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2.4, Special Features of Neutron Physics Characteristics of the Core of VVER-1000

The dimensions of the core of thé VVER-1000 [water-moderated water-cooled power

reactor] exceed substantially the dimensions of the core for VVER-440. Fuel assem-

blies are larger than the fuel assemblies of VVER-440 and contain 317 fuel elements

- each arranged with a somewhat larger lattice pitch. The basic design parameters of
the core, assemblies and fuel elements are given below:

Basic Design Characteristics of the Core of VVER-1000

Equivalent radius of the core -- 156.0 cm

Core height (working state) -- 355.0 cm

Core volume -- 27.0 m?

Katio of the moderator area co the fuel area in the core
cross section =-- 2.00

Design Characteristice of VVER-1000 Assembly of the V Block of NVAES [Novovoronezh-
skaya Nuclear Electric P wer Station]

"Box-wrench' size of assembly =-- 238 mm

Spacing of assemblies -- 241 mm

Thickness of assembly wall ~- 1.5 mm (with 25% surface perforation)

Height of assembly with a bunch of control rods or SVP [rods with a
burnable absorber] ~- 4665 mm

Number of fuel elements in the assembly -- 317

Spacing of fuel elements =-- 12.75 mm

Number of guiding channels for regulating rods =-- 12

Number of channels for energy release indicators -- 1

Dimensions of guiding channels and the channel for the energy
release indicator -- 12.6 X 0.85 mm

Size of the central tube ~- 10.3 X 0,65 mm

Material of guiding channels, the channel for energy release measure=-
ments, and the central tube -- zirconium alloy

Characteristics of Fuel Elements of Assemblies in VVER-1000
a Size of fuel element jacket =-- 9.1 X 0.69 mm
Material of the fuel element jacket == zirconium alloy

Diameter of fuel pellet -=- 7.6 mm
Diameter of axial hole in fuel pellet - 1.4 mm
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Material of pellet -- U03
Enrichment of make-up fuel, %:
in a two-year cycle -- 3.3
in a three-year cycle =-- 4.4
Weight of UOy.load in one fuel element -- 1575 g

Characteristics of a Regulating Rod and Rods with a Burnable Absorber (SVP)

Dimensions of the envelope of the regulating rod and SVP -- 8.2 X 0.6 mm
Envelope material -- stainless steel
Diameter of the core of the regulating rod and SVP -~ 7 mm
Material of the core of the regulating rod -- Eug03 + aluminum alloy
- Material of SVP core -- boron in a zirconium matrix
Concentration of natural boron in the material of SVP -- 1%

The achievement of the prescribed burnup fraction of fuel with permissible specific
thermal loads is determined entirely by the length of time the fuel elements stay
in the core. The operation time of fuel elements in VVER-440 is three years. A
three-year run was also adopted for the main fuel reloading mode in VVER-1000. Due
to high specific loads in the core of this reactor in the above-mentioned mode, an
average calculated burnup fraction of 39,800 Mw X day/T U is achieved, which is ap-
proximately 30% greater than the average fuel burnup fraction achieved in VVER=440.
For the first loadings of the core of the first VVER-1000, it is planned to use a
two-year-run mode, In this case, the fuel burnup fraction will be 26,500 Mw-day/T
U and will not exceed the achieved limits.

After an experimental study of part of the fuel elements kept in the reactor until
a burnup of 45,000 Mw-day/T U, the VVER-1000 reactor is changed to a three-year run;
in this case, the fuel component of the electric energy drops (according to calcula=-
tions) by approximately 15% in comparison with a two-year cycle. The enrichment of
the makeup fuel is 3.3% (in the two-year cycle) and 4.4% (in the three-year cycle).

Properties of the fuel elements are adjusted over the cross section of the assemily,
since an increase in the enrichment and the dimensions of the assemblies of VVER-1000
leads to an increase in the nonuniformity of heat release in it. For example, in an
assembly with a fuel of 4 .4%-enrichment, the variation factor for the fuel elements
is 1.22. The arrangement of fuel elements with uranium of lower enrichment (3.6%)

in a péripheral row and in corner spots of the next row lowers the variation factor
to 1.16.

The 109 assemblies have movable regulating rods (clusters) which are intended (by
analogy with SUZ assemblies in VVER~440): a) for rapid stopping of the nuclear reac-
tions; b) for automatic regulation in order to maintain the reactor power at the
prescribed level or for changing i+t from one power level to another; c) for compen=-
sating rapid changes in reactivity by changing their position in the core,

~y
For the core variant with a three-year rum, rods were installed in 42 peripheral
assemblies with a burnable absorber (with respect to the mass of 1% of natural bor-
on) -- SVP, SVP rods are intended for lowering the breeding properties in the peri-
pheral assemblies with a fuel enrichment of 4.4% at the beginning of the run.
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Figure 2.,10. Cartogram of the first fuel loading of the VVER-1000
core of the V block of NVAES with assemblies with various degrees
of enrichment of the fuel (three reloadings per run) for a three-

year burnup cycle.
Key: 1. loop 3, with adjustment

2. SVP

The cartogram of the first fuel loading of the core of the VVER-1000 of the V block
of NVAES for a three-year cycle is shown in 2.10. The core consists of assemblies
with fuel enrichment of 2% (54 items), 3% with adjustment of energy release by the
fuel elements with enrichment of 2.4% (54 items), 4.4% + 12 SVP with adjustment of
energy release by the fuel elements with enrichment of 3.6% (13 items), &4.4% + 12
SVP (30 items). At the time of fuel reloading, the assemblies are rearranged in the
core according to a definite scheme, and SVP consisting of assemblies with initial
enrichment of 4.47 are removed.

The basic operation characteristics of VVER-1000 in the three-year cycle are:

average burnup fraction between reloadings -- 10.9-13.8X103 Mw.days/T U (for an op-
eration length of 240-300 effective days);

maximum power variation factors of assemblies -~ kq = 1.29 — 1.35;
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Figure 2.11. Cartogram of the first fuel loading of the VVER-1000
core of the V block of NVAES with asscmblies with various degrees

of fuel enrichment (two reloadingsper run) for a two-year burnup
cycle.

Key: 1. loop
2, with adjustment

initial boron concentration in the heat-transfer agent of the I circuit cg = 1.39

- 1.80 v B/kg H0.

The cartogram of the first fuel loading of the core of VVER-1000 of the V block of
NVAES for the two-year cycle is shown in Figure 2.11. The core consists of assem-
blies with fuel enrichment of 2% (78 items), 3% with adjustment of energy release by
the fuel elements with enrichment of 2.4% (30 items), 3.3% with adjustment of energy
release by the fuel elements with enrichment of 2.4 and 3% (13 items), 3.3% (30

items).

The basic operation characteristics in the two-year cycle are:

- average burnup fraction between reloadings -- 11.3-13.35%103 Mw.day/t U (for oper-

ation lengths of 250 — 290 effective days) ;

4
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maximum power variation factor of assemblies kq = 1.31 — 1,37;

initial boron concentration in the heat-transfer agent of the I circuit == cg = 1.15
— 1.45 g B/kg Hy0.

- For adjusting energy release, fuel elements of lower enrichment are installed in the
peripheral row of the cells and in the corner cells of the following row: for assem-
blies with enrichment of 3% =-- fuel elements with enrichment of 2.47., and for assem-
blies with enrichmert of &.4% -- 3.6%. For assemblies with enrichment of 3.,3%, en~
ergy release is adjusted by installing fuel elements with enrichment of 2.4% in
three corner cells of the peripheral row and in the corner cells of the next row,
and in the remaining cells of the peripheral row -- fuel elements with enrichment of
3%.

COPYRIGHT : Atomizdat, 1979
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3,2. Coefficients of Reactivity of the Reactor

The reactivity and, consequently, the reactivity excess of VVER depend greatly on
the temperature of the core. As a rule, VVER reactivity drops. as the temperature
rises, specifically, when its power rises (this phenomenon is used for ensuring
safety in controlling the reactor). Changes in the reactivity when the core temper<
ature rises are caused by a number of phenomena occurring in the moderator-coolant
and in the fuel. First of all, it is the decrease in the water deusity with temper-
ature rise which leads to a decrease in the number of atoms of the moderator in a
unit volume and, as a result of this, to a decrease in the moderating ability of the
water. As a result of this, as well as due to an increase in the kinetic energy of
the nuclei of the moderator (hydrogen), when the water temperature rises, there
occurs ruggedization of the spectrum of neutrons leading to changes in the neutron
cross sections of the nuclei of the fuel, the heat-transfer agent and structural
materials and, consequently, the neutron-physics characteristics of the core lattice.
Moreover, the rise of the fuel temperature increases the resonance capture of neu-
trons by the 238y isotope (Doppler effect).

When the core temperature rises, the following effects play the most important role:
1) decrease in the cross section of neutron absorption in water governed by the law
1/v; 2) decrease in the cross section of scattering and density of water and decrease
in the moderating ability of the water connected with this; 3) decrease in the cross
section of absorption and fission of uranium and transuranium elements; 4) increase
of the resonance capture of neutrons in the fuel (Doppler effect); 5) decrease in

the cross section of absorption of neutrons by zirconium and niobium.

Some of these effects make a positive contribution and some a negative contribution

to the total temperature effect. Effect 1 makes a positive contribution due to de-

creased absorption of neutrons in the water. The decrease in the moderating ability
of the water gives a negative component which, as a rule, exceeds all positive com-

ponents of the temperature effect. Effects 3 and & also decrease the core reactiv-

ity. Effect 5 contributes a small positive component to the temperature effect.

An additiomal influence on the temperature effect of reactivity is connected with

the accumulation of plutonium isotopes during the fuel burnup. Isotopes 239Pu and
261py have large cross section of fission and absorption at a neutron energy of

about 0.3 eV. Isotopes 240py and 242Pu have a strong absorption resonance at an en=
ergy of approximately 1 eV, As the core temperature rises, the resonances of pluton-
ium isotopes widen, but the inverse influence of resonance blocking is greater in
this case. As a result of this, the accumulation of plutonium isotopes makes a posi-
tive contribution to the temperature effect of reactivity. '
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In calculating the neutron-physics chatacteristics of VVER, several coefficients of
reactivity characterizing temperature and some other effects are introduced. As a
rule, these are: 1) water temperature coefficient of reactivity kj; 2) fuel temper-
ature coefficient of reactivity kp; 3) water coolant pressure coefficient of reac-
tivity k3; 4) water demsity coefficient of reactivity kg; 5) power coefficient of
reactivity kg; 6) coefficient of reactivity with respect to the concentration of
boric acid in the coolant kg. .

The temperature coefficient of reactivity kj is defined as the ratio of the change
in the reactivity of the reactor to the change in the average temperature of water
and is designated as Bp/atﬁzo. It allows also for the changes in the density of
the water as its temperature changes, i.e., coefficient k4 is a component of ki,

The fuel temperature coefficient of reactivity k3 characterize the changes in the
reactivity of the reactor when the average temperature of the fuel changes and is
designated by 8p/dtypy.

The sum of the water and fuel temperature coefficients of reactivity is the temper-
ature coefficient of reactivity of the reactor aplat and is defined as the change
in the reactivity with changes in the average temperatures of the water and fuel in
the reactor which are identical when the core works at zero power.

It is evident that in experiments on a reactor, it is practically impossible to de-
termine the water temperature and fuel temperature coefficients separately. As a
rule, the total temperature effect is determined when working at a negligibly small
power and heating the water with main circulation pumps or outside sources of heat,
Coefficients kj and k, can be estimated separately only by calculations or in in-
direct experiments using critical assemblies.
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Figure 3.2, Dependence of the average fuel temperature
of VVER-440 on the specific power (at tH,0 = 285 degrees C)
Key: 1. kw/1

When the power of the reactor increases, there occurs an additional rise in the fuel
temperature which becomes higher than the temperature of the coolant (Figure 3.2).
Moreover, there appears a temperature drop hetween the center and the surface of

the Fuel element. The increase in the fuel temperature results in an additional
decrease of reactivity due to the Doppler effect. This decrease in reactivity is
called power effect, for which a special coefficient is introduced: kg = 3p/AN. The
power coefficient of reactivity is determined experimentally by measuring the changes
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Figure 3.3. Dependence of the water temperature
coefficient of reactivity on the coolant temper-=
ature for VVER-440 of the IV block of NVAES.
) Key: 1. All SUZ [control and safety rods] groups
are lowered into the core.

in the reactivity during gradual increases in the power of the reactor with a con-
stant water temperature.

The power and temperature coefficients of reactivity do not remain constant in the
entire interval of working temperatures of the reactor. As the water temperature

rises, the absolute value of the negative water temperature coefficient of reactiv-
ity ky increases, while the coefficient of reactivity ko decreases (Figures 3.3 and

3.4). v
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Figure 3.4. Dependence of the fuel temperature coefficient

of reactivity on the coolant temperature for VYVER of the IV
block of NVAES.

Key: 1. All SUZ groups are jowered into the core.

During the loading of the reactor, the water and fuel temperature coefficient of re-
activity increases with respect to its absolute value, which is a re ult of the accu-

mulation of plutonium and fission fragments and the decrease in the concentration of
boric acid.

8
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The coolant pressure coefficient of reactivity in VVER is small, because water is

a weakly compressed 1iquid. However, when pressure in circuit I increases sharply,
for example, during preparations for the startup, it is possible to have a reactiv-
ity release sufficient for causing the runaway of the reactor. In this conmection,
as well as for reasons of strength, the pressure increase rate in circuit I is nor-
malized.

Boric acid is introduced into the coolant for even distribution of the absorber over
the core. The coefficient of reactivity with respect to the concentration of boric
acid in the coolant kg is defined as dp/3Chypo3. The values of the coefficients of
reactivity for the reactors of the Novovoronezgskaya AES are given in Tables 3.1
and 3.2.

Table 3.1
Coefficients of Reactivity of VVER-365 and VVER-440 of NVAES
(for the beginning of the run)

(1) (2) BBIP-365° BB3P-440, IV Gaox (3)
Koddinuent peakTHBHOCTH :
20 °C 260 °C 20 °Cr* 285 °C**
4o Temneparype tonanma, 10—4°C—1 --0,33 ---0,25 «—0,38 ~M32

. {2)Io remicparype noam, 10—4°C-1 - (1+2) —(3=4) |—0,001 —1,286
- . Ao naotnocris poan, (2fcm3)—1 —  ]0,18+025 | —0,102 0,06
' 7)]10 MouHocTH peaktopa, 1074 1/ % . — — 1,7
(8)‘“0 conepKaumio GopHOil Kuclott B Bo- | —2,87 —2,42 —2,18 —1,86
Rne, 10=2 ke/e H,BO,
) 3

*In the absence of boric acid in the water.
2%CH3803=7.7 g/kg.

3*CH3B03=5-0 g/kg; N - 100%.

Key: Coefficient of reactivity

VVER-365%

VVER-440, IV block

Fuel temperature, 10-4 oc-1

Water temperature, 10-4 oc-1

Water density, (g/cm3)-1

Reactor power, 10-4 1/%

Boric acid content in the water, 10~2 kg/g H3BO3

. .

.

O~

Undesirable release of reactivity is possible in some instances, for example, when
circulation loops of the reactor are turned on during the startup or after repairs
with a lower water temperature or with a lower concentration of boric acid. For
example, the work [26] examines a calculated model of VVER behavior when the water
temperature at the entrance to the core is lowered. When the input temperature
dropped from 266 to 232 degrees, reactivity p =2 0.002 was released in one fourth
part of the zone whose values decreased to 0,001 in six seconds. In published liter=-
ature, they examined some cases of supplying colder water in an operating reactor

B which was in a critical state [27]. At the AES '"Dresden-2" (U.S.A.), where a boiling-

- type reactor was installed, there were instances of the delivery of colder water in-
to the reactor when a reserve cireulation pump was faultily turned on and the flow
rate of feed water increased spontaneously., The release of reactivity due to the
lowering of the water temperature in the reactor caused in both cases the runaway
of the reactor and the triggering of the safety system.

9
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Table 3.2

Coefficients of Reactivity of the Core of the Reactor VVER-1000
of the V Block of NVAES

: 4
(l) (2) ncpnngz:nrpyma. C‘rnuu)nuapuun ™eX-~
Kool T peakTHRIOCTH Cocrosmne axrtiuiof soma | 7=-3 rona/T=2 ro- neTimf ToHBHHI
N na UK
(5) Mo Temuepatype  BOAH, Xousoanoe (10) . --0,:00/0,86 0, 100—(—0,30)
10-4 ypor~t Topawee (11) —0,50/0,605 —1,00—(—3,50)
(12) |PaGatee: mauano pabotu| —1,00/—0,346 | —1 ,50—(—4,00)
(13) (N1enn=100%) xonew |—3,50/—6,30
paboTut '
(6)Tlo naotmocr  Boaw, | Xonoanoe —0,150/—0,126 —0,13—(—0,04)
(2/cu?)-t . Topsiuee 0,040/—0,030{ 0,06—0,15
PaGouce: nauano pacoti| —0,040/—0,005{  0,10—0,20
(Nrena=100%) xoren 0,160/0,282
pacoTH
(7)o Tesuieparype TomAM- Xosonoe —3,00/--3,39 ——3,00—§-—-3.50)
ga, 100 5 ppag "t Fopsuee —2,50/--3,02 | —2,50—(—3,00)
PaGouee: navano paorn| —2,00/—2,69 —2,00—(—2,50)
(Nzenn==100%) kouery -—2,30/--2,36
paboTH
(12Z)
(8)o momuocti peakto- | PaGoyee: Hauano pabotu —1,40/—2,00 —(1,2—1,4)+ —
pa, 1074 1/% (Nzena=100%)  xoneu} —1,50/—2,90 —(1,5—2,0)
paboTet  (13)
Tlo conepxanmo Gopa, | Xonoasoe —0,120/—0,150 —0,095-—(—0,105)
(9) (2 B/xe HO)! Iopsniee —0,095,—0,100{ —0,075—(~—0.,085)
PaGouce: Hauasio paGoThi —0,090/—0,105 —0,070-—(—0,080)

(Nyena=100%)  konell

paGoTht

—0,095/—0, 110

Key: Coefficient

L Y

OO URWN -
N

Cold
Hot

10.
11.
12.
13,

Compensation of the reactivity excess of boric ac
nonuniformity of energy release over the core and

of reactivity

State of the core
First loading, T = 3 years/T = 2 years
Steady-state three-year fuel cycle

Water temperature, 10-4 degrees‘1

. Water density (g/cm3)-1
Fuel temperature, 10-3
. Reactor power, 104 1/%
Boron content (g B/kg HZO)"]-

Working: beginning of work
(Npheat = 100%) end of work

degrees”

1

id makes it possible to reduce the
, consequently, to increase the

permissible power of the reactor and the fuel burnup fraction.

The decrease in the nonuniformity of

energy release is determined by the fact that

boric acid solution changes the neutron-physics characteristics of the entire core,
while absorbing rods act chiefly on the neighboring areas of the core.
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Figure 3.5. Dependence of the water temperature coefficient of
reactivity on the comcentration of boric acid in the coolant for
VVER-440 of the IV block of NVAES.
Key: 1. All SUZ groups are lowered into the core

2. gl/kg

Figure 3.6. Effects of the removal of SUZ groups of assemblies
on the water temperature coefficient of reactivity for VVER-440
of the IV block of NVAES (along the X-axis -- the number of the
SUZ group removed from the core).

Key: 1. g/kg

reactivity with boric acid, it is necessary to consider
value of the negative temperature coefficient of reactiv-
This is caused by the decrease in the density of the
temperature rises, which leads to a decrease in the con-
103 in the unit volume of the coolant. This

effect intensifies when the concentration of boric acid is increased (Figure 3.5).

The presence of boric acid in the coolant increases somewhat the absolute value of
the negative fuel temperature coefficient of reactivity, since the absorption cross
section of the 10B isotope follows the law 1/v and, moreover, the absorption chiefly
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of low-energy thermal neutrons leads to the ruggedization of the neutron spectrum,
However, the influence of boric acid on the fuel temperature coefficient of reactiv~-
ity is considerably lower than its influence on the water temperature coefficient of
reactivity. The water temperature coefficient of reactivity depends also on the

position of the SUZ groups (Figure 3.6).

At high concentrations of boric acid, the temperature coefficient of reactivity can
become positive. The presence of a positive temperature coefficient of reactivity

in VVER-type reactors at sufficiently high concentrations of boric acid was observed
at a number of foreign AES. For example, the "Jose Cabrera" reactor (Spain), at the

concentration of boric acid of 2.054 gy.po
positive temperature coefficient equal %o }.206-10'1‘P degrees c-1 [28].
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Figure 3.7. Dependence of the integral effectiveness of SUZ groups
of VVER-440 of the IV hlock of NVAES on the concentration of boric

acid.

Key: 1. All SUZ groups
2, Group
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It is evident that operation of a reactor with a positive temperature coefficient of
reactivity is extremely undesirable because its control and safety conditions become
complicated. Therefore, when calculating a VVER, the value of the concentration of
boric acid ensuring a stable negative temperature coefficient is selected.

D AT T ]
o o ty,0=285°C
(1)

‘\Bee zpynnsi CY3

21t

20

1

7 Chgaegzire (3
- Figure 3.8. Dependence of the integral effectiveness of the groups
of SUZ assemblies of the VVER-440 of the IV block of NVAES on the
concentration of boric acid at operating temperature.
Key: 1. All SUZ groups
2. Group
3. g/kg

When a reactor operates with boric acid in the coolant, it is necessary to consider
also the changes in the effectiveness of the SUZ assemblies from the concentration

* of boric acid (Figures 3.7, 3.8). In the presence of boric acid, the overall effec-
tiveness of the groups of SUZ assemblies decreases, however, changes in the effec~
tiveness of individual groups resulting from an increased concentration of boric
acid are very different in nature, which is determined by the arrangement of the
groups of assemblies in the core in relation to one another and order of their set-
ting. It should be mentioned that the effectiveness of group No 12 (see Figure 3.8)
which was selected as a controlling group of SUZ in the VVER-440 reactor of the IV
block of Novovoronezhskaya AES at an average operating temperature of the coolant. of
285 degrees C, remains practically constant in the entire interval of operating con-
centrations of boric acid.
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When calculating the effect of boric acid on reactivity in the course of the runm,
it is necessary to consider the changes in the isotopic composition of boron due to
the burnup of 10p.

Boric acid introduced into the first loop at the beginning of the run circulates in
a closed loop and, practically, is not replaced (it is only gradually removed as
the fuel burns up). In this connection, its absorbing ability decreases, which has
to be taken into consideration,

Changes in the amount of the 10B isotope can be described by the following differen=
tial equation:

dN Taa Ny »
. A8 N e —e— =0, -
ar - 0P - N - T, (3.10)
where N -- concentration of the nuclei of the 10p isotope in the coolant, cm"3;

64 -- microscopic absorption cross section of 108, cm2; @ -- average density of
the thermal neutron flux in the reactor, neutron/(cm28sec); T, a /TwopT == ratio
of the passage time of a unit volume of the coolant through the core of the reactor
to the passage time of the same volume through the entire first loop, including the
core of the reactor; Ny -- concentration of 108 nuclei at the beginning of the load-
ing of the reactor, cem=3; To -- total time of loading at nominal power, ef, sec;

T -- current time, sec.

In the equation (3.10), the term No/To allows for the removal of boric acid in the
process of fuel burnup. It is assumed that the amount of the removed boric acid

depends linearly on the effective time of the reactor's operation. The solution of
the equation (3.10) has the following form:

N T 1 —
-W: = exp (— 0,9 wnl/ uon'r) (3.11)
Ty T
o ;,"12'8 (1 —exp(— O'GQ)TGLST/ worn) -

The relation T g4, g/Tkoyr can be taken to be approximately equal to Vg,3 /Nnera
Viery +V a.5 > Where Vpory == coolant volume in one circulation loop of the
reactor: V g g~ coolant volume in the core of the reactor; n jomy == number of
loops of the reactor. If the load works for 300 effective days, tﬁe burnup of the
10p isotope can reach 10% of the initial content and result .in a lower effectiveness
of boric acid with respect to reactivity.

COPYRIGHT: Atomizdat, 1979
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3.3. Requirements for the VVER Control and Safety System

The control and safety system (SUZ) is the main system for enmsuring nuclear safety
of the VVER reactor. It has two independent systems based on different principles,.
namely: a system of mechanical members of SUZ (SUZ assemblies) and a boron regula=

- tion system,

The SUZ system performs the following functions: 1) controls the power of the reac-
tor; 2) compensates slow changes in reactivity; 3) performs emergency and planned
shutdowns of the reactor.

The fulfillment of these functions is ensured if the following requirements for the
SUZ system are satisfied: 1) reliable and sufficiently rapid compensation of changes
- in reactivity connected with power control; 2) insurance of the compensation of re-
activity excess for fuel burnup in the course of the loading work of the reactor,
as well as compensation of the poisoning effects of the reactor by samarium and
xenon; at the same time, the temperature and power effects of reactivity during the
changes of the reactor power from zero to the nominal value must be compensated; 3)
in a cold unpoisoned state of the core, during the reloading of nuclear fuel, the
 effectiveness of SUZ must be sufficiently great for reliable damping of the reac-
tor with a safe depth of suberiticality; 4) the effectiveness of the control members
- of the SUZ and the rate of reactivity release must exclude the possibility of uncon-
‘ trolled runaway of the reactor; 5) when the power of the reactor drops to zero, the
SUZ system must ensure the necessary subcriticality in a stopped hot reactor. In
this case, it is necessary to consider possible failure of one of several SUZ drives
with jamming of the absorbers in the upper position and the possibility of spontan-
eous removal of the SUZ absorbers from the core; 6) the speed of the introduction of
negative reactivity in emergency conditions must ensure the damping of the reactor
in the shortest possible time determined by the drop of the reactor power and ensur-
ing the safety.of the jackets of the fuel elements of the core,

The main causes of changes in the reactivity of VVER reactors and their contribution
to the changes in reactivity in percentages are given below [29]:

Doppler effect . 1.4-1.6
Changes of average water temperature 0-1.0
Changes in the average water densiiy 0-0.1
Control area 0.5
- Operation reserve 0.1

Overall effectiveness necessary for con-
trolling the power of the reactor 2.0-3.3
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Fuel burnup 3.0-10.0
Poisoning by xenon and samarium 3.0
Shutdown cooling 4,0-5.0
Suberiticality during reloading 2.0-10.0
Overall effectiveness necessary for the
compensation of slow changes in reactivity 17.0-28.0
Power changes during shutdown 1.4-2.7
’ Suberiticality of a hot reactor 1.0
Effectiveness of one absorber jammed in the
1.0

upper position
- Overall effectiveness necessary for the shutdown
- of the reactor 3.4-4.7

In VVER, the boron regulation system compensates slow changes in reactivity in the
course of the run, and the system of mechanical control members controls the power
of the reactor in nonsteady-state conditions and compensates reactivity during plan-
ned and emergency shutdowns.

The system of mechanical members of SUZ ensures the introduction of negative reactiv-
ity into the reactor under emergency conditions at a rate of about 2% reactivity per
second and ensures the release of reactivity during regulation at a rate of not over
0.22% reactivity per second.

Table 3.3
Excesses of Reactivity of the Core and Effects of Its Changes for
VVER-440 of the IV Block of NVAES (first loading)

- tapanerp (1) ' Mmlgn%zm. % % Ap. %
3anac peaktunuocrn upz (3)
20°C _— 17,77 —_
100°C ) — 16,95 —
150 °C — 16,63 —
200°C — 16,07 —
) 4 285 °C. — 14,10 -
(4 Temseparypuuit  apupesr  upn  20—285°C — — 367
Moutnocrioi supexr 0 —-100 — 1,60
(6) <Crautonaprioe ovpancime 130Xe 100 — 2,53
- » » 5 100 — 0.65
§7g 3anac peaKTHBIOCTH Na BLropaie 100 9,32 —
AdexTnnocts kaccer CY3 npn:
20°C — — 14,66
285 C - - 20,82
Key: 1. Parameter 5. Power effect
) 2. Power 6. Steady-state poisoning
3. Reactivity excess at: 7. Reactivity excess compensating

4, Temperature effect at the burnup
8. Effectiveness of SUZ assemblies at:

Table 3.3 shows the excesses of reactivity and effects of its changes for the reae-
tor of the IV block of NVAES.
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The SUZ assembly of VVER-440-type reactors consists of two parts: upper == absorber,
lower -- nuclear fuel. When setting up an SUZ assembly, the absorber is removed
from the core and the fuel part replaces it, Thus, the lifting of an SUZ assembly
releases the reactivity of the reactor both by reducing the absorption of neutrons,
and the by increasing the mass of the fuel in the core. The SUZ absorbers have a
hexahedral jacket with "black" walls for thermal neutrons. The jacket contains in-
serts of borated steel which absorb thermal and partially epithermal neutrons.
The presence of water within the absorber ensures opacity to fast neutrons, The
SUZ absorber serves as a neutron trap: fast neutrons are slowed down in the water

" and absorbed by boron without emerging beyond the limits of the absorber; thermal
neutrons are absorbed in the borated inserts when they are passing through the walls
of the absorber. If the absorber is removed from the core and the hexahedral water
cavity is left, the latter will also fulfill the role of a neutron trap. The effec=
tiveness of the water cavity is about 70% of the effectiveness of the SUZ absorber
[30]. This effect is used during fuel reloading: before removing the absorber of
the SUZ, two or three working fuel assemblies around it are unloaded in order to
create water cavities which compensate to some degree the unloading of tbhz absorber
from the core and act as an absorber during the removal of the fuel part of the SUZ
assembly from the reactor.
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Figure 3.9. Cartogram of the arrangement of SUZ assembly groups
in the VVER-440 of the III block of NVAES.
Key: 1. Loop
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Figure 3.10. Cartogram of the arrangement of SUZ assembly grou,:s
in the VVER-440 of the IV block of NVAES.
Key: 1. Loop

The effectiveness of SUZ assemblies depends chiefly on their location in the core

and on the core temgerature. As the fuel in the core burns up, as well as during

the burnup of the 10p isotope in the absorbers of the SUZ assemblies, their effec-
tiveness changes. When a reactor is designed, the optimal order of successive set-
ting of SUZ groups is calculated for a definite number of assemblies in a group.

The criterion for determining the order of the setting of SUZ groups is the insurance
of minimal nonuniformity of energy release over the radius and height of the core.

It is taken into consideration that the reactivity excess for the burnup is compen-
sated almost fully by boric acid, therefore, all SUZ groups are in the upper posi-
tion with the exception of the last XII working group.

Figures 3.9-3.11 show cartograms of the arrangement of SUZ groups in the cores of
VVER-440 of the III and IV block of NVAES, as well as Kol'skaya AES. The VVER core
in the plane is divided into three computation sectors with a 120 degree angle at

the vertex. The neutron-physics computations of the VVER are done, as a rule, for

one sector on the assumption that the properties are repeated with a periodicity of
120 degrees in the remaining sectors. In each computation sector, the design numbers
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Figure 3.11. Cartogram of the arrangement of SUZ aséembly
groups in the VVER-440 of Kol'skaya AES.
Key: 1. Loop

of the assemblies are indicated, The cores of the reactors of the ILIL and IV blocks
of NVAES contain 73 SUZ assemblies which are divided into 12 groups. In the core of
the VVER=440 reactor of the III block, the controlling group is group No 12 which
contains six assemblies with design numbers24 and 42. Since the VVER-440 of the IV
block uses nuclear fuel with a greater enrichment than in the III block, the composi-
tion of the controlling group No 12 was changed in order to reduce the nonuniformity
of energy release. SUZ assemblies with design numbers 1, 7, 68 from group No 10

were included in it, and assemblies with design numbers 24, 42 were transferred to
group No 10.

The core of the VVER-440 of Kol'skaya AES has only 37 SUZ assemblies. Unlike' the

VVER-210, which also has 37 of them, the assemblies are spaced farther apart and,

accordingly, they are displaced toward the periphery of the core. This is due to

the zone loading of the VVER-440 and a higher enrichment of the fuel., Tables 3.4

and 3.5 show the values of the effectiveness of the SUZ assembly groups at various
temperatures for VVER-440 of NVAES.
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Table 3.4
Effectiveness of SUZ Groups of VVER-440 of the III block of NVAES
(first loading, no boric acid in the coolant)

1 @ 20°C 100 °C 180 °C 285 *C
Howep Pacuernne
83poAHMOR HoMepa
- rpynnu kaccer | @, % [0, % | P % (A0 % p. % |60 % 0. % (a0, %
(3)
Beerpyn- | — |-393| — [|—-618] — | —922 | — |—1594 | —
N4 BHH3Y
1 46, 64 |—3,38]0,55 |—5.62[056 | —8,67 | 055 |-—14,02 1,92
2 26, 66 0,74 14,12 p—1,48/4,14 | —4,03 464 | —8,25 5,77
3 3, 44 3,89 13,18 1,88 | 3,36 | —0,267 | 3,763 | —4,19 4,06
4 70, 86 494} 1,05 3011 L13 1,009 | 1,276 | —2,818 | 1,375
5 2K, 90 5811087 4,02 1,01 2,072 } 1063 —1,6M | 1,204
6 5, 22 7451 1,64 586|184 4,14 2,068 1,051 | 2,665
7 72, 110 | 80.1056 6,41 | 0,55 4,71 0,57 1,59 0,539
8 50, 108 | 9221121 767 ) 1,26 5,97 1,26 226 067
9 9, 92 10,56 | 1,34 0,161 1,49 7,54 1,57 3,82 1.56
10 1, 7,68 | 12,05] 1,49 | 1084} 1,68 9,46 1,92 6,41 2,59
11 48, 88 [ 13,701 1,65 | 1259 ] 1,75 11,39 193 8,49 2,08
12 24,42 | 1470{100 | 13781 1.12 12.71 1.32 10.295 | 1,805

Key: 1. Number of the group being set up
2. Design numbers of assemblies
3. All lower groups

Table 3.5
Effectiveness of SUZ groups of VVER-440 of the IV block of NVAES
(first loading, no boric acid in coolant)
- (1 2 20 °C 100 °C 200 °C 285 °C
Hodse Pacuerusie

BInOAHMON HOMEpa
- rpynns xaccet | p. % [6p. % | Y. % [8p. % 0% |Ap. % o % Ap, %

Bee ‘%21 - M6 — |1,682] — | —L77T9 | — | —6,720 | =~
b BHH3Y
1 16, 64 3,196 { 0,08 | 1,765 0,083 | —1,647 10,132 | —6,445 } 0,275

2 26, 66 | 3,837 |0641]2,436} 0671 | —0,478"1 1,169 | —4,309 | 2,136

3 3, 44 6,179 | 2,342 | 4,864 | 2,428 2,444 12922} '—0,934 | 3,375

4 70, 86 | 7,681 ] 1,502 | 6,429 | 1,565 4,130 | 1,686 0,834 | 1,768

& 28, 90 8,683 [ 1,002 | 7,478 | 1,049 5323 {1,193 2,175 | 1,341
6 5,22 110,237 { 1,654 | 9,117 [ 1,639 | 7,335 {2,012 4,633 | 2458 -
7 72, 110 110,878 | 0,641 { 9,768 { 0,651 7913 10,578 5100 | 0,476 -

8 50, 108 (12,225 | 1,347 |11,154 | 1,386 | 9,262 | 1,349| 6,264 | 1,155

9 9,92 (13947 (1,722 112,941 | 0,787 | 11,225 [ 1,963 8,285 | 2,025

10 24, 42 [15207 | 1,260 {14,281 | 1,340 13,087 | 1,853 | 10,825 | 2,536

11 18, 88 16,340 1,033 {15452 | 1,171 | 14,317 | 1,239} 12,102 | 1,277

12 1,7, 68 {17,772 11,432 116,949 | 1497 | 16,066 | 1,749 14,104 { 2,002

Key: 1, Number of the group being set up
2. Design numbers of assemblies
3. All lower groups
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The effectiveness of SUZ assembly groups depends also on the concentration of boric
acid in the reactor. Table 3.6 shows the values of their effectiveness at various

concentrations of boric acid for VVER-440 of the IV block of NVAES.

14 .
6 18 20 22 % 26 28 30 32 34 36 38 40
°f5 N 16 N7 :

Figure 3.12, Cartogram of the arrangement of the groups of SUZ
absorbers and neutron measuring channels in the core and the
ionization chanbers of the SUZ of the VVER-1000 reactor of the

vV block of NVAES:

] -- assemblies with SUZ absorbers filled to one half by absorb=-
ing materials; 2 -= assemblies with neutron measuring channels; 3
-- number of the group of SUZ absorbers; 4 -- energy-range ioniza~
tion chambers; 5 -- startup-range jonization chanbers; 6 == standby
startup-range ionization chambers; 7 -- intermediate-range ioniza~-
tion chambers.

Key: 1. loop

The mechanical control and safety system in VVER-1000 of the V block of NVAES con-
sists of 109 drives each of which is capable of moving a bunch (cluster) of twelve
absorber rods (core material -- Eu03 in a matrix of an aluminum alloy) inside the
assembly within the limits of the core. The SUZ drives combined into groups (Figure

3.12) move the clusters simultaneously.
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The mechanical system of SUZ is intended for compensating rapid changes in the reac~-
tivity (temperature, power, snd poisoning effects). Slow changes in the reactivity
(fuel burnup) are compensated by changing the concentration of the boric acid solu-
tion in the coolant. For emergency situations, there is a high-speed boron injec-
tion system.

The total effectiveness of the mechanical system of the SUZ of VVER-1000 must be not
jess than the sum of the following effects:

1 - poppler effect of fuel when the power of the reactor changes from 0 to 100% =-- 0,013;

changes in the average water temperature of the first circuit when the power changes
- from 0 to 100% -- 0.014;

changes in the steam content in individual jets of the coolant in the core when
the power changes from 0 to 100% =- 0.002;

effective reserve for nonsteady-state xenon poisoning and leveling of energy re-
- lease -~ 0.015;

effectiveness of a jammed bunch of absorbers =- not over 0.010;

initial subcriticality after the triggering of the safety system -- 0.010,

In order to allow for errors in the neutron-physics computations, the necessary ef=-
fectiveness of SUZ is taken 20% higher than the total sum of the above reactivity

effects and must be not less than 0.077.

COPYRIGHT: Atomizdat, 1979
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4.1. Distribution of Energy Release in the Core

The distribution®of energy release in the core is characterized by energy release
variation factors which must be known for letermining the permissible thermal power
of the reactor (see section 5.3).

) It is customary to consider the energy release variation factors with respect to the
radius, height, and volume of the core. According to the definition, the energy re-
lease variation factor in the i-th assembly over the radius of the core ke,i is
equal to

ki = Q/Q. (4.1)

where Qi -- power of the i-th assembly; 6 -- average power of the assembly in the
core.

For boron-regulated reactors, the maximum value of kP3X yaries within the limits of
1.2-1.4, and for reactors with regulation by mechanical members of SUZ -- within the
limits of 1.5-2.1.

The small variation of energy release in boron-regulated reactors makes it possible
to remove a great amount of thermal power from the core. The variation factors of
energy release in the core are calculated on a computer for the entire run (see sec=-
tion 7.2). Experimental values of kr,i are determined on the basis of water temper=-
ature measurements at the outlet from the assemblies and the coolant temperature at
the inlet to the reactor. The values of the variation factors are computed by the

formula
ﬁ m
(oK __ G / 2 G
i i Y i
ko= =1 =1 & , 4.2)
' c - "," BX < 1 <
6 281—21’/ G Z‘GI ——Eg,
=1 =1 = = n 4=
where tRHX -- water temperature at the outlet from the i-th assembly; tBX --

water temperature at the inlet to the reactor from the j-th circulation loop;~G; --
mass velocity in the j-th circulation loop; gy -- mass velocity in the i-th assembly;
m -- number of circulation loops; n -- number of fuel assemblies in the core.
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For measuring the water temperature at the outlet from the assemblies, YVER are
equipped with a temperature monitoring system, Temperature measurements are done

by thermocouples which are sufficiently efficient in a wide temperature range under
the conditions of neutron and gamma irradiation. Chromel-copel and platinum-plati~
norhodium (10% Rh) thermocouples are used most widely. In VVER-440, the outlet wa~
ter temperature is monitored for about two thirds of the assemblies of the itire
core, and in VVER-1000 -- at the outlet of all assemblies. The water temperature

at the inlet to the core is measured in the circulation loops. Depending on the
steam load of the steam generators, the number of working loops, and the hydraulic
resistance, certain deviations of the inlet temperature in the loops are possible.
In practical calculations, the water temperature at the inlet to the core is taken .
to be equal to the average value for all working loops of the reactor. In averaging,
differences in the water flow rate in the loops are taken into considerations.,

The flow rate of the coolant through the assemblies of the core are determined on

the basis of the hydraulic characteristics of the assemblies (see section 5.2), The
power of the assemblies under operating conditions is calculated by the energy re-
lease variation factors at a known average power of the assemblies of the core. The
distribution of energy release over the height of the core is usually obtained by
calculations for the entire run (see section 7.,2). Experimental distribution of en-
ergy release is determined in special measuring channels with the aid of the sensors
of the in-pile monitoring system. From 12 to 36 measuring channels are installed in
the core of VVER-440. The measuring channel is a stainless steel tube with the lower
end plugged up passing through the 1id of the reactor into the central tube of the
working assembly. In the VVER-1000 assemblies, the detectors of the in-pile monitor-
ing system (VRK) are arranged not in the central tube, but in a special channel of
energy release measurements. The VVER-1000 reactor of the V block of NVAES has 31
measuring channels connected to the VRK system (see Figure 3.12).

The distribution of the neutron flux density and energy release along the height are
measured by activation and emission detectors, as well as by ionization chambers
[31]. Calibrated copper wires with a constant mass per unit length are used as ac~-
tivation detectors. The wire is irradiated in the measuring channel in the course
of time sufficient for its saturation by the 64Ccu isotope, after which it is removed
from the core and cooled for a while for the decomposition of the short-lived cop-
per isotopes. The distribution of beta-activity through the length of the wire mea-
sured after this will correspond to the distribution of the neutron flux density
with the height of the measuring channel at the moment of the irradiation of the
wire.

- In VVER, emission detectors -- direct charge detectors (PrZ) -- are used widely.
The operating principle of DPZ is based on the appearance of an electric potential
in a detector consisting of an emitter and a collector during the beta-decomposition
of the neutron-sensitive emitter, Rhodium and vanadium are usually used as DPZ emit-

- ters. DPZ are small and sufficiently simple secondary devices. A drawback of the

- direct charge detectoris their rather great inertia, In the series-produced VVER-440,
each measuring channel has four rhodium DPZ 250 mm long and one vanadium DPZ 2500 mm
long. Rhodium detectors are intended for measuring the distribution of the neutron
flux density with the height of the channel, and vanadium detectors are intended

- for measuring the total neutron power in the channel. Moreover, the distribution

of the neutron flux density with the height can be measured by moving the DPZ along

the length of the channel.
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For practical monitoring working conditions of the fuel elements, it is necessary to
know the energy release distribution whose correlation with the demsity distribution
of the thermal neutron flux changes as the fuel burns up. At the initial moment of
burnup, the neutron flux density and the specific energy release are connected by
the relation

W = pgohs N9s,
Po02s5 [V 25 .3)

where 655 -- fission cross section of 235U; Ngs -- initial concentration of 235y
nuclei.

Allowing for the accumulation of 239py and 24lp, and 235U burnup, the relation (4.3)
assumes the form

W=q (U£5N25+0;,59N39+011N¢1)- (4.4)

where & £ and & f _. fission cross sections of 23%y and 241Pu; Nye, N3g and Nyq --
on o2l 235y, 239 241 ; - 25> 739 41
concentration o U, Pu and Pu nuclei, respectively.

= In order to proceed from the measured density distribution of the thermal neutron
flux to the distribution of energy release, it is necessary to perform conversions
which, as a rule, are done on the computer and allow for the burnup of 235y and accu-
mulation of plutonium isotopes. For this purpose, information from DPZ is loaded
into the computer which promptly processes the data and informs the operator about
the results of measurements with consideration for the burnup of the DPZ emitter.

In order to simplify the computation programs of information (controlling) electronic
computers, it is desirable to use, in addition to the detectors measuring the den-
sity of the thermal neutron flux, detectors whose indications characterize directly
the energy release in the fuel elements surrounding the channel. Energy release in
fuel elements is characterized unambiguously by the flux density of fast or resomance
neutrons which can be measured with the aid of modernized DPZ or ionization chambers.
For example, a DPZ with an emitter of silver surrounded by a cadmium jacket for cut-
ting off thermal neutrons registers chiefly the density of the flux of resonance neu-
trons which, in the final analysis, is proportional to the energy release in the sur-
rounding fuel elements.

Reduction of the factors of variation along the radius kg and the height kz and the
volume factor of variability ky = kek, is of great practical significance from the
view point of the possibility of increasing the reactor power and the fuel burnup
fraction. Therefore, the work on the leveling of VVER power is being done continu-
ously. :

In VVER, a zonal principle of load assembling is used (see section 7.1), which makes
it possible to level energy release along the radius of the core and, in combination
with boron regulation, to reduce the volume nonuniformity of energy release.

In the process of fuel burnup, there occurs additional self-leveling of energy re-
jease due to the nonuniformity of burnup proportional to energy release, and due to
the nonuniformity of the manifestation of the poisoning effect and the power effect

of reactivity. For an example, Figure 4.1 shows the changes in the calculated and
experimental values of maximum variation factors of energy release kgax and km:x
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Figure 4.1.

Changes in the maximum energy release variation

factors during the work of the first loading of VVER-440 of
the IV block (curves -~ calculated data; dots =-- experimental

data).
Key: 1. Maximum 3. g/kg
2. 50z 4. days
' 5. Teffective
K2 pmmomommm o oo i o
e ak=454%
17 5%
~
16

N 1 1 { |

i i !
o g 062 63 0+ o5 06 47 0O8

Relative height of withdrawal

Figure 4.2,

|
LY

Dependence of the height factor of energy release

variation on the height of withdrawal of mechanical members of

SUZ with different integral effectiveness

Xz

/2

= 1 for cosine

distributinn of energy release along the height of the core)

27

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7
FOR OFFICIAL USE ONLY

for the first fuel loading of the VVER-440 of the IV block of NVAES. The values of

-‘the variation factors decrease in the course of the loading operation. Some increase

in the variation factors at the end of the run is due to the gradual withdrawal of
the controlling group of SUZ from the core. There is a particularly strong depen-
dence of the height distribution of energy release on the presence of partially
inserted SUZ assemblies., Figure 4.2 shows theoretical dependence of the height
variatiun of energy release of the core on the withdrawal height of the SUZ assem-
blies having different effectiveness [6]. The withdrawal of '"light" groups creates
the least nonuniformity. :

e

0 15 0 5
Jnepzobuidenenue, omH. ed. (2)

Figure 4.3. Energy release distribution along the height of the
measuring channel of the VVER-440 of the IIT block of NVAES (1 --
computation; 2 -- measurement), Channel in the cell 13-30; power
in the reactor 55%; withdrawal height of the 12-th group 127 cm;
CI’BBO = 2.79 g/kg Hzo.
Key: :1 Core height, m

2. Energy release, per unit value

Figure 4.3 shows the distribution curve of energy release obtained in the measuring
channel of the VVER-440 of the III block.

In conclusion, let us note that the leveling of energy release increases the proba=-
bility of the appearance of xenon oscillations (see section 4.,3). Xenon oscillations
are the effect of periodic redistribution of power over the core volume caused by

the feedback between the power and concentration of 135%e.

In VVER-440, the probability of xenon oscillations is small and if such oscillations
occur, they are aperiodic in nature, have a small amplitude, and attenuate rapidly.

A distinguishing characteristic of VVER-1000 is the possibility of the occurrence of
spatial xenon oscillations of power in the volume of the core. The probability of
the occurrence of xenon oscillations increases as the dimensions of the reactor in-
crease in the case of disturbances in the distribution of power. The greatest
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field disturbances in VVER-1000 occur in the operation mode with changes in the
level of power, for example, the lowering of power from 100 to 50% for a while with
subsequent increase to 100% (Figure 4,4), The figure shows clearly the appearance

of deformation in the axial distribution of the neutron flux caused by transitional
xenon processes and the shifting of the SUZ regulating members.

- 2,0 20t

-

e Y

x

(DE 10 s -
SN
4,62
2 1 1 .
0 0,5 Hy.3,0mi.80, 0 0,5 Hy 3,0mi.ed. 0 0,5 Hy.g50mHed. §

a a i b ﬂ c

Figure 4.%4. Axial density distribution of the neutron flux in
VVER-1000 under the condition of changing loads: a =- reactor
power 100%, regulating rods are withdrawn from the core; b --
reactor power lowered to 50%, regulating rods are lowered to the
height of the core equal to 0.4; c -~ reactor power increased to
1007 after working at a power level of 50% in the course of 5.3
hours. '

Key: 1. per unit value

(1) ;
Cmepmpu yngabaawwed epynrst
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Figure 4.5. Movement scheme of control rods Y for suppressing
spatial xenon oscillations along the height of the core of VVER-100.
Key: 1. Rods of the controlling group :
2. Rods Y 4, Work at 100% nominal power
3. Core 5. Work at 50% nominal power
6. t = 8 hours
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Evidently, in a number of cases, in order to reduce the dimensions of disturbances
in power distribution, it is expedient to lower the regulating rods completely, and
to compensate their influence by changing the concentration of boric acid during the
entire operation time of the reactor at a lower power.

A sufficiently developed system of in-pile monitoring with results processed by a
computer is a component part of the VVER-1000 control system, The operational infor-
mation about the distribution of power over the core makes it possible to correct

the developing deformations of the field in time. Radial and azimuthal deformations
of power distribution can be corrected by withdrawing or lowering certain groups of
absorbers. Height deformations can be corrected with the aid of a special group of
control rods Y with a half-height of the absorbing substance by changing their posi~-
tion along the height of the core (Figure 4.5).

COPYRIGHT: Atomizdat, 1979
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4,2. Changes in the Reactivity of the Reactor During Its Work at Full Power

When a reactor works at full power, besides the changes in the reactivity described
in section 3.2, its reactivity changes as a result of the effects of poisoning and
slagging of the core.

As a result of the fission of uranium and plutonium nuclei, there form various fis-
sion fragment nuclei and product nuclei of the radioactive decay of fragments. It
is possible to isolate two main groups (see Chapter 1) among fission fragments and
products of their decay whose accumulation in the core affects substantially neutron-
physics characteristics of the reactor. The first group includes 135ge and 149sm

Lo nuclei which have large thermal neutron absorption cross sections, The decrease in

. the reactivity of a reactor as a result of the accumulation of 135%e and 149Sm nuc-
lei is called poisoning. Poisoning by 135Xe is particularly important in tramsi-
tional processes, because the half-life periods of 135%e and its predecessor 1351
are relatively small, The second group of fission fragments and products of their
radioactive decay includes stable and long-lived isotopes which have relatively small
neutron absorption cross sections. The decrease in the reactivity of a reactor
caused by the appearance of fission products during the burnup of fuel is called
reactor slagging.

Reactor Poisoning. Poisoning of a Reactor by 135%e. Chapter 1 gives the chain of

the formation of 135%e from 135I., A small portion of 1351 does not form directly
during fission, but as a result of the radioactive decay of another fragment, 135Te.
The half-life of 135Te is very short, therefore it is assumed in calculations that
the entire 1351 forms directly during fission. Allowance is made in calculations
that a small part of 135%e nuclei forms directly during fission, The balance of 1351
and 135%e nuclei in the reactor is described by the system of differential equations:

dN .
___dT’ = ‘ylZ,T(p,v—— MNy; (4.5)

ANy,

T = Txe 2 12Pr + MN 1 — (OxePr + Axe) Vxeo (4.6)

where Ny. NXe -- concentration of iodine and xenon nuclei, respectively, cm=3; Y1,
.7§e —-"yield of iodine and xenon per one fission of a heavy isotope (235U, 23%u,
24 Pu

) ELfT -- macroscopic fuel fission cross sectionm, em~1; T -- current den-
sity of thermal neutrons, neutrons/(cm2.sec); 7\1, A e -~ decay constants of
iodine and xenon, sec~l; 6 y, -- microscopic absorption cross section of neutron

by the isotope 135%Xe, cm2,
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For VVER, the following xenon process constants are taken: \{I = 0.061; \(Xe = 0,003;
N1 = 0.287:10-4 sec™l;  Axe = 0.207-10% sec-1. v

In a rigorous examination, the values of EEfT and 6ge must be averaged over the
spectrum of thermal neutrons in the reactor which is determined by the temperature
of the fuel and coolant, concentration of boric acid in the coolant, layout of fuel
assemblies in the core, concentration of 135%e nuclei, etc. As a rule, the neutron
spectrum is calculated in one or another degree of approximation on a computer (see
Chapter 7).

Under the condition that E:fT = const; (Pq = conmst (i.e., under the condition of
constancy of the power and the neutron spectrum), equations (4.5)-(4.6) can be solved
analytically: :

Ny = No [l —exp(—MT)], 4.7)

where  Nor=viSsc/M -- equilibrium concentration of 1351 nuclei.

= Equilibrium concentration of 135Ke nuclei is determined from the expression

Y /5 i (4.8)
Aye -+ OxeTr .

As follows from the above formulas, steady-state (equilibrium) concentration of 1351
and 135%e nuclei depends on the neutron flux density, and 135Xe concentration depends
on it nonlinearly.
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Figure 4.6, Steady-state xenon poison- Figure 4.7. Dependence of steady-state
ing of VVER-440, xenon poisoning of VVER-440 on thermal
Key: 1. Per unit value power.

Figure 4.6 shows curves of steady-state 135%e poisoning of the core of VVER-440.

when the reactor works at a steady power of 100%, the maximum steady-state poison-
ing equal to 4% is established approximately after 40 hours. At this moment, equili-
brium is established in the formation of 135ge nuclei from 1351 and their disappear-
ance as a result of radioactive decay and burnup by the neutron flux. Figure 4.7
shows the dependence of steady-state 135%e poisoning of VVER-440 on its power.

When the power of the reactor changes from Ni to Ny, the balance of 1351 and 135%e

nuclei is disturbed, which causes transient processes accompanied by changes in the
reactivity of the reactor. When the power decre..ses, the reactivity of the reactor
also decreases, because, as a result of the decrease in the neutron flux density,
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the burnup of xenon by neutrons decreases, while its yield from 1351, whose amount
at the initial moment is determined by the former power level, does not change,
which leads to an increase in the concentration of 135Xe nuclei and increased poi-
soning. This phenomenon is called iodime pit,

The greatest depths of the iodine pit (4.5%) occurs when the load of the reactor is
reduced from 100% to zero (Figure 4.8 a), which is achieved nine hours after the
drop of load. Herceforth, as the number of 1351 nuclei and, consequently, the num-
ber of the forming nuclei of 135%e decrease, the reactivity increases. When the
power is increased, the poisoning of the reactor by xemon first decreases (depoison-
ing takes place) due to intensive burnup by the increased neutron flux of 135%e,
whose yield from 1351 remains for some time corresponding to a lower level of power.
Then, the increased yield of xenon nuclei from iodine compensates the released reac~
tivity and brings additional poisoning due to increased concentration of 135%e nu-
clei (see Figure 4.8d). The maximum depoisoning can reach 0.6-0.7% reactivity.

In plotting the curves in Figure 4,8, it was assumed that, before changing the power,
the reactor operated in a steady-state mode for a long time (2-3 days). The origin
of coordinates was selected as an initial point for all curves, and for determining
the total poisoning of the reactor by xenon, it is necessary to shift all points of
curves in the direction of negative reactivities to a corresponding steady-state
poisoning. If the change in the power in the reactor occurred before the establish-
ment of steady-state poisoning, then the following should be done for determining
the total poisoning of the reactor by 135ge: to determine from curves in Figure 4.6
the poisoning of the reactor by xenon at a given power at a given moment of time
and, using Figure 4.7, to find to what steady-state power level the obtained value
of poisoning corresponds. Then, at the established value of the steady-state power,
the parameters of the transient xenon process of interest to us are determined from
Figure 4.8,

1f the reactor was stopped for a longer time (more than 1.5-2 days), then practical-
ly the entire iodine and xenon decay, and curves in Figure 4.6 must be used in cal-
culating the poisoning of the reactor after its startup. If the reactor stopped

for less than 1.5 days, then for estimating its xenon poisoning after subsequent
power increase, it is sufficient to have in mind that the total poisoning of the re-
actor tends to the steady-state poisoning at a given power. A method for a more ac=-
curate estimation of poisoning for such cases is given in work [32].

The time of attaining the maximum depth of the iodine pit depends on the percentage

of the lowering of the reactor power. For example, if the total 100% load is drop-

ped, the maximum of poisoning is attained after nine hours, but if the load is drop-
ped from 100% to 50%, it is attained after five hours (see Figure 4.8a). The total

time of 135%e processes is approximately equal to 40-50 hours.

Let us give an example of calculating the poisoning of a reactor by the 135%e iso-
tope.

Probleﬁ. VVER-440 worked at 100% power (1375 Mw therm) in the course of 10 days.
As a result of the triggering of the scram system, the power of the reactor dropped

to 25%. After three hours, power was increased to 75%. Xenon poisoning of the re-
actor to be determined.
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Figure 4.8. Nonsteady-state xenon poisoning of VVER-440 when
power drops from 100 (a), 75 (b), 50 (c) and 25% (d) levels.

Key: 1, Per unit value
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Solution. Before the shutdown of the reactor, steady xcnon poisoning equal to 4%,
became stabilized (see Figure 4,6). Three hours after the drop of the load to 25%,
the depth of the iodine pit reached -1.8% (see Figure 4.8a), and before the reactor
power was increased to 75%, xenon poisoning was equal to(=4%) + (-1.8%) = ~5.8% of
reactivity. After 1,5-2 days of power operation of the reactor, xenon poisoning
dropped to the steady-state value at this power, i.e., to =3.75%.

Transient xenon processes have a substantial effect on the maneuversbility of the
AES.

Modern water-moderated water-cooled power reactors work, as a rule, in the boron re-
gulation mode, which makes it possible in the steady-state mode to withdraw almost
all SUZ assemblies from the core. Among the SUZ groups, only the controlling group
remains in a semi-inserted state in the core, which compensates reactivity distur-
bances connected with the maintaining of the necessary power level of the reactor.
The effective reactivity excess of the controlling group of the SUZ is equal to
~0.5%. When the load variations are small, the effective reactivity excess is
quite sufficient for compensating the temperature and power effects and the poison-
ing effect in the transient xenon processes. When the reactor power drops greatly,
the depth of the iodine pit becomes greater, which can lead to the necessity of im-
mediate removal of boric acid from loop I to compensate poisoning.

For an example, let us examine the above problem in a somewhat modified form.

Problem. VVER-440 operated at 100% power in the course of 10 days; the concentra=-

- tion of boric acid in the coolant was 2 g/kg, and the effective excess of the SUZ
control group was 0.4%. As a result of the triggering of the scram system, the
power of the reactor dropped to 25%. After three hours, power was increased to 75%
of the nominal power. What actions must taken by the operating personnel for chang-
ing the reactivity in order to ensure the operation of the reactor at the above-men-

tioned power levels?

Solution, Steady-state 135%e poisoning and the power effect were compensated during
the operation at 100% power by a boric acid solution and by the control group. When
the load drops from 100 to 25%, a power effect equal to +1.2% is released (see sec-
tion 3.3). However, this not enough for compensating xenon poisoning which will
reach -1.8% after three hours (an iodine pit maximum equal to -2,25% is attained
after six hours during operation at 25% power -- see Figure 4,8a). In additiom, it
is necessary to release the effective excess of the control group equal to +0.47%,

and also +0.2% reactivity by removing boric acid from the reactor. Moreover, at the
expense of the removal of boric acid, it is necessary to release +1.2% reactivity
three hours later for compensating the power effect during the subsequent increase
of power (if there are no other conditions, it is necessary to count on a power of
100%) and +0.45% of reactivity for fully compensating the iodine pit (-2.25%), since,
as a rule, the exact moment of the emergence of the reactor to a higher power level
is not known, and it is quite probable that this will occur at the moment when the
maximum of the iodine pit is attained., Thus, in order to compensate +0.2+1.240.45%
=+1.85% reactivity, it is necessary to lower the concentration of boric acid in the
reactor by 1.38 g/kg (Jdp/3CH3B0 =-3+10-2 kg/g) by delivering 67 m3 of pure water to
loop I gcalculated by formula (2.20)]. When three feed pumps with a total capacity
of 14 m3/h are turned on, the delivery of such a volume of a volume of water requires
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4.8 hours, in which case the concentration of boric acid will decrease by 1.58 g/kg
- after three hours and +1.26% of reactivity will be released which is temporarily
compensated by inserting SUZ assemblies into the core.

Since the power of the reactor will increase to 75% after three hours, -0.8% of the
reactivity released as a result of the removal of boric acid will be used for com-
pensating the power effect and 0.2% =-- for compensating poisoning. The effective
excess of the control group will be +1.26-0.8-0.2% = +0.26%.

Reactor Poisoning by 1495m, Chapter 1 gave the chain of the formation of 149gm from
149pn directly during the fission of uranium and plutonium nuclei and,‘additionally,
during the disintiiration of the 149Nd fragment aucleus. Usually, the presence of
the intermediate 149N4 isotope is disregarded in calculations due to its short half-
1ife (1.8 h).

The change in the concentration of 149pm and 149Sm is described by the following
differential equations:

leY'n

T = Vpm le(pT __ Ll’m Npwm; 4 .9)
IN ~ ‘
(—d’gT""‘ = me NPm ~— OsmPr Nva (4 . 10)

where Npy, Ngp =~ concentrations of promethium and samarium nuclei, respectively,
em™3; Y'Pm ~= yield of promethium per one fission- of heavy isotope; 5, g == macro=
scopic fuel fission cross section, cm™ 3 o -- average density of the thermal neu-
tron flux, neutron/(cmZ X sec); APm =" promethium decay constant, sec~l; & gp --
microscopic cross section of the absorption of neutrons by the 149gm isotope, cm?,

For VVER, the physical constants have the following values: Ypm = 0.011; }kpm =
0.357+1079 sec”!.

1f qDT = const (reactor power constancy condition), it is possible to obtain analyt-
ical solution of equations (4.10) and (4.9) for Ngm:

Ao (Nopm — Napm L
NSm (T) = NuSm exp (’_' USm‘P-rT) + M‘i)— [CXP (~— Kme) —_
Mpm — F:%m (6.11)
— €Xp (_ (’Snl(P-rT)] + NOSITI [1 — exp (_ qu(PTT)]v

Vo 27 s .
where Nosm= 5 -= equilibrium concentration of 149Sm nuclei;
Sm
Yo Zp sqias . 14 : :
Nopm= —— T1 =- equilibrium concentration of 149Pm nuclei; Ny gp and Ny pp =%

)‘Pm

concentrations of Sm and Pm at the moment of transition,
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Figure 4.9, Steady-state poisoning of VVER-440 by samarium.
KRey: 1, Per unit value
2. Effective days

Thus, the equilibrium concentration of the nuclei of samarium Ny gy does not depend
on the neutron flux and, consequently, on the reactor power. However, the reactor
power determines the time of the attaining of the equilibrium concentration of 149m,
Figure 4.9 shows the curves of the poisoning of the VVER-440 core by samarium for
the first startup from which it follows that the equilibrium concentration of 149gm
nuclei and steady-state (equilibrium) poisoning, which is 0.82% for VVER-440, is
attained in the course of 30 effective days when operating at a steady power. The
time of the onset of steady-state 1499 poisoning can also be estimated from the re-
lation

Toran = 10%/0y, ’ (4.12)
where T @apap-- timé of the onset of steady-state poisoning by samarium during power
operation of the reactor, days; (PT -- average density of the thermal neutron flux

= during reactor's operation at a steady power, neutron/(cm2-sec).

The change in the reactor power from Ny to Nj (Figure 4.10) causes slow transient
processes connected with the changes in the numbers of 149Pm and 149sm nuclei in the
core. The phenomenon of the lowering of the reactivity of the reactor when its
power decreases due to the disturbance of the balance of 149Pn and 149sm nuclei, by
analogy with the iodine pit, is called promethium pit. The greatest depth of the
promethium pit (of the order of -0.5%) is attained when the power of the reactor de-
creases from 100% to zero (see Figure 4.,10a). and the total transformation of the
formed 149Pm into 149Sm occurs approximately in 15 days after the drop of the load.
During this time, the samarium nuclei formed from promethium during the shutdown
time are added to the samarium nuclei accumulated during the time of power operation.

The 149Sm isotope is stable, therefore, at the zero power of the reactor, the number
of samarium nuclei remains constant. When the power drops partially, the depth of
the promethium pit is smaller, because part of the accumulated samarium is burned up
by neutrons.
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Figure 4.10. Nonsteady-state poisoning of VVER-440 by samarium
when thermal power changes from 100 (a), 75 (b), 50 (c) and 25%
(d) levels.
Key: 1. Per unit value
2. Effective days

the curves in Figure 4,10 presuppose that steady-state poisoning by 1493m is attained
before the change in the reactor power.

The decrease in the time of the onset of the maximum of the promethium pit as the
values of the power N, increase in Figure 4.10 should not be misleading, because

the effective time is in question, and not the calendar time. The calendar time of
the onset of the maximum of the promethium pit remains constant (15 days). As the
power of the reactor increases, a samarium overshoot (reactivity increase) is observ-
ed, which is explained by the change in the rate of the burnup of samarium by neu-
trons and the rate of its accumulation from promethium. The maximum samarium over-
shoot can reach 0.25% during the time of the order of five hours after the rise of
the reactor power from zero to 100%, assuming that the reactor was shut down for 15
days and the concentration of samarium stabilized as constant.

Let us give an example of the computation of the poisoning of a reactor by the 1495m
isotope.

Problem. After 40 effective days of operation VVER-440 was shut down for two days.
Before the shutdown the reactor operated in the course of 20 days at a 75% power,
After the startup, the reactor was brought to a power of 50%. The poisoning of
the reactor by samarium has to be determined.

Solution. Directly before the shutdown of the reactor, steady-state samarium poison~
ing was established in the core, since the transient process connected with the em-

ergence of the reactor to the 75% power level occurred 20 days before the shutdown
of the reactor (more than 15 days) and, moreover, in 40 effective days, steady-state
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poisoning by 1495m became established. From Figure 4.9, we determine the steady-
state poisoning by samarium equal to -0.82%. From Figure 4.10b, we find that dur-
ing the two calendar days of the shutdown of the reactor (2 days- 75%/100% = 1.5 ef-
fective days) the depth of the promethium pit reached -0.2%. The total poisoning of
the reactor by samarium directly before the startup is equal to -.82% + (-0.2%) =
-1.02%. When the reactor reaches the 50% power level, samarium burns up and approx-
imately after 30 effective days of operation (30 eff. days-100%/50% = 60 days) the
poisoning drops to the steady-state value of -0.82%.

- Reactor Slagging. The composition of stable and long-lived fission fragments ==
slags -- forming during the fission of 2357 nuclei is given in Chapter 1, The accu= "
mulation of slags in the fuel is proportional to the neutron fluency and is an energy
characteristic of nuclear fuel.

The unit of measurement of fuel burnup is the amount of thermal energy released
from 1 t of fuel in terms of metal in 24 hours (Mw.days/tU). Another frequently
used unit is the slag mass accumulating in 1 t of uranium (kg/tU). Fuel burnup is
directly connected with the number of nuclear fissions of the fissionable isotope:

(1) 9% 23 (2 '
1 Main-cymxe 5,3916-10 ae/l/mU, (4.13)
mU E

Key: 1. Mw- day
- 2. Fission/mW

E -- energy released in one isotope fission event, Mev: 5.3916.1023 -- coefficient of
conversion of megaelectron volts into megawatt per day. .

The energy carried away by neutrinos is not included in the value of the energy of
one fission event in calculations, since it is not released in the volume of the re-
actor and is not a part of the thermal power of the reactor.

The recalculation between the burnup measurement units is done by a simple calcula-
tion of the mass of the split fuel nuclei with consideration of the fact that a mass
of 1.6599-10-27 kg corresponds to the atomic mass unit:

Meln-cggl)xu A-1,6599-10797.5,3916- 1020 2 whfds (4.14)
mU ) L mU '

Key: 1. Mw-day
2. kg of slag

where A -- mass of the nucleus of the fissionable isotope, in atomic mass units.
Table 4.1 shows nuclear fission energies of 235U, 239Pu, 241Pu, as well as the num-

ber of fissions Ng and the mass of slags forming during the release of energy in 1
Mwdays/mU.

The relation of burnup units using the data of Table 4.1. can be writted in the form

1 kg slag/mU = k;l Mw X days/mU (4.15)
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Table 4.1
Energy and Mass Characteristics
of the Burnup Process

M@ |y ol
N Hioron E Mao fz;u 3) 10777 v
! K2 WNAKOB (5)

u|

- "('47;' " Mem-cymxu 4)

238(J 195 (9} 2,76 1,078
23%py | 202 [9] 2,67 1,059
241py | 205 [16} 2,63 1,052

Key: 1. Isotope 3. Fission
2, Mev 4, Mw-day
5. kg of slag

In VVER, a considerable release of enérgy occurs due to the fission of the accumulat-
ing plutonium isotopes 239Pu and 241pu in which case the ratio between the concentra=
tion of the isotope 235y and content of the fissioning plutonium isotopes changes.,
Therefore, for a more accurate calculation of the accumulation of slag, it is neces-
sary to consider the changes in the coefficient ky in the course of the run. At the
beginning of the run, when working with pure 235y, the value of ky, is equal to 1.078
-10'3, while during the burnup of 28 kg/T with the corresponding accumulation of
plutonium isotopes, its value decreases to 1.072.10°°.

COPYRIGHT: Atomizdat, 1979
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4.3, VVER Control and Maneuverability

In VVER, power control is facilitated by the negative temperature effect of reactiv-
ity. The temperature effect of reactivity in a number of practically important cases
is capable of compensating power perturbation during emergency situations without

the interference of control devices. :

First, let us examine the processes in the reactor after a load perturbation without
consideration for the influence of the power effect of reactivity. As the load of
the turbo-generators increases at a constant power of the reactor, the flow rate of
steam per turbine increases, and the steam pressure in the steam generators decreases.
The decrease in the steam pressure and, consequently, of the saturation temperature
increases the thermal head of the steam generator and the removal of heat from the
- I circuit, which, in turn, lowers the average temperature of the coolant in the core.
The reactivity released during the lowering of the coolant temperature is spent on
increasing the power of the reactor. After the termination of the transient process,
the average temperature of the coolant in the core becomes equal to the original val-
ue, and the power of the reactor fulls in line with the increased removal of heat
from the steam generator. The self-regulation process has the nature of damped os-
cillations whose amplitude and period depend on the scale of changes in the load and
the value of the negative temperature effect.

The negative power effect of reactivity, which appears when power increases, compen=
sates to some degree the effect of the temperature effect. Therefore, the stabili=
zation of the parameters of the reactor plant actually occurs at a lower medium tem=
perature of the coolant than before the transient process and a power corresponding
to the amount of heat removed from the steam generator. The change in the average
water temperature in loop 1 is determined by the ratio of the temperature and power
coefficients of reactivity. Figure 4.11 shows the curves of changes in the VVER-
365 parameters in the process of self-regulation when one turbine is disconnected.

During the self-regulation of VVER, the power of the reactor eventually falls in
line with the load of the turbo-generators. However, the process of the establish-
ment of the steady state continuing for a relatively long period of time is aperiod-
ic with large initial deviations of the parameters. Therefore, sufficiently simple
and reliable forced control systems are installed in VVER.

VVER power control is accomplished according to the programs shown schematically in
Figure 4.12.
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_ Figure 4.11. Changes in the parameters of VVER-365 in the
case of a sharp load drop:
a -- position of the SUZ control group during the adjustment
of a load perturbation by the regulator of the ARM [automatic
power control]; b =~ electrical power of the unit; ¢ -~ steam
pressure in steam generators; d -- average coolant temperature
in the reactor; =-=-- in the self-regulation process (1 -~
Cy3Bog = 2.3 g/kg; dp/dt = -1.7-10" 1/°c; 2 -- CHsgogz =0
g/kg; dp/ot = -4,3.10~4 1PC; — -- during regulation by ARM
regulator.
Key: 1. Nejectrics M

2. Kilogram-force/cm2

3. Minutes

The maintenance of a constant average coolant temperature in the core while the load
is decreasing is accompenied by a rise of steam pressure in the steam generators,
The positive aspects of the program of maintaining a constant average temperature of
circuit I are the maximum utilization of the self-regulation property of the reactor,
less rigid requirements for the volume compensation system of circuit I, and insig-
nificant changes in the amount of heat accumulated in circuit I. The latter is par-
ticularly valuable for dependable operation of AES in the mode of variable loads.

The negative aspect of the program of maintaining a constant average coolant temper-
ature is the necessity of manufacturing heavier steam genmerators designed for the

- saturation pressure at the average temperature of circuit I, which is 15-20 kg-f/cm2
higher than the nominal pressure.
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Figure 4.12. Programs of VVER power control:

a -- with constant average water temperature in the reactor;
b -- with constant steam pressure in circuit IL; ¢ -- stepped
regulation by the average water temperature in the reactor;

d -- compromise program of regulation with maintaining con-
stant steam pressure in circuit II at small loads and a con-
stant average temperature in circuit I at large loads; —— ==
average water temperature in the reactor; ---- saturation
water temperature of circuit II in the steam generator,

The advantage of the constant steam pressure program is the use of the least expen-
sive casings of steam generators, as well as easier temperature conditions of the
operation of circuit I at a lower power. However, this regulation program is char-
acterized by the greatest changes in the thermal potential of circult I as the load
of the steam generator changes: when the load changes from O to 100%, the average
temperature of the coolant of circuit I increases by 20-30 degrees C.

The disadvantages of the programs for maintaining a constant average temperature of
the coolant in circuit I and a constant Steam pressure in steam generators are par-
tially eliminated in the compromise regulation programs.

VVER working in the basic load mode are regulated by using the regulation program
with maintenance of a constant steam pressure in the steam generators. For example,
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VVER-365 and VVER-440 use a two-pulse reactor power control system with an analog
power control of the ARM (IRM) type [36]. Figure 4.1l shows the curves of changes
in the VVER-365 parameters when the load drops from 120 to 60 Mw and the ARM regu-
lator adjusts the perturbation. As can be seen from the curves, the ARM regulator
steadily and rapidly adjusted the power of the reactor to the load.

During the regulation of the reactor, it is permissible to change the load of the
unit at a rate of about 3-5% a minute. With respect to their regulation character-
istics, AES are close to hydroelectric power stations and, in principle, can operate
in the mode of variable loads. However, when a reactor is controlled by changing
the concentration of boric acid, the rate of possible changes in the reactivity is
considerably lower than when it is regulated by mechanical elements of the SUZ., The
concentration of boric acid is changed by diluting the coolant of the reactor with
pure water or, on the contrary, by feeding a highly concentrated boric acid solution
into circuit I. Naturally, the time of the removal of boric acid from the coolant
of circuit I and, consequently, release of reactivity, is much longer than the time
of the withdrawal of SUZ assemblies, which limits the possibility of changing the
reactor power in nonsteady-state transient xenon processes.

Let us estimate the rate of changes in the concentration of boric acid by solving
the differential equation of acid balance in circuit I:

VydC = Cuonnquonn?uonndr - anp?npdTv (4.16)

where V -- volume of circuit I of the reactor without volume compensators, md; Y --
water density at the average coolant temperature in circuit I of the reactor, kg/m3;
C -- concentration of boric acid in the water of circuit I,g/kg; C mogm - concen-
tration of boric acid in the feed water of the reactor, g/kg; 4 yonn™" volumetric
flow rate of the feed water of the reactor, m3/h; Y pozn - géeﬁ water density,
kg/m3; 9 np -- volumetric flow rate of the blast water of the reactor, m3/h;

Yy onp T blast water demsity, kg/m3; T -- operation length of the feed pumps, h.

Having solved equation (4.16), we obtain the expression

C(T) = Cun " onn¥ioan_ ] — o (___ GnpYnp ) 0
( ) n Tnp¥u [ exp ——V? T ] |

. __ _GupYup_
ICoexp( T T)‘

.17

Having used the condition of the material balance of the feed water and blast water
in circuit I, .
GaonnVuonn = Gnp¥upe (4.18)

we obtain

(J(T) = Cnnnn

l-exp<— Ao T)'|+cnexp(_ ﬁ%&ﬂ. (4.19)
/

Expression (4.19) can be used for calculating the changes in the concentration of
boric acid in the coolant when circuit I is fed with water with a high boric acid
content and with pure water. For pure water, formula (4.19) is simplified:
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Gp¥n '
C(T) = Cy exp (~ e T)- (4.20)

1f the initial concentration of boric acid in the coolant is equal to zero (pure
water), then the changes in the concentration of boric acid in the case of feeding
with boric water is described by the expression

C(T) = Cpomu [1 —exp (_. i%n_ T)] (4.21)

Formula (4.17) also holds true for the case when the safety boron system is included
into operation and when water from circuit I leaks, In this case, a high concentra=-
tion solution of boric acid is delivered by high-efficiency safety feed pumps.

For maneuverability estimation, the concept of a relative rate of the lowering of
the boric acid concentration with the dilution of the coolant of circuit I with
water is used:

B= 1 dC(T) __ qopYap . '
c(ry dT vy (4.22)

The maneuverability of VVER changes in the course of the run depending on the con-
centration of boric acid in the coolant (Figures 4.13 and 4.14).

(v
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Figure 4.13, Changes in the concentration of boric acid in the
coolant and the release of reactivity when circuit I is fed with
pure water. The flow rate of the feed water is 13 m3/h, and the
volume of circuit I is 200 m3,
Key: 1. gH3B03/kgHy0

2, T, h
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Figure 4.14. Relative changes in the concentration of boric
acid in the coolant of circuit I of VVER-440 at various flow
rates of pure feed water: -- hot state (t=260°C);
=== == cold state (t=100°C).

Key: 1. Cgeed

As it follows from Figures 4.13 and 4,14, the withdrawal of boric acid from circuit
I occurs slowly, which, however, does not create any inconveniences in the operation
of the reactor at a steady-state power. When the power of the reactor changes,
there occur difficulties in raising its power which are connected with a rapid de-
crease in the reactivity excess due to the poisoning of the core by 135%e (iodine
pit). In such cases, provision can be made for switching on the standby ionite fil-
ter cleansed of boric acid which greatly increases the rate of boric acid removal
[37]. Figure 4.15 shows the characteristics of the maneuverability of a unit with
VVER-440 with consideration for the presence of the controlling group of SUZ assem-
blies in the core for various relative rates of the decrease of boric acid concen-
tration. It can be seen from the curves that the maneuverability of the reactor
gets worse toward the end of the run.

The maneuverability of a reactor depends on the speed of bringing it to its full
power after a shutdown. For example, if a reactor is brought rapidly to its full
power, the accumulated xenon is burned out intensively by the neutron flux, and the
additional formation of Xe from iodine does not yet have any substantial effect on
the reactivity. This fact can be used for increasing the power of the station tem-
porarily, for example, to cover peak loads of the power system at the end of the
reactor run when the reactivity excess is small. By lowering the power during the
hours of low needs in energy, it is possible to accumulate a reactivity excess neces=
sary for maintaining the full power of the reactor during peak hours. At the NVAES,
this mode of operation at the end of the run was tested repeatedly on units II and
ITI. Calculation show that it is possible to select an optimal mode of power vari-
ations ensuring the fulfillment of the daily load schedule of a power system.
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Figure 4.15. Characteristics of the maneuverability of an AES
with VVER-440 with consideration for the presence of the con-
trolling group of SUZ in the core:

-= reactor is maintained at the rated power, and attains
the rated power in the case of a shutdown of the reactor for mot
more than one hour; ---- reactor is maintained at a lower power
and can attain the rated power at any time; 1 == {5 = 0,05 1/h;
2 -- ‘3 = 0,20 1/h.

The problems of the optimization of transient xenon-related processes are treated
in detail in works [34, 35]. The basic mathematical method of the optimization of
these processes is the Pontryagin maximum principle.

COPYRIGHT: Atomizdat, 1979

48

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7

o=



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7

g

FOR OFFICIAL USE ONLY

5.3. Permissible Power Level of Fuel Elements, Assemblies, and the Reactor

The main generally accepted initial prerequisites of determining the permissible
level of the thermal power of a reactor are: a) impermissibility of the melting of
the fuel even in individual, the most energy-intensive fuel elements; b) necessity
of the absence of a heat exchange crisis on the surface of the fuel elements of the
most energy-intensive assemblies in the steady-state and any transient mode of oper-
ation of the reactor.

The conditions of the absence of fuel melting were analyzed in work [3], where,
among other things, it was shown that, for the fuel elements of VVER-440, in which
slightly enriched uranium dioxide is used as fuel, the maximum linear load is ~ 500
w/cm. This load for the height distribution variation factor kp = 1,57 corresponds
to a maximum power of fuel elements of 0,08 Mw.

Permissible Power of Fuel Elements. The maximum power of fuel elements with re-
spect to the heat-exchange crisis which is characterized by the appearance of cri-
tical phenomena even in one section of the fuel elements at prescribed physical and
geometrical characteristics of fuel elements is determined by the flow rate, temper-
ature, and pressure of the coolant. The condition of safe operation of a fuel ele-
ment can be ensured if the heat flow in the steady-state and emergency modes does
not exceed the critical flow over the entire height of the core. This condition de-
termines the permissible power of the fuel element with respect to the heat=-exchange
crisis. Critical values of heat flows are calculated by the empirical formula (5.9).
Finally, the permissible power of the fuel element N HOT is established as the low-
est of the maximum powers with respect to the melting of fuel and the heat=-exchange
crisis with a definite factor of assurance k (arbitrary to a certain degree due to
insufficient understanding of the processes of heat removal in operating reactors).

Possible deviations of physical and geometrical characteristics of fuel elements are
allowed for by a special factor which is called mechanical IB3J | ywith consid-

. P M
eration for these two coefficients, the permissible power X of fuel ele-
ments is equal to
NI HpeR £ ¥03A
mm ‘"\.'M/ Mex ¢y (5.30)

where N ggez! -- the lowest of the maximum powers of the fuel element with re-

3
spect to the melting of fuel and the heat-exchange crisis.

The factor of aésurance k for VVER-440 is taken to be 1.l.
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The main limitations on the permissible power of fuel elements in VVER are imposed
in analyzing emergency situations connected with decreases in the flow rate of water
through the core (see section 5.5). In analyzing emergency conditions of this kind,
it is necessary to calculate the law of changes of the flow rate of the coolant in
the heated channel and the power of the fuel elements by using the formulas of sec=
tion 5.1 which correspond to the appearance of a heat-exchange crisis at the initial
and lowered values of the flow rate. Then the actual change in the energy release
in the fuel elements after the operation of the safety system caused by the lowering
of the flow rate of the coolant is calculated.

By comparing the curves of the changes in the flow rate of the coolant and the actual
energy release in the fuel elements (see Figures 5.7 and 5.8), the initial level of
power of the fuel elements is determined in the steady-state mode which makes it pos-

E sible to prevent the heat-exchange crisis in the course of the entire transient pro-
cess,

The actual power of the fuel elements and its changes in the course of the run are
determined by calculations using, for example, programs BIPR-4 [45] and "Hexahedron"
[46]. Due to the absence of a system for measuring this power during the operation
of the reactor, the permissible rated power of fuel elements is decreased by the
accuracy of calculations, i.e.,

on. pacy non
NlTlBMp = N'msn/ks('man)q

(5.31)

where k g (rpay)-= factor of assurance for a possible deviation of the actual value
of the relative power of the fuel element in the reactor from the calculated value.
It is determined by the accuracy of the accepted calculation methods and programs,
specifically, for the programs BIPR-4 and "Hexahedron" k 3 (TB3Af 1.14,

In VVER, the condition of tle absence of the melting fuel is fulfilled in the major-
ity of cases of operational modes and, therefore, the maximum power of the fuel ele-
ments is determined practically only by the danger of critical phenomena of heat re=-
moval,

Permissible Power of Fuel Assemblies., Knowing the permissible power of fuel elements,
it is possible ta determine the permissible power of fuel assemblies (clusters). It
is determined by the condition of the absence of the heat-exchange crisis even on

the most energy-intense fuel element,

For the convenience of the evaluation of the critical power of the assemblies, the
concept of critical power NEP  of an assembly with mean physical and geometrical
characteristics and equally intense fuel elements is introduced. Critical power is
calculated with semiempirical formulas obtained by processing experimental data in
bundles of heat-producing rods (see, for example, work [47]). Specifically, the
critical power of a VVER-440 assembly at constant heat production along the height
is determined by formulas

W - 6,9 (1 —0,323xQ0") * Q¥ Mem;
- Ny = (iuux = lny) Qu/860 Mom; (Mw) ‘ (5 032)
ley - N".
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where igyx , lgyx =~ coolant enthalpy at the inlet and outlet of the assembly,
respectively, kcal/kg; x -- mass steam content at the outlet from the assembly; Qg
-- water flow rate through the assembly, t/h. The water flow rate through.the as-
sembly can be determined if we know its hydraulic characteristics (see section 5.,2).

The maximum permissible power of an assembly when there is no boiling of the water

(xgyx = 0) is found by the formula .

NEPR (7 ) Q/860 Mom. (5.33)

In real assemblies, power is distributed nonuniformly among the fuel elements.

This nonuniformity is characterized by the coefficient ki which is equal to the ra-
tio of the maximum power of the fuel element of the assembly to the mean power.

This coefficient depends on the enrichment of the fuel, the position of the assembly
in the core, the position of the regulating elements, and the concentration of the
1iquid absorber of neutrons (boric acid) in the coolant, The value of kg is deter=-
mined through calculations (see section 7.3).

With consideration for the mechanical coefficient k¥ and the factor of assur-
ance k, the expression for the permissible power of the assembly will assume the
following form:
NI = N lkfuesk- (5.34)
K . . . . TBOJ .
Here, k .y == mechanical coefficient which, just as k wex , allows for devia-
tions in the physical and geometrical characteristics of the fuel elements from
the mean values and, moreover, for deviations in the lattice pitch of the fuel ele-

ments. Consequently, ST
. non . non . .
The connection of N g with Nogog is characterized by the relation
N = N-rng:n"“”k:?: _ N?g;f Nnan 5 34]
¢ k:exkx k:cxk“k ( ) )

where -- the number of fuel elements in the assembly., For VVER-440 as-

roa
semblies, n oy = 126.

In determining the permissible power of assemblies, sometimes it is taken into con-
sideration that, due to the agitation of the coolant flow, the most intense fuel ele-
ments of the assembly are in better cooling conditions. The agitation effect is
allowed for by the coefficients ky which depends on ky. For example, for VVER-440
assemblies, kp =< 0.95 at kg = 1.15.

oTtl. pacy
The permissible rated power of assemblies N ﬁ P , just as the permissible
fom.pacy
rated power of fuel elements N tmpy , is reduced by the accuracy of calcula-
tions, i.e.,
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non.pact _ noit.
Nu = N« /kw(xac)v

(5.35)

where K 5(xacy —- factor of assurance for the deviation of the actual power of the
assemblies from the rated power. Foy the BIPR-4 program, it is taken to be equal to

1.1. In this case, the relation k 5 (rpau /k 4 (xac)

characterizes the inaccu-

racy of the calculated determination of the relative power of fuel elements in the

assembly with a prescribed power, for example, for the program "Hexahedron"
ky (~rnnu)/kn (xac) = 1 ,04 .

\

In practical calculations, the relations

N® 2 f,(Qe) andV2™ P =F2(Qu) - found by

formulas (5.32) and (5.35) are plotted on the chart of the family of the hydraulic
characteristics of assemblies Np = £0(Qk) (for various values of pressure difference
in the core A Pa.. ). The intersection points of the curves make it possible to
determine the critical and permissibie rated conditions of work of the maximally

intense assemblies.

In the process of operation, the thermal power of the fuel assemblies is monitored
by measuring the temperature of the coolant at the outlet from individual assemblies
and average temperature at the inlet to the core. The permissible measured power of

the assemblies is corrected with consideration for measurement errors.

The above evaluations are done in the following manner. The relative power of the

fuel assemblies kgl is calculated witl the relation

K = Gy . i(t{;ux) —i(fax) K
b= el — _aexy Ky
Gromrp 1~ = 5.36
__2 i(t:ux)_i““) B ( )
m 1= .
Here, Ky = }sjl(f,pm /s -- average rated relative power of the fuel assembly in a
I=1 v

sample having a temperature control of the coolant at the oulet from the assembly;
s -- number of the design numbers of fuel assemblies having a temperature control in
at least one of the symmetry sectors (see Figures 3,9-3.11); K:l pacy " relative

rated power of a fuel assembly in a cell of the core with L -th design number; m -=
aumber of fuel assemblies having a temperature control; i(tjEHx) -~ coolant enthalpy

at the outlet from the j-th assembly determined by the measured temperature t
kcal/kg; i(t BX ) -- coolant enthalpy at the inlet to the reactor core having tE

temperature EBX , kcal/kg; Gj/EKOHTp -- ratio of the rate of coolant flow through

the j-th fuel assembly to the mean flow rate for the assemblies have a temperature

control,

The value of EEX is determined either by the direct measurements or by the rela-
tion .
l m
7 {
ax = T toux —

ARG

pYk

m 7 K
{= k" pGKum'F
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where A-Ep -~ average measured heating of the coolant in the reactor, °c; Ek/GKOHTp

-- ratio of the average rate of coolant flow through all fuel assemblies to the
mean flow rate for assemblies having a temperature control; knp -- coefficient

- of the rate of coolant flow through fuel assemblies (see section 5.2).

The advantage of using the relation (5.37) is the high accuracy of measurement of

A t, due to the differential scheme of measurements which eliminates the error in
. the compensation of the cold junctions of the thermocouples., However, in this case
- it is necessary to know the Gk/GROHTp ratio.

- Due to the absence of measurements of Gj in reactors not using shaped washers in the
fuel assemblies with a temperature control, it is assumed that Gj/Gw=onTp = 1.
Moreover, for a sufficiently representative sample of fuel assemblies with tempera-
ture control, Ky == 1. 1In this case, the calculation of Kj by the relation (5.36)
is simplified considerably. .9

The maximum relative error Kg can be determined by the relation

&2 [14‘“] & [}n;] (KL__ 1);. s
(l - ‘-“K/’(aux)z (l - “Hxﬂ“)q

-8 [KH) == 16* (G Gyonep) + (5.38)

where 8K, 6[G;/Grouny], St1, ), 6lF,] == maximum relative errors of the values of
K,’,-.Gj/(jl:mrrp- t,(,_,x' T'mb

According to [124], the error in the determination of temperature with the aid of
chromel-copel thermocouplesused in VVER-440 reactors is (without comsideration for
the errors of the measuring scheme) 2.6°C.

With consideration for the errors of the measuring circuits (0.3% for the tgp, mea-
suring system on each of the loops; 0.9% for the rlgux measuring system with allow-

ance for an additional error of the two-step circuit for compensating the temperature
of the cold junction of the thermocouple), the corresponding maximum relative errors

&ei = 0 = 0

B are equal to (e ] lf25 4 and 8ltos]=1,03% Due to the nonuniform mixing
of the coolant at the inlet to the reactor which is responsible for the nonuniform-
ity of input temperatures, we assume that SlEns] = Oltns. The value of  §G;[Gonrn] »

according to the available data, constitutes 2%.

The values of the maximum relative error S[K&] for typical operating conditions of
the VVER-440 reactor (/—;|\-'~“2680 C; gt! x/’”=2950 C)
1—1 LA,

are given below.

Ki omn en. (1) 04 06 08 10 11 12 13 14

8 [KI]. % 323 209 155 126 116 109 103 98
- . Key: 1, per unit value
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It can be seen from these data that the error for the maximum values of Kg occurring
during the operation of reactors (1.25-1.35) is ~ 10%.

Permissible Power of a Reactor. The permissible power of a reactor is determined by
the absence of critical phenomena even on the most intense fuel element of the most
intense assembly of the core in a steady-state mode and in modes when the flow rate
of water in circuit I decreases with simultaneous activation of the safety system.
It is evident that the permissible power of a reactor can be increased if the non-
uniformity of energy release is reduced. Nonuniformity of energy release in any as-
sembly of the core is characterized by the calculated coefficient kq i, where i is
the number of the assembly in the core. The maximum value of the coefficient

’k

. = JpMaKC
kq

a.i characterizes energy release in the most intense assembly.

The coefficient of the nonuniformity of energy release of the most energy-intense
fuel elements Kygxe can be represented in the form

= (ka. i k“)'“‘(ck:u . (5 .3 9)

kMﬁHG

Since the coefficient ki is not monitored during the operation of a reactor, this
representation of k ygge 1is mot very convenient. Therefore it is usually assumed
that

kmmc = k:akckl':k:ex ’ (5 .40)
where ki -- calculated value of kj for an assembly with the maximum product (k,, kp)Mare,

Thus, the critical power and the maximum permissible power of the reactor will be
defined as

N'I:p = N/ ke | (5.41)

N;pcn I N mm’iu/kun KoY (5.42)
where nj -~ the number of fuel assemblies in the core of the reactor,.
The permissible power of the reactor must be reduced by a factor of assurance k.
Moreover, in order to ensure safe operation of the reactor, in addition to k3gmaa )»
the following additional factors of assurance are introduced: k3(n)-- allowing for
deviations in the real power of the reactor from the design power; ks (TI") == allow-

ing for the deviations of the power of the reactor from the prescribed level due to
variations in the loads of the turbogenerators; k 3 (BX) -- allowing for the de=-

gree of nonmixing of the water at the inlet to the core and the resulting macronon=-
uniformity of the temperature field at the inlet to the core of the reactor.
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For VVER-440, the above factors are taken to be: kumy=1,04; kMTDZ:Los;k3W”=:LOI%-L03
(the higher value is taken when the thermal power of the reactor is less than 50%
of the rated power).

With consideration of all correction coefficients, the permissible rated power of
the reactor is

- N{,‘“’.‘"’"‘.“ = N::p"n/kmuckaam (5.43)
where mm::kuTmnﬁnuwkuTrWume -- the aggregate factor of assurance. For VVER=-440,
k = 1.36. The total correction coefficient in determining the permissible power

3 R ; . .. .
of gﬁ% reactor with consideration for the mechanical coefficient kygox = 1.1, is 1.5.

It should be mentioned that the permissible power of the reactor algso depends on the
temperature (enthalpy) of the coolant at the inlet to the core. 1In calculating the
critical thermal flow by formula (5.9), a proportionally greater channel power cor-
responds to the same critical flow (to the same output steam content) when the inlet
temperature (enthalpy) drops. The change in the permissible power of the reactor
when the inlet temperature (enthalpy) changes is determined by the relation®

O A (g
AN% = PGA/BG0 kyanskaan kw, where G -- flow rate of -the coolant through the core of
the reactor, kg/h; Ai -~ change of the coolant enthalpy at the inlet to the core,
keal/kg; @ =-- coefficient allowing for the change in the flow rate of the coolant
in transient modes. The coefficient ¢ is selected as a ratio of the coolant flow
- rate during transient modes corresponding to the moment of the maximum reactor power-
flow rate ratio, to the initial coolant flow rate. For VVER-440 with a regular GTsN
[main circulation pump] feed circuit, the worst transient (emergency) mode is the
loss of the productivity of two GTsN without a change in the power (see section 5.7).
In this case, @ == 0.7.

The increase of the permissible power of the reactor during the lowering of the in-
let temperature (enthalpy) of the coolant is limited by the critical heat flow at a
zero steam content at the outlet from the channel with the highest thermal stress.
This flow must not be exceeded in any section of the heated chamnel (which, apart
from the power of the channel, is determined by the distribution of energy release
along the channel). Moreover, the lowering of the inlet enthalpy is limited by the
undesirable lowering of the parameters of the second (steam~turbine) circuit, poten-
tialities of the heat exchangers (steam generators), and the growth of thermal
stresses in the reactor vessel.

The values of the above-mentioned factors of assurance are taken and introduced ar-
bitrarily in many respects due to insufficiently accurate measurements or calcula-
tions of the core parameters. Making them more accurate is a potential reserve for
increasing the power of VVER which can be realized after conducting the necessary
complex of studies and implementation of a number of technical measures.

COPYRIGHT: Atomizdat, 1979

FWhen the permissible power of the reactor is determined by equation (5.42)
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7.1. Arrangement of Fuel Assemblies in the Core

- The operating economy of an AES [atomic electric power station] is determined to a
considerable degree by the effectiveness of the utilization of nuclear fuel which is
characterized by the attained burnup fraction. It follows from the theoretical anal-
ysis conducted in the work [50] that the burnup fraction for a prescribed level of
energy production depends on the mode of fuel reloading. The evaluation of the ef-
fectiveness of various reloading modes is done by introducing the concept of an
ideal mode in which the depleated fuel is constantly replaced by fresh fuel with

- constant mixing in the volume of the core so that the burnup fraction would be iden-
tical for all assemblies being unloaded.

The VVER design makes it impossible to accomplish the ideal reloading mode, however,
by comparing the selected real mode with the ideal mode, it is possible to evaluate
its effectiveness and the degree to which it approaches the ideal mode.
Ideal Reloading Moae. The burnup fraction of the reloaded fuel in the ideal mode
can be determined by introducing the concept of the mean factor of neutron multipli-
cation in a core of infinite dimensions:

1.

ol L
Reo (Pun) = [ Eoo (Purn) dPrun / g AP (7.1)

[}

. . MaKc
where f,, -- fuel burnup fraction for the moment of time being examined; o

-- maximum burnup fraction at which fuel is unloaded from the reactor in the ideal
mode; Kk po (p“”I ) -- neutron multiplication constant for an infinite reactor at

the burnup fraction p, , which corresponds with a sufficient degree of accuracy to
the asymptotic multiplication constant ko(p“”I ) calculated by the programs POP and
UNIRASOS (see section 7.2).

The characteristics of ko (Plun ) for various degrees of enrichment of VVER-440
fuel are given in Chapter 2, These characteristics in the absence of burnable poi-

sons are close to linear, and the rate of changes in k"’(Pluﬁ ) depends weakly on
the enrichment of the fuel at an identical uranium-water ratio. The nonlinearity
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of the characteristics of kK oo (¢ wyr ) in the first approximation can be disre-
garded, then o .
koo (Prun) = foa — Apyins (7.2)

where k%o -- multiplication constant of the hot fuel lattice poisoned at the initial
moment of power operation of the reactors; p ., == amount of the slags at the mo-
ment of time being examined, kg/mU; A -- rate of changes in the characteristics of
Koo (P )» (kg/mU)-1.

After substituting the linear relation (7.2) in the integral of expression (7.1),
we obtain

oo () = oo — A /2.

(7.3)

As was mentioned in section 2.1, the reactor is critical when the mean multiplica-
tion constant of an infinite lattice analogous to the core of the reactor in its
composition is equal to fkcofix :

.

) -Em(pnm) = klf:wx = kg’ - Ap::‘KC/Q' (7.4)
Hence, the maximum burnout fraction of the entire unloaded fuel is
g _ 9 (k% — Ku"™)IA. (7.5)

The value of A which is determined from the graphical relations in Figure 2.6 is
- approximately equal to 0.0l (kg/mU)=l, For more accurate calculations of the value

MaKc
of p ygx » it is necessary to consider the nonlinearity of the characteristics of

koo (pur ) which is represented in the form of polynomials. The values of the

burnup fraction attained in the ideal mode without consideration for the nonlinear-
ity of the characteristic of koo (p,lm ) are given in Table 7.1,

MaK Table 7.1
Burnup Fraction p ;; of the Fuel Being Unloaded in the Ideal Reloading.

Mode for Assemblies of the VVER-440 Reactor for Various 235y content

P, ke/mU | 10 32 50

U, % 16 | 24 3,6

Real or close-to-real fuel reloading modes are compared with the ideal modes by means
of the burnup fraction disadvantage factor kg :

ke = OlinlPln s (7.6)

where p }"m -~ finite burnup fraction of the ‘uel being unloaded in a mode dif-
ferent from the ideal.
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Periodic Reloading Mode. The VVER design calls for periodic fuel reloading on a
stopped reactor. It is evident that in order to increase the burnup fraction it is
desirable to reload the reactor more often, approaching the ideal mode. On the
other hand, frequent shutdowns of the reactor lower the production of electric en-
ergy and, therefore, are undesirable. Moreover, even with continuous reloading and
radial mixing of the fuel during the power operation of the reactor, the ideal burn-
up fraction cannot be attained due to the nonuniformity of energy release along the
height of the core, which follows from the formula [50]:

7.
o, = (k) (1 — H3IT?), 7.7
where k.= pmﬁﬁ”m$°. -- nonuniformity factor of the burnup along the height of
the core (index O refers to the center of the reactor); piake  w- average burnup

in the assemblies being unloaded, kg/mU; H -~ reactor height, cm; Hy == critical
height of the reactor, cm, determined by the formula

H =m0 08
Here, %2, 0 =% — % -- axial component of the material parameter, cn~2;
i % k2= (kw,o—1)/M? -- material parameter of the core, cm=2; %3==(2A05/R)2 -

radial component of the material parameter, em~2; R ~= core radius, cm.

The parameter Y (in formula (7.7)) is equal to

_ A Mo (7.9)
Y 2 Meﬁg'o

where M2 -- migration area, cmZ,

When kz = 1.20 —— 1,30, which can take place in a real burnup situation, the dis-
advantage factor ke = 1.10 — 1,20, i.e., even in the mode of continuous reloading
of the fuel assemblies with continuous rearrangement in the core (the fuel is not
mixed along the height) the burnup fraction is approximately 20% smaller than in the
ideal mode.

Under real operating conditions, the following periodic reloading modes can be accom=
plished.

Mode A. During each reloading, 1/n part of the core assemblies is replaced. 1In the
course of the entire operation time of the assemblies T (total operating period of
the fuel), n partial reloadingsare done. The assemblies in the core are not rear-

ranged during the reloadings. The disadvantage factor for this mode is estimated by
the formula i

k, = 0(1 4 1/n), (7.10)

where © -- nonuniformity function of energy release over the volume of the core.
The value of 8 in the general case is determined by numerical methods. In the
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extreme case, when the radius of the core is very large, or when the fuel assemblies
are continually rearranged, the value of © coincides with the value of k¢ determined
by formula (7.7). In another extreme case, when the reactivity excess compensating
the burnup is very small, © has a maximum value equal to 2,25, i.e., k¥exc'=225(1+1/n).

The maximum value of the disadvantage factor (at n = 1) is 4.5.

Mode B. Part of the assemblies are rearranged during fuel reloading for equalizing
the breeding properties of the core over the radius. During the total operating
time of the fuel T, in each of the n reloadings of the core consisting of N assem-
blies, N/n of the most burned-out assemblies staying in the reactor during the T
time are unloaded. The same number of N/n fresh assemblies are loaded in the core.
The disadvantage factor for this mode (see work [50]) is

k. — 20,/nB g, (7.11)

where  0,= (k/y) (1--1{2/li*) ., The product nB is calculated by the formula

nBp = 0,415 [V i1 —2)20,692 - 8 (n — 1) — (n — 2) 0,831] . (7.12)
The above mode is accomplished only at n 2> 3.

Mode C. The fuel assemblies in the core are not rearranged. Periodic reloading of
the assemblies is done in proportion to the radial component of the energy-release
field. The core consisting of N assemblies is divided into m circular subzonmes.
Each circular subzone is divided into sections containing lj assemblies each (i--
number of the subzone, 1 <X i = m); the number of assemblies in each section of

- the subzone is the same, and the number of these sections is proportional to the num-

‘ ber of reloadings in a given subzone. The portion of the assemblies being reloaded
in each zone 1/l is proportional to the radial component of the energy~-release
field in the subzone. Then, the number of the assemblies being reloaded, for exam=
ple, in the first subzone can be found if the number of assemblies reloaded in the
i=th subzone is knownj;

Ml _ &
TR (7.13)

where %1, P; -- average densities of the neutron fluxes in the first and the
i-th subzone; Ni»> Nj -- number of assemblies in the first and the i-th subzone,

From expression (7.13) it is possible to find the total number of the assemblies be-

ing reloaded N/n in the entire core: _
oN ) Nin

m !

SN Y (il (7.14)
1 (=]

=

where (P =~- average density of the neutron flux in the core; n -- number of reload-
ings during the run,

The disadvantage factor for this reloading mode is equal to
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k== 0,(1 + 0,/n), (7.15)

where 0, (k -+ 12 0, =(k 412  kp == nonuniformity factor of energy release
along the height of the core; ky == nonuniformity factor of emergy release along the
radius of the core.

Under real conditions, mode B is used most widely because it makes it possible to
improve the distribution of energy release over the core and thus to reduce the dis-
advantage factor kg wnd to increase the fuel burnup fraction.

Selection of Fuel Loading Under Real Operating Conditions. When selecting the fuel
reloading mode under real conditions, it is necessary to consider the technical po-
tentialities of the VVER. As a rule, the reloading of a reactor is done simultane-
ously with routine maintenance of the equipment of the AES unit which takes approxi-
mately one month. The necessity of prolonged shutdown of a reactor for reloading
lowers the utilization factor of its installed capacity, therefore, the number of
shutdowns for reloading must be minimal. The needs of the power system which exclude
possible shutdowns of AES units for reloading during the fall and winter energy load
maximums should be considered as an additional condition. The mode of operation of
AES units with one shutdown of the reactor a year for reloading during the spring
floods when energy needs are satisfied by hydroelectric power stations is the most
favorable for the energy system.

On the other hand, the reloading mode must ensure a sufficient burnup fraction
which increases as the number of the reactor reloadings during a full fuel operating
period increases.

With consideration for these conditions, the mode of three partial fuel reloadings
during the run was accepted for VVER, which ensures the operation of the unit be-
tween reloadings in the course of one year (see section 12.2). In this case; as a
rule, the number of the assemblies reloaded during each reloading time is close to
one third of all the core assemblies, but it can also deviate from this number in
individual units depending on the planned tasks of the AES as a whole.

In the first reactors -- VVER-210 (unit I of the NVAES) and VVER-70 (AES "Reinsberg",
GDR) -- the loaded assemblies were distributed evenly in the core [3, 51]. 1In the
new reactors -- VVER-440 and YVER-1000 which are equipped with boron control systems
-- a zonal arrangement of the core is adopted, when the energy-release field is ad-
ditionally leveled along the radius.

The special characteristics of the zonal method of fuel arrangement are as follows:
1) fresh fuel is arranged only at the core periphery; 2) the burned out fuel is in
the central part of the core.

The fuel reloading mode with zonal arrangement is accomplished in the following man-
ner: a) highly burned out fuel which remained in the reactor for three periods is
removed from the central part of the core (approximately one third of all the assem-
blies); b) assemblies from the periphery and the its adjacent area which remained
in the reactor for one or two periods are moved to the central part of the core; c)
fresh fuel is loaded in the peripheral part of the core. ‘
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The zonal arrangement of the core makes it possible to achieve a considerable burnup
fraction which is due to the lowering of the nonuniformity of radial energy release.

The loading of the fuel is determined by calculation according to special programs

on a computer, the following requirements being fulfilled: 1) ensurance of the neces-
sary length of reactor operation until the next reloading; 2) ensurance of the opera=-
tion of the core at the rated power with minimum possible values of the nonuniform-
ity factors over the radius and volume of the core; 3) ensurance of the necessary
subcriticality of the stopped reactor in the cold state.

24 26 28 30 32 34 36 3

d}—t% @-1,5% @-z% @-—3,3%

Figure 7.1. Cartogram of the first fuel loading of the VVER-440

of the IIT unit of the NVAES with assemblies with various degrees
of fuel enrichment.

Key: 1. Loop
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Figure 7.2, Cartogram of the first fuel loading of the VVER-440
of the IV unit of NVAES with assemblies with various degrees of
fuel enrichment.

1. Loop

Special requirements are imposed upon the first fuel loading. In order to imitate
in it a steady-state loading of the core containing partially burned out fuel main-
ly of the initial enrichment, assemblies with various degrees of enrichment are used.
By using assemblies with 3-4 enrichments in the first loading, it is possible to
achieve an acceptable nonuniformity of radial energy release ensuring the operation
of the reactor at the rated thermal power, During further reloadings, the assemblies
with the initial enrichment below the design enrichment are unloaded, and after 2-3
partial reloadings a mode is achieved when the reactor has assemblies only with the
initial design enrichment. Figures 7.1 and 7.2 show cartograms of the first load-
ings of the VVER-440 at NVAES, and Table 7.2 shows their composition.
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Table 7.2
Composition of the First Fuel Loadings of VVER-440 at NVAES
KoanyecTno KacceT o “OPBO“ Knmulecmo Kaccer B llepanl\
( 1) 3arpyake ( 1 ) 3arpyake
3) €)) .
Oborane- 111 ﬁm 1V Gaox Otoraue- 11} Gnok IV Gnex
"itea 10 A 1o [(ARTE))
a @ O _[@ (G, | &% @ e, | PP,
oa | $8] o, |20 ez | 3] ¢, |88
2l e | 2| 8. $0 | f.p| 2B | Big
§¢ | sEg| 88 | 568 8% | 5E8| 8¢ | 364
&g | P82 | &8 | e82 dx | SP2 | a2 | RFE
1.0 24 | 25 — | ~ 24 —_ —_ 78 49
1.5 48 18 — _— 33 108 12 -_— —
_ 1.6 — — 114 24 3.6 — 84 —_
2.0 96 18 — —

Key: 1. Number of assemblies in the first loading
2, Unit
3. . 235y fuel enrichment, %
4, Working assemblies
5. Fuel parts of SUZ assemblies

In VVER-440 reactors at NVAES, Kol'skaya AES, and other AES, fuel of two composi-
tions -- 2.4 and 3.67 enrichment =-- are used in the steady-state fuel makeup mode,

Cartograms of the first fuel loading of VVER-1000 of the V unit at NVAES are shown
in Figures 2.10 and 2.11, In the mode of a three-year fuel cycle, the core is made
up with a fuel with an initial enrichment of 4.4%, and in the mode of a two-year
cycle == with an initial enrichment of 3.3%.

As a rule, the selection of the first loadings of a VVER are checked and sometimes
refined by physical experiments on critical assemblies in the Institute of Nuclear
Energy imeni I. V. Kurchatov [24, 50, 52]. Such experiments make it possible to
correct the calculation programs used in selecting subsequent loadings of reactor
cores, The necessary experiments are also conducted during the startup and opera-
tion of VVER. :

Physical experiments make it possible to determine: 1) critical positions of groups
of SUZ assemblies and their effectiveness; 2) boric acid effectiveness, which is

g particularly important for VVER-440 in which the necessary subcriticality of the

* core is not ensured without boric acid in the coolant of circuit I; 3) temperature
and power coefficients of reactivity, which is necessary for evaluating the self-
regulation of reactors; 4) power distribution over the core assemblies; 5) 135%e
and %9sm transient processes.

The loading of the core of VVER is symmetric over the azimuth with an order of sym-
metry of not less than 3 (sector of symmetry with a 1200 angle in the plane). This
makes it possible to calculate only one third part of the core when selecting the

next loading of the reactor. However, in practice, it is possible to have cases
when during the reloading of the fuel from the reactor, it is necessary for various
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reasons to unload from some sector of symmetry one or several assemblies which are
not subject to replacement., In this case, the symmetry of the loading cartogram

is disturbed, because the empty cell is loaded with a fresh assembly of the same
(or, perhaps, different) enrichment, or a burned-out assembly, but with a different
slag content, In such cases, it is necessary to calculate the burnup of the entire
core (360° in the plane), or be content with averaging the properties of the assem-
blies which are symmetric with respect to their asimuthal position, but are not iden-
tical with respect to their neutron-physics characteristics. The asymmetry in slag
content can appear also in a symmetrically loaded core, if in the course of the burnup
process the symmetrically arranged mechanical controls of the SUZ have different de-
grees of insertion into the reactor.

In conclusion, let us mention that at NVAES, where reactors with various specific
powers are operating, it is possible, in principle, to increase the attainable burn-
up fraction by burning assemblies which are not completely depleted in a higher
power reactor in a reactor of a lower power [53]. This is possible because the mul-

- tiplication constant of a burned-out assembly is increased when it is placed in a
reactor of a lower power resulting from a partial release of the power and tempera-
ture effects of reactivity and a decrease in the effect of xenon poisoning. Since
an assembly reaches its maximal possible burnup fraction in a low power reactor, it
is possible to unload a certain amount of not completely burned out assemblies from
a high-power reactor.. In other words, it is possible to reload more than one third
asgemblies in a high=-power reactor and thus to increase the operation time between
reloadings. The economical advantanges of this combined use of fuel are discussed
in more detail in section 12.4.

COPYRIGHT: Atomizdat, 1979
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7.2. Calculation of the Neutron Physics Characteristics of a Reactor

As was mentioned before, the selection of fuel loading is done with the aid of spe-
cial calculation programs. The following basic programs are used in designing VVER
and in predicting their characteristics in the process of operation®:

1) UNIRASOS (or ROR) -- a four-group program for calculating neutron-physiés proper=
ties of low-enrichment uranium-water fuel lattices and changes in these properties
as the nuclear fuel burns out [24, 547

2) BIPR -- a single-group diffusion program for calculating a three-dimensional re-
actor as a whole [45];

3) RAGU -- a one-dimensional four-group diffusion program for calculating the neu-
tron flux density on the external boundary of the core with a reflector and on the
surfaces of the absorbers of the SUZ assemblies;

4) KR -- a single-group program using the perturbation theory for calculating the
reactivity factors of a reactor, the 1ifetime of prompt neutrons, the effective frac-
tion of delayed neutrons, and the time constant of delayed neutrons (this program
works only in conjunction with the BIPR program) [25];

5) TWEL -- a program for calculating the temperature field and the margin until the
melting of the fuel and pressure of gaseous fission products in the fuel elements of
VVER reactors [55];

'6) GDKH -- a program for calculating the hydrodynamic characteristics of fuel assem=
blies;

7) RASKhOD -- a program for analyzing emergency situations of the reactor in the
case of a partial lowering of the coolant flow;

8) P-002 -- a program for solving the kinetic equations of the reactor with consider-
ation for automatic control.

*The programs mentioned here were prepared by the following members of the Imstitute
of Atomic Energy imeni I. V. Kurchatov: A. N. Novikov, V. D, Sidorenko, D. M. Petru-
nin, Ye. D. Belyayeva, V. S. Tonov, D. F. Strelkov, G. A. Bogachev, V. F, Ostashenko
(deceased), Ye. V. Vinokhodov, V. D. Borisov, A. I. Belyayev, and others,
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Other programs for some concrete problems of VVER operation are also being used.

The following programs are used for calculating the distribution of emergy release
fields within assemblies (for more detail see section 7.3):

1) ShESTIGRANNIK [Hexahedron] (or its variant -- TREUGOL'NIK [triangle]) =-- a two-
group diffusion program for calculating the distribution of energy release in indivi-
dual fuel elements of hexahedral assemblies [46];

2) MIKRO -- a program for a simplified evaluation of specific thermal loads of in-
dividual fuel elements in an assembly (by the results of calculations using BIPR and
ShSTIGRANNIK programs). :

Simultaneous combined use of several programs made it possible to develop a method
for physical calculation of the core and a method of thermohydraulic and dynamic cal-
culations of reactors.

Let us examine the ideology of some of the above-mentioned programs used in the se=~
lection of cartograms of core loading of VVER.

UNIRASOS (ROR) Program., The four-group program ROR is used widely in designing VVER
and in calculating regular fuel reloadings. This program makes it possible to deter=-
mine the neutron-physics properties and the burnup of homogeneous low-enrichment fuel
lattices of VVER [54]. The ROR program makes it possible to calculate lattices with
local nonuniformities, when a small part of fuel rods is replaced with abosrbing ele-
ments (PEL), or when boron is contained in the jackets of the assemblies. It is pos-
sible to estimate indirectly the effect of the boric acid dissolved in the coolant

of the first circuit. At the present time, this program is supplemented by a con-
siderably improved program -- UNIRASOS.

The UNIRASOS (universal calculation of states) program mekes it possible to calculate
with the aid of computer small-group constants and their changes in the process of
fuel burnup for a uniform fuel lattice (the presence of a small number of PEL is per=~
mitted) composed of identical assemblies, cells, or fuel elements, i.e., for a homo-
genized lattice of a given composition and geometry. This program makes it possible
to calculate a series of individual states of the lattice, obtain and store (on a
magnetic tape or on punched cards) the dependence of the neutron-physics constants

of the lattice on the temperature of the coolant and the fuel, density of the moder-
ator, power, and other parameters. The moderator can be in the form of a mixture of
Ho0 and D50 and can contain a boric acid solution., The fuel is a mixture of isotopes
from 231Pa to 244Cm of any composition which may also contain nonfissionable ele- .
ments. The covering material of the fuel elements and PEL, assembly jackets, and
PEL rods may contain, besides 103, 16 other burnable isotopes, including those with
strong isolated resonances.

The UNIRASOS program, just as ROR, is based on splitting the neutrons spectrum into
four groups (see section 2.3), With an appropriate approach, the three upper groups
are combined into one group of epithermal neutrons. The first groups contains prac=’
tically the entire fission spectrum. A noticeable portion of fission occurs on
238y, . The lover boundary of the group corresponds to the vanishing of the cross
section of 238U fission. The neutron spectrum within the second group is close to
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the Fermi spectrum, and the resonance capture is weak., Resonances of the heavy
isotopes are concentrated almost entirely in the third group: 232rh, 233y, 235y,238y,
239y, 240py, 241py,242pu, In the fourch (thermal) group, a large portion of the
fission takes place. In describing the processes in this group, the thermal motion
of the nuclei of the medium is taken into conmsideration (approaching of a heavy gas-
eous moderator).

Within the above energy groups, effective group constants are practically constant
for all reasonable variants of the properties of the medium. In a homogenized medium
of a prescribed composition, the group constants are expressed in terms of effective
microscopic cross sections calculated in the Pi-approximation, The homogenizing of
the equivalent cell is done for each of the four groups.

The distinctive characteristic of VVER is the distribution of the fuel of a given
degree of enrichment over the assemblies whose dimensions are sufficiently great in
comparison with the characteristic path lengths of neutrons. Even in the hot state,

- the diffision length of thermal neutron is such (L # 3 cm) that the dimentions of
the assemblies are 4-5 L. Moreover, the dimensions of the assemblies are much
greater than the moderation length. Therefore, each assembly can be considered to.
be isolated both with respect to thermal neutrons, and with respect to epithermal
neutrons. When the enrichment is small, the spectrum of epithermal neutrons depends
weakly on the enrichment, and it is taken to be identical in all assemblies, In all
variants of the geometry of the lattice composition occurring in practice, the migra-
tion area M2 even in the hot state is of the order of 60-80 em2, i.e., M <8 =9
cm. Since the dimensions of the assemblies are 2-3 M, it is sufficient to limit one~
self to the Py-approximation for determining the angular dependence of the neutron
flux density.

With all of the above-mentioned characteristics of the fuel lattice, it is possible
to consider that in the greater part of the assembly an approximation holds true at
which the spatial distribution of the neutron flux density is identical for all en-
ergy groups. The length of the fuel elements of VVER is many times greater than
their diameter, therefore, the conditions of the diffusion of neutrons along the ax-
is of the rods and at right angles to them are different. The following system of
equations is solved in the UNIRASOS program with consideration for the neutron dif-
fusion anisotropy:

« ’
D, B0, - Dri BRo - (21 4 Z¥") o, = /?—i:; (El "121" ‘PI) +

=

42 g, i=1,23,4, (7.16)

where D i, Dgj == coefficients of diffusion along and across the axis of a fuel ele-
ment (by groups); B%, B% -- size-shape factor along and across the axis of a fuel

ad
element; (?i -- group density of the neutron flux; 2 % -- macroscopic absorption
cross section for each group of neutrons; 2;;¥B -- macroscopic cross section of the

removal of neutrons from a given group to the next group; 2; £ -- macroscopic fission
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cross section by groups; Nji == number of neutrons produced in one fission event;
Ni -- share of fission neutrons per given group; k Y. effective multiplication
constant of the lattice; i(j) -- neutron group index.

By solving this system at prescribed values of

mine kg and vice versa, if we take kg
shape factor in the critical state.

B% and BZ, it is possible to deter=

=1, it is possible to determine the size-
The system of equations (7.16) makes it possible

to determine the neutron-physics characteristics of the fuel lattice also in a single-

group and a two-group approximations.

The determination of the heterogeneous effects

is accomplished during the homogenizing of the equivalent cell,

The UNIRASOS program has a number of innovati

ons in comparison with the ROR program

which make it possible to take into account a number of effects more accurately and

expand the potentialities of the program.

A list of fission products which are taken into consideration is given below in the
order adopted in the standard variant of the UNIRASOS program:

1—4. 82Kr—85Kr 51—-52. 128Xe—128Xe
5. Rb 53. 18Te

6--7. #Sr—¥Sr 54, 129]

8. ®Kr 55, V9Xe

9. *Rb 56. '3Te

10. #Sr §57—58. BIXe—132Xe
11. Y 59-—60. 13¥Cs—!134Cs
12. 9Zr 61. 131Xe

13. %Sr 62. 35Cs

14—17. "7r—%Zr 63—64. Ba—'¥Ba
18—19. $Mo—*Mo 65. '¥Xe

20. %Zr 66. ¥Cs

21—22. ¥Mo—%Mo 67. "Ba

23. ¥Tc 68. '*La

24. '©Ry 69. *°Ce

25. Mo 70. "'pr

26—-27. 9Ru—-"Ru 71, “2Nd

28. 9Rh : 72. "2Ce

29. 19pd 73—76. "Nd--"¥Nd
30. %Ry 77. "Pm

31--32, 105pd--19P(d 78. M8Sm

33. Ru 79. Y&Nd R
34.--35. 17pd—-1"pPd 8081, M9Sin—-19Sm
36, WAg 82. "ONd

37--40. "Cd--"Cd 83—84. 151Sm-—'52Sm
41, Zn 85—-86. 'SPEu—'$En
42—43. 165p --1178n 87. Sm

14- -46. e --"BTe 88. SEu !
A7. '"Sn 89—90. '%6Cd—-15'Cd
A8. 1%Sh 01, 9Th

49, 1 e 992--95, 160Dy—- 18Dy

50, 17]

BIPR Program. This program is the basic program for the three-dimensional calcula-
tion of the VVER core. BIPR makes it possible to determine the reserves and reac-
tivity factors of the core, to perform calculations of the integral and differential
effectiveness of the control elements, to determine critical positions of the con-
trol elements and critical values of boron concentrations in the coolant, to obtain
the three-dimensional distribution of the energy release fields in the core, and to
calculate the fuel burnup in the core and 135¢¢ and 149Sm transient processes.
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In the BIPR program, Lhe reactor core Ls represented in the plan by several symmetric
sectors in each of which the arrangement of assemblies with identical calculated
neutron-physics properties and the same design number n repeats symmetrically 1<

- n < 117 for three symmetry sectors for VVER-440) .

This program makes it possible to calculate symmetry sectors with angles of 30, 60,
120 and 360 degrees. Due to the presence of symmetry, calculations are done for
only one sector, which substantially simplifies and speeds up the calculation of the
loading cartograms. Moreover, the "joining" conditions of the meutron flux densities
on the inner boundaries of the symmetry sector are observed closely, i.e., the re-
sults of calculations are true for the entire core,

For mathematical description of physical processes, the real core in which the assem-
blies are arranged in plan over a triangular lattice is represented by a mathemati-
cal model, where continuous changes in the properties in the core volume are replaced
by discrete changes over the points in which all physical properties averaged over
+he cross section of the assemblies are concentrated. Along the height of the assem-
blies, m cross sections (points, 1= m < 10) are taken and, thus, the core is re-
preserted in the form of a spatial lattice. At each lattice point with coordinates
(n, m), a number of characteristics changing in time during the burnup are determined,
breeding properties (koo ) depending on the kind of fuel, local power effects, ef-
fects of poisoning by samarium and xenon, fuel burnup depth, neutron flux density
field, energy release field, etc.

The working assemblies are represented as a stationary spatial lattice of points,

the real lattice of SUZ assemblies is represented as a mobile spatial lattice of
points. The movement of control elements is taken to be discrete with the movement
pitch A hgyz equal to the distance Hetween the points along the height. In the

- process of the calculation of one scate, the points of the mobile and stationmary lat-

tices always coincide. Unlike the points of the stationary lattice, the points of
the mobile lattice can have either the properties of absorbers, or of the fuel, de-
pending on the degree of the withdrawal of the SUZ assembly from the core.

The simulation of the process of power control by a liquid absorber is also accepted
to be discrete ( Acg).

The initial prerequisites of the BIPR program are as follows.

1. The distribution of the neutron flux density over an inhomogeneous core is found
from the solution of the following one-group equation:

A (r) -+ x*(r, A) g (r) = O. (7.17)
(Transition to discreteness is accomplished by replacing the radius vector r of the
jattice point under comsideration by its coordinates n, m). This equation can be
reduced to the Poisson equation or to the diffusion equation (depending on the state-
ment of the problem). It is solved by the iteration method according to the finite-

difference scheme in a nine-point spatial lattice around each point.

Boundary conditions are given on the external boundaries of the core and on the sur-
faces of the SUZ assemblies:
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d e 1
g dl dy (7.18)
where d -- reciprocal value of the effective logarithmic derivative of the neu-

tron flux density taken along the normal to external boundary of the region being
examined; 1 -- direction of the normal.

9. The values of koo and M2 are calculated by the UNIRASOS (or ROR) program by the

formulas '

, B (B BY) dE (7.19)
e i o
. ."D(E)I(lfv Iiz) dE (7.20)

T s (e. mydE

3, It is taken (and is confirmed experimentally) that all assemblies in the reactor
are uniform with respect to their moderating properties, resonance capture and 238y
multiplication; M= T and is constant over the core,

4, Material parameter ' ' )

R (1)
xz(r' kmll) = ( kf’d’ - I)/sz (7.21)
where M2 -- the value of square migration length averaged over the core; k oo (r) ==

multiplication factor of an infinite lattice with fuel of a given grade E; kg -=
effective multiplication factor.

5. The multiplication factor koo (r) at the points has its own definite value which
depends on: a) enrichment of the fuel (grade E) in the assemblies; b) fuel burnup
fraction at a given point oy ; c) density Y and temperature of the moderator-
coolant t; d) boron concentration in the coolant cp; e) power of the assembly \P H
) 135%e and 149sm poisoning, respectively, pxe, PSm-

- Thus, k oo (r) is a composite function of many variables:
ko (l‘) = ks (n, m) = [l 4+ Ako 5y — AkRuyn (n.m —
— Dksm (n,my — Bk (n,my} T Tla ¢ Tlxe - (7.22)

Here Akoy=hooo,y—1 - excess multiplication factor of a fresh, unpoisoned fuel
lattice of grade E without power; My, my  -- slagging effect;  Akgyin,m -

1493m poisoning effect; Alen, my -~ power effect; I yxo == 135%e poisoning
effect; I 4 - temperature effect; [T g -- effect of poisoning by 10p dissolved
in the coolant-moderator.
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Neutron flux density P (r) depends on the same parameters as k oo (r):

@ =@ m, E, pygy Pgys Pxe s AL C5)-

6. In the BIPR program, the following defidition of relative energy release is
taken with a certain approximation:

Pl = (n, ) = ko () 0 (F) = e (2, ) (1, m). (7.23)

7. It is assumed that slag formation is proportional to energy release in the seg-
ment of time when the characteristics of the reactor are practically constant:

. T,
T) == kmn | ’dT
Apm)l( ) é‘l‘l (7.24)

Here, k , = (0.40-~0.45) 10-3 kg slag-1/(t-kw-day) -- conversion factor.
8. Nonsteady-state poisoning by xenon and samarium is taken into consiueration,

A special control unit simulates the control of the reactor during the movement of

the SUZ assemblies, which shows on the changes of the curvature of the neutron field
P (r) with the changes in the concentration of boric acid allowed for in the

value of the material parameter ¢2 and in combined use of both control methods.

The BIPR program delivers the following information in the process of computations:
1) input characteristics of the core as a whole, as well as by the types of working
assemblies and SUZ elements; 2) current moment of time T, eff. days; 3) average slag

content in the core —ﬁﬂm , kg slag/t U; 4_),.__1(3 of the core; 5) nonuniformity fac-

tor of volume energy releasek}® = (Ymn)mac/¥: 6) number of the calculated point with

k V ; 7) nonuniformity factor of energy release of the assemblies

- H H_

k¥ake = ([ 9dz) wayo/ | ¥4z ; 8) number of the assembly with K"3~; 9) boron concentra=
0 0 q

tion cg, gB/kg Hy0; 10) withdrawal height of the working group of SUZ assemblies, cm;
11) number of the assembly in the operating group of SUZ; 12) reactivity in the given

state p = 1-1/k ah 13) average content of slags 'f;n: of energy release kqn, and

heating A t, over the assemblies; 14) distribution of the slag content pp,n, of neu-

tron flux density P ,n, and energy release Wy m,n OvVer the entire volume of the

core; 15) concentration ‘matrix of slaE for all assemblies at ten points along the

height 16) concentration matrix of 149Sm for all assemblies at ten points along the

height; 17) concentration matrix of 149Pm for all assemblies at ten points along the
- height.

In spite of the simplicity of its mathematical model, the BIPR program makes it pos-
sible to simulate with practically acceptable accuracy the work of a reactor in time

and to obtain the necessary characteristics of the fuel burnup process in the core.

RAGU Program. This program makes it possible to determine the following in a small-
group (up to four groups) diffusion approximation or Pj-approximation: 1) effective
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multiplication factor of a multizonmal (up to 10 zones) medium ; 2) neutron flux den~
sity as a function of the coordinate r; 3) logarithmic derivative of the neutron
flux density on the boundary surface of the SUZ absorber with the surrounding fuel
part of the zone or the. core with the reflector.

In order to perform calculations on SUZ absorbers, conversion is performed from a
real hexahedral geometry to an equivalent cylindrical cell. The values of k ah »
B%, diog are determined, after which inverse conversiom to the real geometry 1s per-
formed, and single-group effective reciprocal value of the logarithmic derivative

d atb suitable for using in the BIPR program is delivered.
Analogous operations are performed for determining the effective logarithmic deriva-
tive for a boundary with a reflector, but the entire core in this case is represented

in the form of one equivalent cell,

The following is the initial system of equations in the program:

- ;d- (= @}) + Zhob = fo! -+ Sb;
r

* .
ol (7.25)
A To ol = MAETRN)
3 TH® fi' +951
with boundary conditions for the core
V= Pl = (7.26)
and for the absorber cell
Voo =0 V_z=0 (7.27)
and the conditions of joining at the boundaries of the zones:
o=@/, D} %! = Dj,, Veiy- (7.28)

Here, i -- zone index; j -- number of the neutron group; @A =-- geometry paraméter
(plane, cylinder, sphere); r -- generalized coordinate; R -- size of the absorber
cell or the core; ¢ -- neutron flux density;

)= 3+ S 3 =2+ 2R

Sg and Si ~-- isotropic and anisotropic sources of neutrons;
. J -1
fl’, = 'Tx"' Q-+ 2{)yn I‘b‘(]»_’ ’

. (7.29)
U= i gl Q——?}(v?-,)’_rpé

(the same symbols as used earlier).
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The initial constants for the fuel are found by the UNIRASOS (or ROR), and for other
materials by the RAGU program. The RAGU program has been checked on a considerable
amount of experimental material and showed that, in principle, it is applicable.

KR Program. The input constants for this program are calculated by the UNIRASOS (or

_ ROR) and RAGU programs. The necessary data on three~dimensional density distribution
of a single-group neutron flux in the core volume are taken from the BIPR program
which operates jointly with the KR program.

The expression for the reactivity factor is represented in the form

dp 1 S'dw.’.2 G dTﬂ(l__ ')12‘11/_'_
= {T,,,, ) 7w PV R R /)T (7.30)
. — —1 .
T g L 4G 4] | (170) g badV]
Jod? dx : s
s 4
where X 2 -- material parameter of a homogeneous lattice; M2 -- average (indepen-

dent of the coordinates) area of neutron migration; d ¢ =" effective inverse value
of the logarithmic derivative (for a single-group flux%; x =-- used to determine the
changes in the reactivity factor (change in the coolant density, coolant temperature
without changes in the density, average fuel temperature, coolant temperature includ=- -
ing changes in the density and changes in the reactor power).

Other characteristics calculated by the KR program, their expression in terms of the
determined parameters of the reactor, their caclulation and representation in the
final form are given in work [25].

COPYRIGHT: Atomizdat, 1979
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Appendix. Example of the Calculation of Loading (Reloading) of Fuel in the VVER-440
Reactor

The neutron energy spectrum averaged over the cross section of the assembly is found
to be close to the asymptotic spectrum and is determined, primarily, by the proper=
ties of the assembly itself, which makes it possible to separate the problem of the
calculation of small-group cross sections of fuel lattices and changes in the iso-
topic composition during the burnup of fuel from the calculation of the reactor as

a whole. Thus, the final results of calculations by the UNIRASOS (ROR) program are
the input parameters for the BIPR program.

Let us illustrate the selection of the cartogram of the loading (reloading) of nucle=
ar fuel on an example of the calculation of the first loading of the VVER=-440 of the
IV unit of NVAES.

The three-dimensional calculation of the reactor is performed in the following se-
quence:

1. Calculation of the neutron-physics characteristics of the fuel assemblies to be
used in loading, -- by the UNIRASOS (ROR) program.

2. Calculation of the reciprocal values of the logarithmic derivatives of the neu-
tron flux density on the boundary of the core with a reflector and on the boundary
of the absorbers of the SUZ with fuel -~ by the RAGU program.

3. Calculation of the subcriticality (supercriticality) of the core in the cold
state -- by the BIPR program.

4. Calculation of the distributions of the densities of neutron fluxes and energy
releases, as well as of the fuel burnup over the volume of the core -=- by the BIPR
program. '

5. Calculation of the effectiveness of the control elements -- by the BIPR program.

6. Calculation of the coefficients of the reactivity of the reactor -- by the KR
and BIPR programs.

7. Thermohydraulic analysis of permissible operation modes -- by the GDKh, RASKhOD,
ShESTIGRANNIK, TWEL programs.
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let us examine the process of calculations step by step,

1. TFuel assemblies of three degrees of enrichment were used in the reactor: 1.6,
- 2.4, and 3,6% (see Table 7.2). Consequently, it is necessary to perform three com-
plete calculations of the burnup of such fuel lattices, as well as several short
calculations of individual state for each fuel lattice (see Section 2.3) for vari-
ous values of specific power, temperature of the coolant-moderator, and the boron
concentration in it,.

Calculations were done by the ROR program, The input parameter for this program are
given below on the example of a fuel lattice of 3.6% enrichment,

kp = 0.866 -- coefficient of the geometry of a hexagonal lattice;
hy = 14,7 cm -- assembly spacing with consideration for the water gap;
dp = 0.775 cm -- diameter of a fuel rod in a fuel element with con-
sideration for the gas gap;
‘SCT = 0.065 cm -- wall thickness of the fuel element jackets;
Ak = 14.4 cm -- "box wrench" dimensions of the assembly;
&y = 0.15 cm -- thickness of assembly wall;
n = 126 ~- number of fuel elements in the assembly;
dyoy = 0.755 cm == diameter of the fuel pellet;
Vo2 = 10.2 g/cm3 -- uranium dioxide density in the pellet;
H20 = 293 degrees K -- temperature of the moderator (for an example,
the cold state of the fuel lattice is taken);
YHzo = 1.0 g/cm3 -- density of the moderator at TH03
mZy = 2 -- index indicating the material of the wall of the fuel element
and the assembly (Zr);

Tyo; = 293 degrees K -- average temperature of the fuel (cold state);
myog = 0 -- index indicating the type of fuel in the fuel element (UO2);
wye = 0.064 -- parameter indicating 135%e poisoning;

wSm = 0.0l1 -- parameter indicating 1495m poisoning;

W = 84.3 kw/l -~ specific power in the volume of the core;

p25 = 0.036 -- initial concentration of 235y,

p28 = 0.964 -- initial concentration of 238y, ' :

pi =0 -- initial concentration of 236U, 239Pu, 240py, 241Pu, 237wp,
1OB, 242Pu, and slag.

The remaining constants are tabular in nature and are not given here.
The dynamics of the fuel burnup is described by the following system of equations
dpy/dT = S;— o7 pps — My, (7.35)
where pi -- concentration of the i-th isotope; T -- time; Si -~ source of the appear-
ance of the i-th isotope (from the preceding isotope as @ ~esult of neutron capture
or radioactive decay of some isotope); 6§ -- one-group absorption cross section of
the i-th isotope; @ -- neutron flux density; )4_-- radioactive decay constant,
Fission products are combined into a fictitious isotope (slags) with changes in the

absorption cross section according to the 1/v law in the thermal region and having
a resonance integral equal to 200 barns. Slags do not include isotopes 135%e and
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1495, which are allowed for separately. The initial data are transferred to punched
cards and are introduced into the computer. After completing machine computations,
extensive output information is printed, The results of computations are shown
graphically in Figures 2.5-2 9.

The next step is the processing of the obtained results in a form convenient for the
BIPR prgram, For this purpose, the dependence of the multiplication constant of the
fuel lattice of grade E on various effects of reactivity [see formula (7.22)] is ap-
proximated as follows:

8 .
= £,
Akyn = Z"x QGEPyn s (7.34)
> i .

Aky = ,Z’. biew/, (7.35)

Akg = egn g Sm; (7.36)

Ty, == 1 |- exe g Xe3 (1.37)

Ty, = |-+ dyp O+ dop AP (7.38)

My =1+ CeCpi¥n,ot+ 2eCh Y0 - (1.39)
Hefe, P -- slag concentration in the fuel lattice; w -- power at which the fuel

lattice works; Sm, Xe =-- concentration of 149Sm and 1§5Xe nuclei in the fuel lattice;
At -- heating of the coolant over the length of the assembly; YH,0 -- coolant
density (depends on the temperature) ; cg =~ boron concentration in t%e coolant-mo~
derator; aj, bj, cl, ¢2, dy, d2, eges €Sm = approximation coefficients (Table 7.6).

2. The determination of logarithmic derivatives is particular in nature and is done
one time for each reactor. Results for the cold and hot states of VVER are given
on page 41, as well as below.

3. For the three-dimensional calculation of fuel burnup in the core: the symmetry
sector of 120 degrees containing 117 assemblies. Preparations for computations
according to the BIPR program begin with the selection of an arrangement scheme of
assemblies in the core with various {nitial fuel enrichment levels and various de-
grees of burnup fractioms. The initial prerequisites and the ideolosy of combining
fuel assemblies are discussed in section 7.1. For this case, the loading cartograms
are shown in Figure 7.2, its composition is given in Table 7.2.

Initial data for the BIPR program are given below:

M2 = 64,5 cm -- migration area;

hy = 14.7 cm -- distance between centers of assemblies (in plane);

m = 10 -- number of calculation points along the height;

H = 250 e¢m -- core height;

v 3 16,270 1 -- core volume;

25% = 17.36 cm; -- doubled reciprocal values of logarithmic derivatives for
2dy = 19.96 cm the radial and the end reflectors;
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Table 7.6

Approximation Coefficients for Fuel Lattices of VVER-440

(2) Inagcine kodpOHUMCITA NPH OGOTAILEHRH TOTJIHBA, %«
v KO”?;“:N" 2.6 2.4 1.6

0,341800000 4-0,248550000 -}-0, 137180000
3 o io ,922801660-10—2 | —0 ,680990342-10—2 | 4-0 1239969283 - 10—2
a.l. —0,883545897-10—2 —0,209788752-10—2 —0,543949452. 10—2
a, 40, 125842000 10—3 +0,365726456- 10—3 +0,112442249.10—2
an —0,839037485-10—* —0,328036284-10—* —0,131385367- 10:3
n: +0.32273ﬁ|25- 10—8 | -}-0,175778354- 10—% +0.934433658- 10_'i
a: —-0,733781061-10—* —0,562023082- 10—7 —0,400432270- 10_:
a -1-0,919482135- 10--19) 40 ,993592319- 109 +4-0,949278745- IO_W
g —0,489689719.10—12 —0,745453111-10—11 —0,953513678- IO_;
b —0,170750000-10—3 | —0, 168030000- 10— | —0,159630000- IO_7
hlz +0.308040000- 10-7 | +0,336040000- 10—7 +0.252030000- 10
by , 000000000 0,0 0.0()0()0000(0000)
by 0000000000 0,000000000 0,00000
by 0,000000000 0,000000000 0 .?%MO(XXM
(2 0,000000000 0,000000000 0.000000000
€ —0,737600000- 10—t | —-0,101680000 —0, L 0-1
g 40 409800000 102 -4-0,688100000- 10-2 | -}-0,1 12090000+ s
d .=0,954190000- 103 —0,759350000- 103 —0,479170000- 10_‘
‘l; —0:29600000()- 100 | -—0,242000000- 10—5 | —O0,161000000-10
exe —0, 115000000 10+ | -—0,185000000- 10+1 | —0,265090000- 1041
€sm —0, 121000000 10—t | —0,168000000- 101 —0,218000000: 10 1

Key: 1, Coefficient
2. Coefficient value for fuel enrichment, %
2dy = 14.86 cm; -- the same for the lateral side and the end part
2dp = 37.4 cm of the controls; .
ny - n4 = 10,
ng = ng = 11,
ng == nlo = 10,
njp = 9; nyp =4

-~ number of assemblies in each of the 12 horizontal
rows of the cartogram in the symmetry sector of

12
120 degrees (21"'=m):'
(=

hXCI¥3 — 125 cm =- height of the initial withdrawal of the working group
of the regulating rods (rods No 1, 7, 68);

ACg = 0.01 gV/kg Hp0 -- step of the change in the boron concentration '
in the coolant during burnup;

gi = 1.0 -- relative flow rates of the coolant through the assemblies

(117 numbers) ;

Q_= 39,000 m3/h -~ total flow rate of the coolant through the core;

Y Ho0 = 0.75-103 kg/m3 -- average coolant density in the core;

cp = 1.249 keal/(kg-degrees) -- average specific heat of the coolant

at a constant pressure;

Ypy = 0.011 -- 149Pm fission yield;
YSm = 0 =- 149sm fission yield;
APm = 0.357:10-5 sec-1 -- 149Pm radioactive decay constant;
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"!:m. 17
-0202-10° barns
Ocm, 27 . . . 149
033710 barns| -- effective microscopic cross sectlons of Sm

capture in the 1attices 3.6, 2.4, 1.6%;

Ogm, 35
So464- 100 D2TNS

Py = 40,91 t -~ uranium charge in the reactor;

Yuoz = 10.2 t/m3 -- uranium dioxide density;

Np = 1375-103 kw -- total thermal power of the reactor;
AT =5 days -- burnup time spacing;

Ako, B, QiFs b]l’u
f":"’l ; e';‘:-‘:‘; -- approximation coefficients for a fuel lattice of grade E:
e 1.6, 2.4, 3.6% (values are taken from Table 7.6);
T = 0 effective days -~ beginning of burnup.

It is also necessary to give the values of 149Pm, 149Sm and slag concentrations in
all 1170 points of the symmetry sector of the core, If the burnup of a fresh un-

poisoned core is calculated, these values are equal to zero. The initial parameters
are introduced into the computer and fuel burnup in a three-dimensional core is cal-
culated. The following information is printed out at definite time intervals: dis-
tribution of slags, relative energy release and neutron flux densities over the en-

tire volume of the core being calculated, as well as the average distribution of

slags, energy releases and heating over the assemblies in the form of cartograms for '

the symmetry sector. For a typical case, some results of calculations are ghown
graphically in Figure 4.1, The diagrams reflect the peculiarities of conducting

the burnup mode: first, with the aid of boric acid in the coolant with a fixed posi-

tion of the controls of the working group, and then after the withdrawal of boron
from the reactor, with the aid of SUZ assemblies.

The following are some characteristics of the burnup mode printed by the computer

before the end of the boron regulation mode: T = 240 effective days; Py (over the

core) = 8.146 kg slag/t U; k = 0,99976 kMgx = 1,447 at a point n,m = 41.3; kMax
=1,259 in an assembly of n = g), cg = 0.05 g V.kg H90.

On completion of computations, the com uter printed complete information for the

core and punched networks for slags, 1495m and 149%Pm. ‘Havin supplemented the ini-
tial data with some constants, it is possible to calculate 135Xe transient processes

when the power rises or lowers.

If the computed characteristics of the burnup in the course of the operating period
are unsatisfactory, the entire procedure is repeated, beginning with the change in

the loading cartogram.

4. Due to the fact that the temperature effect of VVER reactivity is negative (see
section 3,2), the cold state of the reactor is the most dangerous from the point of

nuclear safety. The determination of the subcriticality (supercriticality) in the
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cold state is particularly important for VVER~-440 in which the total reactivity ex-
cess of the loaded (reloaded) core (see section 3.3) is sufficiently great and does
not make it possible to operate it without boric acid in the coolant. Suberitical-
ity (supercriticality) of the selected load is calculated by the BIPR program as a
computation of one state of the reactor with initial data corresponding to the cold
state.

The following results were obtained for the case in question for the cold state:
Koff = 1.2161 -- all upper SUZ assemblies, cg = 0; Keff = 1,03214 =-- all lower SUZ
assemblies, cg = 0; keff = 10000-- all lower SUZ assemblies, cg = 0.174 g V/kg Hp0;
keff = 10000-- all upper SUZ assemblies, cg = 1.347 g V/kg H0; keff = 0.9221 --
all upper SUZ assemblies, cg = 2.1 g V/kg H20; kegs = 0.8129 -- all lower SUZ as-
semblies, cg = 2.1 g V/kg H30. .

The last value of keff characterizes the allowed stopped condition of the reactor
in the cold state.

5. It is important to know the differential and integral effectiveness of the con-
trols (see section 3.3) for the evalration of the capacity of the SUZ system (as a
whole or for individual groups of assemblies) to compensate successfully various re-
activity effects under any operating conditioms, both steady-state, and nonsteady= .
state (transient and emergency).

The effectiveness of controls depends on the composition and the combination method
of fuel assemblies in the core. Therefore, for a new reloaded (and in a number of
cases for a reloaded). core, it is necessary to determine the effectiveness of the
controls for various states of the reactor, Calculations are done by the BIPR pro-
gram in a special mode of its operation, The results of the calculations are shown
in Tables 3.5, 3.6 and in Figures 3.7, 3.8,

6. Computations of reactivity coefficients of the core (see section 3,2) character-
izing the dynamics of changes in reactivity in nonsteady-states of the reactor are
connected very directly with everything that was said above.

The necessary initial data prepared by the UNIRASOS (ROR) program together with the
KR program are introduced into the computer for computations using the BIPR program.
Thus, the determination of the coefficients of reactivity is combined with computa-
tions of individual states of the reactor or fuel burnup. Information on both pro-
- grams is presented simultaneously, which is very convenient. '

The results of the computations of coefficients of reactivity for various modes of
VVER are shown in Tables 3.1, 3.2, and in Figures 3.3-3-6. '

7. The selection of the cartogram of core loading is concluded by a thermohydraulic
analysis of permissible operation modes of the reactor with this load for creating
safe conditions for the fuel elements eliminating the melting of the fuel and the
occurrence of a heat exchange crisis under any nonsteady-state conditions (see Chap-
ter 5). This is a very important stage of calculations which can introduce definite
corrections in the operating mode of the reactor.
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The principles of the thermohydraulic analysis are explained in section 5.3. The
initial materials are: results of calculation of the fuel load burnup by the BIPR
program (see Figure 4.1), hydrodynamic characteristics of the assemblies and the
reactor obtained by the GDKh program (see Figures 5.1, 5.2), charts for emergency
reduction of the coolant flow rate when several GIsN are turned off (see section 5.5,
- Figure 5.10), coefficients of micrononuniformity of energy release for the fuel ele-
ments within the assemblies calculated by the programs ShESTIGRANNIK and MIKRO (see
section 7.3, Figures 7.4-7.7, Tables 7.4, 7.5), and the method for calculating the
margin to the melting of the fuel using the TWEL program,

The maximally energy-intensive fuel element is found in the core, and it is assumed
that it limits the power level of the reactor. The maximum permissible power of the
fuel element, the assembly, and the reactor are determined in successive order. As
a resuli of these computations, a chart is obtained for the maximum permissible power
of the reactor in the course of the run and a table of permissitlz power levels of
the reactor depending on the number of operating GTsN and power supply circuits of

- GTsN (see Table 5.7) are obtained.

COPYRIGHT: Atomizdat, 1979
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- 8.4, Studying Spent Nuclear Fuel in a Hot Chamber

The condition of fuel elements which reached the necessary burnup level and were un-
loaded from the reactor are studied in detail in a hot chamber. In the process of
studies, the condition of spent fuel elements and other parts of the assembly is
evaluated, defective fuel elements and causes of the appearance of the defects are
revealed, possibilities of achieving an above-plan burnup level are evaluated, and
ways of improving the assemblies are determined. Moreover, gamma-spectrometrics
studies of spent fuel elements make it possible to determine experimentally the ab-
solute value of fuel burnup and burnup distribution over the cross section and height
of the assemblies and to obtain information about the migration of fission fragments,
which makes it possible to evaluate indirectly the operating temperature of the fuel
in the fuel elements.

VVER fuel elements work with high temperature differences between the central part
of the fuel elements and the jacket, creating thermal stresses., Neutron fluences
affecting fuel elements reach values of the order of 1021 neutrons/cm2, Under these
conditions of fuel element operation, the fuel swells, gaseous fission fragments
accumulate under the jacket, and the strength properties of the fuel element jackets
change.

Experimental studies of spent assemblies in a hot chamber made it possible to con-
clude that the design of the VVER assemblies and fuel elements and the technology of
their manufacturing ensure a sufficient working capacity of the fuel to the rated
burnup level and higher.

When studying spent assemblies in a hot chamber, they are first examined visually

in order to reveal possible defects and to evaluate the nature of the deposits of

corrosion products. The equipment of the hot chamber makes it possible to measure
the diameter and length of the fuel element, pressure of gaseous fission products

under the jacket, ultimate strength, and relative lengthening of the fuel element

jackets and to determine the chemical composition of the detected deposits.

For an example, Table 8.6 gives the experimental data about the changes in the dia-
meter and length of the fuel elements of VVER-365 assemblies of the unit II of NVAES
[67]. Changes in the fuel element diameter are within the limits of the manufactur-
ing tolerance, i.e., there is actually no transverse swelling of the jackets. The
inerease in the fuel element langth is somewhat higher than the manufacturing toler-
ance. The design of the assemblies makes it possible to compensate the temperature
elongation of the fuel elements, and the absence of their bending indicates a normal
compensation of such elongations,
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Table 8.6
Changes in the Geometrical Dimensions
of Fuel Elements Under Irradiation

. Beiopamie, (1) Z)M':;:;"Tcrl\:';‘\m'?:.
Mam -rymxu R ————(Ir
mtl 10 (3)
Jamerpa R
B 75 --0,65 0,16
19,1 --0,22 0,17
25.6 0,33 024

Key: 1. Burnup, Mw-day/mU - 1013
2, Changes in the dimensions of fuel elements, %
3. Diameter
4, Length

The pressure of gaseous fission fragments under the fuel element jacket is determined
by puncturing the jacket. In the VVER-365 assemblies which were studied, the gas
pressure under the fuel element jackets under operating conditions is about 10 kg-
force/cm?, This value of the pressure under the jacket indicates that the tempera-
ture of the fuel pellets during the operation of the fuel elements does not exceed
1600 degrees C [68].

Special attention is given to the study of fuel elements with detected defects in
the jackets.

The following are the possible causes of damages of fuel element jackets: 1) local
overheating; 2) cracking connected with stresses or fatigue, as well as with the ef-
fect of thermal cycles of the core and jacket of the fuel element during rapid and
considerable changes in the power of the assemblies and the reactor as a whole; 3)
swelling or excessive elongation of the fuel elements caused by the accumulation of
gaseous fission products or structural changes in the fuel pellets; 4) development
of microdefects in the jackets of fuel elements which were not detected in the pro-
cess of the manufacturing of assemblies at the plant.

The main cause of the appearance of damages in fuel element jacket is, evidently,
the development of hidden defects which are not revealed during inspection at the
plant.

The amount of deposits of corrosion products on the fuel element surface is insig-
nificant [69] and cannot lead to serious disturbances in the heat removal, This is
_explained to a considerable degree by the absence of stagnant zones in the assemb-
lies. The detected deposits have a dark brown color against the background of a
dark grey oxide film of the fuel element jackets and are removed easily with a wad
of cotton., Stagnant 7ones appear in the gaps between the covers of the assemblies.
Therefore, there are more corrosive deposits on the surfaces of the covers of assem-
blies which are activated in the neutron flux. If the water regime is disturbed,
the activated corrosion products deposited on the covers of the assemblies and de-
vices within the vessel can spread over the entire I circuit and increase the radio-
active contamination of the equipment.
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Studies of spent assemblies make it possible to obtain information about the work-
ing conditions of the fuel in the reactor.

RAMN
N N
N,
g N

Figure 8.3, Diagram of a Device for Gamma=-Spectrometic
. Studies of Fuel Burnup:
1 -- Ge(Li)~detector; 2 -- capture; 3 -- fuel element;
4 == collimator; 5 =-- table for separating the assemblies,

Gamma-spectrometric studies of spent fuel elements make it possible to determine the
absolute values of fuel burnup, burnup distribution over the cross section and the
height of the assemblies, and a number of other characteristics [70-72]. The method
of gamma-spectrometry of fission fragments makes it possible to conduct burnup mea-
surements without preliminary radiochemical reprocessing of the irradiated fuel.

For the burnup evaluation, fission fragments and the products of their decay having
a high yield and a sufficiently large half-life are selected (Table 8.7).

In the hot chamber of NVAES, gamma-spectra of fission fragments are determined by a
semiconductor germanium-lithium detector with the use of a multichannel analyzer.
When an assembly is taken apart, fuel elements are installed in front of the colli-
mator and are moved along the height in relation to the detector (Figure 8.3). By
using the multichannel analyzer, it is possible to resolve well gamma-lines of 513
kev from 85Kr and 106Ru; 605 and 796 kev 134Cs, 622 kev 106Ru, 724 and 757 kev 85zr,
and others.

Nuclear fuel burnup is determined by using gamma-lines of isotopes 137cs and 106Rru,
Isotope 137Cs has a large yield during the fission of 135y and 239Pu., 106Ru has a
preferential yield from the fission of 239Pu and 241Pu nuclei., The absolute burnup
is determinzd by comparing the intensity of the gamma=-line of 137¢s of the fuel be-
ing studied and the standard cesium source.

Table 8.8 shows an example of the results of measurements of fuel burnup in assem-
blies of VVER-210 and VVER-365, The error in the determination of 235U burnup does
not exceed +10%, and chat of 239py -- +15%.

The gamme-spectrometric method of burnup determination is checked by the mass-spec-
trometric method,

83

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000500020007-7



CIA-RDP82-00850R000500020007-7

2007/02/09:

APPROVED FOR RELEASE

FOR OFFICIAL USF ONLY

sieax ‘01
?1q®31S ‘6
sfeq °8

Tewxayatdd £ o ¢Aeoap-8313q JO JUSAD

Teuwlsyy ‘9 1ad Bjuenb-puwed jo PIIA ‘¢
uieq ‘suoiinady g A9y “N o
9 ¢judAd UOISSIZ 13d pIdIX Y adojosy 1 :49)
£0'0F L0 c0'0F2L'981%
20'0F63'0 no.oHi.mwz osko voTSeE | 20w
Fard 1 Y0060 | 210°0FSEE | 8L0OFY'S SO'0F 161 60°0F8¥'969 o LAY 4
— ' 961'0F 250 | ¥6I'0F8FY | FIENOFLEY Y'0F9'%8 8'0F¥9'199 131 GHO'0F106'6G| SO:uen
SI'0FEL'S 80'0F90°308 (oD)
0FY £0'0F48'S6L ) .
— mwwwmm S0'0F39'v09 13U Z10°'0F880°C | SOt
€8'S o'vel — -
P — — 6) HAUHQEID SDser
zor | 0cFe6s| 6610F¥99 [ SIOFSUL 9¢£0'0FaL'9 (
110566 T0F 1389 .
‘1 6 209'0780'9 | SPIOFHET 2000 F 6E°0 9'0F9'03 TOF8'11S %0143 gFE'B9E | MAsor
ol -
SOFEWS F0'0F¥L'9SL 8
czoF6T | ce00Faeye | SOFEEY FO'OFEGVEL | #OsKO QO'OFS86'EY | IZas
(1)
(L) xms " ndi Ndees Nsss 9% ‘eveuoed-g (2) o .
Elonmiven | X0 " 138 HAYO ©H vex * g " Q10e ]
(9) A v golnHeEN-A YOXNE
ndpg .mozcmm.ev:‘ Oy o, ‘yuRaU3Y 1ME HHYO BH voxmg 7 AMV N

sjusmB8eag uoisstg OIistialoeiryy jo sa131aedoag 1eo1sAud AEITONN

{8 °1qel

84

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7

FOR OFFICIAL. USE ONLY

Table 8.8
Experimental Values of the Nuclear Fuel Burnup Fraction
in Assemblies of VVER-210 and VVER-365

(1) HamepsieMast neantinmia kz)BBSP-ZlO (33B3P-365
Cpenis wuresciprocts y-nmufi, usn/cex: (4)
PiRu (622 455} (5) 2,51 5,8
131Cg (662 K38) . 6 20,68 24,46
| cmd:
cple"%‘g: o Aep ® 16 (® 7,58.10'8 9,68-1018
13Cs 2,72-101 3,268-101°
3.
q,;gfa pasnenusumxest saep B 1 ca’s (7) 2.81.10% 3.995.10%

29Py 1,42.10% 1,844.10%°
Buropamne, ke ma/m U: (8)

bl 12,4654 1,135 | 14,3624+ 1,044
#0Py 6,404+0,665 | 8,314.+0,651

Tlomoe owropanme, k2 wa/m U (9) 18,8691 2,624 | 22,6161 2,420

Key: 1. Measured value

VVER-210

VVER-365

Average intensity of gamma-lines, pulse/sec
kev

Average number of nuclei in 1 cm3

Number of split nuclei in 1 em3

Burnup, kg slag/t U

Total burnup, kg slag/t U

oo PWwWwnN

.

By measuring the distribution of isotopes of cesium and ruthenium, it is possible to
make a conclusion about the working temperature mode of the fuel elements, Migra-
tion of cesium isotopes is observed at temperatures of uranium dioxide above 1600
degrees C [68], and isotope 106Ry migrates during the melting of the fuel, Studies
on the fuel elements of VVER-210 and VVER-365 assemblies showed that the fuel temper-
ature does not exceed 1600 degrees C. :
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11.1. Reactor Plant

The reactor plant VVER-1000 of block V at NVAES (Figure 11.1) contains, as compared
- to VVER-440, a number of changes in its design, layout and technological features
which reflect the modern level of the development of VVER-type reactors.* These
changes improved substantially the reliability and safety of operation, as well as
improved the technical and economic indexes of the power unit as a whole. At the

same time, there is a certain continuity with respect to its design and a technologi~

cal solution which demonstrated its high effectiveness [130-132].

The development of highly productive equipment, primarily the main circulation pumps

GTsN-195 and steam gemerators PGV-1000, made it possible to increase considerably the

thermal power of the reactor and switch to a four-loop scheme of the reactor plant,

GTsN-195 is a vertical centrifugal-type pump with a sealed shaft and an external asyn-

chronous electric motor equipped with flywheel masses, The basic characteristics of
GTsN-195 are as follows:

Pump capacity, m3/h 20,000
Pressure differential at nominal parameters
(160 kg-force/emZ, 290°C), kg-force/cm2 6.75+0.25
Power consumption:
for nominal parameters, kW 5300
on cold water (20-60°C), kW 7000
Number of revolutions (synchronous), rpm 1000
Tnertia moment of the rotor of the motor with
a flywheel, tm? 7.25
Efficiency of pump with electric motor, per unit value 0.74
Weight of the set (pump+electric motor), t 156

The pressure in circuit I at which it is permissible to turn on the GTsN for prevent-
ing cavitatiomal wear of the rotating blades increases when the temperature rises and

*The material presented here is based on the studies conducted by a team headed by
V. V. Stekol'nikov.
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is 15-20 kg-f/cm? at a temperature of 150°c, At 250°C, the above minimum permissible
value of pressure increases to 50 kg-£/cm2,

The presence of a flywheel increases substantially the rotor's moment of inertia,
which ensures the required cooling of the reactor core in transient modes without
taking special measures for increasing the reliability of electric power supply. For
example, in a no-current mode, the delivery of the GTsN-195 decreases to 10/27 in 30
seconds, while the effective delivery of the low~inertia GTsN-310 used in the reactor
plants VVER-440 drops practically to zero in three seconds.

The presence of the GIsN with flywheel masses increases the permissible power of the
reactor in comparison with VVER-440 during operation on an incomplete number of loops,
which, for VVER-1000, is 75% of the nominal value when working on three loops and 50%
in working on two loops. In order to prevent the escape of radioactive coolant of
circuit I through the stuffing-box seal of the GTsN shaft, provisions are made for
delivering hlocking water into the chamber of the stuffing~box seal. The flow rate
of the blocking water after the main stages and the end sealing delivered by a system
of organized streams is not over 3.5 m3/h. The flow r.te of the blocking water into
the first circuit is not over 0.6 m3/h,

Steam generator PGV-1000 is a horizontal single-hull heat exchanger with a submerged
pipe bundle. The basic characteristics of PGV-1000 are as follows (also see Introduc-

tion):
Thermal power, MW 750
Average heat transfer coefficient (without consider-
ation for deposits), kW/(m2:°C) 6.03
- Average thermal head, °C 24,7
Number of heat-exchange pipes, items 11,00
Length of pipes 16X1.5 mm of the heat-exchange
bundle (average structural length) m 11.1
Margin with respect to the area of the heat-exchange
surface in relation to the design area, % 21.4
Hydraulic resistance along the heat-transfer
chamnel of circuit I, kg-f/cm? " 1.3
Heat flux density, kW/mZ:
average 148.9
maximum ‘ 226.8
Steam moisture content at the outlet of the
steam generator, % 0.2
Weight of dry steam generator (without supports), t 321.2

The main circulation pipelines of VVER-1000 of unit V at NVAES, as well as on VVER-
440 have main shut-off gate valves (GZZ) which make it possible to shut off loops
-with malfunctioning equipment and to operate the reactor at intermediate power levels.
The GZZ of VVER~-1000, unlike the GZZ of VVER-440, has a parallel-plate shut-off gate.
The main characteristics of the GZZ of VVER-1000 at the nominal parameters of the
heat-transfer agent are as follows:

Normal pressure differential on the shut-off gate
du-ing opening and closing of the gate valve,kg-f/cm2 18
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Hydraulic losses on the fully opened gate, kg-f/cmzz
on a "cold" thread
on a 'hot" thread
Electric motor power, ki
Rotation speed of the output shaft of the electric
drive, RPM -
Shutting time of the gate by the electric drive, sec
Diameter of the narrowed cross section in the seats, mm
Leakage through the shut-off gate with the closed posi-
tion of the gate, cm3/ min
Leakage through the stuffing box along the rod, cm3/min:
with the lower position of the gate
with the upper position of the gate

0.16
0.18
22

20
90
630
5.2

11
3

When the gate is in the closed position, in order to prevent the leakage of radioac-
tive coolant into the shut-off part of the loop, provision is made for the delivery
of sealing water into the space between the plates. The leakage of sealing water
through the stuffing box along the rod of the electric drive is diverted by an or-

ganized leakage system.

VVER-1000 has a steam-type volume compensator (KO) which is an effective stabilizcr
and regulator of pressure in circuit I in the units of the preceding generation
(VVER-365 and VVER-440). The basic characteristics of the KO of VVER-1000 are as

follows:

Volume, m3:
total
of steam in the rated mode
corresponding to the shifting of the level bty
10 cm along the height
Working parameters:
pressure, kg-f/cm2
temperature, °C
Safety valve triggering pressure, kg=£/cm2:
first
second and third
Power of electric motors, kW
Number of electric heater units
Inner diameter of the cylindrical part of the body,m
Height (without support),m
Weight (without water), t

79
24

0.707

160
346

185.0
190.0
2520
28
3.0
13.66
212

KO of VVER-1000 is connected by pipeline Du=-3350 with the permanently connected part
of the "hot'" thread of one of the loops of circuit I. The upper part of the KO has

a Du-175 sleeve connected with the "cold" thread of one of the loops of

clrcuit I

which serves for injecting "cold" coolant if it is necessary to lower the pressure
in the KO. Thers is also a Du-175 sleeve for removing excess steam through pulsed

safety devices into the bubbler tank (BB).
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A substantial difference of the reactor plant VVER~1000 of unit V of NVAES from the

plants of the preceding generation is the presence of safety systems ensuring emer-

gency cooling of the reactor core in the case of a seal failure of the main circula-

tion circuit (down to a failure with instantaneous bursting of the main circulation

pipeline Uu-850) and localiz~tion of the aftereffects of the failure within the limits
~of the reinforced-concrete protective shielding of the reactor [132].

The system of emergency cooling of the reactor core (SA0Z) includes a passive assem-
bly (hydrocapacities) and emergency shutdown cooling pumps (ARN)., Moreover, cooling
water can be delivered to the loops of the reactor by emergency injection pumps (AVN)

whose main purpose is to ensure the subcriticality of the core, as well as by makeup
pumps (PN) through the scavenging return line,

The passive assembly of SAOZ consists of four ca
the concentration of boric acid of 16 g/kg H20.

by Du-300 pipelines with
pipelines have nonreturn
during normal operation.
sive rise of pressure in

vities filled with borated water with
The cavities are connected in pairs
the upper and lower mixing chambers of the reactor. The
valves separating the cavities of the SA0Z from the reactor
The cavities have safety valves protecting them from exces=-
the case of a seal failure of the nonreturn valves. The
pipelines connecting the cavities with the reactor also have quick-action gate valves
which cut off the cavities from the reactor when the valves are triggered after the
level of the borated water iu ciie cavities drops to the minimum level, which prevents
the entry of nitrogen into circuit I and the impairment of heat exchange in the re-
actor core. The main characteristics of the hydrocavities are as follows: '

Total volume, m3 60
Water volume, m 50
Working parameters: .
pressure, ag-£/cm2 60
1 ' temperature, °C 40 - 60

Pressure i- circuit I at which water from
the hydrocavity enters the reactor,

kg-f/cm2 60
Pressure triggering safety valves, kg-f/cm2:
first 68
second 70
Internal diameter of the body, m 3.2
Height of the tank (with sleeves), m 8.7
Weight of the tank (without water), m 62.2

Emergency shutdown cooling pumps serve for delivering cooling water into the reactor
vessel, as well as into one of the loops of circuit I after the triggering of hydro-
capacities under emergency conditions when there is a seal failure in circuit I, and

for planned cooling of circuit I to temperatures below 150 degrees C. The main char-
acteristics of the ARN of VVER-1000 are as follows:

Number of pumps per unit 3
Delivery capacity of one pump, m3/h . 750
Pressure in circuit I at which ARN is .

turned on, kg-f/cm2 K 15
Temperature of pumped liquid, ©C %1 40 - 60
Weight of one unit, t « 8.74
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Under emergency conditions, ARN pump borated water with the concentration of boric
acid of 16 g/kg Hy0 from three tanks with emergency reserves of boron solution, each
of 582 m3 effective volume. When these tanks are emptied, the ARN switch to opera-
tion according to the following scheme: adjoining basement of the reactor room ==
emergency shutdown cooling heat exchangers -- reactor. When ARN are used in the mode
of planned shutdown cooling, the coolant of circuit I is pumped from the "hot" thread
of one of the loops and delivered to the emergency shutdown cooling heat exchangers.
After cooling, the coolant is returned by the ARN pumps to the lower mixing chamber
of the reactor through the emergency cooling pipelines or to the "cold" thread of onme
of the loops of circuit I.

Emergenct injection pumps deliver boric acid solution with the concentration of 30
g/kg Hy0 from the tank with a concentrated boric acid solution of 150 m3 to the
"cold" threads of three loops of circuit I, AVN are turned on in the modes with em-
ergency shutdown cooling of circuit I and maintain the core of the reactor in the
suberitical state. The main characteristics of AVN are as follows:

Number of pumps per block 3
Delivery capacity of one pump, m3/h 150
Temperature of pumped liquid, °C . 20 - 60
- Pressure in the pressure nozzle, kg=-£/cm? 104
Weight of one unit, t 7.75

Makeup pumps (PN) regulate the water and chemical conditions of circuit I, PN de-
liver scavenging water into the return line with necessary additions of chemical re-
agents, such as boric acid, from the feed water deaerators of circuit I, The main
characteristics of PN are as follows:

Number of pumps per block 3
Delivery capacity, m3/h 10 - 60
Maximum output pressure, kg-f/cm? 200
Temperature of pumped liquid, °C 70
Weight of one unit, t 12.3

The necessity in the inspection and repairs of radioactive equipment during preventive
maintenance and major overhaul jobs and reloading of the reactor core is taken into
consideration in the layout of the equipment of the VVER-1000 reactor room of the

unit V of NVAES to a considerably greater degree than in the previous designs. For
example, there are inspection shafts for the upper block of the reactor vessel, the
block of protective pipes, devices and structures of the reactor with the necessary
protective, maintenance and crane equipment,

The reliability and operational safety of the reactor plant are improved considerably
by a regular tensiometric system for the equipment of circuit I (vessel and 1id of
the reactor, pins, gate valves, steam generators) which hasatotal of = 349 tensiore-
sistors, as well as an external inspection system and nondistructive ultrasound
inspection system of the reactor vessel,

Generally, the VVER-10Q0 reactor plant of unit V at the NVAES meets the modern re-

fy quirements for the teclnucal characterisfics, operating conditions and safety for
¢ VVER~type reactor plantk.
¢ 9
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Accelerated introduction of AES power capacities planned for the next few decades
will be ensured by standardization of the main equipment of VVER-1000 reactor plants.
In the near future, it is planned to construct series blocks with VVER-1000 in which
the main equipment of the reactor department will be practically analogous to the
equipment of unit V of NVAES. The differences are due to the changes in the design
of the core and the internal vessel equipment, the absence of GZZ on main circulation
pipelines, further improvement of SUZ, and others.

later, it is planned to use modernized series-produced reactor plants with vertical-
type steam generators and new GTsN [132].

COPYRIGHT: Atomizdat, 1979
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11.2. Steam Turbine Plant

The basic diagram of the steam turbine plant of the enmergy block of VVER-1000 of
unit V of NVAES is analogous to the traditional thermal circuits of AES with VVER.
The differences inthe designs are connected with the improvement of the parameters
of steam-power equipment and ensuring a safer and reliable operation of turbine
units [128-130].

The steam from the steam generators is delivered to two turbines through four high-
pressure steam pipelines which have the following characteristics:

Rated pressure, kg-f/cm2 86
Rated temperature, °C 300
Hydraulic test pressure, kg-£/cm2 110
Size of the pipe of the pipeline (diameter

X wall thickness), mm 630X25

In the rated operation mode of the energy unit, each turbine receives steam from two
steam generators. The turbine unit consists of a K=500-60/1500-type condensing tur-
bine, a TGV-500-4 generator and a BTV-500-4 brushless exciter. The turbine (Figure
11,2) consists of two cylinders, The first combines parts of high (ChVD) and medium
(ChSD) pressures. The second cylinder is a low pressure cylinder (TsND) [128]. The
basic rated characteristics of the turbine are:

5 Specific heat consumption (gross), keal/kW<h 2563
‘ Frequency of shaft rotation, rpm 1500
Steam consumption per turbine, t/h 3135
Rated pressure of life steam in front of combined
valves, kg-f/cm2 60
" Temperature of live steam in front of valves,°C 274,3
Steam dryness degree in front of valves, per unit value 0.995
Steam pressure at the exit from ChVD, kg-£/cm? 11.71
Steam pressure after intermediate superheating (at
the inlet to ChSD), kg-f/cm2 10,77
Steam temperature after intermediate superheating
(at the inlet to ChSD), °C 250
Number of:
regenerative steam bleedings 7
stages in ChVD 7
stages in ChSD 5
stages in TsND 2X4
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External diameter of the last stage of TsND, mm
Feed water temperature, Sc

Addition of desalinized water into the circuit, t/h

5600
220
50

After the ChVD, intermediate separation and two-stage steam superheating in two

separators-superheaters (SPP) are organized. They
istics:

Steam flow rate at the inlet, t/h
Flow rate of heating steam of the
to steam superheater PP-1, t/h
Flow rate of heating steam of the
to the steam superheater PP-2,

first stage

second stage
t/h

After each TsND of each turbine, the dead steam is condensed in
condensers. The condenser is a surface, two-pass,
ser.
the condensers by pumps.

Rated steam pressure at the inlet, kg-f/cm2
Temperature of cooling water, oc
. Flow rate of cooling water to two condensers
- of one turbine, m>/h
Cooling water pump head, m:
into upper halves of condensers
into the lower halves of condensers
Number of cooling tubes with dimensions (diameter
% wall thickness, mm):
28 x 1
28 x 2
Length of cooling pipes, m
Pressure differential on the condenser in the
rated mode, kg-f/cm2
Maximum permissible excessive pressure inside
the water space of the condenser, kg-f/cm2
Steam flow rate through the receiving-discharging
device (PSU), t/h
Oxygen content in water after the condensator,

pe/l

have the following character-

1180

37.7

64.9

two K-22550-type

two-stream, lateral-type conden-
The cooling circulation water ig delivered to the upper and lower halves of
The basic characteristics of the condenser are:

0.06
22

91650
15-22.2
13.5

12752
214
10
0.4
2
1800

Z.20

The condensate is delivered by pumps (three items) into the regeneration circuit

consisting of four low-pressure heaters (PND) ,

a deaerator (D) for removing gases

(chiefly oxygen) dissolved in the feed water and three high-pressure heaters (PVD)

(Table 11,1). The draining of the condensate of
PVD progresses in stages: from PYD-7 to PVD-6,
provision is made for switching the drainage of PVD-6 to PVD-5.

the heating steam (drainage) of
from PVD-6 to D, from PVD-5 to PND-4;

The drainage from

PND-4 is directed to the external drainage cooler OD-4, from there to PND-3, from
which condensate is pumped by the drainage pump DN-2 to the main corndensaté line,
The drainage from PND-2 is directed to 0D-2, from there to PND-1, from which the

condensate is pumped by the drainage
condensate of the heating steam from
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pump DN-1 to the main condensate line.
PP-2 gravitates into PVD-7, and the condensate
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Table 11.1
Characteristics of Heat Exchange Equipment of the
Turbine Plant K-500-60/1500

. , ) (l; 3| _TipoGuoe nasmenne
- W @ § )| e (7P
- H 3 é% (®) o
e - -
06‘0";:3:::“ Tan oGopyAoBaRAf E =( E 5) 6); § g :g:
L3 - -
§3 ) 52| 38| £ g
g8 | 8% | B | = =
Xy
upet (100 | mH-1700-25-0,3 | 1500 | 1739 | 0,94 20 32
%Hﬁ-z IH-1700-25-1,3 | 1700 | 2043 | 1,17 20 32
NHJ-3 [H-1700-25-2,5 | 1500 | 2043 | 1,14 20 32
NHO-4 T1H-1700-25-6 1700 | 2608 | 1,76 20 32
BJL-5 (15)| n1B-2000-120-12 | 2300 | 3241 | 0203} &0 160
NBJ-6 11B-2000-120-19 | 2300 | 3241 |0203] &0 160
NBL-7 . T1B-2000-120- 9300 | 3241 | 0,203} 80 160
ol-2 MHA-2 11) OJ-600-25-4 600 | 2043 10,77 20 32
Of-4 THI-4 O[1-600-25-16 600 | 2608 | 0,63 20 32
*12)KononuasHikn sxek-| 3Y-16-2 (16) 280 | 1730 | 0,5 15 30
N fl yCTaHOBKH
'}? ":(e y(c 13) (:alg-)a-ssllso-z 153 | 900 | 0.5 1,5 30

Key: 1. Name of equipment

2. Type of equipment

3. Heat-exchange surface, mZ

4, Hydraulic characteristics

5. water flow rate, m3/h

6. Pressure differential, kg-£/cm2

7. Test pressure of hydraulic tests, kg-£/cm
8. In the vessel .
9, 1In the pipes
10. PND
11, OD

12. Coolers of the ejection unit

13, Same
14, PN
15, PV .
16, EU
17. EP

from PP-1 is directed to PVD-6. The steam separated from the steam-water mixture is
delivered from SPP into PVD-5. ' ‘

The full-flow condensate of each turbine passes through two thermal deaerators of
the DSP-1600-1 type consisting of a tank and a deaeration column. The parameters of
the deaerator are given below:

Tank weight, t 30.1
Column weight, t 17.164
working pressure in the column and the tank
kg-£/cm? 6
96
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Permissible pressure in the column and the
tank during the operation of safety

i valves, kg~f/cm? 7.5
Hydraulic test pressure of the column and the
tank, kg-f/cm2 9
Working temperature in the column and the
tank, °C 164
Geometrical volume, m3: o
column o . 52
of the tank 150
Working volume of the tank, m3 120
Rated output, t/h 1600
Specific evaporation per ton of deaerated
water, kg £ 2
Stable deaeration under load (at an average
water heating At = 10 =— 40°C), t/h 480~1600

Concentration of oxygen in deaerated water
~ (at initial concentration of 1 mg/kg) ,

pe/kg » 215
External diameter .of the column, mm 3442
wall thickness of the column, mm 16
Height of the column, mm 8155
External diameter of the tank, mm 3442
Wall thickness of the tank, mm . 16
Tank length, mm ' ‘ 17000

The deaerated water is pumped along the line by a PT-3750-75~type three-step centri-
fugal turbopump with a superimposed (booster) one-step centrifugal pump PD-3750-200.
Due to the large flow of feed water, an OK-12A-type turbine is used as a drive of
the feed pump. The turbine is supplied with steam bled after the SPP, Such a tur-
bopump unit was used for VVER for the first time in the Soviet Union, The main pa-
rameters of the feed turbopump unit are as follows:

- Driving Turbine

Rated power, kW 11600
Rotation frequency of the rotor, rpm 3500
Rotation frequency of the output shaft of

the reductor, rpm 1800
Rated steam pressure in front of the check

- valve, kg-f/cm2 9.9

Rated temperature of cooling water, °C 22
Counterpressure in the condenser at the rated

power, kg-f/cm? 0.06
Full rundown time of the rotor of the turbo-

pump unit, min ~20

Feed Pump
Delivery power, m3/h ‘ 3760
Head, m 808
97
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Pressure, kg-f/cmZ:

at inlet 27

at outlet 100
Power, kW 93130
Rotation frequency, rpm 3500
Feed water temperature (before the pump), °C 170
Pump weight, t 20
Pump dimensions, mm:

length 3415

width 2020

height 2130

B Booster Pump

Delivery power, m3/h 3815
‘Head, m . 214
Pressure, kg-f/cm2: _

at inlet 7.7

at outlet 27

ultimate 37
Power, kW 2435
Rotation frequency, rpm 1800
Pump weight, t ' 6.48
Pump dimensions, mm:

length ~ 2380

width , 1760

height ~ 1880

The dead steam of the driving turbine is condensed in a special condenser from which
the condensate is directed by two pumps into the full-flow condensate regeneration
circuit. Provision is made in the turbine K=-500-¢0/1500 for nonregulated steam
bleeding: a) for covering the district heating load in the amount of 30 Gcal/h (a
network water temperature of 130/70 degrees oC is ensured at 60-100% loads of the
main turbine); b) for the power station needs in the amount of 75 t/h from the III
bleeding of the turbine; ¢, for feeding the deaerator from the III bleeding at a
turbine load of 75-100%, at loads below 75%, the deaerator is fed through a high-
speed reduction uni: of the deaerator (BRU-D). '

For emergency situations, the turbine plant has high-speed reduction devices for dis-
charging steam into the atmosphere (BRU-A) and into the condenser of the turbine
(BRU-K). The .parameters of the BRU are as follows:

Delivery power, t/h 900
Working pressure, kg-f/cm2:
in front of BRU-A (K) 78
after BRU-A (K) ' 15
Working steam temperature, o
in front of BRU-A (K) 292
after BRU-A (K) 197
98

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020007-7

- FOR OFFICIAL USE ONLY

Cenerator TGV-500-4 producing electrical curreat is connected coaxially with the
turbine., The main parameters of the generator are as follows:

Power, kW : 500,000
Voltage on the stator, kv 20
Power coefficient 0.85
Rated rotation rate of the rotor, rpm 1500
Current frequency, Hz 50
- Current, a:
stator 17,000
rotor ~4380
Weight, t:
_ stator 235
rotor with fitting accessories 166

In the series-produced block, the VVER-1000 reactor is combined in a single block
with a steam condensation turbine with a power of 1(00 MW of the K-1000-60/1500 or
K-1000-60/3000 type., In the future, the possibility of using turbines of the

. K=100¢-70/1500 and K~1000-70/3000 types is considered.

COPYRIGHT: Atomizdat, 1979
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12.4. Utilization of Spent Fuel of VVER

Reusing the fuel unloaded from reactors is one of the reserves for lowering the fuel
component of the cost of electric energy, because spent fuel assemblies stored in
cooling ponds can be considered as a potential reserve of additional nuclear fuel,

As a rule, some of the unloaded. fuel assemblies still have sufficiently high breed-
ing properties (koo > 1.0). This depends greatly on the ways the reactor is oper=
ated, for example: the presence of a range in the burnup fraction of the unloaded
fuel acsemblies and average burnup fraction of the fuel in the core by the moment of
the shutdown of the reactor for replacing the fuel; distribution of energy release

in the fuel assemblies in the course of the last run; the assumption of the necessary
length of the next run; the assumption of the necessary distribution of energy re-
lease in the fuel assemblies in the course of next run of the reactor and tiz re=
quirements of maintaining the symmetry in loading conmnected with this, particularly
in rejecting individual underfired fuel assemblies, for example, by the results of

the inspection of the sealing of fuel element jackets.

The underfired nuclear fuel unloaded due to the above reasons, can be reused in one
of the following loadings of the same reactor when, for example, it is required to
replace an underfired fuel assembly with a revealed leaky condition of its jacket,

Underfired fuel assemblies kept for a certain period of time in the cooling pond are
reloaded into the reactor after an additional nondistructive inspection of the con-

dition of the fuel elements. For example, incompletely burnt assemblies w

ere reused

on many occasions in the reactors of units I and II at NVAES, as a result of which
experience was accumulated, confirming a high effectiveness of the fuel elements used
in VVER [53]. Incompletely burnt fuel assemblies were reused in the same reactor al-
though, as was mentioned in section 12.3, it is more practical to reuse assemblies
unloaded from reactors with a higher average working temperature of the core, i.e.,
with a higher water and fuel temperature, in reactors with a lower average tempera=

ture of the core and lower specific energy release.

The burnup fraction of the nuclear fuel of VVER can also be increased by using spent
assemblies unloaded from the reactor for producing thermal energy at atomic boiler
plants, which makes it possible to increase the average burnup fraction in assemblies
by 3000-4000 MW-day/t U [53, 121]. Evaluations of the neutron-physics characteris-
tics of the reactor of the atomic boiler plant indicate that each energy unit of an
AES with VVER=-440 can provide fuel for a rayon boiler plant of 250 MW with a reactor
containing 349 spent assemblies of the supplier reactor operating in the annual re=
loading mode., The power unit of an atomic boiler plant can be put into operation
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4=5 years after the starting of an AES reactor, i,e.,, after the accumulatizu of a
sufficient number of assemblies for the first loading of the boiler plant reactor.

It is possible to lower the fuel component of the cost of VVER energy by iandustrial-
scale chemical reprocessing of unloaded nuclear fuel containing 235y, plutonium and
other transuranium elements of great practical value. Uranium and plutonium sepa-
rated from radioactive fission products can be used in producing fuel elements for
thermal and fast neutron reactors. The possibility and economic practicality of us-
l ’ ing plutonium as a nuclear fuel without violating the safety requirements of the op-

. eration of atomic power and heat generating plants have been proven both theoreti-

. cally and experimentally [122]. Moreover, exposed ruclear fuel, among all fission
products of uranium and plutonium isotopes, contains individual radioactive isotopes
or groups of isotopes which, having been separated from the spent nuclear fuel, can
be of practical value in using them as radiation sources in various areas of science,
as well as in industry, agriculture and medicine,

Table 12,2
Some Data on Radiocactive Isotopes Obtained in Reactors
for Creating Thermal Energy Sdu;cgg .

Tokasarens (1) $oCo *eSr 131Cs C44Ce | 14TPm | 10T $¥Po $3Py 1AM tescm | 244Cm -
. 2) 458 045 | 18
Tlepnon nosypacnana, rofb ( 53 28 30 0,78 2,7 9.35 0,38 89 y )
Visoromian wcrora, (Oﬁ t3) 10 2 16 |15 82 657 95 10) 70 90 82 32 o
- dopma w30TONA ) Metann |StTiOg Crexao | CeOy |PmyOyl TmyO;t Merann PuO, |Meraan Cmn 0, | CmyOy
6)ﬂnomnr'rb. aent (3) 89 | 46 32 |64 | 66| 77 93 |10 17 | 1175 | 1,75
Y Acanioe TennonLcAcHne, amje:
79 ‘hsorona (skaoua novepikii) 74 |oss | o042 (256 | 033|156 | 141 og6 | our |120 | 28
(8) coenumenns 17 102 | 0057 |38 027} 103| 134 039 0,1 98 3
HMEpHAA CTOMMOCTh | 2 .
(951;::00;1)!}{6“"?! {13}, noan. 56,1 | 44 14 38- | 246 | 102 | 2680 348,7 i82 1666 |821
Key: 1. Index 6. Specific heat release, W/g:
2. Half-iife period, years 7. isotope (including daughter isotope)
3, Isotopic purity, % 8. compound
4, Isotope form 9, Approximate cost of 1 g of com=-
5. Density, g/rm3 ~ pound [13], dollars
i 10, Metal
11, Glass

The most promising fission product used for producing gamma-sources include 137cs
which has a hal®-life of 30 years. 137Cs is used as a radioactive indicator and tag
for stable cesium in various physicochemical studies. Low-activity cesium sources
are used widely in industry in instruments for measuring thicknesses, density, con-
centration and levels of various substances. Cesium sources of medium and high ae-
tivity are used widely in gamma-defectoscopy of materials and weld seams, in gamma-
- ray therapy, for processing foodstuffs and sterilization of medical materials., The
heat released during radioactive decay of 137cs is used very widely in isotopic gen-
erators of thermal and electrical energy which are long-life sources of electric
power supply for navigational and meteorological instruments and stations, Another
fission-fragment isotope used for practical and scilentific purposes is 90Sr; together
" with its daughter isotope 90y, it is an excellent beta-radiator and is used widely
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for manufacturing beta-sources for various technological monitoring instruments, for

erators of electric emergy, including those for communication satellites.

removing electrostatic charges, as well as for making thermal units of isotopic gen=

Among fission-fragment radioactive isotopes of rare~earth elements, 14b4ce and 147Pm
are of practical interest. They can also be used for creating thermal generators of

electric energy.

In spite of the fact that some other elements obtained in reactors, such as 60Co,

170Tm, 210po, 238pu, 241pn, 262Cm and 244Cm, can be used in radic-isotopic genera-

tors of energy, fission fragment isotopes are used more widely because of their
considerably lower costs -(Table 12.2).

Fission-fragment isotopes 106Ru, 957 and 140Ba which are used with their daughter
isotopes 106Rn, 95Nb and 140La, respectively, are of interest as sources of gamma-
radiation. Radioactive isotopes of iodine containing in fission products have many

practical applications, particularly in medicine,
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