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COMPUTER PROGRAMS FOR DESCRIBING

THE DYNAMIC BEHAVIOR OF EBR-II

by

H. A. Larson, I. A. Engen, M. R. Tuck, and R. W. Hyndman

ABSTRACT

Kinetic studies are performed at EBR-II to ensure that

the dynamic characteristics of the reactor indicate integrity

of the system and surrounding environment. These studies are

done by analysis of power perturbations caused by a drop rod and

a rod oscillator. The power perturbation following a rod drop

is first analyzed by inverse-kinetics procedures to obtain a time-

dependent reactivity. This reactivity is further fitted to a

feedback transfer function characteristic of linear differential

equations. The power perturbation caused by the oscillator is

Fourier-analyzed to obtain a series of Fourier coefficients

representing the reactor transfer function directly. The

feedback transfer function is then obtained from this and the

zero-power transfer function.

I. INTRODUCTION

Kinetic studies are performed on nuclear reactors to ensure that the

dynamic characteristics indicate integrity of the system and surrounding

environment in the event of an undesired power perturbation. These kinetic

studies may be done using either an analytical approach with computer programs

that simulate the dynamic behavior of the reactor or an experimental approach

performed directly on the reactor. The former approach makes use of various

types of time-dependent diffusion-theory and/or transport-theory computer

codes together with an intimate knowledge of the core structure and materials.

The latter approach may use either noise analysis of data or one of several

types of perturbations of the reactor with subsequent mathematical analysis.



- 8 -

The experimental procedures lend themselves easily to the determination

of the reactor transfer function. This function, defined as the ratio of

the Laplace transform of the output function to the Laplace transform of the

input function, is determined for the purpose of studying dynamic behavior

of the reactor. Essentially, the transfer function provides an evaluation

of the frequency-dependent reactivity-feedback function. It describes the

characteristic behavior of the system, and by doing so, allows development

of a mathematical model that can be used to determine stability of the reactor

system, verify predicted physical behavior of the system, and determine the

control-system characteristics necessary for automatic control.

Studies of the dynamic behavior and system stability of Experimental

Breeder Reactor No. 2 (EBR-II) have been performed for several years. Several

publications that document and discuss the behavior of the reactor are

based on a series of computer programs for analysis of data.

In the past, data were reduced and analyzed using IBM systems 1620
3

and 360/75 for various stages of data analysis. Now, a digital data

acquisition system (DAS) based on a Xerox Data Systems Sigma-5 computer is

used on-line with EBR-II. It serves as an operational aid, a data-

reporting tool, and an analysis device. This report will be descriptive

of the computer programs used on the DAS only.

Rod-drop experiments are generally performed for each EBR-II run.

The reactor is brought to the desired steady-state power level, and then

reactivity is removed from the core by ejecting the drop rod. The resulting

power trace is analyzed. Feedback reactivity, a dynamic characteristic

of the core, is determined through an inverse-kinetics procedure applied to

rod-dxop power traces both at the desired power level and at a 500-kWt

reference level where feedback is negligible. The point-by-point difference

of these traces determines the feedback reactivity.

A mathematical model has been developed to interpret feedback effects.

The computational procedure involves separation of measured feedback

reactivity into individual time-dependent components by empirically fitting

transfer-function-calculated data to the measured data; a series of trial-

and-error iterations forces the assumed frequency-dependent transfer function

to fit the measured data.

Rod-oscillator experiments have been performed for selected runs. Data

reduction is performed as described in Ref. 2, except that for present
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operations with the Sigma-5 DAS system the calculations are performed

on-line.

Experience thus far shows that the package of programs described

herein for the Sigma-3 DAS computer system allows a significant savings
3 5

in time when compared with the previous system. ' This is due

primarily to the fact that data are recorded directly into the computer

core for immediate execution. Furthermore, since only one computer

system is used, the package of programs used may be executed

contiguously.

ii. DESCRIPTION: OF COMPUTER AND METHOD OF DATA COLLECTION

The EBR-II digital data acquisition system (DAS) consists of

a Xerox Data Systems (XDS) Sigma-5 digital-computer system with an

associated analog-to-digital (A/D) front end and peripheral equipment.

For simplicity, the system may be considered to consist of three major

groups: (i) the A/D front end, (2) the Sigma-5 computer, and (3) peripheral

input/output (I/O) equipment.

The reactor-parameter-sampling hardware consists of 522 analog

input channels, which are routed through a large digital patch panel

to permit flexibility in switching analog input signals. These signals

are then routed to their respective multiplexers.

Figure 1 shows the data-collection process in block-diagram form.

The XDS multiplexers transform raw data to an analog signal in the range

±10 V, which is transmitted to a controller/digitizer. Converted to

16-bit digital output, 1 bit of which is used for parity, the output

is presented to an analog input controller, which controls the signal

sampling and core storage of digitized data. The signal sampling rate

is controlled by a frequency-control unit, a subsystem of the analog

input controller.

The signals, when digitized, are put directly into the core. The

central processing unit (CPU) contains 32 k (k - 1024) words of magnetic

core memory interfaced with a semi-independent external multiplexing

input/output processor (MIOP). The CPU controls program execution,

performs arithmetic and logic functions, addresses core and private

memory, retrieves and stores instructions and data, controls data flow
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between core memory and other units in the system, and provides CPU

timing.

Peripherals include a card reader, card punch, line printer,

and Teletypewriter. Other input/output devices are three magnetic-

tape drives, two high-speed disk storage units, a Calcomp plotter, and

an interactive graphics display. Four alphanumeric (A/N) displays

with keyboards have been implemented for reactor-operator communication;

these allow the operator to request a display of data from any sensor

connected to the system, automatically updated at intervals with fresh

data and the time of day.

III. DYNAMICS PROGRAMS FOR ROD-DROP EXPERIMENTS

The perturbation mechanism used in the rod-drop method at EBR-II

is a stainless steel rod dropped from the reactor core and sub-

sequent replacement of the rod volume by sodium. This results in a

reactivity lor of about 0.02$ over a period of about 120 msec. The

signal from an ion chamber is processed as described in the previous
C £ Q

section and fed directly into core memory for mathematical processing. * '

A. Mathematical Discussion of Inverse Kinetics and of Feedback-

reactivity-fitting Procedures

About 40 sec of digitized data are analyzed by an inverse-kinetics

code using 5-msec time steps. The inverse-kinetics equations, after
3 9

reduction, are: '

k (t + h) =

/* * r-i -X h . k (t) + 1 -v

J ̂ [n(t + 2h) - n(t)] "2j±e I* ci(t> +-S2L! 3a±hn(t)] 1
c n(t + h) + i\ -
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and

-J.hf k (t) + 1
c. (t + h) = e x C c. (t) -t- - a 6a n(t)
i A i ^ % i I

k (t + h) + 1
+ I- 2 5 * Sa±n(t + h), (2

where h is the time step chosen, and the other symbols are defined at

the end of Sec. IV. In these equations, the time step is considered

short enough to allow approximating the integral expression by a simple

trapezoidal rule. Further, because the derivative of the neutron density

is multiplied by the lifetime, the contribution to the reactivity by

this term may be ignored. (The prompt neutron lifetime of EBR-II is of the

order 10~ sec.) Equations (1) and (2) are derived from the kinetics

equations (the system of equations describing time-dependent neutron

behavior in a point kinetics sense) in Appendix A.

Before rod-drop experiments are performed, the rod is calibrated by

dropping it several times with the reactor at a low power level, say

500 kWt, where feedback is insignificant. For each of these drops, the

inverse-kinetics procedure is applied to the digitized power data, and the

data are then arithmetically averaged. The resulting average is used as

the calibration data; if feedback is neglected, the asymptotic value of

the reactivity so determined can be used as a measure of the rod worth.

The worth of the stainless steel drop rod now being used is on the order

of 0.02$.

To determine a time-dependent feedback reactivity, the rod is again

dropped several times at the desired power level. The reactivities

determined are again averaged arithmetically and then subtracted from the

500-kVt calibration data at corresponding values of time after the rod

drop.

A requirement for valid rod-drop results is that the reactor be

at delayed critical condition just before the drop. (Computer studies

showed that for an error of 0.20 Ih in the critical state of the reactor,

the error in feedback reactivity is approximately 4.5%.) This requirement

for delayed critical condition is satisfied by using the real-time inverse-

kinetics code RAVE to make calculations based on reactor-power sampling

at ten times a second. The value of the reactivity averaged over these
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10 samples is shown on an alphanumeric display screen at 1-sec Intervals.

If the average value remains sufficiently small (<|0.l|lh) for 3 a«c,

a rod drop is allowed. Some of the data-acquisition and -reduction codes

and procedures used by RAVE are peculiar to EBR-II, They are dictated

by the configuration of the EBR-II system and may or may not be readily

converted to other computing systems.

The data from a rod drop are acquired under control of the RDRP

code,10 which, beginning 0.5 sec before the drop, collects 8000 points of

power data and 500 points of rod-position data at a sampling rate of

200 samples/sec. The data are stored on magnetic tape and can be operated

on immediately (between samples in real-time) or retained for further off-

line processing. To check experimental validity, inverse-kinetics calcu-

lations are performed on the first 500 points of power data, and the results

are displayed on both the line printer and the interactive graphics of

the data system. If poor data are indicated, the drop can be repeated

immediately. RDRP has the same restrictions as RAVE with respect to

conversion for or use with other computing systems,

The method proposed by Hyndman and Nicholson can be used to

interpret the feedback curves mathematically. A relatively simple mathe-

matical model of the feedback function, in the complex domain, is assumed

and forced to fit experimental data. This model assumes a feedback transfer

function of the form

H(s) - ? S A .T
 x , (3)

where

H(s) is the Laplace transform of the time-dependent feedback transfer

function, h(t);

A. represents arbitrary weighting constants;

T^ represents the time constants for the system;

s is the Laplace transform variable; and

T. represents the corresponding delay constants.

Equation (3) is characteristic of linearized kinetics equations and

linear feedback processes; consequently, it will not accurately represent
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nonlinear processes in the reactor. Using «n assumed set of initial

conditions for the arbitrary constants, A., in Eq. (3), the convolution

integral is calculated as

rFB(t) - I h(t - T)P(T)dT, (4)

where P is relative power change frost time *ere, the start of the drop, lite

time-dependent feedback, FB(t), is then visually compared wich the feedback-

reactivity curve, and the constants. A., are adjusted until a proper fit

is attained. The numerical solution of Eq. (4) is given in Appendix 8.

The time constants are generally fixed at O.Z, 0.4, 2,0, and 4.0 sec.

The first two were attributed by Hyndman and Nicholson to fuel expansion

and coolant expansion. The other two represent, in part, subassembly-

bowlng effects and control-rod-extension effects; thus, nonlinear feedbacks

are represented approximately by Eq. (3). Experience has shown that the

constants, A., of Eq. (3) are relatively sensitive to small changes in the

structure of the feedback-reactivity curve. Although many combinations of

A^ nay possibly fit the curve satisfactorily, it is believed that the small-

time-constant terns do reflect the prompt behavior of the reactor.

B. Description of Codes

Four codes are used to process the power and reactivity data from

rod-drop experiments. They are to be used contiguously. The four codes

and their purposes are:

RCL Drop-rod calibration code

FBGK Feedback-reactivity calculation code

RPL Power and feedback-reactivity plotting code

MODELF Feedback-reactivity modeling code

Figure 2 is a block diagram showing the input and output of each of these

codes and the manner in which the codes relate to each other.

Following is a detailed description and enumeration of input require-

ments for each code.
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1. Rod-drop Calibration Code (RCL)

The RCL program is designed to produce position-dependent

calibration data for the feedback-reactivity calculation code FBCK.

These data are then converted to time-dependent reactivity, which is sub-

sequently subtracted from the time-dependent reactivity at power by

FBCK to produce feedback reactivity. These data also provide a reactivity

calibration curve, which in turn provides the reactivity worth of the

drop rod.

Data input to this code are control cards and a raw-data tape

of the power trace at very low power level (say 500 kWt). Inverse-

kinetics procedures convert these data to position-dependent reactivity

data.

The input data are:

1 FORMAT (316)

Parameter Value

NPC Number of rod drops to be processed

NWCS Number of position steps desired in calibration

IRBETA <0: Read new normalized delayed-neutron frac-

tions and corresponding decay constants

>0: Built-in parameters are to be used

1' FORMAT (6E12.5)

Omit this card if IRBETA >. 0.

A(l) Normalized beta fraction, Sj/3

A(2) Normalized beta fraction, 8,/3

A(6) Normalized beta fraction, $g/$

1 M FORMAT (6E12.5)

Omit this card if IRBETA > 0.
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DC(1) Decay constant for A(l),

DC(2) Decay constant for A(2),

DC(6) Decay constant for A(6), A,

2 FORMAT f4(4X,A4). 4E12.5]

Parameters: Reactor run number, rod-drop number, reactor

power level, coolant flow (for identification)

I Normalizing factors for power data
GAINJ
DT Time step between sample points

WCON Calibration multiplier (usually 1.0)

3 Binary Tape

Contains alternating power and rod-position data records

(non-normalized); at least 500 data points in each record.

Output from this code is a set of punched cards describing rod

worth as a function of position in format 6E12.5» These cards are used

as an input deck for FBCK. Output on the line printer consists of a

listing of rod position and the worths obtained from each rod drop, along

with the point-wise average of all drops processed,, Further output of

RCL is a Calcomp plot of the worth of the drop rod as a function of

position during rod motion* Figure 3 is an example of this plot*

2. Feedback-reactivity Calculation Code (FBCK)

This code provides reactivity data for the drop tests at low

power levels, where feedback may be ignored, and feedback reactivity at

higher power levels. Data input to this code is the raw-data tape of

•• digitized. data. and the card, calibration-data obtained from RCL „

The raw taped data are normalized by two methods, one each for

the rod-position data and the reactor-power data. Overall drop-rod motion
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Fig. 3. Example of Drop-rod Calibration Curve (Run 49C, 500 kWt)
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is normalized to unity, and position data are converted to fractions of

total rod notion. Reactor-power data recorded on the magnetic tape

contains the transient component of power. The power data are normalised

by adding the product of offset voltage (OSV) and gain (GAIN) to each

data point and then dividing each point by an average of the steady-

state data preceding option of the drop rod. Each data point is then

expressed as a fraction of initial power level. An option exists for

smoothing the normalized data by a Hamming procedure.

The control-card input to this code is as follows:

Card No. 1 FORMAT (16)

NS Number of rod-drop sets to be processed using

the calibration data input

Card No. 2 FORMAT (18A4)

Title of problem—free form—72 columns

Card No. 3 FORMAT (6E12.5)

NWC

IHAM

NNN

NP

NOBETA

IBLK

Number of worth-curve position steps

Number of smoothings by Hamming

Non-zero for point-wise non-averaged output

on line printer

Number of rod drops to be processed

• ±6; number of delayed-neutron groups; if

negative, cards must be supplied

Number of 1000-word power records for each

rod drop

Card No. 3' FORMAT (6E12.5)

Omit this card if NOBETA > 0.
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A(l) Normalized beta fraction, g./g

A(2) Normalized beta fraction, $2/6

A(6) Normalized beta fraction, B,/8

Card No. 3" FORMAT (6E12.S)

Omit this card if NOBETA > 0.

DC(1) Decay constant for A(l)> *,

DC(2) Decay constant for A(2)> *2

DC(6) Decay constant for A(6) » Xg

Card No. 4 FORMAT (6E12.5)

ALIF Prompt neutron lifetime (approximately 10 sec)

BETA Total delayed-neutron fraction (approximately

0.0071)

CONW Rod-calibration multiplier (usually 1.0);

CONW =0.0 produces excess reactivity instead

of reactivity feedback as output

DT Time step between power data points

RMOV Minimum normalized drop-rod position to initiate

feedback computation (0.999)

Cards No. 5-13 FORMAT (6E12.5)

WC. i*>2,...,41 Calibration data, 6 points per card and usually

40 points (WCj = 0.0)
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Card No. 14 (14 4- HP - 1) FOBMAT (2E12.5, 16)

OSV Offset voltage^ p o w e r n o r m a l i z i n g parameter8

GAIN Gain J
ID Drop identification; if ID < 0, data for drop

will not be processed

Output from this code on the line printer consists of (1) a listing

of the input parameters and parameters used in the computation (i.e., problem

identification, delayed-neutron constants, time step, normalizing constants,

rod-drop identification, drop-rod calibration, and 200 points of drop-rod

position with the index of the point at which rod motion was 0.1% of total

motion) and (2) a listing of integrated reactivity, reactivity feedback,

and change in power, along with lists of the ratio of reactivity to Integrated

power change and of Integrated reactivity to integrated power change.

An option allows printout of all normalized power points ana

reactivity-feedback points without averaging. Final line-printer listings

are of th- six-point-averaged feedback for each rod drop. After all

drops have been processed, a listing of average power and average feedback

reactivity is produced on the line printer.

Further output on magnetic tape is an array of six-point-

averaged feedback and power data for plotting (by RPL code) and curve

fitting (by MODELF code).

3. Power and Feedback-reactivity Plotting Code (RPL)

This code accepts the tape of the six-point-averaged power and

feedback-reactivity data from FBCK and produces a Calcomp plot. The

plotter produces an individual plot of each rod-drop input and a plot of

the average.

The control-card inputs to this code are:

Card No. 1 FORMAT (416)

NG Number of grids to be drawn (one for each drop

+ one for average)



- 22 -

NPG

NP

NI

Number of plots per grid (two: one power,

one feedback reactivity)

Number of points per plot (̂ 1200 each for

power, reactivity)

Number of points input (̂ 1200 each for power,

reactivity)

Card No. 2 FORMAT (18A4)

PT Plot title (72 columns maximum)

Card Ko. 3 FORMAT (10F8.0)

DX X increment (time step between points)

Card No. A FORMAT (10F8.0) (for plot scaling)

TMN

TMX

TD

PMN

PMX

PD

RMN

RMX

RD

Minimum time point, x axis

Maximum time point, x axis

Time step between cross hatching, x axis

Minimum power, y axis

Maximum power, y axis

Power step between cross hatching, y axis

Minimum reactivity, y axis

Maximum reactivity, y axis

Reactivity step between cross hatching, y axis

Card No. 5 FORMAT (6A8) (for units label on plot)

XTI

XTF

YLI

YLF

YRI

YRF

Minimum value, x axis (time)

Maximum value, x axis (time)

Minimum value, left y axis (reactivity)

Maximum value, left y axis (reactivity)

Minimum value, right y axis (power)

Maximum value, right y axis (power)

Figure 4 is a sample of the output of this code.
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4. Feedback-reactivity Modeling Code (MODELF)

This code accepts the tape of the six-point-averaged power and

feedback-reactivity data from FBCK and performs the convolution integral

[Eq. (4)] using parameters of Eq. (3) input by the user. Output of

the code is a plot of the feedback reactivity with the fitted curve

superimposed upon the measured data. Rerunning of the code with altered

parameters permits the user to obtain the "best" fit to the measured data.

The control-card input to the code is as follows:

Card No. 1 FORMAT (16, 5E12.5)

N

DT

Number of data points

Time step between points

Card No. 2 FORMAT (10F8.0) (plot scaling parameters)

XMIN Minimum value, x axis

XMAX Maximum value, x axis

XL Length, x axis (in.)

XD Increment for cross-hatching grid

YMIN Minimum value, y axis

YMAX Maximum value, y axis

YL Length, y axis (in.)

YD Increment for cross-hatching grid

Card No. 3 FORMAT (10F8.0)

Tl Time delay of first model term

T2 Time delay of second model term

T3 Time delay of third model term

FBPL <0: Draw plot grid and compute scale factors, then

plot tape input values (measured feedback)

>Q: Input normalized power, compute and plot model

FMUL Multiplies values prior to plotting (for linear

extrapolation to other power levels)
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Card No. 4 FORMAT (16)

NTC Number of terms in model (<7)

Card No. 5 FORMAT (10F8.0)

A1 Weighting constant of first term

A- Weighting constant of second term

Weighting constant of NTC term

Card No. 6 FORMAT (10F8,0)

RD1 Time constant of first term

RD_ Time constant of second term

RD _ Time constant of NTC term

Figure 5 is an example of a fitted curve,

IV. DYNAMICS PROGRAMS FOR ROD-OSCILLATOR EXPERIMENTS

The purpose of the rod-oscillator program (ROSCIL) now in use at

EBR-II is to determine the transfer function of the reactor at a desired

. power level while the power is oscillated sinusoidally over a frequency

range of approximately 0.005 to 8 Hz* The inputs required for the Fourier

analysis used to determine the points of the transfer function are

sine and cosine signals plus the ion-chamber current. There are two

portions to the program: (1) gain calibration of the input channels, and

(2) calculation of the transfer function.

Calibration is accomplished by injecting constant voltages into the

system and averaging the values of digitized output for each channel. The

average values are then divided by known input to determine the channel
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gain. These values are used in the transfer-function calculation to normalize

the gain found in the real and imaginary parts of the transfer function.

The transfer function is then calculated, first at a frequency Where

feedback is assumed to be negligible so corrections for gain and phase

may be determined, and then at all frequencies necessary to give a repreT

sentative picture of the transfer function. The zero-power transfer

function is calculated at each frequency, and this value is used in con-

junction with the calculated transfer-function value to determine the

feedback.

To run the program, a magnetic tape must be mounted on unit 2 of

the Sigma-5, and the rod-oscillator program must be loaded. All input is

entered through an alphanumeric scope, and all output is written on magnetic

tape and printed on the line printer.

The portions of the program are flow-charted in Fig. 6. The necessary ,

parameters are as follows:

AA Known input voltage, channel 1

a. Normalized beta fraction of type i (» B./3)

BB Known input voltage, channel 2

CC Known input voltage, channel 3

CS Samples per second

c. Delayed neutron precursors of type i

EO Voltage proportional to reactor power

AEO. Varying component (approximately average value of EO)

I Imaginary component

KKl Gain normalization factor

KK2 Phase normalization factor

k Excess reactivity
6X

£* Effective neutron lifetime
M (Number of cycles desired for integration) x 2

N Number of sample points

n Normalized power level

R Real component

s j 2irf

t Time in sec
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C Start - Mount Tape on
Unit 2 and Run ROSCIL

1

Enter AA, BB, CC
on Alphanumeric
Scope

0

i
Type O(ESC)
for Calibrate
1 (ESC) for
Execute

1 *

Enter M, CS, EO
on Alphanumeric
Scope

i
Calculate G,
& <pm Three
Times and
Average

I
Calculate A,
B, C for Each
Channel Write on

Magnetic |4-
Tape

Print
Channel
Gains

Print R
a ,

Calculate
Go and
Feedback

Print Go
and
Feedback

Fig, 6. Flowchart Describing Operation of
ROSCIL (Rod-oscillator) Program
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w Frequency of oscillator in radians/sec

X Measured value
m
X Zero-power value

6

6 i t h precursor group delayed-neutron fraction

A. i group decay constant

<f> Phase angle

The equations for the channel gains are:

?
A » gain of ion-chamber channel - AA! • 2000 Z# (channel

B - gain of cosine channel - t 20QQ /_^ (channel 2)t

2000

C - gain of sine channel - CG . 2QQ0 }_ (channel 3)t

The equations for the zero-power transfer function (G ) are:
o

Go

Go

Mk) • Ik)+1) • t
J»G - - /ARCTANHG-I / R | i - |
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The equations for the transfer function at power (G ) are:

N N

AEO. cos wt. y AEO sin wt

RG * N • A • B • EO » ZG = N • A • C • EO '

m| " (RG 2 + *G 1 ' 5 •„ - AR C T A N L /^ \

The gain- and phase-normalizing factors are calculated by:

KK1 - G /G and KK2 - 4> - ^ .
o m o m

The feedback component H is calculated by:

—2\°*5
IM 5
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APPENDIX A

Mathematical Analysis for Inverse-kinetics Calculations

Let

dn(t)
n ( t )

dc±(t) k (t) + 1
n(t) - A± C l(t), 1-1.2 6

and, initially,

* i
c.(0) - T - i n .
1 A , O

Define:

= c*(t) - c*(0)

c±(t) - cio;

then,

ci(0) - 0.

First work with Eq. (A-2) and substitute Eq. (A-3):

"dT n(t) -
3a.n

Integrate from tQ to t, evaluate at t =» t + h, and use two-point trapezoidal

integration:

-X,h
c±(t + h) = e

?{> (t + h ) + 1 ] n ( t + h ) " no) | (A-4)
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Application of Eq. (A-4) to Eq. (A-l) now gives

n(t) + no \ + - V n(t)

(A-5

Now, apply to Eq. (A-5) a three-point derivative formula to produce the

equation

n(t + 2h) - n(t) ex
2h

(t + h) f . A
—j n(t + h) 1 - 8 + 5- A M a ,

[n(t + h) - n

n(t + h) - n

Define

3a.
.00 • -}]

1 - B 1 -•£

Multiply through by I and collect terms :

k (t + h) n(t + h)
6A

-[n(t + h) - n ][<S>~1 - 1]
O

* n(t + 2h) - n(t)
2h



- 33 -

[A*c±(t) + &a± | f t k
e x

( t ) + 1 ] n ( t > " no}]°

Divide by n(t + h) and multiply by $:

2h) - n(t)

,(t + h) - * j

,(t)

k (t + h) - • 1 n(t + h)
G2C

+ | [tk (t) + l]n(t) - n ha, ( n(t + h) - n
n(t + h) T n(t + h) <•-!>•

(A-6)

Equations (A-4) and (A-6) are those programmed in the Sigma-5 version of

the inverse-kinetics code.
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APPENDIX B

Mathematical Analysis of Rod-drop Curve Fit

To program Eq. (4) for the computer, the inverse transform of Eq. (3)

is taken:

A -(6 - T )/T

e X U(6 - T ), (B-l)

where

U(S - T.) is the Heaviside unit step function

U(0)

fO; S <

Li; 3 1

The time interval (0,t) of Eq. (4) is divided into N parts of width h such

that t » Nh. Further, each delay operator T. is assumed to be of magnitude

SL h, with A. an integer, so that Eq. (4) becomes

l )h _ T]/

FB(t) - > ~ \ e *• i P(T)dx

A j
 N ^su

where P(T) % P(jh) over (j - l)h < x < jh. Hence the integral of (B-2) may

now be integrated:

FB(t) -
-(N - 1. - j)h/x

P(jh)e X *. (B-3)
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APPENDIX

Code Listing of

Program

RCL

FBCK

RPL

MODELF

ROSCIL

C

Programs

Page No.

39

45

59

63

67



PROGRAM RCL
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VEHS10N COO

L PROGRAM RCAL FOR £00 SAMPLES/SEC &00 POINTS
DIMENSION P( bOO)>SS( 5)0>*0K< 500 > t AW (6*81) *RPS ( 81 )/A< 6)*DG< 6

X SJ(6>jt.PM(6)sR(6)jEN<6)'RI(6>'TI(6);PT(9>
DATA A/.032a04#.198l2,•18g98*.40196*•14782**036309/
DATA QL/'OlS'/t »Q3l7* • US* • 311* 1 • 4* 3.87/

6G01 CONTINUE
READ li NPCiNWCS^lRBETA
READ 40oi* <PT<I)#I»1*S)

C
L NPC • * DRBPSi NWCS a * WgRTH CURVE POSITION STEPS I.LE.8Q)
C 1RBB.TA NEGATIVE 16 READ IN BETA( I) ̂ AMBDAI I) .. . . A( 11 *DC( I)
C

I M IRBE(A>GE.O) GQ TO g
READ kQ^Ofi A ( I ) # I * 1 * 6 )
READ < t 0 o 0 ; ( D C ( I ) * l * l « 6 )

i. IDR-0

DO 3 1"1*N
3 S b ( I ) " U .

AWCS*NWIS
PRINT 4> ( A ( I ) J I » 1 # 6 )
PRINT bt (0CH ) i I » l / 6 )
PHIM 3^99
DS 300U JKL - liNPC
READ 6*KUN*DRt)P/PeWER*PLew,aSV*GAINiDT*WC8N
IF(DT. t r»O) (a8 TO 1900
IDR«IDR+1
PRINT 6>RUN^ORBP*POwERjFLOW*OSViQAIN*DTiWCBN
03G«10.t>/GAIN*9SV»3276.7
DO 7 1*1*6
X—DT»DC( l l /2 .
EPM(I I * EXP(X)
X*-2»*X
R( I )* EXP(X)
RI( I ) » 1 . / R ( I )
E N ( I ) • ! .

7 s j « n « o .
C P6WER INPUT

CALL BUFFER IN(2#1>P(1>J 500*INP#NPP)

DO 8 1 * 1 / 5 0 0
& P ( i ) » ( p « i ) + a s G ) / z

DK(1)«O.
Db 11 J- l /499
SI=O»
DB 10 I « 1 * S
EPM(I)«tPM(I)»R<I)
SJ( I ) « S J ( I ) + ( 2» -P (J ) -P (J + l ) )»EPM(I>*DT/2»

1 0 S I = S I + A l I ) * D C ( I > * L N < I U S J I I >
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DKt

C PQSITIBN INPUT
CALL BUFFER IN(2*1*P<1>» 500*INP*NPP)
Sl«0»
S2-0.
DQ 15 1-1*75

15 S1-S1+PU)
D6 16 I- 471*500

16 S2-S2+PU)
Ag«S2/30»
DEL-S1//5. -A2
09 17 1-1*500

17 PU)«<P<I>-A2)/0EL
Ll-1
0e 60 I-1*NWCS
W-I-l
Al«W/AWtS
AI«1.-A1
DQ 50 vJ*Ll*500
IF(J«GT.i) Gb TO 47
CW-C*
Ll-2
66 TO &^

47 L1*J

48 0-P(J-n-P(J)
IF(D»LEt(tOOOi))GQ TQ 51
CW-DK(J-1)+(QK(J)-DK(J-lI)/(P<J)-P(J-l)
GO T8 &a

51 CW-JDK(w-l
GQ TQ 5a

50 CONTINUE
59 CONTINUE

S5(I)"Sb(l
AW(IDR*1)

60 CBNTlNUt
S2-0»

00 70 J- 471*500
70 S2«S2+DK(J)

CW-S2/3C*
AW<IDR*N)»S2/30.*WC0N
S5(N)«Sb(M+CW
TI(IDR)-DR8P
GQ TQ 3000

1300 OS 1902 I"l»2
1902 CALL BUFFER IN(d>1/DUMM* 1*INP*NPPI



. - 42 -

3U00 CeNTlNUt

A N P C - I D K
IDR-lDtt+1
DO 66 I«i*N
Bl-I-1
B2-NWCS
AK-B1/B2
RPS(I)-AK
AW(IDR/1)» S5(I)/ANPC*WC0N

66 CONTINUE.
PRINT I*
PRINT 3998*<TI(I>*I"i*IDR)
DO 2500 I-1*N

2500 PRINT 3 9 9 7 ' < R H S < I > J A W (
PRINT 71

C*>... CARD OUTPUT FOR FBCK ConE
C

PUNCH
C

PLOT ROD CALIBRATION CURVES

Y8—«00b
YS« »00&
XS-l»0/3#b

J/I

c
c

X8»0«0
CALL 8FFSET(Xe*XS*Y8*YS)
D8 600 IK«li2
CALL PLOT (0.0*6**2)

C CALL PL0T(3*5*6* *2>
CALL PL8T(3*3*6* td)

C CALL PL8T (3*5*0**2)
CALL PLOT (3.3*0**2)
CALL PLOT (0.0*0.*2)

CALL PLCiT< i*4#-0.5*3)
CALL SYMB0L(1.4*-0.5*0.1*'POSITION (IN)•*0*0*13 )
CALL PL0T( .5*-l. *3)

CALL SYMB0L(0.5*-l.*0.12,'0R8P ROD CALIBRATION'*0.0*20)
CALL PL8T<0.5*-1.5*3)
CALL SYhB8L(0«5*<-1.5*0«i25*PT *0*0*32)
CALL PL8T(-*63*2*8*3)

CALL SYMBOL(>*63*2*8*0*1*'ROD WORTH (*)'*90**13)
CALL PLeT(0*0*0.*3)
IK-0
B2-N-1
T-0.
D8 520 I-l/N
CALL PLt)T(T*AW(IDR*I)*l?)

T-B1/B2
520 CQNTlNUfc
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CALL P L 0 T < O * O J O * * 3 >
CALL PL6T(0*#0* '3)

CALL NUPAGEU.5)
&0C CeNTlNUt

G6 T8 6001
1 FORMAT(616>
4 F0RMAT(iHl»8ETAa)/BETA...'6Et4.5)
b FSRMATllH 'LAMBDAS**** 6E14*5>
6 F0RMATlt(*X<A*)i4tl2.5)

14 F8RMAT( 'O' ' ' 75 PTS* AvERAQEO AND SUBTRACTED'*/)
71 F8RMAT('Of'• 30 P81NTS AVERAGED FOR FINAL WORTH'*/I

3997 FSRMATliH *F8*5*F l l *5*6F12»5>
3S98 FSRhATHH #•PeSIT l0N'#6X l AVE l *6(*X#A8>* / )
399S FORMATdHO* 3X# 'RUN' *5X»DRf3P ' *4X 'POWER '/3X»FL8W»#5X' 8SV*#8X»9A

X *10X'DT'#6X'W0RTH • • * / >
4000 F6RMAT16E12*5)
4001 F3RMAT(9A4>

END



PROGRAM FBCK
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PROGKAh FBCK-j < COMPUTES REACTIVITY FEEDBACK

REAL»8 dUF,ArMjAbC#BETA*DEN>DK.,FZN,Sl*TlM>TKEXl,WCV* Zw8/ZN1
C6MM6N ALlFiATfiiAWCiBETA,0EN,0KiFZN/Sl#TIMiTKEXl^WCViZN9/ZNl/

1C0NW/ A>A<,8E.T#0C*0T, 0T2#EiFBiFSUM*eSG*P0SjP8W,P0WINT« PSUM,
2 K«RlS>K2S«R3S4RMev>ht3«HSUM/RAW/ SJ> Tl.» TKEXO, WC> I Bj. IBLK j I D / I H A M /
3 JJJ/K/Nr-/t\NN/i\.aBETA/NOPeW/IMP/NSTIN/NWC*NWCS

1 CBNTINUL
READ 4/NS
NS • * 6F SLFS WHICH USE SAME CALIBRATI9N
DS 10 JJJ«1/NS
REMIND 1
CALL SLuLBO (i)
CALL 1MB
D8 b LLL-l/NP
REWIND u
CALL btuLOD (d)
CALL INPRNT
CALL StuLOO (3)
CALL IN1TC
Dt3 3 Ib«l/IBLK
CALL SEGLHD (4)
CALL SMae
If- (lD»LTtG> GO T8 3
CALL StULOO (b)
CALL KtED

3 CeNTINUE.
I F ( i D . L r « o > e a TB 5
CALL SLGLUD (o)
CALL FbuTl

5 C6NTINUE.
CALL StbLOO (/)
CALL Ft)uT2

1U CBNTlNUt
GO T8 1

k FBRMATU6)
END
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. SUBROUTINE FQUT1 .
DIMENSION FB(1320>;P0W(l32O)jPOS(5lCn'RAW(lO>*WC(4l>j
lTI<i8>*R(6>*Sj(6>*BET<6|*DC(6>*A<6>*E<6)
REAL*8 ALIF*ATM*AWC*BETA*DEN*DK*FZN*SI*TIM*TKEX1,#WCV*

COMMON ALlF*ATM*AWC*BETA*DEN*DK*FZN*Si*TlM*TKEXl*WCV*ZNO*ZNl*
1CONW* A*AK*BET*DC*DT* DT2*E*FB*FSUM*0SG*-POS#Paw*POtUNT*PS
2 R*R1S*K2S*R3S*RMOV*RS*RSUM*RAW* SJ> T I> TKEXO, WC> IB.. IBLK, ID, IHAM]
3 JJJ*K*Ni**NNN*N0BETA*NePeW*NP*NSTIN*NWC.»NWCS

DO 100 NM»1*2
REWIND 0
SUM-O.Q
NST-NSTiN-5
NI-1
NB»6
DO 80 J>ljIBLK
GO Ta(30*20)>NM

20 CALL BUFFER iN ( 0* 1*DUM* \,» 1ST* ICN )
CALL BUI-FER IN ( 0* 1*DUM, it 1ST* ICN )

30 CALL BUFFER IN(O'1'FB* 500*1ST*ICN)
CALL BUFFER IN(0>1;FB(50l)^500*1ST*ICN)
GO T0(40#50)JNM

40 CALL BUFFER IMO# 1<DUM# \ 11ST* ICN )
CALL BUFFER IN(0*1*DUM*1 * 1ST*ICN)

50 IF(NNN*iiQ*O>Gd TO 54
GO TO (bl*52)*NM

51

52
53
54

55

PRINT
GO TO
PRINT
PRINT
IF(NB*
D6 55

9
53
11
8*(t-B(j[)*I-NST*l000>
£Q»6)GQ TO 60
I-1*NB

SUM*SUM+FB(I)
NST«
NB-6
POW(NI
SUM-O.

1+NB

)"SUM/6.
0

60 DO 70 I-NST*1000*6
NK"I
IF( I»GT»995)G0 TO 71
DO 65 KiN»l*6

65 SUM»SUM+FB(KN-1+I)
P0W(NI)«SUIi/6.
SUM-0.0

NB>6
70 CBNTINUt
71 IF(NK.EGi.995)G0 TO 76

DO 7i"> KN»NK*1000
SUM-SUH+FB(KN)
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75
76

80

100

a
a

l i
lult

l

CONTlNUt
NB-NK-9&5
IF(NB«£to«G)Nb"6
NST-1
CONTINUE.
CALL BUI-FES 9uT( 1 * 1/P8w | 1) ,
CALL BUFFER ouT<i#i>Pe«i/5o
CALL BUFFER duTd^i/Pevnioi
CALL BUFFER OUT(k»l*POwc1)j
CONTlNUt
D00>0T*6«
NI-M-1
PRINT 1^14 tlD»OOO
PRINT b* ( P 0 W U ) J I - 1 * N I )
RETURN
FeRMAT(lOFlSo)
FCRMATJ'l PtJWER'j/)
FBRMATCl F(itDBACK«#/)
FORMAT!'1 THE SIX-PflfNT

, 500/ISTiICN)
1)' 500/IST*ICN)
31)/ 300*l8T«ICfs
»l300i1ST*ICN)

AVERAQEO FEEOBA
i 0T«»h7.4*#X*»1300 POINTS 1 * / )

FOR ORflP
jT«'h7.4*#X*»1300 POINTS1*/)

END
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SUBROUTINE FdUT2
DIMENSION FB(1320)'PttW(1320>«P0S<5l0)'RAW(l0)#WC(4l)j
lTI(l8)/R(6)#Sj(6>/BETC6)>DC<6)*A|6)/E<6>

RtAL»8 «LlF,ATM/AwC,BETA/DEN*OK,FZN/SI/TJM/TKEXl/WCV/ ZN8/ZNJ
ALlf-*ATM/AWC/BETA,DEN/DK/FZN/Sl/TIM/TKEXl/NCV/ZNB/ZNl/

A/AK/BET/DC/DT/ DT2*E*FB/FSUM/08G/P0S/P0W/P0WlNT/PSUM/
2 R/R1S/K2S/R3S/RM0V/RS/RSUM/RAW/ 8J#TI/TKEXO/WC/IB/IBLK/ID/
3 JJJ/K/NlM/M«IN/.JOBETA/NePOW/NP*NSTIN/NWC/NWCS

10

20

So

40

50
60
8u

100

8
1013

1024

CALL
CALL
CALL
CALL
CALL

BUFFER
BUFFER
BUFFER
BUFFER
BUFFER

PRINT 1024/NOPOW
D8 100 hM»l/2
REWIND 1
D6 10 1-1/1320
POW(I)«0«0
DO 80 U-1/NOPOW
60 TO 130/20)/MM
CALL BUFFER IN(1/1/UUM/1/IST/NST)

IMl*l*DUt!/1*ISr*lCN>
lM(l*l/DUi1/l*lST*ICN)
IM1*1*FB/ S00/I8T/ICN)
IN(1/1/FB(SO1)/ 500/IST/ICN)
IN(1/1/FB(1OO1)/ 300*IST/ICN)

60 T0<40/50)/NM
CALL BUFFER XM(1/1/OUM/i /1ST*ICN)
CALL BUFFER XM1/1/DUM*1 * 1ST*ICN)
CALL BUFFER IN(1/1/DUM/t*1ST*ICN)
DO 60 1-1/1300
POWII >«P0M I )+FB( 1 l/APOw
CONTINUE
CALL BUFFER duT(3/1/POWC1)/ 500/ IST/ICN)
CALL BUi-FER 3UT( 3/ i/POw( 501 )* 500/XST/ICN)
CALL BUFFER 0UT(3/1/POW(1001)* 3OO/IST*ICN)
CALL BUFFER 0UT(4/1*POW(1)/1300/IST/ICN)
PRINT 8 / ( P 0 W ( l ) / I > l / 1 3 0 0 )
PRINT Iul3/N8HOW
CONTINUE
RETURN
F0RHATIA0F12.5)
F6RMAT(*1 TMfc. SIX* POINT AVERAGED FEEOBACK OVER *#I3/* DROPS A1
THlo PbwEk LEVEL IS1///)
Fekr-ATci THE SIX-POINT AVERAGED POWER 8vgRt/i3/t DROPS I S S / I
END
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SUBROUTINE FEED
DIMENSION FB(1320)jPeW(i320)jPOS(5lO)*RAM(10>*MC(41)j

COMMON AulF#ATM#AWC»BETA*OEN,DK,FZN,Sl>TIMiTKEXl,WCV,ZNO,ZNl*
1CONW, A#AK*BET*DC#DT# DT2*E*FB,FSUM>0SGJP0S#P0W#P0WINT*PSUM,
2 R#R1S#R2S*R3S*RMOV,RS,RSUM,RAW, SJ«Tl#TKEXO,WC*IB,IBLK*10/IHAM,
3 JJJ/K/Nn/NNN^NOBETA/NtiPRWiNPiNSTlN^NWC/NWCS

NST-NSTlN
IFdB.01 »1)NST«6
INPOS-blO
I0PUWU05
OAK-AK
DO SO I - NST/lOPOvs
SI>0*
DO 36 d*l«NOb£TA

36 SI-E(J)*(ALIF*SJ(J)+(TKEXO+1.O)*B£T(J)*ZN0*0T2-0T2»BET(J)*FZN
TKEXl«0tN*3I/ZNl+(ZM-FZN)*(DEN-1.0)/ZNl
OK—TKEXi/BETA
OS 3S J«l#NObETA

3tt SJ( J)-Kt J)»tSJ« J)+0T2»( (TKEXO+1.OUZNO-FZN)#BET1 J)/ALIF)+OTg«(
1 7KEXl+1.0)»ZNl-FZN>*BtT(JJ/ALIF
TKEX0-TKEX1
ZNQ-ZM

I F ( I B . 6 1 . 1 ) G O TO H7
IF( 1*(>1 *INPdb>GO TO 47

40 IF(1*O*LL*POS(I) ) GO Tf3 47
IF(Pt5S( i ) . L E . M K ) GO T8 ^4
AK«AK+OAK
K»K+1
G6 TO 4u

44 WCV«WCIK-1 )+(KCiK)-WC(<-l) )*(OAK-AK<t>PQS(I) )/OAK
GO TO 4b

47 MCV<*WL(NWC)
48 Fb(I)«WCV-OK
49 CONTINUE

IF (ATK*(jT«5*b)G0 TO 50
R3S-R2S
RSS-R1S
R1S-DK
IF ( I /NNtNt .DuO TO bO
NN-NN+g
IF(I*LT«(NSTi-S).ANO*IBt£Q«l)GO TO 50
TIM«TIM+2.*DT
FSUh»FSuM+DT •0.33333*(FB(I-ei+^.0»FB«I-l)+FB(I))
PSUM-PSUM+ OT ••333d3#(P0W( I-2)+4.¥P0W(I-l)*P0W(I) -6.OP0WINT)
RSUM«hSUM+OT ••33333*«R3S+4.#R2S+RIS)
IF(T.IM.LT.ATh)tiO 70 50
BRAT-+DK/PSUM
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BR8T"RSUM/PSUM
ATM«ATM+0»5
PRINT 1U20JT1M«RSUMJPSU»!.» FSUM*BRATiBROT
PUNCH E>TIM*KSUM*PSUM, FSUMJBRATJBROT
IDUM«I+i

50 CBNTINUt
CALL BUFFER 0UT<0*X*FB<s)* 500*IST»lCN)
CALL BUFFER OUT(0/1/FB(§06)» 500/IST/ICN)
NN«7
IF ( I0Uiv.*EQ*l00S)NN«6
RETURN

1020
END
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SUBROUTINE SM68
DIMENSION FB(i320)>PeW( I320)>P0S<510I*RAW(10)-»WC(41).»

REAL*8
COMMON A L I I - * A T M * A K C / B E T A , D E N , D K , F Z N / S I * T I M * T K E X 1 # W C V * Z N O , Z N 1 >

1C8NW, A*AK,B£T,DC*OT, DTa*E*FB,FSUM#aSQ*POS#POW#POWlNT,PSUM*
2 R *R1S*K2SJR3S*RM8V,RS*RSUM,RAW, SJ/Tl>TKEXO>WC*IB*IBLK#lO/IHAM
3 JJJ>K/NN/NNN^NeSETAiNePgW*NPjNSTlN#NWC

INP0W-1O1O
IBP8W-1009
DO 5 1*,.*IQ

b FBI I )-F<AW( I )
C IF ID NtGATIVE SKIP C8MP OF FEEDBACK
L
i POWER INPUT
L

CALL BUf-f-LR iHidtltFBi 1\ )J 1OOO#IS#LL>
L

IF(ID*LT*O)NETURN
De 13 1>11«INP8M

13 FB(I)>Fum+8SG
IFIIB.GI*ilQ8 78 29
ZN8«l«0
RS*O«
DB 19 1-11/60

19 RS»RS+Hi(I>

23 CGNTlNUt
08 30 IMl' lNPOW

30 F B ( I ) - F b ( I ) / R S
DQ 31 1 - l i l O

31 RAW(I )«f-B( 1 + 1000)
IF<IHAM.EU.Q) GO TO 34
08 33 J*1*IHAM
Xl»FB<t'J
X«FB(1 )
DC 32 I * 24I8P8M
FBt l )«»a4*Xl+ .23»(X+FB( l+ l ) I
X-Xl

32 Xl»fB<I+l>
FB( INPOr. )"(Fti( INPQW)+FB(I8PflW) )*0*5

33 FBI t ) * (FB( 1)+FB( 2>)*0*5

34 IF(IB.C)*1)G8 TO 36
P6WINT* *G
OIVI-10.
08 35 1*11*20

3b P6WINT«POWINT+FB(I>
PeWINT-HBrtlNT/DIVI
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8UTPUT P8WER T8 UNIT 0
36 CALL BUFFER 0UT ( 0; 1/FB (>s > / 500'ISTJICN)

CALL BUFFER SUTCOi It FB ( 506 ) , C

D0 37 1-1/1010
37 PeWH)«FB(I>

2N1-F816)
RETURN
END
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SUBRSUTiNE INITC
0IMEN5I8N FB(132O)iP8W(132O)jPOS(5lO)#RAW<lO)*WC(4l

REAL»8 A H F , A T M , A H C , B E T A * D E N J D I O F Z N , S I * T I M J T K E X 1 J W C V # Z N O J Z N I

2 R#R1S'K2S'R3S'RMQV4RS*RSUMJRAW; Sj*Tl/TKEX8,WC#IB,XBLK;iD,IHAM*
3 JJJ/K

TKEXQ-0.0
D8 3 I«1J> 1

ii RAW(I>> *0
FZN«lt
K-2
AWC«NWC-1
AK -l./AWC
RlS>0«0
R2S-0.0
R3S-0.Q I

RSUM«0«O
FSUM»O»U
TIM»O«O
TU«O»

POSITION INPUT •• •

CALL BUFFER IN(2J1*POS(1 \ ) * 500iIS*LL>

IF(ID«LT.O)RETURN

DO 5 I-1/N0BETA
SJ(I)«0.0

b CONTlNUt
DO 10 1*11/60

10 TU»TU+PeS(I)
VU«O«
ISEN-INP8S-29
08 11 I«ISEN/INPOS

11 VU»VU+PaS<I)
FAC3"VU/30«+2.
FAC1»TU»»O2 +2«-FAC3
NST-61
DO 14 I > U ' I H P 8 S
POS(I>-1(PQSlI )+2.-FAC3)/FACl)
IF < P8S(I).3E.RMQV)NST-1

14 CONTINUE
NN-NST
NSTIN-NST
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NST-NST-10
PRINT 4> NST
NST»NST+10
ISEN«
PRINT
PRINT
06 26

DG 27

pes< I

N&7+199
8> (pasu)*i>
1019
I*U*IHPOS

)«P8S<11)

26

27
RETURN

4 F8RMAT(,2I6>
8 F0RMAT(i0F12.5)

101S FBRMATl'l REACTIVITYjPawER-CHANSE^FEEDBACK INTEGRALS'#//7X«TIM£».
• 6X«INT OF RH8 INT SF D E L T A - P INT OF FEEDBACK R H O / ( I N T DP)
• INT RHB/UNT OP) « / )

END
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SUBROUTINE INPRNT
DIMENSION FS(1320)/PSW(1320)JPOS<510)#RAW(10>/WC(41 )»

REALMS ALIF>ATM/AWC>BETA/DEN>DK>FZN*SI>TIMiTKEXi/WCV/ ZNO,ZN1
COMMON ALlF^ATM^AWC^BETA^DENIiDK^FZN^Sl^TIM^TKEXl/WCViZNO^ZNli

1C0NW* A J A K J B E T J D C D T , D T 2 J E ' F B I F S U M « O S G * P 0 S ; P O W ; P 6 W I N T « P S U ! 1 J
2 R * R 1 S * K 2 S * R 3 S * R M O V , R S , . R S U M , R A W , S j / T l * TKEXO/ Wc# 18, IBLK# iO, IHAM#

READ l3>6SViQAlNiID
IF(IO.LT»O)RETURN
eSG-lCU/GAlN • 0SV * 3376*7
PRINT 2 1 * < T I ( I ) i l - l j l 8 )
PRINT 7 i * (A( I )#I -1/N68ETA)
PRINT 72/ (DC(I)#I- l*NflaETA)
PRINT 73*BETA*ALIF
PRINT 22/CONW
PRINT g3/0TiS3V/QAlN*ID
PRINT £4
PRINT 8/ IWCII ( J I - W N W C )
PRINT 2b
RETURN

8 FBRhATtlOf-12.b)
13 FORMAT I E12*5 / I6>
21 FORMAT!«l'*lXil8A4)
22 FBRMATl'O WORTH - '/F12.6*/)
23 FSRMATI'O DT(SEC) • '/F^'S*1 CSV • »>F12.5>' GAIN • »#F12»5J

1' ROD DROP NQ. «#I6#/)
24 FORMATj«0 ROD CALIBRATION IS'#/)
2b FORMATt'O NORMALIZED POSITION IS',/)
71 FtJRMATUH »BETA( I ) /BETA« • • ' 6E14 .5 )
72 F8RMATUH 'LAMBDAS* • • • . . • • ' 6 E 1 4 « 5 )
73 Ft)RMAT( h •BETA**** • / E l 4 . 5 i l*fX* 'L IFET IME. . . . , * ' i E l 4 * 5 )

END
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PROGRAM RPL
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VERSION COO

REA|_*8
DIMENSION P< l-»00)*PT(18)
CALL LlMTSI-2.b>7.o)

C
L PRHGKAr. PLOTS REACTIVITY FEEDBACK, POWER FROM BINARY TAPE
C
tt....«NG * * uRAPH uRIDS * NPQ « # PLOTS/SKID
C NP - # UF P9li«iTS T0 PL9T NI • * SF POINTS INPUT( BUFFEREO IN )]

1 READ lOw/ NCi/(\PG/NP,NI
READ Bit (PT(i)^I»1*18)
IMNtt«EUi«G)GU TO 5000
REAO 3 B * D X

READ 9e}#TMN#TMX,TDjPMN>PMXJ.PD/RMN*RMX>RD
READ 2&^JXTI#XTF#YLI*YLF*YRI#YRF

XS*(TrtX-TMN>/a»
D6 200 iK* l>Nu
CALL PLOT<8.>0»0>2)
CALL P L C T ( 8 . 0 / 5 t # g )
CALL P L e T ( 0 » 0 ^ 5 . * 2 )
CALL P L U T ( 0 . 0 > 0 » i 2 )
CALL SYMBt ;L<-U« l2 / -0»20>0» l#XT I^0 t0*6 )
CALL S Y M B e L ( - u » 6 i - O t 0 5 * Q . l # Y L I » 0 » 0 # 6 )

CALL S Y M b e L t - 1 . 0 i l . 8 > . 1 * ' F E E D B A C K ! * ) « / 9 0 . / l l )
CALL SY( iBeL< -0»6 /4»95 /0 .1#YLF*0 t0 *6 )

CALL SYhaeL(2 .8#4«0*U«l * 'POWER'#0»0*5 )
CALL SYMbBH 2 • 8 * 1 * 0 0 * 0 . 1 . . 'FEEDBACK' * 0 » 0 * 8 )
CALL S Y h b 8 L < 2 » 6 » - 0 . 5 , 0 . 1 , ' TIME I S E C ) » J O . O J l l )
CALL SYMDeL( l« * * -0 .8#0 .1 -J * « PtJWER^ NEGATIVE FEEDBACK ' >0»0*23 I
CALL S Y M b e t . U . ' M - l . l * » 1 2 , P T ( i ) # 0 . 0 * * a >

CALL SYhBt ;L (7 .85* -C .20* l - l» l *XTF#0»0 i6 )
CALL SYriBGL(8*l;-0*05s0«l/YRlj0«0#6)

CALL SYMBBL«8.3il.7.»0«l# 'NflRHALIZED POWER • $ 9Q*t 16 )
CALL SYhBUL(8.1*4.95*O.t'YRF'O*0*6)
CALL PLCT(0.0*0»*3)
X«0.0
Y»b.
N^«(TMX-T^lN)/rD+0.1
AM-NM
DD*8*/Af.
IF(NM.Ew»l)Gd TO lJll
DB 1305 I«l*Nii
X«X+DD
Y«5.-Y
CALL P U Q T ( X * Y / 2 )

Y-5.-Y
CALL PucT(X*Y*2)

130b Y«b.-Y
CALL PLdT(0»0>0.0/3)
X«8«
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AN*NM
D0«5«/Ah
Dfc 1310 I*It
X*8.-X

CALL PLaT(X*Y*2)
X«8fX
CALL Fl£l{X*1,2)

1310 X«S.-X
1311 CALL PLuT<0.0>0t0/3)

D8 199 JK»1*2
CALL aUHFER I IM ( it ltPtHJ , ISJLL )
FORMAT ( OtlS.si)
IF( JK.£bi.a)QO T8 160
Y8*PMN

68 TO
160 Y8»f<MN

161 C8NTINUL
DT«DX
CALL 8FFSET(XQ#XS*Ye*YS)
T-0.
CALu
D8 166
CALL PL0T(T*P(I)/l2)

16o C8NT1NUL
C A L L PLdT(0»*0»*3)

l9y CGNTlNUt
CALL P L U T ( O « * O « * 3 )
CALL NUPA(JE(3.5)

300 CBNTlNUL
60 TO 1

SuOO CSNTI^UE
98 FCRMATl10F8.0J
99 FbRMATl.8A4)

100 F8RMAT(1OI6)
F8RMAT(6A8)
END
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PROGRAM MODELF
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coo

C FEEDBACK M 8 D £ L - 7 TERMS UP T8 3 TRANSPORTS NOV 10 /1970
C

DIMENSION A ( 7 ) / X U 0 0 > j Y < 4 O 0 > # Z < 4 0 O > j B ( 7 > j C m . » R < 6 6 6 ) ; R D ( 7 ) s A M ( 7
XAB(7) ;P(666>

luOO RtADl i N*DT
READ * * X M I N > X M A X . » X L J X D , Y M I N > Y M A X > Y L # Y D
XQ«XMIN
XS*(XMAX-XMIU)/XL
Yt3«YMIN
YX»(YMAX-YMINJ/YL

CALL 8FFSfcT<X8/XS*Y8.» YX)
CALL BUFFER I M ^ I J P ' N J I S J I L I
CALL BUFFER J,N(2*I>K*IN> TS* IL>

L
L FBPL tLfct Ot T8 INITIATE NEW GRID* iLE» 0 TO PLOT INPUT*
C »GT. 0* TO PLQT MOOfL
C N • # PSiNTS * OT « T H E STEP Tl*2*3 » DELAY TIMES
C FMUL • MULTIPLIER F6R PLOT DATA
C

iOO WEAD * * T I * T 2 J T 3 * F B P L * F M U L
T « YMAX
IF(FBPL .GT» 0. JQ6 T8 3
CALL P L O ! < X L # 0 » 0 J 2 )

CALL PLD1(XL#YL*2)
CALL PL8I(o»0/YL#2)
CALL PLeT(0»0*o»0*2)

IF(FBPL.LT'O.)Q8 18 5
HEAD 1'iMTC
kEAD 4/(*. ( 1 ) / I"liNl C )
N E A D *tIKDtI)*I*1JNTC>

Qe 18 l~>
a D8 10 J-^/N

10 K(J)*R(J>»FMUL
CALL PLOT(R(1)*T*13)
D8 11 J B . J N

CALL PLtT{«(J)/T»13)
CALL PLOT(R<JJ/T/12)

11 T»T-DT
CALL PLbTtR<NI*T*l3)
CALL P L C T < X K I N * Y M 1 N / 1 3 )

IF(FBPL.QT»iO.) GO TO 1000
GO T8 1Ou

L
L
L

15

PLOT

T^'O

UO 16

MODEL

I«i/NTC



16

IS

IS

2v

2c

Af"<
AB(
B( I
C(I

C(

Cl
J = l
K - l

DO

fiVi
DO
B ( M
08
C(K
& = C
IF(
S » b
GO
IF(
X( J

I )
I )
11

» - l ,

» l«v
) = 0 . 0
) =
4 )

50

]l
l g
N)
lb
k)
*4
Tl

Tt?
T4
) «

J-J+l
at)
b=s
XI J

Te
+ x
) =

0 * 0
= C<

1 -

( l i L

>0/«D(
DT*

;-AM(I

I

)

i«R
•It

=B(NN)

»B; M
) +L I

• Nt
( 1 )

24
• bh

C( 1 )

2 4
1 1 )
C ( 1 )

<lt

t>)
t

( I )
NTC

I )
*D(I> )
)

)*F«UL

• A r i ( M N ) + R ( I
NTC

+C (i
0 ) lii

T l )i

b ) +C < 7 )
j) T8 20

j 8 Te 22

*

OQ 2b MN
23 X(MN)»Xl
24 1F(T2 «(Mt • 0. )U8 TO 25

S=S+C(2)
G8 TO 2b

2b iF<Tc »LL» T4)u8 TH 26
Y(K)«C(2)

'.iti TO 2S
26 ti = S + Ytl)

Y(k)«C(2l

D8 27 MN»
27 Y(MM)*Yt
28 1F(T3 .Ntt 0»0>G0 T0 29

S-S+CI3)
G8 TO 32

23 J.F<TJ .Lt» T4)(a8 Tfi 30
Z(L)*C(3J
L-L + l
68 TO jc

30 S«S+Z(1)
M«L-1
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08 31 MN»l/f1
31 Z(KN)»Z(nN+i)
32 CALL PLGi<S*T,12)
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bO T*T-DT
CALL P L D T ( S * T * 1 3 )

CALL PLbfU•0*0»0#3)
CALL .••JU(-AUE:4.0)

If-(F6PL-G7 »10. > Q6 TO lnOO

6 FORMATt

d f-8RMAT«6tl2»5)
1 F6RMATJIo*bEl2t5>

END
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PROGRAM ROSCIL
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TRANSFER FUNCTION ANALYSIS USING ROD OSCILLATOR

Til
T2
T3
T4
T5
CC1

CC2

CC3

CCf

CCb

ENTtK

-

INFLAG
ENTRY

SRtF
RES
R£S
RES
RES
RES
DATA

DATA
DATA
DATA

DATA
DATA
DATA

DATA
DATA

DATA
DATA
GEN*1*3l
DATA
L111 w
BALj)5
DATA
DATA
DATA
DATA
CAL1,5
C A L I J S

CAL1,5
LI.3
STW,3
Li* 1
STBil
Ll'l
STBji
CAL1.9
KES

BEZ
LW/6
STW.,6
L^/ 6

FP:MBOX.»MAIN*MSET
26
26
26
26
26
X«0*000059»

CAL
10
X'0400005A»

RODO
1
X'O*OOoO7O»

ENTRY
X"04000071'

GO
X'040000721

1/T5
GONE
4
MSET
NN
IHDL
IC0NTR
IDATA
CC3
CC4
CCS
0
INFLAS
119
PP2
59
PP5
1
1
FP:MBBX+IOO
G02
-X'7g«
IL8C+1
FP:M3OX+IOI

CONNECTS TO 7Q FflR INITIATE FR8M SCOP
REENTER PORTION OF CALIBRATION
REENTER PORTION 6F RODO

USED TO INDICATE WHETHER CONS ARE CAL
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TRANSFER FUNCTION ANALYSIS USING ROD OSCILLATOR

REF
SREF
RES
RES
RES
RES
RES
DATA
SEN,4*28
DATA
DATA
DATA
GEN*4*28
DATA
DATA
DATA

DATA
DATA
GEN«l'31
DATA
DATA
GEN,1*31
DATA

DATA
DATA
DAT4
DATA
CAL1*5
CAL1*5
CAL1,5

LI*1
STB*i

STB,i
CALL 9
KES

BEZ

9SIN* 9C0S* 9ATAN2* 9SQRT* CONEB
FP:HBOX/MAIN*MSET
26
26
26
26
26
X»0*000059'

CAL
10
X«0*00005A'
12* T2
RODO
1

1*T3
ENTRY
X'04000071'

GO
X'04000072'
1#T5
GONE
4
MSET
NN
IHDL
IC8NTR
IDATA
CC3
CC4
CCS
0
INFLA3
119
PP2
59
PP5
1
1
FP:MBOX+IOO
G02
•X'7g»
IL8C+1
FP:MSOX+IOI

CONNECTS TO 70 FQR INITIATE FR0M SCOPE
REENTER PORTION OF CALIBRATION
REENTER PORTION BF R6D0

USED T8 INDICATE WHETHER CONS ARE CALC
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ACiAIN

M
AM

LW,8
Lrt,g
L W , 1 O

LW, 11
FO S , i l
S T W , i 1
FAS,ft
LW,n
AND,11
SLS,11
AND, 6
LI#2
sw,a
BEZ
SLS,6
BDR,?
STW,<>
STw,7
STw,s
i,iTW,g
STw,iO
Ll,6
STW,6
STW,6
ST^,6
Ll,6
STWjfe
CAL1,2
CAL1.2
LW,7
BNEZ
LW,6
STW,6
LI,6
STW,6
LW,7
STW,7
LI*1
STw,i
STw,6
STW,6
STh,6
STW,A
STW,6
CAL1,5
CAL1,9
RES
RES

FP:MB8X+103

FPIMB6X+104
FP:MBex+lO5
6
«FS»2«•
AM
-FS«.5«
6
•X'OFOOOOOO'
•2ft
•X'OOFFFFFF'
6
11
»+3
-4
*-l
TEMPM
CS
Ĉ
FB
EO
0
ARS
AIS
AFS
3
NUM
PR3
PR6
INFLAG
• + 5
•FS'L'
KK1
0
KK2
TEMPM
M
INIT
RETURN
FR
FI
C9NST
RMS
N
CC2
1
1
1

CONNECTS TO &A F8R DATA ACQUISITION!
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PfcMKP
nlUn
AIS
ARS
AFS
DiiA
059
*

332

COU.MT
SI
32
S3
AA
BB

, CC

; A

6
C
t e

AN
FR
F I
AMf
ANii
CtJNiT
FRLii
< K l
KK2
GZAMP
SZANG

RES
KES
RES
RES
RES
DATA
DATA

CALIBRAT

LW/6
LW/7
L W# 8
STW,6
STW,?
STW^H
LI**
STw,4
L l s 6
STW,6
STw,h
S T k i j 6

LW>6
STW,*
CALL 5
CAL1,9
RES
RES
RES
RES
KES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES
RES

1
1
1
1
1
X'0lQ0005A«
X ' 0 1 0 0 0 0 5 9 '

ION

FP.'MBflX + l O l
FPSMBOX+102
rD* MDflVxi AO
"rinogx+lOo
AA
66
CC
2000
COUNT
0
SI
S2
S3
• X ' 7 l i
iL.ec+1
CCl
l
I
I
I
l
I
I
l
l
i
I
I
l
i
i
I
i
i
i
l
l
i
i
l

CONNECTS TO 59 FOR CALIBRATION
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Fa
cs
CAL
aa

RES
RES
RES
B
Ll;l
LH/6
LK»7
LH/g
SASjf,
SASJ7
SAS,8
AWMj*
AWMJ7
AWM/6
LWJ6
BDR#*
3
3TW,6
CAL1.9
CAL1,5
LNi5
BALJ7
F0S>4
STW**
LW/5
BAL#7
FDS#4
STW,^
LW/5
BALi7
FDS*4
STW,*
FOS,S
F0S*9
FOS,1O
F0S*8
F0S#9
FDS,i.O
STW/H
STW*9
STw^iO
STW#3
BAL/15
STW,i2
STW/13
STW#14
STWf 9
6ALii5
STW,i2

1
1
1
GOAT
1
IDATAJI
IDATA+l
IDATA+l*i
-1
-1
-1
S3
S2
SI
C8UNT
*+2
* + 3
COUNT
1
059 DISABLES 59
SI
FLOT
V0LT
8
S2
FLBT
VOLT
9
S3
FL0T
VOLT
10
•FS'2000.•
•FS'2000.'
«FS»2000.»
AA
BB
CC
A
B
C
7
CONEB
M2 + 2
M2+3
M2 + 4
7
CONEB
M2+6
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BAL*l5
STW*l2

STw#l*
CAL1.2
CAL1«2
CAL1.2
CAL1«2

VOLT
PR1

PPl

DATA
DATA

DATA
TEXTC

M2+7
M2+8
7
CONES
M2+10

M2+12

PR6
PR2
PR6
1
F8«1638*3*
X'OIOOOOOO'

PPl
«CAL CHANNEL CHANNEL *2 CHANNEL #3'

PR2

M2

DATA
GEN*i*2<
DATA
TEXTC

x»oioooooo«i*l*4 1*0*1*0
M2
t

RMS
RMS1
RETURN
RODO

RES
RES
RES
B

1
1
1
GOAT
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XNII

ca

LW*7
b

LH*fe
LH«7
1 u. ,

LH/IO
SAS » r.
a AS-7
SAS, 9
SAS«]O
L«*3
STH#o
STh#7
STh#<3
STH* I O
ftw*7
tf*i*9

L«#1O
L«*5
BAL« -
F Ab» T 0
&TiN# tO
L«#lO
LW>5
BAL,7
f i t , 1 A
r •«* \ v

STw,iO
AWh, t
CALli9
LH#6
BGZ
L I / 1
B
LiM
STW«1
CAL1,9
LH>6
BGZ
CALi ,9
L l a l
s T w # :
b

BGZ
LiM
ST*»» 1
B

RETURN
• 7
1
IOATA«1
IDATA*1
f niTi4i•

I0*TA*2*
- 1
• 1
- 1
- 1
N

0*3
0*1500*3
0+3000>3
D + A S 0 0 * 3
&
6
CONST
FR
7
FLOT

FR
F I
9
FLOT

F I
N
1
IOATA*?
t + 3
Cl
• + 2
ca
RETURN
i
IDATA+E
• • 2
1
P I
RETURN
STORE
IDATA+?
***
N l
RETURN
STORE

INDEX FOR GEtTiNG HALFWORDS OUF 0
ION CHAMBER SIGNAL
COSINE POT
SIN POT
INLET TEMP

ION CHAMBEM

NUMBER OF SAMPLES

FIRST POINT IS NEGATIVE

LOOKING FO* FIRST POSITIVE CROSSG1

STILL IN NEGATIVE HALF CYCLE

NOW IN POSITIVE HALF CYCLE

LOOKING FOR NEGAUVfc CROSSOVER

NOW IN NEGATIVE HALF CYCLE

I
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7

1
6
"y
9
10
*fi>

t 7
#9
#l0
3
to
»7
#9
.. nt iu

7
9
/*»
10
S
/ 7
#10
i 10
10
5
#7
/tO
#10
#1
1.9
6

1

1
«1
1*9
6

1/9
1
#1

6

1
/I

RETURN
•7
1
IDATA,1
IDATA*!
I0ATA4-1/1
IDATA+2»1
-I
_, *•'1

-1-1
N
0/3
0*1500/3
D+3000/3

6
6
CONST
PR
7
PLOT
•
FR
FI
9
FLOT

FI
N
1
IOATA+?

Cl
• + 2
C2RETURN
1
IDATA+2

• te
1
PI
RETURN
STORE
IOATA+?
• 44
Nl
RETURN
STORE

INDEX FON GETTING HALFWORDS OUF eF
ION CHAMBER
COSINE POT
SIN POT
INLET TEMP

ION CMAMBEk

NUMBER OF SAMPLES

FIRST POINT IS NEGATIVE

LOOKING FdH FIRS! POSITIVE CROSSOVER

STILL IN NEGATIVE HALF CYCLE

NOW IN POSITIVE HALF CYCLE

LOCKING FOR NEGATIVE CROSSOVER

NOW IN NEGATIVE HALF CYCLE



CALl.9
Nl

Pi

Lnt 6
BGZ
B
LH;6
BGZ
LW/6

8
SfWtfy
LIU
STfc, \
8
LW*6

B
STW,6
LI/1

B
CAL1,5
LW/5
<3AL»7
FDS, *
STw, ̂
LW; 5
faAL#;
STw» ̂
Lrf* 7
F0SJ7
STWJ /

Li* «t
Ll/1
tw> 2
LH*5
BALW
FDS* 4

Aiir
uDR» 3

FDS*8
LW/9
FAS,9
FDb,s
FDSt H

IDATA+?
PIP
STORE
IDATA+2
STORE
M

Tl
M
Nl
RETURN
STORE
M

Tl
M
PI
«ETJRN
STORE
D5A
CONST
FLP:
VOLT
CONST
N
FLOT
AN
CONST
AN
CONST
0
0
N
O'l
FLOT
VOLT
CONST

1
*-7
AN
A
EO
CONST
9
A

STILL IN POSlTIVt HALF CYCLE
CHECKING FOR NfcXT POSITIVE CROSSevER

STILL IN NEGATIVE HALF CYCLE
CHECKING FOR NEGATIVE CROSSOVER
STILL IN POSITIVE HALF CYCLE

DECREMENT HALF CYCLE COUNT
IF ZERO WE'RE FINISHED

NOW IN NEGATIVE HALF CYCLE

DECREMENT HALF CYCLE COUNT
IF ZERO WE'RE FINISHED

NOW IN PflSlTIVfc HALF CYCLE

FDS,8



- 75 -

F M S J S
FMSJX
CTIU I o

LW,7
FDS, 7
STw., 7

FAS, 6
LW'8
L * J 9
r I/O i S

FDS,9
FOb^S
FOS, 1
rOS/8
FDS,5

FOSi,q
FOSj)?
FOS/9
S 1 W * s

XW>8
bAL^r>
FMSj*
c A ^ . o
P M 9 J H

STw,x
LW>8
LW*7
FMS/7
FMS,S
FAS,?!
BAL,6
STW,8

FMS,6
FDS,<,
STw,ft
1 Ul A Q

Lw,y
LW*1O
FMS.S
CMC a
r no » •?
FMS,lO
LW#U
LW,ia
Lw*n
FASil 1

KKl
KKl
D Me 1

C6NST
A
CONST
E8
7
FR
F I

• r c ' X •
• F S ' l .
6
6
A
A
AN
AN
B
C
C D
r K
FI
9
9ATAN2
C0N2

ANG
F I
FR
FR
F I
7
9SQRT
AMP
AM
CS
AN
FREQ
CO
r W

FI
AMP
KKl
1/ J «

KKl
ARS
AIS
AFS
8

1»/(1638.3»*2) * 2.

REAL PART
IMAG PART

PHASE

AMPLITUDE

FREQUENCY

FR IN 8
FI IN 9
AMP IN 10
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"IKI IE

*

HI

H2

FAS,33
STW,U
STw»i2
STw,13

STio 9
STw f iC
LW/9
LW/8
FMS,*
Fss,q
F 0 S J 9
LAW,*
BALJ6
FMS,«
STW,8
bAL*7
LlM
STB.,1
CALliS
CAL1,1
L l / 3
L I / 4
STHj>
STw,^
C A L l i l
I T . ji

L * > 4
H*2
L«,i3
r, 1/3
bTH* ?
S T W , ;>

CALlj 1
A l / 2
BIK. - *
C A L l ^ l
6

i»fc.Cg*.D

RES
LIM
L «/ c
Ll/1?
L i / 13
Ll/3
LW/6
LW/8
f -AS,«

6
ARS
A I S
AFS
FR
F I
AMP
RMS1
AMP
AMP
8
8
9
9SQRT
• F S ' l O o '
RMS
PRINT
119
P
PR4
ap
152
A
OCB + 3
DCB + 2
WR
_ h.mir

0

4
OCB + 3
OCB + 2
WR
1500
» - 3
CL
H I

HARMONIC AM

3
0
M
!M

0
0
- 3
1
EB
CONST

INDEX
# aF POINTS
SEAL
IMAQ
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H3 LH*5
BAL,/
FDS,4
CDC .
r us t 4
FOS,*
C T I.' iSTWi 4
A l / 6
BIR#3
LW/6
FMS.6
FMS,6
FMS/6
FAS>13
LW*7
LWi6
F«S»A
FMSifi
FSS*7
FMS,7
FAS*i2
Al« 1
BDR>^
FDS, j2
FDS#l3
FMS#}2
F M S J I 3

FMSM2
F M S J 1 2
S T V » , I 2

S T w , l 3
LW>8
LW^9
FMSjKj
FMSj.9
FAS*S
BAL«6
STw,«
LW>8
LW/9
BAL^6
FMS,g
STW,8
BALW
LlM
STB#l
CAL1*2
CAL1,2
CAL1,2
LWi6

FL6T
»FS'1638.3i
A + 3* 3
8
row+3i 3
1500
H3
« F S » 2 . »
pew
pew+i
P0W+2
6
»FS«1»•
• F S * 2 » •
pew+2
pew+2
6
pew
7
1
H2
AN
AN
- F S » 2 « '
• F S ' 2 . »
KK1
KK1
FR
F I
12
13
12
13
9
9SQRT
AMP
13
12
9ATAN2
C6N2
ANG
PRINT
65
P
PR6
PR*
PR6
NUM

GET DATA
FLOAT IT
CONVERT T8 VOLTS
DIVIDE BY GAIN
DIVIDE BY £0

POM/COS* AND SJN ARE

2 • P • COS * SIN
IHAG

1 » 2 • SIN ** 2

REAL

NORM
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BDR,6
B
STW,6
6
CALlil
CALl,l
CAL1,1
CAL1,2
CALl.2
CAL1,2
CAL1.2
CAL1.2

LW,9
L W J I O
f-OS,g
F0S,9
FDS,lO
STW,H
STW,3
STW#1O
STWjiO
FMS#8
FMS,9
FASJH
BAL>6
STW*8
LW/8
Fi1S,8

LW;6
FMS,6
FDS,??
FAS,a
BAL/6
LW/7
FMSJ7
STWJ7
LW/9
LW/8
BAL*6
STW,S
LW/9
LW/8
BAL,6
LW/7
FAS,7
FMS,7
FAS,7
STW,7

•+2
•+3
NUM
AGAIN
OP
WEOF
CL
PR6
PR5
PR6
PR3
PR6
ARS
AIS
AFS
• F S « 3 t «
•FS'3««
»FS'3.»
ARS
AIS
AFS
FREQ
ARS
AIS
9
9SQRT
AMP
AFS
AFS
FO
FO
6
•FS«1««
9SQRT
AMP
3
AMP
ARS
AIS
9ATAN2
ANG
AFS

we
9ATAN2
ANG
8
C8N2
KK2
ANG

FREQUENCY

AMPLITUDE

PHASE

ANGLE IN DEGREES
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LPl

FDS, /
STW,/

BAL,6
STW,s
STW,7
BAL,6
STW,«
KMS,l3
FMS,l2
STW,i2
STw,i3
LI*1
STB,i
BAL,7
CAL1,2
CA|_1,2
LW,6
FMS,6
STw,6
FMS,6
STW,6
LW..12
Li*n
( 1 • iL 1* 1
LW,8Lw*9
tiAL,6
FMS,«
STL" 8
LW, i
FMS,S
FAS,8
BAL,6
STW,g
LW,8
FDS,8
STw,«i

LW, «
BAL,6STW, 8
LW/8
BAL,6
FMS,7
FMS,8
FAS,12
FAS,l3
BIRJI

bTW, 12
STW,i3

C6N2
8
9SIN
12
8
9ces
13
AMP
AMP
FI
FR
119
P
PRINT
PR*
P36
AFS
PI2
AA
AA
AFS
LSTR
0
mtsmv

AA
LAM+6#1
9ATAN2
• FS'»1. •
14
LAM+6,1
8
AFS
9SQRT
9
BETA+6,1
9
15

1*

9ces7
14
9SIN
15
15
7
8
LPl
RT
IT
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LW/8
LW, 9
BAL#6

FMS>8
FMS> 8
5TW, y
FMS>i2
FMS,i3
FAS, 1.2
Lw> 8
BAL,6
FMSjg
LW, 6
F0S>6
STW,6
LW,7
BAL,15
STto, i2
STWt ) 3
STW,i4
LW*7
BALJ15
C Tlii . 4 O

STWj t *
CAL1,2
CAL1,2
CAL1.2
Lfit 6
LWi 7
FDS/6
FDSJ7
STW16
S T W J 7
LW> 8
SNE7
Ll/8
STW, g
LWJ a
FOSj H
5>TW,8
LW, 8
FSS, ̂
FMSJ8
STMJ 8
LW/7
BAL,l5
STW,12

13
12
9ATAN2

C6N2
-FS'-l
GZANG
12
13
13
12
9SQRT
AA
-FS'l.
8
GZAMP
GZANG
CONEB
PP6 + 9
PP6+10
PP6+11
GZAMP
CBNEB
PP6 + 2
PP6 + 3
PP6 + 4
PR6
PR8
PR6
ANG
GZANG
C8N2
C8N2
ANG
QZANG
INFLAG
LP2
1
INFLAG
GZAMP
AMP
KK1
GZANG
ANG
C0N2
KK2
KK2
CONEB
PP5+12

REAL IN 12* IMAG IN 13



viva
O'T'O'T %'T'9g'I'N39
lOOOOOOTOiX ViVC

X S3« il
T S3« 1W

3SVHd 08 > dWV 00. DXX31
9dd ViVf]

O'T'O'T *'T'92' l'N3?)
lOOOOOOTOiX Viva R8d

1NV1SNS3 3SVHdi 1X3L

ANVJ.SNQO NIV9! 31X31
Sdd VIVO

O'T'O'T •'T'9g'l*M39
IOOOOOOIOIX V1VC

9

9+Sdd
S+Qdd

83NB3

•T+Sdd
ET+9dd

- T8 -
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PP/ TEXT: •FEEDBACK COMPONENTS*

LPc L#» <f

FHS»b
FMS#*

F0SM2
LWi 7
F-1S*/
STk»*7
BAL,fe
LwM J
M S , 1 2
FSS,i2
5Th,i2
Lrt.»8
6AL,«,
FMS«i3
FSS,i3
STw*i3
LW«8
FMS,-»
LW#9
FMS*9
FAS,*
BAL»6
S T in # jj

LWi9
bAtj,6
FMSj«
STw#«
8AL#7
L l * l
STBji
CAL1,2
CALi,2
CAL1,2
CAL1,2
CAL1.9

fcJAL,7

LNM

IT
RT
AA
AA
•FS'-j
- F S U .
AHP
ANQ
•FS«-1
8
9C0S
12
8
*
FR
7
9SIN
8
5
F I
FR
FR
F I
F I
9
9SQRT
AHP
F I
FR
9ATAN2
C0N2
ANG
PRINT
65
P
PR10
PR4
PR6
PR6
1

FLOT

PS
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PS
NEQ
*
*
*
NN
IHOL
ICCNTR

IDtV
IWAIT
ILOC

ISTAT
IDATA

GOAT

*

TEMP
PRINT

Cl/5
BEZ
BGZ
LW«*
C C 1 ii

B

8
DATA
DATA

b*LW

DATA
RES
DATA
DATA
DATA
DATA
DATA
NES
RES
GEN,**
RES
Ll/14
BAL#l5
DATA
DATA
DATA
DATA
DATA
DATA
CALlj,9

PRINT

RES
STK,7
LW/7
BAL*l5
STW,i2
STK,t3
STW,i*
LW/7
BAL«15
STWM2
STW#l3
STW*i*
LVit 7

0
••5
•+2
NEQ
m ^

1*
••20
• 7
X«*EOOOOOO»
X»B1FFFFFF»

GOATA

1
7
0
3
12
0
2
1
1

28 8*0
2
6
MAIN
NN
I HDL
IOEV
IWAIT
ILOC
ISTAT
1

ROUTINE

1
TEMP
FR
CONEB
P+t
P+2
P+3
FI
CONEB
P+5
P+6
P+7
ANG

INTERRUPT *
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PRJ

PP2

BAL/J5
S T » M 2
STH,|3
STw*i4
LW/7
BAL,i5
STw*i2
L Ti l l • 4 Q

fa 1 K, 1 J
S T W , i *
LW/7
6AL,l5
STW,i2
STW,l3
STW,i4
LI*2
L I , 3
Lrt'7
LW,6
STW,6
L I , 6
0W,6
LB,10
STB,10
Al ,3
BIR,?
LW,7
BAL,l5
STW,l2
STW,l3
STW,1*
LW,7
BAL,l5
SsTw,i2
STrt,i3
STw,i4
LW,7
B
DATA
GEN,1*26
DATA
TEXTC

CONEB
P+9
P+10
P + l l
AMP
CONEB
P + 13

r + l »
P + 15
FREQ
CONES
P + 17
P + 18
P + 19
- 4
3
N
•X'FOFOFOFO'
P+21
0
-X 'A»
PR9/6
P+21/3
- 1
• - 5
CONST
CONEB
P+23
P + 24
P+25
RMS
CONEB
P+27
P + 28
P + 29
TEMP
• 7
X'QlOOOOOO'

,1,4 1,0,1,0
PP2
• REAL IMAQ PHASE*



TEXT

TEXT
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TEXT AMPLITUDE FREQUENCY # OF POINTS*

TEXT • CONSTANT X DISTORTION '

PR*

P

DATA X'OlOOOOOO*

P
»

DATA
TEXTC
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PRS

PP3

PR6

OATA

OATA
TEXTC

DATA

PR9

DATA
TEXTC
U*TA,1

X'OIOOOOOO'

PP3
'AVERAGES'

X'OIOOOOOO*
i* ltO*l>O

DATA»1

LSTK
BETA

LAM

CON*
PI2
PI*
OP

CL

WR

BOUND
OATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
OATA
DATA
DATA
DATA
DATA
DATA
GEN/8'24
DATA
GENjg;24
DATA
GENJ8«24

F8'.110026£-06'
FS» .232903bE-03'
FS«•l*06622t«02»
FS'.129913E-O2'
F8«•2853856E-02'
FS'*104950E-02*
FS».2577885E-03'
FS'.0127»
FS'.03l7'
FS'.llS'
FS'.311«
FS'1.4'
FS'3.87»
FS'57.2958»
FS»6.2831853'
FS'l#5707963'
X»1*'/DCB
0
X'15',DCB
0
X'll'/DCB

10*22
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U31N3 QU1
0009

31X31
dtJ3

O'I'O't <r'T
i00000020iX

31IHM S
W3 2MHV3 HH3

0 VIVO
8*Z'6'S'N3«)

OiX *2'«*f^39
0 VivO

S4*3ii»CSr-.'i-ti~Av H



- 89 -

REFERENCES

1. ft. W. Hyndman, M. R. Tuck, and F. S. Kirn, On-line Transfer Funation

Analyai8 of EBR-II, Trans, Am. Nucl. S o c , 10(2), 696 (November 1967).

2. R. W. Hyndman and M. R. Tuck, An On-line Method of Transfer Function

Analysis in EBR-II, Nucl. Appl. 6, 137-141 (February 1969).

3 . R. W. Hyndman and R. B. Nicholson, The EBE-II Feedback Function,

ANL-74VS (July 1968).

4. R. R. Smith, et al., The Effects of an Over-cooled Stainless Steel

Reflector on the EBR-II "Bower Coefficient, ANL-7544 (May 1969).

5. I . A. Engen, A Hew Technique for Investigating Feedback and Stability

of a Nuclear Reactor, ANL-7686 (June 1970).

6. I . A* Eng«n and R. W. Hyndman, A Catalog of Rod-drop and Transfer-

funotion Data from EBR-II Runs 25 through 30A, ANL-7542 (May 1970).

7. J . M. Allen, et al., Functional Description of the EBR-II Digital Data

Acquisition System, ANL/EBR-029 (November 1970).

8. H. A. Larson, R. W. Hyndman, and I . A. Engen, On-line Feedback Analysis

at EBR-II, Trans. Am. Nucl. S o c , 14(1), 311 (June 1971).

9. R. 0. Brittan, Some Problems in the Safety of Fast Reactors, ANL-5577

(May 1956).

10« M. R. Tuck, I . A. Engen, and R. W. Hyndman, Computer-Aided Experimental

Support, Trans. Am. Nucl. Soc., 14 (Suppl. 2) , 34 (August 1971).

11. R. B. Blackman and J. W. Tukey, The Measurement of Power Spectra,

Dover Publications, Inc. , New York (1958).


