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SUMMARY:

Part A. Dynamic measurements have been performed at the Åge sta reactor

at power levels from 0.3 to 65 MW (th). The purposes of the experiments have

been both to develop experimental methods and equipment for the dynamic studies

and to measure the dynamic characteristics of the reactor in order to check the

dynamic model.

The experiments have been performed with four different perturbation

functions: trapezoidal and step functions and two types of periodic multifrequency

signals. Perturbations were introduced in the reactivity and in the load. The r e -

cordings were made of the responses of nuclear power, coolant inlet and outlet

temperature and control rod position. The results are presented as step respon-

ses and transfer functions (Bode diagrams). Inmost cases the relative accuracy

is - 0. 5 dB in amplitude and - 5 in phase.

The results from the experiments in general show rather good agree-

ment with the results obtained from a dynamic model, which successively has

been improved. Experience on reactor noise analysis based on measurements in

the Agesta power reactor is discussed. It is shown that the noise measurements
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have given complementary dynamic information of the reactor.

Part B. Static measurements of the physics parameters in the Agesta reactor

are carried out to confirm theoretical methods for reactor calculations and to form

a good basis for safe operation of the reactor. The reactivity worth of groups of

control rods are determined with different methods and compared with calcula-

tions with the three-dimensional code HETERO. The excess reactivity as a function

of burn up is obtained from the control rod positions.

The temperature coefficient of the moderator is measured by lowering

the moderator temperature at constant power and observing the change in con-

trol rod insertion. As burn up increases the experiments are repeated in order to

follow the changes in the coefficient. The xenon poisoning effects are measured by

changing the power level and studying the subsequent control rod insertions as a

function of time. The effect on the reactivity due to changes of the pD value of the

moderator was measured and found to be small.

The radial power distribution is found both from the coolant temperature

rise in the individual fuel channels and from an out-of-pile y-scanning of represen-

tative fuel elements. The later method also gives an accurate measure of the

average axial power distribution. The total production of steam is measured con-

tinuously. By applying corrections for heat losses this measurement gives an

acceptable value for the average burn up. The burn up distribution is also calcula-

ted with HETERO. Flux fine-structure in burned fuel is measured once every year

by irradiating spectrum-sensitive foils.

Part A. R e a c t o r d y n a m i c s

A. 1. INTRODUCTION
o

The Ägesta reactor is the first power reactor built in Sweden. The main

purpose is to provide experience for further developments. The reactor is de-

signed for a combined production of thermal power (55 MW) for district heating

and of electric power (10 MW). A detailed description of the reactor plant is given

in ref. [1} . The reactor was taken to the first criticality in July 1963, and

reached full power in March 1964.

The reactor, contained in a pressure vessel, is moderated, reflected

and cooled with heavy water at temperature of 205 - 220 C. The 140 fuel assem-

blies consist of 19 rod bundles of natural UO?> canned in zircaloy-II. A simplified

flow diagram is outlined in Fig. 1 and a cross section view of the reactor in Fig. 2.

The heavy water enters the coolant channels in the reactor at a temperature of

205 C (flow: 1200 kg/s, pressure: 33 bars), and then enters the moderator at a

temperature close to 220 C. The moderator leaves the reactor at the bottom, and

is cooled to 205 C by four separate heat exchangers, which on the secondary side
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generate saturated light water steam at a pressure of 14 bars at full power (65 MW).

The steam is used for driving a back pressure turbine and is then condensed in a

heat transformer for the district heating circulating water in the tertiary circuit.

One characteristic feature of the Ågesta reactor concept is its inherent

operational stability, which means that the internal feedbacks conspire to a strong

self-regulation of the system. The forced circulation, and the suitable values of

the negative fuel and moderator temperature to reactivity coefficients are contri-

buters to this property. An analog model of the reactor system [2] was at an early

stage •worked out and used for analog experiments with the computer PACE 231-R

and in a specially built Ågesta reactor-simulator which also was used for training

purposes.

The reactor physics parameters used in these calculations, mainly the

different reactivity coefficients obtained from the physics models and different

static experiments, were, however, very uncertain. One important reason for

the experimental dynamic studies in Ågesta was, therefore, to establish more

accurate values for the dynamic parameters used in the models, and, thus, to give

a better description of the plant dynamics.

As these measurements were the first dynamic experiments, which

could be performed in a power reactor in Sweden, a strong emphasis had to be

laid on the development of suitable measuring techniques. These methods are also

applicable to similar measurements on heat transfer loops, which recently have

been initiated.

The use of noise measurements for investigation of the plant properties

was also included in the experimental work.

A. 2. EXPERIMENTAL PROGRAM

The dynamic measurements at Ågesta were aimed to give information on

the system which is of value for the operation of the Ågesta reactor and for the

design of future reactors.

The study of the dynamic behaviour as a function of burn up of the fuel is

of special interest at Ågesta. Temperature coefficients of moderator and fuel

and the effective delayed neutron fraction (p) will change during burn up, and

calculations are thought to be very uncertain in these cases.

A further reason for making dynamic measurements at Ågesta is the

need for experience on such measurements, which it is thought, will become more

and more important in the future advanced reactors. So the program for the work

has included, and will include, a large part of method testing and instrument de-

velopment.

In this report only measurements referring to the core will be described.
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These measurements have, however, been performed in conjunction with studies

on the rest of the plant. The outer system cause a feedback on the core and a

measurement of the system variables to check the theoretical model is thus ne-

cessary.

The program worked out as a result of these considerations can be divi-

ded in three time periods:

i) Preliminary measurements of the fresh reactor

ii) Final measurements of the fresh, or nearly fresh, reactor

iii) Study of the most important dynamic parameters as a function

of burn up.

The first part of this program was performed in the winter and in the

spring of 1964 [3] . The second part of the program started in the autumn of 1965

and will continue until the summer of 1966. The experience of the preliminary part

of the program has resulted in improvements in measuring technique and in instru-

mentation. The improvements have made it possible to avoid systematic errors

and to perform the experiments faster and more accurate.

The study was concentrated on the self-regulated reactor, i .e. , with

the automatic control system switched off. Transfer functions and step responses

were measured by perturbing the reactivity with a fine control rod and by an appro-

priate recording of the responses in nuclear power, temperature before and after

heat exchanger and light water steam flow, which gives a measure of the thermal

power. Recordings were, of course, also taken of the oscillating fine control rod

position. For these measurements different perturbation methods were used.

Perturbations were also introduced in steam load but in this case only

single steps were used. Recorded response signals were the same as at the reac-

tivity perturbation.

A. 3. EXPERIMENTAL METHODS

Four different perturbation functions have been used for determining

transfer functions at Agesta [4] . These are trapeze waves, step functions (posi-

tive and negative steps) and two types of multi-frequency signals, BDG- [5] and

JC-functions [6] . (The symbols BDG and JC indicate the author initials of ref. 5

and ref. 6 and 7, respectively.)

The use of trapezoidal perturbations were motivated mainly by the need

of a reactivity calibration at 0. 3 c/s. At this frequency the high power transfer

function is equal to that of the low power and thus independent of the power level.

This property was confirmed by calculations. To retain the required reactivity

amplitude the frequency of 0. 3 c/s was the highest one that could be attained by

the fine control rod.

- 4 -



The B DG-function [5, 8] is a type of pseudo-random binary function,

which was first applied to reactors in the U.S.A. in connection with dynamic

studies of fast reactors. The Fourier spectrum of a BDG-function has approxi-

mately the same form as the white noise of a limited bandwidth. Because of this

property the system is perturbed by a signal having an auto-correlation function,

which is a nearly ideal impulse- or 6 -function.

Some main properties of the ideal BDG-function are the following for

an N bit code:

1. Binary (amplitudes of the values +1 or -1 with equal probabi-

lity when N approaches infinity).

2. Periodic (T = N • At, where At is the bit or unit time interval).

3. N is a prime of the form 4k-1, where k is a positive integer.

4. The auto-correlation function is an approximative 8 -function.

The method with JC-functions, which also are binary and periodic

functions, is based on a work by Jensen [6] and specially applied to HBWR by

la Cour Christensen et al. [9] . The perturbation energy is mainly (about 65 %)

distributed to 7 predominant harmonics of the function. The analysis of these

types of multi-frequency measurements uses Fourier analysis of the output and

input signals, respectively. After comparison between the two Fourier spectra

the amplitude ratio and phase of the transfer function are obtained.

As the superposition principle is applied to this experimental method

as well as in the case with BDG-functions, the two analyses are only correct for

a linear system. Errors, which are caused by non-linearities, are partly elimina-

ted, as the fundamental mode of the function is suppressed and the main harmonics

are prime numbers. Thus by using small amplitudes the non-linear distortion is

negligible as only the suppressed fundamental mode can contribute to the other

perturbation frequencies. However, the BDG-technique can also take non-lineari-

ties into account, if we use a more complicated analysis [10] . This possibility

has so far not been applied to our measurements.

In the fourth method the step function is used as an input signal. This

method is probably the most usual one in control engineering for obtaining a qua-

litative investigation of a system. By comparing the response of positive and ne-

gative steps one gets the size of the non-linear properties and a possibility of

interpolation to the linear condition.
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A. 4. EXPERIMENTAL EQUIPMENT

A. 4. 1 • M.e_aJlu-r_e_4. SPa^titie s _a_nd_ signal_ transducer s _

Signals for the dynamic measurements are taken from the ordinary ope-

rational instrumentation. This means, of course, that accuracy and frequency

response are in some cases limited by noisy and slow transducers. A short re -

view of the measured quantities and the transducers used is given below. See

also Fig. 1.

z- Position of fine control rod. The indication is continuous (variable

impedance) and rather fast. Time constant Ä 0.1 sec.

P: Power (means nuclear power, unless anything else is said). A gamma-

compensated ion chamber is used.

T^: D2O-temperature after heat exchanger *** inlet temperature t© reactor.

Resistance thermometers (0.4 £2 / C) and Hartmann-Braun transmitters

(0-20 mA) are used. Time constant ** 7 sec. Range: 0-250 C.

T, : DpO-temperature before heat exchanger "" reactor outlet temperature

*** moderator temperature. Transducer of the same type as for T. is

used, but the range is 150-250 C.

F~: H?O steam flow. The transducer consists of a venturimeter and a

Hartmann & Braun DP-transmitter (0-20 mA). Time constant *** 1 sec.

Range: 0-40 ton/h.

A. 4. 2. Pa-ta_c_o_llect_ing_and Jiejcp_r_d_ing_SYSte_ms

The main unit of the digital equipment isJRAMSES [11] . The data

acquisition unit, RAMSES, is an automatic and very flexible data collecting and

recording system for different nuclear measurements. The capacity of this equip-

ment is such that a maximum of 8 digital and 8 analog signals can be recorded

simultaneously. The punch speed is either 25 characters/sec (Creed, model 25)

or about 150 characters/sec (Facit, model PE 1500). An 8-channel multiplexer

(OCTOPUS) and an analog to digital converter are also included in the RAMSES.

Every signal channel is fed by information from a gauge, the primary

signal being transduced to an electrical current. Before the signals are fed to the

RAMSES and the 8-channel SANBORN pen-recorder, they are filtered, suppressed

by bias voltages and amplified.

Active filters are used [12] . The transmission of these is rapidly falling

above the chosen break frequency (0. 03, 0. 1, 0. 3, 1 or 3 c/s).

The automatic system RAMSES not only controls the recording process,

but also the generation of the perturbation function. For that purpose a program

unit (tape reader with a loop of punched tape) works synchronously with the other
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sequences of RAMSES. The program unit can generate an arbitrary function of

the discrete-interval binary type. The perturbation signal is fed via a relay-box

to the fine control rod for introducing a controllable perturbation in reactivity.

A. 5. CALIBRATION

A. 5.1.

Trapezoidal reactivity perturbations were performed at the frequencies

0. 19 and 0. 31 c/s for different power levels. The highest frequency is limited to

the speed of the fine control rod.

The reactivity calibration at high power is based on the calculated zero

power transfer function and the measured power modulation at high frequencies.

At the frequency 0. 31 c/s the power modulation is 0.140 %/pcm reactivity.

The control rod calibration is also performed on-line with a reactivity

meter [ 13 ] .

A. 5. 2. Calibration of recorded signals

The nuclear power signal was calibrated against the thermal power as

measured on the secondary side. Measurements on the primary side were found

to be less reliable.

The fine control position signal was calibrated against the position indi-

cator on the control desk. Since the same indicator was used at the reactivity

calibrations a systematic error in the position should not influence the results.

For the process signals from Hartmann & Braun transmitters, calibra-

tion tables by the manufacturer have been relied upon.

A. 6. EXPERIMENTAL RESULTS FROM REACTIVITY PERTURBATIONS

During the preliminary experiments the measurements were performed

with the fine control rod FCR II. This rod is, however, rather close to the ion

chamber and the relative change in the ion chamber current due to a rod displace -

ment was therefore 2-3 times as large as the relative change in total reactor

power. This fact could later easily be verified during the final experiments when

the H_O steam flow was recorded and the change in thermal power could be mea-

sured accurately. During the final experiment the other fine control rod (FCR I)

located far from the ion chamber was used. For these perturbations the relative

change in the ion chamber current was approximately equal to the relative change

in the steam flow.

The results from the preliminary experiments which are not represen-

tative for the reactor power in the low frequency range will thus be used in this re-

port for a comparison between different experimental techniques. The final experi-
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results will be used for a comparison between experiment and theory. Until

now only step response measurements have been performed from which a trans-

fer function from reactivity to power has been derived. Other types of perturba-

tion experiments are planned before summer, 1966.

A. 6. 1. Trapezoidal reactivity JPA !̂1?]??-̂ 0-11-.3-

The reactivity perturbations were introduced in the reactor by moving

the fine control rod between two fixed positions at equal time intervals. The move-

ments between the two positions took about half a second and by choosing adequate

cycling time, trapezoidal reactivity perturbations with wanted frequency could be

obtained.

The measured data were treated in a digital computer by the program

HAVIBIK 4K [14] . The results obtained are shown in the Fig. 3, where a com-

parison between the results from different perturbation methods is performed.

The change of the nuclear power level is attained by moving the coarse

control rods and the reactivity coefficient of the fine control rod depends, thus,

on the reactor power level. The value of this coefficient is calculated from the

measured reactor power amplitude and the control rod amplitude at the frequency

0.31 c/s . This reactivity calibration serves as a basis for measurements at

lower frequencies.

A. 6. 2. Re activity jpjsĵ tur b ati_qns_ with BDGj-jte chnique

The analysis of the punched data from RAMSES is done with a computer

program KORSKOHAN [15] for max. 10 simultaneous signals. This program cal-

culates first the cross-correlation between two selected signals in a cyclic

manner, as the BDG-functions are periodic. The cross-correlation function is

then Fourier transformed, and the quotient between this spectrum and a direct

Fourier analysis of the input signal gives the transfer function.

The transfer function obtained with BDG-technique is shown in Fig. 3.

The accuracy for most points is about - 0 . 5 dB in amplitude ratio and about

- 5 degrees in phase. The results are normalized to the zero power transfer

function at 0. 3 c/s.

A. 6. 3. Reactivity Ĵ e_r_turp3£io_n_s_ with_JC lte_c_h_n_iciue_ [6,_9 ]

The transfer function from reactivity to power, measured with the JC~

technique is shown in Fig. 3 (72. 5 MW). A normalization is made at 0. 08 c/s to

the power transfer function obtained with the BDG-technique. The accuracy is in

this case (with fewer points than from BDG measurements) estimated to - 0.3 dB
, + Oo . ,

in gam and - L m phase.
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A. 6 .4 . §tep_

Step per turba t ions in react iv i ty a re introduced with FCRI . Difficulties

a ro se in keeping the fine control rod at a constant posit ion fqr the n e c e s s a r y t ime

interval (*** 10 minutes) . Recorded re sponses in nuclear power and some t e m -

p e r a t u r e s a re shown in F ig . 5. Since the t empera tu re signals a re ve ry noisy the

curves p resen ted in F ig . 5 have been smoothed out for bet ter surveyabil i ty. A

nuclear power response to a step per turbat ion with FCR II has been analyzed using

a digital computer p rogram [16} and the t rans fe r function is shown in F ig . 3.

A. 7. EXPERIMENTAL RESULTS FROM STEP LOAD PERTURBATIONS

Load per turbat ions were introduced by means of the turbine regula tor

(see F i g . l ) . Both posit ive and negative steps were used and the r e sponses were

recorded . A decrease in the steam flow on the secondary side caused an inc rease

in the p r e s s u r e . Consequently the heat t r ans fe r from the p r i m a r y side of the heat

exchanger decreased , resul t ing in an increase in coolant t empera tu re from the

exchanger . The modera to r t empera tu re increased whereupon a dec rease in r eac to r

power level followed. The final change of the nuclear power was approximately

20 % and the new steady state was approached in about 10 minutes with hard ly any

overshoot as shown in F ig . 6.

A. 8. COMPARISON BETWEEN THE PERTURBATION METHODS

Fig . 3 shows the exper imenta l points obtained at full power (65 - 72 MW)

with different per turbat ion techniques . The smal l differences in the nuclear

power a r e supposed to be negligible in this context. In F ig . 3 the following s y m -

bols a r e used to denote the r eac to r condit ions.

P - power in MW

T- = reac to r outlet t empera tu re in degrees C

The cha rac t e r i s t i c s of the mul t i - f requency per turbat ion signals a r e given by

Type = type of mult i - f requency signal

Ap - react ivi ty in pcm of the step between the binary levels

N = number of bit intervals per per iod

At = bit interval in seconds

n = number of analyzed per iods

n = number of samples per bit interval

The originally r ecorded data from the step m e a s u r e m e n t have been F o u r i e r t r a n s -

formed with available computer programs [17} . The analysis does not take into

account that the step per turbat ion is non-ideal , which introduces a deviation at

higher f requencies . Therefore , the amplitude of the t rans formed step response

is normal ized to the BDG-resu l t s at low frequencies (0. 001 - 0. 01 c / s ) . The
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BDG- and JC-measurements are normalized to the result obtained by trapezoidal

reactivity measurements at 0.3 c/s. In our study, we have, apart from the re-

activity calibration at 0.3 c/s, also used the trapezoidal perturbations at lower

frequencies for checking the two multi-frequency techniques.

The agreement between the results of trapezoidal, BDG and JC pertur-

bation techniques is entirely satisfactory, as the points in Fig. 3 fall within the

statistical uncertainties, - 0.5 dB in amplitude and - 5 degrees in phase. As to

the step method the points fit well with the other results although a deviation at

higher frequencies is noticed, especially in phase, which partly can be explained

by the non-ideal input step. The asymptotic values obtained in the step perturba-

tion measurements also give fundamental information on the static behaviour of

the reactor.

It is probably impossible to state that a particular perturbation method

is universally best for getting dynamic information. On the other hand, it is evi-

dent that a combination of complementary perturbation methods suited to the

analyzed system is a good compromise. For a power reactor, one must make an

accurate reactivity calibration at a frequency where the feedback reactivity is

negligible. A trapezoidal perturbation is suitable, as this is easy to introduce

with a sufficiently fast control rod. These requirements are fortunately fulfilled

in the range 0.2 - 0.5 c/s by the ordinary fine control rods at Age sta.

The multi-frequency technique in which binary and periodic perturba-

tion functions (BDG and JC) are used, allows the dynamic experiments to be made

with a satisfactory accuracy in the reactor during normal operation. The pseudo-

random method (BDG) has the highest frequency resolution, which is an advantageous

property for determining the detailed resonance behaviour.

As the BDG-method uses cross-correlation analysis, one obtains the

most accurate dynamic information in the presence of extraneous noise in a mini-

mum time. The significance of this property is increasing with decreasing signal

to noise ratio (S/N) and becomes very essential for S/N < 1 [ 18 J . The cross-

and auto-correlation analysis are equivalent only when S/N increases to infinity,

which means absence of noise.

The perturbation amplitudes must, in general, be small because of non-

linear effects and limitations of the system in operation. Therefore, the two

multi-frequency signals are more advantageous than the step function. In order

to obtain the linear approximation from step response measurements we must

introduce both a positive and negative step and then interpolate to the linear con-

dition. The two multi-frequency perturbations (BDG and JC) give the linear appro-

ximation in one measurement [9»
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The simplicity of generating BDG-functions with different frequency

ranges(different N-values) is an attractive flexibility that is a lacking property

of JC-functions.

A. 9. NOISE MEASUREMENTS

The dynamic characteristics of a power reactor can be obtained either

from the perturbation experiments or from the interpretation of the results of

reactor noise analysis. The latter method appears very attractive, although noise

recordings may contain too much information to be understood without supporting

data. At present it seems essential to find suitable methods for the interpretation

and utilization of noise measurements in power reactors. Rajagopal [19] has

pointed out that the application of noise techniques to power reactors is limited

by the lack of quantitative and practical noise models.

Introductory noise measurements were carried out in the Ågesta power

reactor in 1964 [20] , followed by a more extensive study during 1965.

A. 9.1. ExperinTjental_technique

Analog equipment was used for noise investigations of the nuclear power

above 1 c/s. The D. C component of an ion-chamber signal was backed-off and

the remaining signal was amplified,filtered and recorded by a single channel

magnetic tape recorder (Telefunken, M5M). The recordings were made at the

lowest speed (l. 5 cm/s). The noise was analyzed by playing back the tapes at the

highest speed (75 cm/s) and feeding the signal into a wave analyzer (Rodhe and

Schwarz, FTA). The wave analyzer output was integrated by applying it to a voltage-

to-frequency converter (Dymec) followed by a conventional sealer. Thus the total

power density spectrum could be obtained. This spectrum was corrected for in-

strumentation noise, which was separately determined with the reactor shutdown.

In order to record more than one signal and also to include frequencies

smaller than 1 c/s, complementary measurements were carried out using the

data collecting system RAMSES [ H j . The aliasing effect was avoided by passing

each signal through an active low-pass filter [12] and sampling at a frequency

7-10 times greater than the filter break frequency.

A. 9. 2. ?-eJ>24is_f£om_ noise measurements

The first noise measurements in the Ågesta power reactor (1964) were

carried out at 60 MW only [20} . The power density spectrum of the nuclear power

contained two significant peaks, at 3. 8 c/s and 13 c/s. This spectrum was obtained

using the analog equipment as described above. A satisfactory explanation of

these resonances has not yet been given. At 60 MW the peak-to-peak value of the

ion-chamber noise was found to be approximately 1. 5 % of the total signal.
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To better understand the resonances discovered, noise spectra were

again investigated at several power levels, ranging from 0.8 to 65 MW. However,

to check if the resonances were due to the measuring devices, a spare ion-chamber

and a different preamplifier were used for the measurements presented in Fig. 4.

From the noise spectra, shown in Fig. 4, it is evident that the size of

the 3.8 c/s peak increases with the reactor power, while the earlier 13 c/s peak

is missing. On the other hand a weak peak at 10 c/s appears in the power range

5-50 MW, but it is absent at full power, 65 MW. The recording time was about

two hours for each measurement, which means a statistical uncertainty of - 10 %

at the lowest frequencies. As the resonance at 3. 8 c/s was found on different

occasions and with different equipment it is concluded that the power reactor

actually contains this noise source.

More experimental data must be collected to enable an explanation of

the origin of these peaks. A possible noise source is instability of the coolant flow

distribution within the core. The coolant flow was constant (1200 kg/s) during

our measurements. One measurement at 65 MW shows that the 3. 8 c/s peak is

present even if the two fine control rods are completely withdrawn.

We are planning to compare the digital noise measurements with the

results obtained by known reactivity perturbations in paragraph A. 6.

A. 10. COMPARISON WITH THEORETICAL RESULTS

Theoretical models for the inherent dynamic properties of the Age sta

reactor have been established, [2, 21], in which the core is represented by one

fuel element, one coolant channel and the moderator. The models have been stu-

died on an analog computer and the results have been compared to the experiments.

The asymptotic change of power, temperature etc. from the initial equilibrium

has been measured for steps in reactivity and load and the agreement with the re-

sults from the model [21] is good. A transfer function obtained from the step re-

activity experiment is compared to the theoretical transfer function in Fig. 7. Due

to the low energy of the step signal in the high frequency range and a limited

accuracy in the control rod position recording at the experiment in question, the

confidence in the transfer function above approximately 0. 01 c/s is not very high.

With regard to this fact the agreement between experiment and theory

seems rather good. The comparison at high frequencies will be possible to make

accurately when oscillations of reactivity have been performed.

A . l l . CONCLUSIONS

From the measurements described in this report it is concluded that a

combination of experiments with different perturbations and noise experiments is
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suitable for dynamic studies. Trapezoidal functions are used essentially for re-

activity calibrations and for a detailed check at certain important frequencies.

Basically, BDG-functions, being pseudo-random, are recommended to be used.

Step perturbations are, however, suitable for measuring the asymptotic behaviour

and also when oscillating changes are difficult to apply.

It is essential that the operational instrumentation is designed so that it

can be used without, or with only small, modifications for dynamic studies in the

reactor. It is thus important that the instrumentation is made sufficiently accurate

and fast and free from disturbances. The lack of in-core instrumentation in the
o

Agesta reactor has made it impossible to study the core in detail. Coolant channel

inlet and outlet temperature, coolant flow, moderator and fuel temperature di-

stribution are all quantities that are needed for a detailed check of a theoretical

model and for a determination of reactivity coefficients. In recent years there has

been much development of in-core instrumentation and in the Marviken reactor,

planned to be critical in 1968, there will be an extensive use of such equipment.

Part B. R e a c t o r S t a t i c s

B . I . INTRODUCTION

An extensive series of low power experiments was made during the start

up period from June 1963 to March 1964. The physics experiments with the reac-

tor operating at high power commenced during the first high power period in the

spring of 1964, when 90000 MWh (0.280 MWd/kgU) were produced. At the end of

the second power period,from March to the end of June 1965, the average burn up

was 0.48 MWd/kgU. The third period, from September 1965 to the end of June 1966,

will be interrupted at the end of April, for removing one enriched test element

and for loading two plutonium elements. The average burn up in the fuel will then

be 1. 2 MWd/kgU and the average for the element with the highest irradiation will

be 2. 0 MWd/kgU. (The burn up in the test elements will be 4. 0-5. 0 MWd/kgU).

The D?O-content has during nearly 3 years of operation decreased from

99. 83 % to 99. 80 % with a corresponding change of about 60 pcm in reactivity. The

D,O leakage is also very small, only of the order of 10 g/h.

B.2. REACTIVITY MEASUREMENTS

B . 2. 1. Ge ne r al _c_o_n_s ide r at ion s_

In an operating reactor the reactivity is always practically zero. When

we therefore in this chapter talk about reactivity measurements we do not refer to

the usual reactivity concept (reactivity - period) but rather to a change in one or

several conditions (e.g. , power, temperature, control rod grouping) so that a r e -
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distribution is caused among the different phenomena in the neutron cycle, with

the sum of the changes being equal to zero. We have divided the reactivity into

several components which contribute substantially to the neutron balance and we

intend to discuss them one by one before presenting any measured results.

pexcess + ApDoPpler + ApXe + Aptemp " PCR = °

The excess reactivity, p , is defined as the value of (k -, - l)/k , r when
} ^excess v eff " eff

all control rods are withdrawn, and the reactor is operating at 65 MW, and at

xenon equilibrium, and the moderator temperature being 220 C (normal power

conditions).

The excess reactivity is a quantity of great practical importance in

the Agesta reactor. When the reactivity margin is small, which is the case at

the end of every irradiation period, one has to know it quite accurately in order

to be able to plan necessary power changes, so that the reactor does not poison

out»

As the length of the power period is given, we must also be able to

determine p and its dependence of irradiation so that unplanned inter-
6XC6 S S

ruptions because of too low reactivity at the end of the period can be avoided.

This becomes rather difficult when enriched test elements are irradiated.

As our normal burn up calculations make use of heterogeneous methods,

a knowledge of the measured excess reactivity as a function of irradiation is of

great value, especially in the present core which contains both natural uranium

fuel elements, test elements of different exposures and different enrichments

and dummy elements.
The control rod reactivity, p«p , refers to the reactivity bound in con-

trol rods in a given situation. At 65 MW, stable xenon conditions and 220 C mo-

derator temperature, this is the same as the excess reactivity and as the control

rods are equipped with an indication system, the primary experimental data are

thus the position values for.the control rods. The position values range from 0

to 300 cm (0 is fully in, 300 is fully out) and the relative insertion is given by

Z _ 366 - (H + 66)

H " 366

H is the position read from the indication system and the extrapolated height is

3 66 cm. One fine control rod (FCR I) and one group of four ordinary rods (either

A-D 26 or A-D 44; see Fig. 2) have been used to "measure1f the control rod reac-

tivity. Four dummy elements (stainless steel tubes) in position A~D 23 which

reduce the excess reactivity are important from the power distribution point of

view and necessary to give a sufficient shut down margin.

With the program HETERO [ 23 J the reactivity worths, p , of the fully

inserted groups A-D 26 and A-D44 have been calculated; the worth of the fine
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control rod was found from comparison with the group A-D44. From the relative
2 1)

insertions the control rod reactivity has been calculated using (ft -weighing f:
/ Z sin

p - p ( 7}
O \ XT. La ti

The HETERO-calculated p -values are

A-D26: p = 1660 pem

A-D44: p = 3170 pem

FCR I: p = 723 pem (based on measurements with A-D44).

Xenon reactivity refers to the amount of reactivity bound by xenon-135.

NXe(t) ^
p^, (t) = f * — whereXenon ' Srfa

f is the thermal utilization.

cr-̂  is the effective absorption c ross section for xenon-13 5-

S . is the macroscop ic fuel absorption c ro s s section .

N (t) is the t ime dependent concentration of xenon-13 5.

As 'N (t) depends on the neutron flux all calculations of p^. and

Apy are made with <$ -weighing the xenon concentration in the core [24] .

React ivi ty changes introduced by changes in the modera to r t empera tu re

a re calculated with a t empera tu re coefficient measu red in the f resh reac to r and

whose burn up dependence is calculated with the express ion

6p/5 T = A + B • E + CE p c m / ° C where E is the burn up in MWd/kgU. In the

region 0 - 2. 0 MWd/kgU the constants a r e A = 4 1 . 0, B s - 12. 82, C a 2. 58. The

constants , obtained by fitting to a calculated curve a re used only to calculate

cor rec t ion t e r m s where there is no demand for high accuracy .

The Doppler react ivi ty is calculated with the aid of the express ion

r S
RI = RI

o

ff \ / \ 11 \ 1
1 + (or + a - | j - V W T f " 1/ 2 9 3 - 6 ] (<* , or a re empi r ica l ly deter-

mined constants [25] , S rr/M is the effective surface to mass ratio) and from

In p = k RI, where p is the resonance escape probability, RI the resonance

integral and k a proportionally factor. In a power reactor the fuel temperature

is highly space dependent; variations occur in the fuel pin, in the cluster, along

1) A calculation with HETERO in three dimensions and 11 Fourier compo-

nents to describe the axial flux gives a curve for partially inserted con-

trol rods which is very close to the ($ -weighed curve.
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the fuel elements and between the different fuel elements. If one wishes to use

an expression as simple as the above mentioned, one has to calculate an effective

fuel temperature to get a correct amount of reactivity bound in the Doppler

broadening. It is found that a reactivity of 500 pcm is lost when the power in-

creases from zero (220 C moderator temperature) to 65 MW. The power coeffi-

cient, which is temperature dependent, is in all practical cases treated as a con-

stant, thus 500/65 = 1.1 pcm/MW.

B.2.2.

The measured excess reactivity is obtained by calculating control reac-

tivities from the measured rod insertions and applying corrections for deviations

from the normal operating condition. Fig. 8 shows the measured and calculated

reactivity as a function of the number of equivalent full power days (EFPD ,

1 EFPD = 65 • 24 MWh). The core contains two enriched test elements (2. 8 % and

3. 5 % U ), one of which had an average burn up of 1. 0 MWd/kgU at the beginning

of the actual period, placed in positions C 30 and A 30, four dummy elements in

A-D23 and 134 normal natural UO_ fuel elements (with an average burn up of

0.48 MWd/kgU at the beginning of the period). The spread in the measured reac-

tivity values is rather large at the beginning of the period, because then power

changes occurred so often. (The power changes introduced xenon transients for

which we have not even tried to make corrections.) At the end of the actual period,

however, the spread in the measured points amount only to about - 20 pcm.

After about 85 EFPD the reactor control is changed from group A-D 26

to A-D 44 with a significant rise in the excess reactivity as a consequence. From

reasons discussed in the following chapter on xenon transients it is concluded

that HETERO gives a p -value for A-D 44 which is too high. The circles in

Fig. 8 show the measured excess reactivity with the control rods A-D 44 whereas

the triangles show the same values normalized to fit the A~D 26 values.

It is seen in the Fig. 8 that a significant discrepancy exists between the

theoretical and experimental changes of the excess reactivity as a function of

irradiation.

There are possibly many reasons for this: numerical insufficiencies in

the burn up part of HETERO, errors in the treatment of plutonium build-up and

its effect on reactivity in the program BURNUP [26J for calculating the lattice

parameters, errors in the calculated power of the test elements, which would

cause a different reactivity dependence of time.

The discrepancy shall, however, be thoroughly analyzed both experimen-

tally and theoretically, because of its great importance in estimating the burn up

in heavy water reactors.
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This difference in reactivity does not seem to be important when ex-

pressed in k j-f:s but in the long run it might predict a considerable decrease of

the attainable burn up.

It should be noticed that the normalization of the calculated point in the

beginning of this period was negligible in comparison with the later measured

discrepancies.

B. 2. 3. Xenon_trans_ients

Under normal power producing periods the power of the reactor is never

quite constant. Small fluctuations, of the order of 2-3 % occur and cause a "xenon-

noise". Planned power reductions of the order of 10-20 % also occur every now

and then, as well as the much less frequent unplanned scrams. Until now no mea-

surements have been made for the sole purpose of studying xenon transients. Two

scrams and one power reduction have, however, been analyzed with the aid of

notes and data in the logs. In the first case a comparison is made between observed

and calculated time from scram at 65 MW to restart at zero power. In the second

and the third cases "measured" and calculated xenon reactivities as a function of

time were compared. The measured xenon reactivity is obtained from the

equation:

p + Ap (t) + Apr, , + A p, = p-r>
rexcess rxenonv ' rDoppler "temp rCR

The partial insertions of the control rod group and the fine control rod

are measured and interpreted as reactivity, by ($ -weighing, p is known

from other measurements; Apr, , is calculated and Ap, is obtained
^Doppler 'temp

from the semi-empirically determined temperature coefficient. As the last two

contributions are significant and cannot explicitely be separated from the xenon

perturbation, we can only draw conclusions regarding their combined effect.

The first case is briefly stated as follows. After a scram at 65 MW, the

reactor could again be made critical at zero power after 16. 5 hours. The modera-

tor temperature was then 10 C below the normal value 220 C and the control rods

A-D26 were stepped out 192 cm from the "fully in" position. When the scram

occurred the excess reactivity was 600 pcm. In the equation given above the time,

t , is evaluated with the aid of a calculated Ap,, (t)-curve (Fig. 9).
600 + 500 + 330 + Apv (t) = 230

Xe
This equation is satisfied for t = 16. 8 hours which agrees well with the observed

value 16.5 hours.

The second case studied is also a scram with a subsequent restart to

full power. Fig. 10 shows the measured and the calculated xenon transients as well

as the power-time function used in the calculation.
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The reactor was made critical 2 hours 23 minutes after the scram

(without any control rods in the core). The calculated xenon reactivity» 1150 pcm,

agrees well with the sum of Doppler and excess reactivity at that time» 1100 pcm.

A decrease in the moderator temperature somewhat later, of the order of 2 C

was necessary for maintaining and even increasing the reactor power. About six

hours after the scram when the power had reached its normal value again, there

was a discrepancy between the calculated and measured reactivities of the order

of 200 pcm. The experimental uncertainties are smaller so the difference must

be explained by errors in the power-time function. As the primary data taken from

the logs is the result of observations rather than measurements, we cannot ex-

clude the possibility of important errors in observed times for power changes.

Furthermore we have to approximate a continuous power-time function by a step

function when calculating the xenon reactivity transients. The agreement is good

in the range where the power-time function is well defined? the time between

scram at 65 MW and restart at zero power and more than one hour after the

reactor has reached full power.

The third case is presented in Fig. 11» The systematic disagreement

between "measured" and calculated xenon transients is probably due to the fact

that the reactivity worth of the controlling group A-D44 is too high - about

100 pcm. This hypothesis is supported by the step in the excess reactivity curve

(Fig. 8) when the rod groups were exchanged.

From the analysis of the xenon-transients the total effect of the Doppler,

the xenon, and the moderator temperature seems to be rather accurately calcu-

lated. The HETERO program gives a reactivity worth of the A-D44 group, which

with great probability is about 10 % too high, investigations are being made to

find the source of this error in the program.

B. 2.4. Control rods

Control rod reactivity worth measurements have been performed in the

Agesta reactor at room temperature and at elevated temperatures up to 210 C.

The pulsed neutron technique and critical moderator level measurements have

been used. So far no measurements have been done while the reactor is operating.

If the xenon and the Doppler reactivities were accurately known one could use

power changes to induce known reactivity changes and measure the corresponding

control rod insertions. As this is not the case, we intend to measure critical

insertions for groups of control rods. The measurements are planned to take

place this spring. With these resxilts we should be able to check the consistency

in the three-dimensional heterogeneous method of calculation. As the measured

multiplication factor, k „ , always is very close to 1 , the HETERO-calculated

k ~r"1 in the different cases will inform us about the ability of the program to
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predict correct reactivity worths for groups of partially inserted control rods.

Reactivity worth of the fine control rod has been measured differentially

by oscillating techniques. An important conclusion of these measurements is that

the differential reactivity coefficient of the fine contro ~od decreases from

5.6 - 0.2 pcm/cm to 4. 0 - 0.1 pcm/cm for the Age sta xeactor at zero power

(fresh and unpoisoned) and at high power (fresh and poisoned), respectively. These

values are considerably greater than the theoretical ones calculated with the

HETERO computer program.

B.2.5. Other_reactivity effects

Changes in reactivity due to changes in the acidity of the heavy water

moderator have been studied. The pD-value was increased from 9. 0 to 9.8 within

8 hours, by repeated injections of D?- and N?-gases. This change caused only a

minor reactivity decrease, about 60 pcm, which gradually disappeared in two days.

B.3. MEASUREMENTS OF POWER DISTRIBUTION

PPwe_r distr_ibutio_n P2easurem_e_nts

The ins t rumenta t ion for measur ing the t empera tu re r i s e in the 140

coolant channels has been used to find the average power and burn up in each sepa -

ra te fuel e lement . The power in a fuel e lement is given by P . = c m. A T . ;
* & ' i p i i

AT. is the coolant temperature rise from inlet to outlet, measured with thermo-

couples ; m. is the coolant flow rate and c the heat capacity of the coolant. The
1 N P

total power is S P- » and it can also be obtained from the secondary steam flow,
i

The m.-values are supposed to be known because the total coolant flow is known

as well as the coolant flow through each individual fuel channel. In all, there are

three different orifices arranged in three zones in order to limit the variation of

the temperature rise between the different fuel channels. The m.-values are, how-

ever, not only three because some of the coolant channels are placed close to four

big inlet holes in the reactor tank. This causes a disturbance in the otherwise

constant pressure with a subsequent disturbance in m. for at least 4 times 4 fuel

elements.

Several measurements have been made with this equipment, but so far

the results have been only of qualitative value. One reason is the difficulty to

determine the m.-values. In comparison with the power obtained from the secon-

dary steam flow the former method gave a 30 % higher value. This difference

stems mainly from the uncertainties of the measured temperature differencies.

The water temperature, measured by the thermocouples at the channel outlet, is

higher than the average for the outlet water, because of strong radial temperature

gradients in the channel. If all the fuel channels were exactly similar, it would be
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possible to find a correction factor for the difference between measured and real

average temperature at the outlet. This is, however, not the case, and the power

distribution measured with this method is therefore to a certain extent doubtful.

B. 3. 2. Out - of-_p_ile _d_istr ibution m easur em ents_

It is quite essential for optimal utilization of the fuel to have good know-

ledge of the power distribution in the core. To achieve this, calculations have

been made and compared with thorough experimental studies, such as measure-

ments on activated Cu-wire and gamma scanning of the fission product activity in

the fuel elements.

The Cu-wires were irradiated at high power in moderator positions. At

the appropriate Y~a-ctivity level, the primary disintegration rate was masked by

the activity from other, induced secondary isotopes which made these measure-

ments inaccurate.

The gamma scanning of the fuel was carried out in one of the fuel-in-

spection cells and thus all the handling of the elements could be done with the re-

fuelling machine. This equipment permitted both hoisting and turning of the ele-

ments and also contained a built in system for spray-cooling of the fuel.

The collimator used is 1. 2 mm wide and 500 mm long and gives a very

good resolution. The simple detector arrangement consists of a Nal-crystal-

photomultiplier and the pulses are fed through an amplifier and an one-channel

analyzer into an automatic recording-print-out system.

For the measurements mentioned here, the gamma-spectrum was in-

tegrated from a bias level of 200 keV. In future measurements specific energy

levels from isotopes with long halflifes will be chosen to give an integrated power,

independent of the irradiation history.

Beside the scanning of the elements, which gave accurate axial power

distribution, they were examined for any deformation by looking at the radial in-

tensity distribution at certain heights. Any misalignment larger than 1-2 mm

could thus be detected. These measurements also gave the radial power gradient

over the cluster. Furthermore, the effects at the fuel end spacings were examined

more in detail.

The first scanning was made at an average burn up of 0.24 MWd/kgU.

Further measurements are planned to be done during the summer shut -down

periods. Comparisons have been made with the measurements of the channel tem-

perature-rise and with calculations made with the two group code HETERO. The

axial formfactors show a 7 % lower value for the calculations. The relative

channel power shows, however, good agreement with the HETERO calculations

even for the enriched test element as shown in the table below.
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Element
position

A 67
A 41
A 10

A 30 (Test)

Axial

Exp.

1.69 - 0.02
1.70

1.70
1.67

förrnfactor

Gal.

1.59
1.61

1.58
1.58

Exp

0.24

1.00

1.18
1.95

Relative
powe

*

to.

to.
to.

01

03

15

channel
r

Cal.

0.24

1.00

1.17

1.88

B. 4. FINE STRUCTURE MEASUREMENTS

There are four normal fuel assemblies included in the first core, which

are slightly modified to enable detailed measurements of the internal power di-

stribution and the neutron spectrum as a function of burn up. Three of these assem-

blies are placed in the center of the core and one in the peripheral region (see

Fig. 2). Each shroud has four slits through which a zircaloy sheet, containing a

set of different spectrum sensitive foils (U 235, Pu, Lu, Cu, Mo, Au, In), can be

inserted between the fuel rods in the cluster. So far two irradiation experiments

have been done, one in the fresh, unirradiated fuel and one with a fuel burn up

of around 1 MWd/kgU.

Preliminary results have been reported earlier [22] , but the work

with the final interpretation of the measured foil activities and the comparison

with the calculated spectra and the flux distributions are still under way. A spe-

cial shielded device for positioning the foil holders in the irradiated fuel assem-

blies have been installed in the reactor hall. The foils are calibrated in different

spectra in the central channel of the Swedish experimental reactor Rl, in which

the spectral distribution has been determined with the time-of-flight method.

To carry out these measurements the reactor has to be shut down, then

the fuel assemblies have to be removed from the reactor for loading the foils,

which have to be irradiated at low power. This was made both at a low and a high

moderator temperature. These experiments can easily be done in the Åge sta

reactor during the normal shut down period every summer.

The neutron dose received by the four assemblies will be measured by

means of niobium foils, which are incorporated in the rods between the pellets.

Each niobium probe consists of a sandwich of three foils (diam. 17 mm, thick-

ness 0.05 mm) of which the outer ones serve the purpose of screening the inner-

most one from fission products.

The irradiated special fuel clusters are after experiments in Agesta

dismantled in Studsvik. A representative set of single rods are selected for

further detailed investigation.
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