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a b s t r a c t

This study simulated a control rod assembly (CRA), which is a part of reactor shutdown systems, in
immersed and fluid flow conditions. The CRA was inserted into the reactor core within a predetermined
time limit under normal and abnormal operating conditions, and the CRA (which consists of complex
geometric shapes) drop behavior is numerically modeled for simulation. A full-scale prototype CRA drop
test is established under room temperature and water-fluid conditions for verification and validation.
This paper describes the details of the numerical modeling and analysis results of the several conditions.
Results from the developed numerical simulation code are compared with the test results to verify the
numerical model and developed computer code. The developed code is in very good agreement with the
test results and this numerical analysis model and method may replace the experimental and CFD
method to predict the drop behavior of CRA.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Reactor safety under normal and abnormal operating conditions
is accomplished by controlling reactivity with reactor shutdown
systems, which consist of control rods (CRs) and control rod drive
mechanisms (CRDMs). Redundancy and diversity should be pro-
vided in these systems to ensure the probability of damage remains
below 10�6 during reactor operating year.

In sodium-cooled fast reactors (SFRs), control rods containing
poison-absorbing elements (boron carbide, B4C) are loaded in the
reactor core (consisting of fuel, radial reflector, B4C shield, and in-
vessel storage assemblies). The total number of subassemblies are
451. These CRs are totally immersed in a sodium pool and their
drive mechanisms, hanging from the reactor vessel (RV) head, are
partially immersed in a pool of hot sodium [1]. Under abnormal
conditions, these CRs are inserted into the reactor core within a
safety-related time through a scram action. Fluid forces (drag,
buoyancy, pressure, and friction) result from sodium pressure loss
inside the control assembly (CA), the volume of the moving as-
sembly immersed in the pool, and mechanical contact reactions at
the inner hexagonal duct. These forces resist the freefall of the CRA

and its CRDM during scram actions, causing an effective decelera-
tion and increasing CR drop times. These resisting forces are inter-
related and coupled, and vary with time as a function of the moving
distance and CRA velocity.

In previous studies [2e8], the flow characteristics and rod drop
behavior of reactor shutdown systems during scram actions were
influenced by reactor configuration, core geometry, the CR and
CRDM, the physical properties of the sodium, and the mechanical
and fluid-structure interactions. As the characteristic movement of
a CR during a scram action is influenced by reactor configuration,
theoretical and experimental characterizations are necessary for
each system design configuration.

Prototype GEN-IV sodium-cooled fast reactors (PGSFRs) contain
a primary control assembly (PCA) and secondary control assembly
(SCA) for redundancy and diversity; however, since these differ
only in boron carbide enrichment, only the PCA is considered in this
study. The current design concept in Korea is a 150 MWe output
power, U-10Zr fueled, sodium-cooled pool-type fast reactor. The
CRA and CRDM have many coolant flow paths, and the developed
dynamic pressure and resisting forces were mathematically
formulated in this paper. A simple 1D numerical CRA model was
developed to consider all performance-related parameters influ-
encing the CRA drop time during a scram action. Furthermore, an
in-house simulation code (HEXCON) based on this model was* Corresponding author.
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produced using Cþþ to program the steady-state flow character-
istics of sodium inside the CRA and analyze the dynamic behavior of
the CRA totally during a scram action.

Subsequently, a full-scale CRA prototype was manufactured and
tested under submersion and fluid flow conditions, simulating the
operating conditions applicable for use in a reactor. Results from
the numerical drop simulation and experiment were compared and
found to show good agreement under both submersion and fluid
flow conditions. The parameters sensitive to the characteristic
behavior were identified, and possible deviations in the CRA drop
time during reactor operation were derived.

This paper is concerned chiefly with the details of the CRA,
design requirements, numerical modeling of the shutdown system,
developed special purpose in-house computer code, numerical and
experimental characterizations, and their comparison.

2. Design features of control rod and drive mechanism

Considering logic circuits, drive mechanisms, and CRs contain-
ing boron carbide pellets, PGSFRs contain two independent shut-
down systems. One is the PCA, which controls reactor core
reactivity and emergency shutdowns. The reactivity control
movement is driven by an electric driving motor, and scram shut-
down is enacted by an electro-magnetic unit and high-speed
insertion motor. The second is the SCA, which has diverse reactor
shutdown functions. In the PGSFR design, the two differ only in the
enrichment of boron carbide in the CR. The core plan configuration
of the 150 MWe PGSFR is shown in Fig. 1.

The overall CA configuration, which is supported by a receptacle
between the upper and lower grid plates, is shown in Fig. 2. The
outer stationary sheath is a hexagonal duct with a foot at the bot-
tom, similar to all other non-fuel subassemblies. The CRA consists
of an upper/lower adapter, an inner hexagonal duct, 19 CRs,
mounting rails, and a clamping/piston head. The 19 CRs contained
within the CRA (which moves vertically in the direction of the
stationary geometry) are filled with boron carbide (B4C) pellets as
neutron absorbers. These CRs are bundled in a triangular configu-
ration. Each individual CR is wrapped with wire to maintain its rod
pitch and provide a cooling path. A shroud tube extends from the
top of the moving CRA. The control rod drive line (CRDL) is guided
inside the stationary sheath, and a clamping head on the upper end
of the CRDL attaches to the CRDM gripper.

Sodium flowing through the side flow holes of the subassembly
has two flow paths: one through the moving CRA, the other
through the annulus flow path between the inner and outer hex-
agonal duct. The annular flow path remains hexagonal throughout
the entire moving region. Because the CR generates less heat, a
significantly lower sodium mass flow rate is required to pass
through the CRA relative to the fuel assemblies. These mass flow
rates are controlled by an orifice in the receptacle of each subas-
sembly. Cold sodium, entering the subassembly at 390 �C, is heated
as it flows through the reactor vessel head. The outlet temperature
of the sodium is approximately 545 �C, whereas that of the moving
CRA is approximately 526 �C.

The moving CRA is translated inside the eight flow cut-outs of
the upper adapter. The neutron flux and reactivity alter when the
CRs containing B4C pellets reach the active core region. The CRA
clamping head is held by the CRDM gripper, as shown in Fig. 2 (red
circle). In the PGSFR design, the CRDM is welded on the reactor
vessel head and held in place by an electromagnet, which is
translated by threadmechanism and amotor drive assembly.When
a scram signal is received, the electromagnet is discharged and the
moving CRA is released separately, dropping with gravity from its
operating position.

At the end of its freefall, the moving CRA is decelerated by

viscous damping between the piston head and the flow hole of the
damper. The CRA and drive mechanism are approximately 2.5 m
and 13.1 m high, respectively. The total mass of the CRA is
approximately 56 kg.

3. Design requirements

Under abnormal conditions, the plant shutdown system gener-
ates a scram signal discharging the electromagnet holding the top
end of the moving CRA. The moving CRA is then inserted into the
core region by a scram action, i.e., a gravitationally-driven 1000mm
freefall inside the sodium pool. The first 900 mm occur without
damping, whereas the final 100 mm are traversed with a deceler-
ating velocity due to viscous damping between the piston head and
the flow hole of damper. Including the delay time for the electro-
magnet to release the CRA, the drop time for 90% insertion is less
than 1.6 s and the complete drop time is less than 2.0 s.

Reactor safety during scram actions is a concern, as the moving
CRA should freefall into the core within the prescribed safety time
limit. As such, the CRA drop time related to freefall is an important
parameter that must be satisfied. This work thus modeled the
characteristics of the entire action.

4. Forces under fluid flow

The equilibrium force acting on the mass of the moving CRA is
the driving force during a scram action. The forces resisting the
freefall of the moving CRA are due to the dynamic fluid pressure,
drag, buoyancy, friction, and mechanical interactions between the
moving CRA and other parts.

Axial forces are exerted by the fluids inside and outside the
moving CRA due to the dynamic pressure acting on them. The net
force in this direction is calculated as the summation of the up-
ward/downward pressure forces acting on each projected area of
the surface in contact with the liquid sodium. Owing to the fluid
flow, the movement of the CRA, and forces acting on the CRA occur
only in the vertical direction, this equilibrium force is also upward
and downward.

Fluid drag force occurs due to shear stress acting on the wetted
surface of the moving CRA. Considering the free body diagram for
the fluid element in a particular flow path, the force due to differ-
ential pressure acting at the ends of the fluid in a particular path
maintains a dynamic equilibriumwith the shear force acting on the
boundary surfaces of the fluid. The drag force acting on a moving
body in a conduit, shown in Fig. 3, is a function of the pressure drop
in the annulus.

Theoretically, the CRDM contained in the RV head at the top and
the CA supported between the upper and lower grid plates are
aligned. Under actual operating conditions, however, mis-
alignments may occur between the CRDM and CA due to multiple
factors that vary with the operating conditions of the reactor,
including relative shifts and slopes at the supports due to me-
chanical loadings or differential thermal expansion, geometrical
tolerances, and core subassembly creep or bowing. Such mis-
alignments cause the moving CRA to bend, which in turn causes
mechanical interactions with the stationary shroud tube. This
interactive force is a function of the CRA and CRDM bending stiff-
ness. Frictional forces developed at the shroud tube oppose CRA
movements. The extended length of the moving CRA decreases;
hence, the associated frictional and relative forces at the shroud
tube decrease. The focus of this work included deriving and
experimentally verifying these mechanical interactive forces
through evaluations based on a detailed structural analysis of the
entire CRA and CRDM assembly.
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5. Sodium flow paths and hydraulic circuit

Fig. 4 shows a schematic diagram of the moving CRA in its sta-
tionary casing and the hydraulic circuit (HC) of sodium flow paths
passing through them. The flow path elements are as follows:

A description of the HC analysis node is summarized in Table 1.
The flow distribution of sodium in the moving CRA and annulus

flow path should be evaluated using HC analysis (HCA). HCA uses a
method in which local flow paths of the inside/outside fluid are
substituted for several piping components, and then the pressure

Fig. 1. Core plan configuration for 150 MWe PGSFR.

Fig. 2. Schematic diagram of reactor vessel internal flow.
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loss, flow velocity, and flow distribution of each piping component
are evaluated.

As explained above, there are many flow path elements. The
pressure loss in each element depends on its geometric configu-
ration as well as the velocity, temperature, and physical properties
(such as density and viscosity) of the flowing sodium.

There is a total of 17 flow resistance paths in 17 groups. Grouped
paths are considered to share a characteristic hydraulic diameter,
flow velocity, and Reynolds number. Fig. 2 shows the cross section
of the wire-wrapped rod in the hexagonal casing.

The positive pressure of the reactor vessel coolant plenum with
respect to the sodium head available at the top end of the moving
CRA causes the coolant to flow from the bottom to the handling
socket of the CRA. The fluid path elements (arranged in series) have
the same mass flow rate, whereas parallel element groups have
different mass flow rates but equal differential pressures. During
steady-state operations, when themoving CRA is held at a particular

travel height, themassflow rate in each path is constant with respect
to time. However, during a transient situation such as a scram action
the mass flow rate in each flow path varies with respect to time
based on the instantaneous travel position and velocity of the CRA as
it moves from the top to bottom. The path and direction of this
displaced mass, along with the main flow of sodium, can be deter-
mined based on geometrical parameters and the pressure distribu-
tion. The mass flow rate and pressure drop of each flow path are
based on the mass balance and pressure balance of the circuit.

The CRDM is partially submerged in an open pool of coolant, and
the bottom end of the stationary shroud tube guides the translation
tube of the moving CRA. A significant annular gap exists between
the inner/outer hexagonal ducts located above the coolant guide, as
shown in Fig. 2, and no coolant flows in the annulus. Since the
CRDM does not contain restricted flow paths, pressure does not
increase during a scram action; therefore, the developed fluid force
other than buoyancy is not significant. The annulus between the
stationary and moving assembly was, however, been formulated.
The buoyancy force acting on the coolant-immersed portion of the
moving CRA varies with respect to the travel position of the moving
CRA based on the length of the CRA immersed in the coolant.

6. Numerical analysis

6.1. Development of theoretical formula

6.1.1. Equation of motion
The CRA motion as a function of time is governed by the

following force balance equation:

m
dV
dt

¼ mg �
h
FpressureðtÞ þ FshearðtÞ þ FbuoyancyðtÞ

i

Fpressure ¼
X

PstaticAfrontal

Fshear ¼
X�

f
8
rf U

2
�
Aplanform

Fbuoyancy ¼
X

PhydraulicAfrontal

(1)

where m represents the mass of the CRA; V represents the falling
velocity; g represents the gravitational acceleration; r represents
the fluid density; U represents the fluid velocity; Afrontal represents
the area projected on a plane normal to the flow direction; Aplanform

represents the planform area; and FpressureðtÞ, FshearðtÞ, and
FbuoyancyðtÞ represent the time dependent hydraulic forces acting on
the moving CRA due to pressure, drag, and buoyancy, respectively.
The mechanical friction force is not considered in this research.

6.1.2. Governing equations for fluid flow
The following governing equations were formulated based on

the HC mass and pressure balances shown in Fig. 4:

Fn1 ¼ m1 þ Dm1 �m2 �m3 ¼ 0 (2)

Fn2 ¼ DP2 � DP3 ¼ 0 (3)

where m1 represents the mass flow rate of region #1; m2 and m3
represent the mass flow rates passing through the CRA; and Dm1
represents the equivalent flow rate due to the falling CRA, as shown
in Eq. (4):

Dm1 ¼ rf AfrontalV (4)

In Eq. (3), DP2 represents the pressure drop passing through the
internal flow path #2 and DP3 represents the pressure drop passing

Fig. 3. Force of motion.
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through the annulus flow path #3. All flow paths experience the
same pressure drops in a parallel piping system.

6.1.3. Pressure distribution in CRA
The forces-per-unit-volume acting on a viscous incompressible

fluid in a particular flow path could be expressed using the
NaviereStokes equation [9,10], as follows:

r
vU
vt

þ rU
vU
vx

¼ �vP
vx

þ pg � Fvis (5)

Eq. (1) provides the instantaneous position of themoving CRA in
the traditional Lagrangian form, whereas Eq. (5) represents the
momentum equation for the liquid in Eulerian form, providing the
pressure force for the solution of Eq. (1).

Integrating Eq. (5) over the length of the path provided a pres-
sure balance equation whose terms could be re-arranged to
calculate the differential pressure at the ends of each flow path:

DPi ¼ DPvis þ DPh þ r
vU
vt

Lþ 1
2
r
�
U2
o � U2

i

�
(6)

where

DPvis: frictional pressure drop
DPh: pressure difference due to elevation change
vU
vt L: pressure difference due to temporal acceleration
1
2 rðU2

o � U2
i Þ: pressure difference due to spatial acceleration

The entire CRA flow path was divided into 17 segments, each
with an appropriate flow area and hydraulic diameter. Eq. (5) was
applied to the unidirectional flow in each segment to properly ac-
count for the constant and variable flow path elements, hydraulic
diameter, etc. as explained in Section 5. The pressure drop due to
the variable flow area and spatial acceleration was accounted for in
Eqs. (5) and (6).

CRA drop behavior is a transient phenomenon lasting less than a
few seconds. However, as this numerical analysis considered
extremely small time steps, a quasi-steady state could be consid-
ered to exist at each instant of movement/time step. The transient/
dynamic effect was accounted for by the ‘temporal acceleration’
term in Eq. (6). During this phenomenon, the velocity of the fluid
and hence the friction coefficients varied over time.

Here, although no well-established friction coefficient correla-
tions are available for underdeveloped time-dependent flows, DPvis
may be applied to a steady-state fully developed flow. The friction

Table 1
Hydraulic circuit diagram node description.

Node Description Node Description

P1eP16 Pressure at node number (1)e(17) Number of flow channels

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Number of flow channel
Hexagonal duct @damper
Hexagonal/circular annulus (piston head/outer duct)
Hexagonal/circular annulus (piston rod/outer duct)
Lower adapter
CRA inside (void)
Wire-wrapped rod bundle
CRA inside (void)
Upper adapter

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)

CRA outside gap (inner duct e outer duct)
Hexagonal/circular annulus (clamping rod e outer duct)
Hexagonal duct @clamping head
Hexagonal/circular annulus (clamping rod e handling socket)
Circular pipe (handling socket)
Damper drain hole (3ea)
Annulus (piston head e damper)
Annulus (piston rod e damper)

Fig. 4. Hydraulic circuit diagram of CRA.
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factor is expected to be higher in the case of underdeveloped flows
relative to fully developed flows. As such, the pressure drop and
drop time estimated here were conservative.

DPvis ¼
�
f
L
D
þ
X

Kform

�
rU2

avg

2
¼

�
Kfriction þ

X
Kform

� rU2
avg

2

(7)

where f represents the Darcy friction factor, L represents the length
of pipe, D represents the diameter of the pipe, and K represents the
resistance coefficient.

The total pressure drop in the piping system is the summation of
the friction loss and form friction (minor loss), and is dominated by
the friction loss inmost of the piping system. The pressure drop due
to the friction loss is:

DPfriction ¼
�
f
L
D

�
rU2

avg

2
(8)

where fL=D is the resistance coefficient of flow path and rU2
avg=2 is

the dynamic pressure. In Eq. (7), the pressure drop due to form
friction is dependent on the sudden flow area change. The resis-
tance coefficient of the form friction (Kform) is defined by the piping
elements, specifications, and flow conditions.

6.1.3.1. Major resistance of cylindrical flow path. The friction factor
for the laminar flow in the pipe can be derived from the
HagenePoiseuille equation [11]:

Laminar Regime ðRe � 2;000 Þ

f ¼ DP�
rU2

.
2
�
,ðL=DÞ

¼ 64
Re

(9)

The friction factor for turbulent flow, however, cannot be eval-
uated using the above equation and was instead calculated for a
smooth tube using the Blasius Eq. (10) or Filonenko & Altshul Eq.
(11), [11]:

Turbulent Regime ð4;000<Re<100;000Þ; Smooth Tube

f ¼ 0:3164
Re0:25

(10)

or
Turbulent Regime ðRe>4;000Þ; Smooth Tube

f ¼ 1

ð1:8logðReÞ � 1:64Þ2
(11)

When the surface roughness of the tube is considered, the
friction factor is expressed as:

roughnessðε=DÞ >0

f ¼ 1�
2log

�
2:5=Re

ffiffiffi
f

p �
� ε=D

3:7

�2 (12)

6.1.3.2. Major resistance of annulus flow path. If the cross section of
pipe is not cylindrical, the friction factor of flow path is expressed
as:

fnonc ¼ knoncfcircular (13)

where knonc is the non-circular correction factor and fcircular is the
friction factor of the cylindrical flow path with the same hydraulic
diameter. The non-circular correction factor for laminar flow in an
annular flow path can be evaluated using the Leibenson & Petu-
khov equation as follows [11]:Laminar Regime ðRe � 2;000Þ

knonc ¼
�
1� Di

Do

�2

1þ
�
Di
Do

�2 þ 1�ðDi=DoÞ2
lnðDi=DoÞ

(14)

where Di and Do are the inner and outer diameters of the annular
pipe, respectively. For laminar flow, the non-circular correction
factor is 1.0e1.5 depending on the diameter ratio (Di=Do).

For turbulent flow, the non-circular correction factor is 1.0e1.07
depending on the diameter ratio (Di=Do), calculated as follows [11]:

Turbulent Regime ðRe>2;000Þ

fnonc ¼
�
0:02

Di

Do
þ 0:98

�
,

�
1

fcircular
� 0:27

Di

Do
þ 0:1

�
(15)

6.1.3.3. Minor resistance coefficients of sudden expansion path.
The minor resistance coefficients in sudden expansion can be
evaluated as follows [11]:

For Re<10

Kform ¼ 30
Re0

(16)

For 10<Re<500

Kform ¼ 3:63þ 10:74ð1� A0=A1Þ2 � 4:41
�
1� A0

A1

�4

þ 1
logðRe0Þ

"
� 18:13� 56:78

�
1� A0

A1

�2

þ 33:40
�
1� A0

A1

�4
#
þ 1

logðRe0Þ2
"
30:86

þ 99:95
�
1� A0

A1

�2
� 62:78

�
1� A0

A1

�4
#
þ 1

logðRe0Þ3

"

� 13:22� 53:96
�
1� A0

A1

�2

þ 33:81
�
1� A0

A1

�4
#

(17)

For 500<Re<3;300

Kform ¼ �8:45� 26:13
�
1� A0

A1

�2

� 5:38
�
1� A0

A1

�4

þ logðRe0Þ
"
6:01þ 18:54

�
1� A0

A1

�2
þ 4:00

�
1� A0

A1

�4
#

þ logðRe0Þ2
"
� 1:02� 3:10

�
1� A0

A1

�2

� 0:68
�
1� A0

A1

�4
#

(18)

For Re>3;300
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Kform ¼
�
1� A0

A1

�2
(19)

where A0 and A1 represent the small and large flow path cross

sections, respectively. In these equations, the Reynolds number was
calculated using the smaller flow area.

6.1.3.4. Minor resistance coefficients of sudden contraction path.
The minor resistance coefficients for sudden contraction can be

Fig. 5. Flow chart of CRA drop behavior estimating process.
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Table 2
Computer code validation test matrix.

Case# Flow rate
@ Nose Piece [kg/s]

Case# Flow rate
@ Nose Piece [kg/s]

Case 1 0.23 Case 7 2.30
Case 2 0.46 Case 8 2.76
Case 3 0.69 Case 9 3.22
Case 4 0.92 Case 10 3.68
Case 5 1.38 Case 11 4.14
Case 6 1.84 Case 12 4.60

Fig. 6. Pressure distributions inside of the CRA.
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Fig. 6. (continued).
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evaluated as follows:
For Re<10

Kform ¼ 30
Re0

(20)

For 10<Re<10;000

Kform ¼ AB
�
1� A0

A1

�

A ¼
X7
i¼0

ai logðRe0Þi

a0 ¼ �25:12; a1 ¼ 118:51; a2 ¼ �170:41; a3 ¼ 118:19

a4 ¼ �44:42; a5 ¼ 9:10; a6 ¼ �0:92; a7 ¼ 0:034

B ¼
X2
i¼0

2
4
8<
:

X2
j¼0

aij

�
A0

A1

�j
9=
;ðlogðRe0ÞÞi

3
5

If 10<Re<2000

aij ¼

2
664
1:07 1:22 2:93

0:05 �0:52 0:83

0 0 0

3
775

else

aij ¼

2
664

0:54 �17:30 �40:72

�0:07 8:76 22:78

0:05 �1:11 �3:15

3
775

(21)

For Re>10;000

Kform ¼ 0:5
�
1� A0

A1

�3=4

(22)

where A0 and A1 are the small and large cross sections, respectively.
In these equations, the Reynolds number was calculated using the
smaller flow area.

6.1.4. Transformation pressure balance equation of flow path
To evaluate this governing equation, the pressure balance

equation (Eq. (3)) had to be transformed into a flowrate equation.
This was relatively simple because the pressure balance equation
consisted of the flow velocity equation in a uniform cross
sectional flow case.

Three types of flow exist as movement conditions at the inside
wall of the inside/outside flow path: first, the fixed case of the flow
wall with flow group numbers 0, 1, 4, and 5 in the hydraulic circuit
diagram, as shown in Fig. 4(b); second, a moving wall with flow
group number 2, shown in the same diagram; and finally, the
annulus flow where the inner wall is moving and the outer wall is
fixed.

In the first case, the pressure loss can be evaluated as follows:

DP ¼
�
f
L
D

�
1
2
rU2

avg ¼ K
1
2
r

�
mi

rAi

�2

¼ K

2rA2
i

m2
i (23)

In the second case, the pressure loss can be evaluated as follows:

DP ¼
�
f
L
D

�
1
2
r
�
Uavg þ V

�2 ¼ K
1
2
r

�
mi

rAi
þ V

�2

¼ K

2rA2
i

m2
i þ

KV
Ai

mi þ
KrV2

2
(24)

where, the inside effective flow velocity is the sum of the average
inlet flow velocity (Uavg) and the CRA falling velocity (V).

In the case of a moving inner wall and fixed outer wall, the
pressure loss can be evaluated by assuming the flow path follows a
CouetteePoiseuille flow. The average flow velocity of the Couette
flow component is thus approximated as V=2, making the effective
flow velocity of the inner flow path Uavg þ V=2.

DP ¼
�
f
L
D

�
1
2
r
�
Uavg þ V

�2 ¼ K
1
2
r

�
mi

rAi
þ V

�2

¼ K

2rA2
i

m2
i þ

KV
Ai

mi þ
KrV2

2
(25)

6.1.5. Flow distribution of the split flow path
Asmentioned in above paragraph, the governing equation of the

fluid flow consists of the mass (Fn1) and pressure balance (Fn2)
equations. The upstream flow rate (m1) is uniform at each time
step, and the inlet flow rate due to the CRA drop can be treated as a
constant. The mass balance equation is thus a function of m2 and
m3. The pressure balance equation (Eq. (3)) states that the pressure
losses are equivalent at internal flow of the CRA and the external
flow.

The flow distribution ratio between flow groups #2 and #3
could thus be solved by calculating these simultaneous equations;
however, the flow distribution ratio cannot be calculated directly
because it is a non-linear equation. These equations are therefore
solved using the NewtoneRaphson method, an iterative technique
defined as follows:

"
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where superscripts indicate the number of iterations and ½J� is a
Jacobian matrix. The Jacobian matrix for the Fn1 and Fn2 can be
expressed as:

½J� ¼

2
6664
vFn1
vm2

vFn1
vm3

vFn2
vm2

vFn2
vm3

3
7775 (27)

Solving the above set of equations provides the mass flow rates
for all paths, driving and opposing forces, displacement, velocity
and acceleration with respect to travel height, and drop time of the
moving CRA during a scram action.

6.2. Computer program (HEXCON) and its validation

A Cþþ computer program named HEXCON was developed to
characterize the scram movement of the CRA considering all
dynamic design parameters. The finite difference method (FDM)
was used to solve the non-linear differential equations. The
program had a built-in capability to evaluate the pressure loss
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coefficients of all given flow path geometries with mass flow
rates varying as a function of time. Instantaneous driving and
opposing forces were calculated, and the non-linear simulta-
neous equations were solved at each time step. The physical
properties of the coolant were accounted for per the given
temperature distribution.

Starting from rest at the top position, the displacement, velocity,

and acceleration of the moving CRA were determined at each in-
cremental time step based on the dynamic forces acting on it until
freefall travel is complete. The characteristic displacement behavior
provides the drop time of the moving CRA.

A flow chart of this program is shown in Fig. 5.

6.2.1. Inside pressure distribution of the CRA
Computational fluid dynamics (CFD) analyses have been con-

ducted using the commercial CFD code CFX 15.0 [12] to validate the
computer program. In the CFD analyses, steady state analyses
without consideration of drop behavior of CRA were performed.
The test matrix is summarized in Table 2.

Pressure distributions inside the CRA are shown in Fig. 6. Since
CFD analysis does not consider the drop behavior of CRA, there is a
little discrepancy between CFD results and HEXCON analysis results
at low flow rate conditions (a) ~ (d). However, it was found that the

Fig. 8. Flowrate ratio of minside/mtotal of the CRA.

Table 3
Pressure drop discrepancies between code and CFX.

Case# Flow rate
@ Wire-wrapped Rod Bundle

Case# Flow rate
@ Nose Piece [kg/s]

Case 1 274.8* Case 7 5.1þ

Case 2 128.5* Case 8 4.5 þ

Case 3 73.8* Case 9 4.0þ

Case 4 45.5* Case 10 3.6þ

Case 5 11.1* Case 11 3.1þ

Case 6 5.8 þ Case 12 2.4þ

*: Laminar Region.
þ: Turbulence Region.

Fig. 7. Pressure drop inside of the CRA as Re number change.

Table 5
Code validation according to test conditions.

Case# Flowrate @ Nose Piece [kg/s]

Case 1 0.00 (flowrate 0%)
Case 2 0.23 (flowrate 50%)
Case 3 0.46 (flowrate 100%)
Case 4 0.69 (flowrate 150%)
Case 5 0.92 (flowrate 200%)

Table 4
Flowrate discrepancies between code and CFX.

Case# Flowrate
@ Wire-wrapped Rod Bundle

Case# Flowrate
@ Nose Piece [kg/s]

Case 1 15.8* Case 7 2.0þ

Case 2 9.4* Case 8 2.6þ

Case 3 5.8* Case 9 2.8þ

Case 4 2.8* Case 10 3.0þ

Case 5 3.2* Case 11 3.1þ

Case 6 0.2 þ Case 12 3.3þ

*: Laminar Region.
þ: Turbulence Region.
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results of CFD and HEXCON analysis results are comparable under
high flow rate condition. This is because the influence of the
pressure distribution on the drop of the CRA is relatively small at
high flow rate conditions (e) ~ (l).

6.2.2. Pressure drop inside the CR
The pressure drop passing through the CR increased with the

Reynolds number, but there is less deviation between the numer-
ical results and the CFX under actual coolant conditions, as shown
in Fig. 7 and Table 3.

6.2.3. Flowrate ratio at internal/external CR flow paths
The modeled internal and external flow path flowrate ratios

demonstrated good agreement with CFX results, as shown in Fig. 8
and Table 4. The radial gap between the inner and outer hexagonal
duct was designed such that the bypass flow surrounding the
moving CRA is minimized and the required flow passes through the
lower adapter of the CRA, maintaining CR temperatures within the
allowable limit.

6.2.4. Drop behavior of the CRA
This section compares the modeled drop characteristic behavior

of CRAs with experimental test results [13]. A CRA drop test was
conducted under both submerged and water fluid flow conditions,
as summarized in Table 5.

Fig. 9. CRA drop velocity comparison e Experiment vs HEXCON.

Table 6
Comparison results between analysis and test as flowrate change (drop velocity).

Case# Maximum Drop Velocity [m/s] Deviation [%]

Experiment HEXCON

Case 1 (0%) 0.759 0.741 2.4
Case 2 (50%) 0.749 0.722 3.6
Case 3 (100%) 0.714 0.704 1.5
Case 4 (150%) 0.687 0.685 0.3
Case 5 (200%) 0.670 0.667 0.5
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6.2.5. CRA drop velocity comparison
Modeled CRA drop velocities were compared with those from

the test results. Little difference was observed between the two
methods at the beginning of the drop due to the discrepancy flow
phenomenon in the laminar region. Points of variation in the drop
velocity were revealed by the damper, as seen in Fig. 9.

The maximum deviation between the two methods (approxi-
mately 3.6%) occurred in the 50% flowrate case (ref. Table 6).

6.2.6. CRA drop position and time comparison
Fig. 10 compares the modeled and experimental characteristic

dynamic behaviors of a moving CRA during scram actions at various
flowrates. These images show CRA drop velocity variations with
respect to travel positions under various flowrate conditions. As
seen in Table 7, the density and dynamic viscosity of water at room

Fig. 10. Comparison of CRA drop position vs. time.

Table 7
Physical properties of fluids.

Fluid Density (kg/m3) Dynamic viscosity (Pa s)

Water at 30 �C 995.7 8.01 � 10�4

Sodium at 390 �C 860.1 2.82 � 10�4

545 �C 824.1 2.22 � 10�4

Table 8
Comparison results between analysis and test as flowrate change (drop time).

Case# Drop time [s] Deviation [%]

Experiment HEXCON

Case 1 (0%) 1.527 1.466 4.0
Case 2 (50%) 1.536 1.500 2.3
Case 3 (100%) 1.599 1.536 3.9
Case 4 (150%) 1.645 1.574 4.3
Case 5 (200%) 1.676 1.614 3.7
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temperature are greater than those of sodium at operating tem-
perature. Furthermore, for the given configuration, mass flowrate,
and velocity of the moving CRA, the Reynolds number is in the
range of 104e105 and the fluid flow is fully in the turbulent zone.
The fluid friction coefficient is, as such, not sensitive to the Reynolds
number and dynamic viscosity. The change in viscosity has no
significant influence on the velocity and drop time of the moving
CRA. However, as seen in Eq. (6), the density directly influences the
frictional pressure drop and fluid force. When the density of the
fluid is greater, the fluid force is higher; hence, the velocity of the
moving CRA is reduced and the drop time is increased. The velocity
decrease in the water medium is thus greater than that in sodium.
These factors were compared in the test results: little difference
was observed between the two methods at the start of the CRA
drop due to the discrepancy flow phenomenon in the laminar re-
gion. The modeled drop time was compared the test results, shown
in Fig. 10. The maximum deviation (approximately 4.3%) occurred
in the 150% flowrate case (ref. Table 8).

7. Conclusions

Based on results from mathematical modeling and CRA verifi-
cation testing, it was understood that

� All governing parameters were properly accounted for and the
influence of each drop time parameter during a scram action
was well understood.

� Numerical predictions aligned well with the experimental re-
sults, validating the mathematical model and developed com-
puter program (HEXCON).

� CFD simulations predicting CRA drop behavior could be replaced
with a simple 1D CRA modeling.

� The CRA drop time in sodium had some margin of safety design
criteria during scram actions.

The results of the present study provided confidence for pre-
dicting the dynamic behavior of the CRA in PGSFR during a scram
action and for characterizing the influence of various operating
parameters. They could additionally contribute to improving CRA
design from the viewpoint of nuclear, thermal, and mechanical
design. However, since the CRA drop analysis code developed in
this study does not consider the effect of mechanical friction, it was
difficult to evaluate the drop time of the CRA under the condition

that a lateral force such as seismic effects. Therefore, the model
should be needed additional development and verification for the
lateral vibration condition by seismic forces.
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