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Abstract

This article presents the analysis of the calculation procedure and computer code KLAST used in calculations of
the control rod dynamic characteristics during safety justification of water-cooled water-moderated power reactor
plants. The code allows accounting for pressure differentials as a function of time occurred under the design
conditions on the reactor core and on the drive extension shaft as well change of coolant density in the core. The code
can be used to calculate dynamic characteristics of the control and protection system of control rod of VVVER-1000
reactor types under the design accident conditions with rupture of the drive housing and to calculate the control and
protection system of control rod dynamic characteristics during drop and damping in case of reactor damage during
design accident conditions with pipeline break. In calculation, the control and protection system of control rod
dynamic characteristics are determined versus time.
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1. Introduction

The code KLAST "Calculation of the control rod dynamic characteristics” is intended to calculate dynamic
characteristics of the control and protection system of control rod (CPS CR) of VVER-1000 reactors during drop and
damping under the design operation of the reactor (under the normal operating conditions (NOC), anticipated
operational occurrences (AOO) conditions). The code can be applied to other reactor types wherein the CPS CR
structural schemes are similar to those used for VVER-1000 [1] - [4].

The code allows accounting for pressure differentials as a function of time occurred under the design conditions
on the reactor core and on the drive extension shaft as well change of coolant density in the core. Influence of change
in the mechanical friction force in the CPS CR channel, elastic forces of the damper device springs depending on the
CPS CR position coordinate (travelled path). Changes in hydraulic forces acting upon the control and protection
system of absorbing rod (CPS AR) and extension shaft versus the CPS CR motion velocities and depending on the
CPS CR position coordinates are taken into account [4].

The code is intended to calculate the process from the moment of drive de-energizing. The delay time from the
beginning of signal generation to the beginning of CPS CR movement is taken into account separately in the analyses
of design condition scenarios. If during CPS CR damping a margin of damping spring travel is completely taken up
till the spring coils are linked, then there occurs mutual impact of the control rod against the FA guiding channel
framework. For a case of mutual impact of the CPS CR with the guiding channel framework after the spring coils are
linked up the code can be used only for determination of the CPS CR velocity directly before the mutual impact. This
velocity is used in strength calculations [4] — [10].
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2. Statement of research problem and goal of research

The CPS control rods are intended to control reactor power and reactivity, and also to bring the reactor core to
sub-criticality during NOC, AOO and design basis accidents. The CPS CR represents itself a system including the
absorber rod engaged with the drive extension shaft.

Drive de-energizing during reactor damage results in free drop of the CPS CR. The path travelled by the control rod
has two characteristic sections: a section of drop till the control rod contacts the damping device and a section of
damping. Thus, the control rod is affected by the driving forces (weight of the dropping parts minus buoyancy force) and
the resistance force (hydraulic forces, mechanical friction forces between the movable and immovable parts and the
elastic deformation forces of springs). The hydraulic forces due to piston effect are formed on the extension shaft when it
moves out of the drive cavity and on the absorber rod during displacement within the guiding channels [3], [4].

The process of CPS CR motion is described by the equation of movement representing itself a balance of forces
acting upon the CPS CR in case of dropping and damping, and by the equation of hydraulics representing itself a
balance of pressure differentials on the guiding channel sections [4]. The goal of this work is to analyze the
calculation procedure and computer code KLAST used in calculations of the control rod dynamic characteristics
during safety justification of VVVER reactor plants.

3. Calculation procedure

Figure 1 presents the scheme for calculation procedure of CPS CR movement during reactor damage. This
scheme shows conventionally one absorbing element and one guiding channel (CPS AR consists of 18 absorbing
elements), drive, extension shaft and damper spring (combines characteristics of the fuel assembly (FA) cap and
characteristics of the absorbing element suspender spring in the CPS AR cap) [4].
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Fig. 1. Scheme for calculation of CPS CR movement: 1 — extension shaft; 2 — absorber rod;
3 — guiding channel; 4 — damper spring; 5 — pitch electromagnetic drive (ShEM).
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Figure 1 shows the following characteristics used in the calculation procedure:

o general pressure differential on the core (AP;) and the pressure differential components on the guiding channel
inlet section (AP;,) (on the guiding channel tip and on the guiding channel tube section from the tip to the
absorbing element) and on the absorber rod section (APa,);

e coolant velocity on the guiding channel inlet section W;, and distribution of velocity in the gap between
absorbing elements and guiding channel in case of counter movement of the absorbing elements and coolant in
the gap (V — drop velocity of the absorbing elements, Wg, — velocity of water in the gap);

o dimension of full height of the channel (Hg);

o dimension of drop height of the absorbing elements (Hp,) that in a general view includes height of the free-fall
section and the damping section till the spring coils are linked up;

o dimension of height of initial submersion of the absorbing elements within the guiding channel when the
absorbing elements are in the upper position (H,);

o current coordinate (X) in case of absorbing elements drop starting from the upper core boundary.

4. Mathematical model
The process of CPS CR motion [4] is described by the following equations:

(my+ m)-U=F,+Fg +Fg, + Fes + Fay; (1)
APin + APp = AP )

U = dv/dr; 3)

V = dX/dr, (4)

where m is the mass of CPS CR, kg; m,, is the added mass of water, kg; U is the acceleration of CPS CR, m/s* V is
the velocity of CPS CR motion, m/s; t is the current time, s.

The movement equation (1) represents a balance of the forces acting upon the CPS CR during its drop and
damping. The hydraulics equation (2) represents a balance of pressure differential on the channel sections (refer to
calculation procedure in Figure 1). Equations (1) - (4) are supplemented by the constitutive equations for calculation
of the forces acting upon the CPS CR and for calculation of the hydraulic and mechanical resistance in the CPS CR
channel. Accelerations in equations (1) - (4) and subsequent constitutive equations of forces, pressure differentials,
velocities of displacement have a plus sign if the vectors of physical values are directed from above downwards and a
minus sign at a direction from below upwards. In the left part of equation (1) the inertia forces of the dropping CPS
CRs are determined with account for the CPS CR falling part mass “m” (CPS CR mass and extension shaft mass) and
the added mass of water “m,,”. Added mass of water includes the water contained within the blind cavities of the
dropping system and the mass in volume of water to be displaced by the dropping CPS CRs [4].

In the right part of equation (1) the forces acting upon the CPS CR in case of drop and damping are determined
by the ratios:

o gravity force F,, of the CPS CR falling parts minus the ”Archimedian” force:

Fw=m-g-(1 - pu(t)/Pm), ®)

where g is the free-fall acceleration, m/s%; p,, is the density of water, kg/m®; p,, is the density of metal, kg/m®.
o mechanical friction force Fg, in the CPS CR channel (in FA, in protective tube unit (PTU) tubes and in ShEM drive):

Fer= fr(X) - Ko Ky, (6)

where fr(X) is the tabulated value of the mechanical friction forces as a function of position coordinates X along the
CPS CR height; K; is the coefficient introduced for possible consideration of influence of the CPS CR drop velocity
and the water velocity in a gap upon the mechanical friction force; K, is the coefficient determining a direction of the
friction forces with account for direction of CPS CR motion velocity V.
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The coefficients K, and K; are calculated as follows:
Ko=—1 atV>0;
K, =1 atV<Q0;
Ky = do + Wo (Wgp— V), (7

where a,, W, are the corrective factors;

o force of damper springs Fsy(X) (from the moment of CPS AR cap contact with the damper device till the FA
cap spring coils are linked up);

o force of hydraulic impact upon the drive extension shaft Fg:
1) due to pressure differential occurred when the extension shaft moves out of the drive cavity during free fall:

Fes=—aes(X):V { V| (8)

2) due to pressure differential on the extension shaft occurred in case of housing rupture or main coolant pipeline
(MCP) break:

Fes=—Wes- APeg(T), 9)

where ags(X) is the coefficient of proportionality between a value of hydraulic force acting upon the extension shaft
and a square of velocity of extension shaft motion.

The coefficient ag s is calculated according to the following formula:

ags=Ees/2 -pul(t) - (Ses/ SE'SG.b)2 ) (10)

where Sgs = W is the coefficient of proportionality between the hydraulic forces on extension shaft and the pressure
differential on extension shaft in case of drive housing rupture or MCP break; Sg; is the cross-section area of the drive
extension shaft, m% S5, is the flow area of the gaps; &g is the pressure loss coefficient (PLC) of gaps near the
extension shaft; APgs (1) is the pressure differential on the extension shaft as a function of time under accident
conditions with drive housing rupture or MCP break;

o hydraulic impact forces Fa, on the CPS AR section to be submerged into the guiding channels are determined
as a sum of forces acting upon the absorbing element edge cross-section F; and upon the absorbing element
lateral surfaces F,:

Far=F1+F2=APar- Sar +APar - Sep - %, (11)

where y is the coefficient characterizing a fraction of pressure differential on the CPS AR lateral surfaces from a
general pressure differential in the gap with account for differences in the gap water velocities with respect to wall of
the falling absorbing element and with respect to a stationary wall of the guiding channel, and also with account for
the absorbing elements and guiding channel perimeters (diameters).

The coefficient y is calculated as follows:

x =2l (2 +22); (12)
1=ty |Wep — V| (Wep — V) ]-dar; (13)
=1+ |Wep | ‘Wep)-dec, (14)

where y; and y, are the corrective factors;
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o pressure differentials on the guiding channel inlet section AP,, and on the CPS CR submerged section AP, are
determined by equations (15), (16) respectively, which include pressure differentials in the guiding channel on
a section without absorbing elements and on the absorbing element submerged section (the first items in the
equations (15), (16), and also the inertial components of water columns in the guiding channel on a section
without absorbing elements and on a gap section between the absorbing elements and the guiding channel (the
second items in the equations (15), (16)):

APy = ay | Win| Wi, +( He.c — Hy — X)-pu(1)(Wini — Winii)/dt ; (15)
APy = ape Tt | Won = VI -(Wep—V) + (1= ) [ Wep |- Weap] + (H,+ X)pu(t) - Wei — Wepi) /dr, (16)
where a,, and aa, are the coefficients of proportionality for pressure differentials included into the first items of the

equations (15) and (16).
The coefficients a,, and ax , are calculated as follows:

an = [&n+ (Hoe—H, - X)')«FrG‘C / dgc] -pu(T)/2; (17)
anr = [Enr + (H, + X) he®® / (do.c — dar)]-pul)/2, (18)

where &, is the resistance coefficient in the guiding channel tip (there are the lateral and central throttle holes in the
guiding channel tip).

The resistance coefficient &, is calculated according to one of the following formulae:

when the coolant flow moves from below upwards

Ein = a1-(Se.c/ Sin)’ +Wi-(Sec/ Sen)’ + €1 (1= S)" (Sec / So)% (19)

when the coolant flow moves from above downwards
Ein= az(Se.c ! Sin)’+ Wo(Sec/ Scn)’ + Cor (1= 9)™(Sec / So)’ (20)

where aj, Wy, ¢1, a, W,, ¢, are the coefficients obtained on the basis of processing of the experimental data; S,n, Sch
are the flow areas of the lateral and central holes, respectively, in the guiding channel tip.

Values of S, S, and n in formulae (19) and (20) versus the ratio of flow areas of the lateral and central holes in
the guiding channel tip are assumed to be equal to:

if Sih< Sch
S=S1/Sch; Sp=Snn=1at W, >0;
n=2 at W,,<0; (21)
if Sin>Sch
S=Scn/Sin; S, =Sch;n=1atW;,<0;
n=2 atW,>0, (22)

where &, is the coefficient of resistance on the section of gap between the absorbing element and the guiding channel.

The coefficients of hydraulic friction Ax°° and A" in equations (17) and (18) are determined by the ratios:
}\4FrG'C = \NG.C'ReG.c-[3 G'C; (23)
AP = Wop Re gy P, (24)

where Wg ¢, Bc.c, Wep, Bep are constants determined on the basis of the experimental data.
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Reynolds numbers are calculated according to one of the following formulae:
ReG.c = |Wln | : dG.c / v, (25)
Ress = |Wap—Vi2|-(dge —dar )/ v. (26)

o velocity of water on the guiding channel inlet section, in the gap between absorbing elements and guiding
channel and velocity of CPS AR displacement are mutually connected by the equation of continuity:

S  Win=3Sar-V+Sep-Wep. (27)
The current overloads experienced by the CPS CRs during drop and damping are determined by the equation:
A3=1-Ulg. (28)

The ratios for the determination of PLC of the guiding channel tips, and also for determination of coefficients of
hydraulic friction in the guiding channel tube and in the gap between absorbing elements and guiding channel as used
in the calculation procedure and computer code are developed on the basis of experimental data about hydraulic
spillage of these components [4].

When solving the equations to define the CPS CR dynamic characteristics [1], we use the Newton iterative
method with division of the iteration step half-and-half in order to provide required stability of solution.

For zero time moment, the static calculation of CPS CR characteristics is performed that results in determination
of the forces acting upon the CPS CR and of water velocities in the CPS CR guiding channel in the initial state.

Making use of initial approximation as regards water velocity in the gap between absorbing elements and
guiding channel the specified value of water velocity in the gap Wy, , is determined by the equation of hydraulics (2)
using the Newton iterative method. Besides, by the equations (15), (16) the pressure differentials on the guiding
channel inlet section AP, , and on the absorber rod section AP, , are determined.

For each subsequent iteration W 7’5, , the following is determined by the Newton method:
VT/ er:LG.b o= Vl—/pG.b o + AW: (29)
AW = [Apazo - (APIH 0+APps o)] -dw/ [(AP /Ino + AP/Ar o) - (APIno + APA.r o)]l (30)

where AP, , and AP, , are the pressure differentials on the guiding channel inlet section and on the absorber rod
section as calculated by W sy ,; AP}, ,and AP, , are the pressure differentials on the guiding channel inlet section
and on the absorber rod section calculated by water velocity in the gap W ”s, .+ dW; p is the number of the iteration.

The iterations are ended when the below condition is met:
|AP/|no+AP/AAro_APaZ| SSL (31)

where &, is the assigned accuracy of convergence of differences in the iterations by Wgp,,.

Further, dynamic calculation of the CPS CR characteristics is carried out. Using initial approximation by the
CPS CR motion velocity, applying the Newton iterative method we can define the specified value 77 in the calculated
time moment i. For this purpose, using initial approximation by water velocity in the gap we determine the specified
value W, i for the calculated time moment i by the Newton method. Afterwards, the value of CPS CR acceleration
U; is determined for the calculated time moment from the equation (1) to be solved together with
3)-(11).

Then, the final velocity V; and the average velocity V; and the current coordinate X; of the CPS CR position for
the calculated time moment i are determined by the following equations:

Vi =V + U; drg (32)
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Vi=(Vi+ Vi) /2, (33)
Xi = Xi +V; - dr. (34)
For each subsequent iteration 7;”** the following shall be determined by the Newton method:
VP =72+ AV, (35)
AV = (V;? = (Vig +U;- dt/ 2)) 1 [(U5 - Uy)-de / (2-dV) - 1], (36)

where U; is CPS CR acceleration with respect to velocity V7;7; U4 is CPS CR acceleration with respect to velocity
Vip +dV.
Iterations are ended when the below condition is met:

Vi + Ut de /2 -7,7] <06, (37)

where 8, is the assigned accuracy of counting as per V;.

Then the values of X;, V; and Ag; are displayed in the graphic form and the parameter values are recorded in
accordance with instructions in the initial data into the MD (diskette) file in the tabulated form [4].

Initial approximation for V; and Wy, ; for the first time step t, = 7, + dt are the values obtained as a result of
static calculation and for each subsequent time moment t; = t;.; + dt the values of Vi.;, Wgy i1 are used based on those
obtained in the previous time moment ;..

Cycle as regards water velocity in the gap between absorbing element and guiding channel W), is internal one
as regards the cycle as per CPS CR velocity V/;.

Criterion of convergence of the calculated values at iterations is fixed in the code and amounts to 0.01 % by the
CPS CR velocity and 0.001% by the core pressure differential when solving the equation of hydraulics [4].

5. Analysis of the code's features

5.1. List of the input and output data

The initial data for calculation using the code [4] are:

o mass of the dropping system (of the extension shaft engaged with the absorber rod);

¢ added mass of water;

o geometrical parameters of absorber rods and guiding channel;

e average density of the CPS CR structural materials, coolant density and kinematic ductility;
¢ mechanical friction forces in the guiding channel;

o elastic forces of the damper device springs;

o coefficients of proportionality between a value of the hydraulic force acting upon the drive extension shaft, and
a square of extension shaft velocity versus the CPS CR position along the height;

o value of the core pressure differential, value of the extension shaft pressure differential and coolant density as
a function of time for non-stationary operating conditions of reactor;

o maximum physical time of CPS CR drop to be assigned for calculation;
o step of time increment separately on the dropping section and on the damping section.

For zero time moment the initial velocity equal to 0 and the initial coordinate of CPS CR position along the
height are assigned to be counted from the core upper boundary. Coordinate of the CPS CR position equal to 0
corresponds to the CPS CR upper position [4].
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As a result of calculation using the code the current time of CPS dropping and damping is determined as well as
change in time of the following values:

o travelled way;

o displacement velocity;

e acceleration;

e current overloads acting upon the CPS CR during dropping and damping;
o forces acting upon the CPS CR during dropping and damping.

5.2. Substantiation of code operability

The code operability is confirmed during realization of design calculations of dynamic characteristics of the
VVER-1000 CPS CR for various modifications of FA and CPS CR. These calculations have shown that the code is
stable over the considered ranges of governing parameters such as the CPS CR and guiding channel geometrics, the
operating, hydraulic and mechanical parameters (pressure differential on the core, temperature and pressure of water,
mechanical friction force in the CPS CR channel) [4].

The code makes provision for a number of the control and diagnostic messages intended to inform the user, in
particular, about mistakes in the initial data.

The results of code KLAST verification are submitted in [3]. Verification is made on the basis of experimental
data obtained during tests of the ShEM drive, FA and CPS CR VVER-1000 reactor on the test rigs and under the real
conditions at various nuclear power plant (NPP) Units.

For a set of the used experimental data obtained on the test rigs and being the most complete and precise, the
root-mean-square deviation of calculation results from the measured values amounts to:

¢ by the CPS CR drop time — 7.6%;
¢ by the velocity of CPS CR approach to the FA cap — 13%.

The code provides accuracy of assessment of parameters during CPS CR dropping at reactor damage, mainly, as
regards the mechanical friction forces in the CPS CR channels. When the mechanical friction forces do not exceed the
design value of (49 N), the code provides assessment of the CPS CR dropping process during NOC and AOO with
the above accuracy.

6. Conclusion

The calculation procedure, algorithm of calculation, technical characteristics of the code KLAST presented in
the article confirm that the code KLAST allows to perform design calculations of dynamic characteristics of
VVER-1000 control rods during CPS CR dropping and damping with regard to normal operating conditions and
anticipated operational occurrences.

The code is applicable for calculations of dynamic characteristics of the VVVER-1000 control rods under the
design accident conditions with drive housing rupture and with pipeline break.

The code operability is confirmed during realization of design calculations of dynamic characteristics of the
VVER-1000 CPS CR for various modifications of FA and CPS CR. These calculations have shown that the code is
stable over the considered ranges of governing parameters such as the CPS CR and guiding channel geometrics, the
operating, hydraulic and mechanical parameters (pressure differential on the core, temperature and pressure of water,
mechanical friction force in the CPS CR channel). For a set of the used experimental data obtained on the test rigs
and being the most complete and precise, the root-mean-square deviation of calculation results from the measured
values amounts to: by the CPS CR drop time — 7.6%; by the velocity of CPS CR approach to the FA cap — 13%. The
code provides accuracy of assessment of parameters during CPS CR dropping at reactor damage, mainly, as regards
the mechanical friction forces in the CPS CR channels.
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AHaJI3 KOMII'OTEPHOTO0 KOAY i METOAUKH, III0 BUKOPUCTOBYIOTbHCS JJISl TEILJIO-
riApaBJiYHOr0 OOIPYHTYBAHHS 0€e3leKU PEaKTOPHUX YCTaHOBOK Tuily BBEP

Cremau JIuc

Hayionanvuuii ynieepcumem «Jlogiscorxa nonimexuixay, ¢yn. C. Bandepu, 12, Jlvsis, 79013, Ykpaina

AHoOTAaNis

Hana craTTss MICTHTh aHami3 MeTOMUKH i Kowmm totepHoro komy KIIACT, mo BHKOPHCTOBYETHCSA TIPU

pO3paxyHKax IUHAMIYHUX XapaKTEPUCTHK OpPraHiB peryjIoBaHHS NpH OOIPYHTYBaHHI O€3NEeKH BOIHO-BOJASHHX
CHEPreTHYHUX PEaKTOPHUX YCTaHOBOK. Kol 103BoIIsie BpaXxyBaTH Nepena gy THCKY K (QYHKIIIO 4acy, 10 BUHUKIH B
MPOEKTHUX YMOBAX B aKTUBHII 30HI peakTopa Ta Ha Bayly [PUBOJLY, & TAKOXK 3MiHY LI[UILHOCTI TEIJIOHOCIS B aKTHBHIN
30Hi. [Iporpama Moke OyTH BHKOPHCTaHa JUIl PO3PAaXyHKY AWHAMIYHHMX XapaKTEPHCTHK OPraHiB PEryIIOBaHHI
CHCTEMH YHpaBIiHHA 1 3axucty peaktopis Tury BBEP-1000 B mpoekTHOMY aBapiifHOMY peXHMi 3 pO3PHBOM YOXJIa

MPHUBOMY 1 A PO3paxXyHKY AWHAMIUYHUX XapaKTEPHCTHUK OPTaHIiB PETYNIOBAHHS CHCTEMH YIPABIiHHA 1 3aXUCTY B

mporieci maaiHHs 1 AeMiipyBaHHs MPH CHPAIFOBAaHHI aBTOMAaTHYHOTO 3aXHCTY B IMPOEKTHUX aBapiiHUX peXHUMax 3
po3puBOM TpyOONpOBOAIB. B pesynpraTi po3paxyHKy BH3HAYAIOTHCS 3aJ€KHOCTI AWHAMIYHHUX XapaKTEPUCTHK
OpraHiB PEryJIIOBAHHS CHCTEMH YIPaBIiHHS 1 3aXUCTY BiJ 4acy.

KurouoBi cjioBa: peaktop; TeruioriipaBiivyHa Oe3meka; pO3paxyHOK; IWHAMIYHI XapaKTEPHUCTHKH, PO3PHB

TpyOOITPOBOAY; MPOEKTHA aBapisl.
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