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1. Introduction

In steady state conditions units with VVER-1000 reactors operate with the control bank position 84-
88% from the bottom of the core. The working position of the control bank is defined by the
function performed by the reactor control and limitation system (RCLS) during normal operation
conditions.
RCLS and preventive protection provide required rate of power reduction in cases of unreserved
main equipment failure, so the reactor parameters do not reach reactor trip setpoint. Control bank
must have sufficient worth to ensure required rate of power reduction in transient.
Analysis of the design initial events, shown in FSAR B-320 [1], demonstrate that the initial event
with loss of 1 from 4 MCPs (Main Coolant Pump) is the most sensitive for control bank worth
requirements. At such transient the ratio between the core power and decreasing reactor flow
significantly alters. Accordingly, the rate of power reduction is determined by control bank worth.  
Loss of 1 from 4 MCPs in FSAR B-320 is analyzed, taking into consideration RCLS operation and
failure. During RCLS failure, power reduction is performed by preventive protection system.
Preventive protection setpoint is activated when temperature rise in any of the hot legs at 3°С
relative to the nominal (Тnom + 3°С). Control Bank must be sufficiently inserted into the core to
provide effective power reduction rate during the first seconds of the transient.
At the same time control bank’s relatively deep insertion (84-88% from the bottom of the core) may
have some disadvantages. Burnup shadowing of the FAs top near control bank may limit a
possibility to adjust power deviation of normal operation. Control bank movement above steady
state position may lead to significant increase of peaking factors at the top of the core.
In the view of impact on analysis of the design initial events, burnup shadowing in the core top
increases peaking factors for bounding RIA.
This paper gives a comparative assessment of the VVER-1000 core parameters for some transients.
We considered control bank positioned near the top of the core (98%) and the current operation
position (85%). Impact on the existing safety analysis control bank position was performed.
We performed the following analysis of a possibility to operate VVER-1000 with control bank
positioned near the core top at the hot full power condition during cycle depletion:

1) Calculation of expected value of the maximum nuclear heat flux peaking factor (K0) during
transient at normal operation conditions. Comparison of calculated K0 for two cycle
depletion, with control bank position 98% and the currently in use position 85% from the
bottom of the core.

2) Evaluation of impact on the existing safety analysis of control bank position in the hot full
power, namely, of the initial event with loss of 1 of 4 MCPs at nominal power.
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2. Evaluation method

For analysis we used Westinghouse computer codes PHOENIX-H, ANC-H, APOLLO, and
VENUS. The core was divided into 40 axial mesh points in one-dimensional calculations of axial
power shape, and into 24 for 3D calculations. PHOENIX-H [2] and ANC-H [3] were used to
calculate neutronic characteristics of the core. ANC-H, APOLLO (collapsing 3D ANC-H model
into 1D axial one) and VENUS were used to analyze axial power distribution and K0 increase at
steady state and transient condition.
For calculation analysis of the loss of 1 from 4 MCPs at nominal power LOFTRAN [4] was used
for system analysis. DNBR evaluation in the hot channel VIPRE [5] was used (developed on the
basis of several versions of the COBRA program). 30-channel model for VVER-1000 with axial 41
mesh point was used.
Qualification of these codes for VVER-1000 was performed in the framework of the projects for
SUNPP-3.
The Unit A core with Russian designed FAs was used to calculate expected increase of local heat
flux in the fuel elements at normal operation conditions. The following initial conditions and
assumptions were used in the analysis:

• The depletion was performed (PHOENIX-H, ANC-H) with two control bank position;
• Calculation of the neutronic characteristics for Cycle 17 was performed to make sure reload

safety requirements are met [7]. Additionally, K0 calculation was performed during the
Cycle at various control bank positions in the range of 60%-90%;  

• To assess load follow capability periodic load schedule was simulated at BOC, MOC and
EOC of Cycle 17 as indicated in Figure 2.1. Power decreased to 70%, 50% and 30% of the
nominal power;

• For all modes, including transient modes during Cycle 17, Axial Offset (AO) band was ±5%
regarding the target value for power levels 80% and more [6];

• At power deviation during the load follow schedule, control bank positioned within the
limits permitted by the Plant Technical Specifications (PTS), namely 60%-90% from the
bottom of the core for the core depletion with the normal (85%) control bank position. For
the control bank position close to the top of the core the range of 60%-100% was used;

• Power deviation at the load follow schedule was performed according to the following
algorithm: the power altered first of all by control bank. In case it was impossible, due to
AO band deviation, a boron regulation system turned on. Simulation of the boron regulation
system was performed with the design characteristics. 

After performing calculations according to the described above algorithm, we analyzed all possible
axial power shapes and K0 that appear during steady state and transient conditions for two depletion
cases. Axial shapes, for which AO and control bank position were out of the allowable technical
specifications range, were excluded from the analysis. 
Based on the maximum K0 values limiting axial power shapes were chosen for each axial location,
and these shapes were considered to be the final condition. 3D power distribution was defined for
every axial shape.
Then we defined approximation of power increase value depending on the local initial power and
burnup. The local power in steady state at the nominal power was considered to be the initial power
for every axial mesh point.
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The described above algorithm is used in the VENUS program for calculating the local heat flux.
Comparison of the value of the local heat flux increase was performed for two cases. K0 was
multiplied by 1.08 to account calculation uncertainty. 

Figure 2.1  Load follow schedule
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2.2 Analysis of the loss of 1 from 4 MCPs was performed for two cases of control bank position.
Conservative initial conditions were used. Reactivity coefficients were chosen to obtain the
minimum rate of thermal power decrease during the transient. Characteristics of the MCP coasting
are accepted conservatively to ensure the maximum decrease of flow rate in the core. Loss of 1
from 4 MCPs was considered for two cases, taking credit for RCLS operation and failure. Power
reduction was ensured by preventive protection for RCLS failure. (temperature rise in any of the
loop hot legs at 3°С relative to the nominal)
Simulation of RCLS, preventive protection operation and calculation of reactor parameters during
the transient were performed using the LOFTRAN code.
Differential worth of control bank was calculated for the beginning (BOC), middle (MOC) and end
(EOC) of Cycle 17 at the nominal power, and minimum values for each axial mesh point were used.
Differential worth of control bank was normalized to achieve the control bank minimum acceptable
integral worth of 0.69% [7] and conservatively reduced by 10% taking into account calculation
uncertainty. Negative reactivity insertion rate of the control bank, used in the calculations, is
demonstrated in Figure 2.2.
To calculate the total peaking factor Kr, the maximum calculated Kr limit (1.50) was multiplied by
fabrication uncertainty (1.07), and methodology uncertainty used for Kr was taken as 1.04. Result
became for the total peaking factor value of 1.67. For conservatism, the first 5 fuel elements in the
30-channel model had the maximum peaking factor of 1.67. Also, conservatively, flow in the hot
channel was additionally reduced by 5%.
Axial power distribution with the maximum on top (1.2 at 75% from the bottom of the core) was
used for the axial power distribution peaking factor Kz. This shape is the worse in regard to DNBR
with partial or full loss of flow transient.
Evaluation of DNBR in the hot channel for two variants of control bank positioning was performed,
using correlation W-3 [8], which was obtained on the basis of numerous tests of the critical flux for
a single channel or annular gap with heated walls. The design limit for the correlation W-3 is 1.30
with 95% of confidence probability. This value was obtained by comparing the calculation results
with the test data on the critical heat flux, demonstrated in [9].
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Table 2.1 Initial conditions for 1 of 4 MCP trip

Parameter value
Reactor power, MW 3120 
Reactor flow, m3/h 80 000
Inlet temperature, °С 292.3
Pressurizer pressure, Mpa 15.3
SG pressure, Mpa 6.9
Moderator Temperature coefficient 0.0
Doppler coefficient max
Hot channel total enthalpy rise peaking factor 1.67

Figure 2.2. Control bank worth 
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Negative reactivity inserted by Control Bank
 (Control Bank worth is 0.69%*0.9 ) 
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3. Result of nuclear heat flux peaking factor calculations

The cycle depletion parameters are provided in Table 3.1. To confirm that the design limits for K0
were not violated, Figure 3.1 shows the maximum values (with calculation uncertainty taken into
account) of the nuclear heat flux peaking factor during the cycle at the hot full power conditions
with control bank position in the range of 60%-90% from the core bottom. Xenon distribution is
consistent with the control bank position 85% at the nominal power.
From the Figure we can see that during cycle the K0 design limits are not violated with control bank
position in the range, allowed by plan technical specifications, at the nominal power. The K0 design
limits (including calculation uncertainty) were calculated by dividing the maximum linear power
(448 W/см up to 50% and 360 W/см at 80%) by uncertainty, related to manufacture uncertainty
(1.07). 
Figures 3.2-3.4 show calculated maximum increase of power relative to the steady state on fuel rod
for two examining cases at steady state and transient conditions for BOC, MOC and EOC. Because
of the relatively small power and higher uncertainty in the power evaluation in the upper and lower
ends of the fuel elements (15% from both ends), power increase in these sections was not
demonstrated (calculation for these sections was performed).
Figure 3.5 shows calculated maximum values of the local heat flux peaking factor K0, obtained by
multiplying steady state values by calculated power increase. K0 values are demonstrated during the
cycle with control bank design position and positioned close top of the core during cycle depletion.
Figure 3.5 shows that during load follow design limits violation for normal operation at the control
bank normal position may take place. Keeping AO in the range of ±5% relative to the steady value
for power level 80% and more does not ensure maintenance of the design limits for local heat flux.
At the same time, as we can see in Figure 3.5, the described above design limits are not violated
with control bank positioned close to the top of the core.
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Table 3.1 Cycle depletion with different control bank position
 
№ Burnup

МWD/ТU
EFPD Power

Mw
СВ crit Тin

С
Kq К0 Кr КZ A/O Control

Bank
position,

cm
1 150 3.30 3000 6.153 287 1.276 1.718 1.457 1.172 1.26 298
2 500 10.98 3000 5.961 287 1.272 1.686 1.452 1.153 -0.22 298
3 1000 21.97 3000 5.650 287 1.269 1.675 1.448 1.144 -0.59 298
4 2000 43.93 3000 5.161 287 1.280 1.664 1.442 1.134 -1.76 298
5 3000 65.90 3000 4.679 287 1.285 1.632 1.432 1.116 -2.15 298
6 4000 87.87 3000 4.182 287 1.288 1.614 1.426 1.109 -2.36 298
7 5000 109.83 3000 3.676 287 1.291 1.606 1.418 1.106 -2.64 298
8 6000 131.80 3000 3.165 287 1.291 1.595 1.413 1.106 -2.82 298
9 8000 175.73 3000 2.142 287 1.290 1.573 1.401 1.105 -2.86 298
10 10000 219.67 3000 1.132 287 1.286 1.553 1.386 1.105 -2.78 298
11 12489 274.34 3000 -0.088 287 1.280 1.533 1.367 1.109 -2.94 298

№ Burnup
MWD/ТU

EFPD Power
Mw

СВ crit Тin
С

Kq К0 Кr КZ A/O Control
Bank

position,
cm

1 150 3.30 3000 6.234 287 1.274 1.709 1.456 1.167 2.21 344
2 500 10.98 3000 6.043 287 1.274 1.676 1.451 1.148 1.31 344
3 1000 21.97 3000 5.731 287 1.280 1.665 1.452 1.138 0.57 344
4 2000 43.93 3000 5.243 287 1.292 1.646 1.453 1.123 -0.92 344
5 3000 65.90 3000 4.762 287 1.296 1.621 1.446 1.108 -1.44 344
6 4000 87.87 3000 4.265 287 1.298 1.604 1.437 1.102 -1.82 344
7 5000 109.83 3000 3.760 287 1.301 1.596 1.429 1.100 -2.10 344
8 6000 131.80 3000 3.252 287 1.301 1.586 1.420 1.100 -2.27 344
9 8000 175.73 3000 2.228 287 1.298 1.566 1.402 1.101 -2.52 344
10 10000 219.67 3000 1.216 287 1.294 1.549 1.385 1.103 -2.68 344
11 12489 274.34 3000 -0.007 287 1.287 1.530 1.365 1.107 -2.86 344
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Figure 3.1 Nuclear heat flux peaking factor K0  at HFP condition during cycle depletion
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Figure 3.2 Expected maximum local power increase at BOC  
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Max W(z) - Maximum expected local power increasing at BOC for normal operation conditions 

1

1.05

1.1

1.15

1.2

1.25

1.3

0 50 100 150 200 250 300 350

Core height, см

W
(z

)

W(z) for Control Bank position- 98% 

W(z) for Control Bank position-  85%



11

Figure 3.3 Expected maximum local power increase at MOC  

Max W(z) - Maximum expected local power increasing at MOC for normal operation conditions 
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Figure 3.4 Expected maximum local power increase at EOC  
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Max W(z) - Maximum expected local power increasing at EOC for normal operation conditions 
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Figure 3.5 Maximum expected nuclear heat flux peaking factor K0 (z) 
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4. Result of loss of 1 from 4 MCP transient with different control bank position 

Some of the results of the transient are demonstrated in figures 4.1-4.4. Control bank begins
insertion at 0.5 s after MCP trip (0 s) with RCLS credit and lasts up to 80 s. Power is reduced ~
67% (for control bank position 98% duration is 85 s). Later automatic control system maintains
power at level ~67%. 
With RCLS failure, after a signal of temperature exceeding in the hot leg by 3°С from the nominal,
preventive protection system starts reducing reactor power (in the 9th s after MCP trip) by inserting
control bank into the core. Preventive protection system stops when temperature reduces in the hot
leg below the setpoint (67s and 80s of the transient control bank normal and close to top position
correspondingly). Later the automatic control system provides power maintenance at the new
established power level.
Table 4.1 shows calculation results of DNBR in the hot channel for the examined cases:

Table 4.1. Result of DNBR evaluation

Conditions Control bank position,
%

DNBR, W-3
correlation

85 1.43RCLS credit is taken
98 1.31
85 1.29RCLS failure
98 1.20
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Figure 4.1 Volumetric flow
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1/4 MCP Trip 
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Figure 4.2 Temperatures in the loops 
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Figure 4.3 Heat flux 
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1/4 MCP trip (Credit is taken for RCLS) 
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Figure 4.4 Hot channel DNBR
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1. 

1/4 MCP Trip (No credit is taken for RCLS)

1,10

1,20

1,30

1,40

1,50

1,60

1,70

1,80

0 5 10 15 20 25 30 35 40 45

Time, s

D
N

B
R

Control Bank position 85%

Control Bank position 98% 



22

5. Summary

Analysis of the calculation results performed for Cycle 17 of the Unit A shows:
1. The core operation at control bank positioned close to the top of the core allows maintaining the
load follow schedule. In contrast to the control bank normal position, exceeding design limits
during normal operation conditions; the local heat flux violation is not expected with control bank
positioned close to the top of the core. Therefore operation of the reactor with control bank
positioned close to the top of the core is preferable, both in the basic and of load follow mode from
the point of view of future possible requirements to the plant with VVER-1000;
2. Loss of 1 from 4 MCPs is evaluated with different control bank position with RCLS operation
and failure. The analysis demonstrates that the design DNB limits are not violated for both control
bank positions with RCLS credit.
3. The analysis with RCLS failure demonstrates that DNB design limit is violated for both control
bank positions.

For reactor safe operation it would be reasonable to introduce an additional protection. The
additional protection may be realized on the basis of partial trip at the signal of 1 of 4 MCPs trip.
This protection may be introduced with delay for actuation (for example, up to 10 seconds) and
signal interlocks in the presence of sufficient of power reduction rate during the 1 of 4 MCPs trip.

The work was performed in the framework of the project “Ukrainian Nuclear Fuel Qualification”.
The author gratefully acknowledges Westinghouse EC collaborators Keith Drude and Jeff Secker
for their interest to the work and useful discussions.
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