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The specially designed in the NSC KIPT Supercritical Water Convection Loop (SCWCL) with an irradiation
chamber coupled to an electron accelerator LPE-10 gives an opportunity for corrosion and mechanical tests of mate-
rials under electron irradiation. Specimens in water flow are irradiated by the 10 MeV/10 kW electron beam of the
LPE-10 linear accelerator at 23...25 MPa and 350...400°C. Presented are the irradiation regime parameters for the

500 hours long work session of the SCWCL.
PACS: 07.35.+k, 29.20.Ej, 28.52.Fa

INTRODUCTION

The Supercritical Water-Cooled Reactor (SCWR) is
one of the most promising options identified for R&D
under the Generation IV (GenlV) program [1]. At the
Atomic Energy of Canada Limited (AECL), the it was
recognized as the next evolutionary step of CANDU
technology and obtained a high priority status [2, 3]. The
SCWR relevant R&D are carried out in Korea [4, 5], U.S.
[6, 7], Japan [8], Russia [9], and China [10]. Different
candidate structural materials are considered for the
SCWR: austenitic and ferretic-martensitic (F/M) stainless
steels (SS), Ni-, Zr- and Ti-based alloys, and innovative
oxide dispersion strengthened (ODS) steels and alloys.
Their corrosion rates and stress corrosion cracking
(SCC) in pure SCW is studied experimentally using
SCW circulation loops (SCWCL) without irradiation.

However, the SCW properties under irradiation are
not investigated in detail. The irradiation induced radioly-
sis impact on the SCW flow control and instabilities, incl.
the sub- to supercritical state transitions, is of great inter-
est for SCWR R&D, and can also affect the corrosion of
materials. This requires thorough studies at dedicated
experimental facilities [11] providing combined expo-
sure of samples to both SCW flow and irradiation.

In 2009, the Canadian government provided funding
to support the collaborative activities between the NSC
KIPT and the AECL Chalk River Laboratories aimed at
the development of advanced experimental facilities and
methodologies for the assessment of structural materials
recognized as promising candidates for SCW reactors.
In 2010-2012, the convection loops were specially de-
veloped, in KIPT, for in situ investigations of combined
effect of ionizing irradiation and heterophase fluctua-
tions of the supercritical water (SCW) environment on
corrosion, oxidation, and mechanical properties of met-
als and alloys. The irradiation cell (IC) equipped Super-
critical Water Convection Loop (SCWCL) was coupled
to the 10 MeV, 10 kW electron accelerator LPE-10 as a
basis for the test bench of the Canada-Ukraine Electron
Irradiation Test Facility (CU-EITF) for corrosion tests
of structural materials of GenlV SCWR [12, 13].

Three SCWCL models were developed and manu-
factured:

a) the prototype one without an irradiation cell;

b) the all-welded SCWCL with four-channel IC;

c) the dismountable SCWCL with the circulation
pump and the IC made from the Ti alloy VT22.
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The internal volume of each loop is about 4 liters.
The pipes of all the devices (a-c) and the IC of the
SCWCL model (b) were made from the 12X18H10T
stainless steel. Dimensions of the loops (1.2x1.5m,
Fig. 1) and other component parts of the SCWCLs were
essentially determined by the size and arrangement of
the KIPT sited bunker room (see Fig. 1) which houses

e ";\ "
Fig. 1. Placement of the SCWCL in the bunker room
of the LPE-10 electron linac

In the present paper, the results of the investigations
of the SCWCL Loop-1 and Loop-la operating modes
are presented.

1. REFERENCE DESIGN PARAMETERS

The evaluation of the CU-EITF circulation loop ope-
rational parameters was based on the one-dimensional
thermal-hydraulic (TH) model [16 - 18] of a single-
channel, single-phase natural convection loop. For a
steady-state operation of a closed loop of length L, the
enthalpy h is a periodical function of pass length x
(h(0) = h(L)), and the overall pressure drop vanishes:

floop Ap(x, w)dx =0. (1)

The steady-state mass flow rate w is a root of Eq. 1.
The computer code solves it for flexible models of cir-
culation loops of segmented structure (Fig. 2). Each i"
segment of a loop is characterized by its geometrical
parameters (length I;, slope 6;, hydraulic diameter D;),
the applied heating/cooling power density g; = £Q;, and
the hydrodynamic friction factors. Obviously, the bal-
ance of heating and cooling powers " q1,S(D;)=0

must be kept to obtain a steady-state solution.
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Fig. 2. Typical schemes of natural circulation loops

(NCLs) with horizontal heater and cooler (HH-HC)
and vertical heater and horizontal cooler (VH-HC)

The following friction model was implemented [16]:
Ck(x,w,h)-Ax:%+ZKi~5(x—xi)-Ax, 2

where Re = w-D/g(h) is the Reynolds number of a flow,
u(h) is the dynamical viscosity of a fluid, the coefficient
64 0.3164

f(Re) max( e j ®3)
describes dynamical friction in laminar and turbulent
flows, and the coefficients K; are (phenomenological)
dimensionless local friction factors (K-factors, or re-
striction coefficients) of the convection loop segments.

The equation (1) was solved numerically by the itera-
tive calculations and summarization of pressure drops
with enthalpy profiles for all segments of a circulation
loop until the total pressure drop reduces to a reasonably
small value, a tolerance limit of calculation. Then the
density, temperature, mass and linear velocity profiles
were calculated along all SCWCL segments using the
obtained value of the steady-state mass flow rate w.

For the CU-EITF SCWCL reference design, the pre-
liminary TH calculations results were taken into ac-
count. They determined a rather conservative choice of
the loop piping internal diameter (D = 32 mm) and the
electric heater power (Q =20 kW). The dimensions of
the SCWCL were fixed to a width of 1.2 m and a height
of 1.5 m. The results of the TH characterization of such
a reference design of CU-EITF SCWCL are presented
below in this section.

1.1. SUPERCRITICAL OPERATION MODE

An integrated compilation of calculated output char-
acteristics of an expected steady state operation mode of
CU-EITF SCWCL is presented in Fig. 3,a-d for a super-
critical regime (p = 23 MPa, T;, = 650 K) of a loop. The
results depicted in this figure are self-descriptive, and
are not discussed here in detail. Let’s emphasize major
conclusions that follow from these calculations:

e the acceptable mass (~50...100 gm/s, see Fig. 3,a)
and linear (up to 1 m/s, see Fig. 3,b) rates of SCW
natural convection flow are obtainable;

o the loop overheat is prevented (see Fig. 3,c) in a wide
range of heater power Q and up to large (K > 300)
values of the SCWCL legs effective K-factor;

o the characteristic SCW temperatures T, at the entrance
of irradiation cell are close to the inlet temperature;

o the characteristic densities of SCW entering the irra-
diation cell (see Fig. 3,d) are of order of 0.3 gm/cc at
reasonable local friction factors K~ (10...100), and
Q <30 kw.
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Fig. 3. Heater power Q dependencies of W (a), v (b),
Tout (€) and pyy (d) for the reference configuration
CU-EITF SCWCL operating in a supercritical mode
(23 MPa, 650 K)

1.2. IMPACT OF e-BEAM ON THE CU-EITF
SCWCL STEADY STATE REGIME

The calculations above describe an “idle” mode of a
SCWCL operation without irradiation when all power
input Q is due to an electric heater. Though valuable
experiments on the SCW flow dynamics and materials
corrosion can be conducted in this mode, too, of great
interest is the impact of the accelerator e-beam (EB)
irradiation supplied power on the SCWCL TH parame-
ters. This section deals with the TH effects caused by a
loop extra heating by a EB irradiation power deposition.

This occurs in the 180 mm long IC positioned at the
vertical leg of the loop. It was introduced into the TH
model as an additional heater segment of this length
starting at a distance 22.1 cm from the bottom pipe lev-
el. The reduced hydraulic diameter D,c = 26 mm of this
segment (that is due to the presence of the IC internals),
has been calculated from the SCW filled free volume of
irradiation cell, and used in TH modeling.

At calculations, a conservative assumption had been
made that the total nominal power of the KIPT linac e-
beam (7 kW) is spent to the SCW heating. Obviously, it
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is a rather strong assumption that, however, will show
the amplitude of the expected effect.
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Fig. 4. Heater power Q dependencies of W and Ty
without (open markers) and with (bold markers) extra
heating of the CU-EITF SCWCL irradiation cell

by 7 kW electron beam

The results of calculations are shown in Fig. 4 as
functions of a power Q of the SCWCL conventional
horizontal electric heater. One can see that qualitatively
the loop behavior is not affected by the introduction of
irradiation induced extra heating though certain quanti-
tative effects are definitely observed.

1.3. SUBCRITICAL OPERATION MODE

The reference CU-EITF SCWCL model has also
been applied to the evaluation of subcritical operation of
the facility. The conditions p=9.9 MPa, T;; =533 K
(350°C) were chosen to simulate characteristics of cool-
ant environment of reactors of CANDU family.

The basic TH model (1) - (3) is of limited use for de-
tailed calculations at subcritical conditions since it is
intrinsically a single-phase model. However, it can cir-
cumscribe the domain in a parameter space where un-
wanted effects of a flow boiling are suppressed.

The model was tuned to the above mentioned sub-
critical initial conditions. The results of calculations are
presented in Fig. 5 for both idle and e-beam powered
cases of the facility operation. One can see in Fig.5,a
that the subcritical regime characteristic values of the
mass flow rate w = 50...200 gm/s are of the same order
of magnitude (or greater) then that of in a mainstream
supercritical mode. The major constraint arises from the
fact that at gradual increase of power Q the outlet tem-
perature can reach a water saturation temperature T at
9.9 MPa (see Fig. 5,a). Therefore, the subcritical exper-
iments have to be conducted either at a reduced power
or at a special attention paid to the local hydraulic re-
sistance of a loop components.

Fig. 5 shows that at subcritical experiments kept in-
side the single-phase domain, the SCWCL operates with
the same mass flow rates w ~50...100 gm/s that are
expected for the supercritical operation mode.

2. EXPERIMENTAL
2.1. LOOP-1

The SS 12X18H10T made SCWCL prototype meas-
uring 1220x1550 mm (Fig. 6,b) was developed and
manufactured for preliminary tests on the experimental
stand without irradiation. The internal diameter of the
loop piping was 32 mm, the external one was 40 mm.
The prototype had two 820 mm long main coolers and
two auxiliary coolers which were mounted on branch
pipes with measuring manifolds. The water was sup-
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plied to the coolers from general pipelines that deliver it
to the accelerators cooling systems. The coolant pres-
sure was up to 4 atmospheres, the volumetric flow was
up to 12 liters per minute. The water temperature in the
mains was 15...35°C depending on the season.
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Fig. 6. The SCWCLs Loop-1a with cup-type heaters (a)
and Loop-1 (b) with radiative heaters on the test stand

Fig. 7. Cup-type (0.4 kW, 100 mm working length)
heater (a) and radiation-type (up to 10 kW, 310 mm
internal working length) heaters with silit heating
elements (b)

The SS made heaters with silit elements (Fig. 7,b)
were developed and manufactured for the prototype.
The total power of one block of heaters was up to
10 kW. The work temperature inside the heater was up
to 1100°C.

In total, 15 experimental “hot sessions” of operation
were conducted with total duration of 70 hr (incl. 12 hr
with water in the supercritical conditions). The water
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pressure amounted to 30 MPa. The loop surface temper-
ature did not exceeded 430°C. At the same time, it
reached 1100°C under the heaters.

During the experiments, the power rack and the con-
trol rack worked in-line with the computer. The results
of one of the work sessions are presented at Figs. 8, 9.
During this session, the loop prototype and heaters were
wrapped with 30 mm thick basalt fiber and Al foil to
decrease thermal losses. Big coolers were not used. The
heaters power, water flow to the small coolers and water
drain from the emergency valve were registered and
controlled by the operator with the aid of a computer.
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Fig. 8. Videogram from the PC screen of CU-EITF
operator during the SCWCL prototype test
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Fig. 9. Temperature, pressure, electric power,
and water volume changes plots during the SCWCL
prototype test session

The plots of the electric power (W) changes (in rela-
tive units), the temperatures at the loop surface (T), the
water pressure in the loop (P), and the volume (V) of
water passed through the valve are shown in Fig. 9. The
values of W gradually increased from 5 kW at the be-
ginning of the session, and then up to 15.5 kW.

The loop surface temperature T incidentally increased
up to 410°C while the temperature inside the heaters
reached 1049°C. Up to 3660 ml of water out of 4210 ml
has flown out from the loop through the emergency
valve (see the plot of V) due to thermal expansion.

The pressure in the loop was 25 MPa. At 15.5 kW
electrical power, the thermal balance in the loop was
achieved at an average loop surface temperature 404°C
while the temperature difference at loop surface reached
11...12 K. The small water coolers picked out total
power reached ~7 kW. The upper cooler took off 3 kW
(water flow 10.6 kg/min, temperature difference 4°C).
The lower cooler picked out 2.4 kW (water flow
11.2 kg/min, temperature difference 3°C). The other
remained power losses were up to 1.5 kW.

Basing on these data, the water mass flow rate in the
loop during this session was 60 g/s. At the loop section-
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al area of about 8 cm?, we obtained the flow linear ve-
locity of about 52 cm/s.

During the last session, the strength limit in the part
of the loop prototype under one of the heaters was ex-
ceeded. This resulted in the rupture of the loop horizon-
tal part (Fig. 10), and the damage of the heater.

Fig. 10. Top view at the point of rupture of the SCWCL
prototype pipe (a) and the x200 magnification cross
section electron microscopy along the specimen break

In Fig. 10,b, the cracks penetrating inside the pipe
metal to the substantial depth up to 500 um are clearly
seen. The considerable thinning of the pipe wall thick-
ness in the vicinity and in the places of the break argued
about the exceed of the tensile stresses of a material
over the yield stress limit and testifies that the damage
occurred is because of material operational conditions.

3.2. LOOP-1a

The design of the loops with irradiation chambers
(see Fig. 6,a) was developed basing on the information
obtained during these tests of the prototype. In order to
strengthen the construction, the lower horizontal part of
the loop with fastened heaters was made of the 40 mm
external diameter pipes having a 6 mm thick wall. The
sizes of the main coolers were decreased.

The connection of the SCWCL to the chemical anal-
ysis mains was arranged through the 10 mm diameter
manifolds and fitting joints. The manifolds were welded
into the loop near the top left and bottom left corners
(see Fig. 6,a). The sensor was implemented into the loop
for the water flow rate control [19].

3.3. TESTS OF THE CU-EITF OPERATION

MODES UNDER 10 MeV ¢-IRRADIATION

SCWCL “Loop 1a” was mounted in the LPE-10 ac-
celerator bunker for specimen irradiation (Fig. 11) mon-

itored by the video camera and the control systems of
the CU-EITF and LPE-10 [17 - 19].

Constructed and mounted Loop_1a (free convection)

rame

Loop, coolers and heaters
are thermo isolated

Accelerator outlet_

Irradiation cell (4 tubes with specimens)

Fig. 11. SCWCL “Loop-la” during mounting
in the LPE-10 accelerator bunker
Four sessions of irradiation of samples by the
10...11 MeV EB were conducted at the LPE-10 linac.
The EB mean current was 0.5...0.8 mA (Fig. 12). The
EB pulse frequency was 250 Hz at the pulse duration
3.4 ps and the beam irradiation cell scanning frequency
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of 3.5 Hz. The average vertical span of the beam in the
irradiation cell plane was 21 cm (Fig. 11).

The total duration of sessions was 572 h including
497 h under the beam. The maximum fluence on the
irradiation cell surface was more than 10%° e/cm?.

The EB parameters were controlled by the LPE op-
erator (see Fig. 12) and were archived (see Fig. 13).

The photometry of electron flux density in the irra-
diation cell zone was made before the sessions, and is
shown in Fig. 14.

The operating conditions for SCWCL “Loop-la
were: the pressure 23.5 MPa, the maximum temperature
at the 1C surface up to 380°C (see Figs. 9-11). The simu-
lation estimated mass flow rate was 70...80 g/s. Corre-
spondingly, the linear velocity of subcritical water in the
IC cartridges was ~0.5 m/s. The parameters of “Loop-
la” were controlled by the session operator (Fig. 15)
and saved to the archive (Figs. 16, 17).

ER)

v B O LW ISR [Rios  g@wormoder | sieramsaar
Fig. 12. The display of the LPE-10 operator’s control
panel

W@ 7 o

Fig. 13. LPE-10 parameters archive.
Information on 12.08.2012

l
|
1 ' .. LT - il
Fig. 14. Glass photometry of the e-beam (30.07.2012).
The glass (S3) is behind the irradiation cell on the left
and in front of the cell — on the right (S2). The layout
of samples in the cell is in the middle

CONCLUSIONS

The stable subcritical and supercritical operating
modes of two options of the 1.2x1.5m 4 litre water
convection loop volume were substantiated by calcula-
tions and confirmed experimentally. It is experimentally
shown that with adequate external thermal insulation of
the loops the external heaters with capacity of
6...15 kW are enough for the transition of the convec-
tion water loops in the supercritical mode operation.

ISSN 1562-6016. BAHT. 2017. Ne6(112)

Fig. 15. The display on the CU-EITF operator’s control
panel. The cooling of the loop at the end of the session

WF

Loop-Ta 10.08.2012

an 0]

Fig. 16. The irradiation cell, T and cooler, Tcool,
temperature curves (°C), the curves of water pressure
P (bar) and mass M in the loop (a) and the consoleplot
(b) at the beginning of irradiation mode (10.08.2012)

Loop-la  25-26.08.2012 300P

[ T 150 200

a b
Fig. 17. The irradiation cell, T and cooler, Tcool,
temperature curves (°C) and the curve of water pressure
P (bar) and mass M in the loop (a) and the console
P/(T-11) plot (b) at the ending of irradiation
(26.08.2012)
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PEKMMbI OBJIYYEHUS DJIEKTPOHAMM OBPA3LIOB MATEPUAJIOB B CBEPXKPUTUYECKOM
BOJISSTHOM KOHBEKIIMOHHOM NETJIE

A.C. bakaii, B.H. bopucxun, M.H. bpamuenxo, A.H. /losonsa, C.B. /[onv0s, 10.B. I'openko, B.A. Momom,
C.K. Pomanosckuii, A.H. Casuenxo, B.U. Conooosnuxos, B.FQ. Tumos, C.B. Illenenxo, I.H. I]e6enko

CrnermansHo pazpadoranHas B XDPTU cBepxxputHueckas BoasHas koHBekimoHHas netiisa (CBKII) ¢ kamepoit
00JIy4eHus, CBsI3aHHAA ¢ YCKOpUTeIeM 3J1eKTpoHOB JIYD-10, mo3BoiIsieT MpOBOUTh KOPPO3UIHBIE TECTHI MMOTEHIU-
IBHBIX KOHCTPYKTHUBHBIX MaTEPHANOB PeakTOpoB IV MOKOJIEHUS CO CBEPXKPUTHYECKHM BOJSHBIM OXJIAXKJICHHEM
(SCWR) mnox obnyuenuem. O6pasisl B moToke Boabl mpu 350...400°C, 23...25 MIla 00iy4aroTcst 3JCKTPOHHBIM
nyukom 10 MaB/10 kBT nuneitnoro yckoputeins JIYI-10. [IpuBoasTcs napaMeTpbl peKUMOB 00JIydeHHS 00pa3IioB
Bo BpeMs 500-gacoBoro ceanca padotsr CBKIIL.

PEXKMMHU ONMPOMIHEHHS EJJEKTPOHAMM 3PA3KIB MATEPIAJIIB Y HAJIKPUTUYHIN BO-
JISTHIA KOHBEKIIMHIN METJII

O.C. Baxaii, BM. bopuckin, M.1. bpamuenkxo, A.M. Jloeonsa, C.B. /[io1v0s, FO.B. I'openxo, B.O. Momom,
C.K. Pomanoscovkuii, A.M. Casuenko, B.I. Conooosnuxos, B.IO. Tumos, C.B. Illenenxo, I.H. I]e6enko

CneuiansHo po3pobiena B XDTI nagkputnuna BojsHa koHBekniiHa et (HBKII) 3 kameporo onpomineHHs,
sKa 3B’s3aHa 3 mpuckoproBadeMm enekTpoHiB JIIIE-10, mo3Bosse mpoBOAUTH KOPO3iHHI TECTH MOTEHIIMHUX KOHC-
TPYKUIHHUX MaTepianiB peakTopiB IV MOKOIIHHA 3 HAAKPUTHYHUM BOJSHIM oxoJomkeHHsM (SCWR) mix ompomi-
HeHHsM. 3pa3ku B mortoui Bogu mpu 350...400°C, 23...25 MIla onpowmintorotsesi 10 MeB/10 kBT enexTpoHHUM
ITy4KOM JIiHiHHOTO mpuckoproaya JIIIE-10. TIpuBoasThes mapaMeTpn pexnMiB OmpoMiHEHHS 3paskiB mig gac 500-
roguHHOTO ceancy podoru HBKII.
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