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ABSTRACT

A method 1s described in which an IBM 650 computer
is used to determine the electrical output of a
steam power station under all practlcal modes of
~operatlion. The output was calculated as a function
of high- and low-pressure export steam and boiler
output. The calculated and actual production of
electricity differed by less than one per cent.

External Distribution accordlng to
TID-4500 (9th Ed.)
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COMPUTATIONS CN THE PERFORMANCE OF A POWER STATION I
Automatic Extraction Turbogenerators

INTRODUCTICN

The performance characteristics of each plece of equipment
in a power station are usually known from data supplied by the manu-
facturer. However, when export steam is obtained from either of two
turbogenerators, or from both, it 1s difficult to predetermine the
amount of electricity that can be generated. While an operator can
change the distribution of steam to the various components of the
system to meet the desired power output, he is not assured of meeting
this condition with optimum economy. Thus, 1t 1s desirable to have
performance curves for all situations 1llkely to occur in the power
station. This report explains how a medium-speed digital computer,
the IBM 650, was used to predict the performance of a power station
for all feasible modeg of operation.

SUMMARY

To provlde the data required to establish the most eco-
nomical method of operatiocn, the electrical cutput of a steam power

station was computed as a function of high- and low-pressure export
steam and boiler loads. The ranges of the 1ndependent variables were
sufficient to cover all practicable mocdes of operation of the power

station.

Standard operating procedures were esgitablished on the basis
of these calculations.

To test the validity of the computational method, the
electrical output of the power station was computed for April 1955 on
the basis of the export-steam and boller loads that existed during
that month. The actual and the calculated production of electricity
differed by less than one per cent.

The computation of each heat balance consumed ten seconds
of IBM 650 time. Approximately 1000 balances were necessary for each
of the many combinations of equipment. One man-month was required to
code the problem. Ten hours of machlne time were -used for check-out
and 40 hours for production runs. The estimated time for manual
computation of these balances was six man-years.

This report describes computational methods only.

DISCUSSICN

MATHEMATICATL, METHOD OF COMPUTATION

The units ¢f the power staticn are shown in Figure 1. The
definitlions of symbols appearing in Figure 1 are given in the
Appendix. Thisz figure has been simplified by showing only cne unit
of each type of equipment. However, the full complement of the
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station was considered in the equations shown in the Appendix.

The general method of solution was as follows. The symbols
are defined in the Appendix.

1. Assume that steam is generated at the rate of A 1b/hr-

boiler.

2. Assume that high-pressure steam is exported at the rate
of B 1b/hr. ,
Assume that low-pressure steam is exported at the rate
of ¢ 1b/hr.

Calculate all possible flows and enthalpies of the
system from these three variables, and the fixed
quantities such as the enthalpy of A, B, and C, the
gland drawoff from the high-pressure turbogenerator
(HP turbine), the enthalpy of the steam in the high-
pressure header, etc. These calculations require only
material and energy balances.

5. Assume a value for the extracticn, %107 from the low-

pressure (LP) turbine to the low-pressure header. (The
removal of steam from the periphery of a turbine at
certaln locations is termed an extraction.)

6. Continue calculating all flows and enthalpies through
the turbine, condenser, heaters, and deaeratcr. The
calculated enthalpy of the feed water leaving the
deaerator must be equal to a constant determined by
boiler feed conditions.

7. If this calculated enthalpy 1s not equal to the desired
enthalpy, a correctlion must be made on X10° For ex-

ample, if the calculated enthalpy is too low, 1t can be
Increased by increasing x,,, and repeating steps (6)

and (7) until the calculated enthalpy converges to the
desired value.

8. Now that all flows and enthalpies are in balance, the
electrical output from the turbines is calculated from
the performance curves or formulas available for these
turbines.

9. Net electrical output is obtained by computing losses
within the power station, and subtracting these from
the gross output.

This procedure was followed for approximately 1000 combi-
naticns of A, B, -and C, covering the entire range. This large set of
heat balances was made for each feasible combination of the power
station equipment consisting of n boilers, Dy high-pressure turbines,

and np, low-pressure furbines.

MACHINE PROCEDURES

Most of the equationg used were simple algebralc equations.
Fixed-decimal coding was used. Whenever the information was avalla-
ble only in graphical form, the Table-Look-Up feature of the IBM 650
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was used. A maximum of 20 number pairs (ordlnate and abscissa) was
uged for each group, with both numbers of a pailr packed into one ten-
digit storage.

The most Iintricate porticn of the program was an interpo-
latlion routine. 8Since the electrical output was a fairly smooth
function of boller load A, it was possible To use a large increment
in the values of A within most of the range. Smaller increments
were used in the region where turbine limitations were encountered.
For example, it was necessary that X1q remain between an upper and a
lower 1imit. Suppose that for A = Ao the heat balance forced X7 to
become less than its minimum allowable value. Also, suppose that for
A= A + AA the same was true, but for A = AO + 2AA, X4 became

greater than the critical vailue. The program then reduced A to
A, + AR + 0.1(1)(AA), and successively assigned to 1 the values 1, 2,

3, ... until X171 became greater than its critical value. A similar
program was used for the case where X5 exceeded its maximum per-

missible value. In this manner the entire range of A was covered
with a minimum number of balances, wilthout sacrificing precision
where 1t was needed.

The output information was printed on an IBM Type 402
Accounting Machine from cards punched by the IBM 650. To provide as
many columns as possible with alphabetic printing, five pages of out-
put were produced for each value of B, C, n, s and ny . A sample
set of five such pages 1s shown in Figures 2 through 6. The numbers
are fictitious, being for 1llustrative purposes only. The headings
of each column, except the last, define the contents of that cclumn.
The last column contains a code word indicating an invalid problem.
For example, the code 6666 was used in the last column when x,; was
less than its minimum allowable value.
and n

For a glven n, n a family of curves of electrical

H’ L’
output as a function of A,y B, and C, was drawn from the printed out-
put.

G & /é/m-%w

R. R. Haefner
Theoretical Physics Division
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APPENDIX

DEFINITION COF TERMS

A steam flow at the superheater outlet of the boiler,
1b/hr-boiler

flow of high-pressure export steam, 1b/hr

flow of low-pressure export steam, 1b/hr

number of boillers in service

number of high-pressure (HP) turbines in service
number of low-pressure (LP) turbines in service
total flow of feed water to the boilers, 1b/hr

total flow of superheated steam to the pressure-
reducing and desuperheating stations, 1lb/hr. x
greater than zero only when the boiler output
exceeds the allowable HP turbine input

o4O B3 QW
(RVI w o

5

5 is

total desuperheating water to the pressure-reducing
and desuperheating stations, 1b/hr

Xy steam fiow from the HP header to the desuperheating
station for HP export steam, 1lb/hr

x5 flow cf desuperheating water to the HP export steam
desuperheater, 1b/hr

Xg steam flow 1b/hr-boiler from the HP header to No. 4
Heater of the boiler feed water

7 steam flow to the throttle of the LP turbine, 1b/hr-
LFP turbine

Xg flow of steam to the No. 3 Heater, 1b/hr-LP turbine

X high-pressure extraction from the LP turbine, 1b/hr-
LP turbine

X0 low-pressure extraction from the LP turbine, 1b/hr-
LP turkine

Xqq steam flow to the low-pressure section of the LP
turbine, 1b/hr-LP turbine

X), uncontrolled extraction from the LP turbine, 1b/hr-
LP turbine

xl5 flow of steam from the LP header to the LP export
steam desuperheater, 1b/hr

x15 total condensate flow from the No. % Heaters to the

desuperheating water tanks, 1b/hr

b d total flash steam flow from the desuperheaterlstorage
16
tanks, 1b/hr

1 total overflow from the desuperheater water storage
T tanks, 1b/hr

~13-




total flow of steam from the low-pressure header to
the deaerators, 1b/hr

total feed water flow to the deaerators from the
blowdown heat exchangers, 1lb/hr

liquid flow to the blowdown tank, 1b/hr-boiler

total atomizlng steam to the desuperheater stations
for HP export steam

gland take-off from the HP turbine, 1in 1b/hr-HP
turbine

atomizing steam flow from the HP header to the LP
export desuperheater, 1b/hr

steam flow to the air ejector, 1lb/hr. (not shown in
diagram)

flow of flash steam from the blowdown tank to the
deaerator, 1b/hr-boiler

enthalpy of the LP export steam, Btu/lb
enthalpy of the gland take-off, Btu/lb

increase 1n enthalpy of the boiler feed water
passing through the No. 3 Heater

decrease in enthalpy in the No. 3 Heaters of the
condensate from the No. 4 Heaters

enthalpy of the desuperheating water, Btu/lb
enthalpy of the steam in the HP header, Btu/lb

enthalpy of the flash steam from the blowdown tank,
or desuperheater water sforage tank, Btu/lb

enthalpy of the high-pressure extraction steam,
Btu/1b '

difference 1n enthalpy between the feed water
entering No. 2 Heater, and the waste water leaving
that heater, Btu/lb

enthalpy of low-pressure extraction, Btu/lb

enthalpy of the exit liguid from the blowdown tank,
Btu/1b

enthalpy of the condensate from the No. ? Heaters

enthalpy of the feed water entering the deaerator,
Btu/1b

calculated enthalpy of the feed water leaving the
deaerator, Btu/lb

enthalpy of the feed water leaving the condensger,
Btu/1b ‘

ratio of desuperheating water flow to steam flow in
the pressure-reducing and desuperheating staticon

~14-




EQUATTONS

ratio of the flow of desuperheating water to the
high-pressure steam flow at the HP export desuper-
heater

fraction of atomizing steam which acts as desuper-
heating water at the HP? export desuperheater

ratic of steam flow to the No. 4 Heaters to the
boiler feed flow through those heaters

efficiency of the No. 3 Heaters

weight fraction of input to the desuperheater
storage tanks that becomes flash steam

efficlency in heat transfer by X18

(A + yy)n + v,
nd - 473,000 Ny if na >

H
0 if na < 473,000 Ny
“1 %2
B -5 -V¥5=73 F %, [? - (1 - QB)yé]
a, Xy az Vo
Q) Xy )
nh + X3 - Xy - Xg - ¥z Ny "{yu}for;c - o%
np C# 0
h3 Xq h4 Xg
np (a5h8 - hlBT
xg + Vg
Xo = Xg = Xyq
= ag X3) - Qg [?urve of X5 = f(xll) g;ogugggggacturer}
(hl - h5)C - (h2 - th) Yz Ny - (h6 - h5) Yy
th - h5

C - X935 - Wy
X6 + nL X8
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16 T 97 *1s

X7 = (1
X18 = 0y
X9 = X
h19 = DH

h =

T X5 T Fiy T Xy

X

X18 - y,Tl’l

—a7) Xy

10 T Y5 g 7 X5
- X7 T *96 T

+

i(yl - yg)n [hll - DH]

(v,

- y'-(')

nonp X (h12 - Dy - h9)

X

19

+ Ny X, (hl2 - DH - hg)E * X

x19h19 + y7h7 + a8X18th + X16h7 + x17h5

20

The wvalues of h8, h

10°

and n

12

S

were obtained from empirical curves.

The values of electrical output from the turbogenerators were ob-
tained from curves supplied by the manufacturer.

-16-




