of various expens‘ive instruments., Simple changes in

input data to a simulation model can evaluate their impacts on the model.

In an effecrt to carry out simulation studies involving the dymnamic
interactions between a building shell, an HVAC system, and building controls,
a non—proprietary building system simulation program called HVACSIM' has been
developed at the National Bureau of Standards (NBS). The program HVACSIM',
which stands for HVAC SIMulation PLUS other systems, is capable of model ing
the HVAC (heating, ventilatiomn, and esir-conditioning) system plus HVAC
controls, the building shell, the heating/cooling plant, and energy management
and control systems (EMCS) algorithms, Although the current version of the
HVACSIM'® has not implemented the EMCS al gorithms yet, these may be added by a

user interested in such applications, and familiar with Fortran programming.

The HVACSIM' consists of a main simulation program, a library of HVAC system
component s models, a building shell model, and interactive front end data
generation programs. The main program is called MODSIM and employs a
hierarchical, modular approach and advanced equation solving techniques to
perform dynamic simulations of building/HVAC/control systems. The modular
approach is based upon the methodology used in the TRNSYS program [1]. In the
building shell model, a fixed (but user selectable) time step method is used,

while a variable time step approach is employed in the HVAC and control



systofns portion and the zone model, This hybrid time step method is bel ieved

to be unique in the building systems programs.

The HVACSIM' program has been developed primarily as a research tool for whole
building system studies. Flexibility of the HVACSIM® allows the simulation of
HVAC components, control systems, the building shell, or amy combination. The
program is written in ANSI Standard Fortram 77. Fully structured programming

makes the code relatively easy for programmers to understand and maintain.

Some important features of HVACSIM' were previously introdnceﬁ [2,3] and the
results of some case studies were published [4,5]. A general overview of
BVACSIM® was also presented [6]. Documentation for HVACSIM' consists
primarily of three publications: a Reference Manual [7], a Users Guide [8],
and this repérf. The building l1oads calculation routines' are relatively
recent additions to HVACSIM', and as such are not described in the Reference
Manual or the Users Guide. This report serves as reference manual and users
guide for the building 1oad portions of HVACSINM'. In addition, mathematical
details of the numerical methods used in HVACSIM' are presented. Sample

simulations for building load calculations are appended.



2. ARCHITECTURE OF HVACSIN'

The various portioms of HVACSIM' can be divided into three categories:
preprocessing, simulation, and postprocessing. Prior to performing a
simul ation, the data files for a particular building system simulation must be
provided. This can be accomplished using programs in the preprocessing group.
After a simulation, evaluation of outputs from the simulation is made using
the postprocessing program,

Figure 1 shows a flow diagram of programs and data files comprising HVACSINM'.
During the preprocessing, a work file for simulation is created by the
interactive fromt end program, HVACGEN [8]. This work file is then converted
into the model definmition file by the program SLIMCON The model defimition
file has the format which the main program MODSIM requires. The work file can
be edited interactively by the HVACGEN program. In gemerating the simulation

work file, HVACGEN employs a data file containing component model information.

When a building shell is involved in a simulation, data files of weather
conditions and conduction transfer functions for multilayered constructs must
also be created. The program RDTAPE reads a weather tape (SOLMET, TMY, TRY,
or WYEC tape) or equivalent and selects a portion of the weather data that is
of interest. The selected weather data is transformed into the proper imput
form for MODSIM by the program (RWDTA. If a weather tape is not available or
informaetion from a2 weather tape is missing, th; CRWDTA program produces a

design day weather data file.
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Figure 1. Flow diagram of programs and data files of HVACSIM+
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The coﬁdnction transfer functions of multilayered building cons‘tructs are
generated by the CIFGEN program, Except for the front end routines of CIFGEN
the main routines in CTFGEN are taken from the TARP program by Walton [9].
The thermal properties of building materials (thickness, thermal conductivity,
density, specific heat, and thermal resistance) can be entered into the data

bank by using CIFGEN and multilayered constructs can bé formed interactively.

The MODSIM program is the heart of HVACSIM'. As shown in Figure 2, the MODSIM
program consists of a main drive program and many subprograms for input/output
operation, block and state variable status control, integration of stiff
ordinary differential equations, solving of a system of simultaneous non—
linear algebraic equations, component models of HVAC, controls, building

model, and supporting utility.

The simulation program, MODSIM, calls the model definitionm, conduction
transfer functions, weather, and boundary data files. The boundary data file
can be created with a conventional editor. The state variables associated
with this boundary data file are assigned when HVACGEN generates the work file

for a particular simulation.

During the execution of MODSIM, simulation comtrol inmput data can be entered
interactively on a terminal. After a successful simulation, three data files
are generated. These are the summary, raw output, and initialization data

files. After remaming the initialization file as the input file to MODSIM, a
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Figure 2. The structure of MODSIM




new simulation can be performed starting from the point where the previous

simulation ended.

Postprocessing is necessary if graphical presentation of the raw outputs is
desired. The program, SORTSB, sorts the raw output data. The outputs of
these programs may then be used for plotting with a user—suppl ied graphic

routine.

It should be noted that the architecture of HVACSIM' had been changed after

the overview paper [6] was presented.



3. MODULAR SIMULATION PROGRAN, MODSIN
MODSIM stands for MODular SIMulation. Many ideas for the design of MODSIM A
came from the TRNSYS program, which was developed at the University of
VWisconsin Solar Energy Laboratory [1]. The original MODSIM was first written
in Fortran IV by Hill [3]. Since then, MODSIM has been rewritten in
structured Fortran 77 and modified significantly. Important features of the

current MODSIM program are described below.

3.1 Hierarchical, Modular Approach
A hierarchical simulation setup data file (model definition file) is empl oyed

by MODSIM during a simulation. The hierarchical structure comprises
superblocks, blocks, and units. As illustrated in Figure 3, a number of units
(or a single unit) form a block, and a number of blocks (or a single block)
make up a snpcx;block. Superblocks (or a single superblock) comprise a
simulation. Figure 3 shows a setup involving 8 units, 4 blocks, and 2
superblocks. Depending upon the status of the state variables in a block or
superblock, a system of equations in a block or in a superblock are solved
simul taneously. The coupling of superblocks is done weakly through the state
variables. In the interest of economy the whole simulation made up of

superblocks is not solved simul taneously.

Using a modular approach, a UNIT in MODSIM represents a2 component model of a
HVAC system, controls, or a building shell component. Each physical component

is modeled in the subroutine TYPEn, where n is the index number of the type
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Figure 3. Hierarchical simulation setup




assigned to the specific component. More than one unit can call the same
TYPEn subroutine if the same component model is used more than omnce. For
example, if UNIT 2 and UNIT 4 in Figure 3 represent two different fans in the
HVAC system, the same TYPEl subroutine for a fan (n=1) can be used in the
simulation. Each subroutine of component model has inputs, outputs,
parameters, and a workspace vector for saving intermediate results. The
component model configuration data file, which is an input file to the HVACGEN
program, contains information on the numbers of inputs, outputs, parameters,
elements in the saved workspace vector, and a description of the inputs,

outputs, and parameters.

Each UNIT has its distinct index number for input and output variables, and
values of parameters. This information is transmitted to the corresponding

TYPEn subroutine through arguments.

This hierarchical, modular approach provides great flexibil ity in setting up a
simulation model. The actual breakdown of a building system into blocks and
superblocks is left to the user and depends upon the nature of the system and
the type of interactions among its various components. Proper 'blocking’
produces good simulation results and reduces computational time. Improper

'blocking’ of a simulation model can result in a poor simulation.

3.2 Controls of State Variables and Blocks

During a simulation, a large portion of time is spent in solving the system of

simul taneous equations. Reduction of the number of equations solved
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simul taneously in a block or a superblock can result in conmsiderable
computational savings. In MODSIM, when some of the state variables reach
steady state, these variasbles are removed from the system of state va:iables
that are solved simultaneously, and put aside (or 'frozen’) until deviations
from the steady—state values are encountered. The criterion for freezing a

variable is chosen as

|xn+1" In I f_i‘[‘r' I+l l"‘°a]' (3.1

where x,,4 and x, are the state variables at the current and the previous
time, and e, and e, are the relative and the absolute error tolerance,
respectively. These error tolerances must be specified when the simulation

work file is created using HVACGEN.

Similarly, a block can be inactivated (or frozem) if all the input variables
to the block are frozen. A block is marked active as soon as one of its block
inputs becomes unfrozen. When a block is frozem, it is no longer necessary to

monitor the frozen state variables in the block.

3.3 Hybrid Simulation Time Steps

The MODSIM program incorporates two different types of time steps. One of
them is a fixed time step, and the other is a variable time step. The
building shell model uses a user-selected fixed time interval because the
building shell model needs the conduction transfer functionms of building

constructs which are calculated on the basis of uniformly distributed time
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sampling. In addition, weather data is usually provided on the hourly basis.

Variable time steps are used for all other component models,

This multi-time step approach has its advantage in saving computation time.
Many component models for HVAC ahd controls systems involve ordinary
differential equations. When the system is unsteady, a large time step
invites numerical instability. To prevent this instability, small time
intervals are necessary at an initial startup of a simulation or during a
period when sudden change occurs. After the system becomes stabilized, the

use of short time step is no longer needed and is wasteful.

Each superblock in a simulation is an independent subsystem in the semse that
it proceeds forward in time independently. The variable time step is
determined for each superblock, excluding the superblock for the building
shéll. by the integration routine used to solve the systems of differential
equations. The largest time step allowed in a superblock is, however, 1imited

to the fixed time step used in the building shell model.

3.4 Time Dependent Boundary Conditions

A state variable which is external to the system being simulated can be
designated as a boundary variable when the simulation work file is generated.
The boundary variables may be constant or time dependent. Data at the
boundary variables are stored in the boundary data file and read as the

simulation progresses. Time intervals in this data file are mot required to

12



be equal, since a third order Lagrangian interpolation method is used.
Sometimes a change in a boundary variable may be discontinuous (e.g., set
point change). In such cases, the integration routine of differential
equations is reset at the time of discontinuity to bring the simulation time
step to 2 minimum value. This kind of reset condition is signaled by

including in the boundary data file two different data values of a boundary

variable at a given time.

13



4. NUMERICAL METHODS IN MODSIM

The numerical methods employed in the MODSIM program invol ve techniques for
solving systems of simultaneous nonlinesr algebraic equations, integrating
stiff ordinary differential equations, and interpolating data sampl ed in
either a fixed period or variable time intervals. A large number of

subprograms in the MODSIM are related to these numerical algorithms.

4.1 Nonlinear Equation Solver

The subroutine SNSQ with its associate subprograms is used in MODSIM. This
routine is a part of the mathematical software package SNLSE in the CMLIB
package, NBS [10], and was coded by Hiebert at Sandia National Laboratories
by combining the HYBRD and HYBRDJ in the MINPACK code develo'ped by Argonne
National Laboratories [11]. The method used in the SNSQ program is based on
Powell’'s hybrid hethod [12]. Minor modifications were made to the SNSQ

routine to achieve better simulations with HVACSIM"'.

A brief mathematical description of the SNSQ routine is presented following

closely the approach used in the paper by Hiebert [11].

The system of nonlinear equations can be writtem in vector form as

f(x =0 (4.1)
where

£= 08, 5,000,807, 1= [x], 35,000,207 | (4.2)

Expanding £ in a Taylor series, and neglecting the high order terms, the

14



linearized, approximate system becomes
£z9  £(=5) + 75 (2% - xD (4.3)

where J’(_;k) is a Jacobian evaluated at gk.

If x* is the solution vector of the system, then

£(x*) = 0.
The general iteration equation for given _gk near x* becomes

Pt PP R (4.4
The Newton step of the nonlinear system, Ax, can be expressed as

ax = 1¥*1- gk 57 1H £h) | - (4.5)
In efforts to reduce the number of calculations involved with this approach, a
quasi-Newton method is used in SNSQ. This method approximates the Jacobian
using the Broyden's rank-one update [13] instead of calculating the full
Jacobian at each iteration. The Jacobian is calculated at the starting point
by either the user-supplied subroutine or a forward-difference approximation,
but it is not recalculated until the rank-ome method fails to give
satisfactory progress. If By is the approximation of the Jacobian at the kth
iteration, then the updated Jacobian [14] is

Byy1 = By - (Byay - v aTy/aT gy, (4.6)

where g, = ;k"'l - _;k, vy = ;(;k"'l)-;(;k). and ng is the transpose of g;. In

the SNSQ routine, the inverse Broyden update is employed. With the inverse
Broyden update method, the inverse of the approximate Jacobianm, Bk-l is stored

and updated at each iteration,

15



The local ;onvergence of the quasi-Newton method is superlinmear, and required
arithmetic operation per iteration is only O(nz). while the number of function
evaluations per iteration is also only n. The shortcoming of the quasi-Newton
method is that a good initial guess must be made for successful comvergence.

To improve this property, Powell [12] suggested a hybrid method.

The hybrid step is a combination of the guasi-Newton and gradient step. The
gradient step is chosen to minimize the Euclidean norm of the residuals. The
Gauss—-Newton [15] and the steepest scaled gradient steps are actually
incorporated in the SNSQ routine. The convergence test is successful so tﬁat
5* is a solution vector if the following condition is satisfied:

ey X*1 - 2511 < o 11,2l | (4.7)
or if £(x) = 0. In the above equation, dy is the diagonal component of the
transformed Jacobian matrix using QR-factorization, e, is the error tolerance
usually specified by the user, and the double bars demote the norms. In
HVACSIMY, the value of ¢, is specified when the model definition file is
created by the HVACGEN front-end program. Although the square-root of the
machine precision [16] is recommended for the value of ¢, in the SNSQ routine,
the choice of the value depends upon the particular simulation setup and its
initial values. As a rule of thumb, e, may be greater than or equal to the

sum of e and e,.
The block/superblock structures, defined when a simulation setup is made, also

strongly influence the convergence characteristics. Even though the use of

hybrid step improves the convergence properties, making a good guess for

16



jnitial conditions is very important to ensure a successful simulation.

As an example, Figure 4 shows the simplified flow diagram for the iterative
procedure when x; and x, are solved simul taneously and x3 and x4 remain
constant at a time step. In the TYPE subroutines for two units in a blo;:k,
xy’ ‘and xz' are determined using the function F; and Fz,' respectively.
Residual functions can be written as

£1(x1.55.33,%y) = 1" — 33 = Fp (15,33) = 1
x,' = x5 = Fy (x1,3) - x5 (4.8)

fz(xl,xz.x3.x4)

These function vectors, f; and f,, and state variables, x;, are emtered into
the equation solver. When the convergence criterion as given by equatior
(4.7) is met, the iteraction ceases, and the solutions x;* and x,* satisfy f,
= fz = 0. After the solutions are obtained, the simulation time is increased

by h, which is either variablé time step or fixed.

4.2 Integration of Stiff Ordinary Differential Eguations

The use of variable time step and variable order integration techniques to
solve sets of differential equations can reduce the amount of computer time
required for dynamic simulations significantly. The algorithm employed is the
one developed by Brayton, Gustavson and Hachtel [17]. This is an extension of
the famous Gear algorithm called DIFSUB [18], which uses the backward

differential formulas associated with Nordsieck’'s method [191.

17
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Figure 4. Simplified flow diagram for the iterative procedure in
solving simultaneous, nonlinear equations
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The discussion which follows will be highlighted information of the method by
Brayton, et al [17]. Because a higher order ordinary differential equation
can be transformed into a system of first-order differential equations, only

integration of first order differential equations will be addressed.

A system of implicit differential algebraic equations can be expressed as
£(x,x,t) = 0 (4.9)
vhere x is a state variable vector which is a function of time, t, x is a
derivative of x. If the solutionm vector x(t) of equation (4.9) had been
obtained at previous discrete times, t=t, =t e and t'-'tnl-l-k’ then the

solution Xpp1 8t the curreat time, t=t_,,, satisfies

i(_x.nq.lo in.g.lo t!ﬂ'l’ =0 : (4.10)
For stiff equations, the backward differentiation formula (BDF)
approximates the present value ‘5n+1 at t=t_ .4 in terms of x, 1, and the k past

values Xps XpqseesXp pe]e The k-th order backward differentiation formula

is
Ipt1 = 7h ), % Enrl-dv (4.11)

where a; are constants and h is the present step size (tn_,,l-tn). Setting
£(x41) = Xp,1, @nd substituting equation (4.11) into equation (4.10) yields a

set of nonlinear algebraic equations of x ., at time t_,,. This system of

19



6
nonl inear equations can be solved by a nonlinear equation solver., In the

MODSIM program, the previously described SNSQ routine is employed to solve the

equations.

At the beginning of simulation, the initial values of x, at t=0 is used with
order k=1 for x;. Knowing x, and X1, the new value x, is computed using k<2,
and so on. The maximum order of k has been 1imited to 6 since the order k

seldom exceeds 6 in most applications.

As discussed already, the Newton method requires a reasomably good guess for

the initial iteration. The predicted value of x ., for the initial guess is

formulated using the same regressor expression in equation (4.11).

p k+l
X+l =T igl Ti Xp+1-i (4.12)

where y; are constants.

For the k-th order backward differential formula, the local truncation error

is given by
err = By + 0(F*2) (4.13)
where
. (x..q - x.00) (4.14)
=7 -+ . ‘En+ Zn+ .
Ek tn+1 - tn—k n+1 n+1

and the term 0(hK*2) represents higher—order terms in the step size of degrees

20



greater than or equal to k+2.

Although the algorithm for computation of ¢; and v, presented by Brayton, et
al. is very complex, it was coded in MODSIM to improve computational
efficiency. Chua and Lin [20] explained the variable step—size, variable-

order algorithm in a much easier way to follow.

Figure 5 shows a simplified flow chart of the algorithm for integration of
stiff ordinary differential equations which is implemented in MODSIM. In the
TYPE subroutine, the derivative of state variable x at time t =t ., is
calculated. The difference between the derivative in+1 and the value of
backward differential formula as formulated in equation (4.11) is denoted as

g. The residual function is, in fact, a nonlinear algebraic equation given

by

3
1
g = G(xn.'.l) + b i% ai‘!n'l-l—i (4.15)

When x ., is the solution of equation (4.15), g is zero. To find the solution
at the present time, numerical iteration using the SNSQ routime is performed
and convergence is checked. If the solution is converged close to the real
solution, the iteraction is terminated and the truncation error of backward
differential formula is computed and the order k and the step are determinmed.
The selected step and order are rejected if the trumncatiom error is too large.

The strategy of selecting the order and step with the MODSIM is based on the
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Figure 5. Simplified flow chart of the algorithm for integration
of stiff ordinary differential equations
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condition

E < 3hler)xpip|* ©q)

where t; and t; are the initial and final time considered in the integration
using the backward differential formula. The time interval, tg—t,, must be
provided as one of input values prior to simulation. This quantity is

specified during the time when the simulation work file is gemerated.

4.3 Interpolation of Data
Lagrangian and spl ine interpolation techmiques are used in the MODSIM program,
Interpolation of data points for the time dependent boundary variables is made
by using the 3rd order Lagrangian interpolation:
4 | 4 t - t-l 4.17
x(t) = E I (t - t-) xi ( )

i=0 [j=1\ ti ~ ¢
itj

where x(t) is the interpolated state variable at time t, and x; = x(ti).
For interpolating the hourly weather data, the computer program of the cubic

spline interpolation by Ferziger [21] was implemented in MODSIM. The

interpolation formula is

2 2
X (ti) (ti"'l -t) l-(ti"'l ‘t) + X (ti"'l) (t _ti) (t —ti)

x(t) = - hy = by
6 I_ h, 6 hy
L Tiltien = 8 Ve (87 € g ¢y, (4.18)
by hy

23



where v; = x(ti) for i=1, 2,...,n, and h; = t;4; - t;. The second derivatives
x"(t;) and x"(t;, ;) for i=2, 3,..., n~1 are found using the following set of

equations for the second derivatives of x(t) at nodes

hi“lx"(ti‘l) + Z(hi-l + hi) x"(ti) + hix"(ti"'l) ' (4.19)

=6 [Yi+1 ~¥i_ Yi~ Vi

1
- » i=2’ 33.0.,”.—1
by hi-l]

The coefficients of these sets of equations from a tridiagonal matrix, and the
system can be solved for x'’ (ti). i=2,3,...,n~1 by wusing the Gaussian

el imination method.

Two additional equations are determined from the end comditions. Ferziger's
code uses the cantilever' condition where

x''(tg) = Ax'’(ty) and x'’(t;) = Ax''(t, 4), (4.20)
and Ae[0,1]. |

In the MODSIM, 24 points of each component weather data (temperature,
pressure, etc.) are read once each day, and the second derivativesvof the
variable are calculated using the set of equations as shown in equation
(4.19). At a given time during the day, the interpolated value is evaluated

using equation (4.20) with A = 1,
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5. Bﬁ]LDIM LOADS CALCULATION

In HVACSIM"', a building shell model and @ building zore model are used for
building thermal loads determination. These model s were developed based on
Kusuda [22] and Walton [9]. Previously the building shell model containéd the
zone model [6]. In this report, these models are distinguished. The building
shell model util izes a user—selected fixed time interval, while tke zome model

uses variable time intervals,

¥odels for building loads calculation include the effects of different kinds
of building shell materials, air temperatures, the mcisture content of the
air, lighting, equipment, occupancy schedule, solar radiation, wind velocity,
orientations of the exterior building surfaces, and the effect of shaddwing.
Since there are so many factors invol ved, some simpl ifying assumptions had to
be made. The major assumptions in the currert EVACSIM+ program include:
(1) Uniform temperature distributions on a build»ing surface (one
dimensionel keat trarnsfer across a wall)
(2) Uniform ground temperature distribution

(3) No effects of wind direction, rain, and snow

The approach taken uses the stardard respomse factor method to calculate the
conductive heat transfer rates through the building shell. The conductiorn
transfer functions are computed once and stored prior to a simulatior. The
same time intervsl wused ir the calculation of conduction transfer functions of

building comstructs is applied as the period during which the conductive heat
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fluxes through the building surfaces are assumed to be invariant.

Primary routines for the building load determination are those dealing with
the calculation of building surface temperatures and zome loads. Walls and
zones are treated as component models, and are coded as TYPEn subroutines.
Because of the use of the fixed time step, the units representing building
surfaces must be in a superblock which is separate from those containing units

which use a variable time step.

‘The zome model calculates indoor air dry-bnlb temperature and humidity ratio
on a variable time step basis and takes into account the dynamic operation of

the HVAC system and its controls, and thermal loads.
The building shell model contains three TYPE subroutines (TYPE50, TYPES1, and

TYPE53), and the building zome model is designated as TYPE52. 1In the

following sections, details of these TYPE subroutines are described.
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5.1 TYPE50: ZONE ENVELOPE

General Description

This subroutine combines information genmerated by the TYPE5S1 building surface
model. Convective heat gain from building surfaces and mean radiant
temperature are computed. Since this routine is a part of the building shell

model, it must be in a superblock which takes a user—selected, fixed time

step.

Nomenclature

As,j area of the j—th building wall surface (mz)

his,c,j convective heat transfer coefficient of the j—th building
inner surface (W/m2K)

his.r.j radiative heat transfer coefficient of the j—th building inner

surface (W/mzK)

Isol,j total solar radiation influx (W/nz)

N, number of wall sprfaces in a zome (-)

isl.r short wave radiant heat flux from the sun and the lights (W/m?)

st,r short wave (visible) radiant heat gain from lights (W)

Qlw,r long wave (infrared) radiant heat gain from people and
equipment (W)

Qwall convective heat flow rate from building surfaces in a zone (W)

T; zone air dry-bulb temperature (C)

Tis.j surface temperature of the j—th inmer wall (C)
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T - zone mean radiant temperature (C)

mr

Sc.j shading coefficient of the j—th building wall (-)
%, j short wave absorptance of the j-th inmmer wall (-)
Ts,j transmittance cf the j—th wall (-)

Mathematical Description
Short wave radiant heat fluxes from the sun and the lights in a zone are

evaluated by using the following expressiomns:

Ng
Y, A v, .S, I + @
. i= S, s, c, sol, SW,T
9s1,r = =1 ’ N ’ J—- j (5.1)
iA s (g 5 ¥ Ty 3)
j=1 s$,J s, J s,]

Convective heat flow rate across the air film between the zone air and

interior surface of the building shell is given by

Q‘all = jgl his,c,jAS,j(Tis.j - Ti) . (5.2)

The expression of mean radiastion temperature is obtained from

Ng
jgl his,r,jAs,jTis.j + Ql',t (5.3)
Tor = N

s
b A
jgl is,r,37s, ]
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Configuration

Inputs Description

1 T, zone air dry-bulb temperature (C)

2 Y T short wave radiant heat gain from lights (kW)

3 alw,r long wave radiant heat gain from people and equipment
(kW)

4 Tis,l surface temperatute-of the 1st inner wall (C)

5 Tis,z surface temperature of the 2nd inner wall (C)

6 Tis,3 surface temperature of the 3rd inner wall (C)

i 113,4 surface temperature of the 4th inner wall (C),

8 Tis,s surface temperature of the 5th inner wall (C)

9 Tis,6 surface temperature of the 6th inner wall (C)

10 Tis,7 snrface'temperatu:e of the Tth inmer wall (C)

11 Tis.8 surface temperature of the 8th innmer wall (C)

12 Tis,9 surface temperature of the 9th inmer wall (C)

13 Tis, 10 surface temperature of the 10th inmer wall (C)

Outputs Description

1 Tor mean radiant temperature (C)

2 0,011 convective heat gain from building surfaces (kW)

Parameters Description

1 IZN jidentification number of zome (-), 1<IZN<MAXZN

2 Ng number of building surfaces in a zome (-), 1<N <MAINS
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Note that variables which are not identified as inputs, outputs, or
parameters, but used in the TYPE50 subroutine, appear in COMMON blocks. It
should be noted that the unit for heat flow rates is kW for inputs and

outputs, although the unit of W is used in the mathematical description.

In the current version of HVACSI]!"’. MAXZN = 6, and MAXNS = 10.
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5.2 TYPES1: BUILDING SURFACE

General Description

This subroutine computes outer and inner surface temperatures of a building

surface construct, and determines average solar flux on the outer surface.

Because this TYPE51 subroutine is a part of the building shell model, it must

be in a superblock which takes a user—selected, fixed time interval.

Nomenclature

fsg angle factor between ground and surface -)

fss angle factor between sky and surface )

g, ground reflectivity (-)

his.c,j convective heat transfer coefficient of the j—th building inmer
surface (V/m2K)

his,r,j radiative heat transfer coefficient of the j—th §ni1ding inner
surface (W/m?K)

hos.j convective plus radiative heat transfer coefficient of the j—-th
building outer surface (W/m2K)

I, direct normal solar beam radiation (W/m?)

I8 ground reflective radiation (Wlnz)

I, total horizontal solar radiation (W/=n?)

Ieo1,j avéraze solar radiation influx on the j—th surface ('/nz)

I, diffuse (sky) solar radiation (W/mz)

N¢ order of conduction transfer function calculation (-)

Ny number of conduction transfer function terms (-)

éi.j.n current conductive heat flux at the inmer surface (Wlnz)
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qo,j a current conductive heat flux at the outer surface (W/mz)

q’ i,j conductive heat flux at the inside of the j-th surface at the
present time due to past temperature history

', conductive heat flux at the outside of the j—th surface at the

present time (W/mz)

1'131,1. short wave radiation heat flux from the sun and lights (W/ n?)

':lsol,o,j solar heat flux on the outside surface of the j—th comstruct (W/il_lz)

Rk,j flux term related to.overall conductance (-)

84 fraction of shadowed area to total exposed surface area (-)

T, zone air dry-bulb temperature (C)

Tis,J inside surface temperature of the j—th construct (C)

Tor mean radiant temperature (C)

T, outside air dry-buld temperature (C)

oS, j outside surface temperature of the j—th coamstruct (C)

UJ- overall conductance (Vl/mzx)

Ve wind speed (m/s)

xm,j X-component of conduction transfer function at the m time steps
ago (WlmZK)

Ym,j Y-component of conduction transfer function at the m time steps
ago (W/m?K)

zm,j Z-component of conduction transfer function at the m time steps
ago (W/m?K)

xo,j X-component of conduction transfer function at the present time

(W/ mK)
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Yo,j * Y-compoment of conduction transfer functionm at the present time

(W/n2K)

zo,j Z-component of conduction transfer functiom at the present time
(W/ %K)

s, j radiation absorptance of the j—th innmer surface (-)

s, j radiation absorptance of the j—th outer surface (-)

B solar altitude angle (degrees)

v tilt angle (degrees)

0 solar beam incident angle (degrees)

& surface azimuth angle (degrees)

[/} solar azimuth angle from south (degrees)

Mathematical Description

Conductive heat flow through a multilayered construct has been solved
successfully by the response factor method, in which the surface temperature
of each h&nogeneons layer is representéd by a series of pulse functions.
Based on the response factor method, conduction transfer functions are
celculated for a multilayered wall. A heat balance at the j-th interior

surface is used to determinme the interior surface temperature by [9]:

B e, Tit Big,r,iTee * %is,§ Ys1,r ¥ V4,5 * Yo,570s,

Tis.3 (5.4)
his)caj + hiS,f,j + zo,j
The current conductive heat flux at the inner surface is
%,5,0= Yo,j Tos,j = Zo,j Tis,j * 9'i,j , (5.5)
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. Ny N Ng ) (5.6)
2,5 = E-l Yo,i Tos,j,om = .§1 Zp,j Tis,j,om, * 2;31 By,i 94,5, 0k

In the equations above, the subscript n is the current time, while m denmotes
the past time. Note that the time interval is fixed. The flux, Rk.j is
related to the overall conductance, Uj, as

Ng Ng N, N,
U(1- 3 By o)=Y =Y Y, =3 z . (5.1
- T, § ;‘:o =, nz=:o »J

The values of Rk.j and Uj aswell as xn.j, Yn,j and Z.’j are computed by the

CTFGEN program.

On the outside surface, which is exposed to sunlight (IEXP_OS=2). the outer
surface temperature can be camputed by:

h T, + q .+ g .+ f £, -
= oS, o sol, 0, o, 1,j “2,
Tos, j Jj J j J Jj (5.8)

llos,,’i + xo,j - fl.j Yooj

where
f,5 Yo,
Bis,c,j * Bis,r,j * Zo,j
f2,j = his,c.jTi + his,r.ijr + %is,j &sl,r +q i,j
‘.lsol.o,j = 8os, j Isol,j (‘5.9)
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The current conductive heat flux at the outer surface is

qo’j’n = Yo,j Tis,j - Xo’j T°s‘j'+ q'o,j (5.10)

where

. N Ne Ne (5.11)
q'o:j = FZI Ym:j Tis.j,n—m - .'Z=1 xnaj To‘:j:n".o + k§1 Rk;j qo,j,n—k

When the outside surface is exposed to another zome or to ground (IEXPOS=1),
the outside surface temperature is equal to the inside surface temperature in

another zone for the same construct or to the ground temperature (Tos,j =

Tosing, ) °

If a massive wall, which represents thermal mass, is within a zone (IEXPOS=0),
both the inside and the outside surface temperatures are considered to be

equal. The following expression can be used.

C Big,c,jTi ¥ Rig,r,jTur * 1,2t q’ i, j

Tis,j = Tos,j (5.12)

his,c.j + his’r’j + zolj - Yoij

Solir fluxes on the interior and exterior surfaces are evaluated based on
either solar data from a weather tape or computation. When a surface has a
surface azimuth angle, &, which is the angle from the south to the projection
of normal to the surface onto the horizontal plane in clockwise direction, and

a tilt angle, t, which is the angle between the normal to the surface and the
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normal to the horizontal plane, the cosine of incident angle of the sun’s rays
is expressed by

cos® = cosp cos(p - §) siny + sinp cosy (5.13)
where €, §J, and B are the incident angle, the solar azimuth angle from the

south, and the solar altitude angle, respectively.

Defining the angle factor between ground and surface, fsg' and that between

sky and surface, f_ , as
fsg = 0.5 (1 - cosy) (5.i4)
fgg = 0.5 (1 + cosy) (5.15)
the average solar radiation influx, Isol’ on the j—-th surface is giveﬁ by
Isol,j = Ip (1 - 8y) cos® + I £+ Is fss (5.16)
where I, I, and I8 are direct, diffusive, and ground reflective radiation.

84 is the shaded fraction of exposed outer surface.

The ground reflective radiation is dependent on ground reflection, 8, and
total solar radiationm on a horizontal surface, Ip.

I =8 Iy (5.17)

Configuration

Inputs Description

1 T, zone air dry-bulb temperature (C)

2 Ty, mean radiant temperature (C)

3 Tosinf.j outer surface temperature of unexposed surface (C)
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4 84
Outputs

1 T S, J
2 Igo1,j
Parameters
1 IZN

2 j

3 IEXPOS
4 ISTR

5 As' j

6 ¢

T v

8 -3

9 IROFS

shaded fraction of exposed outer surface ), 0_<_Sd$1

Description
inner surface temperature (C)

average solar radiation influx on the outer surface (W/mz)

Descriptions

identification number of zome (-), 1<IZN<MAXZN
identification number of surface (-), 1<j<MAXNS

0 if the wall construct is inside the zomne

1 if the wall coastruct is between zomes or exposed to ground
2 if the wall construct is exposed to sunlight
jdentification number of comstruct (-), 1<ISTR<MAXSTR

surface area (mz)

surface azimuth angle, measured from south to the projection of
normal to the surface onto the horizontal plame in clockwise
direction (degrees), 0<£<360

tilt angle of the surface, measured from the normal to

the surface to the nﬁmal to the horizontal plane (degrees),
0<y<180

vy = 0 for flat roof

v 180 for floor
ground reflectivity (-), 0<g <l
outside surface roughness index (-?), 1<IROFS<6

1 — stucco
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10

11

13

14

aosoj

%is,j

2 —— brick, rough plaster

3 ——- concrete

4 —- clear pine

5 —— smooth plaster

6 —— glass, paint or pime

solar absorptance of the outer surface (-), Ogaos’ jgl
short wave absorptance of the inmer surface (-), Os_ais’ jgl
emissivity of the inmer surface (-), 0_<_ej_5_1

transmittance of the glass window (-), O<t 1

s,ji
"s,j = 0 for opaque wall
shading coefficient of glass window (-), 0<8.<1

S, = 0 for opaque wall

Note that variables which are not identified as inputs, outputs, or

parameters, but are used in the TYPES1 subroutine, appear in COMMON blocks.

In the current version of BVACSIM"'. MAXZN = 6, MAINS = 10, and MAXSTR = 10.
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.3 TYPE52: ZONE MODEL

General Description

In this TYPE52 subroutime, zone air temperature and humidity ratio are
computed based on zone loads. Most of the zone loads except convective heat
gain from building surfaces are internally determined in this subroutime. In
fact, this zone model belongs to the building shell model. However, the zone
model must be treated differently when the model definition file is created by

HVACGEN because the zone model uses variable time steps.

Nomenclature

Cair thermal capacitance of air (iIIK)

Ceur effective thermal capacitance of furmishing (kJ/K)

Cp,i specific heat of zome air (kJ/kgK)

Cp’o specific heat of outdoor air (kJ/kgK)

Cp’s specific heat of supply air (kJ/kgK)

en air mass multiplier for moisture capacitance of zome (-)

fc ratio of comvective heat to total sensible heat from lights (-)

flw ratio of long wave radiative heat to total sensible hea£ from
lights (-)

- ratio of short wave radiative heat to total sensible heat
from lights (=)

hfg latent heat of vaporization of water (kJ/kg)

I.;ir air exchange rate (1/1h)

moe mass flow rate due to infiltratiom (kg/s)
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o ‘Z B

equip, ¢

O

equip, lat

=

equip, r
Q:'uljz‘l

Q1 ight,c
Qlight,r. w
le, T
Qpeople, c
QpeOple,lat

épeople,r

mass flow rate of supply air (kg/s)

number of people in the zome (-)

convective heat gain from equipment (kW)

latent heat gain from equipment (kW)

radiant heat gain from equipment (kW)

sensible heat gain or loss due toc infiltration (kW)
convective heat gain from lighting (kW)

long wave radiative heat gain from lighting (kW)
long wave radiative heat gain in the zome (kW)
convective heat gain from people (kW)

latent heat gain from people (kW)

radiative heat gain from people (kW)

sensible heat gain by supply air (kW)

short wave radiative heat gain (kW)

convective heat gain from building zome surfaces (kW)
ratio of radiative heat to total semsible heat from equipment
)

ratio of radiative heat to total semsible heat from people (4)
zone air dry-bulb temperature (C)

outdoor air dry-buld temperature (C)

supply air dry-buld temperature (C)

equipment utilization coefficient (-)

lighting utilization coefficient (-) .

volume of zone air (interior space of zome) (ns)
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we.lat ’ latent heat gain from equipment (kW)

Ve ¢ sensible heat gain from equipment (kW)
LA humidity ratio of zome air (-)

¥1ight sensible heat gain from lights (kW)
LR humidity ratio of outside air (-)
wp,lat latent heat gain from a person (kW)
Wp s sensible heat gain from a person (kW)
LA humidity ratio of supply air (-)

p; density of zome air (kg/m’)

Pinfl density of infiltrated air (kg/nd)

Mathematical Description
Convective heat gains from people occupying the zome, from equipment such as

typewriters, computers, coffee pots, copying machine, etc. and from lights

are:
Qpeople.c =(1- 1 )NV, o (5.18)
Qequip,c = (1~ Te) UV ¢ (5.19)
Qient,c = fl1ightV1ight (5.20)

Latent heat gains from people and equipment are also considered, while
moisture absorptance and desorption by the building structure and interior

furnishings are not explicitly included in the building zone model.

Qpeople,lat = prp, lat ' (5.21)
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Long v‘ave“radiant heat gains from people, equipment, and lights, along with
the radiative heat from building surfaces are used to obtain mean radiant
temperature of the zome. The use of mean radiant temperature is much simpler
than using detailed radiant heat-exchange between walls, Short wave radiation
due to lights and the sun are not directly involved in the computation of the

mean radiation temperature.

Long wave radiative heat gains from people, equipment, and lights, are

Qpeople.r = rPNpr,s (5.23)
Qequip:r = TeUeWe, s (5.24)
Q jgnt,r, 1w = fiv Ulight W1igne (5.25)

Total long wave radiative heat gains are expressed as the sum of the above

equations:

le,r = é1:»eop1e.1: * Qoquip,r ¥ Uight,r,1vw (5.26)

Short wave radiant heat gain from lighting is
Oy, = fswl1ightV1ight (5.27)

Sensible heat gain or loss due to infiltration is given by

Qine1 = Pinf1 Vi Tair (Cp,0 To = Cp,i T3 (5.28)

The zone air temperature is obtained using

dT.

(cfnr + Cair) ;;— = Qs + Qinfl + éwall + light,c + Qpeople,a + Qeqnip,c
(5.29)
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Heat flow rate from building surfaces is computed by the shell model (TYPES0

and TYPES1).

The heat gain by supply air is expressed as
& = ¢, g (T~ Ty) (5.30)
Zone air humidity is calculated from the zome air moisture balance equation.

In terms of humidity ratio, W, the moisture content of zone air is expressed.

av .
oy .
Pi Viem g = (Qpeople,lat * Quouip,1at) /By (5.31)

+ myoep (W = W) + i (W - W)

where hfg is latent heat of vaporization of water, which can be obtained from
the fluid property library, and en is an air mass mul tipl ier for moisture

capacitance of zone. Outdoor humidity ratio, Wo. cames from weather data.

Configuration

Inputs Description

1 Pi,g gauge pressure of zonme air (kPa)

2 T zone air dry-bulb temperature (C)
3 W, humidity ratio of zome air (-)

4 Ps,g ' gauge presgnre of supply air (kPa)
5 m mass flow rate of supply air (kg/s)
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6 T_ | supply air dry-bulb temperature (C)

7 W humidity ratio of supply air (-)

8 6,,‘11 convective heat flow rate from building surfaces (kW)

9 NP number of persons in the zome (-)

10 U, equipment utilization coefficient (-), 0<U.<1

11 Ulight lighting utilization coefficient (-), oﬁulights-l

Outputs Description

1 T zone air dry-bulb temperature (C)

2 W, humidity ratio of zome air (C)

3 bsw,r short wave (visible) radiant internal gain from 1lights
(kW)

4 dlv.r long wave (thermal) radiant internal gain from people,
equipment, and lights (kW)

Parameters - Descriptions

1 1IZN identification number of zome (-), 1<IZN<MAXZN

2 Ceur effective thermal capacitance of furnishing (kJ/K)

3 e air mass multiplier for moisture capacitance of zone (-)

4 V, volume of zome air (interior space of zone) (m3)

5 Is.air standard air exchange rate (1/h)

6 Wp,s sensible heat gain from a person (kW)

7 wp,lat latent heat gain from a person (kW)

8 Wlight heat gain due to lighting in the zome (kW)

9 LIGHT type of lighting
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1 for fluorescent lights

2 for incandescent lights

10 W, . sensible heat gain due to equipment (kW)
11 Vg 1.t latent heat gain due to equipment (kW)
12 T, ratio of radiative heat to total sensible heat from

equipment (=), 0<r <1

Note that the following constant values are assigned in the DATA statement in
the TYPE 52 subroutine:

T, = 0.7

for fluorescent lights, f.=0.6, f1,= 0.2, and fog = 0.2

for incandescent lights, fc = 0.1, flw = 0.8, and fsv =0.1
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3.4 TYPES3: WEATHER INPUT

General Description

This TYPES3 subroutine places weather data read by the RDENV subroutime into
the state vector. The inputs are really just for mnemonic purposes. The
parameters are the indices of the variables. Input indices should always
equal parameter values. This routine does nothing when the building shell
model is not used, and is optional when the building shell model is used. One
unit per simulation is sufficient, and it is recommended that the unit using
the TYPE5S53 subroutine should be placed in the same superblock where the

building shell portion is modeled (TYPES0 and TYPE51).

Configuration

Inputs Description

1 T, outdoor air temperature (C)

2 W, outdoor air humidity ratio (=)

3 P, barometric pressure (kPa)

4 I, direct normal solar beam radiation (W/=?)
5 I diffuse (sky) solar radiationm (W/mz)

6 Iy total horizonmtal solar radiation (W/m?)
Outputs Description

none
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Parameters Description

1 NTOA index for T,
2 NNOA index for W,
3 NPOA index for P,
4 NDN index for I
5  NSKY index for I

6 NHOR index for Ih



6. U'I‘]LITY ROUTINES FOR BUILDING LOADS CALCULATION

The TYPE subroutines for building loads determination require routines for
property of moist air, heat transfer coefficients, view factors, and air
exchange rate. In addition, the building shell model needs weather data and
conduction transfer functions of building constructs as mentioned previously

(see Figure 1).

6.1 Properties of Moist Air

When humidity ratio of moist sir, W, is given, the specific heat of air, Cp,

can be obtained from [23]

C,= 1+ 1.805 W (XJ/kgK) | (6.1)

The density of moist air, p, can be computed by

P = Pary (14W) = PP  |aw (kg/xP) (6.2)
R, (T+273) '

where W is humidity ratio, R, is the gas constant for dry air (=0.287055

kJ/kgK), P is atmospheric pressure, and P, is the vapor pressure whick is

given by
~ WP
Py =¥+ 0.62198 (kPa) (6.3)

Humidity ratio at saturation state can be determined from

0.62198 . o

Vsat = p-p_ (6.4)
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where P, is saturated vapor pressure (kPa) and can be computed by [24]
= - 1284 (6.5)
Pgy = 3.376 EXP[IS.463 18T + 424] (kPa)

The function CP contains the expressions for moist air.

6.2 Air Exchange Rate

The 8ir exchange rate is calculated using wind speed, and the dry-bulbd

temperature difference between indoor and outdoor air [25].

Ioir = Ig,air [0.15 + (0.013)(2.2369) V, + (0.005)(1.8)IT, - Ti|1/°-§§56)
where I ., and V, are standard air exchange rate (1/h), and wind speed (m/s)

respectively. Standard air exchange can be chosen one of the following
values:
Living space — 1.5 for leaky building
1.0 for standard building
0.5 for moderately tight building
Attic space — 20.0 for mechanical ventilation
6.0 for natural venmtilation
Crawl space - 3.0

The air exchange rate expression is in the CP function.

6.3 MRT View Factors
Radiation exchange between zone surfaces is obtained by using the mean radiant
temperature network (MRTN) method introduced by Carroll [26]. Surfaces

interact with a mean radiant temperature instead of directly with each other.
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Because of it, the number of interactions is reduced from n2 to n. The MRT

network method includes a factor called 'MRT view factor' which is expressed

by
F 1
J = 1 - _ As‘j Fj » J=1’2’o -0’Ns » (607)
N
s
Z 'As,ka
k=1
where As,j is the j—th surface area (mz), and N is the number of surfaces in

the zone. This equation is solved iteratively. Maximum number of iteratioms
is assigned to be 100 in DATA statement of the VIEW subroutime. The
subroutine VIEW was written to compute the view factors based on the TARP
package. The VIEW subroutine is called at the beginning of simulation, and

the calculated view factors are stored for seucceeding computationms.

6.4 Heat Transfer Coefficients

The convective heat transfer coefficient of the j—th inmer surface is obtained

from one of the following expressions [9]:

0.333

" _9.482 | Ti - Tis 5 |

is,c,j = 7.238 - | Cosy | if Tig 52 Ty (6.8)
0.333

" 1810 | Ti- Tis 5 |

is,c,j = 1.382 + | Cosy | if Tis,ji T; . ‘ (6.9)
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where y denotes the tilt angle of the surface from horizontal plame. The unit

of heat transfer coefficiemts is vatts/nzx.

Using view factors of surfaces which enclose the zone (see equation (6.7)),
the radiant heat transfer coefficients are computed. For the j-th surface,

the coefficient is

40(T;, ; + 273)

., l-si
Fj ‘j

his, r,j=

(6.10)

where ¢ is StephanBoltzmanr's constant (=5.670X10" watts/n2K4). Fj the view

factor, and ej the emissivity.

The convective plus radiative heat transfer coefficient, hos, j* is given in a
simple expression as a function of wind speed, V'(n/s).

hos,j = 80 ¥ 21V + 8y Vzv (6.11)

in which a,, 83, and a, are coefficients which can bé determined by the
surface roughness index. Walton provided the values of these coefficients
with respect to roughness index in his TARP reference manual [9]. The wind

speed is the reported value without mcdification for surface height or

orientation.
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1 11.58 5.894 0.0
2 12 .49 4.065 0.028
3 10.79 4.192 0.0
4 8.23 4.000 -0.057
5 10.22 3.100 0.0
6 8.23 3.330 -0.036

The function HISCF contains expressions for heat transfer coefficients.
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7. CONDUCTION TRANSFER FUNCTION CALCULATION

Conduction transfer functions of walls, floors, roofs, and windows are
required by the TYPE51 subroutine for a building shell modeling. The
subroutine also needs a term related to conductive heat fluxes on both’
external and internal surfaces of comstructs. The CIFGEN program calculates
the conduction transfer functions and the flux transfer functions. In this

section, the overview of CTFGEN and the methodology empl oyed in CTFGEN for

computing conduction transfer functions will be described.

7.1 Overview of CTFGEN

The CTFGEN program consists of two portioms: the front end and the main
routines. In.the front end portion, inputs and output operations are handled,
and in the main routine, conduction transfer functions and flux transfer
functions are determined. ‘.l‘hern#l properties of building materials
(thickness, thermal conductivity, demsity, specific heat, and thermal
resistance) are stored in a sequential access data file (THERM.DAT). By using
CTFGEN, thermal properties of additiomal building materials can be added in
the data file. User selected building materials can be composed to form a
mul tilayered building construct (sometimes called construction), after
selecting necessary thermal property data from a temporary, direct access

file, which contains the same information in the sequential access file.

The main calculation routine was originated from TARP, (slightly modified from

BLAST) and its calculation procedure is as follows:
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(1) Determine the upper and lower bounds for searching roots (poles) for
residue calculation and determine the roots (SEARCH)

(2) Calculate derivative matrices and total construct matrices, and
obtain residue elements for nomzero poles (DER, MATRIX)

(3) Calculate zero residue elements (ZERORE)

(4) Compute response factors and determine high order comduction
transfer functions (RFCOMP)

(5) Check convergence. If not converged, reduce the increment for
searching and go to step (1)

(6) Calculate flux transfer functioms

Since a discussion of the calculation procedure involves a lengthy
mathematical description, only important expressions>wi11 be reviewed in this

report. Further detailed information may be found in referemces [27, 28].

7.2 Heat Conduction of a Multilayered Construct

Equation for heat conduction for a one—dimensional heat flow in a homogeneous

layer of building material is given by

2Tt pc, AT(xt) (7.1)
2 .
ox it

where T(x,t) is the temperature k, p, and CP are thermal conductivity,

density, and specific heat, respectively. The heat flux through the slab is

a(x,t) = - k aTa!x‘tZ (7.2)
X .
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Assuming that k, p, and CP are constant and T(x,0)=0, and applying Lapl ace
transform on the above equations, ordinary differential equations in terms of

x and Laplace parameter s are obtained.

dz'rg;,sl = i T(x, s) (7.3)
dx
and
a(x,s) = - x 4T(x.8) (7.4)
dx

where a is thermal diffusivity defimed by k/pCp. Imposing boundary conditionms
on equations (7.3) and (7.4) such that
T;(s) = T(o,s), To(s) = T(¢,5), q;(s) = a(0,s), and gy(s) = a(z,s), where

9 is the thickness of the construct, a matrix expression is obtained.

Ty (s)| = [ ACs) Bes) | | Tp(s)

q;(s) C(s) D(s) | | a5(s) (7.5)

where A(s) cosh (2./%)

B(s) %/—'E sinh (£/3)

C(s) = k v/é sinh (2/3)

D(s) = cosh (R,/-z_-)

" Since a multilayered construct also has the same form of transfer matrix
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(transmission matrix) as the single-layered construct, the total comstruct

matrix for n layers becomes

A(s) B(s) Al(s) B; (s) An(s) Bn(s)
= o e o (706)
C(s) D(s) C;(s) D;y(s) Cp(s) Dn(s)

Equations (7.5) and (7.6) are coded in the subroutine MATRIX.

When the j—th layer of a multilayered construct has very low thermal

capacitance, the transfer matrix of the j—th layer yields
L

Aj(s) Bj(s) 1 7
lim = kj (7.7)
Cj->o

Heat flux equations on the outer (j=1) and inmer (j=n+1) surfaces of the

multilayered construct can be expressed as

9,(s) D(s) _1_ [|T,(s)

B(s) B(s)
= (7.8)
qi(s) 1 _ A(s) Ti(s)
B(s) B(s)

where T (s) = T;(s) and T;(s) = T, 4(s).
With the sign convention for heat fluxes in the TARP program, the heat flux

leaving the surface has a positive sense, as shown in Figure 6. Using this

convention, equation (7.8) can be rewritten as
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R % _—;i_=qn+1
%

Figure 6. A multilayer construct



()] |-Ds) 1 | |Tee

B(s) B(s)
= (7.9)
qi(s) 1 _ A(s) Ti(s) '
B(s) B(s)

Heat flux equations in the time domain can be obtained by applying the

inversion theorem of the Laplace transform to equation (7.9).

7.3 Response Factors
Assuming that the boundary temperature functionms, T;(t) and T (t), can be

represented by a series of pulse functions with a uniform time interval,

equation (7.9) can be written as

q,(s) -D(s) 1 ||T,, ¢t-p(S)
B(s) B(s)
= P(s) (7.10)
q.i(S) L__ - .é_(.i). Ti, t_m(S)
B(s) B(s)

where »=0,1,2,...,2, and P(s) is a pulse function in Laplace transform. The
subscript t—m denotes the past time lagging m6 from the current time. The

variable 8 is sample time.

If the pulse function is represented by a triangular pulse with base of 25 and

unit height, and if response factors are defined as follows:

B(s).

external response factor: 'im =r! [P(s) _D_(_s)_] =0,1,2... (1.11)
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= _ -1 o 1
: = 0’1’2000
cross response factor Yo=1L ~LP(S) B(s)].p (7.12)
internal response factor: _Z-,l =1 |p(s) .lAB—(L:)){I =0,1,2... (7'13?

then the heat fluxes can expressed in terms of response factors.

ENl
BM

q,(t) -
=2 | (7.14)

m = Zy Ti,t—n(t)

To, t-m(t)

d

q;(t)

Kusuda [27] and Hittle [28] described well the procedure for computing

response factors in detail,

The general formula for inverting a Laplace transformed expression q(s) based

on Cauchy’s residue theorem is given by
q(t) = —l—f a(s)est ds =Z Res(aj) (7.15)
2ni C 3

where t is time, and aj is the j-th pole which is a root determined by setting

the denominator of q(s)eSt to be zero, i.e, B(s)=0.

A modified false position method is implemented for finding roots of an

al gebraic equation, and coded in the ILLINI subroutine. Improved root search
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technique associated with the false position method was also used as suggested

by Hittle and Bishop [29] in the subroutine SEARCH.

General ized equation for response factors with roots pj (j=1,2,...,%) is

- m b :
- sR(s) , R'(s) _ R(s) B'(5)
Fn = (-1 “'“[ B(s) & 8B(s) _ 8[B(s)] ]
=0 (7.16)

-(m+1) 8p2 5p2
R(s) e 3 (1 - cpe J)2

>

=1 8838’ (5) s=—p3

where R’(s) and B'’(s) are derivatives of R(s) and B(s).

ag | by | cm Fy | R(s) | R'(s)
=0 |1 |1 |o X, | b(s) | D'(s)
=1 |1 |o |2 Y, | 1 0
m1 |0 |0 1 z, | A(s) | A'(9)

Total derivatives of A(s), B(s), and D(s) are evaluated by differentiating the

total construct matrix with respect to Laplace parameter s.
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A'(s) B'(s) A(s) B(s)

=4 (7.17)
d

S
C'(s) D'(s) C(s) D(s)

The subroutine DER computes the derivatives and the residue for non—zero

g', which is shown as the second term of equation (7.16). A portion
of zero residue (s=0) is calculated in the ZERORE subroutine, and its result

poles, B

is combined with that by the DER subroutine to form equation (7.16) in the

subroutine RFCOMP.

'An important property of response factors is

iim = i Em = i Em =0 (7.18)
=0 =0 =0 :

where U is the overall conductance represented by

1
O
=1

U=

(7.19)

N‘lze"‘
e

i

n
P>
i=1

T; is the thermal resistance of the i—th layer.

7.4 Conduction Transfer Functions

As seen in equation (7.16), response factors when m>1 have the same form.

Fp= 2 8; A1, my (120
=1
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2
-5p2 R(s) (1 - 5652
where lj =e j and g =
584B' (s)
J 2

The subscript j is the index of the roots of B(s)=0, all of which are located

on the negative real axis.

Based on equation (7.20), conduction transfer functions (CIF) are defined such
that for j—th order

F. =F (7.21)

J»,0 o
Fiom=Fj-1,m = *j Fj—1,m1 (7.22)
For intermnal, cross, and external conduction transfer functiomns, F. is

J,m

replaced by X Yj,m' and Zj,m' respectively., Calculation of high order

j.m’
conduction transfer functions continues starting from the first order (j=1)

until the following condition is met:

l 1 - Hk,m I (8 (!ﬂ'—’l,z....), (7.23)
where
k
.E FJ',m
Hk,m -

°

k
U I (1-1))
i
=1

and € is a small number.

When the convergence condition is satisfied, the resulting order is k. In
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CTFGEN, the maximum order chosen is §.

After computing CIF using equation (7.22), these CIF are again adjusted.

X = xk,n/nk,m
Yy = Yy, of/By , (7.24)
Z =

n = Zx,m/Hy,m

The xn' Yn’ and Zm form=1,2,... are calculated for each construct and stored

in an output data file (CIFDATA.DAT).

Conductive heat flux equation incorporating with CIF are then represented by

N N N¢

Ge) = 2 TmTo,tom- 2 Zn Ti,t-m* 20 By 44, ¢ j (7.25)
=0 =0 =1
N; N, N¢

G =2 Ty T tem ~ 2 Xn To, t-m + Z By 95, ¢-j (7.26)
m0 =0 =1

where Rj is the flux-related variable (flux transfer function). For Ng=5,
Peavy [30] presented Rj values in terms of "j' See the subroutine RFCOMP.

Calculated values of kj are also stored in the output data file to be called

by the TYPES1 subroutine.
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8. VWEATHER DATA

When a simulation involves building thermal loads, weather data are required
by MODSIM. The subroutine RDENV in MODSIM expects to read outside air dry-
bulb temperature, humidity ratio, barometric pressure, wind speed, direct
normal solar beam radiation, sky diffuse radiation, and total horizontal solar
radiation for each hour. The hourly weather data are interpolated for a
fraction of an hour by using the spline interpolating routine which was

explained in the section 4.3.

The program RDTAPE reads a weather tape (see Figure 1) and writes the selected
weather data on an output data file (WTPOUT.DAT). The weather data in the
file are transformed into the proper input format required by RDENV by the ‘
program CRWDTA. If a weather tape or equivalent is not availablé or some
jnformation from a weather tape is missing, C(RWDTA generates artificial data

to fill missing portions.

8.1 Veather Tape Reading Routine

The program RDTAPE requires inputs for the type of weather tape, the weather
station identification number, and the beginning and ending dates of selected
weather information. The conventional data is converted into Julian day and

positioning a tape is performed based on the Julian day.

Since, for simplicity, the effects of rain, snow, and wind direction are not

considered in the current version of AVACSIM®, the subroutines for reading
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tapes were simplified accordingly. RDTAPE is capable to read four kinds of
tapes: 'NOAA SOLMET,’ 'NOAA Typical Meteorological Year (TMY),’ 'NOAA Test
Reference Year (TRY),’ and ‘Weather Year for Energy Calculation (WYEC),'

tapes. Most of the subroutines in RDTAPE are based on BLAST [31] and TARP.

8.2 Weather Data File Gemeration

The program (RWDTA allows several optioms. It can read the output of RDTAPE
and rewrite the information in the format required by RDENV, dividing total
horizontal solar radiation values into beam and diffuse components if
necessary. Altermatively, it can generate smooth 'design day' solar radiation
and temperature data for a clear or cloudy sky design day. The latitude,
longitude, and time zone data must be entered at the beginning of data file
generation by CRWDTA. The output data file of CRWDTA (WEATHER.DAT) contains
month, day, hour, dry-bulb temperature (C), humidity ratio (-), barometric
pressure (kPa), wind speed (m/s), direct beam solar radiation (W/mz), sky

diffusive radiation ('l/nz). and total horizontal radiation (W/nz).

If information on direct beam or sky diffuse radiation is missing from a
weather tape (e.g., WYEC tape), the direct and diffuse radiation values are
computed by the subroutine WIPINP in the CRWDTA program. In order to use the
correlation, equation of time, E, declination angle, 8, extraterrestrial

normal radiation intensity, G are calculated using equations presented by

o,n’

Duffie and Beckman [32].

E = %6 [9.87 sin(2B) - 7.53 cos(B) — 1.5 sin(B)] (h) - (8.1)
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& = 23.45 sin [2n(284+n)/365] (degrees) (8.2)

6y, = 1367 [1+0.033 cos (2nn/365)1 (W/xf) (8.3)

where B = 2n(n—-81) /364

n is the day of year, 1{n{365

Sunrise time, t__, and sunset time, t__, are

ST SS
(0] .
ter = (--L?;‘G - 'IZN) -E+ 12(1 - ;'—s) (8.4)

tss = (———L‘l’;“* - '.lZN) -E+ 12(1 + ?) | (8.5)

In the above equation, LONG is longitude angle in degrees, and o  sunset hour

angle given by

wg = cos” ! [~ tan(L)tan(s)] (8.6)

where L is latitude angle in degrees. Time zone number, TZN, in the United
States for standard time is 4 = Atlantic, 5 = Eastern, 6 = Central, 7 =

Mountain, or 8 = Pacific.

VWVhen total horizontal radiation, Ih' is zero, direct beam and diffuse

radiation values are also zero. The following discussion refers only to hours
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with non—zero Ih'

Since solar radiation data are generally integrated emergy or average power
over a period of an hour, the program uses the solar hour angle half an howur
ago to represent the average solar position for the hour. Exceptions occur
for the two hours each day which include sunrise or sunset. In these cases,
only time interval after sunrise and before sunset is considered. Demnoting ©y
and w, as solar hour angle at the beginning time and the ending time,

respectively, for the i-th hour of the day, these hour angle expressions are

wy .-.11‘.2. [min(t; tgg) — 12 + E + TZN] - I’—s‘b- LONG (8.8)

The cosine of the solar zenith angle, Z, is calculated using the average of 0y

and wy.
cos(Z) = sin(&)sin(L)-l-cos(S)cos(L)cos[(ol + (oz)/2] (8.9)

‘Extraterrestrial horizontal radiation, Io’ is a time averaged value for an

hour from w; to @y .
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I, = ;];—2- Go,n{cos(L)cos(S)[sin(mz) - sin(ey)]+(wy-wj)sin(L) sin(B)} (8.10)

If direct beam radiatiom, I, is known and diffuse radiatiom, I, is missing,

the value of Is is obtained from

I, = I - I,cos(Z) ' (8.11)

If I, is known while Ib is not given, Ib is computed from
I, = (I = I,)/cos(Z) ' (8.12)

When both I, and I, are unknown, the estimation of I is made using the

hourly diffuse correlation of Erbs, Klein, and Duffie [33].

I
= 1.0 - 0.09 ky for 0<kq<0.22 . ~ (8.13)

s
Iy

0.9511 - 0.1604 ky + 4.388 k3 - 16.638 k3 + 12.336 k}

for 0.22 Cky<0.80

0.165 for 0.80<ky<1.0
- where ky is the hourly clearness index given by

kp = I/I, . (8.14)
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With I obtained by equation (8.13), I, is calculated using equation (8.12).

The weather tapes mentioned previously do not give humidity ratio but dew
point temperature. The humidity ratio is determined using the dew point

temperature. .Refer to section 6.1 and the function WF.

The program CRWDTA generates smooth artificial design day weather data if a
weather tape or equivalent data file is not available. Clear or cloudy sky
design day data can be created after entering input data: initial day and
month, number of days for which weather calcul ation will be made, barometric
pressure, wind speed, relative humidity. minimum and maximum dry-bulbd

temperatures.

To create cloudy sky design day data (ISFLAG =3), a fixed value of daily
clearness index, ;T’ must be given, VWith t.hisi.r, hourly clearness index, kr,
at the i-th hour of day can be calculated from the following relation:

kp {a+bcos[((o1 + «:2)/2]} (8.15)

kp

where a = 0.409 + 0.5016 si.n(c»$ - 1/3)

b

0.6609 - 0.4767 sin(wg - 7/3)

Total horizontal radiation, Ih’ is then obtained.

Ip = kI, (8.16)

69



Knowing I;, equations (8.11) and (8.12) give the values of I, and I,. See the

subroutine SOLAR.

Clear sky design day data (ISFLAG=2) is generated by the subroutine SOLAR in
CRWDTA. CRﬁDTA implements all three methods presented by Machler and Igbal
[34]. The method used by the program depends upon user’s responses to
questions asked when clear sky data gemneration is requested. Horizontal

visibility, geographic correction factor, and precipitable water are imvolved.

Method 1 is the simplest method, which is a modification of the ASHRAE clear

sky irradiation al gorithm. VWhen horizontal visibility is zero, the method 1

is used.
Iy = k, Ame“an | (8.16)
I,=Cp Iy | (8.17)
where A,, B,, and C, are apparent solar constant, expomential attenuation

coefficient, and diffuse fraction factor, respectively. These are sets of
twel ve constants, ome for each month, Machler and Igbal presented modified

values of Am’ Bm’ and Cm. The variable a is defined by

a = (P/P.)y/cos(Z) (8.18)
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in whkich P, P/ and Z are barometric pressure, standard atmospheric pressure

(=101.3kPa) and zenith angle, respectively.

The correction factor for regiomal variationm, k,, is 'clearness number’ 1listed

in ASHRAE Handbook (e.g., 1981 Fundamentals, p. 27.8) [35].

Method 2 uses horizontal visibility at ground level as a parameter of
atmospheric turbidity. If horizontal visibility is mot zero, but precipitable

atmospheric moisture is zero, the method 2 is used.

I, = Gy u T, (0.775)£(0:5) (8.19)

-4
]

I, (0.1 + 0.3/VIS) (8.20)

where f£(x) is defined by oX (ie., £(0.5)=a®'3), VIS is horizontal visibil ity

at ground level in km, and T, is atmospheric transmittance.

T, = (1 - 1.13 vIs~0.57)%(0.85) (821)

Method 3 is applied to modify the equation for I, if a non-zero value for

precipitable water is given,

I, = 6y o v, (0.775)£(0-5) (1,0223 - 0.00149) £(0-27) (8.22)

where M is the precipitable water in mm.
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Approximated dry-bulbdb temperature calcul ation is made using empirical values

shown in the table of ASHRAE Handbook [35] for summertime. For the i-thhour,
T; = Tnax = (Tpax = Tmin) 03/100 (8.23)

where T

max’ Tpin» 8nd p; are design day maximum, minimum temperatures, and

percentage of the daily range as empirical values., This temperature
calculation is coded in the subroutine DB. Note that equation (8.23) is not
valid for wintertime. Calculation procedure for wintertime temperature has

not been implemented in CRWDTA.
Assuming constant relative humidity for a day, hourly humidity ratio is

computed using the expressions in ASHRAE Handbook p. 6.4. The subroutine

HUMIDY determines the hourly humidity ratio.
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9. SIMULATION PROCEDURE

Generally, a computer simulation using HVACSIM+ involves three steps:

preprocessing, simulation, and postprocessing.

9.1 Preprocessing — Input Data Gemeration

(1) Creation of Simulation Work File

The building load and the system component portions are considered as

separate parts. The type description file (TYPAR.DAT) must be accessible

by both HVACGEN and SLIMCON. See the Reference Manual [7] and the Users

Guide [8] for details.

————Building Load Component Por tiom——-

(i)

(ii)

(iii)

(iv)

Draw a sketch of the building to be simulated and divide the
building shell into a gmber of zones as necessary.

Make block diagrams for the building load components and assign a
UNIT number to each component along with the proper TYPE number.
Fill out all the required information on the woi:ksheets. which are
appended in APPENDIX B, for the building load components: TYPESO,
TYPE51, TYPES2, and TYPES3.

Execute the HVACGEN program. During the execution, enter necessary
data which was pr?pared on the worksheets. Note that omne of
SUPERBLOCKS is reserved only for the zone envel ope (TYPE50), the

building surface (TYPE51), and the weather input (TYPE53). Zone
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models (TYPES2) should reside in the other SUPERBLOCK or SUPERBLOCKS

which may also contain the system component models,

———— System Component Portion -

(i) Draw a sketch of the building system to be simulated. -

(ii) Make block diagrams for system components which serve the zomes, and
assign a UNIT number to each component with a proper TYPE number.

(iii) Fill out all the required information on the worksheets, which are
appended in APPENDIX in reference [8], for the system components.

(iv) Execute the HVACGEN program. Enter necessary information and edit

the simulation work file if needed.

(2) Creation of Model Definition File

(3)

After creating the simulation work file, the SLIMCON program can generate

the model definition file (MODELDEF.DAT) for the MODSIM program from the

simulation work file, Since it is very difficult to make any changes in

the model definition file, any changes should be made in the simulation

work file instead.

Creation of Boundary Variable File

Any explicitly defined, indexed input or output variables in TYPEn

subroutines can be boundary variables.

(i) Edit the simulation work file to declare the ‘boundary variables
using the HVAOGEN program,

(ii) Make a boundary data file (BOUNDARY.DAT) using a user’s editing

program, The first column of the boundary variabe data file must
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contain values of time (Time intervals need not be equal). For step
changes, two sequential records should be entered having the same

value of time but differemt values of a boundary variable.

(4) Creation of Conduction Transfer Function File

(i)

(ii)

(iii)

Find out what kind materials are used to form the bnilding envel ope
element ( wall, roof, ceiling, floor, partitiom, or window).

Search the thermal property data bank of building materials
(THERM.DAT) whether required data are available. If not, obtain
thermal property data from other sources.

Execute the CTFGEN program interactively to add thermal property
data and/or obtain conduction transfer functions of the specific
constructs. When a construct has very low thermal capacitance
(cpzo), the value of thermal resistance must be specified. The
output file of CTFGEN (CTFDATA.DAT) will be used by the RDENV

subroutine of the MODSIM program.

(5) Creation of Weather Data File

(i) Execute the RDTAPE program interactively to read weather information

(ii)

from a weather tape or equivalent.

Using the output file of the RDTAPE program (WITPOUT.DAT), execute
the CRWDTA program to create the weather data file (WEAﬁRDAT) for
the subroutine RDENV of the MODSIM program. If no weather tape data
is accessible or f;r simplicity it is not desired to use a weather
tape for simplicity, an artificial weather data file can be

generated by the CRWDTA program,
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9.2 Simulation

(1)

(2)

(3)

Allocation of Output Files

The output files of the MODSIM program, MODSUM.DAT, MODOUT.DAT, and
INITOUT.DAT, are automatically allocated on the computer disk storage
spaces by the Fortran77 OPEN statements in the MODSIM.

Execution of MODSIM

A simulation is performed by MODSIM using previously created data files.
During the execution, some of the data can be monitored on the screem of
a computer terminal. With the building model, a simulatior involves two
steps of execution. The first step is the initial ization runm for
temperature and flux histories for computation of condﬁctive heat
transfer rates for a given period of time, usually 24 hours. The second
step is the actual simulation,

Continuation of Simulation

At the end of each run of MODSIM for a given period, the output file,
INITOUT.DAT, is created. This file has all of the data which are needed
to continve the simulation at the next time period. EHowever, INITOULDAT
must be renamed as INITINDAT before the next, continuing simulation is

begun. Otherwise no continuation of the simulation is made.

9.3 Postprocessing — Output Data Analysis

Execution of the SORTSB program produces a sorted data file for a
specific SUPERBLOCK from the MODOULDAT file. This step is necessary to
generate an input file for a user—suppl ied plottiag routine, if more than

one SUPERBLOCK is associated.

76



10.

[1]

[2]

[3]

[4]

[51

[61

[71

[8]

REFERENCES

Klein, S.A., et al., 'TRNSYS, A Transient System Simulation Program,’
Report 38-12, University of Wisconsin, Dec. 1983.

Kelly, G.E., Park, C., Clark, n.n.,' and May, W.B., 'EVACSIM', A Dynamic
Building/BVAC/Control Systgms Simulation Program,’ Proc. of Workshop om
HVAC Controls Model ing and Simulation, Georgia Inst. of Tech., Atlanta,
GA, Feb. 2-3, 1984. |

Hill, C.R., 'Simulation Techniques for Building Systems,’ Proc. of
Workshop on HVAC Controls Model ing and Simulation, Georgia Inst. of
Tech., Atlanta, GA, Feb. 2-3, 1984. |

Hill, C.R., 'Simulation of a Multizome Air Handler,’ ASHRAE Trams., Vol.
91, Part 1, 1985.

Clark, D.R., Hurley, C.W., and Hill, C.R., 'Dynamic Models for HVAC
System Components,’ ASHRAE Trans. Vol. 91, Part 1, 1985.

Park, C., Clark, D.R., and Kelly, G.E., 'An Overview of HVACSIM®, A
Dynamic Building/HVAC/Control Systems Simulation Program,’ the 1st Annual
Building Energy Simulation Conference, Seattle, WA, August 21-22, 1985.
Clark, D.R., 'llVACSIM+ Building Systems and Equipment Simulation Program
Reference Manual,’ NBSIR 84-2996, National Bureau of Standards, Jan.
1985. |

Clark, D.R., and May, W.R, Jr., 'HVACSIM' Building Systems and Equipment

Simuiation Program Users Guide,’ NBSIR 85-3243, National Bureau of

Standards, Sept. 1985.

71



[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Walton, G.N, 'Thermal Analysis Research Program Reference Manual,’ NBSIR
83-2655, National Bureau of Standards, March 1983.

NBS 'Guide to Available Mathematical Software (GAMS),’ Center for
Applied Math., National Bureau of Standards, Oct. 1981

Hiebert, K.L., 'An Evaluation of Mathematical Software that Solves
Systems of Nonlinear Equations,’ ACM Trans. Math. Software, Vol. 8, No.
1, March 1982, pp. 5-20.

Powell, M.J.D., 'AHybrid Method for Nonl inear Equations,’ in Numerical
Methods for Nonlinear Algebraic Equatioms, P. Rabinowitz, Ed., Gordon and
Breach, London, 1970.

Broyden, C.G., 'A Class of Methods for Solving Nonl inear Simul taneous
Equations,’ Math. Comp., Vol. 19, 1965, pp. 577-593.

Ral ston, A. and Rabinowitz, P., A First in Ana
McGraw-Hill, 1978.

Dennis, J.E. and Schnabel, R.B., Numerical Methods for Unconstrained
Optimization and Nonlinear Equations, Prentice—Hall, 1983. |

Fox, P.A., Hall, A.D., and Schryer, N.L., ‘Algorithm 528 Framework for a
Portable Library [Z],’ ACH Trans. on Math. Software, Vol. 4, No. 2, June
1978, pp. 177-188.

Brayton, R.K., Gustavson, F.G., and Hachtel, G.D., 'A New Efficient
Algorithm for Solving Differential - Al gebraic Systems Using Implicit

Backward Differential Formulas,' Proc. IEEE, Vol. 60, No. 1, Jan, 1972,

pp. 98-108.

[18]

Gear, C.W., 'The Automatic Integratiom of Ordinary Differential

Equations,’ Comm. ACM, Vol. 14, March 1971, pp. 176-179.

78



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[271

[28]

Nordsieck, A., 'On Numerical Integration of Ordinary Differential
Equations,’ Math. Comp., Vol. 16, 1962, pp. 22-49.

Chua, L.O., and Lin, P., Computer—Aided Analysis of Electronic Circuits,
Prentice-Hall, 1975.

Ferziger, J.H., Numerical Methods for Engineering Application, John
Wiley, 1981.

Kusuda, T., 'NBSLD, The Computer Program for Heating and Cool ing Loads in
Building, ' BSS 69, National Bureau of Standards, July 1976.

Threlekld, J.L., Thermal Environmental Engineering, 2nd ed., Preantice-
Hall, 1970.

Brokaw, R.S., 'Calculation of Flue Losses for High-Efficiency Furnaces
and Appliances,’ ASHRAE J., Jan. 1979, pp.49-51.

Kusuda, T. and Saitch, T., ’'Simplified Analysis Calculations for
Residential Applications,’ NBSIR 80-1961, National Bureau of Standards,
July 1980.

Carroll, J.A., 'A Co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>