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Analysis of Dynamic Characteristics of
British Type Gas Cooled Reactors.

Abstract

The positive temperature coefficient of reactivity which a British type reactor obtains over
a certain irradiation level of its natural uranium fuel, has presented a new problem to the inherent
safety of this type of reactors.

Decribed here in this paper is the analysis of the dynamic characteristics of three British
type reactors with positive temperature coefficient of reactivity, using an analog computer. The
three reactors considered are Calder Hall reactor, the power reactor proposed to the Japan Atomic
Power Company by G.E.C. of Britain, and Hunterstone power reactor. Here, they are referred
to as R-I, R-II and R-III, respectively.

Setting up a rather simplified model, transient characteristics of R-I has been studied at
first, applying several disturbances to the reactor such as change in reactivity, coolant inlet
temperature, and coolant flow. Secondly composing more complex equations of a thermal system
on R-II, the same study has been made. In this case the effect of the sleeve and radiative heat
transfers between the clad and sleeve, and the sleeve and moderator have been taken into consid-
eration. Thirdly more detailed and comprehensive study has been pursued on R-III, although
the same equations as those of R-II have been applied to the thermal system of this reactor.

Results obtaind on R-I, R-II and R-III were compared and analysed.

Especially virtual time constant of the thermal system and critical value of the positive:
temperature coefficient of moderators for these reactors have been investigated.

These investigations not only imply the possibility of anticipation of a transient behavior
of some newly designed reactors without tedious calculations but also indicate the critical point of
power reactor stability.

June, 1959, Junicn Mipa, Masao Hara, Nosunie Suba,

Yasumasa Toco, Kencar MocHizukt
Japan Atomic Energy Research Institute
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PREFACE

This work has been done by one of the subgroups of the Research Project started in JAERI
in October 1958, its primary objective being the pursue of the studies on a British type
gas-cooled reactor with positive temperature coefficient. The project mentioned above consists of the
following three major phases. :

(1) Nuclear physics calculation of positive temperature coefficient as a function of burn-up
of fuel and operating temperature, by Reactor Development Section. [JAERI 1006-A]

(2) Analysis of dynamic characteristics of a reactor with positive temperature coefficient,
by Control and Instrumentation Section, Mechanical Engineering Section, and JPDR Construction

Office. [JAERI 1006-B7]
(3) Analysis of spatial oscillations of the neutron flux due to a Xe build-up, by JPDR

Construction Office. [JAERI 1006-C7
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1. Introduction

It has been disclosed recently that moderator temperature coefficient of reactivity in natural
uranium gas-cooled reactors becomes positive at a certain fuel burn-up level and this phenomenon
Ppresented new problems to the inherent safety aspects of the reactors of this type.

It is important, therefore, to clarify the transient characteristics of these reactors with positive
temperature coefficient of reactivity, from the viewpoints of both reactor safety and control.

Three reactors of this type, the Calder Hall Reactor, JAPCO Reactor (a natural uranium
gas-cooled reactor proposed to the Japan Atomic Power Co. by G. E.C. of Britain with an electrical
-output of 150 MW) and Hunterstone Reactor, each referred to as R-I, R-II and R-III, respectively,
have been investigated so far, by means of a PACE analog computer, varying many parameters
such as reactivity, positive temperature coefficient, inlet coolant temperature, coolant flow rate, etc.,
-over a wide range,

At the beginning, R-I was chosen and analysed based on the simplest model as a first step
-of our study.

Secondly R-II was investigated, in which the design incorporates a graphite sleeve around
each fuel element to provide a thermal insulation layer between the sleeve and graphite moderator
s0 as to reduce temperature change in moderator. However, decisive conclusion has not yet been
-obtained on the effect of sleeves, and further investigation is required in this respect.

The third reactor investigated was R-III. In the last two cases, more comprehensive models
were applied to the reactor side, however, a heat exchanger was still simulated in the simplest
way and the turbine side was neglected.

To further investigate dynamic characteristics of the over-all plant of this type, study is
under way simulating the reactor, heat exchanger and the turbine plant in practical detail.

Most of the results obtained in our study show rather good agreement with those obtained
on R-T and R-III, presented in 2nd Geneva Conference Reportsi:®.

Along with this study the degree of accuracy of an analog computation was checked by means
of a digital computer for one special case and the pretty good agreement was obtained in both
<omputations, as described in Appendix 5.

This result convinced us that computation error of analog computer analysis is almost
neglegible for our purposes, and extensive use was made of the analog computer for studies
thereafter,

Most of the parameters of R-I and R-III necessary for calculations have been obtained from
Reference 3),4), those of R-II having been given by the Japan Atomic Power Co.

However, some of the parameters, which are not available have been estimated from others
-available, which are indicated in Appendix 2.

2. The Calder Hall Reactor (R-I)

The purposes of investigating the dynamic characteristics of the prototype reactor were to
-obtain basic knowledge in the field of reactor dynamic analysis and to proceed to the studies of the
advanced reactors of this type.

It was for this reason that the simplest model was considered in this study.

5 o o T e 1 et S 2 L St e B RIS A b e N b T i B+ f0 AL
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2 Analysis of Dynamic Characteristics of British Type Gas Cooled Reactors JAERI 1006-B

2. 1. Method of Analysis

2. 1. 1. Major Assumptions

1) The reactor is simulated by the unit cell, using a spatially averaged value for each
parameter. The model of the unit cell for R-I is shown in Fig. 2. 1.

Fuel and Clad

Cooling
Ch 1
anne ‘ Graphite Moderator
‘ / _/
| 1
| l ! [
! - L 1 %
! Lt il T B
i 1 b7}
—
| u ! -~
I u I B
1 ] . 1 : =
i
. |
'H, H,
/ Heat Transfer Coefficient

Fig. 2. 1. Mocdel of unit cell for R-I.

2) A coolant loop outside the core is not considered. (The change in outlet temperature does
not affect inlet temperature.)
3) Each parameter is represented by a value for the averaged temperature.
4) One delayed neutron group is considered.
5) Axial heat conduction in the solids is neglected.
6) Thermal resistance between the fuel and clad is neglected and heat capacity of the clad
is added to the fuel.
7) Temperatures of the fuel, coolant and the graphite moderator are substantially uniform
across any horizontal plane.
8) Total heat generation in the core is shared between the fuel rod and graphite block at
a constant ratio.
9) Reactivity changes due to the accumulation of fission products are neglected.
10) Radiative heat transfer is neglected.
11) The mean temperatures along the channel are multiplied by the average temperature:
coefficients of reactivity to give a reactivity change.

2. 1. 2. Basic Equations

Nuclear characteristics are represented by the following two equations, assuming one delayed.
neutron group,

dn__ P—B nt+iC

dt 7
d4ac _B, 2.1)
TR C (2. 1),

Average power density @ is considered proportional to the average neutron density #, therefore,
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dQ _ p—8
77 7 Q+4k

dh _Bo_ 2.2
17 __I_Q Ah (2.2)

Thermal equations are

dT,
C. dt

=pQ+H,(T.—T.)

ccith: = Ho(To—T) +Ha(Ta—T) — ”LC= (Toue—T:a)

cm%wzmmﬂa (T.~T.)

Tc = % (Tout + Tin) (2' 3)

Nuclear and thermal characteristics of a reactor are correlated through the effect of temperature
on reactivity and this effect is divided into two parts: one is due to fuel temperature and the
other to moderator temperature. Designating fuel temperature coefficient «, and moderator coefficient
«,, total reactivity p is given by

p=pPuta. AT, +a, AT, (2.4)
where p., represents equivalent reactivity of the external disturbance.

Considering the deviation of each variable from the steady state value, and rearranging the
above equations, they give

d4Q_p -8
4 _7 (Qo‘f‘AQ) _[AQ-I—RA/Z
ddh _B 45
W,_TAQ Adh
CA4T. - 4Q+H(AT.~ 4T)
c. dg;rc =H2(AT“__ATC)+H3(ATm—ATc)— ZuLCc (ATC_ATin)
Co 94T — 1, 4Q+ Hy (AT~ AT.)

AT = AL AT e @.5)

Although Egs. (2.4), (2.5) are basic equations for analysis, a slight modification was applied
to computation in a certain case.

2. 1. 3. Scope of Study

Changes of @, Ty, T, T, p and k with time are recorded. Parameters are varied as
follows : »

1) a,
Since value of «, varies with fuel burn-up over a wide range and also satisfactory experi-

mental data on «,, are not available at this moment, «, was made variable within the range of
—5~ 420 10-5/°C.

2) P

In order to investigate the transient characteristics caused by the step-wise reactivity insertion
in the reactor operating at a steady state, p.. was changed step-wise. The magnitude of the
reactivity steps inserted covers from 9x10-5 (corresponding to about one inch movement of the
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center control rod of R-I) to 9x10-® (exceeding prompt criticality).

2) B

It is expected that the effective value of 3 decreases as plutonium builds up in the reactor
with higher fuel burn-up. Therefore, this effect on the transient phenomena was investigated,
varying value of 8 between 0.39% and 0. 739%.

49 T.

T.. was changed both step-wise and linear-wise in order to simulate the sudden change in
inlet coolant temperature due to, for example, a heat exchanger failure. The change was made
in the range of —20°C~ +50°C for the step-wise case and 0.02~0.1°C/sec for the linear-wise
case,

5 u

Anticipating the drastic change in coolant flow rate due to a blower failure or duct failure,
transient response was studied to the step-wise changes in . Substantial modifications were made
to the equations shown in 2.1.2 for this study. Heat transfer coefficient is assumed to be pro-
portional to #%% « was chosen 9094, 5094, 59 of the rated flow.

2. 2 Results

Only representative curves are illustrated in Figs. 2. 2. through 2. 5.
1) Response to the step thange in p., for R-I (Fig. 2. 2)

% 140 AT
a "C _
% x10~*
130 601.0

q 7 90 P

120 e 40-1.5
/ | 30
/ (_J// 20

110 {/ — 0.5
/% aTe 1 10
o) ATm a
1000 5 10 15 0—0

——{ min

Fig. 2. 2. Response to step change in g for R-I. p,=1.2%X10"%, a,=15x10-5/C°

Step-wise increase in p tends to cause a prompt increase in g, therefore, increase in T,
which in turn decreases p due to the negative «,. In the meantime, however, T, goes up slowly
and p begins to rise due to the positive temperature coefficient of the moderator. It can be seen
that transient behavior of this kind is based on the fact that initially the effect of shorter time
, constant of 7, is predominant and later on, longer time constant of T, has primary effect on the
3 response.

; 2) Response of g to various step changes in 4T, (Figs. 2. 3, 2. 4)

For the step-wise increase in T, T, increases due to the higher coolant temperature and ¢
decreases due to the negative a..

However, as T, increases in the meanwhile, the effect of positive a, becomes predominant
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Fig. 2. 3. Response to ramp change in 47, for R-I. 0.02°C/sec, ¢,=12.5x10"%°C
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2
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Fig. 2. 4. Response of ¢ to various step change in 4T, a,=12.5x10%/°C

ca. 260sec

Yy

§<—t min

and it causes steady increases in p and g. For the step-wise decrease in T, transient tendency
is quite reverse. The most interesting features to be observed here is that the transient curves
of g become equal to zero again about 4.5 minutes after the initiation of transient regardless of
the magnitude of the step-wise Ti,. The same tendency is also observed for the ramp-wise change
in T,. This feature can be explained -as described in Appedix 6.

3) Response to the step change in 4x for R-I (Fig. 2. 5)

Step-wise decrease in # gives rise to sudden increase in T, and ¢ decreases for the first couple
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150,
ar X10~°
°C{60
120 100{50
140 )
ATe 130
g 110 Av// ) ! 50-20
] AT
E—— ey A i
100 : 10 15070
Q ————{ min 110
1—20
%0 & 1—30
1 1—40
—50
80
4 { N

Fig. 2. 5. Response to step change in du for R-I. du=—0.5u,, @,=12.5x10%/°C

of minutes due to the negative a,, which balances the initial increase in 7,.. Subsequently, both
g and T, begin to go up steadily due to positive ,, as T, increases.

3. The JAPCO Reactor (R-II)

The primary purpose of this research is to investigate the dynamic characteristics of the
gas-cooled reactors in general and to prove the safety features or to establish countermeasures
against a power excursion for the JAPCO Reactor, even in case it operates with positive temperature
coefficients of reactivity.

To solve these problems an extensive study was done on R-II and this was followed by
the study on R-III for comparison.

The basic behavior of these reactors was clarified and some interesting results were obtained
in comparing the designs of these two reactors.

3. 1. Method of Analysis

3. 1. 1. Major Assumptions®

1) In order to represent the whole core by the unit cell, a statistically weighted value for
the entire core was applied to each parameter. The model of the unit cell for R-II is shown in
Fig. 3. 1.

2) Each parameter is represented by a value for averaged temperature.
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Cooling Channel

Fin Sleeve
N Fuel/ / Graphite
17T /

. | ”
1 Tu Tt Tez l :ED
: ol | 'T'__ ____I'E———: E
S 11t
! - I 'g
! g it
I | ! l
b IR I
[HleHaHaHE

Heat Transfer Coefficient

Fig. 3. 1. Model of unit cell for R-II

3) One delayed neutron group is considered.

4) Axial heat conduction in the solids is neglected.

5) Temperatures of the clad, coolant, sleeve and the moderator are substantially uniform
across any horizontal plane.

6) Total heat generation in the core is shared among the fuel rod, sleeve and the moderator
at a constant ratio.

7) Reactivity change due to the accumulation of fission products is neglected.

8) The radiative heat transfer is proportional to the difference between the fourth powers
of the mean temperatures.

9) Axial temperature distributions retain their steady state shape during transient.

10) The heat generation over the length of the fuel plus two extrapolation distances is of
a cosine form and zero beyond the ends of the fuel

11) The statistically weighted mean temperatures along the channel, T, are multiplied by
the average temperature coefficients of reactivity to give reactivity changes.

The axial statistically weighted mean values are determined by multiplying each term by
the (flux shape factor)? i.e. coszz‘:l (x—%), and integrating along the length of the channel

a
Thus, for temperature 7T, the statistically weighted mean value, T, is given by

7 o (s 5)an

12) Heat transfer through the boundary of the unit cell is zero.
13) The coolant mass flow between the sleeve and moderator is equal to one percent mass

L \
2 T __£
. T cos I (x z)dx

flow.

3. 1. 2. Basic Equations

In the thermal calculation, a unit cell of unit lenghth as shown in Fig.3.1 was chosen.
At a distance x from the bottom of the channel, equations of heat balance for the unit
cell of unit length are given as follows:

C.(% t)a—"rﬂa(:;t)= 12 ) —Hy (% ) (To (2,6 — Ti (% 1))

Ci(x, t)ﬂ%‘k Hy (5 8) (Ta(%, £) — Ti(t ) — Ha (2, £) (T (30 £) — Tx (3 £) )

—R,(T:(x,8)*—T.(x £)*)
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Ci(x, t\["’Tﬂ("' B L (x, t)aT“(x’ D= H, (2, 1) (T (2 £)— Toa (1)
, —H; (%, )(Ta(x, )—To(x, £)]
C.(x, D) 5_7‘56%“_)= Q% 1)+ Hy (%, 8) (Toa (2, ) — T (% D) + Ry (T3 (2, 1) — T (2, 1)
| —H,(x, )T, (%, 1) — T (%, )) —Ro [T (x, £)* — m(x, ')
XER) ELECA2NREY 00 T2l D b (1, (T, (3, 1 Tua (5, 8)
| —Hs(x, D[ Tea (2, £)— ,,,(x, ) L
C.(x, t>M_ #.Q (% O+ Ho (24 O Ta(®% )~ T (% D) + R T (2, '~ Tu( ) (3.1)

; Averaging the above equations along the channel, equations for statistically weighted mean
temperatures are obtained.

C. dT (To—T)

;ﬂ— 1(T Tf) Hz(Tf_Tcl)—Rl (Tf4—Ts4)

Cl cl +u f Z(TEIE I"m) ]=H2 (Tf_Tcl)_HS (T‘CI_TE)

Cs —‘de = psz+ Ha (Tcl_Ta> +R1 (_Ti4 -Ts4)_H4 (Ts —Tcz)—-R:-' (T54 ~—de>

dt
oLzt unr 2L Te) Yo (T T~ (T
de';m =/ fQ+ H; (Tcz“'Tm) +R. (Ts4_Tm4) -2

In addition, assuming that the temperature distribution of the clad along the channel is
i given and that the maximum clad temperature is attained at the distance x,, from the bottom of
; the channel, the maximum clad temperature is calculated from the equations of heat balance at

that point.
Coa-hen — 1.9~ Hin(Ton—Tin)
;
Ciain = o (Tun— Tta) — Han (Tin— Totn) =R (Tin = Ton’) 3.3)

In the last term of the second eqution above, T,, is approximated by 7', for simplifying
the computation, and T.,, is given as follows based on the assumption 9) above.

Tom— Tin =k (3. 4)

Tcl_T‘in
These equations are modified for use with a deviation of each variable. Terms of radiative
heat transfer are linearized neglecting higher order terms of AT in expansion of (T + AT

c. df}f“ — 1t FQodg— Hi (AT — AT

C: dgf‘f = H, (AT, — AT:) — Ho (AT +— AT ) — R, (AT +* AT +— 4T * AT',)

AT — 1, (AT — AT~ Hy(UT o — AT~ 255 £ (AT~ 4T.)

C. ”’2’? s =1, fQudg+ Hy (AT a— AT.) +Ri(ATo* AT~ 4T °AT,)
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_ - H4 (AT.—AT:E) _Rz (4T.054T. - 4TmoaATm)
C. 94T s _ . (AT — AT .2) — Hy (AT o— AT ) — ———ZCE“" f(4T2—4T:)

df

AT, Fooe AT [ AT — AT AT
CoB8Te 1. fQulg+ B (AT~ AT) + Re (4T AT~ AT AT.)
C dA Tum = ,"uQmDAq— Hlm <A T‘-‘m A Tfm)

Cfm dz('iffm = -Hlm (ATnm'—ATfm) - H2m{ATfm—kATcl + (k_— 1) AT‘i“-}

—Rl (4TmeaATfm_4TBOSATs) (3- 5)
Heat generation is given by the following equations of neutron kinetics.
P B
dt L Q4-Ak
dh ﬁ
A A (3.6)

These are also modified for use with deviations.

d;’tq P(l-I—Aq)—ﬁAq-i—lAr

ddr B _ ,

Nuclear and thermal behaviors of a reactor are correlated through the temperature coefficients
of reactivity.

p=pu+ta AT .+ a AT .+ AT, (3.8)

In the evaluation of the dynamic response of the reactor with a wide range change in coolant

flow rate, heat transfer coefficients H,, H., H, and H; are assumed to be proportional to #%® therefore,
Egs. (3.5) must be modified as follows:

d4r,
@

= [quQoAq—‘ Hx (ATU - ATI)

Cr8ATe — b, (AT A1)~ Hao (BT €= Hi (AT~ AT 60"
=R AT~ 4T 4T.)
C dizﬂd = Hao(Ts0—Te10) 6% — Hyo (Tero—To)E™ B_%fcf‘cm— Tiw)€

+H20 (AT{"AT:],) X EO- . Hao (ATCI —ATa) X EO- 8 —&}i&f(dfcl "ATin) E

3 dfl'th = fQoAq‘l'Hso(Tcw—Tsn) (&%8—1)—H, (Tao—T20) (E¥8—1)

+R1 (47—‘{03AT( _4TSOSATB) —RZ (4T503AT5 —4Tm03ATm)
+H30(AT:1 AT )EO'S_H40(AT _ATCZ) Xfo‘s
Czi%z— = H40 (TBO CZO)EO 8 H50 (TCZO - TmO)EO & zuzoczf(Tczo mO) C

+H40 (ATE_ATCZ) X EO- B—HSO (ATcZ_ATm) X EO- 8 —2—mlfic—zf(ATc2—ATin)E

Cm dgfm = Ilm fQOAq+ HSO (TCZO - Tmo) (EO' 85— 1) +R2 <4T503AT5 - 4Tm03ATm>
+ Hso (ATCZ_ATm) X £0-8

Cum dAdZ-‘“m =”“Qmﬂdq_Hlm(AT“m_ATfm>
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Cin dfiz‘fm =H,(4T.—4T:.) —HZO{:Tme—chlo"*‘ (k—1) Tinu} (&v8—1)

— R, (AT nd*dTia—AT P AT,) — Ho{ AT10— kAT o+ (k—1)AT,n } X §° 3.9

3. 1. 3. Scope of study

1) a,

The moderator temperature coefficient of reactivity is —5x10-5/°C for the new fuel, and
becomes positive and as large as +15x10-5/°C as plutonium builds up in the fuel®:1V. Therefore,
these two extreme values are applied to «, in this study.

. V.

2) a, w,is chosen as 1.8xXa,————.

) VAT

3) P Step-wise and ramp-wise reactivity increases are applied as a disturbance.
step-wise 1.2x10-*
ramp-wise 2.0x10-%/sec* for 60 sec

4) T, Ramp-wise inlet temperature rise, 0. 02°C/sec for 60 sec, is applied.

5) u Ramp-wise flow rate decrease, —29/sec for 30 sec, is applied.

3. 2. Results

Representative results are shown in Figs. 3. 2. through 3. 5. In general, tendencies of transient
characteristics for R-II are quite similar to those obtained for R-I, however, it can be understood
very easily that R-II gives better transient characteristics for R-I1I compared to R-I. Although
better transient characteristics for R-II are considered due to the effect of the sleeve, the detailed

60 - P
- 121
501201 10t
cC q | 8_
40 %I 6
L 4L
30+ ~ 21 P
110 0
Tu
i s
‘Tc'l
0F ! //A/T
Als
I LIy
0-100-

(=]
[4) ]

10 15

——=- | min

Fig. 3. 2. Response to step change in g for R-IL. p=1.2%10%, &,=15x10-%/°C

* (2,0%107¢/sec is the rate of withdrawal of control rods for R-I, not for R-II)
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analyses are given in Chapt. 4.
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Fig. 3. 3. Response to ramp change in 4T, for R-II. 0.02°C/sec X 60sec. an=15%10-5/°C
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t Fig. 3.4. Response of 47 to Ramp Change indu for R-II. —29%/secx30sec. ¢=15x10"/°C
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Fig. 3.5. Response of ¢ and ¢ to Ramp Change in du for R-II. —29%/secx30sec, &n=15%10%/°C

4. The Hunterstone Reactor (R-IIT)

4. 1. Method of Analysis

4. 1. 1. Major Assumptions

The same assumptions as R-II are applied,




TP A oy

JAERI 1006-B 4. The Hunterstone Reactor (R-IIT) 13

4. 1. 2. Basic Equations

Basic equations are almost same as Eqs. (3.1) through (3. 9) for R-II. However, the simply
weighted mean temperatures, 7, are used here instead of the statistically weighted mean temperature,
T. Therefore, factor f is introduced into Eq. (3.8), since 4T =fA4T holds, assuming a cosine
distribution of AT along the channel. It is noted that 7' is shown in the figures for R-II, while
T for R-1II, therefore T should be divided by f for a comparison purpose.

4. 1. 3. Scope of Study

1) B and 4
The values of 3 and 2 are changed in three ways.

Case B 2 Za18/Zazs
I 0.0064 0.0768 0
II 0.005 0.075 1/2
111 0.004 0.07 11

As for 3,,; and X,,, as a function of burnup of fuel, refer to 11).
2) a,
Three values, —5, 0 and 15x10-%/°C are applied to a,,.
3 a,
In most cases the sleeve jemperature coeflicient, «,, is given by,
V.
a,=1.8 am-K—-i-—Vm_
However, the factor 1.15 in the place of 1.8 is also applied in some cases for comparison.
49H H
Because of the uncertainly in calculation of the heat transfer coefficients H,, H, H, H,
and H,, these values are also varied in the range of -+309¢ of the calculated values,
5) The effect of sleeves
In order to clarify the effect of sleeves on the dynamic characteristics of the reactor,
comparison is made on two models, one with sleeves and the other without sleeves. For this
purpose, the following fictitious model is considered.
i) The gap between the sleeve and moderator is filled with graphlte,
ii) the heat capacity of the moderator of this model is equal to that of the moderator plus
the sleeve for the model with' sleeves, and
jii) the moderator temperature coefficient is equal to the sum of «, and «, for the model
with sleeves.
6) pe
Step-wise reactivities, +1.2x10-* and +3x10-¢, are added as a disturbance. (The rate
of withdrawal of the control rods is roughly equal to 3 x10-5/sec.)
7) T
T.. is changed as follows:
Step-wise  12°C,
Ramp-wise 0. 2°C/sec x 60 sec
0.1 » x60 ~
0.02 » x60 »
—0.2 n x60 #
—0.1 n» x60 »
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8) The effect of heat exchangers
A heat exchanger is simulated in the simplest way.

AT‘in (t) Z#Tout(t "‘20>)
Twenty seconds represents the time required for the coolant recirculation from the outlet to the
inlet of the reactor through the heat exchanger, and #=0 stands for an extreme case where Ti,

where p=0~1.

can be maintained at a constant value regardless of AT,
The responses to step change in p.. are obtained for different values of .

9) u
The coolant flow rate is varied as follows:
Ramp-wise  —194/sec x 60 sec
—2 v x30 n
—2 v x15 n
—4 n XT.5nw
110
q
%
105
S~—— Pex=3 x10*
[\ Pex=1.2%10""*
100 5 10 1
———1 min
Fig. 4. 1. a. Response of g to step change in ge for R-III. gex=3x10", 1.2x10%, d,=—5x10%/°C

X107
3

10
{ min

15

Fig. 4.1.b. Response of p to step change in gy for R-IIL p=3x10", 1,2x10%, &n=-—5Xx10"%/°C

5

C
4

\ AT

b

!

AT,

Fig. 4. 1.c. Response of 4T to step change in pe for R-IIL

5 10

——= { min

15

0ex=1.2%X10"%, &n=--5x10-%/°C

JAERI 1006-B
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4. 2. Results

Rather comprehensive results are shown in Figs. 4.1 through 4.18.
1) Response of R-III with «,<0 to the step change in p.. (Figs.4.1.qa, 4,1.b, 4. 1.¢c.)

In the case of a,<0 and a,=0, the reactor is self-regulating for external disturbance in p.
Strictly speaking, even for 0<a.<a,., the reacior is still self-regulating, as described in 5. 3.
For a, <0, temperatures other than T, are slowly decreasing even after 15 minutes, while only
T.. which has longer time constant is still slightly jucreasing. 7, decreases by the amount just
compensating for the reduction in p due to the increase of T,.

2) Response of R-III with «,>0 to the step change in g... v

Since @, >a,,. in this case, the system is not self-regulating. Detailed responses are given

in Figs.4.5, 4.6, and 4.7.

xX107°

1
/ X102

0.5 ]
o 5 1 15 AT
d [ 2
— { min T
O‘sA o
|
T
: 0 it
V\% 110 15

—0.5

\ ]
-1
—2
Fig. 4.2. Response of «,d4T,, ¢ dT,, ¢ 4T, to step Fig. 4. 3. Response of «,d7,, @dT,, ¢.dT, to step
change in pe, for R-III, change in p,, for R-III.
fex=1.2%10", @m=15%10%/°C a=1.8 Pex=1.2210", «,=15%10/°C, a=1.15
50
ATfm 40
°C
30
20
10 Fig. 4. 4. Response of 4T, to step change in pg
for R-III.
Pex=1.2%10"%, ¢=1.8, 1.15
0
0 5 10

——» [ min
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Fig. 4. 5. Response of g to step change in p., for R-III with and without sleeve.
Oex=3%x10"4, 1.2x10", @,=15x10-%/°C
(1) pex=3%x10" with sleeve (2) Ax=3x%x10"* without sleeve
(3) 0ex=1.2%10"* with sleeve (4) px=1.2x10"" without sleeve
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Fig. 4. 6.
0ex=1.2x10"%, e,=15%10"5/°C
——  with sleeve

-~~~ without sleeve




JAERI 1006-B 4, The Hunterstone Reactor (R-III) 17

x10~*
3
P \ ) ,
7 I

2 v s /I

P4 7/
1 ‘// /’

,1, /,’ ____(_l.)_—/— M
R Z— = P,

00 5 10 ’ 15

—— { min

Fig- 4.7. Response of p to step change in g for R-III with and without sleeve.
0ex=3x10"%, 1.2x107, ¢n=15%10"%/°C
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Fig. 4.8. Response to ramp change in 4Ty, for R-III. 0.2°C/sec for 60sec. @n=15x%10-5/°C
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3) Comparison of the responses of R-III with different values of «. (Figs. 4.2, 4.3, 4.4)
Comparison is given for two values of @, i.e., ¢=1.8 and g=1. 15. Considerable difference
is observed in the two corresponding transient curves of w47, and 4T:..
4) Response to the step change in Pex for R-III with and without sleeves. (Figs.4.5.,4.6.,4.7.)
Comparison is made between the two models of R-III, one with sleeves and the other
without sleeves (the fictitious model mentioned in 4.1.3). A sizable difference is obtained and the
model with sleeves gives a much better transient behavior. For the model without sleeves this
fact is primarily attributed to larger heat transfer coefficient between the coolant and moderator,
in other words, a smaller time constant of moderator.
5) Response of R-IIT to the ramp change in 4T, (Figs. 4.8., 4.9.)
For «,>0,q falls down at first, then goes up afterwards, as was the case with R-I and
R-II. This reverse reaction against positive disturbance is a typical characteristic of the reactors
with positive .

™~ )
\ AT(.‘]. 6 AT
5 °C
4
A 3
I\ . 2
1
l\. -
105 5 10 —1& min |15 _
AT m P
—1
% |\ )\ ..
—2 4—5X10"
A4Tu 2
SR\
“ q —3
\ -4
—4 “—10
\ ATfm 5

Fig. 4. 9. Response to ramp change in 4T, for R-III. 0.2°C/sec x60sec. @,=—5x10"/°C

105
p=0
© 0 N T,
% \ - 0.75
0.9

90
\ ’15‘,-0
\_/

805 5 10 15

——= ! min

Fig. 4.10. Response of ¢ to step change in gex for R-III with simplified model of heat exchanger.
Pex=1.2%X10", &n=—5X10"%/°C, 4T =#dT 5, —20)
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T... However, does not show a reverse reaction. Therefore, the output of a reactor with

positive a,, can be controlled without difficulty by detecting a change in T... For an <0, a

reactor is again self-regulating.
6) Response to the step change in p. for R-III with a simplified model of heat exchanger.

(Figs. 4. 10, 4.11,, 4. 12)

p 10t

—-10""
0 5 10 15

t min

Fig. 4. 11. Response of ¢ to step change in pex for R-IIT with simplified model of heat exchanger.
Pex=1.2x10"%, &n=—56x10"7/°C, AT i = pdT 4 (1 —20)
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v 2
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i) Q,/ ,,’/‘// _ 30

140 Q_F
/{\/,I /, ’f’
~ 7 EaAY, -
"" ’ ,’ le i
120 e
- 7 -, P 4
Py A

120 4
Z/
,/ 0°C
110
100
0 5 10 15

—— 1 min
Fig. 4.12. Response of g to step change in g for R-III with simplified model of heat exchanger.
Pex=1.2X10", &p=15x10"/°C, 4T n=2d4T 0 (t—20)

For a,>0, the larger the value of f, the greater the increases in ¢ and AT. This is

especially remarkable for 4T...

For a,<0, g also increasese initially, however, it settles down to a certain constant power
level due to self-regulation. The larger the value of 1, the lower the settled-down power level.
This is qualitatively explained as follows : The reactor output can be represented by integrating
p over the transient period, therefore, the greater the negative portion of p during the transient,
the lower the settled-down power level.

7) Response of R-III to the ramp change in # (Figs. 4.13., 4. 14., 4.15., 4.16., 4.17., 4.18)

As z falls down, p becomes negative initially due to negative «, and short time constant
of fuel, then it begins to rise due to the positive @, and «..

For a,<0, the system is again self-regulating and g settles down to a certain level after
some transient period. The same qualitative explanation as stated above can be given to the

different settled-down power level due to a different change in .




20 Analysis of Dynamic Characteristics of British Type Gas Cooled Reactors JAERI 1006-B

105
1
00 :
q
%
90
80
70

Fig. 4. 13. Responses of ¢ to various ramp changes in du for R-IIl. @,=15x10-%/°C

X107t
2 1 |

1 ‘ ?2%/sec><15 sec}_ﬁ? . .

, m&tl%/se\cX?.LS sec ‘,7f/

N [t A

\ /\1/ —1\%/sec><‘60 sec —_—t

s / /\—2%/sec><l305ec
S\ |
TN/
I Y24
\_/

Fig. 4. 14. Responses of p to various ramp changes in du for R-III. «,=15x10-5/°C

——t
o

—1

——ov

min




JAERI 1006-B

4. The Hunterstone Reactor (R-1II)
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5. Analysis of Results

Dynamic responses of a reactor subjected to change in reactivity, coolant inlet temperature
and coolant flow rate have been obtained in the previous chapters, where a number of solutions
by an analog computer have been. shown. However, analyses of these results are of great
importance, since characteristic features of a gas cooled reactor with positive temperature coefficient
can be easily derived.

In this chapter comparison of the three reactors is firstly made, showing typical responses
obtained. Secondly a preliminary description of the approach is given by which dynamic responses
of a reactor are correlated to design parameters. This approach is now proceeding in our
research group and will need further study. Detailed descriptions of this approach will appear
in later reports.

Thirdly a critical value of positive temperature coefficient of moderator will be discussed,
below which a reactor is still self-regulating.

5. 1. Comparison of the Three Types of Reactors

Typical responses of the three types of reactors are shown in Fig. 5. 1. 1 through Fig. 5. 1. 10,

g 150
%
140 //
130
S
<« e\’ //
120

7
L76)
10— ]
|
100
0 5 10 s min 15

Fig. 5. 1. 1. Response of ¢ to step change in pg. Lex=1.2%x107, o,=15%10"5/°C

100

50 //

0 5 10 15
—= t min

Fig. 5. 1.2. Response of 4T, 4T, to step change in oex. Lex=1,2%107Y, ¢,=15x10-5/°C
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Corresponding responses under an identical condition are shown in one figure, in the case of R-1
where a,, and disturbances are slightly different from others as indicated in each figure.

105 ‘!
a ‘

N

1000 5 10 15

= { min
Fig.5.1.3. Response of g to step change in fex. ex=1.2%x107%, &n=—5x1073/°C

ATim
°C
—
2 —
1
00 5 10 15

— { min

Fig- 5. 1. 4. Response of 4T, to step change N Pexe Pex=1.2X107Y, &n=—5x10"%/°C
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Fig.5.1.5. Response of ¢ to ramp change in 4Ty,
R-I: 0.02°C/sec, €n=12.5%10"5/°C
R-II: 0.02°C/secx60 sec, dn=15x%10"%/°C
R-III: ” ” ” '
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Fig.5.1.8. Response of 4Ty, 4T, to change in u.
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Fig.5.1.9. Response of ¢ to ramp change in .
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Fig. 5.1.10. Response of 47T, to ramp change in =.
R-II: —29%/sec for 30sec, ¢n=—5x10"%/°C
R-III: ” ”

It should be noted that R-II and R-III have graphite sleeves around the fuel rods, while
R-I has not. Accordingly responses of R-I are quite different from those of others. It is observed
that R-II has better characteristics, in other words, smaller excursions, than R-III, in almost all
cases throughout the figures.

Transient response is obviously dependent on thermal system parameters, that is, heat
transfer coefficient and heat capacity, Appendix 2, TasLe 4 shows some of the design parameters
of a thermal system and power densities. It is noted that R-II has larger values of heat transfer
coefficient, heat capacities, and coolant flow rate as well as power density compared to those of
R-III.

It can be seen from the computer solutions obtained that transients in ¢ die out in about
one to two minutes and then after 5 minutes ¢ continues to increase for «,>0, while for a,<0
it settles down to a certain constant value. However, this is not the case with the response to
the change in x, where transients in ¢ do not die out until about 5 minutes passes.

It is of interest to see the periods after 5 minutes for characteristic responses, which will
be shown below. The period r here is defined as

1 _ 1 daq
T ¢ dt
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Table 5.1.1. ¢, r and 4T, after 5 minutes for R-L.

Conditions q [ . 4T, Refer to

Bex=1.2x10"" }

108. 59 ’ 72 min 12°C Fig.2.2
€n=15x10"/°C | ‘
du=—0. 51, ) &
91 24 42 Fig.2,5
€a=12.5%10-/°C |

Table 5.1.2. g, = and AT, after 5 minutes for R-II with @,=15x10"%/°C

Conditions q ’ r AT Refer to
Dex=1.2x10" 106. 5% ' 107 min 14°C Fig.3.2
4T ;,=0.02°C/sec X 60 sec 100.5 l 670 2.3 Fig.3.3
du=—29%/sec x 30 sec 78 l 31 137 Figs. 3.4, 3.5

Table 5.1.3. ¢, r and 4T, after 5 minutes for R-III with d,=15x1073/°C

Conditions q . T dT ¢ Refer to
Pex=3.0x 107 12794 23 min 50°C
Pex=1.2%x107* 110 56 19 l
pex=3.0%10-4, without sleeve 160 5.4 140 [ Figs.4.5, 4.6
Pex=1.2%107%, without sleeve 123 10.2 54
AT, =0. 2°C/sec %X 60 sec 111 28 27 Fig.4.8
4T ;,=0.75 4T, (£—20) 125 8.3 76 Fig.4.12
du=—29%/sec %30 sec 79 15.8 139 Figs.4.13, 4.15

5. 2. Virtual Time Constant Analysis

In the previous section is given the comparison of typical transient behaviors of the three
reactors. And it was found that difference in design parameters affects the dynamic behavior of
the system considerably. This fact was ascertained by use of a simplified model of the system,
where reactor thermal system was represented by transfer functions of single time constant.

A reactor thermal system includes heat productions in fuel, graphite sleeves and moderators
as well as heat transfers from these to the coolant gas. A more detailed block diagram of this
is shown in Fig.5.2.1.

In this figure, six time constants represent each part of the core unit cell, i.e. fuel, clad,
a graphite sleeve, a coolant gas inside and outside the sleeve and graphite moderator. These are
actual time constants, which are determined by heat capacities, heat transfer coefficients and so on
as shown by Fig.5.2.1. But change in temperature of any material is not determined only by
the time constant representing the material. For example, 4T, is influenced by the change in 4T},
which in turn is affected by 4T.; and so forth. Thus the compleie transfer functions from reactor
power @ to AT, and other temperatures such as 47, and AT, are quite complicated functions of
complex frequency, s. If these functions can be approximated with single virtual time constants,
8., 6. and 0., respectively, the whole system will be something like the one shown in Fig.5.2.2.
The model is so much simplified that the comparison between different reactors is now easier.

The outline of the treatment is described in the case of R-I, for which equations are much
simpler. The same approach is applicable for the other cases, but the equations are more complicated.

The reactor heat transfer equations (2.5) can be rewritten as follows:
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Fig. 5. 2. 2. Block diagram of simplified Model with thermal system represented by single time
constant. (As for numerical values of constants, refer to AppendiyTable. 7)

T.5+1 -1 0 AT, Vu
—-K, T.s+1 —K; AT, |=| 0 |4Q (5.2.1)
0 ~1 T.s+1/ \ 4T Py
where
C, C. C
Tu= u T,= T = —2
Hz H2+H3+ chu HS
= M = Pa
Y, A Yo A
K,=__P£_§E_ K2=____Ha_z_c__
H,2+H,+ L=" H,+H,+ L°“

The heat capacity of the coolant gas is small compared to those of fuel and moderator, so
the time constant 7, can be neglected.

Then the transfer functions from 4Q to AT, and to AT, are easily obtained from Eq. (5. 2. 1)
as follows :

= VoTuS+V,(1—K,) + VK,
A= T A-Kor t Q- Kol AR Ko (5.2.2)
and
— VaTuS+ a1 —Ky) +1.K; o
ATm— Turmsz'i‘{(l—Kz) fu+(1 —'KI) Tm}s +(1—K1__K2) AQ (5; 2. 3)

These equations can be written as a sum of partial fractions.

— KuA KuB ! ' T
AT“”{aus+1 +ams+1}AQ ‘ . G249
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K.a K.s } i )

AT.= { s Ko Lag (5.2.5)
where, 6,=—1/s; and 6,=—1/s,; and s, and s, are the roots of

TS’ H A - K) 7, +(1—K) 7 }s+(1— K, —K;)=0 (5.2.6)

The roots are ‘easily found to be

-1 .
$1 =—2;_T{(1_K2) Tu"{'(l"'Kl) Tm‘*‘l/{(l—Kz) Tu+(1_Kl)Tm}2_4T“Tm(1-K1 —K-) 1
(5.2.7)
—1
2= 5 ——{(1— K)o+ (1K) T~ v[A—K) tu 1 — KD ta P — 40, ta(1— K —K2) }
! ' (5.2.8)
; The gain constant K,, and so forth are obtained as follows :
f K N= VoTnS1 +Vu(1‘—K2) +VmK2 (5. 2. 9)
E ’ TuTmS1 (82_31) ‘ ‘
; K= VoTaSe + Y, (1—Kp) + v K, (5,2.10)
f " TuTmSz (81_32) o v
: K= VaTuS1 +Va(1—K) +v.K,; (5.2.11)
; == TuTn81 (52— 51) ‘ /
; K= VnTuSz+Vn(1—K,) + VK, (5.2.12)

i TuTiS2(S1—S2)

The major part of heat is produced in fuel, which implies v,>v,, and time constant of the moderator
is much larger than that of fuel, or r,»7,. With these two conditions it is easily shown that

; KuA>> KuBy KmB>> KmA' (5- 2- 13)

Thus Egs. (5.2.4) and (5.2.5) can be further simplified and the single time constant model for
the reactor thermal system is obtained.

AT,= K _ 40 (5.2.14)

5+1

AT, =——"2 - 4Q (5.2.15)

ams+1

Here the single time constant model was obtained by simply neglecting the term of smaller
gain constant in Egs. (5.2.4) and (5.2.5). However, a much better model would be obtained by
slightly modifying the procedure, in which the transfer function of two time constants such as
Egs. (5.2.4) and (5. 2.5) would be approximated by that of an appropriate single time constant,

The simplified model of the whole system is shown in Fig. 5. 2.2, where g, and g, are the
“yirtual time constants’” of the reactor thermal system. Their numerical values are shown in
Appendix 2, TasLE 7.

The virtual time constants for R-II and R-III, 1nclud1ng 0, for AT, are also shown in
Appendix 2, Tase 7. The reactor thermal system model was replaced by these single time
constants, and transient responses for step reactivity change were obtained. The results, shown
in Figs.5.2.3 and 5. 2. 4, were compared with the actual responses in Figs. 3.2 and 4.5 through
4.7 and the approximation was found to be satisfactory.

The transients were further examined changing the values of virtual time constants, 6's and
gain constants, K's.

The effect of changing virtual time constants is shown in Fig.5.2.5 From this figure it
may be concluded that :

a) Larger 0, makes power increase more rapid, because larger d, means a slower of the
fuel temperature and henceforth slower build up of the negative reactivity. On the contrary
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Fig-5.2.3. (a) Response to step change in p. for R-II using simplified model of Fig.5.2.2,
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Fig.5.2. 3. (b) Response to step change in g, for R-II using simplified model of Fig.5.2. 2.,
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Fig. 5. 2. 4. (a) Response to step change in pes for R-IIT using simplified model of Fig.5.2.2.
Pex=1.2%10"¢* and 3x107%, Am=15%10"5/°C
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Fig.5.2.4. (b) Response to step change in a.x for R-III using simplified model of Fig.5.2.2.
Pex=1.2%107%, €n=15%10"%/°C
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Fig.5.2.5. Effect of change in d’s upon Fig. 5. 2. 6. Effect of change in K’s upon

power excursion. power excursion.
Pex=1.2x10"%, @5y=156x10"3/°C Pex=1.2%107%, dp=15X10-5/°C
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larger 0, or §, makes power increase less rapid.

b) After several minutes the effect of changing d, is larger than that of g,, which in turn
is larger than that of §,, if the virtual time constants are changed at a constant ratio (x1.3 and
x 0.7 in this case).

The effect of changing gain constants is shown in Fig. 5. 2. 6. The following conclusions
are obtained from this figure.

c) Smaller K, makes power increase more rapid, while smaller K, or K, makes a power
excursion smaller.

d) The effect of changing K, is larger than that of changing K, and K.. The situation
is quite different from the case of changing virtual time constants,

Now that the effects of §'s and K's upon transient behavior are known, the transient responses
.of R-II and R-III are compared in Fig. 5. 2. 7. The power excursion is larger for R-III than for R-II as
indicated in the figure. When §, and K, of fuel are replaced by those of R-II, the response of R-III
‘becomes curve A in the figure. This is consistent with the conclusion a) obtained from Fig. 5. 2. 5,
because 8, is smaller for R-II than for R-III. When 6,, K, and g, of the sleeve are replaced by those
.of R-II, the response becomes Curve B. This may seem to contradict the conclusion a), because a
sleeve time constant is smaller for R-II and smaller 8§, must result in the larger power excursion.

However, the volume ratio of sleeve to moderator is larger for R-III ( V:/—V =0,13 for R-III

and 0.1 for R-II) and because it is assumed that temperature coefficient of the sleeve is proportional

to the volume ratio, the same temperature change results in a larger positive reactivity in the
case of R-III. This is ascertained by Fig. 5. 2. 8, in which response of R-III is compared to
response of a fictitious reactor, which has a smaller volume ratio of 0.1 and is in other respects
same as R-III. The effect of the change in 0, is also shown in Fig.5.2.7 (Curve C), and the
result is again consistent with the conclusion a).

77/ s L £
o/ // s /| #
%

N
s
=,
nvg

g

100

] 5 10 — 15 100, 10 .15
t min + min
Fig.5.2.7. Comparison of power excursion Fig. 5. 2. 8. Effect of sleeve volume upon
of R-II and R-III. power excursion.
0ex=1.2%107, dp=15%x10"%/°C Pex=1.2x107%, @,=15%x10"%/°C

Thus the following conclusions are obtained.

(1) @, is larger for R-III, which is one of the principal causes of the more rapid power
increase in R-IIL

(2) 6, is also larger for R-III, which must make the power increase somewhat smaller.

(3) However, the volume ratio is larger for R-III, which makes the effect of the sleeve
temperature rise more severe and which is the other cause of the more rapid power increase in
R-1IL
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(4) 0, is larger for R-III, which makes the power increase somewhat smaller.
and then, :

(5) to realise a better transient behavior——a smaller power excursion——, the reactor
thermal system must be designed so as to have small ¢, and the volume of the sleeve must be
made as small as possible.

It is interesting then, to correlate ¢,, ¢, and ¢, with design parameters, for this implies
the possibility of anticipation of a tramsient behavior of some newly designed reactors without
tedious calculations. The correlations are already found for R-I in Egs. (5. 2. 7) through (5. 2. 12),
but the situation is much more complicated for R-II and R-III and the formulas are not completed
yet. The virtual time constants used in the above analysis were obtained from analog computer
results.

5. 3. Critical Value of Positive Temperature Coefficient of Moderator.

It is self-evident that a reactor is absolutely stable and self-regulating, so far as both a,
and «, are negative. However, a reactor with positive temperature coefficient of moderator is
either stable or unstable, depending upon the magnitude of a,. The threshould of «, exists below
which a reactor is still self-regulating and it is hereafter referred to as the critical value of
positive temperature coefficient «,. which will be discussed below.

A schematic diagram of a reactor with temperature feedback loops is shown in Fig. 5. 3. 1.

Reactivity Power

Pex + P Nuclear dq Heat:
NP
+ Kinetics Transfer

+1+ ]'

AT
ay-f

aTs

- asf |

ATm

g apf |

Temperature

Coefficient

Fig. 5. 3. 1. Block diagram with temperature feedback (for R-II, R-III)

Supposing that an equilibrium steady state exists with constant p., introduced, then Ag,
AT,, AT, and AT, should be constant and p=0.
. As far as a small change in temperature is concerned, the radiation terms may be linearized
as in Eqgs. (3.5). Then, it is easily seen that dq, 4T, 4T, and AT, have a constant ratio with
each other at an equilibrium state, Of interest among them are a4, and g,, which are defined as
below. (Hereafter, superscript+ is attached to indicate the values at equilibrium)

a;=ATX[AT*

o= AT ¥[4T* (5.3.1)
Another equilibrium condition, p=0, gives,
Pxta, f AT +a f ATF+a f AT *=0. (5.3.2)

Substituting Eq. (5.3.1), into Eq. (5.3.2), it gives
Pert{t.+(a.a.+a) a} F AT * =0, (5.3.3)
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where a,=a,[a, is constant for a particular reactor. From Eq. (5.3.3) it follows,

AT* (5.3.4)

— _Pex .
{a.+(@aa.ta)a.}f
Since a@,<0, @,>0 and also a.a,+a.>0, denominator of Eq. (5.3. 4) is negative, so
long as a, satisfies the following condition :
Wl ——Hu (5.3.5)
a.a,+a,
In this case a finite value of AT,* exists and the system is stable and self-regulating. However,
the absolute magnitude of the denominator becomes smaller as a, increases, and vanishes when
a,, is equal to critical value a,.,where 4T,* becomes infinite and the system is not self-regulating.
Putting denominator of Eq. (5.3.4) equal to zero, @, is defined as follows :

A= Ko (5.3.6)
a.a.+a,

Under the condition @, >«,,, the system subjected to reactivity disturbances is diverging, unless
other means is taken to reduce the reactivity.
And for reactors without sleeve Eq. (5. 3.5) reduces to Eq. (5.3.7), putting a,=0,

a, <%, (5.3.7)
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Fig.5.3.2. Response of ¢ 10 pex=1.2X107* with various dm for R-1.
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Fig- 5. 3.5. Response of 4T, to p=1.2%10"* with various & for R-IIL.

Another approach, more rigorous treatment regarding «.., is given in Appendix 4. Appendix
2, TastE 8 shows values of a,, a,, a. and g, for R-I, R-II and R-IIl. a,. calculated from Eq.
(5. 3. 6) using the above values is also given.

In order to examine this predicted value of «,, an analog computer solution has been
obtained on R-I and R-III, and the results are shown in Fig.5.3.2 and Fig.5.3.3 on R-I, and in
Fig.5.3.4 and Fig.5.3.5 on R-III. Critical value of @, is not accurately obtained from these
figures, since a long running time of a computer is needed until solution attains an equilibrium
value due to a long time constant of moderator. However, criticality can be easily observed from
these figures, that is, curves are convex with respect to abscissa in the case of «,>a..., and concave,
in the case of a,<a.. From these observations computer solutions agree with a predicted value
of .. From the safety point of view it is desirable for «,. to be as high as possible. It is
noted that in Eq. (5. 3.6) a,, increases as g, and a, decrease, which are the functions of the heat
transfer coefficients of the thermal system. This requirement will contradict other requirements
on the thermal system. Thus engineering compromise should be made in designing reactors.

6. Conclusions.

Dynamic characteristics of the British type gas cooled reactors have been given so far for
a Calder Hall type as well as for the advanced types. A great deal of information on the
characteristic features of this type of reactors has been obtained. Important features among then
are :

(1) Period of a power rise under the conditions considered in this report is longer than
several minutes, 5 minutes after the introduction of disturbances.

(2) The effect of a sleeve on transient behaviors is favorable in many respects.

(3) A critical value of positive «,, exists, below which a reactor is still self-regulating.
These values are of the order of 3x10-5/°C. (for the details, refer to Appendix 2, TaBLE 8).

(4) The virtual time constant approach treated in 5.2 has given valuable information on
correlations between dynamic response and thermal system parameters although a few of them
have been done so far. Development of this approach is still under way.
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From the viewpoints of reactor control and safety a great deal still remains to be done,
It should be noted that the control systems and heat exchangers were not included in most
cases. :

Accordingly more complicated systems should be treated in order to include control systems
and heat exchangers.

It should be also noted that a unit cell model for thermal system approximation is adopted.
In order to examine the accuracy of this model, a multi-region model along the channel should
be adopted.

For more information on other analog computer solutions than shown in this report and the
setup of the computer, References 6), 7), 8) should be consulted.
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coefficient of effectiveness of graphite sleeve to that of graphite moderator with respect to

temperature coefficient

= ATm*/A Tu*

ATHAT*
av,

Vi+Va
heat capacity per unit length along channel
L
—— Lln’L‘ [Refer to 5)7]

3(1—{— ﬂi sin i )

gain constant
variables proportional to concentration of delayed neutron precursor
heat transfer coefficient per unit length along channel

(as for subscript, refer to Fig.3.1)

constant (Refer to Eq.3.4)
virtual gain constant

mean effective lifetime of a neutron

fuel length

effective extrapolated length of axial flux

neutron density

Q/Q

(Refer to 5.3)
power production per unit length along channel

7/Qo
heat transfer coefficient for radiation between clad and sleeve
heat transfer coefficient for radiation between sleeve and moderator

54-cos

= 4'Tlo3 " Rl

4T, R,
4Ts()3 RZ

ot 4'Tm03 RZ

time

mean temperature

temperature at a point x

statistically weighted mean value of temperature
T—‘ To

(Refer to 5.3)

coolant gas velocities inside and outside sleeve, respectively
volume of graphite moderator in unit cell
volume of graphite sleeve in unit cell

distance from lower end of channel

a point where temperature of clad is maximum
temperature coefficient of graphite moderator
critical value of positive temperature coefficient
temperature coefficient of graphite sleeve
temperature coefficient of fuel

cal/cm°C

°C sec cm/cal
cal/cm sec
cal/cm sec®C

°C
sec
cm
cm
1/cm?

\
cal/cm sec

cal/cm sec°K*
cal/cm sec®°K!*
cal/cm sec°C
cal/cm sec°C
cal/cm sec°C
cal/cm sec°C
sec

°K

°K

°K

°C

°C

cm/sec

cm?

cm3

cm

cm

1/°C

1/°C

1/°C

1/°C
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B fraction of delayed neutron

0 virtual time constant sec
A decay constant of delayed neutron precursor 1/sec
/i attenuation of temperature within heat exchanger. (Refer to Eq.4.1)

Mo Mt P2 Droportions of power generated in fuel, sleeve and main moderator, respectively
(/1u+/]l+-um:1)

& = (u—1uo)/the
e reactivity
Pex externally applied reactivity
T time constant sec
Subscript
u stands for fuel
f " clad
o % gas inside sleeve
s " sleeve
Cz " gas outside sleeve
m % main moderator
in " inlet gas
out " outlet gas
o) " equilibrium value
Second Subscript
m stands for values at a point where temperature of clad is maximum

Appendix 2. Tables of Parameters

TABLE 1. Dimensions of Reactor

Item Unit RI R-II ‘ R-TI (Rev.) R-ITI

Fuel Diameter E cm — % gg: IO]? 2.92
Fin Root Diameter 4 2.92 4.47 3.58
Fin Tip Diameter I 5.40 6.65 6.05
Sleeve L D. L — 10. 41 10.16
Sleeve O.D. P — 12.70 12.65
Moderator 1. D. ” 10.16 13.72 13.67
Unit Cell O.D. ” 22,94 25.80 23.65
Nominal Core Diameter ” 942 1168 1353
" Height P 638 655 699

Fuel Length ” 610 657 608
Number of Unit Cell — 1696 2056 3288
Reactor Thermal Output MW 176 595 535

TasLE 2. Temperature at Normal Operatjon
(Values in parentheses are estimated from given parameters)

Item Unit R-1 R-II R-II (Rev.) R-III

Coolant Inlet Temp. Tin °C 140 191 204
«# OQutlet Temp. Tou ” 334 402 391
Max Clad Surface Temp. ” 408 454 454
Coolant Temp. inside Sleeve T " 237 (289) (231) (298)
Fuel Temperature T ” 326 (464) (446) (412)
Clad ” T ” — (376) (376) (374)
Sleeve % T ” — (304) (310 (309)
Coolant Temp. outside Sleeve T, “ — (346) (384) (328)
Moderator Temp. T o ” 250 427 (459) (376)




JAERI 1006-B Appendix 2 41
TABLE 3. Material Constants
Item Unit R-I R-II R-II (Rev.) R-II1
Specific Heat
18) cal/g°C 0.03224 0.0399 0.039 0.0368
Magnox ” — 0.2834 0.287 0.2845
CO: inside sleeve ” 0.245 0. 2536 0. 2536 0.254
outside side ” — 0. 2536 0. 259 0. 257
Graphite sleeve ” — 0.323 0.322 0.324
Moderator ” 0.2914 0. 365 0. 358 0.350
Specific Gravity
u g/cm?® 18.7 129 — 18.9
Magnox ” — — — 1.685
CO: inside Sleeve ” 6.89x10-3 11.47x10"3 11.47x107° 10.5x 1072
outside Sleeve ” — 11.47%x102 11,49%x10°? 10.17x10°®
Graphite Sleeve ” — 1.75 1.75 1.73
Moderator ” 1.73 1.75 1.75 1.73
Viscosity of CO;
inside Sleeve g/cm sec 2.48x10 2.68x10™ 2.54x 107 2.56x10¢
outside Sleeve ” — ” 2.67x10 2.604x10*
Thermal Conductivity
U cal/cm/sec®C — 0.081 0.071 0.081
CO; inside Sleeve ” 7.5%10 9.36x10-° 9.36% 1078 8.27x1078
outside Sleeve ” — ” 10.11%10°% 8.68x 105

TABLE 4. Parameters for Heat Transfer and Coolant flow
Item Unit RI R-1I R-II (Rev.) R-IIL
Power Density Qo cal/sec cm 40.6 142.5 55.5
Heat Capacity
u C. cal/cm°®C 4.03 6.43 5. 363 4.75
Clad C: ” — 4,63 3.914 4,78
CO; inside Sleeve C, ” 0.0982 0.147 0. 147 0.139
outside Sleeve C: ” — 0.0616 0.06299 0. 0555
Graphite Sleeve Cs “ — 23.7 23.33 25.06
Moderator Cn ” 167.5 239 224.7 178.6
Heat Production Ratio
in Fuel sy — 0.95 0.93 0.92 0.93
in Sleeve X — — 0.008 0. 0082 0.01
in Moderator y/. — 0.05 0.062 0.0718 0.06
Heat Transfer Rate
hy cal/cm?sec®C — 0.143 0.155 0.149
he o 0.025 0.0719 0.0868 0.035
ha ” 0.005 0.0183 0.019 0.012
h, ” — 1,.22x 103 1,00x10-3 5.7%107%
hs ” —_ ” 1.28x 102 ”
Heat Transfer Coefficient
1 cal/cm sec°C — 1.82 1.894 1.37
He ” 0.424 1.502 1.517 0.665
Hs ” 0. 160 0.598 0.6229 0.384
H. ” — 0.0485 0.0399 0.0228
Hs ” — 0.0525 0.05517 0.0246
Radiative Heat transfer
Coefficient
R: cal/em sec®K* — 1.766x10-1 2.704x10-1 1.617x10~1
R, ” — 3.56x1071t 3.562x10™1 3.46x10-1
Gas Flow Rate per Channel kg/sec 0. 605 1.81 1.81 0.814
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Item Unit -1 R-I1 R-II (Rev.) R-1II
Gas Velocity
inside Sleeve u; cm/s 1511 3125 3153 1470
outside Sleeve ua “ — 74.6 32.9 37
Reynolds Number e w «
(inside sleeve) — 2% 108 5x10° 5.3x10° 2.5x%10°
Stanton Number c10- - w10~ 103
(inside sleeve) — 9.8x107° 7.91x1073 9.46:<107% 8.7x1073
Prandtl Number — 0.81 0.724 0.724 0.73
Gas Pressure kg/cm?® 7 13.4 11.5
TABLE 5. Nuclear Constants
Item Unit R-I R-II R-II (Rev.) R-IIL
Delayed Neutron Fraction A — 0.0073 0. 0064 0. 00539 0. 0064
Decay Constant 2 sec™?! 0.0787 0.0768 0. 0769 0.0768
Neutron Lifetime ! sec 10-3 103 1.4x1073 10-3
Fuel Temp. Coef. o, 1/°C —2x10°3 —2x1073 —2,1x10" —2x1075
Sleeve ” o ” — * 2.75x1078 *
Moderator ~ [ ” * * 10.8::10-8 *
* Described in Chapt. 2 through 4.
TaBLE 6. Parameters in Fig. 5.2.1.
Item *Unit R-1 R-II R-1I (Rev.) R-TII
Ty sec 9.50 3.53 2,83 3.47
7 ” _ 1.40 1.14 2,35
7 ” 0. 0918 0.0420 0.0415 0.0852
T ” — 35,2 32.8 57.7
T2 ” — 0.536 0.621 1.04
Tm ” 1050 2260 2120 2860
G, °C sec cm/cal 2.36 0.55 0.528 0.73
Gy ” — 0.303 0.29 0.492
G, ” 0.935 0.286 0.282 0.613
Gs ” — 1. 48 1.41 2.30
G- ” — 8.70 9. 86 18.8"
Gn “ 6.25 9.45 9.26 16.0
2u,Cy/L cal/sec cm®C 0. 486 1.40 1.41 0. 583
2u:Cy/L — — 0. 0140 0. 00631 0. 00598
TABLE 7. Parameters in Fig.5.2.2.
Item Unit R-I R-II R-IT (Rev.) R-III
8y sec 15.6 15 15.5 35
8 ” — 72.5 73 140
Om ” 1385 2500 2700 3300
K, °C 150 243 249 200
K, ” — 83 99 86
K, ” 94 131 149 110

K,, K. and K, should be equal to 4T */dq*, 4T */4¢* and 4T./dq™, respectively. However,
K’s shown above are not exactly equal to the values shown in Table 9, since small partial
fractions are ignored in the single time constant model.
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TaBLE 8. Parameters Concerning @mc-
Item Unit R-I R-1II R-II (Rev.) R-III
dy 1/°C —~2x1078 —2x1078 —2.1%10°% —2x10-5
a, — — 0.18 0.254 0.236
as — — 0. 408 0.484 0.514
an — 0.544 0. 680 0. 797 0.697
e 1/°C 3.7x10-5 2.7%1073 2.3%x10"® 2.4x10°®
TaBLE 9. The Ratio of AT* to Ag*
Ttem Unit R-1 R-II R-II (Rev.) R-III
AT *14g* °C 172 245 256 208
AT *jdq* ” — 171 187 171
AT . */4g* ” 82 83 104 95
AT */4q* ” — 100 124 107
AT ¥ [4q* o — 116 160 113
AT */dq* “” 94 167 204 145

equations for analog computation are obtained as follows:
For R-I, from Egs. (2.4), (2.5)

P=Px—2%1075 AT, + @, 4T,
10°0(Q,o+ 4Q) —7.34Q +0. 0794k

(1)

(2)

Most of values in TABLE 4 through 9 are estimated from given parameters.

Appendix 3.

Equations for Computation

Substituting design values to parameters in Egs. (2.4), (2.5), (3.5), (3.7), (3. 8) and (3.9),

449
di

44k 7 340-0.0794h

dt

ddT,
dt

ddT.
dt

ddT,
dt

0.2364Q+0.105(4T.—AT)

=4.34T,—114T.+1. 64T, +5. 04T,

=0. 00034Q+0. 00095 (4T.— AT.)

For R-II, from Egs. (3.5), (3.7) and (3. 8)
0= Pex— 2. 0x 10-54T, +0. 182, AT .+ &, AT .,

d;iq =10%0 (14 dg) —6. 44¢+0. 0768 4r

d 4y
dt

dt

=6. 44q--0. 076847

AT, _ 95 40 0. 284T,+0. 2847,

(A.3.1)
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dftiz? =0, 39347, —0. 72447 +-0. 3244T ., +0. 0034T,
dle;‘u_:m. 24T —25. 84T, +4. 0TAT +11. 54T,

dfs =0.0584¢—0. 02947, +0. 025T ., +0. 00247, +0. 000947 ; +0. 00234T ,

dfz];cz =0.794T.—1. 94T ,+0. 854T . +0. 284T,,

dfgm =0.0454g—4. 5 X 10~ 4T, +2. 2x 104 4T, +1. 2 X 10-*4T,

dfzfm =0. 39347, —0. 7244T;,+-0. 53 4T, —0. 214T;,+0. 0034T.

d‘fg“"—‘=23dq-—0. 2847T . +0. 284T, (A.3.2)

and from Egs. (3.9)

AT _ 95440, 2847, +0. 284T

dt

dzg_f =0. 39347, —0. 404T;+0. 00347, +34. 3(1 —£%#) +-0. 324 (AT — AT)E™*

dfl:l:cl = (10 ZAT{—‘ 14. 3AT¢1 +4. 07ATS) ~ EO- 8__11. 5AT,_.1 x £41160 (Eo. 8 _E)

dgfs =0. 0584g+0. 000947—0. 0017747, +0. 0023 4T

+ (0. 025247, —0. 02724T,+0. 00247 ) X £>2+0. 36 (1 —£&**)
dzg‘cz = (0. 794T,—1. 644T . +0. 854T ) x £*8—0. 27547, x §+43. 9(§**—&)

dﬁ"m =0.0454g-+1. 2x 10~ 4T, —2. 3x 10-4T,,

+2.2x 104 (AT ., — AT ) x £>8-+0. 021 (1 —£>*)

d/zfi’.l;um =2349—0. 2847, +0. 284T.,

_“dfz?'" =0. 3934T,n,—0. 404T;,+-0. 00347, +0. 324 (L. 654T s — AT:) XE**+31 (1 —£>*)
(A.3.3)

(3) For R-1II, from Egs. (3.5), (3.7), (3.8)
p=po—2. 4 X 10~ 4T, +0. 2832, AT, +1. 2. AT,

ddézq =10%pg—6. 449-+0. 076847

ddr
=6.44q—0. 0768
37 6.449—0. 07684r

dg;ﬂ =10. 8749—0. 2884T,+0. 2884T;

AT; _. 2874T,—0. 4294T;+0. 1394T,1-+0. 00267AT,

dg’{u =4, T8AT,—11. TAT.,+2. 64T, +4. 16 4T,
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dg;rs =0.0224g+0. 01534T;,, —0. 01784T,+0. 00091 4T, +0. 0007 4T -+0. 0015147,

dzgﬂ =0, 4114T,—0. 9594T.,-+0. 44347, +0. 10547,

dfgm ~.0.01864g-+1. 38x 10~ 4T, —3. 5 x 10~ AT, +1. 52 x 10~*4T,

dfljt"“m :11. ]_Aq—-o. 263ATum+0' 263AT{'“

___d“‘gfm —0. 27547, —0. 416 4T, 4-0. 221 4T, +0. 00256 AT, —0. 0844 4T, (A.3.4)

and from Egs. (3.9)

dﬁ}: —10. 94g—0. 2884T,+0: 2884T;

dglp 0. 287 4T, —0. 290 AT; +0. 00267 AT, +10. 6 (1—£%#) +0. 139 (4T — ATy) X £**

dftiftrcl (4. T8AT,—T. 554T.\+2. T6AT,) X £ —4. 194T., X §+394(§"* —8)

dg;_rs ~0. 0224¢-+0. 0007 4T;—0. 0016047, +0. 00151 4T.,

+ (0. 0153AT|;1_0. 0162AT5+0. OOOglchg) X EO. 8 +O. 151 (1_50 B)
——dg” = (0. A11AT,—0. 854 AT, +0. 4434T.,) x £°—0. 1054T., X §-+13. 4(§"*—8)

dfzf—'" 0. 0186 4g+1. 53x 10~ 4T, —2. 12 X 10 4T,, +1. 38 x 10~ (4T, — AT,) X "
4-0. 0066 (1 —£%*)
dAdqt‘um =11_ ldq_o_ 263AT“m+0. 263ATfm

_d_“%lﬂzo. 75 4T —0. 284Tru-+0. 00256 4T, + (0. 221 4T, —0. 136 4T;,)) X£%°+12. 3(1—£>%)
(A.3.5)

Appendix 4. Stability Analysis of Reactor Including Temperature
Coefficients of Reactivity

The system including reactor neutron Kkinetics, heat transfer and temperature coefficients
of reactivity is shown in Fig. A.4.1.

The neutron kinetics is represented by a linearized transfer function, assuming small input
in p.

4Q(s) _ Qo2 (Tas+1D) (A.4.1)

p(s)  Itis(zes+1)

The transfer functions from 4Q to AT, and to AT, are approximated by a single time
constant as mentioned in 5.2, considering reactor without sleeve for simplicity.

AT.(s) _ K. |
AQ(s)  Bs+1 (A.4.2)
AT - 5 ' (A.4.3)

490s) 3,,133-1
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Reactivity Power
Pex + m P Nuclear 44 - Heat
_; - Kinetics Transfer
4+
‘{
4T
&y f -t
ATm
- ay-f |

Temperature

Fig. A. 4. 1. Block diagram with temperature feedback. (for R-I)

Then the overall transfer function from Pex(s) to 4Q(s) equals

3 7,5+1
4Q(s) _ ° s(Tes+1) (A.4.4)
Pex(s> 1_@ T15+1 _{ —U + A/I } b
D s(Tas+1) Los+1  fas+1
where Q,= %"sz
U= _auf Ku
M=a.f K,
The characteristic equation for stability analysis is obtained as follows
1-3, Tyis+1 { =U M }20 (A.4.5
¢ s(tes+1) lﬂ“us+1+5ms+1 )

which reduces to a fourth order algebraic equation
ast+astas?tas+a,=0 {A.4,6)
where 4,=0.0.72
a,= 5u6m + 7-26u + 720,
@z =08,+ 0.+ Qo7 (Ud—M3,)
@y =14+Qof (Ud—Mo,) +7,(U—~M)}

a,=Q,(U—M) .
According to Hurwitz’s criterion the necessary and sufficient conditions for stability are
1) a>0, a.>0, a,>0, a,>0, a,>0 (A.4.7)
(2) H,=aa,—a.a;>0 (A.4.8)
(3) Hy=a,a,a,—acas®—aa,>>0 (A.4.9)

&, and a,, are always positive. The necessary condition for @,>0 is U>M. In practice the moderator
has much larger time constant because of its large heat capacity, i.e. 6,48, Then the conditions
a,>0 and @,>0 are fulfilled.

The conditions (A. 4.8) and (A.4.9) are also easily proved with the asscemptions U>M,
8,40, and 7z, much smaller than any of 7, 6, and §,.

He = (3,480~ 12) +UQel B (71— 75) — 11753 — MR8 (71— 72) —1,7,3>0

040y

T (304 0u— 1) + Qo7 (a8~ 27) (U—M) + (U0~ MD,) (72~252)

ut/m




£
H
H
i
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+ (Uamz—Mauz)}'i‘-Qoz[ (Uda—Mb,)* (t1—72) + 71 (U—~M){U (7100 — 2750, —7.1T2)
—M(7.6,—27.0,—7,7,) }1>0
(Here approximation a,38,8, is adopted, since 7,8, 7,8, is much smaller than 6,6.)
Thus the necessary and sufficient condition for stability is U>M. U is always positive
since a, is negative. If a, is negative, i.e. M is negative, then naturally U>M. If «,, is positive
the condition U> M implies.

—a,K.>a. K. ' (A. 4.10)
or
an> gm (—a) (A.4.11)

Eq. (A. 4.11) gives the critical value of positive a, above which the reactor is unstable.
It is remarkable that the critical &, does not depend upon @, thus a reactor stable at a certain
power level is also stable at any other power level, so long as a small change in p is concerned
and transfer function method is applicable.

It is easily shown that Eq. (A. 4.11) is equivalent to Eq. (5.3.7) because 4T.* and AT.*
are proportional to the gain constant K, and K, respectively and so

a,= AT *[AT*=K,./K..

A more rigorous treatment than stated in 5.3 gives here the same conclusion as obtained
in b.3.

Appendix 5. Comparison of Digital and Analog Computation

In order to check the accuracy of analog computation, a portion of transient behaviors of
R-II was computed by use of a digital computer IBM 650.

The differential equations A. 3.2 were solved numerically by Runge-Kutta’s method, time
increment for each step being 0.1 sec.

=

q,% /
103

Analog Comp ///

//< Digital Comp

7

102
0

10 20 30 40 . 50 60

—» { sec

Fig. A.5.1. Comparison of solution obtained by digital and analog computation. (R-II)
Response of ¢ to step change in ax=1.2X10", a,=15Xx10"%/°C
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The results are shown in Figs. A.5.1 and A. 5.2 and are compared with those obtained by
analog computer. As far as the transient of short interval is concerned, the accuracy of analog
computation is satisfactory. It is desirable to check the accuracy for longer interval, but digital
calculation would consume tremendous computing time and in fact calculation of transient for more
than one minute was impractical.

457 —=

Ten /
°C 156 Analog Comp /
e
Digital Comp

454

453

4525 107 20 30 10 50 60

—_—w } sec

Fig. A-5.2. Comparison of solution obtained by digital and analog computation. (R-ID)
Response of 4T, to step change in pe,=1.2x107*, an=15x10"5/°C

Appendix 6. Remarks on Response of & to Change in 4T,

Responses of g to change in AT;, have been observed to intersect abscissa at one point
irrespective of magnitude of the disturbance AT, as stated in 2.2 (see also Fig. 2. 4). This fact
is readily explained as follows.

It is assumed that neutron kinetics be represented by a linearized transfer function, so far
as p and Ag are small, as shown in Eq. (A.4.1).

dq(s) _

29 ~Ga(s) (A.6.1)

Teperatures 4T,, 47T, and AT,, which appear in temperature coefficient feedback paths are
represented as follows,

AT, =Gy (s) dg+Gui(s) AT,
AI's = qu (S) Aq+Gai (s) AT“!B
AT =Gy (s) dg+Goi(s) AT, (A.6.2)

where G(s)’s are transfer functions determined from Egs. (3.5).
Equation between reactivity and temperatures is,

p=putafAT.+af AT +a.f AT. (A.6.3)

Since response of g to AT, is of interest, combination of Egs. (A.6.1), (A.6.2), and (A.6.3)
gives, setting p.. equal to zero,

—_ B(s)Gr(s) .
da= 5= g6 4T (A.6.4)
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A(S) =, f G (8) + &, F Gy () +anf Gug(s) (A.6.5)

B(s) =a.f Gu(s) +a, f Gu(s) +an f Gni(8) (A. 6.6)

It can be seen from Eq. (A.6.4) that response of ¢ is of a similar form upon introduction
of similar AT, disturbances with different magnitude. Consequently response of ¢ to 4T}, intersect
abscissa at one point irrespective of the magnitude of AT, disturbance, so far as A4T.’s are of
the similar form.

It is also noted from Eq. (A.6.4) that this result holds for any type of AT, i.e., step
change, ramp change and so forth.

The point where response of g to AT, intersects abscissa depends upon the value of «, as
seen from analog computer solutions. This can be seen readily from Egs. (A. 6.5) (A. 6. 6) which
includes «,.

Conclusion stated above does hold, so -far as the linearized assumption of Eq. (A.6.1) is

justifiable, that is, p and 4g do not become so large. Analog computer solutions indicate that the
ahove assumption is applicable under the conditions considered.

Appendix 7. Analysis Based on Revised Data for R-Il.

Recently more detailed information concerning design and performance data for R-II was
obtained. Based on these data, parameters for a dynamic analysis were evaluated and they are
shown in the fifth column of Tastes 1 through 9, Appendix 2. Compared with the parameters
used for the analysis of R-II, the several remarkable differences are noted as follows :

(1) Differences in nuclear constants such as 3, 4 and /.

(2) Differences in parameters for heat transfer and coolant flow, especially in gas velocity
u,. The coolant mass flow rate outside the sleeve is about 0.4495 of the total flow rate, and
those for R-II and R-III have been assumed to be 19.

(3) Difference in the magnitude of positive temperature coefficients.

The moderator temperature coefficient is 10.8x10-5/°C, which is smaller than the value
assumed for R-II and R-III, 15x10-5/°C.

(4) Difference in coefficient of effectiveness of graphite sleeve to that of graphite moderator
with respect to temperature coefficient.

The ratio of «, to «,, is shown as @y in TasLe 8. The value calculated from a,=10. 8 x10-%/°C
and a,=2.75x107%/°C is 0.255 and much larger than the value assumed for R-1I, ay=0.18.

The transient behaviors based on the revised data are shown in Figs.A.7.1 through
A.7.2 and comparison of the response to the step change in p,, with those of R-II and R-III, in
Fig. A.7.3. Incidentally the results are quite similar to those obtained for R-II. It should be
noted, however, that the positive temperature coefficient is smaller for R-II (Rev.) as mentioned
above. And in fact the response becomes curve B of Fig. A.7.3 for «,=15x10"%/°C, which is
considerably different from that of R-II. Its principal cause is the difference in ey and, av made
equal to the value assumed for R-II, the response becomes curve C. The effect of difference in
nuclear constants is quite small, which is shown by the difference between curve C and D. Thus
the difference between curve D and R-II should be attributed to the differences in thermal
parameters, mentioned in item (2) above.
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Fig. A.7.1. Response to step change in g, for R-II (Rev.)
Pex=1.2%107%, a,=10.8x1075/°C
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Fig. A.7.2. Response to ramp change in 4T, for R-II (Rev.)
4T,=0.2°C/sec X 60 sec, d,=10.8x10"5/°C
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Fig. A.7.3. Comparison of tesponses to step change in g, for R-II, R-II (Rev.) and R-IIL
fex=1.2%x10"*

Appendix 8. ' Remarks on the Analysis by a Distributed
Parameter Heat Transfer Model.

In the analysis described thus far, the heat capacities of the fuel, the moderator, and of the
coolant within the core were lumped respectively and the change in axial temperature distributions
was not considered. Here a more rigorous method of simulating dynamic behavior of the reactor
heat transfer system with a distributed parameter model is described, and a comparison is made
with the lumped parameter model

The heat production in the fuel is assumed to have a cosine distribution in the axial direction,
and extrapolation distance was neglected for simplicity.
The rate of heat conduction in the solids is assumed to be zero in the axial direction and
infinite in the radial direction.

The complete mixing of the coolant gas in the horizontal cross section is assumed.

With these assumptions, which are same as in the case of a Iumped parameter model except
slight modifications, the basic equations of dynamic behavior are obtained as follows

C“Mégx’—t) =p, Q) sin%x—Hl{A Tz ) —AT.(x, 1)}




O
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] { MI;; gx D 4y adic},ixx 1) }: H{AT. (% D) —AT.(x, ) Y+ Ho{ AT (5 ) —AT.(x, ) }
C.. fMTg D) — 1 4Q(sinT s~ H{ AT (x 1) — AT.(5 1)} (A.8.1)

Rewriting Egs. (A. 8.1) in the Laplace transforms and solving for A4T..(s)=d4T.(L, s) with
the boundary condition A7.(0, 5) = 4T, (s),

A Tout (S)

e 1 7 14 g~ LA _AQ(s) + e F4A® AT, (s) (A.8.2)
{ uS+1 T.s+1]) 71'Ccv { A(s)}

where 7,=C./H;, 7Tu=Cua/H: To=L/u

_ S Cu/cc Cm/Cc
A _E{H— T.s+1 + r,,,s-i-l}

and further,

AT...(s) =

LA(s)[{ e em R 270 4Q(5) ~{ATeu(s) —ATu(9)3)

1 2,

AT =25

AT ()= {2 40 + 4T ()} (A.8.3)
=S+1{TH.

where subscript v means the averaged temperature in the axial direction.

From Egs. (A.8.2) and (A.8.3), a block diagram of the reactor heat tramsfer system is
obtained as shown in Fig. A. 8. 1.

The responses of AT,. to change in 4Q and AT, are examined for both the distributed
parameter model described above and the lumped parameter model. and the results are shown in
Figs. A.8.2 and A.8.3 in the form of vector locus. It is remarkable that the locus of AT..(jw)
[AT..(jw) is quite different for the two cases, especially in the high frequency region. This fact
suggests that the lumped parameter model should be avoided to obtain the response of AT, to
AT.., if the high frequency component to be included in the inlet gas temperature disturbances.

For more details on the distributed parameter model the Reference 10) should be consulted.

cav

Ruto 1
— z Cc + 2 s +ATin
S E e
ATIII
HEnTo J —LA(S)

Hnto + +
AQ 7 C-. _.E + AT on +] e
Tos+1 -

2#“ + 1 AT“IV
4Q 7H, +E Tost1 |
ATCIV l
LA(s)
2 +
40— lad + 1 .
™ H, Tos+l 14T

Fig. A. 8. 1. Block Diagram of Reactor Heat Transfer System
(Distributed Parameter Model) :
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