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>stract

| multidimensional analysis of the CHERNOBYL accident was
juried out to identify the role of the design and operating
fatures of the RBMK-1000 and thereby identify implications

other reactor concepts.

* results show that assumptions regarding the pre-accident
lei burnup and flux distributions are major determinants of
le size and shape of the power pulse, especially due to their
|fluence on effective system void reactivity and on the

nount, if any, of positive scram reactivity.

Resume

Une analyse multidimensionnelle de I'accident de Tchemobyl
a ete faite dans le but d'identifier le role de la conception et
des dispositifs de fonctionnement du reacteur RBMK-1000 et
d'en mesurer les implications sur d'autres types de reacteurs.

Les conclusions ont confirme les hypotheses concernant la
combustion nucleaire avant I'accident et les repartitions du
flux. Ces elements ont contribue fortement a I'ampleur et a
la forme de I'impulsion principalement a cause de leur in-
fluence meme au niveau de la reactivite due au coefficient de
vide du systeme et de la quantite presente de reactivite
positive a I'arret d'urgence.
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Section 1

SUMMARY

A multidimensional analysis of the CHERNOBYL accident v.-.- ,.;::: •• : •„• :
the role of the design and operating features of the i\::MK- '. ,\Y. • ;-. : :::••:••.
identify implications on other reactor concepts.

During the early stages of the analysis it boc.:;::.o :\^ :•/ -.'::.i'. :: .':•: .'::.
r e s u l t s t h e m o d e l r e q u i r e d e x p l i c i t rfiprosor.t.-it i ••:•. •: ::.•• : :••'. •.:::•:: ::

t o g e t h e r wit'.- i t s e f f e c t e n t h e v o i d r o . i c t : v i : y •,••••::•.•:•.•:-.•.. '.:. .':':'.•. •
e f f e c t or c o o l a n t d e n s i t y e n v o i d c o e f f i c i e n t •••::; •: :•:• .' ••.:..:•:•: •.:•.:• . :.
Doppier coefficient was found necessary.

The results show that assumptions regarding the pre-accident fuel burnup
distributions are major determinants of the size and shape of the- power- :
especially due to their influence on effective system void roact i vi :.y .::
amount, if any, of positive scram reactivity. The resultj c:tr. ':;» .:: ..u:>:-:
categories:

i. If it is assumed that the reactor is operated with a ccr-.vc-x .i:-::
shape (i) leading to high fuel burnup towards the cer.t :•.- .r.i ..
burnup towards the edges of the channels, the pre-accider:". :'.::•
distribution is axially double humped [2) and the effoctiv.- jy:
reactivity is significantly less than the lattice void :•••> >;:t ivity -ii th-
core-average fuel burnup. In this situation, positive ;-•.•-.ct iv: ty
addition on scram by removal of water from the bottom c.'~ the :'::\r;: r:
channels is substantial and is implicated in initiating t:-.o p--v-?r pul;;o
with severe energy input into the bottom halt of the cor-?.

ii. On the other hand, if it is assumed that the pre-accidor.t flux shape
were not double humped, but was maintained convex by pi • ;. •::;•- r.t -:'
control absorbers, positive reactivity insertion by the :::ra.:. :;•::•.'>.:•.:, is
negligible. Also the effective system void reactivity ::; hi,•::••:.-
(similar in value to the lattice void reactivity calcul.-toi :'\:r th--- ;.:r'.
average burnup) and is implicated in initiating the pulse. Knor.-y
input, in this case, is larger to the top half of the- core.

On balance:

• there is more support in the Soviet literature (2) for the pre-accidr-r.t
double humped flux distribution,

• a larger energy input in the bottom half of the core is indioitod by thr
observed mode of core disassembly (2),

• the limits that are being placed by the Soviets regarding the cp<?r.i-.icr.
of the manual control absorbers (minimum insertion to 1.2 n; fro:;, the t •:.

('••• : '
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'..he core and a minimum insertion to 0.5 m from the bottom of the
f-! are corrective actions that would minimize any positive scram

. .-f the transient in the absence of positive scram reactivity indicates
• .i';::ed system void reactivity with the double humped flux shape delays
:iBe sufficiently for it to be terminated by a modest shutdown system.
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Section 2

INTRODUCTION

A major problem recognized during the early stages of this analysis was the lack
of sufficient information regarding the pre-accident reactor configuration. The
necessary data that was not contained in the reports distributed by the Soviet
delegation at the IAEA meeting held at Vienna in August 1986 can be classed into:

• Fuel management schemes used during the nominal operation zi CHERMC3YL
Unit 4 up to April 1986.

• The fixed and movable control rod histories and the bulk and spatial
control rod algorithms.

• The primary heat transport (PHT) configuration (such as the openings of
the individual channel flow control valves) required for modelling the
thermohydraulics.

We addressed this problem by establishing an analysis scope which was bread enough
to encompass a variety of conditions that could have existed before the accident.
The specifics of these conditions became clear after the initial trials to
simulate the accident transient. These were:

• The distribution of fuel burnup within the core, which was found to have
a remarkable effect on the void reactivity holdup. This effect resulted
from the dependence of the lattice void coefficient on fuel burnup.

• The pre-accident neutron flux (neutron importance) distribution which
determined the contribution of the lattice void reactivity at each point
in the core to the overall system void reactivity.

Besides being affected by the burnup distribution, the pre-accid«nt
neutron flux distribution depended on the configuration of the control
rods, and in particular to the rods used for controlling the axial flux
shape.

• The initial position of the manual control rods (including the emergency
shutdown rods). In particular the length of water held up in the core
at the bottom of each absorber rod channel was required tc calculate if
any positive reactivity was inserted following scram by the displacement
of this water by the graphite followers.

• Boundary conditions at the inlet header and the steam drum to be used in
simulating the transient.

• The characteristics of the main coolant circulating pumps.

2-1



A fuel surface dryout correlation to establish the timing and extent of
dryout which tends to increase the rise in fuel temperature and the
subsequent insertion of negative reactivity due to the Doppler effect.
.: s uncertainty was found not to be critically important.

••..:or.s made regarding the above information were based on:

serr.e information from the Soviet literature which helped us to narrow
dcvr. the possibilities, and

our cwr. experience in modelling 18-element fuel bundles in vertical
7r.ar.neis with two-phase coolant flow above and below the critical heat
: 1 ux.

r:z: 31'RX;;? ::ST?:3UTION

.-.ccer-ir.g to the Soviet literature the fuel burnup along the channel was high
towards the channel centre and decreased towards the channel ends. On p. 30 of
I'cllezahi's report (!_) the maximum burnup is given as 22000 MWD/te(U) at about 5 m
:ro~ the better, of the core. Such a burnup distribution results from burning the
fuel ir. ar. axiaily convex flux shape. The reactivity redistribution during fuel
ournup tends tc flatten the flux shape. In order to maintain the convex flux
sr.ape sane use of control rods to shape the flux is required. In Reference (2) ,
this function of the manual control absorbers is described.

Therefore ir. or.e set of simulations we assumed a fuel burnup distribution that
results fro.r. irradiation of fuel in a convex flux shape that was assumed to be
rr.air.tair.ed constant by continuous adjustment of the manual control absorbers. As
discussed below, this burnup distribution is consistent with the pre-accident flux
distribution given in the Soviet literature.

??.E-ACC:DE.K;T FLUX DISTRIBUTION

The report of the Soviet delegation to the Vienna meeting (2) states that before
the accident:

• all control reds except two sets of four rods used in auto control, were
withdrawn frorr. the core (page 19) ,

• the flux distribution was radially convex and axiaily double humped with
peaking in the top half of the core (page 19).

It is important to note that an axially double humped flux distribution is
obtained with the fuel burnup distribution that we assumed and when the control
rods u::ed for flux shaping are withdrawn. This consistency between the burnup and
flux di.::tr i:ut Lor and with the Soviet literature lends support to the assumed
:, -irr.ur. dio*.r ibut; on.
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This type of flux distribution affects the transient as follows:

• it increases the neutron importance of the low burnup fuel and decreases
the neutron importance of the high burnup fuel. The overall effect is
to reduce the effective system void reactivity coefficient because
voiding the low burnup lattice produces significantly less reactivity
than voiding the high burnup lattice.

• it reduces the neutronic coupling between the top and bottom halves of
the core. Consequently, the positive reactivity inserted into che
bottom half by removal of water, if any, at the lower end of the
absorber channels is not effectively countered by the negative
reactivity inserted by the movement of the absorber elements intc the
top half of the core. This produces a power pulse in the bottom half.

On the other hand, if the flux distribution before the accident was axially convex
the transient effects are quite different.

• The neutron importance of the high burnup fuel is increased and that cf
the low burnup fuel decreased. For the reasons explained above, this
leads to a higher effective system void coefficient.

• The convex axial flux shape is a characteristic of strong neutronic
coupling of the top and bottom halves of the core. The power pulse on
the bottom half due to removal of water from the bottom of the absorber
channel is suppressed by the insertion of the absorber elements into the
top half.

In this case the higher void reactivity is expected to initiate a power
pulse in the top half due to void formation.

INITIAL POSITION OF MANUAL CONTROL RODS

In addition to its affect on the axial flux shape, the initial position of the
manual control rods determines the amount of water at the bottom of the absorber
rod channels. The two extreme situations in this context were assumed to be:

• 1 m of water in the core at the top and bottom end of each of the
187 rod graphite displacers activated on scram was initially present,

• to obtain the effect of placing a limit on the rod positions to avoid
the presence of water, the transient was simulated without scram with
the axially double humped flux shape.

2-3



••."iiERMOriTJHAULIC BOUNDARY CONDITIONS

The lack of comprehensive data needed for thermohydraulic modelling was addressed
by -sing -.he inlet header and steam drum as pressure and enthalpy boundary
c.cndLzL.;:.:-.. A multi channel representation was used through the core. However,
'.he ";::u:; conditions external to the header and drum were accounted for with
*.ra.-.jier.t variations of inlet header pressure and temperature. An inlet header
pressure transient was chosen to produce the core flow rundown predicted by the
:;.viets, consistent with reactor flow measurements. Steam drum pressure was held
•-r.suar.t (the Soviet report indicates very slowly changing steam drum pressure).
hi; implies that there was continuing excess steam discharge during the flow
: •.:r.icvr:, either to the atmosphere or to a turbine bypass.

Ir.le-. header temperature variation depends on the exact variation of feedwater
îc ^rior to the accident. A representative, small increase in inlet header
teir.j. rature was chosen for the reference case. This produces, in conjunction with
the _'.cw rundown, a void buildup consistent with the Soviet prediction1 .

PUMP CHARACTERISTICS

The rundown of two of the main coolant pumps was modelled by reducing the inlet
header pressure to produce the reported flow decrease. The other two main coolant
pumps were, therefore, assumed to be running normally without any major head
reduction. The pump suction conditions could have been near saturation during the
flow rundown due to a low feedwater flow at that time. However, cavitation was
not implied in Reference (2). In addition, significant head loss at high
pressures and temperatures is not consistent with experience with boiling water
reactor pumps, except with significant pump suction voiding.

FUEL DRYOUT PREDICTION

The onset of dryout is first predicted in the hottest channel of our model. This
escalates the insertion of negative reactivity due to the Doppler effect.
However, this effect is too slow to prevent the reactor reaching very high power
levels for cases with;

• large positive scram due to double-humped initial axial flux shape, or

• large positive void due to convex initial axial flux shape.

The predicted occurrence of fuel dryout helps to limit the reactor power rise only
for situations where the scram and void effects are small such as a case with a
double humped flux shape without water at the bottom of the control rods.

2-4



Section 3

ANALYSIS METHODOLOGY

Some features of RMBK-1000 neutronics are well described in the Soviet literature
(1) . In particular the stability of the radial and axial neutron flux
distributions in the presence of weak neutronic coupling and a positive power
coefficient has been addressed in several Soviet publications (9,_10,H.) and by
AECL/EPRI in Reference (8). Our calculations with static codes indicated that
during normal operation the first azimuthal mode subcriticality could be as low as
7 mk. With the pre-accident flux distribution, the first axial mode
subcriticality was estimated to be between 5 and 9 mk. Such values of modal
subcriticality are a characteristic of neutronically weakly coupled cores. The
weak neutronic coupling is a natural outcome of systems with large amounts of
movable reactivity. A 75 mk complement of movable absorbers in the RMBK-1000
implies that small sections of the core can be brought close to critical by
changing the configuration of the control absorbers. The most relevant example is
the removal of control rods before the accident to compensate for void collapse,
moderator cooldown and xenon-135 buildup. Excess xenon-135 buildup towards the
axial centre, where the fuel burnup was high, contributed to the neutronic
decoupling of the top and bottom halves of the core.

The method chosen to simulate the neutronics of the RBMK-1000 recognized this
feature. It was specifically developed for the simulation of weakly coupled
reactors (_3). A short description of its application to the RBMK-1000 model is
given below.

NEUTRONICS MODEL

The neutronic behaviour of the reactor during the accident was calculated by the
nodal kinetics code, STABIL, which is based on the coupled reactor theory of Avery
(3).

In the coupled reactor theory of Avery, the reactor is divided into an arbitrary
number of zones, or nodes. The term 'coupled' refers to the fact that, in each of
the zones, some of the neutrons are produced in fissions induced by neutrons born
in other zones. The fission neutron source S- of zone j is equal to the sum of
the partial fission neutron sources S ^ in zone j due to fissions by neutrons born
in all the zones i, i.e.:

N
S- = I S... i = 1,2, N (3-1)

3-1



where N is the number of zones in the reactor.

The formalism to express the balance of the fission neutron sources of the
individual zones in the reactor with a multiplication factor k is to characterize
the probability K^, that a fission neutron born in zone i gives rise to a next
generation fission neutron in zone j. Using the probability or coupling
coefficients K-^, the neutron balance equation can be written in a matrix form:

ji] x [S±] = ktSj], i, j = 1,2, N (3-2)

where [K-^] is a N x N square matrix and [S^] is a column vector with
N elements which correspond to the fission neutron sources of the individual zones
as defined in Eq. 3-1. The criticality condition k = 1, of a reactor implies that
a self-consistent solution to Eq. 3-2 exists and the elements of the [S ] vector
are non-negative.

STABIL Model and its Validation

STABIL is an AECL computer code which solves the following system of nodal
kinetics equations,

N N M
= (1 - p) Z KJ-i(t)Si(t) - Sj(t) + 2_ K^ft) l_ \jCin](t)

(3-3)

,2,... M (3-4)

in N regions with M groups of delayed neutrons. The standard notations for
delayed neutron parameters are used, i.e.:

Pm = m-th group delayed neutron fraction

Xjn = decay constant of m-th group delayed neutron

C ^ = concentration of m-th group delayed neutron precursor in region i

I* = effective core-averaged prompt neutron life-time

P = total delayed neutron fraction

M

STABIL has been successfully used to simulate space dependent neutron transients
in neutronically decoupled reactors. This is illustrated by a benchmark
calculation. Figure 3-1 shows the regional power transients following a ramp
reactivity insertion of 35C in region 2 of a multiregion neutronically decoupled
reactor as calculated by STABIL and WIGLE 2. The WIGLE 2 code gives an accurate

3-2
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solution and is used extensively for benchmarking space dependent neutron kinetics
codes. The maximum deviation between STABIL and WIGLE 2 calculated transients is
6%. Coolant void and fuel temperature feedback were included in the model.

The COCAP Model for Calculation of Coupling Coefficients

Figure 3-2 shows the configuration of the Chernobyl-4 reactor. In the STABIL
model, the reactor is divided into 12 zones radially and seven zones axially. The
total number of zones in the STABIL model is 84. The 84 x 84 coupling
coefficients for a particular reactor configuration relevant to the accident
analysis are calculated by using a three dimensional, two-group, static neutron
diffusion code developed at AECL and called COCAP.

The CCCAP model represents each channel in the reactor discretely. In particular,
the -urnup distribution along a fuel assembly and the relative locations of the
absoroer and displacer sections in an absorber assembly are modelled explicitly.
Figure 3-3 shows the representation of a fuel assembly and an absorber assembly in
the COCAP model. It should be noted that with the exception of the 12 bulk
control rods and the 12 spatial control rods, all absorber assemblies have
graphite displacers. Also, the bottom of the absorber section in an absorber
assembly is just slightly above the top of the fuelled region when the absorber
assembly is in the fully withdrawn position. This arrangement leaves a column of
H20 about 100 cm (3.3 ft) in length just above and below the graphite displacer.
It will be shown in a later section that under the accident conditions at
Chernobyl-4, the first 100 cm travel of the absorber assembly can actually insert
a substantial amount of positive reactivity into the bottom part of the core
because of the displacement of H2O (which is strong neutron absorber) by the
graphite displacer.

At any time, t, during the accident, the coupling coefficients K-^(t) change from
the reference values K-^(0) due to the following reactivity effects:

• changes in the coolant density, D,
• changes in the fuel temperature, T, and
• changes in the absorber rod configuration, A.

The reactivity effects due to changes in moderator temperature and Xenon
concentration are not included in the model because the time constants for these
effects are much longer than the controlling physical phenomena.

It is assumed that the changes in these three components are linearly additive,
i.e.:

d K-•(t) 3K-.(D) dD 3K-, (T) dT 3K-•(A) dA
H = —JJ — + —JJ — + —11 — (3-5)
dt 3D dt 3T dt 3A dt

where D, T and A are assumed to change linearly with respect to time.

3-4
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3K-,(D) 3K-.(T)
—-^ is a function of D and — ^ is a function of T. The former
3D 9T

dependence accounts for the non-linearity of the void coefficient with respect to
coolant density. The latter accounts for the same type of non-linearity with
respect to fuel temperature.

These coupling coefficients were calculated taking into consideration the
following effects,

• the reactivity distribution axially along a fuel assembly due to the
axial distribution of fuel burnup,

• the fuel burnup dependence of the coolant void reactivity,

• the non-linearity of the coolant void reactivity coefficient with
respect to coolant density, and

• the non-linearity of the fuel temperature reactivity coefficient with
respect to fuel temperature.

Neutron Kinetic Data

The neutron kinetic data for Chernobyl-A fuel are given in Table 3-1 as functions
of burnup. As given in Table 3-3, the axial fuel burnup of an average fuel
assembly varies from about 9000 MWd/te to about 16000 MWd/te. The variation of
neutron kinetic data over this burnup range with respect to the average burnup of
13000 MWd/te is small, i.e. only 5%. Therefore, a single set of neutron kinetic
data corresponding to an effective core-averaged fuel burnup of 13000 MWd/te is
used in STABIL. Table 3-2 gives the detailed 6-group delayed neutron data and
prompt neutron generation time at this burnup.

Flux and Power Distribution Preceding the Accident

According to the Soviet report, the flux shape in Chernobyl-4 before the accident
was peaked in the center radially and had a double humped shape axially. It is
obvious that the radial flux peaking was due to the withdrawal of almost all of
the absorbers from the core. The double humped axial flux shape was due to
several factors,

• the effect of axial burnup distribution; if the fuel is not shuffled
during irradiation, the central part of a fuel assembly is always
depleted more than the ends. The reactivity of the central region, on
the average, is then lower than the ends. Therefore the axial flux
profile will exhibit a double humped shape unless some form of axial
flux control mechanism is operational,
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Table 3-1

DELAYED NEUTRON FRACTION AMD PROMPT NEUTRON
GENERATION TIME FOR CHERNOBYL-4 FUEL

1

Burnup
MWd/te

0

82

1717

3761

5886

8012

i 9810

13080

16350

19620

h

7.15

7.15

6.72

6.32

6.01

5.75

5.56

5.26

5.01

4.78

ft*
ras

0.397

0.403

0.404

0.410

0.421

0.435

0.450

0.479

0.514

0.552

a =

I* = D:

tal delayed neutron fraction (x 10"3)

;.T.pt neutron generation time (10"3 sec.)
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Table 3-2

SIX-GROUP DELAYED NEUTRON DATA FOR
CHERNOBYL-4 FUEL AT 13080 MWD/TE

(Total delayed neutron fraction = 5.26 x 10"3)

(Prompt neutron generation time = 4.79 x 10"* second)

Group
i

1

2

3

4

5

6

Effective Delayed
Neutron Fractions

Pi

1.748767 x 10"4

1.136382 x 10"3

9.931916 x 10-"

2.052843 x 10"3

7.320617 x 10"*

1.746200 x 10"*

Decay
Constant
Ai (s-1)

i.275972 x 10"2

3.147952 x 10"2

1.211308 x 10"1

3.212862 x 10"1

1.395953 x 10°

3.757439 x 10°

3-9



• the power reduction prior to the accident led to the build-up of more
Xenon-135 in the middle of the core than at the periphery; the
difference in Xenon-135 distribution in the axial direction would
support a double humped axial flux shape,

• t.r.e Chernobyl-4 reactor had no axial flux control capability at the time
of the accident because almost all of the absorbers, including the short
axial-flux shaping rods, were withdrawn from the core.

The COCAP model with axially uniform coolant density and distributed xenon load
was used to calculate the flux and power distributions in Chernobyl-4 preceding
the accident. Figure 3-4 shows the channel power distributions in one quadrant of
the reactor. Similar channel power distributions are observed in the other
quadrants. The channel powers along a central row (W) are plotted in Figure 3-5.
It s evident that the reactor had a flux and power peak radially at the center.
The ore averaged axial flux profile is shown in Figure 3-6.

It should be emphasized that the double humped axial flux shape is based on the
assumption that there was no axial flux control. Although a double humped axial
flux shape was reported by the Soviet scientists, the magnitude of the distortion
was net giver.. The axial flux profile as shown in Figure 3-5 would be
sigr.ificar.tlv less distorted if some of the axial flux-shaping rods were
operational :r i: the fuel bundles had been repositioned after partial
irradiaticr.. Also shown in Figure 3-6 are the relative axial locations of a fuel
assembly, a fully withdrawn absorber assembly and a partially inserted absorber
assembly. It will be seen later that the combination of the double humped axial
flux shape and the absorber-displacer arrangement of the absorber assemblies
resulted in a positive reactivity insertion for a brief period immediately after
scramming the reactor.
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Axial Fuel Burnup Distribution

The most important contributor to the double humped flux shape is the reactivity
differences along the axial mesh points, as shown in Table 3-3, because of the
fuel burr.up distribution. Under normal reactor operating conditions, the combined
effects cf axial coolant density distribution and the actions of axial flux
shaping reds will neutralize these burnup induced reactivity differences to
rroduce an operationally acceptable power shape. At the time of the accident, the
void had collapsed and the axial flux shaping rods were not available. The axial
fuel burnup distribution and the axial xenon distribution combined together to
force the double humped flux shape. The bias towards the bottom as shown in
Figure 3-6, was mainly due to the effects of the partially inserted AR2 and AR3
controllers. The fully withdrawn positions of the other absorber rods also
produced a bias towards the bottom because the absorber sections were in the upper
ref ector region only.

Xenor. Transient Prior to Accident

The equilibrium reactivity worth of Xe-135 in the RBMK-1000 is approximately 21 mk
for normal operating conditions. A point model was used to calculate the
transient worth of Xe-135 due to changes in reactor power. Table 3-4 gives the
power history used to simulate a Xe-135 transient. The transient was calculated
for both a high power region and a low power region. The results are given in
Table 3-5 and Table 3-6. They are illustrated in Figure 3-7. It is observed that
the xer.cn reactivity effect at the time of the accident is approximately -8 ink for
a nigh power region and -3 mk for a lew power region. Therefore, the reactivity
difference axially due to the difference in Xe-135 concentrations between the
center and the ends would be approximately 5 mk. Although this effect is small in
comparison with the fuel burnup effect, it is an additional factor leading to the
double humped axial flux shape. The axial xenon distribution was included in the
COCA? model.

/-.Dscrcer nods

-here are 211 absorber rod sites in RBMK-1000. Twenty four sites are occupied by
short absorber rods which are used for axial flux shaping. The remaining
187 sites are occupied by full length absorber rods. They can be classified in
the following categories:

• 12 automatic bulk control rods,

• 12 automatic spatial control rods,

• 2" shut-off rods, and
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Table 3-3

FUEL BURNUP AND REACTIVITY DISTRIBUTIONS
ALONG A FUEL ASSEMBLY (2.0 WT% U235)

AT 13000 MWD/TE

(H2O coolant density = 0.77 g/cc)

Axial
Mesh
Point-

1

2

3

4

5

6

7

Fuel
Burnup
MWd/te(U)

9163

13191

15263

15765

15263

13191

9163

Lattice
Reactivity**

(mk)

98.7

37.3

2.4

- 6.3

2.4

37.3

98.7

* Each axial mesh point = 100 cm long, mesh
point 1 is closest to the inlet.

** Assumes that the fuel bundles are not axially rearranged
during irradiation.
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Table 3-4

POWER HISTORY USED TO SIMULATE XENON TRANSIENT

Time
(hours)

0

12.0

22.0

23.0

24.0

24.5

Reactor Power
(% Full Power)

100

50

50

6.25

6.25

6.25

Remarks

Steady State

Linear Ramp

Constant Power

Linear Ramp

Constant Power

Constant Power
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Table 3-5

XENON TRANSIENT FOR HIGH POWER REGION-

Time
(hour)

0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

Xenon
Reactivity

(mk)

21.0

21.0

21.5

21.9

22.4

22.9

23.4

24.0

24.5

25.0

25.5

26.0

26.5

26.8

26.8

26.6

26.2

25.8

25.3

24.8

24.3

Time
(hour)

21.0

22.0

22.5

23.0

23.5

24.0

24.5

Xenon
Reactivity

(mk)

23.8

23.4

23.7

24.9

26.4

27.7

28.9

Steady State Fuel Flux at 100% Power = 6 x 1013 n/cm*.s
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Table 3-6

Xenon Transient for Low Power Region"

'• Time
(hour)

': 0

| 1.0

1 2.C

'• 3.0

, 4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

Xenon
Reactivity

(ink)

21.0

21.0

21.2

21.5

21.8

22.2

22.5

22.8

23.2

23.5

23.8

24.1

24.3

24.5

24.5

24.4

24.1

23.8

23.5

23.1

22.8

Time
(hour)

21.0

22.0

22.5

23.0

23.5

24.0

24.5

Xenon
Reactivity

(mk)

22.4

22.0

22.0

22.5

23.1

23.6

24.1

Steady State Fuel Flux at 100% Power = 3 x 1013 n/cm2.s
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• 139 manual control rods.

Although .inly 24 rods are designated as shut-off rods, all of the 187 full length
absorbers ran be activated in a reactor scram. The 24 short absorbers enter the
core fro:;; the bottom. They cannot be used during a scram. This analysis assumed
tr.at all of the 187 control rods were activated in the scram.

Figure 3-8 shows the construction of a typical full length absorber. It consists
cf five boron carbide sections each 100 cm long followed by a 500 cm long graphite
c'ispiacer. The purpose of the displacer is to displace water as the absorber
sections are withdrawn from the core. The displacer enhances the effectiveness of
the rod by preventing the absorber channel from being filled with water, which is
ais," a strong neutron absorber. Figure 3-9 shows the axial locations of the
abro:ber and the displacer sections at fully withdrawn and at fully inserted
pos tions. In the latter case, there is some uncertainty whether the
col. psible nature of the design would permit water to exist in the bottom part of
the ore.

Table 3-7 lists the types of control rods used in the RBMK-1000. The
specifications of the absorber and displacer sections are given in Table 3-8.
This information is taken from Reference 1.

Neutror.ic Parameters Affecting the Power Excursion During the Accident

The STA3IL model calculates the neutronic power during the accident due to the
following effects,

• positive reactivity from coolant voiding

• negative reactivity feedback from the rise in fuel temperature, and

• reactivity effect from the insertion of absorbers upon scramming the
reactor.

These reactivity effects are represented in the STABIL model in the form of
coupling coefficients using COCAP and the lattice code WIMS (Reference 4).

Coolant Void Effect

The reactivity increase due to a decrease in coolant density depends on the fuel
burnup as well as the coolant density. Figure 3-10 shows that the lattice coolant
void reactivity is strongly fuel burnup dependent. Figure 3-11 shows the lattice
void reactivity coefficient as a function of void fraction. The STABIL model
includes the appropriate coolant void feedback at each mesh point in each time
step of a transient simulation using the fuel burnup as given in Table 3-3 and the
dynamic coolant void fraction as calculated by the thermohydraulic model.
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BELT

ALUMINUM ALLOY

BORON CARBIDE (B4C)

5 SECTIONS FOR FULL LENGTH RODS

3 SECTIONS FOR SHORT RODS

VOID FOR COOLANT PASSAGE

GRAPHITE •

ALUMINUM ALLOY • m

5 SECTIONS FOR ALL RODS EXCEPT

24 AUTOMATIC POWER CONTROL RODS

Note Snon root h M tnttr dMoimra on in* top and int B«C tbxxtwr on a» Donor.

FIGURE 3-8 CONTROL ROD DESIGN FOR RBMK-1000
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Table 3-7

TYPES OF CONTROL RODS

Name

Manual Control

Local Automatic

Automatic Power

Scram

Short Absorbing

Symbol

RR

LAR

AR

AZ

USP

Number Function

139 Operator controlled for power
shaping.

12 Maintains radial power Regulation
shape. Twelve rods moved
independently.

12 Maintains total reactor power.
Three sets of four ganged rods.

24 Scram rods. Normally withdrawn
from core.

24 Used to control axial power shape.
Manually controlled and moved
upward into the core from the
bottom.
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Table 3-8

CONTROL ROD SPECIFICATIONS

Control Section

Absorber Material
Absorber Density
C.ad Material
Absorber Length/Section
Totji Length/Section
Cutei Boron Carbide Diameter
Inn r Boron Carbide Diameter
Oute: Clad Diameter
Outer Clad Thickness
Inner Clad Diameter
Inner Clad Thickness

Boron Carbide
1.65 gm/cc
Aluminum Alloy
98.4 cm
102.4 cm
6.5 cm
5.75 cm
7.0 cm
0.2 cm
5.0 cm
0.2 cm

Displacer Section

Displacer Length/Section
Displacer Material
Cladding Material
Clad Diameter
Clad Thickness

100 cm
Graphite
Aluminum Alloy
7.4 cm
0.25 cm
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Fuel Temperature Effect

Figure 3-12 shows the fuel temperature reactivity effect as the temperature of the
fuel increases from 300°C (570°F) to 3000°C (5400°F) . The magnitude of the fuel
temperature effect decreases from -15 uk/°C at 300°C to -6 uk/°C at 3000°C. The
non-linearity of the fuel temperature effect with respect to fuel temperature was
found to be important and is taken into account in the STABIL model.

Absorber Insertion Effect

Table 3-9 gives the system reactivity effects due to movements of the control
absorbers and shut-off rods just after the reactor was scrammed. It should be
noted that during the first 100 cm insertion of the shut-off rods, the graphite
displacer displaced a 100 cm column of H20 from the bottom, which is in a high
flux, high neutron importance region at that time (see Figure 3-6). This action
injected a large amount of positive reactivity to the lower part of the
core. Although there was a small injection of negative reactivity at the upper
part of the core due to the displacement of H2O by the absorber, it was not enough
to counteract the large increase in reactivity at the bottom part. The system
reactivity of the whole core increased by + 5.7 mk. The insertion of this amount
of positive reactivity would be enough to push the reactor into a rapid power
excursion. Because of the distorted axial flux shape, the shut-off rods were not
effective until they were more than 250 cm inserted into the fuel region.
Assuming the rods were inserted at the maximum speed of 0.4 m/s, they would take
more than six seconds to reach the axial mid-plane where significant negative
reactivity would begin to appear. The only mechanism available to reduce this
power excursion came from the negative fuel temperature feedback, i.e. Doppler
effect.

Since the axial flux shape distortion seems to be of prime importance in
initiating the accident, the accuracy of its calculation is documented in
Appendix A.
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Table 3-9

SYSTEM REACTIVITY* VS INSERTION OF ABSORBERS

Case

1

2

3

4

5

Core Configuration

AR2 and AR3 80% inserted;
other shut-off rods parked
just above fuel region.

AR2, AR3 and other shut-off
rods moved down 100 cm.

AR2 and AR3 fully inserted,
other shut-off rods moved
down to 150 cm.

Shut-off rods moved down to
200 cm.

Shut-off rods moved down to
250 cm.

System
Reactivity

(ink)

0

+ 5.7

+ A.7

+ A.7

+ A.7

* Static Reactivity from COCAP Model
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THERMOHYDRAULIC MODEL

The thermohydraulic analysis was done with the FIREBIRD-III Mod 1 (5_) computer
code. This section discusses the FIREBIRD code and its application to a
multi-channel thermohydraulic model of Chernobyl-4.

FIREBIRD Code

FIREBIRD-III Mod 1. is a transient thermohydraulic code for network analysis of
heat transport systems. It was developed primarily for accident analysis of the
CANDU reactor. The code has frequently been coupled with a three dimensional
reactor physics code.

FIREBIRD models the one-dimensional flow of steam/water systems using the thermal
equilibrium assumption. The code uses a node and link numerical structure to
solve conservation equations of mass, energy (in a node) and momentum (in a link
between two nodes). The conservation equations together with the fluid state
equation are solved with a semi-implicit numerical technique (6). A
one-dimensional radial heat conduction equation is solved for fuel and piping.
Heat exchange between the fluid and fuel or piping is coupled explicitly with the
hydraulic calculations.

Void Model

A number of drift-flux correlations are available at the users option within the
FIREBIRD code to predict steam and water void fractions. However for this work,
at the request of EPRI, we have included the EPRI drift-flux correlation (J)
in FIREBIRD. The EPRI correlation can predict the steam and water void fractions
without knowing the steam and liquid flow regimes. The correlation expresses
velocity fields as a mixture of centre-of-mass velocity and the drift velocity of
the vapour phase. Vapour generation due to subcooled boiling is not modelled.
The correlation has compared well against steady-state steam/water test data at;

• high-pressure high flows,
• high-pressure low flows,
• low-pressure low flows,
• countercurrent flooding limitation,
• natural circulation flows, and
• concurrent downflows.
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Since these tests comprise a very wide range of thermalhydraulic
conditions, the correlation is appropriate for this work. We found very good
agreement in results of a comparison simulation of the Chernobyl-4 accident when
done with the EPRI correlation and with the correlations usually used for CANDU
analysis.

Solid Models

The piping between the inlet headers and the steam drums is modelled to predict
heat exchange with the coolant, although the amount of heat transferred to or
from this piping is expected to be fairly small during the power runaway event.
However, the heat generation in the fuel and heat transfer to the coolant in the
channels is very important. An increase in heat transfer to the coolant leads to
a decrease in the coolant density which tends to raise the local reactivity. An
increase in heat generation leads to an increase in the fuel temperatures which
tends to lower the local reactivity. Therefore, the fuel model impacts directly
on the transient reactor power calculation.

The heat conduction model in FIREBIRD predicts a one dimensional radial
temperature profile in hollow or solid cylinders (piping or fuel). The length of
each cylinder corresponds to the length of a thermohydraulic node. Therefore,
there are seven axial fuel segments to the fuel model per channel (see
Figure 3-13). An average fuel pin is used for each axial segment to represent the
18 fuel pins in a bundle. The flux depression across the Chernobyl-4 fuel bundle
is predicted to be small, such that there is only 3% variance from outer pins to
the average. Therefore, using average pins to represent the bundle is adequate.

Heat generation in the fuel in a node is modelled as being uniform over the U02

volume. All heat generation in the reactor is modelled as being generated in the
fuel. In fact, about 5K% of the core heat is generated in the graphite moderator
and transferred through the pressure tubes to the primary coolant. We estimate
the heat capacity of the graphite as 5.7 FPS/°F (10.3 FPS/°C), and from the Soviet
simulation that approximately 3. FPS of energy was generated in the graphite from
1:23:40 to 1:23:44 (the power peak). The coefficient of reactivity for a rise in
moderator temperature is 0.032 mk/°F (0.058 mk/°C), therefore only 0.02 mk of
positive reactivity would be added by the graphite during the power peak.
Hence, the graphite was neglected in the thermal and neutronic calculations.
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Heat transfer from the U02 to the sheath (across the gap) is modelled with a
constant heat transfer coefficient of 1761 BTU/hr.ft2.°F (10 kw/m2.k). We expect
this to be a reasonable value for the pre-accident conditions, and we also use it
during the transient simulation. In reality, the gap heat transfer coefficient
could change significantly during the power runaway. We expect that the
combination of rising sheath temperatures and high (normal) coolant pressure would
tend to push the sheath closer to the U02 increasing the gap heat transfer
coefficient. In that case, the highest resistance for heat transfer from the U02

to the coolant can be the sheath-to-coolant interface particularly if beyond
dryout.

The sheath-to-coolant heat transfer coefficient is calculated using several well
known correlations for the various flow regimes, and of course it can vary
remarkably in transient. In particular, we have included a critical heat flux
correlation to predict sheath dryout. The correlation is based on experimental
tests of heated bundles in a pressure tube similar to the Chernobyl-4 fuel channel
geometry. Two correlations are actually available from the tests, a lower bound
version to predict the earliest onset of dryout, and a best estimate version. The
latter was chosen for this work to provide our best estimate of the onset of
dryout. For post-dryout heat transfer, the Groeneveld-Delorme correlation was
used for stable film boiling with an interpolation from nucleate boiling to cover
the transition boiling.

When the fuel and sheath get hot enough, sheath-water reaction heat and radiative
heat transfer from the sheath to the cool pressure tube can increase. We predict
for the CANDU reactor that these effects tend to cancel each other, with respect
to a net energy change in the fuel, up to a sheath temperature of about 27OO°F
(1500°C). Above that, the sheath-water reaction increases very quickly and yields
a net energy gain for the fuel. These two effects have not been modelled in this
work. The power runaway event occurred very quickly and we predict that as the
power is rising, sheath temperatures remain low. It is only after the power peaks
that we predict high sheath temperatures. Therefore, metal-water reaction and
radiative heat transfer could be neglected in the model.

Single Channel Data

The thermohydraulic model used in this study consists of 12 individual channels
and their associated piping from an inlet header to a steam drum. The steam drum
and the inlet header are modelled as pressure and enthalpy boundary conditions to
account for the effect of the external circuit. A multi-channel model is used so
that the change in coolant density and fuel temperature can be captured spatially
about the core and passed to the three-dimensional neutronic calculations.
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Therefore, we have concentrated the thermohydraulic modelling effort on the core.
This is important since this accident involves rapid changes in many reactor
parameters over a short period of time, while the rest of the primary circuit is
relatively unaffected until after the core power has risen to very high values.

Figure 3-13 shows the thermohydraulic nodalization of a single channel between an
inlet header and a steam drum. Every channel in the model has this same
nodalization. There are five main components per channel;

• inlet header,
• inlet piping,
• core,
• outlet piping, and
' steam drum.

The inlet piping node models the 2K inch (0.057 m) diameter piping that leads from
a "group distribution header" to the core inlet. Flow through the group
distribution header has not been modelled explicitly. Instead, the pressure loss
through that piping is lumped within a loss coefficient for the channel flow
regulation valve.

The core model represents the piping that contains the fuel. Seven equal length
nodes are used to capture the axial variance of thermohydraulic parameters within
the core. Since there are 12 channels, there are 84 nodes of the thermohydaulic
model in the core to interact directly with the transient neutronic calculations.
We believe this is adequate to represent the spatial effects of the reactor during
a power runaway accident. Each channel represents a group of channels as shown in
Figure 3-14. The coupling of the core thermalhydraulics to the core reactor
physics is described in a later section.

The outlet piping nodes model the 3 inch (0.076 m) diameter piping that leads from
the core outlet to a steam drum.

The geometry of each channel piping is assumed the same due to a lack of detailed
information. In practice the inlet and outlet piping are likely longer for
channels located at the rim of the reactor. However, the pressure drop in that
piping appears to be much less than the pressure drop across a channel flow
control valve. The Soviets have reported a range of pressure drop for the channel
flow control valves that is about 90 to 200 psi (0.62 MPa to 1.379 MPa). Even at
the low end of this range, it is a very large pressure drop. We estimate that the
total pressure drop from an inlet header to a steam drum for an average channel at
normal power and flow is only 175 psi (1.20 MPa) excluding the core. Therefore,
the channel value likely accounts for well over half of the pressure drop in the
inlet and outlet piping. Therefore, only the flow resistance of the control valve
is assumed to differ for different channels. This approximation reproduces any
significant channel-to-channel flow resistance variation due to geometry alone.

The geometrical data for the channels is given in Table 3-10. Several notable
assumptions were made in deriving these data. The inlet header pressure is
assumed to be 1265.6 psia (8.726 MPa) at normal operating conditions of 100% power
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Table 3-10

SINGLE CHANNEL THERMOHYDRAULIC DATA

Piping

Iniet

Core

lore Outlet

Outlet

Flow
(m»)

0.00196

0.00182

0.00237

0.00363

Area
(ft*)

0.0211

0.0196

0.0255

0.0391

Length
(m) (ft)

31.09

7.00

5.24

24.08

102.0

23.0

17.2

79.0

Elevation Change
(m) (ft)

0.00

7.00

05.24

12.04

0.0

23.0

17.2

39.5

K-Value

5

0

0

*

.3

.0

.0

Representative
Thermohydraulic Channel
(See Fig. 3.2.4-2)

A

B

C

K-Value

66.7

174.1

208.8
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and 100% flow. This is based on Soviet information that the pressure rise across
the pumps is 290 psi (2 MPa) and the steam drum pressure is normally 995.6 psia
(6.864 MPa). It has been estimated that there is 40 psi pressure loss due to
friction, and a 20 psi pressure gain due to elevation change, from the steam drum
to the inlet header. Therefore, the inlet header pressure is derived from
995.6 psia, plus 290, minus 20, to get 1265.6 psia.

The flow resistance data for the core were based on Soviet information that the
pressure drop across the core is 95.6 psi (0.659 MPa) under normal operation. The
minor loss coefficient for the core (so called K value) was selected to ensure
that the core pressure drop was 95.6 psi for an average channel. Figure 3-15
shows some steady-state thermohydraulic variables for an average channel along the
length of the core at nominal conditions.

The loss coefficient for the flow control valve was selected for each channel
based on the individual channel power at normal operation. It is known that the
Soviets manually adjust the flow for each channel depending of the channel power.
It has been assumed that the valves are adjusted so that each channel has the same
enthalpy rise across the core; hence the flow is matched to the power. In
practice, the Soviets may adjust the valves so that the thermal margin in each
channel is the same, or perhaps for other flow/power strategies, however those
alternatives were not considered in this study.

Although the thermalhydraulic model considers 12 individual channels, quarter-core
symmetry is assumed under normal operation so that there are only three different
channel powers in the model, under normal operation. The radial power shape of
Chernobyl-4 under normal operation was not investigated in this study (only the
pre-accident conditions were calculated). Instead, assumptions were made on the
radial power shape for the three channels in a quadrant. The channel nearest the
core centre is estimated to be 120% of the average channel power. The other two
channels are estimated to be 94% and 89% of the average channel power. The
channel powers are shown in Figure 3-14. The slight difference between the two low
power regions is assumed the same as that calculated for the pre-accident
conditions.
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Channel Thermohydraulics Preceding the Accident

The power in each zone of the reactor for conditions just preceding the accident
were shown in Figure 3-4. Radially, the power was peaked in the centre of the
core. As shown in Figure 3-14, the representative channel for the centre of the
core is about two times hotter than the outer zone channels. Axially, the power
is peaked at the top and bottom of the reactor with the largest peak being at the
bottom.

The thermohydraulic conditions just preceding the accident are taken at the
specific time of 01:23:04 1986 April 26 (local time) as reported by the Soviets.
This is when the reported test on the turbine was started. The primary coolant
flow was steady at 272 ft3/s (7.7 mVs) (for each coolant loop) and the core
thermal power was 6K% (200 MW). The Soviets predicted the total coolant void in
the core was 10% at that time.

Using the powers shown in Figure 3-4 and the thermoyhdraulic parameters just
described, a steady-state was derived for the three representative channels.
Figure 3-16 shows some steady-state thermohydraulic variables for an average
channel along the length of the core. The inlet header pressure and temperature
were derived to be 1220.8 psia (8.417 MPa) and 544°F (284.4°C) so that the core
void would be 10% under the given flow and power. These compare to our derived
values of 1265.6 psia (8.726 MPa) and 518°F (270°C) for normal operation at 100%
power. The inlet pressure is lower because the core boiling is very low and the
steam drum pressure is a little lower than normal. The inlet temperature is
higher because the power is low and the flow is high.

The individual channel void at the abnormal coolant conditions in Chernobyl-4 at
01:23:04 on April 26, 1986, is shown in Figure 3-17. The representative channels
are modelled differently only in the flow resistance of a control valve on the
inlet piping. The hottest channel ("A") has the lowest pressure drop from the
inlet header to the fuel channel inlet. This yields the highest subcooling of all
channels in the model at the channel inlet. This is significant under these
abnormal operating conditions since the coolant enthalpy rise along the core is
very small. The result is that channel A has significantly less void than the
other channels especially at the bottom half of the reactor for these pre-accident
conditions. Therefore, more void holdup of reactivity is present in the hotter
channel of the model.

Fuel temperatures are low and fairly uniform throughout the reactor. This is
because the power is so low (6%%) and the coolant temperature is relatively even
along the core. However, it is significant to note that the core averaged fuel
temperature is only 572°F (300°C) compared to 975°F (524°C) for full power
operation. Therefore, there is a large amount of negative reactivity available to
compensate a power increase.
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•.;•.::;: Irv i". SE3IRD and STABIL

":.•• -: I'A:-. IL •:.; del has nine axial nodes, with the two outside nodes representing
:-irv.i'.i: ' r.ector. Therefore, there is a one-to-one correspondence of the seven
:rrer,p';;ier;.-.e of the seven axial nodes in the core between FIREBIRD and STABIL.

.":.!.•: -•rrrro::er;dence is not essential, but it does facilitate the transfer of
:.;::c:::iatior. between them. STABIL passes the power of seven axial nodes for each
•: 'he 12 zones to FIREBIRD and the coolant density and volume averaged fuel
".err.perature for the same seven axial nodes for 12 channels are returned.

The mfor;nar.icr. exchange between STABIL and FIREBIRD is shown schematically in
leisure 3 — IS. Ir. steady-state, the codes were run in series. The power was
.:<!:.-lazed ty STABIL and then used by FIREBIRD to calculate the steady-state
.-c-.v?! thermohydraulics. The resulting coolant density and fuel temperature in
:-.ze -iy-state become the initial values used by STABIL in transient. STABIL uses
• r.e hanges in ccolant density and fuel temperature in each node to calculate the
r̂ -ac: . vity and hence the power changes.

"r. transient the codes run iteratively in time with the passing of information
letveer. cedes at every time step. The time step size is chosen small enough to
r.sure temporal zenvergence. When the power rate-of-change is small, the timestep
is limited zc 5C ins to ensure accurate thermohydraulic calculations. When the
power rate-of-change is high, the timestep is limited to 2 ms to ensure accurate
:.^i:r:-:: lalcuiations.

Transient Boundary Conditions for FIREBIRD

The Soviet simulation reported a change in the primary coolant conditions even in
the absence of a significant reactor power change. This section describes the
transient pressure and enthalpy boundary conditions applied to the inlet header
and steam drum to account for these primary coolant changes. The thermohydraulic
steady-state was set up to a target of 272 ftVs (7.7 m V s ) loop flow and 10% core
void. The Soviet simulation of the accident showed that the loop flow decreased
from 272 ftVs (7.7 m V s ) to 247 ftVs (7.0 m V s ) in 36 seconds from 01:23:04 to
Cl:23:40. During that time the core void increased from 10% to 25%.

The flew rundown is due to the Soviet test conditions. For the test, the power to
two primary circuit pumps per loop (of four) was rundown. Since the power to
those pumps ran down, the circuit flow decreased accordingly.

The core void increased a little because of the flow rundown, but the inlet header
temperature must also rise in order to increase core void from 10% to 25% during
the time 01:23:04 to 01:23:40. The Soviet operators had increased the feed flow
to the primary circuit minutes before the accident, enough to eliminate most void
from the cere. The feed flow was then reduced which resulted in a rise in inlet
temperature and core void. The feed flow was reduced to a more normal level about
one minute before the accident. The loop transient time was around two minutes
for the pre-accident conditions; therefore, the inlet temperature was likely
rising during the time of the test on the turbine.

3-42



STEADY STATE

TRANSIENT

Neii tronic

3-D
diffusion

WIMS

Power

Thermo-
hydraulic

Neu1

i

Coolant density
Fuel temperature

Power

tronic Density

Temp.

Thermo
hydraulic

I l

Control rod
reactivity

Inlet header
pressure and enthalpy

FIGURE 3-18 COUPLING OF NEUTRONIC AND THERMOHYDRAULIC
MODELS

3-43



':'i -uro i-l;1 shows the boundary conditions applied to the inlet header in
* ransiej-r.. These conditions produce a change from 272 ft3/s (7.7 m3/s) to
. ".' !>3/s i7.C m'/s) in loop flow and 10% to 25% in core void over 36 seconds of
".rar.oi•:?:•/:. Without the increase to inlet temperature, the void only increased
•Jrorr! '.?% to 14%. The steam drum pressure is kept constant at 946 psia (6.5 MPa)
-is p:•••..• liic-.ed by the Soviets for the time 01:23:04. The Soviets reported that the
••ir-irr. presnuio was increasing slightly during this 36 second time span. However,
'hat 1J r.?: important to this simulation and further the assumption is
cor.ser /a': ivo with regard to void generation during the power runaway period.
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Section 4

PRESENTATION AND DISCUSSION OF RESULTS

The results of this study are presented in the following four sub-soctions. The
first section describes the general results of our simulation of the accident at
Chernobyl-4 as indicated by key parameters such as the reactor power, core void
and fuel temperatures. The second and third sections present the axial and radial
variation of the key parameters for the reactor core. The last section presents a
comparison of our simulation to the Soviet prediction plus two other simulations
we have done to study the sensitivity of the accident consequences to void
reactivity and control rod reactivity assumptions.

GENERAL RESULTS

Figure 4-1 shows the variation of some key parameters with time. Time zero in the
plot is defined as 01:23:04 Soviet time on 1986 April 26. This time coincides
with the start of the test on the turbine. The scram button was reportedly pushed
at 01:23:40 which we simulated at 36 seconds.

Reactor Power

The reactor power was set at 6K% (200 MW) at the start of the simulation. It
climbs slowly to 16% by 36 seconds due to void rising from 10% to 25%. At this
power level the fuel cooling is still adequate since the coolant flow is near 100%
at this time. Therefore, at 36 seconds fuel temperatures remain near 572°F
(300°C) and the fuel temperature feedback is very small at this time.

At 37.4 seconds the reactor power has risen to 100% power. The rate of rise at
that time is very high at 500% per second. The increase in coolant void and
positive reactivity effect of the scram action are both contributing to the power
rise although the latter is the predominant contributor. The system reactivity,
obtained by taking an overall neutron balance, climbs higher than prompt (5.3 mk)
at 37.4 seconds. Fuel temperatures are rising only slowly at this time so the
feedback to reactivity is negligible.

The reactor power peaks at 5,500% at 38.2 seconds after the start of the
simulation, just 2.2 seconds after modelling the start of the scram. The power
rise was arrested by the eventual increase in fuel temperatures which keep
increasing even after the power peak. This causes the power to drop, almost as
quickly as it rose, down to 1000% about 1 second after the power peak.
Simulations beyond the fuel breaking threshold are not considered meaningful.
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Channel Coolant

The coolant conditions in the channels shows the general trend of increasing void
and decreasing flow. The slow flow rundown is due to the Soviet test which causes
two primary pumps (out of four) to rundown. The rapid flow rundown that
accompanies the power pulse is due to the increase in flow resistance in the core
due to an increase in coolant boiling. The coolant is 78% voided in the core at
38.2 seconds when the reactor power is at its peak. The heat-to-coolant continues
to outrun the liquid heat capacity so that all the core is largely voided by
39 seconds.

Fuel Response

Figure 4-1 shows the energy content for the hottest fuel in our model. It
represents the bundle average of the bottom one-seventh of representative channel
"A" (see Figure 3-14). This is not the hottest fuel in the core. There is a
peaking factor of 3% across the bundle and a peaking factor of 34% for the hottest
channel in zone "A" (from Figure 3-4).

The temperature of the hottest fuel in our model increases moderately until about
37.5 seconds. At approximately 37.8 seconds, the heat flux from this fuel exceeds
our critical heat flux criterion, and hence sheath drycut is predicted. Heat
transfer to the coolant decreases and the fuel temperature rises quickly.

The reactor power is very high between 37.3 seconds and 39 seconds and the hottest
fuel in the model remains in dryout through this period. Therefore, most energy
generated in the fuel remains there and raises the energy content to 300 cal/g by
39 seconds. This energy content has been found experimentally to be about the
onset of fuel breakup. Fuel vaporization occurs at approximately 450 cal/g.

At the onset of fuel breakup, the sheath fails due to the buildup of internal
pressures and fragmented fuel is ejected. The resulting change in geometry leads
to an increasing rate of heat transfer to any water in the channel. The rate of
heat transfer is determined by the rate at which fuel breaks up and the degree of
fragmentation. As will be discussed later, due to significant distortions in the
power distribution the rate would vary greatly along the channel and across the
core.

The amount of energy generated in the core before ultimate shutdown, is determined
by the amount of negative reactivity required to make the core subcritical. In
the absence of shutdown by control rods, negative reactivity can arise from the
increase in fuel temperatures. However, if that alone is insufficient, then fuel
breakup providing homogenization in the channel would occur which would lead to
reactivity changes not allowed for in the modelling. In any case, our simulation
has decreasing reliability beyond the onset of fuel breakup.
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AXIAL VARIATION OF PARAMETERS IN THE REACTOR

Trie preceding section described the general result of the simulation. However,
this does not facilitate a detailed understanding of the important processes
involved. In particular, we find that the variation in key parameters such as
:ue'l power and temperature along the length of the Chernobyl core during the power
pulse part of the accident is very large. A presentation of that variation
facilitates a discussion and understanding of the results more easily than the
core average parameters.

In tnis section the axial variation of results is presented for the whole core
averaged for the three representative channels in the model. As noted previously,
the /node! is divided into seven equal length nodes along the fuel channel in both
the t.iermalhydraulic and neutronic models. Therefore, seven values along the
lent h of the fuel channel are available as a representation of the axial variance
in a :arameter at a given time. In the figures described in the following
sub-sections, an interpolation between the seven values is done to present an
easier-to-read figure.

There was also a significant variation in the results between each channel (radial
variation). The radial variation is presented in a later section.

We found no variation at all in the results for the azimuthal direction. The
model was intended originally to capture any three- dimensional effects, but we
had no piping geometry or reactor power information that suggested there was an
azimuthal variation before or during the accident. Therefore, our results reflect
a quarter core symmetry.

Power

Figure 4-2 shows the axial variation of heat generation of an average channel for
several selected times in the transient. At 36 seconds the power still reflects
the steady-state prediction of a double peaked shape (Note that the double-hump
shape is much less visible on the log scale). By 37.4 seconds, the power has
increased dramatically at the bottom of the core to over 15 times what it was just
one second previously. The central part of the channel has also increased in
power significantly, but it lags the bottom section by at least a factor of five.
The top of the channel has decreased in power from 36 to 37.A seconds because of
the control rod insertion.

The axial power shape becomes even more peaked at the bottom of the reactor by
37.9 seconds. The very top of the reactor remains steady at low power.

At 38.2 seconds, the bulk reactor power reaches its peak. However, the bottom of
the channel has decreased in power from 37.9 seconds, and the center of the
channel has kept increasing so that it becomes the highest power region. The top
of the reactor remains steady at low power.
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The axia. power shape changes arise from the axial variation in reactivity due to
the control rods, coolant density and fuel temperatures. Those results are
presented in following sub-sections.

'. 01;

Mgure t-3 shows the axial variation of core void averaged for all channels in the
j-re. The times shown are the same as presented for the axial variation in power,
and they cover the most critical section of the transient. There is a general
increase in void throughout the core and throughout time. This is caused by the
feedback, effect of increasing the heat-to-coolant caused by the power runaway,
vhich causes more boiling and an increase in flow resistance, which causes a
decrease in flow and even more boiling.

The oslant at the inlet to all channels is slightly subcooled throughout this
transient, averaging less than 10°F (6°C). Therefore it takes little heat
addition at the bottom of the fuel to start bulk boiling. This results in the
void changing quickly over the bottom one-seventh of the core. From 37.4 to
37.9 seconds there is an interesting change in the shape of the axial void
profile. During that time span, the power is highest at the inlet end of the core
(Figure 4-2). This causes the void to be largest near the inlet momentarily.
However, past 37.8 seconds, dryout occurs along the bottom half of the core, which
decreases the heat-to- coolant in that region, allowing the void profile to return
to the shape where void increases only from inlet to outlet. By 39.0 seconds, the
flow is so low that steam superheat is predicted at the outlet end of the core.

Fuel Temperature

Figure 4-4 shows the axial variation of the fuel temperature for an average
channel. The temperature is volume averaged across the fuel pin.
Channel-to-channel variations in fuel temperature, which are significant, are
presented in the next section. The fuel dries out at 37.8 seconds at the bottom
of the channel and so the temperature rises sharply at that time. Temperatures
elsewhere in the channel remain near normal at this time. The power peak moves
from the bottom to the middle of the channel after 37.9 seconds (Figure 4-2),
however the fuel at the bottom still remains hottest until the end of the
simulation because dryout persists. Fuel at the top one-seventh of the channel
remains at pre-accident temperatures throughout the transient.

RADIAL VARIATION OF PARAMETERS IN THE REACTOR

This section shows the channel-to-channel variation in results as predicted by the
three unique representative channels in the model. Each of the three channels
showed an axial variation in results quite similar to those presented for an
averaged channel in the previous section. However, each channel has a unique
power and flow during the transient which results in significantly different fuel
temperatures in each channel.
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The transient axial variation of fuel temperatures (Figure 4-4) showed that the
inlet or bottom part of the core had the highest fuel temperatures throughout the
transient. Therefore, we predict that fuel breakup would occur at the bottom of
the core first. Figure 4-5 shows the temperature at the bottom of each of the
three channels in the model. Channel "A", which represents the central region of
the core, has a significantly higher fuel temperature than for the outer regions
of the core. Therefore, we predict that fuel breakup would occur in channels
located in the centre of the core before it would occur in channels located around
the rim of the reactor.

Since each representative channel has different fuel temperatures, each provides
different amounts of reactivity feedback due to the fuel temperature rise.
However, it is noted that the time of greatest fuel temperature rise at the
channel inlet, is during 37.7 to 38 seconds for all three channels. This is
because dryout occurs at about the same time at the channel inlet for all
channels. Therefore, although the centre region channel is higher powered and has
the highest fuel temperatures, the time at which it provides significant negative
reactivity feedback is the same as all other channels. Figure 4-1 shows we
predict the reactor is prompt critical in the time period 37.4 to 38.1 seconds.
Therefore the significant fuel temperature rise at the channel inlet starting at
37.7 seconds is too late to prevent the power runaway.

COMPARISON WITH OTHER SIMULATIONS

This section presents a comparison of our result with the Soviet simulation
presented in Vienna. The Soviets (we believe) gave only reactor averaged
information on the reactor state during the accident, therefore that will be the
basis for comparison. We also performed two further simulations of the accident
transient. In one simulation, the void reactivity was set to zero to see the
effect of the control rod reactivity alone. In the other simulation, the rod
reactivity was set to zero to see the void effect alone.

Figure 4-6 shows the reactor power transient for the Soviet simulation (from
Figure 4 of the working paper volume 1) and the three simulations of this study.
Figure 4-7 shows a comparison of system reactivity and Figure 4-8 shows the core
void.

Soviet Simulation

The Soviets predicted the reactor to peak at about 10,000% power, four seconds
after the scram button was reportedly pushed. Soon after the peak in power,
massive fuel break-up was modelled by increasing the fuel-to-coolant heat transfer
area. This resulted in predicting that the coolant voids completely almost
instantly as fuel break-up occurs. The Soviets predicted a second power pulse
when the complete coolant voiding occurred.

The most noticeable difference between our simulation and the Soviets is the time
of the first power pulse after 01:23:40. The Soviets predict this time span to be
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rjur se;:cr.ds while we predict 2.2 seconds. We have little information to explain
"he dif ferer.ces between these times. However, it is quite possible that the
:.\:r.tro 1 r;ds did not move as quickly into the core as we assumed. We did not have
•\r.y ir.fcrr.aticr. on time delays between when the button is pushed and when the rods
.iCtuallv start to move. Also, it is not completely clear whether the scram button
*:s r us r.e a at 01:23:40 or whether just the order to push the button was given at
-.-..-.: ti.r.e. If the rods actually started to move two seconds after 01:23:40 we
•-•:ui; predict the peak power at the same time as the Soviets. Additionally the
initial red position is uncertain which could affect the timing.

The Soviets predicted the peak of the first power pulse to be 100 times full
pewer. We predict that it is 55 times full power. Both of those values are large
er.o-_=;r. to produce the observed damage, and we are satisfied with the general
agreement ir. the peak power, especially since the axial variations in power shape
are ~isr.i£icar.t.

The . -viets have predicted two power pulses, whereas we have predicted one. The
setcr.: Scvict pever pulse is predicted after fuel break-up. We have chosen to end
cur siv.uliticr. at fuel break-up. Our models were simply not intended nor
acprcrriat- fcr predicting ultimate core shutdown.

We differ 3c~.evr.at frc~ the Soviets on the prediction of core void. The Soviets
creditt the vcid to be 4C?= at the first power peak. We predict that the void is
~z%, ar.d that the void gcos very r.ear to 100% without modelling fuel break-up.
The Soviets tredict that the void holds around 40% for over one second while the
reactcr pever r:=s through the first power pulse. Then the void goes quickly to
iZZ% after they rr.tdel fuel break-up. The Soviets seem to be showing that
essentially all the fuel is in dryout during the first power pulse, and that post
drycut heat transfer is rr.ir.i~.al.
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Zero Void Reactivity

The RBMK-1000 reactor has a positive reactivity coefficient of coolant void and
this plays a part in the accident analysis. We have set this feedback reactivity
to zero for a simulation to show its importance in the accident.

As figure 4-6 shows, even without void reactivity feedback, we predict a reactor
power runaway. The reactor is predicted to be prompt critical for two brief
periods (Figure 4-6) which leads to two peaks of power, the highest being at 17
times full power. This compares to 55 times full power for our reference
simulation which includes void reactivity feedback. The reactivity drops after
each peak due to a rapid fuel temperature rise in some part of the core.

The core void is shown in Figure 4-8. The void for this case is lower than the
other simulations at 01:23:40. This is because the transient header boundary
conditions were chosen to arrive at 25% core void at 01:23:40 for our reference
simulation which includes void reactivity feedback. Similar to our reference
simulation, the core void is higher than the Soviets predict at the time of the
first power peak.

The transient axial variation of power and fuel temperatures are given in Figures
4-9 and 4-10. The highest power and fuel temperature occurs at the core bottom at
all times during this simulation. This is because the positive reactivity
insertion by the control rods occurs at the core bottom.

The variation in fuel temperatures at the core bottom is shown in figure 4-11.
The rapid rise in fuel temperature at 37.7 seconds coincides with the first
power/system reactivity peak in figures 4-6 and 4-7. The system reactivity
exceeds f} (5.3) at about 37.4 seconds when the fuel is still cool. Therefore, the
rapid fuel temperature rise limits the power pulse but is too late to prevent the
reactor from becoming prompt critical.

The highest fuel temperature predicted by the model for this simulation is 4255°F
(2364°C). This is below the U02 melting temperature and the 300 cal/g energy
content. Therefore, massive fuel break up is not predicted for a significant part
of the core. However, some channels at the centre of the core could have their
outer fuel elements reach as high as 5072 °F (2800 °C), which corresponds to
260 cal/g. Therefore, some fuel in the core could experience some degree of fuel
damage. However, the amount of fuel damage would be less than predicted with our
reference simulation.

Zero Control Rod Reactivity

In our reference simulation, the control rod movement added positive reactivity at
the core bottom, and negative reactivity at the core top. The effect on the
reactor as a whole was to enable it to become prompt critical even without a
positive void feedback, as shown in the previous section. This section presents a
simulation where the control rods are not moved and therefore have no reactivity

4-13



- 5 -

- 6 -

FIGURE 4-7

SECONDS AFTER 01:23:40

COMPARISON OF SYSTEM REACTIVITY WITH OTHER
SIMULATIONS

4-14



100—1

9 0 -

8 0 -

7 0 -

6 0 -

S 0 -

4 0 -

3 0 -

2 0 -

1 0 -

3 4

SECONDS AFTER 01:23:40

FIGURE 4 -8 COMPARISON OF CORE VOID WITH OTHER SIMULATIONS

4-15



'000000 —i

'00000 —

10000 —

1000-

<
<
>

X

1 0 0 -

10 —

INLET CORE OUTLET

FIGURE 4 -9 TRANSIENT AXIAL VARIATION OF POWER FOR CASE WITH
NO VOID REACTIVITY

4-16



o
o
0)
1 _

3
4—»

2000

1750 -

1500

£ 1250o
Q.

E

o
3

'•E 750

Is

1000 -

500 -

250

Inlet Core Outlet

FIGURE 4-10 TRANSIENT AXIAL VARIATION OF AVERAGE FUEL
TEMPERATURE FOR CASE WITH NO VOID REACTIVITY

4-17



2500-i

2000-

1500 —

5
O
Q 1000-

5 0 0 -

200
38

TIME (S)

F IGUFXF, 4-11 TRANSIf.NF CHANNEL HOTTOM FUEL TEMPERAHJRE IN
REPRESENTATIVE CHANNELS EOR CASE WITH NO VOID
REACTIVITY

4-18



effect on the transient. In that case, only the void reactivity feedback can
cause the power to rise.

Figures 4-6, 4-7 and 4-8 present a comparison of the three simulations in this
study and the Soviet simulation. This case with zero control rod reactivity is
significantly different from the others. A power pulse is not predicted. The
power is rising slowly and the system reactivity is 1.5 mk for a considerable
time.

Figure 4-12 shows the reactor power transient and Figure 4-13 shows the system
reactivity for this entire simulation. (Note: Time zero corresponds to 01:23:04
Soviet time). The power rises to a peak of 2.3 times full power at 51.7 seconds.
At that time dryout occurs in the middle of Channel "A" which represents the
central zone of the reactor. Fuel temperatures rise quickly at this location,
which adds enough negative feedback reactivity to halt the power rise before the
reactor becomes prompt critical.

Fuel temperatures stabilize following the power drop, and since the coolant flow
is still decreasing (the tripped pumps have not run down yet), void generation in
the core persists. This allows the power to rise again to reach another peak at
59.5 seconds. The power rise is stopped this time by the spreading of dryout in
the middle of Channel "A". The length of dryout now covers over half of the
channel. In the other representative channels no dryout is predicted at this
time, although fuel temperatures have risen a little in the middle of the
channel.

The reactor power goes through yet another small power rise and peak which occurs
at 82 seconds. Coolant voiding has persisted due to the coolant flow rundown.
However, more spreading of dryout is predicted for representative Channel "A", and
along with a small fuel temperature rise in the other channels, the power rise is
halted once more.

Therefore, the peculiar shape of the reactor power curve in Figure 4-12 in having
a number of peaks is caused by the prediction of dryout by the fuel model in one
representative channel. In practice, with over 1600 channels in the core, the
spreading of dryout axially in each channel would be smoother than predicted by
our model, so that the reactor power transient would also be smoother.

The core void versus time is shown in Figure 4-14. It generally increases with
time due to the general rundown in flow. The times when it decreases momentarily
coincide with the peaks in reactor power and fuel dryout in Channel "A". When
dryout occurs, there is a sudden decrease in the rate of heat transfer to the
coolant. Since the channels are being fed by subcooled water, the void decreases.
By 100 seconds in the simulation the core void has increased up to 80% from
starting at 10%. This change in void, if it occurs fast enough, could cause the
reactor to become prompt critical. However, the rate of increase in void has beens
slow enoug to allow the fuel temperature reactivity feedback enough time to
compensate and keep the reactor power below 2.3 times full power for this
simulation.
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Figure 4-15 shows the transient axial variation of power averaged for all
channels. The three times shown correspond to the first power peak (51.7 s) , the
second power peak (59.5 s) and the minimum point between the peaks (56.1 s).

The power is highest in the channel centre for the first power peak. This is
because the void coefficient of reactivity is highest at that location owing to
the effect of burnup on the coefficient. However, as discussed previously the
corresponding large temperature rise also occurs in the centre of representative
Channel "A". This causes the reactor power to decrease and the axial power
profile to flatten by 56.1 seconds.

When the reactor has another power peak at 59.5 seconds, the peak in power moves
axially off-centre toward the inlet of the channel. This is due to the high fuel
temperature reactivity feedback at the centre of the channel. Since the power
peak is predicted to move along the channel, so does the prediction of dryout.

Figure 4-16 shows the transient axial variation in fuel temperature averaged for
all channels. This figure shows the general trend of highest fuel temperatures in
the channel centre and the spreading of the temperature rise along the channel
with time.

The hottest fuel temperatures in the model for each representative channel are
shown in Figure 4-17. Values are shown for the middle of each channel. There is
a significant difference between the hot channel ("A") and the cooler channels.
In channel "A", the fuel is in dryout after 52 seconds. In the other channels the
fuel temperature rises, due to the general rise in core power from 6%% to over
100%, but dryout is not predicted. Sheath temperatures remain near the coolant
temperature. The sheath temperatures in Channel "A" are somewhat higher than the
coolant temperature, but the highest value is only 1250cF (677°C). This is an
expected value for post-dryout heat transfer under these conditions of slightly
higher power (̂ 180%) and lower flow (V50%) and does not lead to significant
metal-water reaction nor necessarily to sheath failure.

The fuel temperatures in Figure 4-16 are modest even for the last half of the
transient. It is expected that adequate fuel cooling could persist for some time.
Therefore, this simulation shows that if a scram had been initiated at 01:23:40,
and if the scram action provides only negative reactivity, the Chernobyl-4 reactor
would have been shutdown safely.

In order to check the sensitivity of this result another simulation was done. All
simulations described previously in this report used the void reactivity curve in
Figure 3-12. These conditions were altered in order to see if the Chernobyl-4
reactor could be predicted to become prompt critical without positive scram.

The void reactivity curve of Figure 3-11 was increased by 40% to provide a greater
reactivity increase due to coolant voiding. The increase of 40% was considered
because it would give our simulations approximately the same void reactivity as
used by the Soviets (1) in their simulation of the accident. However, there may
also be a difference in the use of the void reactivity coefficient, since our
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simulation employs a coefficient that varies in space and time, whereas the
Soviets appear to use a single constant value.

The results of this simulation show that the reactor is predicted to become prompt
critical, however the peak power is limited to less than 10 times normal. As in
the previous case with no control rod reactivity, the power rise is relatively
slow such that fuel temperature increases can limit the peak power to a relatively
low value for a power runaway situation. Voiding in the core was predicted to
Voiding in the core was predicted to increase along the length of the channels
from inlet to outlet. Consequently, the greatest power rise was predicted to
occur in the middle/top part of the core, with the inlet end remaining relatively
cool. This is in contrast to our reference simulation which predicted the peak
power to occur near the inlet end. Peak fuel temperatures were predicted near
2900°F (i600°C) which is significantly lower than our reference simulation.

Therefore, this sensitivity simulation shows that to reproduce the power runaway
that occurred at Chernobyl—4, our model must include a positive reactivity
insertion other than the void effect alone. As discussed in Reference (_L2) , this
conclusion is based on our best interpretation of the data available from the
Soviets.
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APPENDIX A

THE SENSITIVITY OF THE POSITIVE SCRAM REACTIVITY TO THE AXIAL FLUX SHAPE

As discussed in Section 3, the positive scram reactivity was a result cf axial
flux shape distortion. It was therefore felt prudent to investigate the
sensitivity of the scram reactivity to factors such as the assumed axial burnup
distribution and the axial nodalization used in the numerical procedure, both
which are known to influence axial flux shape.

AXIAL NODALIZATION

The nodalization used in the finite-difference model was based en the knewn
relationship between finite-difference error and node size (in units cf
multiplication length). With the standard finite-difference formjlation, the
error varies directly as the node size or ah where a2 is the material buckling of
the lattice (I/a being the multiplication length) and h the physical node size.

To put the RBMK-1000 nodalization into perspective it should first be noted that
the pre-accident value of a is .0071 cm"1. Compared with this, the value of a for
the LWR is 0.094. This means that to obtain comparable accuracy the physical node
size in the RBMK-1000 model can be x 13.2 of that in LWR models.

The physical node size used initially in the RBMK-iOOO model was 100 cm. To
evaluate if this were adequate, the node size was halved and the axial flux shape
recalculated. This involved recalculation of a consistent burnup distribution
with the revised node size.

The axial flux shapes for the two sizes are compared in Figure Al. The quantity
of interest is the ratio of the maximum and minimum flux levels within the core.
This quantity is a measure of the extent of neutronic decoupling between the upper
and lower axial halves of the core. It is clear that reducing the node size does
not have any appreciable effect on this quantity.
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BURNUP DISTRIBUTION

Significant changes in axial flux shape are expected in the REMK-1CCC during fu-;~.
burnup. An axial flux shape control function is provided as part of the Reactor
Regulating System to maintain an acceptable flux shape during cperaticr..
Furthermore, the recommended fuel management scheme involves axial fuel
rearrangement during the fuel life in order to approximate a uniform burnup
distribution. (This feature was not used in Chernobyl-A). If the axial flux

control function is lost (as was the case just before the accident) the axial flux
shape undergoes severe distortion of the type illustrated in Figure A-2. The
double hump is a result of the low lattice reactivity towards the axial centre
resulting from high fuel burnup and high xenon-135 concentration.

Since information on the burnup distribution is not available frcrr. t'r.2 Sciets,
there is considerable uncertainty in the pre-accident axial flux shape. F;r this
reason, the positive scram reactivity was calculated (using static rr.cdels; for
several degrees of axial shape distortion. The results are giver, in Figures A-2
and A-3. The results show that the level of positive scram reactivity does not
change appreciably with relatively large changes in axial flux shape provided the
double-humped feature (which is an indication of neutrcnio decoupling between the
top and bottom reactor halves) is maintained. Scram reactivity turns negative
only for convex flux shapes. Even when the flux is higher in the top half
(Curve 5 in Figure A2), the scram reactivity is positive. This clearly shows that
positive scram reactivity is a characteristic of neutronic decoupling and not cf
high neutron importance of the water at the bottom of the absorber rod channel.

In conclusion:

• The node size used in the axial direction is adequate tn reduce
finite-difference error to acceptable levels. The reason for the large
node size (physical) in the model is due to the rr.uch larger (x 13)
multiplication length of the RBMK-1000 lattice compared to LAR.

• For flux shapes that are double-humped (characteristic of neutrcnic
decoupling) the level of positive scram reactivity is insensitive to the
axial flux shape. However, the scram reactivity turns negative for flux
shapes that are indicative of strong neutrcnic coupling i.e. convex flux
shapes.
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