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INTRODUCTION TO THE REPORTS OF
FIHE ASHRAE TASK GROUP ON ENELRGY REQUIREMENTS
FOR HEATING § COOLING OF BUILDINGS

The ASHRAL Tusk Group on Lnerpgy Requirements for lHeating and Cooling of buildings
was formed by the ASHRAL Board of Direcctors, with the specific charpe to Jdevelap

o caleulation procedure, which would determine the energy usuapce of any huilding
and any HVAC oyvatem installed thercein, The Task Group was to usc modern Ccamputer
technolopy to caleulate building heating and cooling loads on an hourly bha.i- wu. -
ing the best available analytical techniques., Because the calculations hua to be
made on an hourlv basis, therc was a need to use hourly weather data a< input to
the lIrad progran. The Task Group, therefore, concerned itsclf with the tevelop-
ment of o mechanicsm of determining the appropriate weather vear to nse ac o uput
to the load peayram,

The output of the load program is not the building energy requirement, which

is a funcrion ol the HVAC svstem installed, as well as the performance of the in-
dividual cquipment components over a wide range of loads, It is necessary 1o
simulate mathematically the performance of a wide range of air conditioninge y:;-
tems and individual components of systems in order to determine the energy unagpe
under varving load conditions,

Since there were many companies and professional groups working on thc¢ problen
of calculating the encrgy usape of buildings simultaneously with the onprning work
of the Task group, it was decided to usce as many hourly programs as we could to
calculate the cncerpy use of the same building. This was done not to determine
relative accurncy, hut to see whether o wide group of propgrams would give reaon-
ably closce cestimates of ycarly and monthly energy usage,

Lastly, if the work of the Task Group was to have credibility, it was felt
that an experiment field test measuring loads and energy usage on an hourly basis
should be an essential part of the overall effort., A research team and building
at Ohio State University was chosen to carry out this piece of the Task Group's
overdall effort, With these objectives in mind, the Task Group was organized into
four sub-committees:

a) Load Calculation sub-committee
b) Svstems Simulation sub-committee
¢) Computer Users sub-committee

d) Field Test sub-committee

The reports of the work of the Task Group are organized in this way. i .c¢h sub-
committece has presented a report on the results of its work.

The Load sub-committec's report gives the algorithms necessary to writc o pro-
gram on load calculation on an hourly basis. These algorithms have been uv=cd in
several programs, the National Bureau of Standards NBSLD being a notahle cxample,

The System Simulation report gives the equations for simulating the perfor-
mance of individual components of the air-conditioning systems as well as the
method for simulating the performance of any system. This report is the Jurasty
version of a booklet that has been issued in two earlier versions.
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Fhe report of the Computer Users sub-committee presents the work on "Operation
Cros< Check™", the comparison of the results from the existing computer proprams
used as well as a method for selecting a year of input weather data (TYWD) .

lhe Field Test sub-committee report is a compilation of all of the ASIIRAL
Symposium papers and technical papers presented at ASHRAL annual and semi-annual
meetings,

The success of the Task Group in accomplishing its goals is due to the

cfforts
of the many members of the Task Group and its sub-committees. Thest people spent
many hours in a lahor of love, making use of their own great expertisc and using
that of their colleagues. Particular thanks goes to the sub-committce chairmen,

present and past, These gentlemen are Dr. T. Kusuda, Dr. W. Stoecker, (. Robart,
Jr., Richard Cook, and J. Marx Ayres. The other members of the T.G., and sub-
committecs listed in the individual reports contributed greatly.

Fhe major force in accomplishing the goals of the Task Group was Robert I, Tull,
Bols <erved as chairman of the T.G. from its inception until his untimely death in
June 1975, He was responsible for organizing the work, recruiting the members
cajoling them to work on a tight schedule and providing direction and inspiration,
It can truly be said that without his tireless effort, his administrative and or-
ganizational skills, his vision of the scope of the work to be done, the task
could not have been done. The profession and society are indebted to him for the
contribution that the T.G, has made. The members of the T.G. dedicato these (inal
rerorts to his menory,

vi
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1. INTRODUCTION

Role of the Systems and Equipment Subcommittee

The responsibilities of the Systems and Equipment Sub-
committee in the Energy Task Group are (1) to recommend procedures
for simulating component gnd system pérformance for energy cal-
culations, (2) to review procedures and advise the field-test
contractors in the system simulation activities, and (3) to
encourage participation of appropriate ASHRAE technical
commnittees in improved methods of presenting performance data.

Sysgém simulation portion of the energy calculation

The heating~ and cooling-load section of the energy
calculation determines the sensible and latent gains or losses
for each space, hour-by-hour. Between the point where all the
loads are known and the point where a cost in dollars is
calculated for a day, a month, or a year of operation lies
the simulation of the system performance. The system simulation
section of the energy calculation translates the instantaneous
heating and cooling requirements in all the spaces into the
quantity of energy required by the heating and cooling plant(s).
Purpose of this booklet

The functions intended to be served by this document
are (1) to provide a guide_to those preparing energy calculation
programs for accommodating systems and equipment, and (2) to
aild in standardizing procedures and equations representing

component and system performance.
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2. PRINCIPLES OF SYSTEM SIMULATION

What system simulation entails

A one-sentence definition of system simulétion applicable

to our purposes is that of "predicting the operating quantities

within a system (pressures, temperatures, energy~ and fluid-

flow rates) at the condition where all energy and material

balances, all equations of state of working substances, and all

performance characteristics of individual components are

satisfied." Numerous approaches may be used to arrive at the

foregoing result, and the choice of method may remain an individ-

ual preference.

Steady-state vs. dynamic simulation

The term "system simulation" 1is frequently applied to kthe
process of predicting the performance of a system undergoing
changes of operating variables with respect to time. In such a
simulation, the thermal capacities of equipment are cructial.

The subcommittee acknowledges that a future goal will require
analysis of dynamic performance, but the present booklet con--
centrates on steady-state simulation. By steady-state simulution,
we refer to the actual operation at a certain hour, but accept

the fact that the steady-state operation probably will be
different at the next hour. It is essential that the dynamic
characteristics of the building be considered in the calculation
of the thermal loads, but the dynamic response of most systems

is much more rapid than that of the building. For this reason

8 steady-state simulation of the system is adequate for most

energy calculations.
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General simulation programs

An active technical field is the development of computer
programs wherein the user need only connect information-flow
blocks in the proper sequence, provide the equations by which
the output variables are related to the input variables, then
permit the computer to proceed with the simulation. The use
of these simulation methods for thermal systems in buildings
is attractive, but this booklet concentrates on procedures

that are applicable to specific components and systems typical

of current practice.
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3. PROCEDURES IN SYSTEM SIMULATION

Sequential calculations

The calculations required for a system simulation frequently
can be classified as "sequential" or "simultaneous." In a
sequential simulation the calculation can begin at one point in
the system énd move progressively through a series of components
to the final result. In a simultaneous calculation, on the other
hand, no toehold can be found to begin the calculation because
the calculation at some point in the series is dependent upon
a later calculation. An example of a sequential calculation 1is
that of calculating the fuel input rate at a hot-water boiler for
& piven heating requirement at an air-heating coil, sterting with
the heating requirement, the first calculation could be the
temperature drop of hot water through the coil, next the water
temperature returning to the boiler after mixing with the streams
from other air-heating coils, followed by the calculation of the
rate of heat input to the water at the boiler, and finally, the

rate of fuel input using the instantaneous conversion efticlency

of the boiler.

Simul taneous calculations

Simultaneous calculations, which are normally more complex
than sequential, result from recirculating loops such as from
return air, or the water loop in a condenser and cooling tower,
or the refrigerant loop in a chilling plant. In the calculation
of the humidity ratio of the air in = loop where some or all of

the return air is recirculated, there is no place in the loop

4
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where the humidity ratio can be specified initially., The humidity
ratio in the space cannot be initially determined even though the
latent heat load is known,because the humidity ratio of the supply

air 1is unknown. The humidity ratio of the supply air is the same

as that leaving the cooling coil, but that quantity is dependent

upon the humidity ratio entering the coil, which in turn is
dependent upon that of the return air.

This calculation must either be performed by éolving
8imultaneous equations or by some iterative process of assuming
a trial value of the humidity ratio at one point and calculating
through the loop several times until the values stabilize to
within a specified tolerance. Iterations will be an expected
procedure in system simulation. An objective of this booklet is
to recommend approximations that convert simulations that are
truly simultaneous into ones that are sequential. These approxi-
mations result in only a small sacrifice in accuracy.

Need for component simulation

If system simulation presupposes the satisfaction of the
performance characteristics of each component in the system, it
is expected that performance data of the components must be
available for the entire range of operating conditions that
might be experienced during the year of operation. For example,
the energy program must be capable of computing the power required
by & water-chilling plant for a variety of return chilled water
flows and temperatures as well as various condenser coocling water
flow rates and temperatures. Part-load performance data on the

performance of components and subsystems is a crucial need for
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energy studies.,

Manufacturer's data usually appear in catalogs in the forp
of tables or graphs--a form which has been convenient for
engineers. For computer programs that perform energy calculations,
however, performance characteristics represented in equation form
will be most convenient. The next two chapters in this booklet
on equation-fitting and component simulation are an attempt to
help standardize the pPresentation of performance equations used
in energy calculations. Manufacturers are encouraged to
provide in their catalog the equation that represents the

performance data also shown in tabular or graphical form.
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4, EXPRESSING PERFORMANCE DATA IN EQUATION FORM

Equation fitting is, to a great extent, an art. There are
countless forms of equations; for example, polynomials,
exponentials, trignometric functions, and there is no methodical
procedure for selecting the most applicable one. It is assumed
that tabular or graphical data are available from such sources as
manufacturer's catalogs for the component, It is further under-
stood that all physical laws or mathematical relations should be
used to advantage. For example, in simulating the performance
of heat exchangers, heat-transfer laws should be used wherever
possible.

Polynomial representations - one independent variable

When no unique insight into the component performance is
available, a polynomial representation is probably the best choice,

2 n
Yy = 85+ 8X + 85X + .. o+ aX (Eq. 1)

also, for simplicity, no higher degree should be used than
necessary. For a first degree equation,

y = a8, + aX (Eq. 2)
two data points are needed, for example (xl, yl) and (x2, y2),

which when substituted into kg. 2 provide two simultaneous

equations which can be solved for 8, and ay:

J1 7 8% 8%
Yo = 8, + 8%y
For the second-degree equation
y = a  + ax + a2x2 (Ea. 3)
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three points relating values of x and y are substituted in

order to solve for agy 8y and a5,

If the degree of the equation is n, then n+l points are
needed to describe the equation. 'If more than n+l points are
available, a best-fit technique can be used as described later.

Computer program for determining coefficients in polynomial equati

In the second-degree equation, Eq. 5, it 1s necessary to
perform some computations to set up the three linear equations and
then solve these equations for &, a;, and 8. This task can be
done by hand, but to facilitate the solution and especially to
avoid solving sets of four and five simultaneous equatlions needed
for cubic and fourth-degree polynomials, respectively, a computer
program that calculates the coefficients is shown on page 9.
The main program on page 9 reads in the values of n+l pairs
of points, sets up the simultaneous equationé, calls the sub-
routine GAUSSY, shown on page 10, to solve the simultaneous
equations, and prints out the results as shown on page L1.
The input data are arranged on cards as follows:
a. the first card provides the value of n, the degree
of the equation, in an I2 field, right-justified.

b. the succeeding n+l cards give the values of the x- and
y-pairs of points, one pair to a card, each number in
an F10.5 field.

The dimension statement should be set for n+l.

Polynomial representations--two independent variables

A frequently-encountered form of equation that is adequate
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POLYNUMIAL ©F DEGREE N, GIVEN N+} DATA POINTS

UIMENBION DEPVAR(3), VARIND(S), C(3,3), A(3), Y(3)
KEAD (5,2) N
FORMAT (1Q)
NPLUSY & N + |
READ(S,4) (VARINO(L), DEFPVAR(I), I = 1, NPLUS})
FORMAT (2F10,5)
PRINTING OUT THE URIGINAL UDATA
WWITE (6,b) N
FOMMAT (1H1,* ORIGINAL DATAf//¢ N ® *,15,//° INU VAR?, 10X, '0EP VAR
1 /)
WRITE (6,8) (VARINU(L), LDEPVARL(I), I & §, NPLUSY)
FORMAT (2Fi5.5)
VY 20 I s §,NPLUS]}
C(I, 1) & 1§,
Dp 18 J a 2, NPLUSH
C(I,J) = C(l,Jel)aVARIND(I)
CONTINUE
CALL GAUSSY (C, UEPVAR, A, NPLUSI)
PRINTYUUY ©F COEFFICIENTS
Ve 30 [ = J,NPLUS]
IMINUS &8 | e |
WRITE (6,24) IMINUS, A(l)
FORMAT (*0A(’,11,*') s *, E15,9)
CONTINUE
CHECK AGAINST BRIGINAL POINTS
FORMAT (POUSING COEFFICIENTS TO CALCULATE BKIGINAL PQINTS*//)
LR 44U I = | ,NPLUS]
Y(I) = A(1)
D2 38 J & 2,NFLUSI
Y(CI) w Y(I) + AC(JIRVARIND(I)axx(J=})
WRITE(6,39) VARINOD(I), Y(I1)
FORMAT(* X = " 215.5: ’ Yy = .,E15.5)
CONTINUE
8TeP
END
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SUBKOUTINE GAUSSY (A, By X, N)

C
C SOLUTIAN @b SIMULTANEQUS EWUATIONS BY GAUSS ELIMINATION
c
UVIMENSI@N ACNyN), X(N), B(N)
C BEGINNING @F ELIMINATION PRPCESS
Ve e8 K =& |,N
C MRYING LARGEST COEFFICIENT INTU DIAGUNAL PUSITIuN
AMAX = O,
00 4 I = Kk,N
IF(ABS(A(I,K)) = ABS(AMAX)) 4, 4, 2
e AMAX = A(1,K)
IMAX »
4 CUNTINUE
C TESTING FgR INVDEPENVENCE ¢F EWUATIONS
[F(AUS (AMAX) = O,1E»15) 10, 10, 14
10 WRITE (6,12)
12 FORMAT (*0 EWUATIONS ARE NOT INDtPENDENT'J
RETURN
C EXCHANGING ROwW IMAX AND RUOW K

{4 BTEMP » B (K)
B(K) = B(IMAX)
B{IMAX) » HTEMP
Ve 18 J = K,N
ATEMP & A(K,J)
A(K,J) = A(lMAX, J)
18 A(IMAX,J) 8 ATEMP
o SUBTRACTING ACL)KI/A(K,K) TIMES TERM IN FIKST EQ FRUM OTHENWS
KPLUS » K ¢ |
IF(K = N) 22, 28, 28
e DB ed4 I = KPLUS, N
B(I) » B(I) = BIK)®ACI, K)/ZA(K,R)
Ve 24 J m K,N
ed A(I'J) ] A(I'J) L A(K,JJ*AC@N/‘(KgK)
28 CUNTINUE
C BACK SUBSTITUTIGN
L & N
32 SUM s 0,0
IF(L - N) 3“' 38, 38
3¢ LPLUS ® ([ +
L2 36 J ® LPLUS, N
36 SUM 3 SUM + AL, ,J)ex(d)
38 CONTINUE
X(L) = (B(L) = SUMI/ZA(L,L)
IF(L « 1) 4g, 42, 40
40 L & L » |
6@ To 32
42 RETURN
END

10
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ORIGINAL DATA

N @ e

IND VAR DEP VAR
2U,0000Q 1500,00000
bU,00U0Q0 3000,00000
100,00000 4200,00000

A(O) = 0,637S0E 03

ACY) . 0,45000E Q2

A(2) = w0,93750E=01}

UBING COEFFICIENTS T@ CALCULATE ORIGINAL PRINTS

0,15000E U4
0,3U000E U4
0,42000& 04

. 0,20000L Ge
" 0,600008 02
" O,100U0E 03

> > >
< <<
u an

to express the performance of many thermal components is an
expression of one variable as a function of two others. If both
the independent variables appear in the second degree, the

complete form is

2 2 2 2 2_2
Z = C) + CoX + CzX~ + C,F + C5y~ + CgXy + c7x Y + CcgXy + CgX"y

(Eq. 4)
A program that computes the values of ¢, through 09 is shown on
pages 12 and 13. The main program on pages 12 and 13 also employs
the GAUSSY subroutine for the solution of (in this case) nine
simul taneous equations. The output appears on page 14,
The input data appear on nine cards, each card containing
three values--the dependent variable and the two independent

variables--placed in 15-space F-fields.

e
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qul o DETERMINING COEFPICIENTS OF EQUATION FOR UNE VARIABLE A3 A
qsﬂ. o FUNCYION OF Twid BTHER VARIABLES, EQUATION I8 UF THE FORM
q'“. o DEPYAR = C1 ¢ C2(VAR]) ¢ C3(VAR])(VAR}) + CH4(VARR)
C ¢+ CS(VARR)(VARR) * Co(vARY)(VARZ) » CT(VARY) (VAR]) (VARR)
"’a ¢ ¢+ CB(VARI)(VARGE) (YARR) + CO(VARI)(VARL)(VARE) (VARR)
‘rub c
‘l__a C INPUT FORM ON DATA CARD IN 15 SPACE FIELUSS VEPVAKR, VARL, VARR
¢
q-a { VIMENSI@N OEPVAR(9), VARI(9), VAR2(9), Z(9,9), C(9), Y(9)
: 2 READ(S5,300) (DEPVAR(CI),» VARI(I), VAR2(IJ, I = 1,9)
<' 3 300 FOKMAT(3F15,0)
q-ﬂ' 4 WRITE (6, 302)
‘rq. S 302 FORMAT (LN, /7//28% % INPUT VYALUES",/)6X, *DEP VARFf,9X,*VARL?,9X,
: {1 *VARR’,//)
lr" 6 WRITE(6,304) (VEFVAR(I), VARI(1), VARR(I), I = {,9)
o 7 304 FORMAT(3F15,4)
_ ¢
$ C CALCULATING THE COEFFICIENTS IN SIMULTANEOUS EQGUATIONS
i;pii ) DO 3i0 I = 1,9
- 9 Z(1,4) = |,
1‘ i0 Z(I,2) o VARYI(])
'q-rl i Z(1,3) » VARI(l)wwe
“ 12 L(1,4) ® vVaR2(I)
lf'a 13 Z(1,5) = VAR2(I)wwe
fq.-‘ {4 Z(1,6) ® VARL(I)#VARR({)
= {5 Z(1,7) = VARI(I)wVARL(1)wVARE(])
q‘ 16 Z(1,8) = VAR{(I)aVARR2(I)wVAR2(I)
- {7 LC1,9) = (VARJ(I)wVARZ(IL))eng
18 310 CONTINVE
o
C CALLING THE SIMULTANEDUS EQUATI@N SUBROUTINE
o
i9 CALL GAUSBY(Z, DLEPVAR, C, 9)
c
C PRINTQUT ©OF CwVALUES
U WRITE(6,139)
2} 135 FORMAT (5X,//,' SOLUTIONS POR C IN THE FULLOWING EQUATION® )
22 WRITE (6,136)
23 136 FORMAT (* DEPVAR = U] + C2(VAR]) ¢ CS(VARI)(YAKL1) + L4(VARZ2)*)
24 WKRITE (6,137)
es 137 FORMAT(? ¢CS(VARR) (VARZ) ¢ CO(VARL) (VAR2) * CT(VARL)(YARL) (VARZ)
26 wRITE (6,138)
27 138 FORMAT(* ¢ CB(VAR]) (VARR) (VARR) ¢ C9(VARL) (VAK{) (VAR2) (VAR2) ")
28 e 315 L = ,9
29 WRITE (6,175) L, C(L)
30 175 FORMAT(3H C(I2, 3H )= F2u,o)
3 315 CONTINUE
32 WKRITE (6,316)
33 516 FQRMAT (//, S5X, *CeVALUES IN E FIELD®)
34 DY 338 L % 1,9
35 WRITE (6,317) L, C(L)
3 517 FUORMAT (3H C(l2, 3H )s E20,6)
37 518 CONTINUE
C CHECK AGAINSY DRIGINAL INPUT VALUES
3a WRITE(o,320)
39 320 F@RMAT('OCALCULATEL VALUES @F VDEPENDENT VARIABLE USING COMPUTED
{CREFFICIENTS?®)
4u WRITE(®, 324)

12



324 FURMAT(SX, * DEPVAR', 9X, 'VARL', 8X, 'VARZ'!)
v 330 1 = §,9
Y(1) w C(1) + C(2)wVARI(I) + C(I)aVARJ(T)wn2 » C(4)nVAR2(I)
1 ¢ C(8)aVAke(1)angd » C(6)nVARI(L)AVARB(I) + C(7)aVARI(I)nma@nVAR2(
2 1) ¢ C(B)wVARL(I)aVARR(LI)wYAR2(]) * CC(9)» (VARSI (I)aVAR(1))nn2
WHITE(6,328) Y(I), VAR1{XJ), VAR2(I)
328 PURMAY (3F15,4)
330 CAONTINUE
nk1TE (6,329)
329 FURMAT (iHY)
980 CONTINUE
STP
END
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INPUT VALUES

PEP VAR

4800U0,0000
588000,0000
709000,0000
416000,0000
512000,0000
625000,0000
350000,0000
435000,0000
§400U0,0000

YARI{

30,0000
40,0000
50,0000
30,0000
40,0000
50,0000
30,0000
40,0000
50,0000

YARE

80,0000
80,0000
80,0000
100,0000
100,0000
100,0000
{e0,0000
10,0000
1¢0,0000

SOLUTIONS FRR C IN THE FRLLOWING EQUATIGN

DEPYAR 8 C{ ¢ C2(YARYy) ¢ C3(VAR])(VARL) + Cd(VAR2)
SCI(VARR) (VARZ) + CH(VARL) (VAR2) + CT(VAR))(VAR}) (VARR)
¢ CO(YARY) (VAR2) (VARZ) & CY(VARL) (VARL) (VARR) (VARR)

C{ ¢ ) 140000,700000

ct{ 2 ) 21149,980000

C( 3 )= wb4,999830

Cl 4 ) 2274,992000

C( 5 )» “w18,749970

C( 6 )= «231,249800

C(¢ 7 )s R,124998

C¢{ 8 )n 0,562500

C( 9 ) »0,006250
CeVALUES IN E FIELD

C( ) U.140001E 06

clt 2 )e 0,211500E 05

C( 3 )s -U,649998E Ve

Cl{ 4 )» U,227499E 04

C( S ) w0,137500€ Q2

Ct 6 )= e0,231250E 03

C( 7 )u 0,212%00E 01}

C( 8 )= 0,%62%00€ 00

C( 9 ) wU,625000E=02

CALCULATED VALUES @F QEPENDENT VARIABLE USING COUMPUTED COLFFICIENTS

DEPVAR VAR VARR

480000,1000 30,0000 80,0000
587999,3000 40,0000 80,0000
708998,2000 $Q0,0000 80,0000
416000,0000 30,0000 100,0000
55$1999,5000 40,0000 $00,0000
624999,0000 50,0000 100,0000
3%50000,1000 30,0000 120,0000
434999,6000 40,0000 120,0000
539998,9000 $0,.0000 120,0000
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Best-fit representation

There are many situations when it is desirable to find the
equation providing the best fit to a large number of points in
preference to fitting the equation exactly to a limited number
of points. The original data points may be experimental or may
be obtained from tables or may be read from graphs. The procedure
for computing the best-fit coefficients is similar to the previous
method except that the number of data points exceeds the number
of coefficients. |

While most computer centers have a library of subroutines
for fitting polynomials for one variable or equations for more
than one variable, a program is listed here as an additional
example. This particular subroutine ORTHON is used with
permission from the University of Minnesota Computing Center,
Programmers: James Carlson and Richard L. Hotchkiss.

General Explanation of Program

The program allows the user to fit a polynomial with one
or two independent variables. It also allows the user to
examine several equation fits of the data in a given computer
run by specifying a range of values for the number of terms in
the polynomial equation. There are three types of input to the
program for a given set of data points.
a. Card 1 contains program control information. All entries
on card 1 are integers and must be right justified in
the three-column fields.
Columns 1-3% 1is number of data points

Columns 4-6 is smallest number of terms to be
considered in the polynomial

15



Columns 7 - 9 is the largest number of terms to be
considered in the polynomial
Columns 10 - 12 is the number of independent variables,
(1 or 2)

b. The next three cards contain problem description or
title information and must be present. Any 8lphanumeric
information on these cards will be printed at the top of
the first page of program output.

c. The next one or more cards contain the data points in

eight column fields across the card. For data points

of two independent variables, place the data in order

of X independent variable, Y independent variasble and

the dependent variable, three points per card for a total
of nine F8.0 fields on the card. For data points having
one independent variable, place the data points in order
of X independent variable and dependent variable, five
points per card for a total of ten F8.0 fields to a

card. Each card, except the last one, must be completely
filled. The data points may be entered in any order.,

The program is designed to run multiple cases in a given
submittal of the program. Simply stack the cases and for normal
termination place a card with '99' in columns 2 - 5 after the last
case,

Polynomial
This program (shown on the following pages) takes, ag an

exanple, psychrometric data from the 1972 ASHRAE Handbook of

Fundamentals, Table 1, Chapter 32, and fits a polynomial for the

wet-bulb temperature as a function of the enthalpy at saturation

16




1 " en hg o+ Cy h 2 ...) over the range of temperatures

(t = c 8 8

from 38 F to 90 F. 1In this program a best fit is produced with

3, 4, 5, 6, snd 7 terms. The equation with 4 terms has a maximum
deviation of 0.1 F and with 5 terms a maximum deviation of 0.01 F.
The accuracy desired consistent with the computation time for an
equation with more terms will determine the ultimate choice.
Another criteria of best fit is the standard error which is
printed at the bottom of the page.

Input data are arranged as follows:

a. First card states number of data points, the smallest
number of terms to be considered, the largest number of
terms to be considered and the number of independent
variables. The four I3 fields are right-justified.

In this example the card readsg: -27--3~=-7-=1.

b. The next three cards contain title information.

¢c. Succeeding data cards with 5 data points per card in
F8.0 fields; DEP VAR and INDEP VAR make one data point.
In this example there are 5 full data cards plus 2 data
points on the 6th card.

Polynomial representation wlth two dependent wvariables,

multiple regression.

The second example takes compressor capacity data in
thousands of Btu/hr as a function of saturated suction temperature
and saturated condensing temperature. The data points were obtained
from a graph of the compressor performance of one manufacturer.
The best fit results are shown for a 9-term equation similar to

the exact fit on page 14.
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This second example also calls the Subroutine ORTHON and
Function DOTPR.

Input data are arranged aé follows:

a. First card similar to polynomial program, but on this
example -17--7-=9,

b. Succeeding data cards with 3 data points per card
in F8.0 fields for each variable in the order, X, Y,
and DEP variable. In this example there are five full

data cards plus one more card with 2 data points.

18



(WH*5~-3°T11

.Jmu.uawo.um.mwou.mmhz.o.mhaz.x.uwo.xz.mo.xm.mmwa>1.zothu IV

Z¥IIN'T

(SIdN'T=1%(1)d33°(1)A
(SIdN*T=1*[1)d30°(1)A

JYVI ¥3d SINIOJ 33WHL °*YVA 430 ONY ¥vA ONI A ‘u
30 S1SISNOD INIDd ¥1v0O HIv3I °0°8d4 30 SA1314 NI vi

A*AxX2X66D + AzAeXx83 + AaXa
+ AxA$GD ¢ A#HD + XeXkED + X22D + 17 = 437

001 O

AIN*Z2HIIN*THIIN

(09¢T1=14(1)

1 + ¥3l
Y3ILIN = ¥

0
CAxZX
ZAxlX
FAxZX
FAxrXx

ZA
rA
Z2X
rx
0°1
r
r

SL1dN*®

(

N = AY3IIN
JIN 06 07

INNT INDD
*T = (TN
= {(5'M)vy
= (B'T)Y
= (L‘ryv
= {3*'M)v
= sy
= {%'r)vy
= (e'M)y
(2'riv
= (1'r)y
AxlA ZA
XofX X
(A ra
(F)X = X
rf = (r)XN

1=r 2¢ 03

8'9)311YM

“UIIX) (94G)311YM

‘LIx)

YA ONI X
va INdNI

T1¢6)3v3y

X%LJ + AsX29)
AY¥0d NOI1vNd3

1 09 (Z2°3N-AINIII

‘S1dN (0149)311y3M

(649)311yM

TLILY) (991341 UM

(09°T=1*(1)1111V) (E%5)av3y
SOuv) 37111 33y¥41 3IHL NI Qv3y
ANNT INDD
502°5024SZ (66-S1dN)41
WY3IYLS B8O NIAID NI S3SVD 11V 40 GN3I ¥I4 %I3IHD
AIN*293IN*TYILIN'SIdN (2*S)3V3Y
(2°014'y°%13%¢, ,)1vWH0d

ABRRARARASEEARAASLESSSSSSS

{+3410 L1N3D¥3dT

0t

Y4

(V4

ell

w

LLLLLOLL

(8]

LLuov

(SRS ]

20




IIN3H¥3IL4IC ¥YA d30 DJIvD  ¥vYA 430 91d0 HYAX Os)Llyw¥0d4 211
((0°834°0°8d)G)1ywHDd TT1TY

(07" ° + XaXeXxXwl
3D ¢ XaX&Xa9D ¢ XeX4€D + XeZ) + 12 = 430 - A¥Od NJILVYNO3 0.)1vWAY¥0d B8O01
(028401 XT)//7(XT40dI0e X9  iX1*XG)S*40.)17A¥04 90T

{»°213%, SI d¥0Y¥3l Qyval
NVLS 31 OGNV o *Z21%: S SAd3dl LINIANIHIOND 30 H3IQANN IHL 041 1Va¥04 91
(8°813%gl*s +}1vd¥04 S1
(VAINIIOII4300 wWYIL D) LlvA¥dd 91
{(2°0T4'»°»13G6°%: 2 )1lvddDd €1

{(/+,4410 IN3D¥3d 3IINIU3I4T
10 8VA d3J D2Iv) ¥vA d33 91¥D YAAS S XOT* s MVAX *XL 40s)10NHId 21
(0°84611vAd0d 11

(%1% = S378VI¥VA LIN3IQON3IJIANI 40 HIBWNN VA2 REY4

= J3Y¥3JISNDD 38 Df SAY¥3IL 340 ¥3A4NN 1S3I0uV /914, = 03¥3Q1SNO0D 31T

19

8 31 SAY¥3L 40 YIGNNN L1S3ITIVAS  o/%1 & = SINIOd 43 5IGAON Os)ivadid 01
(//7:¥1v] LNINI TUNIOIYD 40 9NILSIT 0.)1vAN04 6

CoAAeX®X426D + AxAnX*%8D + AsXxXalD1*X%2/ 1 AeXe3) + 1
AeheST + A&%] + X&X2ED + Xe22 + 12 = d30 - A¥04 NIILVNAD3I Dallvaddd 8
(E1%)1vnA¥Od L
({27846 XT)//(XT 1d304 X9  sA XL 4 X *XS)E* 404 )1VANEDd 9
((Pv02*XT)/9V02 s T4)LVAYN0d 4
(4Yv02)1lvAY0d €

(09)1LTLV (0S)Y0YAI*(TT1406)V*(0S) 130 (05459 )IHdT
CLOSIAYLTT)IIS ({0TI430D(06)Dd3T*(0SIA(0SIX*(0G)d3T NOISN3AID
AT3d ' J¥3dAH TvN¥ILIX3

¥ NJAAQD
(0S)XN Tv3d
3TVA °J37v) ONV INIDd Viv3 IVYNIOIYD N33ML3R 3DON3uW34410 133
SIN3IJ14430) 20 SHOYH3 QUVANVLS JS
NOI1vNDd3 ¥ld SINIIDILAH430D 433D
NJTLA73S IvNId 4084 331vIA27vD 3718VINVA IN3IIN34IQ Jd3ld
378vVI¥VA IN3ON3d3ONI aINOD3IS A
318VIYVA LIN3IN3IONI 1SHId X
3718vIidvA IN3IN3430 d33l

(ASXINOILINNY d37 - Wd0d4 40 NOILVNO3I 2=
(XINOIL1INNS d33 - W¥34 40 NO11VNO3 1=
S3T8vIYVA INIANIHIINI 40 ¥3AWNN AIN
J3¥30ISNOD 38 JL SH¥3IL 43 ¥3IQAON 1S3I0dvT 3IHL ZY3ILIN
G3¥33ISK0OD
38 D! SWY¥3IL 4D Y3IEANN LSIVIVAS 3IHL SI TuILN NJI1vnd3
IVIAINATIG IHL NI SW¥3L 42 ¥3IONAN 3HL ¥3d4 S3INIVA 40
3ONVY v ONIAJID3dS AB NTY NIAIOD v NI Vivd 3HL 47 S114
NJI1vNd3 Tvy¥3A3S ADNLS DL ¥3ISN 3HL SMOIIV WVY90u4 IHL  TH3IIN
NOT1vND3 NI Sd¥3L 40 ¥38wNN ¥y3IN
SINIOd vIvO 43 ¥38WNN SidN

SINIDd VIVQ 0G Sv ANVA SV d04 Q3HSITAVLISI 3Yv SNOISN3AID
SINI3d vivQ ¥¥3A3S

433 S378VIYVA IN3ION3d3OANL 2 ¥0 1 40 SNOILVNO3 IVIAONATOd
404 SIN3IDIJ4323 114 1S38 3HL SILVINIIVI WVHIDHd SIAL

L L LR LR R b e essttttececacttteeeeett

UUUUUUUUUUUUUUUUUUUUUUUUUUU




21

aN3
d01s
3NNTINDOD SO2
0Z 01 29
3NANILINDD  0S1
(AYILINIIS*HH (9T°9)31TYY
(YIIN*T=14(1)34302¢I) (ST'9)13L1YH
{¥1°9)13¢14m
(SLAN*T=T¢(1)¥0HYI*(1)130°(1)Dd30*(11dAA*(IIX) (ETT*9)3LTYM
(21149131144

0°00T+(I)d30/(1)730 = (11303843 051
S1dN‘T=1 O%Y 01

{AAl
$6-3°14713342d33°35 4300 YIUIN'O*SLAN*M*dIA*X*SI HA*ATIDdINIHLIYD 1TV

T + ¥3IN = AYIIN
ZYILN‘*THILIN=YILIN I5T 02

0°l = (rj8 o021
S1dN*T1=r 021 22

(80149131134
(SLAN'T=1*(1)d3Q*(1)X) (901°9)3L1uM
(SLAN‘T=1*(1}d30°(1)1X} (T1T1°*6)Av3IY

JYvI ¥3d SINIDd viIVO 3Ald “YYA d30 ONV ¥VA ONI X
40 SL1SISNID INIJd viva HIv3I °0°84 40 SOT3Id NI v1iv0 LINdNI

STTET O+ XaXx€D + X422 + 12=d30 WYI4 40 IVIWDNAIOd S3IIvE3NID

LLLLLVLL

3NNTLINJD 001

(8]

0Z 31 09

3NNIINOD 06
(AYILNIIS W (GT49)ILTYM
(HIUINT=T14(1}14302°%1) (ST49131T14Y4
(T749)3L1y4
{SLAN*1=T“(1)u0¥¥3*(1)133*(112d30*(1)1d3T (1A (1IX) (ET*9)ILT UM
(2149)311Y4

“001*(I)d30/111130 = (1)d404¥3 0%

SI4dN‘T=1 D% 03
J

AR AR A AR AR AR SRR RN ALt iR i CEES i LLdLoq



I3 + VvOIeEN = dvQleN

)
(FLPIXINNA = {IVAIEN)IHd 06
I + vOIeEN = IvO3IlEN
[Iix = Ix
J1BN*1=1 56 33
)
¥ = 7r 08
DOT001'08 (ZN-XN)d1
J
0°0 = (Iv3dIEN)IHd OL
I + vadIeN = JvdleEN
IN*»N=1 0L D2
J
¥ + OIGON = 1IN &9
3330N = IN 09
59 01 09
EN = IN 06
JLIMSN*(D09'0S) 21 09
3
U + vaIeEN = vOIYN
ValxeEN = vOlEN
I-% = €N
ZN*SN=3 082 03 0%
J
062°062'0% (ZN-SN}d1
1 =11
1 + 919N = »N
, 1T + 14 = 6N
1 = JLIMSN

T ¢+ 1IVASN = 2N
TIVASN + OI8N = 1IN
3NN1INDJ 0O¢
NyNnl3y
(+NDHL1YD d0YY3 0.)1lVvA¥Id 0206
(0206°9)311¥4 02
(%1% = SHY3L 30 Y38ANN 11 SI +%%1%, = SINIOJ 40 Y3OWAN 0,3} 1lvWy0d 8106
TIVASNOTEN {BI06°9)31144 81
0C€*0E“BT(ITIVHSN-918N}dL 91
0Z 31 23
(+0%3Z 01 37 SI  4'%I%s = SAY3IL 4D HIGWAN 04} 1VAYO04d 4106
FIVASN (#106°9)3L1HY 41
9T %1491 (1IVASNISL 21
02 21 09
(40¥3Z 0L 37 SI +*%1's = SINIOd 40 u¥39WIN 0.,117vA¥34 0106
O19N (D10649)3114¥% 01
Z1'0T401 (918NI4]

(1) Ind NDISN3IAID
(TR (T304 LA ITIX LT ISHIVE (T)SVLI3T*(T1)D403S NOISNIANIT

22

{300IN*Sd3*SVY113041SMDval
$24035 3D TTVWSN  TAOIAN M A*X VAT *THd NN4) NOHL YD 3NI1LNJ¥ENS

§28224238332322322322523303 02 0000

et d




0820824092 (ZN-M}J1

23

(1)Sv1130 - (IvAIEN)IHd = (IVAIEN)IHd 062
1 +« VvQIegN = IVQILEN
I%411=1 06Z 03 Ov¢

(1vQ@Ir)IHd*D + (I1)Sv113Q = (1)Svi132 0¢Z
1 + volr = 1v3If
2¥*1=1 DeZ DI
—ummz.3.-+<o~ﬁ_mxn..qo_qz-—za-oxahuu = 2
voIx(1-r) = V3IF
r + 916N = O

INS1=r DEZ 03 022
0zz‘0%2'0v2 (LN)JI

0°0 = (I)sv1132 oO12
In¢1 = 1 012 03 o002

IN = I3 061
00240824002 (LN}31
9/{IVAl1EN) IHd = (IvaleN)IHd 081
1 + VOIEN = IVOIEN
1%*1=1 281 03

{2)183s = 2 oOL1
OLT*00€*00€ (Sd3-2)dl

—u~mz.x..do~¢zv~1n..(D—«Z.—Iauomabuu = ) 091
091061091 {2ZN-M)d1 061

{1¥3Ir)IHd*) - (1VAIEN)IHd = {1V3IIEN)IHd O%1
1 « valr = Iv3If
1 + valeN = 1vOIeN
2x*1=1 ov»1 03

.0~mz.x..ﬂ+<c~ﬂv~1n..cong“—1n~oxawou = )

val « (1-r) = vaIr

: r+ 918N = 2A
IN*1=r 0v1 03 O¢fl
ODETCD6T*0ST (LN)31 021
{IVh = (101SN)IHd OT1

I + VAI&J1IVASN = 10ISN

91gN‘1I=1 0Tt 03

1 + 91aN = II 001

021 21 23

ARTLTLIL LIRS T ITTLLLLLLL LY




JIN3

Nynt3y

(J/7SWNS)LU0S = (T+71TvWSN)III3S
SHNS = (1+918N)SV11I3]

(J/SHNS*{1)33035) £4¥DS
300IN*T

"

(1124338
1 09¢ 03

IX = (I)1S%Jv8
(I)}SVL130 + (1)1Sv113Q + SWNS = SANS
IX - (IDA = (11SvL13]

(FFI30D = (Fr*2XINNd ¢ IX = 1IX
3003N*TI=rrT 0%t DI

(rix = 2x

2°0 = 1X

9I8N*1I=1 05t D2

IXxIX + (1)2403S = (1)2423S
(INVIIFT)IHD = 1X
I + OION + v3Ix(1-C) = INVIIT

300I2N*'T = © 0E€ 03
0°0 = (1)2423S
(NVYIIFI)IHd- = (1)30)

JIBN + vOIr + 1 = Nv3If]
300ON*1=1 D0gc 02

{303IN-9IAN‘T)0XVAY = I
vAI&1IVASN = vIIT

D°0 SdANnsS

TIVASN = 300D\

oaz 31 09

2 = JL1IYSN

I-2N = A

T-% = 332IN

JLIMSN*(0O2€D1IE) D1 09

3NNITLINDOD

J/7C1VAIEN)IHd = (1V3IENYIHd
I + vO1EN = 1vOlEN

T=1 2312 03

(2)1¥3S = 2

(OIBN*M (VAIHN)IHd* (VAI%N) 1 Hd)QY¥dL3] = D

09¢

0s¢

0%¢

ote

02¢
0ie

00¢
062

0Bz
0Lz

092

J

J

4

9999197971979 27117111111119112212222 3296 CCECCCCECEECEEa ¢



anN3

Ndni3y

(FLENN)Y = 3d3dAH
XX = NN

Vv NJOAADD
{0T*0G)V NDOISNIAID

(frexx)4d3dAH NOILINAS

JN3

NYni3iy

(1-Ir)&««XX = A10d
N3Nni3y

0°1 = A70d

Nuni3y

0°0 = A10d
0E*02'01 (rr)dl

T-N&sXeNDI*°°* 4+ XxX2ED+Xx2I+1ID2d30 - IVIWNONATIOC S3ILVYY3INID

(FréXX)AN0d NOILINNS

IN3

NY¥N13d

WNS = 084100
(I)M«(I)B&(l)VY + WNS = ANS
N*'T=1 T D3

0°0 = ANS

(00S)M*(0DGIB(DOSIV NOISNIAID

SINIOd 006 D1 Q341WIT NOILONNA

(N*M‘84y)0¥d100 NOILIONNI

113

oe

01

(SRS RE]

VLV

22




-

00 3L91%°0

00°98 99°
00°92 Ls*
03°99 €B8*
00°3¢5 B
00°9% 91°

4413 IN3D¥3Id

SI ¥J¥¥3 OdVANVLS 3IHL INV € SI SAH3IL INIANIJIANT 40 ¥3IAANN 34

36°)
£E®d
32°0-
JE°I-
£E6°3-
13°3-
13°2-
§6°3-
S%°)-
Je°0-
?1°3-
#0°0
2Z°)
Bt *®2d
56°0
53°2
LteLe3
28°)
Ed®d
9L°D
%3°0
29D
S1°2
7Z2°2-
2L~
JE"T1-
yl1°2-

J0 3z2¢g18°C
00 2s5252°0
10-2396£9°0-
00 39¢Ddt°0-
03 35L€%° 0~
32 3235%°0-
00 3%5L%°0-
00 31s1%°0-
00 J382t°0-
00 des512°0-
10-38685°0-
10-3%152°D
32 339z9l°2
20 366%2°0
00 358€e°0
00 3385c°0
33 153%%°0
03 d4503%°0
92 3ZAvn D
03 3393t°0
00 d423¢2¢°0
0d 4%012°0
13-33%%53°0
300 35921°0-
23 31%2e°0-
00 3eH»5°0-
00 351183°0-
3IION3¥34410

10-3261320L1°0- 13
10 3581530%2"9 Z
10 3TD06L3E8L°0C !

AY

IN3IDT3432D S

20 35168°0 22 300235°D 20 3E665°C
20 31LL8°0 23 30088°0 20 3t2€5°0
20 3.078°0 22 30098°2 20 39906°0
20 30e%8°0 223 300%8°0 20 3¢223%°0
¢0 3%%28°0 22 3302Z8°0 Z0 3065%°0
20 3549238°0 23 30238°2 20 35%t%°0
¢0 382BL°0 Z2J 3008L°0 20 3861%°0
2D 32%3L°0 23 3009L°0 20 3LG6E°D
22 3eevL-0 23 380%L°0 20 3e91¢€°0
20 3J2zeL-0 22 3002¢L°2 20 3JIf3zsL°0
20 30102°0 Z2 3003L°0 20 340%E°0
20 3L613°0 22 329332 20 32%28°0
20 394867°0 22 30093°0 ¢0 3J1Ede” 0
ZJ 351E3°D 23 302%370 20 31¢62°D
20 32913°0 22 3002570 Z0 358L2°0
Z3 30%56°0 223 33033°0 20 39¥%9Z°0
¢d 3661670 ZJ) 300BS°D Z9 32162°0
20 3%666°0 ZJ 30035°90 20 I%HeZ°0
20 356e35°0 23 300%5" 20 31922°0
20 319160 23 3022670 20 372%12°0
23 1395%°0 ZJ) 30035°0 Z0 30€e22°0
¢0 36LLY°D 23 3008%°0 ¢0 31261°D
¢0 3£65%°0 22 3009%°0 ¢0 32181°0
20 311%%°0 23 300%%°0 20 36111°0
¢0 30e2%*2 23 3032%°2 Z0 3L191°0
¢0 3%59%°0 23 3032%°) 20 3¢€261°0
Z0 3183¢°0 23 300P€°0 ¢0 32¢€%1°0
dVA d3dQ J1vD  dvA dJ3 1130 YVAX

Tt XsXaXeX2GD ¢+ X#XeX2hD + X&XeCD + X4ZD + ﬂu = d33 - AdJId NI11vNd3

06
6t
Jt
174
gt

20°%8
33491
32°%29
32°%g
00° 9%

3431

32°06 £E6°56 J0°38 £€2°¢es

22°6% 00°¢8 06°5% 32°08 69°¢th D0°8¢L 85°1%
33"t 20°2L £E8°GE 22°0¢L 6d° %t J2°83 Zr2t
1€°52 20°273 sBLe 327023 99°3¢ J0°8¢ 2162
19°2¢ 00°24 Yyo12 313726 0e"0¢2 208y 12°51
ST°L1 00°2% L1791 32° 2% td* sl 20°8¢ 2etnl

X 433

+ SHeSHeSH&%D +

X d3il X d33 X
1 = S3TBVIYVA 1NIINIHIINT 4D dI0AN
= 33¥30ISNOD 3d 31 SAd3)l 40 ¥344NN 15303v1

= 03433ISNOD 38 D31 SA¥IL 4D ¥33A4V L1SITIvAS
Lte = SINIJd 43 d¥3ganv

Viv3 10dND TYNIDI®D 40 9N11SIT

SH¥SH#ED + SH462D + 12 = 1 - AdI4 NIIivAd3

NOT1IVYNLYS 1V AdIVALNI 40 NI1IJDNA3 v Sy 3¥nlvy3dadl 47379 134

Viv3d J1d13A0dHIASd 40

(378VvIdvA IN3IINIHAIND 3N3) 119 IvIAINAIDG

26

AR R AR AR R AR R AR RN R R R R S R RN N AR AR AR RN AR



22-3819¢°0 ST WlWw3 JYVANVLS 3IML INv 9 S1 SAY¥3L 1N3ON3Id3INT 43 33849N 341

LJ3-3£13L8L1E°D
G0-351160815°0-
¢0-3Tv21%€11°0
10-312%10%08°0-
12 3195e19%58°D
10 38¢6L916%°0~
IN31D214432)

o~ 0N T U D
27

2
w
[

20-36669°0 SI1 ¥2¥Y3 OQYvaNV1S 3IHL INV 6 ST SA¥31 IN3IONIJIIND 40 d3d4NN 3HL

60-3005L9%9€° 0~

£J-3LLeE2592°0

12-337295989°0-

10 363L%69LE°0

10 16232316E°0-
IN31213432) A

o=t ONM TN

10-3514%9°0 S1 ¥3Yy3d QHVAONVLIS 3JHL ANV % ST SA83L IN3QONIH3IINI 4D d3HdAIN 3AL

€0-3€E215862°0 L]

10-38ve»038t%°0- €

10 39215362¢€°0 4

02 1e1818252°0- 1

IN31313432D0  A¥3lL

€1°0~ 00 35G611°0- 20 32106°0 20 3003%°0 20 3e666°0
23°0 10-392s81°0 20 38618°0 2D 30088°D 20 3£2ES°0
50°2 13-31€3L°) 29 32663°0 23 300938°D 20 32336°0
21°2 10-3%118°0 ¢0 3i6£8°0 22 300%8°0 ¢d 3228%°D
80°0 10-39889°0 20 3¢618°0 22 303Z8°0 20 30658%°0
§0°D 10-396L¢°0 20 3965L°0 22 300238°0 ¢0 369¢%°0
10°3 20-36L3L°0 Z0 356LL°D ¢J 3008L°) ¢0 3361%°0
£0°0- 10-345832°0-~ ¢0 3203L°) 22 3033L°90 20 1156¢€°0
Ld°2- 10-3885%°0- 20 250%L°0 22 300%L°0 20 3799L1¢°0
£0°0~- 10-3L6139°0- 20 390¢2L°90 22 3022L°D 20 3¢2%e°0
21°2- 10-3%12L°0~ Z3 3102710 23 3300L°0 20 360%e°0
31°3~ 10-3L6%3°0- ¢0 390d7°0 Z2J 30053°0 ¢0 32%2¢°0
53°3- 10-35635°0- 29 39G93°0 23 305%3°0 ¢0 3¢83t°C
td°2- 10-3¢5e%° 0~ 20 3%0%3°D 2J) 3009%3°0 ¢0 31e62°0
£€3°0- 10-32131°0~ 23 3202370 ZJ 30023°0 20 368L2°0
30°3- Z0-33e12°0~ 20 40329°D 22 30333°0 ¢D 33492°0
5270 10-3¢€32°0 Z0 3L6Ls5°0 Z2 3c08s°0 20 321%2°C
80°) 10-35%6%°0 Z0 36655°D 23 30095°0 20 3I»Bel*"o0
Z1°d 10-3824£3°0 ¢G 396ES°0 22 300%5°0 20 319¢22°¢C
112 13-36245°0 20 3%61<¢°0 23 30025°0 20 3I%%12°3
71°2 10-3R01L*0 23 3tesv o 22 30005°0 ¢C 3cedece
£E1°0 13-30L%3°0 20 3vetrvc0 ¢d 3008%°0 20 31261°0
11°2 10-3€225°0 20 1665%°0 Z2) 3003%°0 20 331e1°0
§2°2 10-30512°0 29 336t%°0 22 3009%%°2 20 361L1°*0
10°0- 20-36%13°0- 20 3102%°0 22 3002%°*0 Z0 3L131°0
?1°0~ 13-3%5L6°0- Z2J 3903%°0 Z2J 3033%°0 20 3€251°0
1e°3- J0 3ITBIT"O- 20 3eise” ZJ 3008t°D 20 32¢%1°0

4413 1N3DOu3d 3IIN3d34413 dvA diJ DJIVI  YvA 433 31¥) YYAX

AR AR A RN RN RN NN E NN RN RN RN NN



LR STy

T T

23-3999¢°0 SI ¥2ud3 JYVONVLIS 3IHL INV L S} SAu3l IN3INJGIINT 4D d3IvaNN 341
50-158660562*D L
13-32L2E8E22"0- 9
60-1456G¢94%294H°0~ S
€0-JEHBISLEL"D Y
10-35%332362°D- 3
12 3832119HE*D 2
13 43°9v80395°0- 1
INJIDI 3435322  AYy
20°2- »0-3629L°0- 20 30005°9 223 30325"0 70 3tes86°0Q
J2°0- £ED-38B15°0- 20 1300688°) 23 320do°D 23 3ele8°D
20°2 ¢0-358E1°0 20 30098°0 ZJ 30093°*0 20 4790262
332 £€0-3¢2L2%°D ¢0 3009R*D 22 300%A°0 20 32¢lavtn
20°0- 23-31861°0- 20 32028°2 22 30023°2 ¢0 10699 °0
20°0- Z20-311%2°0~ 20 30023°0 2J 30023°9 20 4E¢ %D
20°) Z0-33¢e21°0 20 30031°D 2J 300HL°"D 29 3HG1%*0
32°D 23-3E69¢°0 20 3203L°D 23 3009L°D 20 3165%€°0
23°2- 23-439¢€21°0- 20 400%L*Q 2D 202%L°D ZJ 3991€°0
332 20-3Re61°0 20 3092190 Z2 30L321°) 20 3£ase-0
223°*0- 20-31652°0- 20 3200L°0 23 40023L*)D 20 460%¢°0
207D 20-41131°0 20 40023°D Z) 40952°0 20 32%2¢°0
30°)0- £€2-33515°0~ 2J 10333°D2 ZJ3 42072°0 Z) 4+30¢°90
10°3~ 20-3362c°0- Z0 300%y-0 22 300%3°0 20 Ji€42°0
23°2 20-36%32"9 ¢J 3003¢3°0 22 40232370 20 3s812°0
10°0- 20-30%6¢°0- 20 300292 23 300073°0 20 49%32°0
19°) 20-389%E°0 23 30045°90 23 300RS5*D Z0 32162°0
10°0 20-32%cE"0 20 300960 23 300275°0 20 3%8¢Z°0
13°9 23-38%¢3°0 20 366¢S°0 22 303%%°0 20 31922°0
20°0- 20-31235°0- 20 1311026°2 ¢3 300¢¢6°0 20 34949120
2072 20-3J1zzi-o 20 4000670 23 30026°0 20 30€22°0
202 €0-466R2°) 20 3002%°Q 223 3004¥%°*D 20 31Z261°0
20°) €0-36418¢c " 20 3007%°D Z¢2 1009394%°0 20 33181°0 mm
10°2- ¢0-1€0%E°0~ 20 300%%°D 23 100%%°0 20 16141°D
10°D 20-3228%*D 20 4002%°2 22 3INCZ%°J 20 3L131°0
00°D E0-3ELET"O ¢0 3200%°0 23 3020v%°D 20 3¢261°0
30°0- €0-38205%°0- 23 130we*D 2D 3003¢t°2 2Jd I2E1*O

4413 1N3D¥3d  3IN3u3I4419 YA did3 DIvI dvA 433 914D dvAX

JLILRLE R LRt etaceetetgnnneteeaeeeteteetettent




10 36221°D SI ¥J¥¥3 JUVONVLS 3HL INV 6 ST SAd3L INIANIHIANT 43 ¥3I340NN 3HL

¥0-3529E90€€°0° 6
Z0-31%610788°0- 8
20-392999522°0- & o
00 3RFLG2909°0 9
02 30316668570 4
20 3E4RZHELE®D- &
10-32%382¢€2E°D £
20 41¢%22101°0- 2
£2 311193769°0 1
INIID1443D0  W¥3L

29°0- 00 39€22°0- 20 32Z9€°0 Z0 3009€°0 Z) 3022%° €0 106%1°0

vz 1 00 38955°0 20 3524%°0 20 308%%°0 22 30095°9 €3 305210

6E*0- D0 32821°0- 20 3€92¢°0 20 3062¢°0 23 300600 {0 376%1°0

1870 00 3Z1€£°D Z0 3L%2%°0 Z0 39823%°0 22 300650 €0 37621°0

0276~ 12 31231°9- 22 39916°D 29 30025°0 22 3926v°D €0 370210

90°0 10-30£91°9 20 382520 20 30€52°0 22 393990 £0 125%1°0

§9°0- 10-38222°0- 20 3283670 z0 3089%- 29 4009%°0 £0 30521°0

£6°0 00 36L1%°0 20 383440 20 3016%°0 22 300040 £0 32201°0

92°¢ 10 3929170 20 3EL55°0 20 30%16°0 22 3022%°) 20 30008°0

€2°0 20-3%192°2 20 36132°0 20 30292°0 Z7 3026¢6°0 £0 20G41°D

0g*0- 10-3%€85°0- 20 J1D€L€"0 20 30Z¢€°0 22 300%€°0 €0 30521°0

00°2 39 32378°0 20 3665¢°0 20 39%0%°0 z2 3006€°0 €0 30001°0

wE" G- 10 34612°0- 22 33%2%°D 20 30%9%°D 23 302580 Z0 30008°0

5170 10-3€G5% D 20 39£:2°0 Z0 30%(2°) 27 19396°D £0 30651°0

GE 0= 00 33€3T°0- 20 30662°0 20 3086270 22 3002¢°0 £0 305210 :

26°0- 20 3362E°0- 20 4€EIE°0 20 1009i°0 Z) 3200€°0 £0 30001°0

od°1 00 319:8L°0 20 332390 2D 3080%°0 Z) 3002E°D 20 300080

4413 (N3IDY¥Y3d 3INIYISHI dvA d37 J1v)  YdvA 437 219D dVAA dYAX

AahxXeX%6] ¢ AeAeXan) + AeXeX#%l)
AeX€9D + AxA4SD + Asvd ¢ XeXs€) + Xe2D ¢ 1D = d3J - Add4 NIILVAD]

00°3¢ D0 0¢ 33°5%1  08°%y 20°05 00°621
06°2¢ 03°64 00*s%1  08°0% 00°6% 03°621 00°26 20°6% 00°001
0eE*6¢2 32°0% 00°6%1 29°9¢ 20°0% 32°6Z21 01°G% 20°0% 00001
3%°16 00°0% 00°04d 0292 00°GE J2°64%1 02°tE g0°st 00621
0%°*0y 03-g¢ 00°0301T 0%-0% 00°s¢ 32°08 owtee J0°0¢ 00°G%1
38°6¢ 00°0¢ 00°621 00°93¢ 00°C¢t 33°331 08°0% 20° 0t 00°908

d33 A X ¢330 A X d3i] A X

4 = S379vIYvA IN3INIHLINI 40 HIEAON

6 = 03®3QISNDD 34 J1 SAYd3L 40 d3IHAAN 1539597
5 = J3¥33ISNJD 3d 3L SWd3L 40 ¥IdAIN 1SIVTVAS
L1 = SINTI2d 42 404N

vivd LINGNI 9NIOIE0 4D 9NTLISIT
3dN1vY3d4d3dl OINISNIUNID

J31VYTLYS INV 3¥NLIvH3IdAIL NDILINS QILVYILVS 4D NOITLINND v Sv 2d/N1¢ A
NI ALIJVdVD ¥DSS3IYdAID 43 (S3INQYI1HVA 1NITINIAIINI J4L) 113 IvIAINADDd

FRIRE LRl tteetotrqenetoeeeaeoeententet



S SRR R R R R R R R R R R R R R R R RS R R R RS

5. COMPONENT SIMULATION

The pattern followed for the presentation of most of the
performance characteristics is as follows:

a. List of performance characteristics that are of
importance in energy calculations for the component
in question.

b. Form of the equation

c. Typical values

d. Example equation using typical values.,

In part "a", if the flow rate of a component is
important for energy calculations and this flow rate is a
function of the temperature and pressure, the form would be
written:

flow rate, 1b/hr (kg/s) = f(temperature, °F or °C,

pressure, psia or N/m2)

The suggested form of the equation in part "b" is the
simplest in the judgment of the writers of this document to
adequately express the performance of the component., The authors
are hopeful that users of this document will offer suggestions
for either simplification or refinement of the proposals.

The inclusion of typical values of the variables does not
constitute a recommendation of these values, because the values
in many cases depend upon the size of the unit, and the efficiency
of a given component depends upon its design and condition.

The only purpose of the typical values and example equation is

to indicate that an equation can be adapted to the data.
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5a. Boilers and furnaces

The conversion efficiency of energy in a boiler or furnace
1s defined as the quotient of the energy transferred to the air,
water, or other medium divided by the heating capability of the
input energy (fuel or electricity). The accuracy of this conversion
efficiency ‘k often has a significant influence on the accuracyv of
the final energy culculation, so effort in obttaining detailed
information about the specific boiler or furnace actually used
in the installation is usually justified.

Three classifications apply: 4. electric heaters;
B. bollers equipped with modulating or shutoff capabilities tor
combustion air; and C. boilers where the combustion air is
supplied by natural convection. In classification A there is
normally & complete conversion of electric energy into heating of
the air or water, so V( = 100 percent. The major distinction
between B and C 1s whether there are part-load losses due to
excess combustion air at low or zero burner capacity. Boilers
and furnaces of Classification B are capable of operating at a
fairly constant conversion efficiency of between 70 and 85 percent.

The efficiencies of boilers in Classification C drop off
appreciably at low capacities.

a. Y\ . ﬂ(L)
where WM = conversion efficiency, percent
1. = percent of full load

b. Yk = ao + alL + a2L2
Cu

(S

60 20

70 75

80| 100

4. W = 60.46 - 0.0775 L + 0.00273 12
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5b. Centrifugal and absorption water chillers

Centrifugal water chillers

Cooling capacity:

a. Q = f(tgy tgp)

cooling capacity, tons

where Q
t

leaving chilled water temperature, °J

CH
top = entering condenser water temperature, °F
- 2 2 i
b. Q@ = c, + c2tCH + CBtCH + °4tCD + CStCD + °6tCHLCD
2 2 2 2
* Cotop top * °g%mbcp  * S9%cm Yep

c. Full load capacity expressed in tons (12,000 Btu/hr)

Nominal 400-ton unit with fixed components:

2-pass chiller and 2-pass condenser

0.0005 fouling factor for chiller and condenser

fixed water flow rates that produce approximately a
10°F rise in chiller and condenser water temperatures
chiller: 1,000 gpm and condenser: 1200 gpm

ey
80 82.5 85 87.5 90

420 412 400 | 392 |380
428 | 420 | 408 | 400 |388
437 429 417 | 409 |393
445 4379 425 413 401
2 . o
d. Q@ = -690L.34 + 432.367 tny - 6.0333 t,y" + 177.867 tqp
2 : 2
- 1.10222 typ° - 10.4133 toutop + 0.14667 bop %y

2 2 2

+ 0.063111 t,,v - 0.000888 tCH tCD

CH"CD
Each particular machine's performance will vary according
to the selection of components, pass arrangements, fouling
factors, water flow rates, and hence water temperature rises
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The effects of variations in fouling factors and water
temperature rises may be approximated by:
Fouling factor change from nominal 0.0005 value

evaporator sactual fouling factor _ N Correction: subtract

0.0005 (2°)(N-1) from tog
condenser acg?géogoullng factor _ M Correction: add

(2.5 °F)(M-1) to tgy

Change in rise of water temperature

=]
from nominal 10°F wvalue Correction

5 °F Add O.5°F to t

Chiller temperature rise CH

Chiller temperature rise = 20 °F Subtract 1°F from Yoy

Condenser temperature rise = 20 F Add 0.5 °F to tCD

Power requirement:
a. P = (L, topr Yopo
where P = power, kW

L = percent load = (actual capacity/full capacity)
x 100

actual capacity)

tCH leaving chilled water temperature, °F
Yep =
actual capacity = actual machine output under

entering condenser water temperature, °F

the particular operating conditions,
tons

+

b. P = (c1 eyl + c3L2) x A x B x (actual capacity)

where A = c5 + c6 tCH
2
07 + c8 tCD + 09 tCD
c. Power expressed in kW (3413 Btu/hr)
Nominal 400-ton unit with fixed components

B =

(same unit as described in the previous capacity section)
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Power a8t maximum rated capacity, kW

Yepr °F
& o 80 82.5 85 87.5 Q0
CH’
40 352 355 355 360 | 362
42 354 356 357 362 o4
4 355 358 358 | 364 | 362
46 355 358 359 | 261 360

d. Power at maximum rated capacity

P = 0.87821 x A x B x Q
where A = 1.3527 - 0.00833 tCH
B = 2.577616 - 0.050054 typ + 0.00036949 t,°
Q = <cooling capacity in tons as shown previously

under cooling capacity, section 4.

Part-load operation:

The cooling capacity and power requirements described
previously are applicable for full-load operation.

a. For part-load operation, the power consumption would be
of the form described in the power requirement section.

b. P = (cl + €5 L + 05 L2) x A x B x (actual capacity)
where A = 05 + c6 tCH
2
B = c7 + 08 tCD + c9 tCD
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¢c. Power expressed in kW (3413 Btu/hr)

Nominal 400-ton unit previously described

Qactual = (60 percent)(qull)

topr °F 80 82.5 | 85 87.5 90

tog °F
| 40 227 207 | 228 232 233
42 227 229 | 229 233 o34
iy 228 230 | 230 234 233
46 028 230 | 231 232 234

d. P = (1.68984 - 0.0190203 L + 0.00010904 L2) X Ax B
x (actual capacity

where A

1.3527 - 0.00833 tCH

i 2
2.577516 - 0.050054 t, + 0.00036949 t,p

B

actual capacity, tons

Application:

Application of the method and equations is as follows:

If the power requirement is sought knowing the actual

cooling capacity (Qactual)’ the leaving chilled water
temperature (tCH) and the entering condenser water
temperature (tCD)

Calculate qull

cooling capacity section

from the equation in the

L in percent

Qactual/qull
Calculate values for A and B and then P from

the equations in the previous part-load secticn.
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Absorption water chillers

36

t

h”™

& Q = f(tch’ Year Pstm)
where Q = cooling capacity, tons
tch = leaving chilled water tewmperature, °F
tcd = entering condenser water temperature, °F
Potp = supply steam pressure, psig
b. For a given supply steam pressure, the cooling capacity
can be represented by an equation of the following form
B 2 2
Q = c, + c2tch + CBtch + c4tcd + C5tcd + c6tchtcd
2 ) 2 2
* C9%n %ea * ®g8¥enbea * C9chn Yea
c. Full-load capacity for a nominal 520-ton unit with
the following specifications:
2-pass absorber and l-pass condenser, 3-pass
evaporator, 0.0005 fouling factor for condenser,
absorber and evaporator, fixed water flow rate
that produces approximately a 10°F rise 1in
condenser water temperature, condenser water
flow rate of 1870 gpm, chilled water flow rate
of 120C gpm, and 12 psig steam supply pressure
t
cd 80 85 90
tch
40 528 468 396
42 551 494 426
44 572 520 457
46 595 546 483
. - 2
qull = -38064.00 + 1798.00 tch - 21.25 tch + 858.59 tcd
2 2
- 4.84 tcd - 39.27 tchtcd + 0.046 tch tog + O.22tc
2 2
- 0.002 tch tcd
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For chilled water flow rates other than the specified 1200 gpm,
cooling, capacity can be estimated by determining a capacity
correction factor as follows:

CORR = 1.075 - O.877x10"4 (flow rate, gpm)
+ O.2O6x10_7(flow rate, gpm)2

where
CORR = multiplying factor applicable for flow rates

between 600 and 1500 gpm

Steam requirements

(a) S = f(% t

ch? “cd? Qact’ Qnom)
where S = steam consumption, lb/hr
tch leaving chilled water temperature, °¥

tcd = entering condenser water temperature, °F

Qact = actual machine output under particular
operating conditions, tons

Qnom = nominal machine capacity, tons

(b) 8 = (Qpyqq)(A)(B)

where qull = machine capacity at full 1load

A = full-load steam rate, 1lb/(hr)(ton)
2
= ¢y + Cy Ln + C5Ln
B = fraction of full-locad steam input
2
= (¢4 + CBLf + cgly )/100
B qull/Qnom
Q
L. = 100( acty
full

(¢) vteam consumption in 1lb/hr at maximum rated capacity

and L., = 100 percent )

(Leeey  Quey = Qpy1z £

Nominal 520-ton unit (ssme unit as described in the
previous capacity section)
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tcd °F 80 85 90
tch i
40 9820 8925 7960
42 10138 9336 83392
4y 10467 9724 8820
46 10829 10101 9225
(d) S = (Qpuyy)(A)
where Qrug1 is Q from equation iun (¢) of previous
section
and -
A = 322.11 - 22.94 Ln + 9.44 th

Part-lLoad operation

The cooling capacity and power requirements described
previously are applicable for full-load operation
(a) for part-load operation, the steam consumption would
be expressed by the equations in (b) of the previous
section, except that B takes on values other than unity

where qull = capacity of machine at full load at given

15 and tc as determined above

ch d
A = full load steam rate, 1lb/(hr)(ton)
2
= Cy + C2Ln + CBLn
B = fraction of full-load steam input

(c,Jr + C5Ln + c6Ln2)/1oo

I1f the entering condenser water temperature is held
constant during part-load operation, then B = f(Lf).

I1f, however, the entering condenser water temperature

is allowed to vary with outdoor conditions, then 3 = f(Lf,

38
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(¢) Part-load steam consumption in 1b/hr

Nominal 520 ton unit at 60 percent of full load, thus

Lf = 60 percent.
6 g 80 85 90

tch

40 5499 5391 5015

42 5677 5602 5287

41 5862 5834 5557

06 6064 6060 5812

(a) N
5 = (Qpyyq)(A)(B)
qull as before
, 2

A = 32.11 - 22.94 L + 9.44 L
At b, = 55 F

B = (4.66 + 0.62 L, + 0.0013 Lfg)/lOO
At bty = 65 F

B = (7.78 + 0.61 L. + 0.0015 Lf2)/100
At b, = 75 F

B = (9.33 + 0.65 Ly + 0.0017 Lf2>/1oo
At tcd = 85 F

B = (12.5 + 0.62 L, + 0.0025 Lf2)/lOO
At by, = 95 F

B

Application review:

(16.89 + 0.68 L, + 0.0028 L,%)/100

1f the steam consumption is sought knowing the actual cooling
load, the leaving chilled water temperature, and the entering

condenser water temperature,

1. Calculate
2. Calculate
3., Calculate
4, Calculate

qull

f
A and B

S from equation in part-load section

L. and L
n

from equation in cooling capacity section
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5¢c. Heating coils

14

Steam coils
The equation sought is one from which the heat transfer rate
of the coil can be computed knowing the air flow rate, entering
teuwperature of the air, and steam temperature. The "effective-

ness" of the heat exchanger is a useful tool in this assignment.

(8) Q@ = (G S pean Yent air’
where Q = rate of heat transfer, Btu/hr
-— . ¢}
tsteam = steam temperature, °F
- Al > A o {p
tent ol temperature of entering air, °!
G = rate of air flow, 1lb/hr
(b) . (n
“ = (j)<ca)(E)(tsteam = Yent air)

where c, = specific heat of air, Btu/(1b)(°F)

E = effectiveness, dimensionless
When one of the fluids remains at a constant temperature,

as does the steam in this heat exchanger
E = 1 - e XUAGe ) _ | _ EXP(-UA/Ge )

The U-value (overall heat-transfer coefficient,
in Btu/(hr)(ftg)(°F) ) is a function of G, and the
term UA/Gca for a specific steam coil can be represented
by an equation 1
UA/Gca =

0.2
ClG + CEG

where C1 and 02 are constants unique to the particular coil.

(c)
A certain steam coil having a face area of 8 ftg, tqteam = 218
and tent 255 40 F has the following performance:

face vel,} G air temp | outlet air I E
fpm rise, °F tenp, °F ’
300 10800 56.2 06.2 0.315
700 252.0 37.2 772 0.209

1200 43200 26.6 66.6 0.150
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(cont.)
For convenience, let G' = G/10,000
The 300 and 1200 fpm face velocity conditions provide two linear
equations to determine C1 and 02, thus
-1
0.918G' + 1.63 G'"~*
Checking this value at the intermediate face velocity

E = 1 - EXD( =1 5=) = 0.2086
0.918(2.52) + 1.630(2.52)0:<

Hot water coils

A slightly more general expression for the effectiveness is
needed for hot water coils, because the effectiveness is

based on the lowest value of the product of the mass flow rate
and specific heat--water or air.

B - rate of heat transfer, Btu/hr
B [ﬁmass rate of flow)(specific heat?]min(t

ent H20 - tent air)
(c)

a certain hot-water coil has a face area of 8 ftg, 60 F
entering air, and 160 F entering water. The air-temperature
rise and effectiveness are shown in the table

Jaltber

flow 300 fpm 200 fpm 1100 fpm
58 Epm 57.5 F, 0.475 ] 32.0 F, 0.30 5%.6 F, 0.036
CE, o 50.1 F, 0.501 | 33.8 F, 0.338 | 25.0 F. 0.250
84 ppm | 51.1 F, 0.511 | 34,5 F, 0.345 | 25.5 F. 0,585

In &ll the conditions expressed in the table the product of
the mass flow rate and specific heat of air is less thai that
of the water, so the lowest wcp is that of the air.

(d)
A polynomial equation for E based on WF (where
vE i the water flow in gpm divided by 10) and AV (Wwhere
AV ia the air velocity divided by 100) may be written in
the form
T 2 2
E = Cqp + CoAV + cBAV + cyWF + Cg WFS + 06(AV)(WF)

. CV(AV)2(WF) + eg(AV)(WF)2 & cg(AV)e(WF)E
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5¢. (Cont.)
and ¢y = 0.6052_ Cy = -0.,0622 c3 = 0.00249 Cy = 0.01237
c5 = 0.0000 06 = 0,001263% 07 = -0.000165
CB = -0.000289 cg = 0,000025
Then
Q = E(G)(ca)(tent H,0 = Yent air)
42
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2d. Cooling and dehumidifying coils

The performance characteristics generally desired when
modeling a specific cooling and dehumidifying coil 1is some
combination of the sensible heat transfer and the dehumidifying
rate. The varlables on the air side are:

QT = total rate of heat transfer, Btu/hr
sensible heat transfer, Btu/hr
latent heat transfer, Btu/hr
G = rate of air flow, 1lb/hr
FPM = face velocity of air, fpm

O O
H o
o

EDB = dry-bulb temperature of entering air, °F
EWB = wet-bulb temperature of entering air, °F
LDB = dry-bulb temperature of leaving air, °F
LWB = wet-bulb temperature of leaving air, °F
h = enthalpy of air, Btu/lb
W = humidity ratio, 1b/1b
For a direct expansion coil the variables are:
tR = saturation temperature of evaporating refrigerant, °F
FA = face area, ft°
NR = number of rows deep
FPI = fins per inch
The equations that apply are over the normal air conditioning range:
Qp = G(hy - hp)
Qg = 6(0.245)(LDB~ EDB)
Qp = G(AW)(1061)
and for a standard density

Qp = 4.5(CFM)(hy, - hp)

where h; = enthalpy of leaving air, Btu/lb
hy = enthalpy of entering air, Btu/lb
CFM = volume rate of flow, cfm
also
QS = 1.10(CFM)(EDB - LDB)
QL = 484O(CFM)(WE - WL)
where Wi = humidity ratio of entering air, 1b/1b
W, = humidity ratio of leaving air, 1b/1b
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Generally the data are presented as total heat transfer

per unit area of the face of the coil. For a given coil the
performance is

QT/ FA = f(tR, EWB, FPM)

The base rating for a given coil and face velocity, applicable
to sensible heat ratios of 0.9 and less and for wetted gurfaces
only, BRDX

BRDX = ¢y + c5(TR) + c5(EWB) + c,(TR)(EWB) + es (TR)?
w2
+ 06(LWB)
where ¢, = 0.11586173 E+01 Cy ==0.57119459 E-03
¢y, = =0.97877806 E-02 c5 = -0.52896887 E-04
Cz = -0.26227126 k-01 Cg = 0.91074735 E-O1
The constants are applicable to the following performance data

Base rating of a Direct kxpansion Coil
Tons/(Sq. Ft. of Face Area)

EWB, °F Saturated Refrigerant Temperature, °F
30 35 40 | 45 50 25 60

57 1 <50l 1.07 0.83
59 1.43 1.20 0.95
61 1.56 1.32 1.08(0.83
63 1.70 l.46 1.20(0.95
65 1.85 1.60 1.3411.08 | 0.83
67 1.99 1.74 1.4811.22 | 0.97
69 2.18 1.90 1.6411.37 |1.11 | 0.83
71 2.34 2.05 1.7911.52 |1.24 | 0.96
73 2.51 2.22 1.9411.67 |1.40 |1.11 0.81
75 2.70 2440 2.12|1.84 |1.55 [ 1.26 0.96
77 2.58 2.30(2.01 |1.72 | 1.42 1.11
79 2.77 2.4912.19 |1.89 [ 1.59 1.28
81 2.68(2.38 | 2.07 | 1.77 l.46
83 2.57 1 2.26 | 1.94 1.62
85 2.80 | 2,46 | 2.15 1.83

The equation was tested for a best fit against the above data and
it approximated the data with less than 1 percent maximum differen
for 70 points of the 75 points. The other five points fell in

the range between 1 and 2 percent difference from the published
data.
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A correction factor may be applied to the bage rating to correct

for the face velocity,

CF = ¢y + c,(FPM) 4 cB(FPM)2

For a 3-row coil,

the following corrections apply to a cer

tain coil,

Face velocity, fpm Correction Factor
200 0.51
250 0.57
300 0.62
350 0.68
400 0.73
450 0.77
500 0.81
550 0.85
600 0.88
650 0.91
700 0.93

Coefficients that fit the above data are

¢y = 0.223995324 E+00
¢, = 0.15857343 E-02
¢z = -0.82051282 E-06

In the method

presented some manufacturers of coils, after

the total heat transfer is obtained, the dehumidification and

the leaving conditions are obtained by using a wet

for a given coil

ratio,
WEBDF = LDB - LWB
B =
where WBDF = f(FPM)
For a certain coil
FPM WBDF
200 0.070
300 0.108
400 0.138
500 O.le4
600 0.187
| 700 0.207
WBDF = cq + ce(FPM)
where ¢, = -0.12742857 E-01
cy, = c.4605CC0  z-03
c3 = =0.21071429 E-06

5 cB(FPM)z

-bulb depression

The equation fits the data to less than a 1.5 percent difference
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Chilled Water Coills

For chilled water coils the water-side equations are as
follows:
= Mc (LW - EW
Qg £ )

where M = mass rate of flow of water, 1b/hr
cp = specific heat of water, Btu/(1b)(°F)
LW = leaving water temperature, °F
EW = entering water temperature, °F
For most chilledwater applications this equation can be
simplified to

Qp = 500(GPM)(LW - EW)
The heat transfer in this method is described as follows:
Qp = (Base Rating)(Wetted Surface Factor)(Log Mean
Temperature Difference)
BRCW = f(FPS, FPM)

where FPS = water-side velocity, fps
FPM = air-side face velocity, fpm
The water velocity is determined by the water flow rate
in gpm, the number of parallel circuits, and the inside diameter

of the tubes L Y 3/ ;
GPM)(7.48 ft-/gal
FPS = @0 min/hr) (0.7856) (ID32(NC)

where ID = inside diamter, ft
NC = number of parallel circuits

The base rating is expressed in Btu/hr per
square foot of face area per row of tubes deep per degree log

mean temperature difference. The form suggested is
1 Ch c5 Cy c Ce
= C + + + + ——-2—3 +
BRCH 1 " mpM  FpS (FPS)2 (FF11) (FPS)“(FPM)™
where BRCW = Dbase rating

The following table of performance data has been fitted
Yo the foregoing equation.
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Base Rating for Chilled Water Coils

33500

(’ BRCW, Btu/hr per £t° of face area per degree LMTD
g e -
qr‘ Face velocity Water Velocity, fps
dr“ fpm
‘r" 1.0 1.5 2.0 2.5 2.0 4,0| 6.0]| 8.0
< ? 200 102.3 |106.1 [109.1 |111.6 |115.0(/118.1/119.3
? 250 100.5 |110.0 [115.1 |118.9 | 121.9 |126.0(130.1 [132.4
& ? 300 107.0 [117.7 [12%.9 |128.2 | 131.8 | 136.4|141.6 |144.6
g 250 11%.0 | 125.0 [132.0 [137.0 | 141.0 | 147.4(152.5(156.2
%9 400 118.8 |131.8 [139.7 | 145.3 | 149.8 | 156.0(|162.9(167.1
‘?4, 450 124.0 |138.2 |146.9 | 153.0 | 158.0 | 164.9(|172.6|177.4
500 128.8 |144.1 |153.4 | 160.1 |165.5 |173.1/181.5|187.0
:?‘t 550 13%,0 |149.3 |159.4 | 166.9 | 172.4 | 180.7|189.9[195.5
600 136.7 |154.0 |164.9 | 172.7 | 178.8 | 187.9(197.6
650 139,8 |158.0 |170.0 | 178.2 | 184.4 | 194.3
:f“ 700 142,5 | 161.2 |174.5 | 183.2 | 189.8 | 200.0
. 750 144.2 |163.8 |178.2 | 187.6 | 194.3
S 800 145,5 |165.8 | 180.8 | 191,0 | 198.0

The coefficients in the equation are

cy = 0.22074304 E+01 Cy = -0.55238537 E+00
Cs = 0.14178455 E+04 G| = -0.11071271 E+08
Cz = 0.33925943% E+0L Cg = -0.39288579 E+09

The unusual form of the equation was obtained by evaluating
the effect of all terms out of approximately 30 terms in a
polynomial for the most efficient form. The six terms chosen
fit the data with all points except one showing less than one
percent difference and 83 of the 92 points showing
less than 1/2 of one percent difference between the
tabular data points and that computed by the equation. Qualitative
influences of the terms in the equation can be explained from
basic heat-transfer relationships.

The wetted-surface factor can be expressed by the equation

WS =

oy + cp(BW) + oy (PW)(BW) + ey (PW)Z + cS(BW)z(PW)

v eg(BO(ENZ + e (BN (BW) + cg(BNI(BN)Z + cq(BN)? ()

47
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where PW = EDP - EWT

BW = EDB - EWT

The data from the following table:

Wetted Surface Factors

15.0  20.0 25.0 30.0

1.070 1,122 1.207 1.330

EDB - EWT Entering dewpoint - entering water temperature
0] 2.5 5.0 7.5 10.0 12.5
10 1.000 1.065 1.151 1.271 1.370
20 1.000 1.038 1.085 1.147 1.225 1.330
30 1.000 1.022 1.052 1,092 1.141 1.200 1.276
40 1.000 1.033 1.057 1.087 1.123 1.174 1.309
50 1.000 1.022 1.058 1.110 1.200 1.%28
60 1.000 1.012 1.038
Applicable coefficients are:

c; = 0.10007596 E +01 Cg = -0.24564063 E-04
¢y, = 0.42652727 E-01 ¢ = -0.24092761 k-06
€% E -0.22742528 E-02 cg = -0.11066765 E-08
Cy = 0.16232278 £-02 cg = 0.54302870 £E-10
Cg = 0.41384645 E-04

The balanced conditions for chilled water coils with this

method requires an iteration process.

found effective is as follows:

Conditions given:

water flow rate, gpm

entering air conditions

coll data

One procedure that has been

entering water temperature

, £DB, EWB, CFM

Assume: two temperatures for the water leaving the coil; LWl and IW2
Calculate for each IW
QTW1 = (500)(GPM)(IWl - EW)

kEnthalpy of leaving air HI1l = HE -
IWBl = f(HLl) from psychrometric routine
Assume leaving relative humidity is 90 percent

MLTD1

48

LDB1 = f£f(LWBl, RH)

= (D1 - D2)/1n(D1/D2)

T1
4 f



a

where D1 = EDB - LWl
D2 = LDBl - mW

QTCl1 = (BRCW)(NR)(FA)(WSF)(MLTDL)
DIFF1 = QTW1 - QTC1l
DIFF2 = QTW2 - QTC2

A linear interpolation is then used to obtain a closer
approximation to the lLeaving water temperature that yielids
no difference between QTW and QTC.

When chilled water performance data is published in some
other form, such as with entering and leaving air conditions,
it may be advisable to use the effectiveness concept for sensible
and lLatent cooling capacity.

49
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Se.

Reciprocating compressors

50

Refrigerating capacity:

a.

Q = f(te’ tc>
where Q = refrigerating capacity, Btuj/hr
te = evaporating temperature, °F
tc = condensing temperature, °F
_ 2 2
QR = c, + C2te + CBte + c4tc + °5tc + c6tetc
“ 2 2 2, 2
+ °7te tc + thetc + ogte to
t, = 30 F te =40 F [ & = 50 ¥
tc = 80 F Q = 480,000 588,000 709,000
100 F 416,000 512,000 625,000
120 F 350,000 435,000 540,000
Q@ =

2
-13.75 tc

Power requirement:

a,

b.

P o= f(t,, t.)

140,000 + 21,150 t, - 65 t,2 + 2275 b,

2
-231 tetc + 2.125 te tc
2 2, 2
+ 0.5625 tetc - 0.00625 te tc

where P = power, Btu/hr
te = evaporating temperature, °F
tc = condensing temperature, °F
P o= oy + 0ot + 062 4+ et + ot 4ot t
1 2’e 37 47¢ 5% 67°e’c
2 2 2, 2
+ c7te tc + catetc + cgte tc
te = 30 F te =40 F te = 50 FJHW
t, = 80 F P = 75,000 | 75,700 74,500
tc = 100 F 88,500 92,500 94,500
tc + 120 F 101,000 | 109,000 115,000




1
1

IIPLLLLSLISITITINANY

BAAAARIARRARRARR IR 3333

4. P = 25,500 - 375 t_ - 2.5 t,° 4+ 712.5 &
2 7,
T 30125 8.+ 100375 vt - 0.1375 %y

2 2, 2
+ 0.04375 tetc + 0.000625 te tc

Unloading of cylinders for capacity control

Many reciprocating compressors employ a capacity control
whereby the suction pressure or the leaving water temperature,
in the case of a package chiller, controls the unloading.
1f, for example, a four-cylinder compressor unloads two
cylinders when the suction pressure drops to 50 psia and the
compressor shuts off when the pressure drops to 45 psia, this

gtep operation could be reproduced by a straight line as shown
in the graph:

kk\_reproducing

step operation
Q.5 ="== =

Eal

40 45
Suction pressure, psia

Fraction of operation

The ordinate is the fraction of full operation. The capacity
and power calculated in d above are multiplied by this fraction.
On the four-cylinder compressor in question, a fraction

of operation of 0.8 superficially would mean 3.2 cylinders

in operation, Physically, it is possible for only O, 2, or
4 cylinders to be in service, so the 0.8 operating fraction
indicates that the compressor is cycling between two and four
oylinders in operation--four cylinders 60 percent of the

time and 2 cylinders 40 prercent of the time.
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2f. Water-cooled and air-cooled condensers

Water-cooled

a. Q = rf(At, gpm)
where Q = heat rejection rate, Btu/hr
At = (condensing temperature) - (outlet water

tenperature)
gpm = water flow rate, gpm

b. Q = (At)[:ao + a,(gpm) + ag(gpm)ej

C.
QY At
clean 0.001 soale
gpm tubes factor
40 18 15 _j
160 63 51
280 97 67
d. for clean tubes

;)-
Q = At [0-55557 + 0.4514(gpm) —0.000582(gpm)‘J
for 0.001 scale factor

Q = At[:-1.444 + 0.43889(gpm) - o.000694(gpm)23l

In certain cases it may be more convenient to express performance

8s a function of inlet water temperature rather than outlet
temperature. Since
Ty = %+ Q/(gpm)(500)

4t = (condensing temperature) - (ti + QAgpm) (500)
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then

Q = (b, - %) [:ao + a;(gpm) + ag(spm)gj

8, + a;(gpm) + ag(spm)2
200 (gpm)

1 -

Air cooled

a. Q = f(ta, tc)

where Q = heat-rejection rate, Btu/hr

ta- ambient air temperature, °F

t

c condensing temperature, °F

b. Q = c(tc = ta)

¢c. For a 10-degree F temperature difference,

Q@ = 149,000 Btu/hr

d. Q = (14,900)(tc - ta)
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5g. Cooling Towers

Given: A cooling tower with constant air flow rate G

Air in

Flow ratefa///)7 \\Mﬁ

and constant water flow rate I,

air
out

<
water in

l ~d = flow rate I
temperature, HWT
VZANN

R

Wet-bulb temp WB?_F«_ME_«_JMHMEAW water out

T ™ temperature, CWT

where CWT = 1leaving cold water temperature, °F
WBT = entering air wet-bulb temperature, °F
HWT = entering hot water temperature, °F
2 2
b, CWT = cq + c2(WBT) + 05 (WBT)- + 04(HWT) + 05(HWT)

+ ¢ (WBT)(HWT) + c7(WBT)2(HWT) +  cg(WBT) (HWT)?

+ 09(WBT)2(HWT)2

c. Leaving cold water temperature, CWT

WBT, °F
HUT 66 72 78
100 78.0 81.0 84 .2
115 79.5 84.0 88.0
130 80.6 86.5 91.3%
d. CWT = 652.7856 - 15.819(WBT) + 0.103092(WBT)2

- 7.568(HWT) + 0.016226 (HWT)2+-O 205667(WBT)(HWT)
- 0. OOl3l2(WBT) (HWT) - 0. OOO465(WBT)(HWT)

+ 0.0000031 (WBT) (HWT)2
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temperature)

2h. Water-chilling evaporators
8. Q = f(At, gpm)
where Q = heat transfer rate, Btu/hr
At = (temperature of leaving water) - (evaporating
gpm = water flow rate, gpm
b, Q = ¢ + c2(gpm) + 03(gpm)2 + ¢, (At) + cs(At)2
+ cg(epm)(88)  + e, (gpm)(at) + cglgpm)(at)?
+ cg(gpm)g(At)2
¢. Q 1in thousands of Btu/hr
At, °F
gpm 6 7 8 9 10
100 420 720 940 1180 1430
200 620 950 | 1300
300 760 1170 [1580
400 870 1350
500 950 1500
d, ¢, = -2449,
02 = 14‘.64‘
C5 = =0.03921
Cq_ o 659'3
05 = -55.91
06 = "4.411
07 = 0.01158
cg = 0.3940
cqg = =-0.0008896
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5i. Pumps

For a constant speed, the expression of head as a function of flow

is ~
a. H = f£(Q)
where H = head, ft of water
Q = flow, gpm
b. H = ao + al Q + aa Q2
c. H ] Q
104.5 40
95.1 160
75.0 240_J
c. H = 102.1 + 0.0946 Q@ - 0.000865 g2

For a constant speed, power as a funxtion of flow

8. SHP = f£(Q)

where SHP = ghaft power, hp

2
b. SHP = a, + alQ + 8, Q
C. SHP Q
2.55 40
4.90 160
L__5.9O 240

d. SHP = 1.54 4+ 0.0267 Q - 0.000354 g2
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5. Fans

Flow rate as a function of fan speed and static pressure

a. Q = f(Ha N)

where Q = air-flow rate, cfm
H = static pressure, inches of water
N = rotative speed, rpm
b Q = oy + cH c3H2 + o, + c5N2 + CgHN + c7H2N
+ 08HN2 + 09H2N2
CE
Q H N
12,460 0.25 189
12,460 1.00 315
12,460 1.50 407
26,990 0.25 292
26,990 1.00 387
26,990 1.50 455
41,530 1.00 486
41,530 1.50 526
d.
Cl . _46965 .
¢, = 158290,
o5 = =201605.
Cy = 283%.92
C;, = -0.1757
Ce = -540.,54
Cn = 685.986
cg = 0.42619

g = =0.57177

Power as a function of flow rate and static pressure
a. P = f£(Q, H)

where P = power, hp

P = cq + ch + 03Q2 + c4H + 05H2 + chH + c7Q2H

v cgQES 4 09Q2H2
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Fans (Cont'd)

Cie P Q/100,000 H
2.34 0.2699 0.25
3,35 0.2699 0.50
544 0.2699 1.00
4,37 0.3531 0.25
5.63 0.3531 0.50
8.24 0.3531 1.00
6.86 0.4153 0.25
8.33 0.4153 0.50
11.32 0.4153 1.00
d.
¢p = 5.314327
c, = =42,31355
¢z =  102.3999
cg =  -1.506405
cg = -2.515906
c, = 22.56411
cg = 10.57784
cg = -15.94999

Part-load operation of fans

58

Typical power requirements at part-load operation for three
different methods of capacity control are as shown in the
figure below. The "percent of rated horsepower" can be
represented as a second or third-degree function of the
"percent of rated capacity."

10 —
. T
o Dajmper il ///
g 80 corbT ul// 74
A v A/
o  |Inle} ~ |
) 60 7 dOT L
= 1 conkrol”] /
B 40,/1:".—///

L
4{—} speerd/
8 20 contro
¥ e
& >
0 S

20 40 60 80 100
Percent of rated capacity



B e e Rt S S

5k. Condénsing units

Refrigerating capacity as a function of evaporating and ambient

temperatures for an air-cooled unit

a. Q = f(te, ta)

where Q = refrigerating capacity, Btu/hr
te = evaporating temperature, °F
ta = ambient temperature, °F
_ 2 2 2
b. Q = cq + c2te + CBte + c4ta + c5ta + c6teta + c7te ta

2 2, 2
+ csteta + °9te ta

, °F
e 40 45 50
tg, °F
75 Q = 65,500 | 73,500 85,500
95 53,000 | 60,000 | 67,700
105 48,200 | 55,000 | 62,000
o, = 3,504,500
¢y, = -155,850
c5 = 1810.
¢, = =73,336.
05 = 5?0.
06 = 3295-
Cp = =37.73
cg = -17.156
cg =  0.19555
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5k. Condensing units (Cont'd)

Power requirement as a function of evaporating and ambient
temperatures for an air-cooled unit

ta)
where PF = performance factor, Btu/kWh
2

a. PF = f(t,

FETFEEPPESY

2 ,
b. PF = c1 + °2te + cate + c4ta + csta + cGteta

2 2 2, 2
+ °7te ta + csteta + °9te ta

PrY Y

5
& - )
E: t,, °F
40 45 50
o |ty °F e
75 PF = 10,100 | 11,100 |12,400
| 90 7,900 | 8,600 | 9,600
;: 105 6,600 | 7,100 | 7,700
N c; =  =94,600.
h Cr = 5390,
=’-.e‘ 05 = -54.0
I Y c, = 2616.67
p Y cg = -15.78
:rﬂ cg = -136.0
p ) cn = 1.467
pRe ) cg = 0.8000
o cg = =-0.008888
2D
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5-1. Engines

Fuel consumption
a. PFCR = f£(PL)

where FCR = fuel consumption rate, 1b/hr
PL = percent of full load

b. FCR = a; + aE(PL/lOO)
ek PL FCR

100 320

50 180
d. FCR = 40 + 280(PL/100)

Recoverable heat rate

a. HRR = f(PL)
where HRR = heat recovery rate, Btu/hr
2 _
b. HRR = a; + a,PL + aB(PL)
Ca "
HRR PL
mBtu/hr percent
-
1500 20
3000 60
4200 100

d. HRR = 637.5 + 45 PL - 0.0937 PL2
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Controls

I.
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air,in

where tc

Water coil, discharge temperature controlling throttling valve

i -
|
—

Coil e P

t
air,out
_, i | L e
| EgDﬁ_____d—gtlk__ t_ , outdoor temperature

o)
|
tc = f(ts, Rj Ato, Xy X, TR)

discharge temperature, °F

ts = set point temperature, °F
R = outdoor reset ratio
Ato = change of outdoor temperature from reference
tenperature
= valve opening, inch
X, = maximum valve opening, inch
TR = +throttling range
X
tC = ts + R(Ato) - ('x—) TR

m
With a constant supply and return water pregsure, the flow

rate through the valve, depending upon the type of plug,
is shown in the sketch

it Quick-opening plug
o Linear plug

- Equal percentage plug
x

o

—

Fry

0 X
Valve opening
Procedure in determining tc:

1. Determine flow rate from coil routing,
2. From appropriate graph in above sketch, determine x,
5. Substitute into equation to calculate tc.

If changes in flow rate result in appreciable differences
in supply pressure (indicating a revised valve flow graph), one
or more additional iterations may be needed.



5m. Controls (Cont'd)

313N

II. Water coil, discharge temperature controlling mixing valve

» w. Air Coil c ——

1 G @

W ts
e T L
1O | ‘
Boiler - B A
D%% D
a. W, = f(tc, t;y t,, and wi) from coil routine (Eq. 1)
where w, = water flow rate to coil, lb/hr

wy o= air flow rate, 1lb/hr

ti = entering air temperature

tw = entering water temperature

b. Valve characteristic, assuming linear plug and a constant
supply and return pressure as shown in sketch:

1b/hr

W= a_ + al(ii) (Eq. 2)

Water flow

X
Valve opening 1

G % = f(ts, R, At, X X

c ’ TR) (Eq. 3)

m

d. All quantities are known except tc, W and x.

To solve: 1. Assume tc and solve for LA in Eq. 1.
2. Solve for x/xm in Eq. 2.
3. Solve for tc in Eq. 3.

Continue iteration until convergence

If supply pressure changes, Eq. 2 must be revised after
each iteration.
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5n. Heat transfer to pipes and ducts

where tfl = leaving temperature of fluid, °F
tfe = entering temperature of fluid, °F
t = ambient temperature

s
U = overall heat transfer coefficient through
duct or pipe, including insulation,

Btu/(hr)(£4°)(°F)
= perimeter, f%
length, ft
= mass flow rate of fluid, 1b/hr
o specific heat of fluid, Btu/(1b)(°F)

-(UPL/MCP)
b. tfl = (tfe - ts) e + ts

0 2 W
[

c. If ¢ = 120 F; ts =720F; U=1,5: P = 3 ft,

fe
L =40 ft; M = 9,000 1lb/hr; cp = 0,24

-(240/2160)
(120 - 70) e + 70

]

fl

114.7 F

"

fl

BRRLRRERERRRLER SRS 53333335%%



5-0., Part load performance of unitary air conditioners (3 to 5 ton)

a8, PF = f(ta) for a given temperature of the conditioned space

where PF = performance factor, Btu/kWh

ta = ambient temperature
b. PF = o, + ¢t + c.t 2
* i 2’a 3 a
C,
ty> °F PF, Btu/kWh
80 9,400
95 7,600
110 6,200
Al PF = 32510 - 420.8 t, + 1.661 ta2
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PART II. SYSTEM SIMULATION

©. REFINED VS. STREAMLINED PROCEDURES FOR SIMULATING
SYSTEMS

6-1. Introduction, The system simulation section of the

energy computation program receives information about the thermal
loads (heating and cooling, sensible and latent) of each of the
individual spaces in the building and converts this information
to energy requirements of the equipment. For most buildings 1t
is imperative that the loads on the individual spaces be used
rather than a net load on the entire building, because most
systems are sensitive not only to the net load, but also to how
that load is distributed. The frequency of the computation is
normally hourly for whatever days, months, or years that
represent f{ypical periods for energy calculations.

The ultimate test of a system simu;ation progrem 1s how
well the calculation matches the way the equipment performs.
A faithful system simulation, then, abides by all the rules that
the equipment itself observes: mass balances, energy balances,
equations of state of working‘substances, and performance
characteristics of individual components or subsystems. Such a
description of the task of system simulation makes the simulation

assignment appear straightforward, but in actual systems there are
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usually supplementary processes in operation in addition to the
basic ones, for example, heat transfer to or from ducts and pipes,
that frustrate attempts to achieve a simple simulation. Further-
more, the operating characteris.ics of a component shown in the
manufacturer's catalog may not prevail for the component when it
is installed in a system because of the influence of the inter-
connecting elements. Examples of such influences are the
alterations of performance characteristics of fans, heating or
cooling coils, or temperature sensing elements of a control due
to non-unitorm or non-ideal air-flow profiles.

LDespite the complications and the realization that the
energy computation will be subject to some e;rors, a program
must be developed that is not prohibitive in demands on the time
of the user or the computer. The task of the program developer
is to incorporate the mechanisms that have greatest influence
on the energy requirements and omit those of lesser importance.

6b-2. Departures from previous editions. The first two

editions of this system simulation booklet treated in considerable
detail one particular system (a four-zone dual-duct system whose
coils were supplied with chilled and hot water, respectively).

The instructions were provided with equations and decisions in
FORTRAN-type form so that it was a short step from the material in
the booklet to an operating program. The format of the presentation
in this current booklet is quite different for several reasons.
Computer programming capabilities in the air conditioning industry

have so advanced during the past five years that the FORTRAN form
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of presentation is superfluous, and indeed skilled programmers
might devise methods of translating the recommended logic 1nto

a program that is superior to one proposed by the authors of this
booklet.

One reaction of the users of the earlier editions of the
system simulation booklet was that they would prefer some guidance
on a wider variety of systems in addition to the one chosen. A
further reaction of users was that they would like recommendations
for streamlining energy calculations in order to make them more
practical during the design stage. The initial objective of the
ASHRAE Task Group on Energy Requirements was to develop the most
accurate procedures possible and leave to the judgment of the
practitioner how to revise and simplify. Responses from the field
continued to ask for recommendations for simplifications,and these
requests have influenced the presentation in this booklet.

The form of the system simulation section of this edition,
then, covers a number of systems encountered in current practice,
discusses in words and equations rather than in programming logic
the simulation procedures, and suggests modifications ot refined
simulation procedures that reduce programming effort and computer
running time with only a modest sacrifice in precision.

©6-2. The accuracy-complexity compromise. One of the major

reasons for complexity and long running time in system simulation
programs 1is the need to iterate during calculations because of the
existence of simultaneous equations. The ability to proceed
through a series of calculations in sequence requires much less
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computer time than if it is necessary to iterate through
calculation loops until convergence 1s achieved. On the other
hand, a precise representation of many air conditioning systems
necessarily incorporates simultaneous equations. The ASHRAE
Tausk Group on Energy Requirements sponsored a study* of simpli-
fication possibilities and a summary of the conclusions of that
study follows in the next several sections. The topics include:
(1) treatment of part-load operacviou of a vapor-compression water
chiller, (2) incorporating the effect of varying the condensing
temperature on a chiller, (3) simulating of wild cooling coils,
(4) effect of throttling range of controls in dual-duct and
terminal reheat systems, and (5) simplification of humidity
celculations.

6-4, Part-load operation of centrifugal water chillers.

Two types of control valves are in common use for regulating the
flow of water Lo cooling coils--the three-way valve as shown in
Fig. o-la and & two-way valve shown in Fig. 6-1b. The three-way
valve maintains an approximately constant flow rate of water
through the chiller, and as the refrigeration load decreases, the
temperature of the return water drops. With the two-way valve in
Fig. 6-1b, reduction in refrigeration load reduces the flow rate
of water. The behavior of the return water temperature is a
function of the heat-transfer characteristics of the coil and
control.

The fortunate behavior of the two systems in Fig. 6-1 is that

- mn e s e s = wm e s em e s e e wm wm em em M em Em ma s s e == == == R S| =

* Stoecker, W. F., R. P. Fenske, C. C. Wilkin, "The Accuracy-
Complexity Compromise in Simulating Systems for Energy
alculations," ASHRAE Trans., v. 79, part 2, pp. 152-158, 1973.
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Chiller Chiller

45 F

80 F at full

Alr D
80 F at full = =
load |, load |, =8

F(

o O

T

Coil/T Coil-/+

(a) three-way valve (b) two-way valve

Fig. 6-1. Two types of capacity control.
the energy per unit refrigeration (kw/ton) is approximately
identical in the two modes of control. The part-load computation
described in Section 5b of this booklet is applicable, then, to
both systems. For a given inlet condenser water tempersture the
kw/ton is dependent upon both the outlet chilled water temperature
(which in many systems remains constant) and the fraction of Ffull
load as computed according to the form illustrated in Section 5b,

6-5. Adjustment of kw/ton with a change in condensing

water temperature. The kw/ton of a centrifugal compressor water

chiller increases with an increase in condensing temperature.
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In the water chiller for which data are shown in Section 5b, the
kw/ton at a 40 F leaving chilled water temperature increases from
0.83%8 kw/ton with an 80 F temperature of entering condenser water
to 0.95 kw/ton with a 90 F entering temperature. It is clear that
changes 1in the level of temperature of the condenser cooling water
ghould be considered, but an accurate calculation of the subsystem

shown in kFig. 6-2 requires an iterative loop that alternates between

Tecwo rd«:*:x_

ﬁh@onstant water-flow rate A

- Cooling
tower

' \A' t
Condenser E::ﬁ:::f o

~ AN
s — tccw:L G

—_—

wb

Chillen

Fig;. 6-2. Condenser and cooling tower subsystem.

the cooling tower performance of Section 5g and the centrifugal
chiller, Section 5b. The cooling tower characteristics indicate

that the entering temperature of condenser cooling water, tccwi’

is a function of the leaving temperature of the cooling water, tccwo’

for a given wet-bulb temperature twb' Within the condenser, however,

the heat rejection rate controls the difference between tccwo and

and this rejection rate is a mild function of ¢t As

i ] . .
cewi’? ccwi

the wet-bulb temperature decreases tcc drops, even with a

wi
constant condenser heat load, but very likely the air-conditioning
load is also dropping with a reduction in the wet-bulb temperature.

Unless a control system exists that maintain ¢ constant

cewl
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(a practice tuat requires more chiller energy than necessary)

the kw/ton should be reduced as the wet-bulb temperature drops.

A crude rule of thumb is thet the temperature of the condenser
cooling water drops 1 °F for each 1 °F drop in wet-bulb tewperature.
1t is probably preferable to use such an approximation in

comparison to assuming t remains constant.

cewi
6-6. Wild cooling coil. Some designers choose to operate

the cooling coil of a dual-duct system with full flow of chilled
water at a constant supply temperature. The rationale for this
decision is that during mild weather when high humidity might be
a problem, the cooling coil delivers low-temperature air with a
large ratio of latent-to-~-total heat removal. An appreciable
error can result in the calculated cooling capacity of the coil
if a constant outlet air temperature is assumed, rather than
computing the actual outlet air conditions. 1In one case explored,
at an air flow rate 50 percent of design, the actual coollng
capacity of the coil was of the order of 20 percent higher than
if a controller had regulated the outlet temperature at a constant
value.

The procedures in Section 5d for a cooling and dehumidifying
coil are recommended.

6-7. Throttling range of controls in dual-duct and torminal

reheat systems. A deviation of the controlled varisble from the

set point is a fundamental requirement for motivating a controller.
The temperature of a fluid being heated, for example, must
progressively drop in order for the thermostat and heat controller
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to provide a higher rate of heat flow. The difference in temperatur:

of the controlled fluid between the zero load and full load conditic

is called the "Throttling range." Throttling ranges in space
thernontats may be of the order of 1 to 2 °F, but a 5 °F throttling
range may be typical in duct air temperature controllers.

The throttling range has special influence in the dual-duct

(or multizone) and the terminal reheat systems. In the dual-duct
gystem the air temperature in the hot duct at part load rises
higher than itg value at full load requiring more heating energy

and an associated increase in cooling energy over the amounts that
would be required if the hot-duct air temperature remained
congtant. A corresponding effect occurs at part-load operation

of the cooling coil.

In the terminal reheat system, the throttling range in the
controller of the cooling coil causes a reduction in temperature
of cool air that flows to the reheat coils. The lower-than-
necessary temperature of the cool air causes additional cooling
energy requirements and corresponding increases in reheat
coil energy.

Neglecting the influence of throttling ranges may result
In underestimates of both heating and cooling energy of the
order of 5 to 15 percent at part loads, but generally very little
error occurs near full-load operation., A highly-refined calculation
requires introduction of the control characteristics in a manner
similar to that explained in Section 5m. Such a procedure is

somewhat costly in computer time, so Chapter 7 proposes a
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compromise procedure that acknowledges throttling fanges, but in

an approximate manner,

6-8. Avoiding iterations for space humidities. To compute

the latent heat removal at a cooling coil (Section 5d) the humidity
ratio of the air entering the coil must be known,but this variable
is dependent upon the humidities in the conditioned spaces and in
the return air. Calculation of the latent heat removal by the
cooling coil can correctly be performed by iterating around the
air circuit, but iterations are to be avoided, if possible.

We propose the following procedure that is illustrated by tne

regions on the psychrometric chart, Fig. 6-3. Of interest is the

assume 90 percent
relative humidity
leaving coll

e wms e o mmm ]

coil performs
sensible cooling
only
| Aeaving air dry -

bulb temperature

temperature, °F

Fig. ©6-3. Computing humidity of outlet air from a coil
as a function of entering air conditions.

numidity ratio, Ib/Ib
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reglon where the inlet air tewperature is greater than the

outlet air temperature. This region is in turn divided into two
parta, II the humidity ratio of the entering air is higher Lhan
that corresponding to 90 percent relative humidity at the leaving
alr temperature of the coil, the outlet condition is assigned a
relative humidity of 90 percent. If the entering humidity ratio
is lower than the above condition, then the coil shall be
consldered to perform sensible cooling only.

The basis for the above proposal is that there would
norwally be only a small error introduced by an inaccuracy in
predicting the outlet relative humidity so long as the coil per-
forms some dehumidification. Examination of catalog data from
coil manufacturers shows that the outlet relative humidity may be
as high as 98 percent, but this value occurs with a deep coil
(10 rows, for example) with low air face velocity (330 fpm) and
high humidity ratio of entering air. A shallow coil (3 rows) with
a high air face velocity (600 rpm) may have outlet air humidities
of about 85 percent. The error in cooling energy near a full
load condition at these extremes might be of the order of 5 percent
but under some conditions the error is on the high side and
other times too low, so there is a compensating effect with

respect to the cumulative energy requirements.

75




STV Y

PEPRPERERSII Y

YY)

7+ SIMULATION OF SELECTED SYSTEMS AND SUBSYSTEMS

7-1. Introduction. This chapter presents recommended

procedures for simulating the following systems: terminal reheat,
dual duct or multizone, variable air volume, air—water induction,
decentralized heat pump, internal source heat pump, and combined

alr system and perimeter radiation. 1In addition, procedures are
presented for simulating the outdoor air control that is a component
of many air systems. The procedures are applicable Lo the convention.
arrangements shown for these various systems. There are dozens

of variations of these basic systems, and often a variation

(for example, in a control sequence) requires a modification of

the simulation procedure. The responsibility still rests with the
developer of the simulation brogram to match the simulation to

the actual system. It is intended, however, that the patterns
explained in this chapter will be applicable to the majority of
simulation assignments and also provide the program developer with

& notion of the degree of detail that the Tagk Group on lnergy
Requirements envisions as appropriate for most energy analysen,

The structure of most of the system presentations in the
following chapter includes (1) system characteristics that munt be
known, (2) information that must be fed from the Load
Program, (3) calculation procedure that results in values ot heating,
cooling and shaft work energy. There are occasional references to

the Load Calculation Booklet, which is a companion document to this

system simulation booklet, for which the specific reference is:

"Procedure for Determining Heating and Cooling Loads for
Computerized Energy Calculations--Algorithms for Building Heat;
Transfer Subroutines, M. Lokmanhekim, ed; compiled and published
by tpe ASHRAE Task Group on knergy Requirements for Heating and
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Variables used in the equations are defined appropriate to

each system or subsystem, but the symbols general to all are:

Nomenclature
¢y = specific heat of humid air = 0.245 Btu/(1b)(°F)
h = enthalpy, Btu/1b
q = rate of heat transfer, Btu/hr
t = temperature, °F
W =  humildity ratio, 1lb of HEO per 1lb of dry air
W = mass rate of flow, 1b/hr

7=2, Outdoor air control. This subsystem is common to many

alr-type thermal distribution systems and is often equipped so that
outdoor air may be used for cooling. The minimum supply of outdoor

ventilation air must always be provided.

Py mixed air to conditioner
Outdoor > t W W >
U op® Yop* Yop Srix Wmix® Ymix

W
rc
turn air
-, . re
i o e
Exhaust  w,_ Voo Yra

Fig. 7-1. Outdoor air control.

If dampers are fixed and set so that minimum outdoor air is alwsys

Rgovided

System characteristics needed:

oD . min® value of minimum flow rate of outdoor ventilation air
L]
Woix? flow rate of supply air to conditioner and system

Yald
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From load program

t temperature of outdoor air

oD
From simulation of rest of system
tra’ temperature of return air
wra’ humidity ratio of return air
Procedure
Snix * [Fra(wmix ~ Yop,min’ * Y00"0D,min| / “mix
W )+ WODWOD,min] / mix

mix [wra(wmix - YoD,min

If outdoor air cooling is used

System characteristics needed:
WoD.min® value of minimum flow rate of outdoor ventilation air
,min

Woix? flow rate of supply air to conditioner and system
tOD co? changeover temperature from minimum ventilation
’ air to 100 percent outdoor air (often same as
return air temperature)
: ;mig,set desired temperature of mixed air
rom loa ogram
ton Wop
From simulation of rest of system
tra’ wra
Procedure
I %Top 2 ¥op,eo
Smix =[}ra(wmix - wOD,min) + tODwOD,min] / Wiy
Whix =‘Yra(wmix - wOD,min) M wODWOD,min:] / Vnix
. tmix,set < tOD < tOD,co

100 percent outdoor air, thus

thix = Yop

Wnix = Yop
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1 tx 3 tOD < 1;mix,set
where tx is the outdoor temperature at which the
outdoor air damper has closed to its minimum flow
position, thus
e =[}mixtmix,set - (wmix - wOD,min)tra] / “OoU,min
then
bhix = tmix,set
w - tra = tmix,setj) N
oD tra ~ tOD mix
Wmix MopYop  * WpalWpiy - wOD)] / Wnix
el top < x
Chix = [%ra(wmix - wOD,min) * tODWOD,min] / “mix
Wopix = [yra(wmin - wOD,min) £ wODWOD,min / Yoix
?-5. Terminal reheat system.
© @ w
N mix e be Reheat
OD air t = [ | | Reheat
S Cooling {::E_F ﬁ? T} coil
coil
LY T Wo t2,i
Recirc. Zone 1 Zone 2
\ q 4
\ s. x| A
1, 1/
’ Return -
I ir htg. t:%—J
\ t W tl
- A ra N & 1, » T
rxhaust W C/ . T
by
Fig. 7-2. Terminal reheat system.
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System characteristics needed:
Wis eee W flow rate to each zone. These are constant,
tc setting

tl,o 7 tn,o settings of space thermostats

supply fan air power and return fan air power

magnitude of return air heat (for example for lights) for
each zone

operating schedule specifying which hours and which days
the system operates

From load program

Qg 1 »-- U sensible heat gains or losses from each zon
k] ?
(the q_'s are positive if they indicate heat added to
= the sgpace)
qL,l "t qL,n latent heat gain in each zone
Procedure

Conditions at point 2 leaving the cooling coil

t2 = tc

W2 is the humidity ratio computed according to Section 6-8.
(

after the first hour of calculation, use wmix from

previous hour to determine region on psychrometric
chart, Fig. 6-3)

h2 = enthalpy computed using PSY in Load Calculation Booklet
based on t2 and w2

Entering tewmperature to zones

qs 1
R =
) lp

similarly for other zones
Zone return air temperature and humidity ratio

t -t + Ieturn air heating, Btu/hr
T 1,0 wlcp
q
W Y L,1 Btu/hr

B w, (1060 Btu/Ib)

similarly for other zones



Temperature and humidity ratio of combined return air
t Wo + o + w
1 el

o - n,-'n
r Wa + e + W
1 n
W Wi + e6e + W W
W= W = et e n,r'n
r ra Wi+ . + W
n

WIMnns

8 teturn alr temperature to conditioner
N _ N return fan air power, Btu/hr
ra r (w1 + eee + wn) cp

Mix Ctemperature and humidity ratio
(Bee outdoor air control, Section 7-2)

lemperature after supply fan
(This heating effect should be introduced after the coil
for a draw-through arrangement)

_ supply fan air power, Btu/hr
t = t_. +
1 mix. (w1 + e+ wn) cp

MINT

Wi T Wiy
Enthalpy after supply fan

h] from PEY in Load Calculation Booklet using tl and wl

llnergy summaries
Heating energy of reheat coils

Yrh,1 L] cp(tl,i - tc)

similarly for other zones, then sum the qrh's
Cooling energy

qcool
Electric energy: supply air fan and return air fan
If _throttling range of cooling coil control considered

Additional system information needed: relationship for tc
as a function of the cooling load, q Fig. 7-3

(hl - h2>(wl 5 E.pg H wn)

cool?

g = @ & b(qcool) ,
t throttling
where a and b are constants c yrange

k"™ design load
Q001" Btu/hr

Fig. 7-3. Throttling range of
cooling coil
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Procedure:

After first hour of calculation, use q from previous

cool
hour to compute tc for present hour.

7-4, Dual-duct or multizone system

@ t

o

Heating v ~— P

- ® S ] D o %f)

% mix ( 5 boxI £ Zone Zone 2

AN 1,4

mix b_ \q

T W)c N\ 91,1
qs,l

\\ tc

Recirc.

(@]
(=
jod]
s
H

Pgp
—~
|
I

k&

., 0

Cooling | Return e
coil air htg. L _J

. S
ra W t

-4—4& W tn l’ﬂr 1 e L

Exhaust ra O T S

Fig. 7-4, Dual-duct system

System characteristics needed

Wiy eee W air flow rates to each zone, 1lb/hr
(these values remain constant)

tc and th setting. (Some systems program t, from the
outdoor temperature)

space thermostat settings tl,o’ 5 5 5 tn,o

magnitude of return air heating for each zone
supply fan air power and return fan air power

operating schedule specifying which hours and which days
the system operates

From load program

Ao 7 -+ 94 g sensible heat gains or losses from each zone
Dy ’

(the q's are positive if they indicate heat added
to the space)

qL,l v qL,n latent heat gain in each zone
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Procedure
Conditions at 2

tr = %,

w2 = wmix from calculation of previous hour
Conditions at 3

t5 = tc

WB = humidity ratio computed according to Section 6-8
(after first hour of calculation use wmix from
previous hour to determine region on psychrometric
chart, Fig. 6-3).

h; = ‘enthalpy from PSY in Load Calculation Booklet
= using t, and W
3 3
tntering temperature toqzones, for example entering Zone 1, tl_
o
Y1, 7 %10 - wscl
9 k] lp

similarly for other zones

Mass flow rates of warm and cool air to zones, for example Zone

t, . -t
w = W —111___§
1,h 1\ 5, - %5

W = W
1,c¢

1~ Y1,n

similarly for other zones
sone return air temperature and humidity ratio

& = E . Ifeturn air heating, Btu/hr
U l,0 w,C
b
7, 1 Btu/hr -
Wip T <F2W1,h * Wawy ot 1060 ) /Wy

similarly for other zones
Temperature and humidity ratio of combined return air

tl,rwl +  eee  + tn "

& - , o' n
r Wy ot e+ W
T q wl,rwl +  eee o+ wn,rwn
T ra Wi+ e W,

similarly for other zones

83



AR AR R AR R R R EE AR RNESY

Return air temperature to conditioner

n - t 4 Leturn air fan power, Btu/hr
ra T (w1 + oeee + wn)cp
Mix temperature and humidity ratio

(See outdoor air control, Section 7-2)

Temperature and humidity ratio and enthalpy after supply fan

supply fan air power
tl - tmix * (w, + + W_)cC
1 ® o e n
W P
hl from PSY in Load Calculation Booklet uging t] and wl

Energy summaries

Heating energy of heating coil

qy = (wl,h + oees + wn,h>(t2 - tl)cp

Cooling energy at cooling coil

q - =
cool = (wl_’c + oeee 4+ wn,c>(h5 hl)

Electric energy

energy for supply-air fan and return-air fan

If throttling ranges of controls of cooling coil and heating coil

are considered.

Additional system information needed:

instead of t, = t Throttld
2 h range
t2 = th + ey - blqh as in Fig. 7-5 t2-<- .
where a; and b1 are constants \\t
h
t, 1s either fixed or programmed on
h , ~ design
the basis of outdoor temperature
A, Btu/hr
For the cooling coil, Fig. 7-5. Throttling

range of heating coil.
te = B3 25(35501)
corresponding to Fig. 7-3.
Procedure: after the first hour of calculation, use Yool and qQy,

from previous hour to compute t2 and t3 for present hour.
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7=2-

Variable-air-volume system. -

@ ©)

outd6§$ g

air

tra heating

tmix /*j—‘—* e -
Wmix \ c \

- /\“1 7 2
CoolT '
o1l @ Lllgy

Zone 1 qs,l Zone 2

tl,o

C ™

Exna“u‘\!sf*

t W t
W, O ko l,r y'1l,r B

r

Fig. 7-6. Variable-volume system--cooling

capability only.

System characteristics needed:

t
C

-

L. ‘o
1,0 tn,o

alr temperature leaving cooling coil

settings of space thermostats

magni tude of return air heating for each zone

supply fan power as a function of flow rate and static pressure

Fronm load program
Ao 1 e dg o sensible heat gains or losses from each zone
Dy ]
(only heat gains can be accommodated here)
qL,l T qL,n latent heat gain in each zone

Procedure

Temperature and humidity ratio at 2.

t.
2

= t

-

W, is the humidity ratio computed according to Section 6-8

[l

h;

(after the first hour of calculation use wmix from

the previous hour to determine region on the
psychrometric chart, Fig. 6-3.

= enthalpy from PSY in Load Calculation Booklet
using t2 and w2.
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Flow rates to zones
qs,l

W =
c (t
p(

1

l,0 ~ tc)

similarly for other zones
Zone return air temperature and humidity ratio

& o , Leturn air heating, Btu/hr
l,r 1,0 Wy ;% -
u
W = W + qL‘l
l,r e 1060 Wy

similarly for other zones

Temperature and humidity ratio of combined return air

. ) tl,rwl + vva + tn,rwn
I‘ w + L + w
1 n
) oy ) wl,rwl + e + wn,rwn
= = +
g ra w1 4 - ERE wn

Return air temperature to conditioner
% q = + return air fan power
ra r (w1 + eee + wn)cp

Mix temperature and humidity ratio
See outdoor air control, Section 7-2.
Temperature and humidity ratio after the supply fan

t -t , Supply fan air power, Btu/hr
1 mix (w1 + eee + wn)c
Wy = Whiy
hl from PSY in Load Calculation Booklet, using tl and Wl

Power for supply-air fan

The power required by the motor driving the supply fan

in a VAV system may be appreciable, particularly in a
high-pressure system. Over a range of operating conditions
of the system, this power may vary appreciably. Figure 7-7
shows the power required by the fan of one manufacturer
under two methods of control. In the "throttling only"
mode the static pressure increases as the dampers at the
zones reduce the flow rate of air.

When inlet-vane regulation is provided to maintain a
constant static pressure, the power required by the fan
drops off noticeably as the flow decreases. Since the
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Air flow rate, thousands of c¢fm
Fig. 7-7. Power required by a fan in a variable-volume
system. (The inlet vane control maintains constant

dlscharge static pressure).

fan 1s a high consumer of energy, calculation of its
power requirement at part-load will enhance the

accuracy of the energy calculation.

An approximation

that 1s far superior to assuming a constant power
requirement on a variable-volume fan would be to
assume a linear variation in power as a function

of air-flow rate

Energy summaries

Cooling energy

9001 *

Electric energies

supply-air fan motor
return-air fan motor

1)
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7-6. Air-water induction units.

@ Primary air

O |__
el tg ,

vmwém
"Hot water
| ~ ; b
Cooling Reheat +
i coil  coil Invad 4
Zone 1 Zone 2
| ’QC,l
I
| . t l §Hil1ed wat
-l | r,a " w
kxhaust W Cj\ Ll,r N
I',a 7 wr tr

Fig. 7-8. Air-water induction system.

System operation on which simulation procedure 1is predicuatad:
Bach zone receives a specified flow rate of primary air
supplied at a temperature tc that is programmed according to Lpe

outdoor temperature (see page 4.6, ASHRAE Handbook and Product
Directory, 1973 Systems.) The primary air at the induction unit

aspirates secondary air from the room over a cooling or h
coil. Figure 7

eatlng
-8 shows a 4-pipe system with separate healing and
cooling coils in the induction unit. If instead a two-pipe sysltem
is used, it is assumed that the conditions of the primary air
combined with the available temperature of water can accommodate
the varied heating and cooling loads prevailing in the zones.
These systems are often designed so that the cooling coil 1n the
induction

This mode of operation will be assumed in the procedure below
resulting in all of the latent heat being removed by the primary
air, The air-water System is often designed so the primary air

is 100 percent outside air. ‘'Ilie simulation procedure assumes

100 percent outside air, but if such is not the case,
of Section 7-2 may be applied.

the methods

88
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System characteristics needed

Wi ees W the rates of primary air flow to each zorne

t] mes the settings of the space thermostats
1,0 n,o

- )
schedule of tc as a function of outdoor temperature

supply fan air power and return fan air power
From load profram

q | sensible heat gains or losses from each
s,1 "g,n

zone (a positive sign indicates a heat gain)
q q latent heat gain in each zone
Lyl .. L
’ 0

outdoor conditions tOD’ wOD

Procedure:

Temperature leaving central conditioner

tp of primary air from tc VS tOD program

Heating (qh,l> or cooling (qc,l) required by water coil in

Zone 1
If wlcp(tl,o - tc) < qs,l
then water coil cooling capacity is
9%,1 = 95,1 - wlcp(tl,o - %)
d = 0
an qh,l
- >
1 wlcp(tl,o tc) qs,l
then water coil heating capacity is
9n,1 = 7 9%,1 ¢ wlcp(tl,o - tg)
and = 0
1N qc’l

bnergy swunary
Henting energies

zore coils qh,l + e + qh,h

preheat and reheat coils

(w1 t e+ wn)(tc - tOD)cp
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Cooling energy
zone coils qc,l + «es + @

primary air cooling coil

where hOD is calculated from PSY in load

op &nd Wgp

and h, is computed from PSY using tc and

calculation Booklet using &

(w2 computed from Sec. 6-8)
Electric energy
supply-air fan and return-air fan

7=-7. Decentralized heat pumps. The flow diagram of this

system, Fig. 7-9, shows a water circulating loop supplying or

1,vent

ek e
eat pump

| Zone 1 | nit

IW

1 v | .
e ]

r=
I

—\qu'H
L

e ]

Heat Heater S
Rejector

L=

Fig. 7-9. Decentralized heat pump system.,
absorbing heat from individual heat pump units in the zones. If
the loop water supplies a net quantity of heat to the heat pumps,
the supply temperature ts drops to a low value tlow (75 °F, for
example) at which point the heater in the water loop comes into
service. When there is a net rejection of heat to the water loop,
t, rises to a high value thigh (90 °F, for example) at which point

90




a heat rejector comes into service. Because a net value of zero
heat rejection or absorption by the water loop is unlikely, the

simulation procedure is based on ts being either at t or

low E high’

Numerous verdons of the terminal unit are available, including
heating -and-cooling capabilities of the vapor compression unit;
cooling only with the compression unit combined with ~lcotric
heating; and with-or-without ventilation air capabilitics. The
simulation procedure below presupposes a heating/coolin: heat pump
with ventilation capabilities.

System information needed
l'or each heat pump unit, the a-values and the b-values in the

tables below

Heuting operation

Inlet water Heating Power Heat abosrbed from
teuperature| capacity required loop water, Btu/hr
Btu/hr kW
b1ow k] 812 213
Yhigh 801 822 353
ooling operation
Inlet water | Air wet Cooling Power Heat rejected
temperature | bulb temp, | capacity | required| to water
°F Btu/hr kW Rtu/hr
tlow 60 bll b12 b15
68 b21 b22 1)25
. & P21 2o T
thigh 60 bLl—l b42 b/+5
o8 b51 P52 b3
72 61 P2 be3

Flow rate of ventilation air to each decentralized unit
W 1b/hr
l,vent

Settings of space temperatures tl, t2, etc.
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Frow load program

sensible heat gain (or loss), exclusive

q ® » o q
S,1 '8 6f ventilation air load, Btu/br

Qp q e 91 5 latent heat gain, exclusive of ventilution
i ’ air load, Btu/hr
tOD outdoor air temperature

wOD ocutdoor air humidity ratio

hOD outdoor air enthalpy

Procedure
wstabli &t ' .
kstahlish tS as either tlow high®
net rejection or absorption, respectively, of

or t based on whether
heat from water loop during previous hour
of computation

Determine whether heat pump in heating or cooling wnode

Heating mode if %1 P wl,vent(tl - tOD)(cp)

q +ow oo
Fl = fraction of operating time = 8,1 1‘V('nl’(tl tOD
a,, or 851 whicheve
applicable
Pl = power required by heat pump unit, kW

(Fl)(a12 OT 8,55, Wwhichever is applicable)
9.1 = heat transferred to loop water
]

= (--Fl)(al5 or 855, whichever is applicuble)

similarly for other zones
Cooling mode if qs,l < wl,vent(tl - tOD)

.
i}

humidity ratio in zone
91,1

_ O ventWop  + —Hi

wl,vent

WBT = wet bulb temperature in zone from PSY in
Load Calculation Booklet using tl and w1

h = enthalpy in space from PSY using tl and W1
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= cooling capacity of unit by interpolation
based on WBT, between b and b31

1 11
b41 and b61’ whichever is applicable

fraction of operating time

qc,l

or between

i
]

- h

Ag1 * 97,1 * W1, yent(Bop = D)

qc,l

ALTITTIINNNAY

d
]

power required oy heat pump unit

(FiKvalue from interpolation based on WBTl
between b12 and b32 or between b42 and b62 3
whichever is applicable)

Q, 7 = heat transferred to water in loop
y-

3%y

= (Fﬂ(value from interpolation based on WBT,
between b13 and b55 or b45 and b65’

whichever is applicable)

Determination of loop water temperature

1t Qet > 0 then ts = thigh
where et = qw,1 + qW,2 + ees qw,n
If et < 0 then ts = tlow

use this value of ts in next hour calculation

nergy summaries
Hewt pump energy

Pl + + Pn

Lonp heating energy
dpet Btu/hr 1if qnet<; 0

Auxiliaries
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7-8. Internal-source heat pump. The central component of this
system, illustrated in Fig. 7-10, is the heat pump whose purpose
is to transfer heat from cooling assignments to locations where

heating is needed. If more heat is available at the condenser of

Refrigerant
e ‘ .
Cooling
tower
e |
- ' Supplementary
q Lt o
gpn@ tcon o—-- q/\q,FQ?ft___,.TO
k. q heatin
H““m ' Condenser @! - h units
ompre¢ssor
P
[
( —® To cooling coils
Evaporator € 9001

Fig. 7-10. Internal-source heat pump,
the heat pump than needed in the heating assignments, .the excess
heat is rejected to u cooling tower.

System information needed
The compressor power requirement P and the heat rejection rate
at the condenser doong 8S @ function of the cooling capacity
U o01 ls needed at least for two levels of condensing temperature
The high level of condensing temperature is that typical of
operation when the cooling tower must be in service., The
low level of condensing temperature should be typlcal of
conditions when &1l of the heat rejection from the condenser
is needed for the heating assignments. Thus,

at high condensing

temperature Py kW = @chool Btu/hr)

and ql,cond Btu/hr = fe(qCOOI Btu./hr)
at low condensing P, kW = f,(q Btu/hr)
temperature 2 3" *cool
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Information needed from companion system simulation

Yeool and q), are values fed from a companion system simulation

of applicable system(s) such as dual-duct, perimeter
radiation, induction units, etc.

Determination of mode of operation

Compute ql,cond and q2,cond

1f ds cond = Qy, the cooling tower should be iin operation
! and the high condensing temperature
applies

then P = P1

If 95 cond <;qh the supplementary heater should be in
! operation and the low condensing
temperature applies

then P = P2
Energy sumnmary
Heat pump energy, kW = P
Supplementary heater energy (if operating) = 9 = 95 cond
-9

Auxiliaries
Posaible refinoment

Compute heat pump power, P, using equations in Section 5b
at the spplicable chilled water and condenser water
temperatures.

7~9. _Combined air system and perimeter wonvectors. Especially

in cold climates many buildings have their exterior zones equipped

with a combination of an air system (dual-duct, variable volune,

S or terminal reheat) and with perimeter convectors supplied with

hot water, as shown in Fig. 7-11. The temperature of the hot water

“}\ s  Sem——

s, N qp
Zone 1 Zone 2

N
/ ¥
air system

q

Fig., 7-11 Combination of air system and perimeter convectors.
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is often vrogrammed according to the outdoor temperature,
Fig. 7~12, so that the output of the perimeter units, qp Btu/hr,

shown in Fig. 7-13, increases with a reduced outdoor ftempcruture.
=y
o
4y
@] -~
Q)S H‘\‘\ ,Fc_! -
i <l i
d
% ? MRH“MH g ////’
b b 2
Q)H -
QR Ry
g o
v 3
& @ ) o
Outdoor temperature, °F Hot-water supply temp., °F
Fig. 7-12. Hot water Fig. 7-1%, Thermal oubtput
temperature supplied to of convectors

perimeter units

The simulation of the air system proceeds as ocutlined previously
in this chapter except that the sensible heat load on a zone is
increased by the value qp.

7=10. Conclusion. Magnitudes of the heating energy

requirement and the cooling energy requirement are the output
information for many of the simulations illustrated in this chapter.
When the system includes a central heating (hot water or stcam)
plant, the thermal load must then be translated to a basic

energy requirement (gas, oil, electricity) through application

of the appropriate conversion efficiency. The cooling energy
requirement must be translated into an clectric energy

requirement (for vapor compression refrigeration) or into

steam/hot water requirements and ultimately fuel requirements

(for an absorption chilling plant).
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