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Introduction

The International Workshop on the Technology and Thermal Hydraulics of Heavy Liquid
Metals (Schruns Workshop) was organized to assess the R&D and technology problems
associated with designing and building a heavy liquid metal target for a spallation neutron
source. The European scientific community is completing a feasibility study for a future,
accelerator-based, pulsed spallation neutron source that would deliver a beam power of 5
megawatts (MW) to a target. They have concluded that a liquid metal target is preferable
to conventional solid targets for handling the extreme radiation environments, high heat
loads, and pulsed power. Similarly, the Oak Ridge National Laboratory has been funded
by the Department of Energy to design a high-power, pulsed spallation neutron source
that would begin operation at about 1 MW but that could be upgraded to significantly
higher powers in the future. Again, the most feasible target design appears to be a liquid
metal target. Since the expertise needed to consider these problems resides in a number of
disparate disciplines not normally covered by existing conferences, this workshop was
organized to bring a small number of scientists and engineers together to assess the
opportunities for building such a target.

The objectives and goals of the Schruns Workshop were to:

« Review and share existing information on the science and technology of heavy liquid
metal systems.

e Evaluate the opportunities and limitations of materials compatibility, thermal
hydraulics and heat transfer, chemical reactions, corrosion, radiation effects, liquid-gas
mixtures, systems designs, and circuit components for a heavy liquid metal target.

» Establish the critical R&D and technology that is necessary to construct a liquid metal
target.

« Explore opportunities for cooperative R&D among members of the international
community that could expedite results, and share expertise and resources.

The Schruns Workshop brought together scientists and engineers from a multiplicity of
backgrounds and disciplines—accelerator physicists; neutron scientists; thermal,
chemical, and mechanical engineers; materials and corrosion experts; teams who had
constructed and operated MHD systems or liquid metal cooling systems for reactors; etc.
The workshop was arranged with oral presentations and discussions on the mornings and
evenings of the first three days. The afternoons were left unscheduled to allow for
informal discussions. The oral sessions provided a forum to understand the relevance and
connectivity of the presentations, and the possibilities for collaborative work at the
various facilities that were described. The moming of the final day of the workshop was
devoted to four working sessions considering target materials, process technology and the
effects of spallation products, heat removal, the effects of pulsed operation, and target
components, maintenance, and handling. The conclusions from these working groups were
presented in the afternoon, and a plenary discussion was held to establish coordinated
plans for international cooperative efforts.
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These proceedings contain abstracts and viewgraphs from the oral presentations, the
summaries and conclusions from the working groups, and a technology roadmap for
initiating international cooperation. The workshop was very successful. It brought
consensus that mercury was the. preferable liquid metal for a pulsed spallation source
target; it narrowed the construction materials to a few and identified the compatibility and
corrosion problems; it established boundaries for considering the heat transfer and thermal
shock problems arising from pulsed operation; it clearly identified the necessary R&D
needed to answer remaining questions; and it identified facilities and participants for
several future cooperative experiments that will accelerate completion of a mercury target.

Gunter S. Bauer Bill R. Appleton
Paul Scherrer Institut Oak Ridge National Laboratory
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Workshop on the Technology and Thermal Hydraulics of Heavy Liquid Metals
Hotel Lowen, Schruns, Austria March 24-29,1996

The European Scene Regarding Spallation Neutron Sources
G.S. Bauer, Paul Scherrer Institut, CH-5232 Villigen-PSI

Abstract

In Europe, a short pulse spallation neutron source, ISIS, has been operating for over 10 years,
working its way up to a beam power level of 200 kW. A continuous source, SINQ, designed

for a beam power of up to 1 MW, is scheduled to start operating. at the end of 1996, and a .

detailed feasibility study has been completed for a 410 kW short pulse source, AUSTRON.
Each of these sources seems to have settled for a target concept which is at or near the limits
of its feasibility: The ISIS depleted uranium plate targets, heavy water cooled and Zircaloy
clad, have so far not shown satisfactory service time and operation is likely to continue with a
Ta-plate target, which, in the past has been used successfully for the equivalent of one full-
beam-year before it was taken out of service due to degrading thermal properties. SINQ will
initially use a rod target, made of Zircaloy only, but plans exist to move on to clad lead rods as
quickly as possible. Apart from the not yet explored effect of hydrogen and helium production,
* there are also concerns about the generation of 7-Be in the cooling water from the spallation of
oxygen, which might result in undesirably high radioactivity in the cooling plant room. A
Liquid metal target, also under investigation for SINQ, would not only reduce this problem to
a level of about 10 %, but would also minimize the risk of radiolytic corrosion in the beam
interaction zone. Base on similar arguments, AUSTRON has been designed for edge cooled
targets, but thermal and stress analyses show, that this concept is not feasible at higher power
levels.

For The ESS-Project, for which the goal has been set to study the feasibility and tradeoffs of a
short pulse source at 5 MW beam power, paralle] studies were started on plate and rod targets
and on a liquid metal target system. One serious problem arising from the use of solid targets
at high power is the concentration of decay heat in a small volume and the resulting need for
emergency and decay heat removal, requiring a second and independent cooling system which
is difficult to accommodate, given the restrictions of close target-moderator coupling one tries
to achieve in a pulsed spallation neutron source. After an evaluation of various pros and cons,
the ESS-project team settled for a liquid metal target as its first choice, selecting mercury as
target material, because of its superior properties for a pulsed source target /1/ and because it
does not require auxiliary heating to keep it molten. Monte Carlo studies /2/ confirmed the
expectation that, due to the absence of neutron moderation in the target zone, a reflected
mercury target shows better neutronic performance than a water cooled target of either
Tantalum or Tungsten, both of which show significant resonance absorption. The high thermal
neutron absorption of mercury, a disadvantage in the case of a continuous source, can probably
be turned into an advantage on a pulsed source by making it unnecessary to decouple the
moderator from the target. This not only eliminates the need to cool this decoupler but also
allows to move the moderator in more closely. Even for otherwise non-decoupled moderators
in a fast reflector, such as lead, a mercury target can be expected to show excellent
performance.
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The total power deposition in the ESS mercury target, including some allowance for neutron,
pion and gamma absorption is estimated at 2.8 MW with a distribution following the (2-
dimensionally parabolic) beam profile laterally and an essentially exponential decrease with an
initial buildup zone axially. This results in very high local power density during the pulse and
gives rise to some concern about the effect of pressure waves in the liquid metal. Initial
scoping calculations /3/, /4/ have shown that this could indeed become a problem and that
some method to midgigate the stress in the container wall must be found. One way, which still
needs more theoretical and experimental verification, could be to inject about 3 vol% of
Helium in the liquid metal.

Optimizing the flow and temperature distribution in the beam interaction zone is another
important issue. Fluid dynamics calculations /5/ have shown that a satisfactory solution seems
possible which, by directing part of the flow asymmetrically across the beam entrance window,
allows to control also the temperature of this critical part in reasonable limits.

Finally, due to the large mass of the target, the concentration of spallation products generated
during 10 years of operation remains well within the solubility limit /6/ with only a few

exceptions, which happen to be Iron and Chromium, the main components of the steel foreseen
as structural material /7/.

/1/ G.S. Bauer: "Mercury as a Target Material for Pulsed (Fast) Spallation Neutron Sources"
Proc. ICANS-XTII, Paul Scherrer Insitut, PSI-Proceedings 95-02 (1995) T12, 547-558

/2/ D. Filges et alD. Filges, R.D. Neef and H. Schaal: "Nuclear Studies for Different Target
Systems for the European Spallation Source (ESS) Proc. ICANS-XTII, PSI-Proc. 95-02
(1995) T11, 537-546

/3/ K. Skala and G.S. Bauer "On the Pressure Wave Problem in Liquid Metal Targets" Proc.
ICANS-XIII, Paul Scherrer Insitut, PSI-Proceedings 95-02 (1995)

/4/ L. Ni, this workshop
/5/ T, Dury, this workshop
- 16/ R: Dressler, this workshop

/11 Y. Dai, this workshop
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The AUSTRON-Target
Some characteristic Data (¥)

“"AUSTRON Target Group"
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Quantity Target version
cylindrical flat
Beam power (kW) 205 205
Power in target (kW) 86 90
Gaussian profile ;%, 6, (cm?) 225,225 20,12
Av. power density (W/cm®) 32 12
Peak temperature (°C) 928 563
Peak stress (MPa)™* ‘ 278 286

** Time average, not accounting for pulsed energy

deposition within 0.4 ps.

(*)(From: AUSTRON-Feasibility Study, Ch. 5.5)

Numbers refer to the AUSTRON-II version (25 Hz, 205 kW in beam),
which is now considered an initial stage, leading to the AUSTRON I
version with 410 kW beam power by doubling-of the repetition rate

and adding a second target station.
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SINQ Design Features

Accelerator

. 8 sector isochronous cyclotron, 590 MeV, 51 MHz
Injector: 4 sector isochronous cyclotron, 72 MeV
Proton beam current 1.5 mA
Beam behind pion target: 570 MeV, 1TmA

Beam on Target

2-dim. gaussian distribution, SDx/y = 3.3/3.83 cm
» 17pA/cm2inmaximum (30 HA/cm2/MW)

Target Station

Vertical beam injection from undemeath
Zircaloy rod target => Liquid PbBi-eutectic
2 m diameter heavy water. moderator

25 litre liquid deuterium cold moderator

S twin beam poris (4 thermal, 1 coid)

7 cold neutron guides

services and
control building

main target shield
neutron guide hall

neutron guides

monochroma
shielding

containment
steel tank

neutron
diffractometer,

proton beam

The SINQ Facility
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The Inner Region of the SINQ Target Block
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Calculated flux levels per mA of 570 MeV protons
for different taret concepts for SINQ
Target system Maximum Useable flux | Relative flux
thermal flux at25cm at25cm
(cm.zsq (c m-zs-‘l ) radius

Pb (or PbBi) with weakly 2x10" 13x 10" 1
absorbing container
Phb-Bi with steel container(4mm) 0.9x10" 0.85x 10" 0.65
W-plates in Al-container 0.8 x 1014 0.6 x 1014 0.46
Ta-plates in Al container 0.55 x 10" 0.45 x 10" 0.35
Pb-rods in (Zircaloy) tubes 15x10" 1x10" 0.70
Zircaloy rods 0.8x10" 0.5 x10" 0.38

r;;\gzg Target Removable sample 7rods
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(u[;@m PAUL SCHERRER INSTITUT - 1 ’

Radioactivity data for SINQ cooling circuits

Quantity Safety hull Target
direct energy deposition (kW) 3.6 94
coolant mass flow rate (kg/sec) 2.2 9
pipe inner diameter (cm) 2.8 6.6
dose rate at target exit per m of pipe

- from gamma rays (mS/h) 37 410

- from delayed neutrons (mS/h) 20 178
tritium production

- after 1 year (1 0" Bq 0.5 7.4

- equilibrium (1012 Bq) 14 180
7-Be production (equil., 10" Bq) 0.3 5.2
10-Be production (per year, 10° Bq) 0.2 3
14-C production (per year, 1 0° Bq) 6 15

Data do not include the effects of corrosion, erosion and direct injection of
spallation products into the coolant. These effects increase with surface area!

11 11 cooling

BT water
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Time to reach 10 dpa (day)

PAUL SCHERRER INSTITUT

Radiation effects in materials for
various ranges of reduced temperature
(H. Ullmeier, n. F. Carsughi, NIM B, 101 /1995)
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Coolant (water) in the proton beam

Features

Large metal surface
and coolant fraction
for heat transfer

Radiolysis

Pressure level (flow,
prevention of boiling)

Spallation in Oxygen

LOCA

Damage recognition

Potential problems

+ average density low
(“brightness*)

+ contamination from
recoils (~ 50pg/em?)
¢ corrosion
+ growth of oxide layer
(heat transfer)
+ window thickness
(coolability)
# stress corrosion
(radiation enhanced?)
+ enhanced production of
Tritium
¢ production of "Be
(Y, 56 days)
+ complicated water
circuit (contaminated)
+ high decay heat density
"(emergency cooling
/risk of metal-steam
reaction)
+ SINQ: 6 to 12 hours
delay (¥'s from )

Liquid Metal Target Candidate Malerials

and Their Relevant Properties in Comparison

Pb Bi LME LBE Hg
Composition elemental [elemental 197.5%Pb |45% Pb |elemental
+2.5%Mg |+55%Bi
Atomic number Z 82 83 80
Atomic mass A (g/mole) 207.2 209 200.6
Density (g/em’)  Solid (20°C) 11.35 9.75
liquid 10.7 10.07 10.6 10.5 13.55
Coeff. of thermal expansion (K') | 2.91-10" | 1.75.10° 6.1.10"
Contraction on solidification (%) 3.32 -3.35 =3.6 =0
Melting point (°C) 3275 271.3 250 125 | -38.87
Boiling point at 1 atm. (°C) 1740 1560 356.58
Specific heat capacity (J/g/K) 0.14 0.15 0.15 0.15 0.12
Thermal neutron absorption (barn) 0.17 0.034 0.17 0.11 389
Corrosivity moderate | highést | moderate’ high low
Chemical activity | moderate | highest | moderate high low




Desirable propetties of the target material

* High atomic number for neutron yield

* High density for brightness

* Low melting point

* Low corrosive activity (solubility of containment elements)
* Chemical inertness , ‘

Low resonance integral (absorption of keV neutrons)

High scattering cross section (reflector)

(Low absorption cross section for thermal neutrons)

*

For pulsed neutron sources Mercury looks good

> Thermal neutron absorption not relevant due to decoupler
* Resonance integral lower than in solid competitors
(Hg:73, Ta:710, W: 352 barns)
~ * Scattering cross section high (20 barns, Ta, W: 5 barns)
* Liquid at room temperature => no auxilliary heating
* 30 % higher density than PbBi (13.6 g/cm*3)
* Not corrosive (solubilities 1 to 2 OoM below Bi or Pb)
* Chemically inert (easy to purify) : :
No very long lived isotopes (194-Hg, 367 y as spallation product)
Can be converted to stable and insoluble amalgam
# High toxicity of fumes, low vapor pressure '

*

*
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Hg-target -

proton beam

safety hull

flow guide

outlet tube

for the mixture
of Hg and He
and its flange

main flange
(between
target unit and
carrier unit)

He supply line
and its flange

Hg supply line

and its flange

Design of target unit

Inssl fantss

S - . ESS-Liquid Metal Target - NN
‘ ' /|t Circuit NN
/ / — Conceptual working base— /// / R
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, Schematic of the ESS-liquid metal target concept.

The liquid metal circuit is mounted on a trolley which also contains
the storage tank. In the beam interaction region the-target shell is
surrounded by a double-walled, water cooled, safety hull which, in
case of a failure of the target shell, guides the liquid metal back to the
storage tank via a drain pipe equipped with a rupture disk.
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ESS Mercury Circuit

Power in Target

Design margin for components
Design flow rate (max)

Mean temperarure in return flow
Preferred temperature

Max. difference in mean temperature

Amount of Hg in circuit - ,
Volume of dump tank

Decay heat at shutdown
after 100 years
Activity at shutdown
after 100 years

3,30 Mw
20 %
250 ka/s

max. 300 °C
200 °C
120 °C
1 m”3
2 m"3
10 kW
1,60E-03 kW

1,20E+05 TBq
13 TBq

&

LRSI,

 FORSCHUNGSZENTRUM SULICH GmbH

HG — TARGET ESS 5 MW P BEAM

~—
o
= E Heat deposition in R <= icm
< 15
¢]
——
o
°
=
]
2.
3 0.1+ Heat deposition
- by protonsin R <= iem
o
[
st
0.01 7

i
) 0 20 40

1
60

Target depth [cm]
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P(z)dz, kW/cm*3

ST R | |

25 t —' cylinder of 1 cm radius in the target |
\.; Co ¢ Monte Carlo

0,5

Axial power distribution in the ESS-Hg Target at
5MW, 3.75 mA (Neef, 14.12.95)

Power dehsify in the innermost

0 10 20 30 40 50 60
Depth z, cm

Axial power distribution in the ESS-Hg Target at
5MW, 3.75 mA (Neef, 14.12.95)
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. .e6x20 cm2 elliptic beam footprint
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S LARGET SURFACE NBUTRON FLUX

n
o[——1] Proton Beam 5 MW, 1334 MeV
cm *sec
0.8E15 - reflector Pb
Total Response
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~——— TUNGSTEN
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0.4E15 —
0.2E15 -
£ .
0 i ] i
0 20 40 60
Target—depth [cm]
ref3.gli ) Arbeitsgruppe Strahlungstransport
Element production in Hg
1.334 GeV protons, 5 MW on target for 5000 h/y during 10 years
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Summary of ESS-Liquid Metal Target Concept

Risk / Consequences Proposed Solution

Problem Added features
Radiation damage in Very short Liquid metal target Conveclive heat rem;lul;
target material target life Avoids radiolysis and
(dpg, H and He) corrosion in water circuit
Volume change upon Damage to structural Mercury Less cornosive than
solidification / melting/ components Pb and Bi; no 210-Po;
cooling Saves decoupler
Temperature quenches Transition into britlle Varable conductance Minimizes risk of water
during beam tiips regime; Thermal fatigué double wall heat pipes . ingress into LM
Pressure waves dueto 50 Hz cyclic load 3 vol% He in reaction Suppotts removal
power pulses beyond recommended  volume of volalile species
design stress (safely teature)

Flow optimization in interaction zone

Highest temperature in liquid => pressure level

Adequate window cooling => mechanical strength and radlation damage
Maximum temperature of liquld in contact with wall => corrosion and thermal cycling

The Great Challenge:
Check theorv against experiments
Out-of beam:
Flow distribution Water
Mercury
(PbBi)
Window cooling (Sodium)
Mercury
Bubble generation (Water)
Mercury
Corrosion Mercury
(stagnant and flowing; PbBi
AT; prestressed) (PbMg)
In-beam:
¢Shock absorption® ISOLDE (2)
Rad.-enhancement - INR Troitsk(?)
of corrosion SINQ (?)
IPPE-Prototype LANL (INR?)
Radiation damage LANL
ORNL triple beam
PIREX~ ’
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ORNL-DWG 962-2346

Origins of the ORSNS Collaborative
Design Project |

ORSNS

e Since the early 1970s, numerous assessments by the National
Research Council (i.e., Seitz-Eastman Report, Major Facilities
for Materials Research and Related Disciplines, 1984) and the
Department of Energy (i.e., Kohn BESAC Panel Report, Neutron
Sources for America’s Future, 1993) have firmly established the
need for new neutron sources and instrumentation in the U.S.

" @ As a follow-on to the Seitz-Eastman study, the DOE/ER issued
a memorandum titled Secretarial Site Selection Decisions on
Specific Energy Research Projects proposing sites for four
specific ER facilities "to maintain the technical viability among
the DOE Laboratories"

= Relativistic Heavy lon Collider at BNL

- 1 to 2 GeV Synchrotron Radiation Source at LBNL
- 6 to 7 GeV Synchrotron Radiation Source at ANL
= Advanced Research Reactor at ORNL

This long-range plan has been closely followed by DOE/ER since the mid-1980s.

® The Basic Energy Sciences Advisory Committee (BESAC) Panel on
Neutron Sources for America’s Future (Kohn Panel) recommended in
1993:
*Recommendation 1: Complete the design and construction of the
ANS according to the schedule proposed by the project.

"*Recommendation 2: Immediately authorize the development of
competitive proposals for the cost-effective design and construction
of a 1-MW PSS. Evaluation of these proposals should be done as soon
as possible, leading to a construction timetable that does not interfere
with rapid completion of the ANS."

® The Conceptual Design Report for the ANS was completed (1986-
1993), ORNL was DOE’s preferred site, and the project was in the
1994 and 1995 President’s Budgets as a construction line item but
was not approved by Congress either year.

® The DOE/ER asked LBNL to coordinate a study for design of a 1MW
pulsed spallation neutron source complementary to ANS, and ANL,
BNL, and LANL initiated studies of their own.
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ORNL-DWG 96Z-3868

The ORSNS Is A Design-to-Cost Project ORSNS

® As a follow-up to the 1993 Kohn Panel Report, the DOE/ER
formed a new BESAC panel on Spallation Neutron Sources
in 1996 to provide guidance on:

"(1) source characteristics, including pulse length, power, and
neutron energy spectrum; and

"(2) trade-offs such as upgradable source, full performance but
with limited instrumentation, and low performance source
with full instrumentation”

... "The total cost of a new spallation source should be
kept below $1 billion."

In response to Congressional directives, two other BESAC
panels considered upgrade scenarios to existing spallation
and reactor sources to provide neutron capabilities while
this new source is being designed and built.

Beginning in FY 1995, ORNL developed a Design-to-Cost model
to aid in selecting technologies for an accelerator-based,
spallation neutron source '

The ORNL Design-to-Cost model included input from the
ANL, BNL, LANL, and ESS feasibility studies, and was
validated against the:

- ANL IPNS Upgrade Feasibility Study

- BNL 5 MW Pulsed Spallation Neutron Source
Preconceptual Design Study

- The Advanced Neutron Source Project
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ORSNS Collaborative Design Project

ORNL-DWG 962-2354

ORSNS

® The ORSNS project is organized to take full advantage of
previous studies and assessments, and of the technical

expertise and experience that exists at the other DOE
laboratories, industry, and universities in the Us.

® Memorandums of Understanding (MOUs) have been initiated
to share technical and scientific information with the European
Spallation Source (ESS) project and several European

laboratories.

® Workshops have been held to ensure that ORSNS takes full
advantage of mutually beneficial R&D with the Accelerator
Production of Tritium (APT) project.

ORSNS Collaborative Project Management

ORNL-DWG 962-2355

ORSNS Project
(ORNL)
ORSNS Project
Support
(ORNL)
| | I :
lon Source LINAC & Rings & Targets Conventional
& LEBT MEBT HEBT Construction
(LBNL) - {LANL) (BNL) (ORNL)
Experimental
Systems
(ORNL, TBD)

International Cooperation

(ESS, etc.)
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ORNL-DWG 962-2356

Status of ORSNS Project

— ORSNS

® Design studies were initiated at ORNL in the fourth quarter of
FY 1995

- A target design group was formed
- A materials qualification/evaluation group was started

- A design-to-cost model was constructed and validated
against existing spallation source and accelerator projects,

and ANS
- The site selection process at ORNL was initiated
- Cooperative projects were initiated to:
* Cost validate the BNL 5 MW PSS study
* Evaluate accumulator ring options (BNL)
 Study background effects during target bombardment (RAL)

- The relevant ANS Project management and R&D was
transferred to ORSNS

® In FY 1996, DOE provided $8 million to initiate the conceptual
design study at ORNL

- The project management structure was established.

- Formal design collaborations were initiated with BNL, LANL,
and LBNL. Other collaborations are pending.

- Cooperative MOUs were established with several international
laboratories and the ESS project.

- A senior accelerator physicist and support group will be hired
into ORNL.

- ORNL will host an International Workshop on the Technology
and Thermal Hydraulics of Heavy Liquid Metals in collaboration
with the Paul Scherrer Institute (Switzerland) March 25-28, 1996,
and an International Workshop on Spallation Materials Technology
at ORNL April 23-25, 1996.

— The ORSNS Project is on schedule for an FY 1998 construction
line item request to the DOE.
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ORNL-DWG 962Z-3866

Recommendations for a High Power (~ 5 MW)

Spallation Neutron Source ORSNS

® The U.S. should plan for a high power (- 5 MW), short pulse,
spallation source to become competitive in neutron scattering

® The ORSNS recommended reference design for an upgradable
(~ 5 mw), source is:
- 1-1.25 GeV conventional linac
- Two accumulator rings

- Mercury targets and appropriate moderator systems

- Two experimental target stations/guide halls producing
neutrons from microsecond pulses at 10 Hz and 50 Hz

® Options that should be evaluated are a lower energy linac with
rapid cycling synchrotrons replacing accumulator rings, solid Ta
targets, and superconducting linacs.

® The initial -1 MW facility that could be built for~ $1 billion
invalues low risk technology, a single accumulator ring, one
target station, and four instrumented beam lines.

® There are various upgrade scenarios to higher power that
involve increased ion source performance and/or funneling,
two accumulator rings, and additional target stations and
instrumentation.

e Preliminary design-to-cost evaluations have shown that:

— There is only a modest penalty to design a 5 MW facility and
construct it in stages as funds allow. There is a significant
cost to building two sequential facilities leading to 5 MW.

~ The choice between RCSs and accumulator ring options should
be made on technical grounds since the costs are comparable.

— A 1 MW facility can be built for about $1 billion and a 5 MW
facility for about $1.5 billion TPC (30% contingency).
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ORNL-DWG 967-3870

ORSNS Pulsed Spallation Neutron

Source Performance

Reference Design Parameters: Initial

lon Source: Assume H™ pulsed current (mA) = |

RFQ: Assume capture/bunching factor =

Linac: Assume capture and accel. eff. =

Assume final beam energy (GeV) =

Assume source/linac duty factor (%) = |

Ring: Accumulator with circumference (m) = |

Assume ring filling fraction = |

Insertion efficiency fraction =

Assume ring pulse rate (Hz) = |

Orbit rotation time (. sec) =

Number of turns injected =

Time to fill ring (msec) =

Injected pulse charge (1 A-sec) =
Particles per pulse =

Extracted pulse length (p.sec) =
Beam kicker gap (n.sec) =
Time-average particles per second =
Time-average beam current (mA) =
Average beam power (MW) =

1-29

ORSNS
Upgrade #1
35.0 70.0
0.80
1.00
1.00] p=0.8737
611| [  6.11
208.6 |
065] [ 0.65
0.90
60
0.80 0.80
1279 1279
1.02 1.02
16.7 33.3
1.04E+14 2.08E+14
0.52 0.52
0.28 0.28
6.3E+15 1.3E+16
1.00 2.00
1.00 2,00
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ORSNS TARGET STATION

PROTON BEAM

WINDOW. ASSEMBLY

BULK IRON SHIELDING
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High-Power Neutron Production
Target Applications

e Neutron Scattering
— Short pulse neutron sources
— Long pulse neutron sources

e Accelerator-Driven Transmutation
Technology |

— CW source ~ 10 MW beam power

e Accelerator Production of Tritium
— Up to 200 MW beam power

Moderated Neutron Sources
Neutron Scattering Experiments

e Short pulse spallation source
— 250 ns wide, 20 Hz '
— Compact, high brightness
— 1to 5 MW power
— Temporal response important

* Long pulse spallation source
— 1 ms wide, 60 Hz
- 1 MW.
— Compact, high brightness
— Temporal response not crucial
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LANSCE Target-Moderator Geometries
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Accelerator Production of Trititum

e Very high power dissipation
— Up to 200 MW designs

Can be large volume target (low power
density)

CW beam
No fissionable material

Upgradeable Room Temperature Linac for Tritium
Production

Injector
Nominal
(2 kg)
N
75 mA

U[? g r: d)ed R R

g ]

I | | 5mA  100MeV 1300 MeV
150 mA
75 keV 7 MeV 20 MeV

Nominal Upgraded
“1300.MeV:| 1300 MeV
150 mA
195 MW
553 MW
1450 m

Proton Energy
CW beam current
Beam Power
Plant AC Power
Linac length




Blanket

Lead
Modu les

Blonket
Ref lector
Modules
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= HE
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Mg;Z?g Decoupter
Window
Module
Outline

e Summary of ADTT

* System requirements for target

* Issues concerning molten lead technology
Target/blanket demonstration experiment
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High-Level Overview of ATW System

Fuel . Transmutation Separations Storage
Preparation

Power

Accelerator - Volatiles

1
L_._....l,.m....]

Y
Storage

Accelerator

Delivers 800 MeV proton
beam to target

T~ 5

PoWer System

Steam-generated electrical |-
power (10-20 % returned to |-
accelerator) :

1 Protons stiiking target
produce spallation
neutrons

% 5 o

Fission products removed from
fuel Long-lived elements !
isolated for transmutation e

Blanket ANV
Neutrons are multiplied in
the surrounding fissionable
fuel (circulating molten salt) |%

o, S
R 2N

Waste Stream

Short-lived fission products to
local engineered storage
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A design concept for the ATW molten salt blanket

Proton Beam 3 P"&‘;ﬁ aa::e'::at
Delivered through vacuum :
window to cen%ral target =g Internal and close to core to -
~ . reduce liquid fuel inventory
N va
\ 1%
TR 1]
Target e
Flowing molten lead B A e k1 —L/ Salt Expansion Tank
E HilE NS Il == Also used for periodic salt
: . k2 E (hin removal
Blanket NE ol :
3| Fuel-bearing molten salt, SIS
upflow core circulation, -
downflow on outer shell 2 : Heat Sink
650°C avg. temp. [~k H———— Low melting-point (>700°C)
I salt
Reflector I~ . Vessel
Graphite Totally enclosing the liquid
fuel to eliminate fuel spills
through pipe ruptures
Typical Power ~ 1000 MW t

System Requirements for Target

e Compact size
— Good coupling to blanket

High power operation

— Up to 40 MW operation

» High neutron output

— High n/p

Reliable, low maintenance operation

Safe operation, minimize hazards and waste
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Molten Lead Target

Mat’l

Ta

- Pb
& Bi
Pb-Bi

Operates at high beam powers and power"'densities

Good neutron/proton yield

Fewer material radiation damage issues, longer

lifetime

Reduced radioactive waste, reuse lead

Decouples cooling from blanket volume

— Easy removal from blanket

No beam window into blanket volume
— Enhanced safety

Target Materials

ZIA

73/181
74/184
82/207
83/209
82.5/208
90/232
92/238
80/201

GaA Thermal Melting Boiling Density  Range

(®) Conductivity Point Point (g/cm3) (800 MeV)
(W/moK) (°C) (°C) ‘ (cm)
21. 54. 3,017. 5458. 16.7 26.
184 180. 3,422, 5555. 19.3 22.5
0.17 35. 327. 1749. 114 39.
0.03 8.5 271. 1564. 9.7 45.
0.09 93 125. 1670. 10.2 42.
74 41. 1,750. 4788. 11.7 39.
2.7 25. 1,135. 4131. 19.0 24.
372. -39. - 357. 13.5
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Issues for Molten Lead Target

» Target material selection
— Lead or LBE or other eutectic
» Materials : Target container and window
— Radiation damage, structural, corrosion/compatibility
» Windows
» Iead control
— Purity
~ Ogxidation
 Interface and coupling to blanket
» Volatile material and polonium containment
e Heat removal and heat exchangers
 Instrumentation and control, sampling
» Safety and accident scenarios
» Radioactive isotope inventories- Decay heat

NEUTRON PRODUCTION TARGET

lon Beam

Room-Temperature

Experience Base Beam Window

e Solid targets and windows at LAMPF
accelerator

e Flowing Pb-Bi technology in Russian

reactors
Helium Plenum

-
-3

Development Areas

e Adaptation of domestic and Russian 400cm

molten metal technologies Lead Free-surface
e Optimal integration with blanket

1-43




ADTT Experiments

Microscopic measurements
— Capture and fission cross section measurements on unstable

nuclei

— Proton and neutron reaction cross sections

Macroscopic measurements
— Neutron performance, transport, code verification
— Radioactive nuclei production

Demonstration experiment at LAMPF
— Molten metal target

Engineering experiments
— Materials issues: structural, corrosion, radiation damage
— Chemistry: separations, fuel preparation

LANUAPT TECHNICAL REPORT FOR Rodionsclide Produetion Experiment LAURM-249
W Gamma Ray Spectrum
1 hr lrrod, 140.3 hr offer EOB
Position 4A
139,635 (K1 173)

UPRE O N O N I A

i

€85.82 (W 137)
62.45 (Lu 171)

Counts

|

r 202.87 (Im 167)

29716
[ 3543 (To 183)

~479.57 (W 187, Tb 151)

-739.84 (L 171)

r778.9 (G4 147, Tb 152, Yb 165, Lv 171)

806.36 (Tm 185, Re 181)
[ r960.90 (tu 169, Er 160)

[asmz {Lu 171) -

13214 -

(o 122, 1273.58 (7> 154, Eu 154, YD 166)

oo Re 182) 11892 [-1280.4 (tu 369, Lv 170)
"(I’n 182,
- Re 182 1341.07 {w 178)
e 1428.8 (Re 132)
[ 145003 (Lu 159)
o
Channel

Fig 12. Tongsien gamma nay spectrum froe on-axis position 4A (Foil 614) 140 bors aficr end of | br
bomberdment.
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ADTT Experiment-Technical Details

e Target
— Material LBE
— Temperature range 150-300°C
— Neutron flux 1012 n/cm?
— Power dissipation 1 MW beam
— Volume of material 60 liters
— Container material Cr-Mo alloy

e Blanket

— Material LiF-BeF,

— Temperature 600°C

~ Power 5SMW

— Volume of salt 1m3

— Volume of graphite .10 m?

~ Container material Modified Hastelloy

Molten Lead Target

2l
]

| . Primary Spallation Target -~ |*

11
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Molten Target Development Plan

Evaluate most promising target fluids

Address technical issues with molten lead
test stand

Test prototype of molten lead target in test
stand

Test prototype of molten lead target in
proton beam at LAMPF beam stop at 1 MW

level

Experiment Location

Site Selection:

- High-power beamline exits

- Easy access to beamline

- Relatively unactivated

- Good staging area available

- Good infrastructure:
Crane, Forklift access
Power, Cooling

; NOTF  Neutron Tine-ol-fight Facity
......... P.ots.of Muons ISORAD  Isoiope Producton and Rasiabon Elleds‘
"""""" Neutrinos LANSCE Los Alamos Neuron Scattenng Centor
......... Neutrons WNR  Weapons Noutron Research Faclty
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SESSION 2

Thermal Hydraulics, Heat Removal, and Circuit Design (1)

Chairman
O. Lielausis
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' EXPERIMENTAL MERCURY FACILITIES

SOLENOID FOR MHD-FLOW IN LONGITUDIONAL
J MAGNETIC FIELD

e the length of the field homogeneous , mm 2000
® operating tube diameter, mm 160
« flow rate of mercury, cm’/s upto 510°
e operating pressure of EMP, Pa 5-10°
o operating volume (Hg), m* 0.35

Hg -LOOP FOR MHD FLOW IN PERPENDICULAR

MAGNETIC FIELD
® B at poles D=500 mmand smalt gap , T 2.0
e Batgap200 mm, T 10

Hg -LOOP FOR MHD TURBULENCE
INVESTIGATIONS

PHYSICAL MODEL OF ALUMINIUM
ELECTROLYSER FOR 250 Ka

o scale of model 1:10



Velocity Field Studies in Channel Mercury Flows

o JI"*‘ 2

pase leequer covering poxide teflen o
WS - 3 T, St
‘ wegston vire Ee N,
2§ b — L 00%m e
N —~— “4:]
S
shpad s.s_ pipe b

2

L

cm-s

Ve
0.2 8.2 8.6 C.P 1.2 1.5 1,6 2.1
L L

F3

2

v

zero polential

Typical test section:
1 - channel; 2 - magnet;
3 - elements of the mer-
cury loop; 4 - mercury
column manoineters

N
b.
Three dimensional potential
probe: a - the principal diagram;
b and ¢ - temporal signals and
spectrum (u- and w-velocity components).
f
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S
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i ;
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| /‘°
2y

] e

0

ol

75 150 225 300 375 450
Voltage, mVY

Hot wire probe for
measurements of mercury

velocity and temperature: a - the .
principal diagram; b - the
characteristic calibration
curve; ¢ - an example of
velocity distribution

for a nozzle flow.

<

Special device

for drag force measuring:

a - the external view; b - an example of
results obtained for cylinder with the axis
parallel to magnetic field in the transverse
mercury flow.




MERCURY FLOW VELOCITY STRUCTURE INVESTIGAT ION
TECANIQUES

1) Thermoanemometry with self-developed hot-wire sensor

— =2m
- — =
! i
| |
¢a || ;
| | N
- M | | d
Bm | i N/ )
i ! i —
07m—t f ] j QE}O
3)Au,Cu
Conf igurat ion The insulation layer
: ' and other technological
- layers are obtined
by deposition in vacuum
avatil
e Different wire orentation
gives possibility to collect
NN sets for different velocity

components measurements

2) Electrical anemometry

Presence of magnetic field creates measurable electrical potentials
usable for velocity structure investigations
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Physical Modelling of Electrometallurgical Processes.

«— Mercury model of the aluminium producing

electrolysis cell
volume - 19 litters; supply current - 10 kA

Mercury model of the induction channel furnact
volume - 10 litters; supply power - 2 kW; mercury velocity - 50 cn

Mean velocity measurements in the mercury model of the electroslag
furnace using the fiber optical probe: a - the experimental scheme;

b - design of sensitive elements. (1 - deformable partition, 2 - lightguides; 3 - light
source; 4 - light flux measure; 5 - glass body)

Model of the arc furnace for pro-
duction of aluminium (3 litters; 3 kKA):
a - principal scheme; b - photograph
of a characteristic flow structure on

copper mercury free surface.
a2lectrodes




Experimental Mercury-loop

to processing

system
A A
- 1
Solenoid: —| _— Probes traverse
Buptol1T — : system
water ; gas
— Gas separator | out
; } . Loop parameters
I
T'{' _____ .. - = s 4
i L[ “ Total volume  =3.5-10°cm
. . _ 40°
to measur. ! Mercury weight = 4.7 -10° kg
system | i
_ X |- Flowmeter
. !
T~ Working C : 1
channel 1
I
|if d=01m
e
d=0.06 50.16 m i
¢ ; 4m
i
1 7
Hg l i
1
i EM Pump
t
Ths :
i
d=05m . : 1.9m
S
i
|_L_'l_|
1 v

2m

water

Cooler

Outlet pressure P = 5-10° N/m?
Flow rate Q=5-10°cm¥s
Active power N =59 kW
Water cooling

; | \
] : [ ) i Flow shaper

Honeycomb: 599 pipes
@6x1mm
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International Workshop on the Technology and
Thermal Hydraulics of Heavy Metals

Schruns, Austria, 25-28 March 1996

Theoretical investigation of the thermal hydraulic
behaviour of a slab-type liquid metal target

T.V. Dury and B.L. Smith

Thermal Hydraulics Laboratory
Paul Scherrer Institut
Villigen
Switzerland

Introduction

The thermal hydraulics codes CFDS-FLOW3D and ASTEC have been used to simulate a slab-
type design of ESS spallation target. This design is single-skinned, and of tapering form (in the
beam direction), with rounded sides in a cross-section through a plane normal to the beam. The
coolant fluid used is mercury, under forced circulation, with an inlet temperature of 180°C: The
goal of these computer studies was to understand the behaviour of the coolant flow, and hence
to arrive at a design which optimises the heat extraction for a given beam power — in the sense
of:

e minimising the peak local fluid temperature within the target,

e maintaining an acceptable temperature level and distribution over and through the target
outer wall,

o keeping the overall fluid pressure loss through the complete target to a minimum,

e staying within the physical limits of overall size required, particularly in the region of
primary spallation.

Two- and three-dimensional models have been used, with different arrangements and design of
internal baffles, and different coolant flow distributions at the target inlet. Nominal total inlet
mass flow was 245 kg/s, and a heat deposition profile used which was based on the proton beam
energy distribution. This gave a nominal total heat load of 3.23 MW — of which 8.2kW were
deposited in the window steel.

3-1




2D Model

This model was based on an early design concept in which the inlet and outlet streams are
separated by a single flow guide. The inlet channel under this guide contracts to accelerate the
flow over the window. The analysis is undertaken for a 2D vertical slice through the centre of
the target, representing a worst-case situation with no lateral reduction in power, and no lateral
heat transfer.

Detailed calculations revealed that, although the window cooling was acceptable, internal fluid
temperatures were far too high, due to recirculation of the coolant in the outlet channel. The use
of a perforated flow guide, to discourage the creation of the recirculation zone, actually exacer-
bated the problem, with coolant diverted from the main heating region. Peak fluid temperatures
of over 900°C were always obtained. However, it was shown that the window itself could be
adequately cooled with only 12% of the total flow directed over it. The remaining 88% clearly
needs to be better utilized for the bulk fluid cooling. This leads to a multi-inlet design.

3D Half Medel

A 3D model was then developed, with a side baffle introduced in order to direct fluid forceably
into the body of the target, but with a slightly broader flow exit at the end of this guide than
with the lower one. This would ensure flow penetration to the centre, but not at the expense
of significantly disturbingthe flow over the window from below. Because of symmetry about a
vertical plane down the centre of the target, parameter studies of relative inlet flowrates were
initially carried out on a half-model only. These showed that the window temperature can be
kept below about 330°C, with the fluid not exceeding 310°C. Pressures at the lower and side
inlets could be made the same, at between 3 and 4 bar, with suitable adjustment of the respective
inlet flow rates. ‘

3D Full Model

A full 3D model was constructed to examine the consequences of unequal flow rates in the side
channels. No assumptions regarding symmetry are then imposed. The same dimensions as for
the previous 2D calculations were used.

The conclusions were that imbalance of up to +10% had almost no effect on the window
temperatures. However, because the asymmetry moved the location of maximum fluid velocity
down the target, and away from the centre-line, fluid temperatures could rise significantly.
Indeed, for a flow difference of only 5%, peak fluid temperature rose by about 30°C. Thus it
is important to ensure both that the side flows are similar, and that the beam remains central on
the target.

Further Work

Further computer simulation remains to be done to:

e investigate the mesh-dependency of the results,

e investigate the distribution of helium bubbles injected in the system.
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ESS1A (FLOW3D)
Pressure B.C.
U Velocity Contours

g 2.3760E+00
1.9800E+00
1.5840E+00
1.1880E+00
7.9201E-01
3.9600E-01
0.0000E+00




ESS1D (FLOW3D)

Pressure B.C.
Porosity = 0.06

! 1.7927E+00
1.4940E+00
1.1952E+00
8.9637E-01
5.9758E-01
2.9879E-01
0.0000E+00




ESS1I (FLOW3D)
Porosity = 0.06/0.0

! 1.2403E+03
1.0825E+03
9.2461E+02
7.6675E+02
6.0888E+02
4.5101E+02
2.9315E+02
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[ESS Studies]

Case| Target | Flow Guide |Recirculation| Mass Flow
No. | Length| Porosity Zone Length | over Window
(mm) (mm) (%)

A 200 0.0 430 100

B 550 0.0 430 100

C 550 |0.15 (z <550) - 2

D 550 |0.06 (2 <550) - 5

E 550 | 0.06 (z <50) 440 41

F 550 |[0.06 (z <300) - 12

G Case I above with hull structure _

H Case F above with hull structure and heat

I Case E above with hull structure and heat

|[ESS Studies|
Conclusions

e Preliminary 2-D fluid-dynamic calculations have been
performed for the single-inlet design of the ESS Liquid
Metal Target.

e The principle of using a porous flow guide to discour-
age recirculation in the outlet channel is confirmed.

e Adequate window cooling is maintained as long as at
least 12% of the total inlet mass flow is discharged to
the window region.

e However, the design is flmda.menta.lly flawed because
the bulk of the beam heating occurs in the region of
least flow, leading to excessive local overheating.

Recommendations

e Maintain lower flow guide (non-porous) with flow re-
striction to induce strong cross-flow over the window.
Only 10-15% of the total mass flow is required for this
purpose.

o Need stronger downflow down the centre of the target
to deal with bulk-heating effect. Move to multi-inlet
design.




ESS2: CFD model side baffle

View from the side

ESS2: CFD model plane outline

Plane Z = 0.0m -
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0T
7

ke / 7 — — — —
/ / S 7 ~ -
/ / ) VA / ,
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A 4 / / | N -
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= — —
8.6134E+00 wrall

7.1778E+00
5.7423E+00
4,3067E+00
2.8711E+00
1.4356E+00
0.0000E+00

ESS2A: Speed vectors (m/s)
Plane ¥Y=0.0m

View from above
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ESS2A: Planar temperatures (C)

Total heat = 3.235 MW (8.4 kW in walls)
Mass flow (whole target) = 244.6 kg/sec
Uinlet: Lower = 0.8 m/s: Side = 1.6 m/s
Maximum fluid te.mpe\riature = 353 C |

Maximum wall temperature = 279 C

Plane Z=0.0m

u  6-2267E+02

™ 5.9442E+02
Plane Y=0.0m 1 5.6616E+02
5.3791E+02
5.0966E+02
4.8140E+02
4.5315E+02
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3.2251E+00
2.1501E+00
1.0750E+00
0.0000E+0Q0

T

=z
/ / / / ’
/ / / \ \
/ / \ \ \
/ I \ AN N
/ \ ~ ~ ~
/ N -~ -~ .
I -~ - -
\ - — - .
e
- €.—_—..—
6.4503E+00
5.3752E+00
4.3002E+00

ESS2B: Plane Y=0, speed

Ulower=0.6m/s, Uside=1.78m/s
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5.3752E+00
_  4.3002E+00
322516400 ESS2B: Plane X=0.153m, speed
2.1501E+00 .
1.0750E+00 Ulower=0.6m/s, Uside=1.78m/s
0.0000E+00
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| 6.4503E+00
.3752E+00
.3002E+00
.2251E+00
.1501E+00
.0750E+00
.0000E+00

O = NWHW

ESS2B: Speed vectors (m/s)

Y planes (-0.05m -> 0.05m)
Ulower=0.6m/s, Uside=1.78m/s
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ESS2B: Planar temperatures (K)

Total heat = 3.235 MW (8.4 kW in wall)
Mass flow (whole target) = 244.6 kg/s

Uinlet: Lower=0.6 m/s; Side = 1.78 m/s
Max fluid temperature = 312 C

Max wall temperature = 331 C

5.9728E+02
5.7326E+02
5.4924E+02
5.2522E+02
5.0119E+02
4.7717E+02
4.5315E+02

i |
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TEMPERATURE (C)

TEMPERATURE (C)

ESS2B: CENTRELINE TEMPERATURES

LOWER BAFFLE FLOW - 23.3%

320
o Jifevesnmees Y
~ ) —r i 1
300 A :
o
| ]
A
280 n
n /
| ]
260 I/
240 | J
/
220 !"_,.'.
|
200
0.0 0. 0.2 0.3 0.4 0.5 0.6
POWER = 3.235 MW AXIAL DISTANCE (M) PAUL _SCHERRER INSTITUT
FLOW = 244.6 KG/S
ESS2 - WINDOW AND FLUID PEAK TEMPERATURES
AS A FUNCTION OF INLET PRESSURE DROP RATIO
360 -
340 ]
\.
.l
320 e
300
280
e WINDOW
- = FLUID
260 l
0.00 0.50 1.00 1.50 2.00 2.50 3.00
POWER = 8.235 MW LOWER:SIDE INLET PRESSURE RATIO (-) PAUL SCHERAER INSTITUT

FLOW = 244.6 KG/S
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mesh model of complete target

Full-

ESS4A

¢
AN
A/
(O]
)
A

4 ,../44

\ \
N
N\ WY

Side and bottom inlets

Green hatching

QOuitlet area

Yellow hatching
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6.4513E+00
5.3761E+00
4.3009E+00

3.29256E+00 Inlet/Outlet plane
2.1504E+00
1.0752E+00 View from the front

0.0000E+00

ESS4A: Speed contours (m/s)

23.3% flow from below

Side flows equal
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5.9624E+02
5.7239E+02
5.4854E+02
5.2469E+02
5.0085E+02
4.7700E+02
4.5315E+02

i |

Inlet/Outlet plane

View from the front

ESS4A: Temperatures (K)

23.3% flow from below

Side flows equal
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5.9624E+02

5.7239E+02 :
5.4854E+02 Plane X=0.419m

5.2469E+02
5.0085E+02 Plane of peak fluid temperature

4.7700E+02
4.5315E+02

View from the front

ESS4A: Temperatures (K)

23.3% flow from below

Side flows equal
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H 5.9624E+02
5.7239E+02
;. 5.4854E+02
5.2469E+02
I 5.0085E+02 Plane Z=0.00544m

4.7700E+02

4.5315E+02 .
" Plane of peak fluid temperature

View from the right side

ESS4A: Temperatures (K)

23.3% flow from below

Side flows equal
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5.9624E+02 Plane Y=-0.0075m

5.7239E+02

g:;igggig; Plane of peak fluid temperature
5.0085E+02

4.7700E+02 View from the top

4.5315E+02

ESS4A: Temperatures (K)

23.3% flow from below

Side flows equal
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H 7.1821E+00
¢ 5.9851E+00
4.7880E+00
3.5910E+00
2.3940E+00
1.1970E+00
0.0000E+00

ESS4B: Velocity vectors

23.3%

flow from below

Right:Left flow ratio

= 1.22
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7.1821E+00
5.9851E+00
4.7880E+00
3.5910E+00
et et plane
2.3940E+00 Inlet/Outl plan

1.1970E+00 ;
0.0000E+00 View from the front

1%

ESS4B: Speed contours (m/s)

23.3% flow from below
Right:Left flow ratio = 1.22
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6.3453E+02

- 6.0430E+02
. 5.7407E+02
5.4384E+02 :
5.1361E+02 Inlet/Outlet plane
4.8338E+02 .
4.5315E+02 View from the front

ESS4B: Temperature contours (K)

23.3% flow from below
Right:Left flow ratio = 1.22
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6.3453E+02
6.0430E+02
5.7407E+02
5.4384E+02
5.1361E+02
4.8338E+02
4.5315E+02

;|

Plane X=0.176m

Plane of peak fluid temperature

View from the front

ESS4B: Temperature contours (K)

23.3% flow from below

Right:Left flow ratio = 1.22
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- 6.3453E+02

! 6.0430E+02
., 5,7407E+02 Plane Z=0.0054m

. 5.4384E+02

5.1361E+02

4.8338E+02

4.5315E+02

Plane of peak fluid temperature

View from the right side

ESS4B: Temperature contours (K)
23.3% flow from below

Right:Left flow ratio = 1.22
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ESS4B: Temperature contours (K)
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Right:Left flow ratio = 1.22
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CONCLUSIONS

2D and 3D CFDS-FLOW3D Computer Models Studies

¢ Possible to remove 3.3MW from a mercury-cooled target
¢ Target has lower and side coolant inlets |

e Equal inlet pressures =~ 3 -—+ 4 bar

¢ Inlet temperature = 180°C

¢ Mean outlet temperature ~ 280°C

o Peak window temperature =~ 330°C

¢ Peak fluid temperature ~ 310°C

Future Work

¢ Investigate mesh-dependency of results
¢ Use thermal data for stress analysis
e Introduce helium bubbles

¢ Validate the code against experiment
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International Workshop on the Technology and T/H of Heavy Liquid Metals
March 25-28, 1996, Schruns, Montafon, Austria

Thermal-Hydraulic Simulation of Mercury Target Concepts
for A Pulsed Spallation Neutron Source

Moshe Siman-Tov
Mark Wendel
John Haines

Oak Ridge National Laboratory*, Oak Ridge TN
423-574-6515

EXTENDED ABSTRACT

The Oak Ridge Spallation Neutron Source (ORSNS) is a high-power, accelerator-based pulsed spallation neutron source being
designed by a multi-laboratory team led by Oak Ridge National Laboratory to achieve very high fluxes of neutrons for scientific
experiments. The ORSNS is projected to have a 1 MW proton beam upgradable to 5 MW. About 60% of the beam power (1-5
MW, 17-83 k¥/pulse in 0.5 microsec at 60 cps) is deposited in the liquid metal (mercury) target having the dimensions of
65x30x10 cm (about 19.5 liter). Peak steady state power density is about 150 and 785 MW/m? for 1 MW and 5 MW beam
respectively, whereas peak pulsed power density is as high as 5.2 and 26.1 GW/m?, respectively. The peak pulse temperature rise
rate is 14 million C/s (for 5 MW beam) whereas the total pulse temperature rise is only 7 C. In addition to thermal shock and
materials compatibility, key feasibility issues for the target are related to its thermal-hydraulic performance. This includes proper
flow distribution, flow reversals, possible “hot spots” and the challenge of mitigating the effects of thermal shock through possible
injection of helium bubbles throughout the mercury volume or other concepts.

The general computational fluid dynamics (CFD) code CFDS-FLOW3D was used to simulate the thermal and flow distribution in
three preliminary concepts of the mercury target. Axial power density distribution and proportional internal heat generation in the
target’s stainless steel structure and baffles were include in the model. The exterior of the structure was assumed to be cooled by a
water jacket. Inlet and outlet channels, external walls and their cooling jackets or channels, internal baffles, flow reversals and
potential hot spots were investigated. The analysis for the base case shows flow recirculation at the tail end of the baffles. Asa
result, “hot spots” of 244 C and 163 C for the structure steel and the liquid mercury, respectively, appear at this location for the 5
MW beam power. The corresponding “hot spots” for 1 MW are 173 C and 161 C, respectively. Preliminary CFD (FLOW-3D)
simulation of a proposed concept with flow coming in the middle shows some recirculation at the tail ends of the top and bottom
baffles, but both are outside the beam “path”. The stream lines are very smooth and the “hot spots” of 212 C and 160 C for the
structure steel and the liquid mercury, respectively, are quite acceptable.

Very initial CFD simulation of He bubbles injection demonstrates some potential for simulating behavior of He bubbles in
flowing mercury. Much study and development will be required to be able to “predict”, even in a crude way, such a complex
phenomena. Future directions in both design and R&D is outlined.

* The Oak Ridge National Laboratory is managed by Lockheed Martin Energy Research Corp. for the US Department of Energy
under contract number DE-AC05-960R22464.
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OBJECTIVE

e Provide to other disciplines preliminary information on

thermal-hydraulic parameteric values

® Perform preliminary thermal and flow distributions to
design arround “hot spots” and “flow stagnation” zones

o Investigate the concept of injecting He bubbles into Mercury

as a thermal-shock mitigation technique

Current Base Configuration for the
ORSNS Liquid Mercury Target

Hg

15.0

0 * 10 : 15

14

59.0 cm

03 SAMELAYERSALL
02 ARROUND THE
55 TARGET SHELL
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Preliminary CFD (FLOWS3D) Simulation of the ORSNS Liquid Mercury
Target. Current base case for 5 MW beam power shows recirculation at the
tail end of the middle baffle. As a result, "Hot Spots" of 244°C-and 163°C for

the structure steel and the liquid mercury, respectively, appear at this

location.
(2D) I} Print!l 10 Apr 1996 1| m25.plt Il CONCEPT 1, 5 MW, h=13,708 W/im**2-K

Maximum Speed = 8.46 m/s
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400
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Preliminary CFD (FLOW3D) Simulation of the ORSNS Liquid Mercury
Target. Current base case for 5 MW beam power shows recirculation at the

tail end of the middle baffle. As a result, "Hot Spots” of 244°C and 163°C
for the structure steel and the mercury, respectively, appear at this location.

(2D) Il Printll 10 Apr 1996 1l m25.pltll CONCEPT 1, 5 MW, h=13,708 W/m**2-K

Maximum Speed = 8.46 m/s

mass flow =739 ka/s, power (in tarqet) =3.32 MW
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Preliminary CFD (FLOW3D) Simulation of the ORSNS Liquid
Mercury Target. Current base case for 1 MW beam power shows
recirculation at the tail end of the middle baffle. As a result, quite

low and acceptable "Hot Spots" of 173°C and 161°C for the

structure steel and the liquid mercury, respectively, appear at this
location.

SPEED (m/s)

Maximum Speed = 1.60 m/s

mass flow = 143.6 kg/s, power (in target) =0.66 MW
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Preliminary CFD (FLOW3D) Simulation of the ORSNS Liquid
Mercury Target. Current base case for 1 MW beam power shows
recirculation at the tail end of the middle baffle. As a result, quite
low and acceptable "Hot Spots" of 173°C and 161°C for the struct-
ure steel and the liquid mercury, respectively, appear at this location.

(2D) || Print]] 11 Apr 1996 || m57.plt || CONCEPT 1, 1MW, Adiabatic, mflow = 143.6 kg/s, power = 0.664
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Preliminary CFD (FLOW3D) simulation of a proposed concept with
coming in the middle (Concept #2) for 5 MW beam power shows
some recirculation at the tail ends of the top and bottom baffles,
but both are outside the beam "path”. The stream lines are very

The stream lines are very smooth and the "Hot Spots" of 146°C and
134°C for the steel and the liquid mercury, respectively, are quite low.

(2D) 11 Printll 10 Apr 1996 Il m55.pitll

S PEED (m/ S) Maximum Speed = 15.0 m/s mass flow = 741.4 kg/s, power (in target) = 3.32 MW
[ L 1 ' ! ' J y ! y ! ! d ’ ! T y

0.06 -

R PR RpRRa L
AN RS Y

0.02
0.00 |-
"0.02 1
0.00 0.05 0.10 0.15
Maximum Temperature in Steel = 419 K at x,y = (0.0325,0.0366)
Maximum Temperature in Steel = 407 K at x,y = (0.6439,0.0744)
TEM P E RATU R E (K) mass flow = 741.4 kg/s, power (in target) = 3.32 MW
C T 1 T ! 1 T ’ ' T T ’ ! ! ! T T
397 s i
392 % -
387 +
382 - 7
377 004 - i R ==
i oAy /,///////‘///;
372 i
o !"I// '{'4%/ %
002 |- .
5 . 4\
)
0.00 |- A 2
0.02 2 1 1 1 1 i 1 2 2 1 2 1 L : 1 1 {1

©.00 4 ©.05 . 0.19 0.1%
3-46



Preliminary CFD (FLOW3D) simulation of a proposed concept
with flow coming in the middle (Concpet #2) for 5 MW beam
power shows some recirculation at the tail ends of the top and

bottom baffles, but both are outside the beam "path". The

stream lines are very smooth and the "Hot Spots" of 146°C
and 134°C for the steel and the liquid mercury are quite low.

(2D) Il Printll 10 Apr 1996 Il mS55.pitH
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Preliminary CFD (FLOW3D) simulation of a |
proposed concept with vertical upward flow : !
(Concepti#3) for 5 MW beam power shows |
difficulties in proper baffles design, resulting
in high turbulent flow, many recirculation zones ‘
and bypass (short-cut) of the return channel.

(2D) Il Printll 10 Apr19961l mi1Splhtil
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Assuming that proper design of bottom (inlet) and top (outlet) manifolds and their

respective baffles can be achieved, Concept #3 shows the potential for smooth,

slow, and vertical upward flow, which will co
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Assuming that proper design of bottom (inlet) and top (outlet)
manifolds and their respective baffles can be achieved,
Concept #3 shows the potential for smooth, slow, and
vertical upward flow, which will coincide well with the
direction of He bubbles buoyancy and injection.
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Changes in baffle design and its openings in Concept #3 reduces
considerably flow recirculation and stagnation zones behind
baffle openings.
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VERY initial CFD (FLOW3D) simulati'on of He bubbles
injection in Concept #1 demonstrates some potential for

simulating behavior of He bubbles in flowing Mercury.

Much study and development will be required to be able to
"predict”, even in a crude way, such a complex phenomenon.
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Additional T/H Related Uncertainties to be
Considered in the ORSNS Mercury Target

Uncertainties in Proton Beam (energy deposition) size, shape, and
distribution

“Hot spots” caused by recirculation zones in the mercury -
Possible “hot spots” in the target structure including beam ‘“window”
Wetting and deposition of Mercury and their effect on thermal/stress

Helium injection and proper bubble distribution for mitigating thermal shock

Decay heat, failures, and safety related issues

Safety and Licensing Concerns and
Requirements Should be Identified and
Incorporated Very Early in The Project

and Additional Tasks Defined.

® Tends to drivé (or immobilize) project activities
e Has a major effect on project cost
® Need to identify early licensing procedures and by whom

® Need to define additional analytical and R&D tasks based on safety
and offset scenarios
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A Preliminary List of R&D Tasks for the
ORSNS Liquid Mercury Target Was Compiled

-Complete CFD code simulation of the liquid mercury target

*A design tool for various configurations

*Determine flow distribution, flow reversals, stagnation points, and
“hot sport”

*Secure proper wall cooling at normal conditions

*Secure proper cooling during non-nominal scenarios

*Simulation work started using FLOW3D

-Full Scale “Mercury Target” loop using WATER.

*Benchmarking the CFD code

*Study flow distributions, pressure drops, etc.

*Might be scaled to simulate mercury

*Existing THTL facility at ORNL is available (used for the ANS project)

-Small Scale Mercury Experiment for He Injection and Bubble Distribution

*An important feasibility issue

-A Mercury Test Loop to Study Heat Transfer Coefficients, Friction Factors,
etc.

-Full Scale Mercury Target Flow Loop for Confirmation Testing

Summary of Conclusions

Preliminary T/H analysis of the ORSNS Liquid Mercury Target has
been performed and key T/H parameters were determined.

Three geometrical configurations have been analysed for flow and
thermal distribution: one base case and two alternates.

The CFD analysis shows that proper flow distribution can be maintained
but fine tuning may be necessary. ;

Concept #2, with the flow coming in the center, shows the best flow
distribution of the three concepts analysed.

If He bubbles will be necessary for mitigating thermal shock, then
Concept #3 with vertical flow gives the best chance to maintain proper
bubble distribution. .

Initial list of T/H R&D Tasks has been developed
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International Workshop on the Technology and Thermal Hydraulics of Heavy Liquid Metals
25.-28.9. 1996
Schruns, Austria

Thermohydraulic behaviour of the liquid metal target
' of a spallation neutron source

Y.Takeda PSI

In the presentation, the following three parts of experimental thermohydraulic studies at PSI
are presented:

A : Natural circulation in double coaxial cylindrical container

B : Flow around the window

C : Flow in window cooling channels

Part A : The thermohydraulic behaviour of the liquid metal target of the spallation neutron
source at PSI has been investigated. The configuration is a natural-circulation loop in a
concentric double-tube-type container. The method is based on a one-dimensional loop
analysis, and the thermohydraulic behaviour of the target liquid, as well as the total
performance of the target, are studied analytically and numerically. These results are verified by
two experiments using liquid metal. The results show that the natural-circulation loop concept
is valid for the design phase of the target construction, and the current specified design criteria
will be fulfilled with the proposed parameter values. The details of both analytical and
experimental studies using water and LBE are found in the following publications.

Y.Takeda and W.E.Fischer, “Thermohydraulic behaviour of the liquid-metal Natural-circulation target of the
spallation neutron source at Paul Scherrer Institute”. Nuclear Science and Engineering, 113, 287-299 (1993)

Part B : Water experiments were performed for geometry optimisation of the window shape
of the SINQ container for avoiding generating recirculation zones at peripheral area and the
optimal cooling of the central part of the beam entering window. Flow visualisation technique
was mainly used for various window shapes, gap distance between the window and the guide
tube edge. A flow mapping study was also performed for quantitative evaluation of the flow
pattern and also for a direct comparison with numerical simulation. It was shown that the cusp
shape of the central part of the window ensures a smooth flow until the top, which is desirable
for heat transfer from the window to the target liquid. For some range of gap distance, it was
found that a recirculation zone is generated at the periphery of the window (at the utmost
lower part of the annular channel).

Part C : Flows in a narrow gaps of cooling channels of two different types of windows were
studied by flow visualisation techniques. One type is a slightly curved round cooling channel
and the other is hemispherical shape, both of which have only 2 mm gap distance and the water
inlet is located on one side and flows out from the opposite side. In both cases, the central part
of the flow area has lower velocity than peripheral area. This is contrary to what was expected
for a better cooling at the place where the heat deposition is larger. It was also found that Dean
vortices are formed on the curved surface, which may enhance turbulent mixing and thus larger
heat transfer rate. However, the influence of the upstream structure is strong so that the
structural design must well include this upstream effect.
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Fig.2

Bottom view. Flow rate is 1.4 //s (Re=8652).
A direction of main flow is from right to left.
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Contribution to the
International Workshop on the Technology and Thermal Hydraulics of Heavy Liquid Metals

April 24-29, 1996, Schruns, Austria

ENGINEERING ASPECTS OF THE APPLICATION OF
STRUCTURAL MATERIALS IN THE 5 MW-ESS-MERCURY-TARGET

Bernd Guttek

Zentralabteilung Technologie
Forschungszentrum Jiilich GmbH
Germany

A main problem of the ESS-Hg-target development and the design of the components of its
primary Hg-circuit is the choice of structural materials. As designing, calculations and
experiments with elected materials take time and are very costy, a preview on their successful
application has to be done before as detailed as possible. One aspect on this is to have the
knowledge of characteristic values of the structural material candidates under the occuring
mechanical and thermal loads, irradiation, corrosion and erosion. Another point is the
technology of engineering concerning the manufacturing, welding, surface treatment, and
quality control of such parts and components under the demand to reach maximum lifetime.

Present state of the S MW-ESS-Hg-target design

Outgoing from the schematic idea of the Hg-target geometry and the Hg-flow arrangement the
present state of target design shown in figure 2 and 3 is a result of*

e the target arrangement concept

e the double-walled safety hull concept

e the remote handling concept

e thermal hydraulic Hg-flow calculations

* finite element calculations for the target shell

The target shell with the inner volume of about 20 liters has a wall thickness of 3 mm, which
decreases in the beam window area continuously and twodimensionally down to 1 mm in the
center. The static pressure of the Hg and the plane structure parts of the shell obligate to:

¢ reinforce the shell from outside and/or

e reinforce the shell from inside and/or

e pressurize with a definite static pressure the atmosphere outside the target shell

The first option, the outer reinforcement, done by circumferencially running rips, has been

examined. Yet for an static pressure difference up to 3 bars between inside and outside the
target shell, eight rips, each of them having a cross section of 120 mm?, are needed. -
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Knowing more about the Hg-flow arrangement by 3D-Hg-flow calculations run at PSI the
three resulting baffle plates and some auxiliary elements could be used to give more stability
to the shell from inside. Also, the pressurization of the atmosphere outside the target will be
examined; this has to take account the effects on the safety hull. The safety hull surrounds the
target shell to guide the Hg to its drain tank in case of a target shell rupture. It is double-
walled and cooled by guiding the cooling medium between the walls. Preliminary cooling
calculations for its double-walled proton beam window showed that gas cooling by He does
not manage to keep material temperatures low enough so that the layout is done for D,O-
cooling. The present design shows both hulls with a wall thickness of 2.5 mm decreasing to
1 mm in the beam window center.

The target is connected to at least three supply lines: one inlet Hg-line, one inlet He-line and
one outlet for the Hg-He-mixture. At the moment the design shows three Hg-inlet pipes which
may come together to one. The He-line connects to the lower baffle plate through which the
He should be injected as bubbles in the Hg-target volume. The safety hull is welded to the
main flange which connects to a shielding plug fixed on the trolley which carries the Hg-
circuit installations. The necessary two supply lines for D,0-cooling, crossing the inner safety
hull, and the main flange are planned to be connected simultaneously to the shielding plug.

Structufal material

The presence of the Hg and the pulsed impact of the proton beam cause ‘different loads on the
target shell, especially on the beam window:

caused by caused by engineering

proton beam ~Hg calculations
thermal shock in the beam window X X
pressure wave in the Hg X X X
temperature gradients in the window X X
static pressure of the Hg X X
irradiation damage X
corrosion and erosion attack from Hg X

Table1 Different loads on the beam window due to pulsed operation, 5 MW averaged
beam power and Hg as target material

The requested properties of the target shell structural material are at least:

e low increase of the DBTT under the present irradiation conditions

e yielding stress at tempertaures of ca. 300°C still about 300 MPa, also when irridiated

high thermal conductivity

¢ low linear thermal expansion coefficient

* manufacturing: welding must be possible under limited effort, option of founding is useful

In the present state of the ESS-study, the ESS Target Working Group considers ferritic-
martensitic steel from the ‘low activation steel’-type (LAS) with the composition:

0.12C 9.5Cr 1W 0.25V 0.08Ta 0.05Ce
as structural material candidate for the target shell. As it is not yet examined but very unlikely
that this steel would be water corrosion resistant, the candidate material for both walls of the

saftey hull is stainless steel 316SS.
4-11




Structure calculations: temperature gradients

The proton beam with an elliptical footprint of 60 mm x 200 mm and 2D-parabolic shape
causes in its center under consideration of neutrons a specific heat deposition of 1400 W/cm’
resulting in a specific energy deposition of 28 Jem® per pulse under an operation with a
repitition rate of 50 Hz. The pulse duration is 0.7 ps. The calculation of stresses caused by
temperature gradients is done as static calculation.

The present state of results from finite element calculation for the target shell considered the
Hg-flow on the inner wall of the target shell under strong simplifications:

¢ the Hg-temperature is constant

e the heat transfer coefficient is averaged: 22.000 W/m’K

Outside the target shell, vacuum is assumed.

For the comparison of austenitic and ferritic-martensitic steel the following values are used:

thermal conductivity linear thermal expansion
[W/mK] coefficient [1/K]
austenitic (316SS) 15.5 1.7-10°
ferritic-martensitic (LAS) 26 1.2-107

Table2 Some characteristic values of austenitic and ferritic-martensitic steel

For a_center thickness of 1 mm, the maximum von Mises stresses and temperature gradients
appearing in the window area are:

temperature gradient across maximum von Mises
f window thickness [K/mm] stresses [MPa]
austenitic, see figure 4 45 140
ferritic-martensitic, see figure 5 30 80

Table3 -Temperature gradient and maximum stress level in the beam window

Structure calculations: static pressure difference

As mentioned in the first section, a static pressure difference between inside and outside the
target shell could be arranged. Finite element calculations for the target shell with a
reinforcement by rips of a simple geometry (rectangular cross section) had been done
assuming a constant static pressure difference for the whole shell:

ADgtatic = Pinside = Pouside = 2-4 bars

The maximum von Mises stresses appearing in the window area, are about 60 MPa (see
figure 6). Due to the linear character of the calculations one could add different static loads
and/or scale them up.

Figure 6 shows also von Mises stresses due to temperature gradients and static pressure for
ferritic-martensitic steel.
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Structure calculations: thermal shock in the beam window

In a simple geometry of a flat quadratic plate with the dimensions 100 mm x 100 mm and a
thickness of 2 mm first calculations of the dynamic stress state due to the short-pulsed proton
beam impact had been run. The finite element model of a quarter plate for this calculation is
shown in figure 7. The resulting pictures of the dynamic reponse were recorded on a video
tape. For a better comparison with other codes some data have been extracted for the high
frequency oscillations, shown in figure 8. For historical reason of the ESS-study the plate
material for this calculation had been tantalum.

Young’s modul E 171000 | N/mm* at 200°C
Poisson number \Y 0.34}--- at 200°C
specific weight p 16.6 | kg/dm’ -
specific heat capacity Cp 146 J/kg K at 200°C
linear thermal expansion coefficient o 6.6-10°|1/K at 200°C
thermal conductivity A 58| W/m K at 200°C
maximum specific energy Wy 76 | Jem® -
length of short axis of beam footprint | X, 45 |mm -
length of long axis of beam footprint Yo 45 |mm —

Table4  Characteristic values of Ta for calculations on stresses caused by thermal
shock waves '

For a Ta-plate, the specific heat deposition in the beam center of a 2D-parabolic-shaped beam
with a round footprint of 90 mm diameter has been assumed as 3800 W/cm’. The model of the
beam impact as a rectangular function is:

Go(x =0,y =0) [MW/cm’]

A

108

0,7 ot [us]

with a specific energy distribution as:

N (R S
woyg=g b BT %
0 ﬁil'—':,-+y—,>l
Xo Yo

Figure1 Model of proton beam pulse
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Structure calculations: conclusion

Giving an overview of the different loads on the beam window for the short-pulsed operation
of the 5 MW-ESS-Hg-target one could state at the present state of the calculations:

stress level | frequency | calculations
. [MPa] done at
thermal shock in the beam window 60 -80 MHz PSI, KFA
pressure wave in the Hg on the beam window 10-120 * kHz PSI
static pressure of the Hg 60 static KFA
temperature gradients 80 -140 static PSI, KFA

“Table 5

Quantitative overview of the different loads on a steel beam window due to
pulsed operation, S MW averaged beam power and Hg as target material

*):  depending on the successful distribution of gas bubbles in the Hg

Further decisions need:

e more information about the material candidates
calculations on optimized geometries
development and validation of codes

Future work
Next steps on structure calculations

e on the target shell including the beam window:
- target shell calculations with optimized structure
- use of thermal hydraulic data from Hg-flow-calculations done at PSI
- consideration of the pressure wave caused in the target material
¢ on the double-walled safety hull including the beam windows:
- first structure calculations and optimization of geometry
- 3D-coolant flow calculation
- use of thermal hydraulic data from coolant flow calculations
e on the target unit (target shell and safety hull)
- analysis of tri-axial stress states ’
- investigation of thermal shock effects in the curved beam windows

Necessary engineering on the Hg-target unit

choice of structural materials for the target shell and the safety hull
investigation of possible production and manufacturing of target unit parts
thermal-mechanical and thermal treatment of structural material and parts
prototyping for experiments

safety hull and the shielding plug
o remote handling concept

4-14

evaluation of the tri-axial stress states under consideration of different frequencies

design of the flange system for the Hg-, He-, D,O-lines and the main flange between the
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International Workshop on the Technology and Thermal Hydraulics of
Heavy Liquid Metals

Abstract

Oak Ridge Spallation Neutron Source (ORSNS)
Target Station Design Integration

T. McManamy, R. Booth, J. Cleaves, T. Gabriel, J. Galombos, G. McNutt

The conceptual design for a 1- to 3-MW short pulse spallation
source with a liquid mercury target has been started recently. The
design tools and methods being developed-to define requirements,
integrate the work, and provide early cost guidance will  be
presented with a summary of the current target station design
status. The initial design point was selected with performance and
cost estimate projections by a systems code. This code was
developed recently using cost estimates from the Brookhaven Pulsed
Spailation Neutron Source study and experience from the Advanced
Neutron Source Project’s conceptual design. It will be updated and
improved as the design develops. Performance was characterized by
a simplified figure of merit based on a ratio of neutron production to
costs. A work breakdown structure was developed, with simplified
systems diagrams used to define interfaces and system
responsibilities. A risk assessment method was used to identify
potential problems, to identify required research and development
(R&D), and to aid contingency development. Preliminary 3-D models
of the target station are being used to develop remote maintenance
concepts and to estimate costs.
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International Workshop on the Technology and Thermal Hydraulics
of Heavy Liquid Metals

Abstract

Oak Ridge Spallation Neutron Source (ORSNS)
Target Station Design Integration

T. McManamy, R. Booth, J. Cleaves, T. Gabriel, J. Galombos, G. McNutt

The conceptual design for a 1- to 3-MW short pulse spallation
source with a liquid mercury target has been started recently. A
major design requirement has been to limit the total project cost to
approximately $1B. The design tools and methods being developed
to define requirements, integrate the work, and provide early cost
guidance will be presented along with a summary of the current
target station design status. '

An initial design point was selected by a systems code using
performance and cost estimate projections. This code was developed
recently using cost estimates from the Brookhaven Pulsed Spallation
Neutron Source study, experience from the Advanced Neutron Source
Project’s conceptual design, and other major projects. The code is
being updated and improved as the design develops. Cost estimates
were then made by the project team and compared with the systems
code predictions. Corrections were made both to the code and to the
detailed estimates.

The current design point is for a 1-MW facility, with one
accumulator ring, one target station, and a beam energy of 1 Gev
with a .5 microsecond pulse at 60 Hz. The target station would
become the low power/low frequency station in a future upgrade to
approximately 5 MW.

A work breakdown structure was developed, with simplified
systems diagrams used to define interfaces and system
responsibilities. A risk assessment method was used to identify
potential problems, to identify required research and development
(R&D), and to aid contingency development. Preliminary 3-D models
of the target station are being used to develop remote maintenance
concepts and to estimate costs.

The target station shielding will be designed for 1 MW
operation. An iron shielding region is expected with an outside
radius of approximately 5 m, and a height 5-m above and 3-m below
the beam center. Approximately 1.5 m of concrete will surround the
iron. The proton beam is horizontal, and the mercury target, with a
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beryllium reflector, cryogenic hydrogen, and water moderators, will
be contained within a 2-m diam safety vessel with shielding between
the vessel and the reflector.

In the present concept, the mercury target and water-cooled
jacket will be removed horizontally, in a manner similar to ISIS and
as proposed for the ESS. The other activated components will be
removed vertically and lowered by crane into the hot cells. Water
cooling system components will be located under the beam room
floor in an area with localized shiclding, again similar to the ESS
proposal.
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ORSNS TARGET STATION
PRINCIPAL DESIGN REQUIREMENTS

» The design is being developed within a limit on the total project cost of
approximately $1,000,000,000.

» The intent is to construct a facility operating at approximately 1 MW within the
budget limit with a later upgrade to approximately 5 MW.

* The need to design to cost has required the development and use of a systems’
code to make preliminary cost estimates for various options and to begin to
understand how costs scale. .

* The previous conceptual design work done by the other National Laboratories
and the ESS team has been very helpful.

* At this time it appears that it is possible, but difficult, to meet the budgetary
goal.

Oak Ridge National Laborato

DESIGN INTEGRATION METHODS

¢ A Work Breakdown Structure (WBS) has been developed.

» Simplified process diagrams are used to help define interfaces. This was found to
be valuable on the Advanced Neutron Source (ANS) Project and other major
projects.

» A systems’ cost and performance code was developed and is continuing to be
updated. The initial costing information was done in cooperation with Brookhaven
National Laboratory using information from their conceptual short-pulse spallation
source. Other conventional facility cost basis information came from the ANS
documentation and other major projects.

» Alternatives selected from the systems’ code were estimated by the accelerator,
target, and conventional facilities team members. Comparisons with the systems’
code resulted in corrections both in the code and in some cases with the first
detailed estimates.

» Three-dimensional mechanical models of the target station, site, and building
geometry are being used to develop the layout and develop remote handling
methods. The models have also been used to define the geometry for the neutronic
model of the target assembly.

Oak Ridge National Laborato
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Design_to Cost Model

[nput Processing Qutput
Risk’
(Probability of Success) | Performance, Cost,
Input for: Cost, Schedule, and Risk Correlations
Parameters Process Modules Performance
cLemperer o |
' Project Mgt
sé";:{;::;" Accelerator Systems
systems used, ~ Target Sy‘s_terps
Number of = 4
amf Site & Buildings T
s&ﬂfgﬁfxg’ Plant Systems Optimizer Cost Projections
needed, Operations) (cost & performance
Availability, within specificed fimits) Breakdown by WBS,
etc.) Participants, etc.
A\gl:iﬁg: TPC,TEC, OE, CE
T Life Cycle
Limitations, Figure of Merit
Correlations, .
Historical Data Annual Operating
Cost Calculations
Fixed Year $
Escallation Performance
Annual Operating )
Life Cycle
(TPC+Operating+D&D)
Design to Cost Model
- Official Project Cost Estimates
)
| ]
Requirements Pro}ggai'?i sk Procurement Construction Testiﬁg &
Definition Assessment ' & Checkout Startup
[} [ ] )
Nomnal Project Phases
Design to cost activities 3
- Cost Projections
Design to Cost Model &
Risk Evaluations
A
Experience Alternative design studies Project planning changes
from other projects Value engineering studies (schedule, funding,
and Technology changes - new ideas, etc.)
conventional
cost parameters
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COST OPTIMIZATION EXAMPLE: MINIMUM COST vs. BEAM POWER
Typical problem formulation - accumulator ring option

Fixed configuration, modeling assumptions
» lon source current, particle loss fractions, ...
¢ Ring repetition rate (60 Hz)

* Number of rings, number of target stations, ...

Variable input quantities (may be bounded):
» Linac length, gradient, duty factor
* Ring circumference

Constraints on calculated quantities
* Ring filling fraction

» Ring injection time
¢ Tune shift

* Dipole field limit

» Fixed beam power
Figure-of-merit:

e Minimum cost

Oak Ridge National Laborato

Cost Optimization Example: Minimum Cost vs. Beam Power

Total
™C | eeeens Accelerator
R - Beam Energy
1.5
19 ¢+
1.25 —
7
T o1 / C1s1
k! £13¢%
075 e —————
- S aaate & 114
3 05 £
o VF . H 0.9
.................................. o
0.25 } 0.7 +
0.5 + $ + $ + : :
° A 1.00 125 150 1.75 200 225 250 275 3.00
1.00 125 150 175 200 225 250 275 3.00 b "
Power (MW) ower (MW)
Minimum Cost vs. Power Beam Energy for Minimum Cost
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INITIAL _OPERATING PARAMETERS

(These are not final but are otr best current estimates)
o PROTON BEAM - 1 MW, 1.0 Gev, 60 Hz, .5 micro-second/pulse

» TARGET STATION - One station with shielding for 1 MW. This station will become
the low power/low frequency station in an upgrade.

» TARGET TYPE - Liquid Mercury. Potential advantages vs. water-cooled solid target:
- Increased neutron production
- Lower decay heat and activation
- Possible reduction in waste handling
- Experience for use in a high power upgrade

Solid target possible backup.

» MODERATORS - 1 liquid hydrogen, 1 ambient light water. Upgrade to 2 hydrogen and
2 light water at each target station.

» NEUTRON BEAM LINES - 18 total per target station, with 4 fully functional at startup

» SCATTERING INSTRUMENTS - Four at startup.
- High Resolution Powder Diffractometer
- Two similar to the ISIS MARI instrument
- One crystal diffractometer similar to the ISIS IRIS instrument
Oak Ridge National Laboratory|

PRELIMINARY TARGET STATION CONFIGURATION

+ Horizontal Proton Beam
¢ Liquid Mercury Target

« Beryllium inner reflector with heavy water cooling similar to ISIS - approxim.ately
1m diameter

e An outer 2 m diameter water-cooled reflector/shield - iron or nickel
e An outer 2 m diameter safety vessel with neutron beam windows.

¢ Bulk shielding with iron from 1m radius to 5m radius, and from 3m below beam
center to 5m above beam center. Additional 1.5m concrete shielding outside iron.

Oak Ridge National Laborato
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Oak Ridge National Laboratory
Concrete Shielding
Target Service Cell
- — Iron Shielding
\
~ Beam Wind(fw Access . .
N L

: /_ Moderator Access Plug

Target Plug
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Beam Tube - ),
\ Inner Vessel x
Flight Tube Shutter
W
Experiment Recesses
ORSNS Target Assembly
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PRELIMINARY TARGET PARAMETERS

« Initial configuration similar to the ESS target

* Separate water-cooled mercury vessel and safety vessel-

+ 316 SS likely choice for structural material

» Relatively low temperature Mercury loop - 80° to 110°C

Oak Ridge National Laborato

ORSNS

1.6.125 Safety Container Coolant System
1.6.1.2.6 Intermodiate Coolant Loop
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ORSNS
REMOTE HANDLING PHILOSOPHY

» Avoid remote handling through use of alternative design solutions such as
redundancy and local shielding.

« Incorporate ideas and design concepts from ISIS, ESS, PSI, and the LANL long pulse
proposal.

Design for efficient and rapid replacement of modular assemblies; rather than
repairing components in-place.

Plan availability of spares for all key replacement items (e.g., beam windows,
shutter drives, and targets)

» Package components in modules with similar repair requirements and rates.

Incorporate proven and conventional remote handling features to improve
reliability and reduce cost.

Minimize handling paths and procedures (i.e., most modules will be moved vertically
with bridge cranes).

Oak Ridge National Laboratory

REMOTE HANDLING

« The design intent is to group components with similar replacement frequencies and
where possible to replace activated components rather then to repair in place.

» The current layouts are based on the following component removal paths:

- Mercury target and safety vessel - horizontal assembly similar to ISIS and ESS
concept

- Proton Beam Window - vertical using PSI type pneumatic seals for easy
assembly/disassembly

- Moderators - vertical with a plug assembly similar to Los Alamos Long Pulse
Target Station concept

- Inner reflector - vertical

- Neutron Beam Windows - remove bottom 2m of the safety vessel and replace
window assemblies in hot cell.

Shutters - vertical

Oak Ridge National Laboratory
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ﬁOak Ridge National Laboratory
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SESSION 5

Structural Materials: Corrosion and Radiation Damage (1)

Chairman
Y. Shubin
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Compatibility of Structural Materials
with Liquid Lead, Bismuth, and Mercury

John R. Weeks
Guest Senior Metallurgist
Brookhaven National Laboratory

During the 1950s and 1960s, a substantial program existed at Brookhaven
National Laboratory as part of the Liquid Metal Fuel Reactor program on the
compatibility of bismuth, lead, and their alloys with structural materials.
Subsequently, compatibility investigations of mercury with structural materials
were performed in support of development of Rankine cycle mercury turbines for
nuclear applications. The present talk will review our understanding of the
corrosion/mass-transfer reactions of structural materials with these liquid metal
coolants.

Topics to be discussed include the basic solubility relationships of iron,
chromium, nickel, and refractory metals in these liquid metals, the results of
inhibition studies, the role of oxygen on the corrosion processes, and specialized
topics such as cavitation-corrosion and liquid metal embrittlement. Emphasis will
be placed on utilizing the understanding gained in this earlier work on the
development of heavy liquid metal targets in spallation neutron sources.
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‘OUTLINE
1. THE LMFR PROJECT [1952 (?) - 1962 (9)]

2. MATERIALS SELECTION AND PERFORMANCE

Solubility-Driven Corrosion and Mass Transport

Solubilities of Structural Materials in Bi, Pb, and Their Alloys
Inhibition by Zr and Ti

Role of Oxygen

Liquid Metal Embrittlemerit

Cavitation by Bi-Pb Coolants

Solubilities and Corrosion by Mercury

R o TR

3. AREAS FOR FUTURE WORK
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THE LIQUID METAL FUELED REACTOR CONCEPT
e  Thermal Breeder
e  Fuel: Uy, Dissolved in Liquid Bismuth
¢ Blankets: ThBi, Slurry in Bi
e  Molten Salt Processing Column
e  Lead-Bismuth Secondary Loop to Transport Heat to Boiler
*  Graphite Moderator
e  Ferritic Steel Piping 2% % Cr, 1% Mo Steel)-
. bnl
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schematic Thermal Moss" Transfer of Fe by o Liquid Metal

( (3) Fiow ——
Stagnant Boundary l (4) Nuclei
Film

agnant
dary Film

Hot Leg Cold Leg
(1) Solution (4) Nucleation )
(2) Diffusion (5) Transport of Crystailites
(3) Transport of Dissolved (6} Crystal Growthand
Metal Sintering ( Plug Formation)

Corrosion and Mass-Transport is Solubility-Driven

bnl
aui
CORROSION RATE = « (S, - S)
where e« S, is Solubility of Fe at the Temperature at any Point in the
System
o S is the Concentration of Fe in Solution at that Point
o ¢ is a Function of Velocity
Note:  Corrosion Rate at T, ,, is a Function of Both T, ., and T ;,
(Which Controls S).
. bnl
aui
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100

ppm Fe IN SOLUTION
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Isotherms of the Ternary Fe-Bi-Pb Liquidus
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Relationship between Thermodynamic Properties and Melting
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INHIBITION OF CORROSION OF STEEL BY Bi-Pb ALLOYS

e Zr and Ti are Both Effective
e TiDeveloped at GE for Mercury Systems
e  Zr (Which is a Fission Product) Used at BNL

e  Zr or Ti React with Steel to Form Surface Layer of, First
Zr-Ti-Fe Compound, Later ZrC and ZrN Develop

e  Films Inhibit Both Dissolution and Precipitation
e  Most Effective (in Bi) at AT < 100°C

"« Use in Combination with Mg as Deoxidant

bnl
aui
ROLE OF OXYGEN
« ' Oxides of Bi, Pb, and Hg Less Stable than Oxides of Fe or Cr
e  No Acceleration of Corrosion or Mass Transfer Due to Oxygen
e  Chromium Oxides Can Cause Misleading Results in
Small Experiments
«  Best to Control Oxygen by Mg Additions
e  Protects Inhibitors
*  Cleans Solid-Liquid Interface
bnl
aui

5-10



LIQUID METAL EMBRITTLEMENT BY Bi-Pb ALLOYS

Occurs When Adsorption on the Solid Surface Reduces the Energy
Required to Separate Atoms of the Solid to Create New Surfaces

AH (From Solubility Curve) and y; Both Reflect This Energy in
Monotectic Systems

AH/yg,, = V/d,cm?/gm Atom Solute
Therefore, Low AH Suggests Low y'SL, and an Embrittlement is Possible
In Bi (See Viewgraph 13), Nb and Ru have Lowest AH

Nb is Embrittled by Bi

bnl
aui
CAVITATION BY Bi-Pb COOLANTS

*  High Density, Low Vapor Pressure

»  Careful Design to Eliminate Sharp Corners

*  Low Flow Rates
bnl
aut
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Results from High Velocity Loops

Temp. (Bulk) | Temp. Film Time
Loop# | Materals (4] °C) Additive Conc. of Flow Remarks
Max. Min, Max. Min. Mg Zr U Test (gpm)
HVL1I
Runl | 2iCr-1Mo 520 414 525 400 350 300 920 1026 1-20 No corrosion
Run2 | 2}Cr-1Mo 520 414 525 400 350 350 1000 1026 120 Cavitation pits in high velocity test
section
Run3 | 2iCr-1Mo 520 414 525 400 350 300 1000 1006 125 No cavitation
~— Run4 | 2}Cr-1Mo 544 417 550 400 350 250 1000 2591 11 Severe pits & mass transfer.
Loop sectioned
Run 5 | 1iCr-3Mo 520 445 525 428 350 250 1000 40007 No corrosion—some transfer after
(loop re- 4000 hr operation still in test
. fabricated) (3/15/58)
HVL IO
. Runl | 23Cr-IMo 520 445 52 427 350 350 1000 7400° Slight pit corr. in welds. Transfer
detected after 2500 hr at A7,
Loop still in operation 7000 hr.
Loop G
Runl | 2iCr-1Mo 525 473 529 458 350 350 1000 938 40 Pt. corr. of 46 Cr.-1Mo welds.
Corx. of AISI 410 SS.
Run2 | 2iCr-1Mo 525 450 526 435 350 250 900 2500 4-8 No corr. after 2500 hr.

» This is the major material of construction. The actual test section is a composite of many materials. '
b Still in operation. Test time as of 3/15/58.

CAVITATION
PITS

Fic. 15. Cavitation-erosion on downstream side of right angle bend
in HYLIRun 2.

C.J. Klamut et al., “Material and Fuel Technology

for an LMFR,” Progress in Nuclear Energy, Series
IV, Vol. [I—Technology Engineering and Safety, ]
Pergamon Press, New York, 1960, p. 433. - ) .

FiG. 17. Attack on annealed 2} chromium-1 molybdenum hot test specimen
in HVL I Run 4.
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Relative Corrosion Rates at 600°C with 100°C Undersaturation
S, 600°C S, 500°C _
(1000/T=1.145) (-(1000/T=1.293) | R=0 (Seo-Sse0) R Normalized
Metal " (ppm) (ppm) o =109 " toRp =1
Fe 0.52 0.20 3.2 1.00
Cr 7.0 0.25 67.5 21.1
Ni 130 77 530 166
Co 0.56 0.12% 4.4 1.4
A% 0.8 ~.005 ~7.95 2.5
Cb “0.05 “0.03 . 0.2 ~0.06
Ta <0.002 <0.002 -0 -0
Ti 47 3.7 433 135
Zx 50 “10 ~400 “125
O Extrapolated 25°C
® For Convenience
bnl
aul
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A. Longitudinal Section of Cb-1Zr U-Bend Specimen, Annealed 18 Hours
at 1200°C Prior to Being Bent After Contact with Hg 1 Week at 760°C

bnl
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B. Longitudinal Section of Unalloyed Cb U-bend after Contact with Hg
1 Week at 760°C. Both Originally 150X, HNO, + HF + H,0 Etched

bnl
aui
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Equation of State and Electrical Resistivity of Liquid Mercury
at Elevated Temperatures and Pressures

By D. R. PosTLL

Department of Physies, Northern Polytechnic, Holloway Road,
London, N.7, England

and R. G. Ross and N. E. Cvsack

School of Mathematics and Physies, University of East Anglia,
Wilberforce Road, Norwich NOR 77H, Norfolk, England

ABSTRACT

Experimental results have been obtained for the density and electrical
resistivity of liquid mercury as functions of the independent variables
temperature (20°c-1000°c) and pressure (0-1000 bars). Basic equipment
for both measurements consisted of a steel vessel containing an internal
electrical resistance furnace and pressurized with argon gas. The equation
of state was determined with an accuracy of about +319% using Archimedes’
method by employing a series of totally immersed radioactive sinkers whose
rise or fall in the mercury was detected with & y-ray counter external to the
pressure vessel. The electrical resistivity was measured with an accuracy
of about +39% using a four-lead resistance cell fabricated in fused silica.
The two measurements have also been combined to give electrical resistivity
at constant volume.

§ 1. INTRODUGCTION

Tre work presented here forms part of a programme of research which has
the aim of measuring experimentally the properties of a liquid metallic
conductor as a function of density.

Toward this end we have made measurements at Birkbeck College,
University of London, of the density and electrical resistivity of liquid
mercury at temperatures of up to 1000°c together with pressures of up
o 1000 bars. 'This corresponds to a range of density from 13-5 to about
l1gem™.

§ 2. ExPERIMENTAL TECHNIQUE

These measurements were carried out using the high pressure, high
temperature equipment shown in fig. 1. This consists of a steel pressure
vessel containing an internal electric resistance furnace (1) which is
thermally insulated (2) from the steel walls. The steel walls are kept
cool by an external water jacket (3), and pressure is raised by pumping
argon gas into the vessel.

Figure 2 shows the cells which were used to contain the mercury for
the density and resistivity measurements. Both cells were fabricated
in fused silica and had re-entrant wells formed in the walls into which

5-20



494 Conference on the Properties of Liquid Metals

thermocouples were inserted for temperature measurement. B¢
had one or more capillary tubes extending into a cool region of tt
interior so that wherever a free surface of mercury existed in cont:
the argon gas it was at about room temperature.

Fig. 1
10 CM. I I
3
XS AN TTTTI SIS TSSO S SN ” R
¢ 7 ,__‘A.* \ .‘é(x(
// % ‘ﬂ" R \2;\ x\é\., ”, /,'_
SO S TS AR SR =

i

Pressure vessel with internal furnace.

Fig. 2

1 CM
L b ]
2777 /%@/ 7777277 TTTTITI7777,
Yoo 777 2 22 772, T 7777777777777
(b)

() Density cell. (5) Test length of electrical resistivity cell.

The density cell, fig. 2(a), contained a totally immersed sink-
about 3-5mm in diameter, made from TaMo alloy. The sinker wa:
radioactive so that it emitted y-rays and by this means its position
cell was detectable using a geiger counter and slit system external
pressure vessel. TheexperimentalprocedureWastoadjustthetempc
and pressure until the density of the mercury was very nearly ec
the known density of the sinker. Then a slight change in tempe
would be made so as to cause the sinker to move from the toptothet

of the cell, or vice versa, and this movement could be detected usi
geiger counter.

5-21




Congference on the Properties of Liquid Metals 495

Using this procedure the results for the equation of state were obtained
in the form of the pairs of P and T which caused the density of the mercury
to be just equal to the density of the sinker—in other words, we get P
versus T along a line of constant density.

The electrical resistivity was measured using a four-terminal resistance
cell the high temperature part of which is shown in fig. 2 (b). Conventional
methods of d.c. potentiometry were used in the measurements.

Fig. 3
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Mercury isochores.

§ 3. RESULTS

The equation of state data obtained are represented in fig. 3. This is
a P-T diagram for mercury showing the lines of constant density we have
determined, and the boiling curve up to the critical point as determined
by Franck and Hensel (1966). Each line of constant density corresponds
to an individual sinker of the density given in the diagram. The results
for all sinkers have been combined to give a polynomial in P and T which
represents the density of liquid mercury over our range of variables to
an accuracy which we estimate to be * 0-039%, up to 400°c and * 0-25%,
in the range 400°c-1000°c. ‘

Relative resistivity was measured as & function of temperature at
constant pressure, for a series of pressures, and some of these results are
showninfig.4. Ourresults are consistent with those of Franck and Hensel
(1966) at higher temperatures to within experimental error, which in our
case we estimate to be +0-1% at about 400°C increasing to +0-6% at
about 900°c.




496 Conference on the Properties of Liquid Metals

It can be seen from fig. 4 that at constant pressure the resistivity incre
with increasing temperature, i.e. (9p[0T),, is positive, and the magni
of the derivative also increases with temperature. Our resistivity isc
form a family of curves, of which we have shown only two, with the ¢
corresponding to the highest pressure being the lowest, i.e. the effec
increasing pressure is to decrease the resistivity at a constant temperat

Fig. 4
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W
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’
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N
h
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14 73,
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0 500 . 1000
TEMPERATURE, °C

: Relative resistivity of mercury along isobars and isochores.

The density and resistivity measurements can be combined to give
variation of resistivity with temperature at constant volume, and th
resistivity isochores are also shown in fig. 4. We find that in contrast
the behaviour at constant pressure, at constant volume the resistiv
decreases with increasing temperature, i.e. (3p/3T)y is negative.
can also see from the figure that the negative slope of the isochores increa
in magnitude as we go to lower densities and higher temperatures.

This is shown more explicitly in fig. 5, where we plot (1/p%)(3p/3T),
a function of density. The errors increase considerably as we go to lov
densities, but it is still possible to conclude that the slope of the resistiv
isochores becomes rapidly more negative as we go to lower densities.
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Conference on the Properties of Liquid Metals 497

Also shown in fig. 5 is (1/p)(8p/0T)p, the fractional change of resistivity
for unit change of temperature ab constant volume. The errors, which
are not shown, would be very similar to those for (1/p)(0p/2T)y but by
contrast with that quantity, (1/p)(9p/0T)y isnearly constant over our range
of measurement. The point shown'in parenthesis is calculated from
extrapolated density and electrical resistivity data.

Fig. 5

DENSITY, GM CM™3
12-5

11-0 11-5 12:0 13-0 135

10% (°c)”!

-254 1

Variation of resistivity at constant volume.

The negative sign of (3p/9T)p has been known for some time, and may
be accounted for in principle either on the Bradley et al. (1962) picture, or
using the recent Mott (1966) theory of liquid mercury. Although it is
not possible to discuss these theories in detail here, we draw attention to
the point emphasized by Mott (1966) that it is diffcult to see how a simple
free-electron picture could be applicable at the lower densities. When
the density has dropped to about 11 gem~3 the cube root of the atomic

volume, which we might take as a measure of the mean interatomic

separation, is approximately equal to the mean free path for electrons as
calculated on the free-electron picture, whilst for lower densities the m.f.p.
would be less than the interatomic separation.

Returning to the equation of state data, we have calculated the thermal

expansion coefficient under various conditions, and our results are shown

5-24

b
1
*
&

O P LT R L
B A A

%
N
!

A

i
:




498 Conference on the Properties of Liquid I etals

in fig. 6. The coefficient is nearly constant at high densities, but begin
to rise sharply at temperatures greater than 400°c, which correspond t
densities of less than about 12-7gem=3. The errors shown on the 1000 ba,
curve are typical and can be taken to apply to the 200bar curve also
The coefficient at a pressure of 1bar is much more accurately know
and the values shown are taken from the compilation of Bigg (1964).

Fig. 6
2-81 I
261
241
.
o
<
o
=]
éz'z'
2.0-
X - 1BAR
O - 200BARS
A - 1000 BARS
1-8-
) 12.7297 GM CM~3

0 500 1000
TEMPERATURE, °C

Thermal expansion coefficient of mercury along isobars.

The points given on the three curves have been calculated in such a
way as to give us the variation of the thermal expansion coefficient along a
line of constant density—for illustration, the 12-7297 gem=3 isochore is
sketched in fig. 6. Our results, taken together with the Bigg data, enable
us to say that the thermal expansion coefficient decreases as we go along
an isochore to higher temperatures and pressures.

The variation of isothermal compressibility with temperature is shown

infig. 7. Again, the errors shown on the 1000 bar curve may be taken to
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Conference on the Properties of Liquid Metals 499

apply also to the 200 barcurve. Our values near room temperature are
in agreement to within experimental error with those of Bridgman (1911),

and the compressibility rises fairly sharply to much larger values ab higher
temperatures and lower densities.

Fig. 7

151

144

12+

104

105 A1, BARS™!
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500 1000
TEMPERATURE, °C '

Compressibility of mercury along isobars.

As we pointed out above, our electron transport results could be
accounted for theoretically, at least qualitatively, bub so far as we are
aware the same is not true of our equation of state data.
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BROOKHAVEN NATIONAL LABORATORY

MEMORANDUM

DATE: October 3, 1962
TO: File
FROM: J.R. Weeks

SUBJECT: Conference with A.J. Nerad and F.J. Norton at GE Reséarch Laboratories

Dr. Nerad directed the Hg boiler development work at GE, which resulted in the design and
construction of the Hartford, Kearney, and Portsmouth Hg-boiler power plants. The laboratory
work was terminated in 1939, although Nerad is still regularly consulted when troubles are
encountered in operation of the Portsmouth plant - the only one still in operation at this date.
Shutdown of the Kearney plant was caused by the need for extensive repairs, the improved
efficiency of steam cycle plants, and the fact that a $2,000,000 profit could be made by selling
their Hg inventory at that time.

During their development program, GE ran over 2,000 harps, both all-liquid and liquid-vapor.
They learned early of the aggressive nature of the fresh condensate, and designed both the harps
and the Kearney plant so that the fresh condensate would not see steel surfaces. This was
accomplished by circulating 90% of the Hg through an all-liquid heat exchanger, and condensing
the 10% that was boiled directly into the Hg containing the inhibitors. Nerod sketched his
experimental setup as shown below.
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During operation of the Kearney plant, the condensate at the turbine outlet was at a much lower
temperature (250°C) than in the loops, and was therefore less aggressive, so this problem was not
SO serious.

Hg circulation in the plant was 1,200,000 1bs/hr of vapor, and 15-30,000,000 lbs/hr of liquid.
The liquid AT was approximately 920-885°F.

If the fresh condensate returning from the turbine was allowed to impinge on steel, they found
holes eaten in the steel.

All steel attack by Hg observed at GE was transgranular. In rare instances they observed pitting,
which they attributed to local wetting, as in the case of corrosion of austenitic steel by Hg
containing Ti and Mg inhibitors.

Loop experiments were run at low AT (10-15°C) at temperatures ranging up to 800°C; the
preferred maximum temperature for loop tests was 650°C.

They studied corrosion at heat fluxes up to 300,000 BTU/ft> hr; the average wall rates in the
operating boilers were 50 - 100,000 BTU/f® hr. In non-wetted tubes, 30,000 BTU/ft*> hr was the
limit for stable boiling. Nerad described a recent development at Portsmouth where new boiler
tubes were flashing - he attributes this to imperfect cleaning of the new tubes resulting in non-
wetted conditions.

They designed. for thermal stress fatigue, relying upon the mathematician’s analysis of the
problem. ‘

Their simple laboratory harps were of the types sketched below.
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They were not able to obtain stable boiling in a loop of the type we are running.

In the Hartford plant, without inhibitors, they found the corrosion and deposition as sketched
below:

?;.*Is i (f&w%‘ﬂ/é,)me FC/

AFERS .

When inhibitors were added, as in the Kearney plant, they saw no corrosion or deposition.
However, in the fog boilers in this plant, there was considerable deposition of Mg, Ti, and their
oxides.

Their work with inhibitors showed a minimum level of Ti of 0.4 ppm below which inhibition was
no longer effected. They needed both Ti and Mg to maintain wetting; with either one alone, they
occasionally observed de-wetting of the steel surface. GE preferred Ti to Zr because of the lower
inventory required (the minimum Zr concentration was higher). The surface deposits from both
were very thin: the maximum observed was 10°". With either Zr or Ti in the Hg, Nerad could -
find no other additive that would spoil the inhibitor’s effectiveness. They tested every additive
in the periodic table that cost less than ~$50.00 per pound.

Additions of Cr and/or Ni to the Hg also protected the boiler surface; they needed to add 0.5%
of these to be effective; they got a beautiful Cr-plate on the inside of the steel pipe.

Al additions behaved as follows - there was a critical Al concentration range at which it would
protect the steel surface. Below this concentration, Al did not deposit on the surface and corrosion
was observed. Above this concentration range, Al would plate out in circular clots on the steel
surface, and react with it. When the Al concentration in the Hg is subsequently lowered, the Al
would re-dissolve, leaving a circular pit in the area it had been. At very high Al concentrations,
the entire steel surface was coated irregularly.
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Nerad was very much interested to learn of our Hg work, and congratulated us on our efforts to
publish the completed portion of the work. He was quite apologetic for the lack of information
in the open literature on the GE work; it had apparently been proprietary for a while, and then it
was stale and they were busy with other work.

Nerad felt the inhibition was at least partially due to precipitation inhibition in the all-liquid
circuits. At their low AT, I agreed that this was likely, and described to him our work in Bi along
these lines.

JRW/Ih
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Compatibility of Materials with Liquid Metal Targets for SNS
J. R. DiStefano, S. J. Pawel, and J. H. DeVan

Several heavy liquid metals are candidates as the target in a spallation neutron
source: Hg, Pb, Bi and Pb-Bi eutectic. Systems with these liquid metals have been
used in the past and a data-base on compatibility already exists. Two major
compatibility issues have been identified when selecting a container material for
these liquid metals: temperature gradient mass transfer and liquid metal
embrittlement or LME.

Temperature gradient mass transfer refers to dissolution of material from the high
temperature portions of a system and its deposition in the lower temperature areas.

Solution and deposition rate constants along with temperature, AT, and velocity are
usually the most important parameters. For most candidate materials mass transfer
corrosion has been found to be proportionately worse in Bi compared with Hg and
Pb. For temperatures to ~ 550°C, ferritic/martensitic steels have been satisfactory in
Pb or Hg systems and the maximum temperature can be extended to ~ 650°C with
additions of inhibitors to the liquid metal, e.g. Mg, Ti, Zr. Above ~ 600°C,
austenitic stainless steels have been reported to be unsatisfactory, largely because of
the mass transfer of nickel. Blockage of flow from deposition of material is usually
the life-limiting effect of this type of corrosion. However, mass transfer corrosion
at lower temperatures has not been studied.

At Jow temperatures (usually <150°C), LME has been reported for some liquid
metal/container alloy combinations. Liquid metal embrittlement, like hydrogen
embrittlement, results in brittle fracture of a normally ductile material. Nickel,
aluminum and their alloys are the most susceptible to this phenomenon in mercury
systems. Results are cited that indicate type 316 SS is resistant to LME in Hg.
However synergisms with hydrogen embrittlement or other forms of radiation-
induced embrittlement have not yet been measured.

It has been estimated that a Hg target system in an SNS can be operated at 100 -
250°C. In this range, we believe that an austenitic stainless steel such as type 316
may be the best choice as container material because (1) mass transfer of nickel
should be low due to the low system temperature that limits solid state diffusion

(2) LME is not expected to occur, and (3) the alloy has a FCC crystal structure and,
therefore, does not exhibit a ductile-brittle transition temperature as do the ferritic
steels.

Preliminary testing is now underway at ORNL to determine the mass transfer and
LME behavior of type 304 SS, type 316 SS, 9 Cr-1Mo steel and several other
alloys in mercury as a function of temperature (100 - 250°C). Test systems have
been designed and samples obtained. Wetting of the alloy by the mercury has thus
far been difficult to attain and maintain.
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ORNL DWG 96Z-3287

Candidate Target System Materials For
Oak Ridge Spallation Neutron Source

Component Candidate Material

Target Hg, Pb-Bi, Pb

Container 316SS, Mod. 9Cr-1Mo Steel, 9Cr-2W-V-Ta

Window 316SS, Mod. 9Cr-1Mo Steel, 9Cr-2W-V-Ta,
Others

Water Jacket 316SS, 304SS, Mod9Cr-1Mo Steel,

Container : 9Cr-2W-V-Ta, Others: e.g. 6061 Al

ORNL DWG 96Z-3291

Allowable Stress Values Of Conventional

Materials As Function Of Temperature

o 25 —
(/7]
ot § 160 Modified
a_ 20 |~ -0':«" 9 Cr-1Mo steel
28 °f 120
S< 15 - o=
Z 5 g?,
2% o< 80
<g 10— =90
c
2 s 5@ a0
E Ec
v
400 480 560 640 720

, Temperature,’C
l | I I | |
700 800 900 1000 1100 1200
. Temperature,°F

Note: Values are from the ASME boiler and pressure vessel code
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ORNL-DWG 96M-3098

C—»| | I I l I ! l |
0

Ferrous Metals
Ferrous metals (Ti and Mg in Hg)

|
100 200 300 400 500 600 700 800

Low-carbon steel

Types 304 and 310 SS (Cr, Ni)

1

77

Ferritic Stainless steels (Cr)

n{C|e|w

e —

Nonferrous Metals

Tungsten D

Molybdenum SD

Ta,Cb, Si,Ti, V : ' l _
Ni, Cu, and their alloys , ' ' ;

Cobatt M2 22277272 727773
Pt, Mn, Zr II)’/,ﬂ [l l}’/A [11Z ////// /////////////////J

Al, Bi, Cd, Ce, Au, Pb, Mg, Ag, Sn, Zn

777777 ///////////////// ////// ///////////I

0 100 200 300 400 500 600 700 800

Non-Metals
Glass : l ' | ]
Ceramics ]
Graphtte (C) ‘ ' ' —]

0 200 400 600 800 1000 1200 1400

Fsl | o L o b by b b by 1y

Resistance Ratings (These ratings
refer to liquid-metal resistance only -
not to temperature-dependent
mechanical strength or metallurgical
stability):

B - GOOD-Consider for relatively long-
time use

(I -LIMITED-Short-time use only

—POOR—No structural possibilities

[ 1 “UNKNOWN-information inadequate

® —Dynamic mercury harp tests and industriaal
boiler tests

D —Dynamic mercury harp tests

S — Static mercury tests
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ORNL DWG 96Z-3292

Solubility Of Some "Smemlected Elements In Mercury

1000

Ti

100 —

10

Solubility, Hg

10

.01
1.00 1.10 1.20 1.30

Reciprocal Temperature, 1000/T, K*

l | I | S I J
780 727 679 636 596 560 527 496
Temperature,°C

Weeks: Liquidus Curves and Corrosion of Fe, Cr, Ni, Co, V,
Cb, Ta, Ti, and Zr in 500° -750 °C Mercury

ORNL DWG 962-3293

Comparison Of The Solubility
Of Fe in Hg, Pbh, and Bi

Tin°C
Q77 827 725 637 561 497 442 395
100 1 T 1
Bi
10
L
£
o
o,
1.0

a -
08 09 1 11 12713 14 1.5

T
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ORNL DWG 962-3289

Corrosion Science And Technology Group
At Oak Ridge National Laboratory

SCOPE
® Experimental: construct equipment, develop methods, testing

® Failure analysis

® Analytical: material selection, systems analysis, thermodynmamic
calculations

Environments:

Oxidizing and sulfidizing

Vacuum
Helium
Molten salts
Liquid metals

Facilities
® Electrochemical Laboratory (includes noise analysis)

® Autoclaves with recirculating water attached to tensile/fatigue machines
® Microbalance Laboratory for Kinetic Studies

® Controlled Atmosphere Systems (coupons to large-diameter ceramic tubes)
® [jquid Metal Test Loop Laboratory

ornl

Oak Ridge
National
Laboratory

[MARTIN MARIETTA |

Materials:

® Steels

e Superalloys

* Intermetallics

® Refractory metals

e Ceramics and composites

ORNL DWG 96Z-3294

ORNL-TM-13056

A Review Of The Compatibility Of
Containment Materials With Potential
Liquid Metal Targets

J. R. DiStefano
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ORNL DWG 96Z-3298

"Rocker Test"

Screening test for
thermal gradient
mass transfer

Furnace

Specimen in
hot mercury

I Specimen in
~— cold mercury

—

— =3
-~ ~—~
i -~

ORNL DWG 962-3878

Preliminary Screening Test Matrix

o v preeerori IOt PO
- i A L M e ki e

® Test materials
- 304L, 316L
- 1020, 9Cr-1Mo

® Coupon conditions
- Bare
- Plated (golid)
- Acid etched

® Hot zone test temperatures
- 100, 150, 200, 250°C

® Mercury chemistry
— Pure (triple distilled)
- Doped (Ti, Mg, others)
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ORNL DWG 96Z-3288

Major compatibility Issues For
Mercury Target System

e Temperature gradient mass transfer
-~ Material dissolves at high temperature and precipitates
at lower temperatures
- Driving force is solubility difference in the liquid over
the temperature range of the system

- Important parameters expected to be T, AT & solution
and deposition rate constants for soluble products in

the Hg

® Liquid metal embrittlement (LME) and/or hydrogen
embrittlement
— Brittle failure of normally ductile material when in tension

~ Unique to specific liquid metal/solid material couples.
Wide range of materials can be embrittled by hydrogen

—~ Sensitive to strain rate, metallurgical factors and
temperature

ORNL DWG 96Z-3295

Nickel Reduces The Ductility Of

% RA

120
100
80

60
40

ttbitttssttattn

1T 17 1 1T 1 1 1T |
(A) Annealed

8 10 12 14 16 18 20
Weight % Ni

o
N -
F g I
o |-

120
100
80
60
40
20
0

% RA

Iron-Nickel Alloys In Mercury

{B) Cold Worked

{ I [N SO N

-
0 2 46

8 10 12 14 16 18 20
Weight % Ni

Comparision of reduction in area of tensile samples tested in air with
samples tested in mercury. (A) annealed material; (B) cold-worked
material.

Hayden and Floreen: The Ductility and Toughness of Iron-Nickel Alloys
in Liquid Mercury
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ORNL DWG 96Z-3282

Tensile Fracture Characteristics Of Ni and NI

__Alloys In Mercury At Room Temperature

Material

Ni-200

Monel 400

Inconel 600
Inconel 625
Inconel 718

Environment

Air

All alloys had ductile
cup & cone fractures

subsequent to necking.
Fracture from microvoid

coalescence

Alloy 800/825

Mercury
Brittle fracture

Complete intergranular embrittlement
at low strain rates

Similar to Ni-200
Similar to Monel 400
Intermediate between Ni-200 and

Monel 400. Noticeable embrittiement
with intergranular failure

Not embrittled; cup & cone failure
after necking. (Later fatigue tests
showed intergranular cracking)

Price and Good: The Tensile Fracture Characteristics of Nickel, Monel, and
Selected Superalloys Broken in Liquid Mercury

ORNL DWG 962-3284

Effect Of Mercury
Slm_m Strain Rate Tests At Room Temperatur_e (5 x 10°/sec)

Time to Reduction
Material Environment Failure (h) in Area (%) - Comments
304L SS Air 33 83 No cracking
Mercury 28 49 Linear cracking
316L SS Air 37 80 No cracking
Mercury 38 79 No cracking
Alloy 600 Air 29 72 Linear/Random cracking
Mercury 24 58 Linear/Random cracking
Alloy 800 Air 24 77 No cracking
Mercury 26 71 No cracking

Krupowitz: Effect of Heat Treatment on 'Liquid Metal Induced
Cracking of Austenitic Alloys



ORNL DWG 96Z-3283

Slow Strain-Rate Tests Of Aluminum
Alloys In Air Versus Mercury

Material Fractional Time-To-Failure
tug/ tair
Room Temp. -38°C -72°C
Al-5083 0.15 .25 1.5
Welded Al-5083 0.12
Al-3003 0.80
304 SS 0.60

Mcintyre et. al.: Mercury Attack of Ethylene Plant Alloys

ORNL DWG 962-3297

Effect Of Hydrogen On The
Ductility Of Monel 400

100 | | T T
oo - Monel 400 H Air
o n Slow StrainRate O + _
<L 80 +X Faost St:inn Raiee O X
£ RN x
60 —
S o} P
- \ o) /’
O 40 \\ J —
3 \ /
D O\\ //
x 20 AN ,/, -]
2 ~0---
0 l l l l | |
-40 20 0 20 40 60 80 100
Temperature,°C
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ORNL DWG 96Z-3879

Mercury Test Container

® Preliminary embrittlement

tests underway to examine
U-bends in Hg

= Coupons with and without
welds across bend apex

— Emphasis on 304L and 316L
but we will also include
coupons of 1020, 2.25Cr-1Mo,
9Cr-1MO, 6061Al

- Embrittlement and weight loss

examined as a function of
temperature and Hg chemistry

ORNL DWG 96Z-3877

Preliminary Embrittlement Test R_gsults

® U-bends of 304L stainless steel

- Without gold plating, no wetting, no weight change, no
cracking, at ambient or 150°C (72 hr)

- With 10-12 um gold plate on "marginal” surface, wetting

good but persists only as long as the Au remains on
the specimen; no weight change, no cracking at ambient

or 150°C (72 hr)
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ORNL DWG 962-3876

Review Of Past Experience For
Stress Corrosion Cracking Of
Stainless Steel On Water Side

® Radiolysis
— Water in proton beam may liberate oxygen and hydrogen

- This oxygen may contribute to SCC in high temperature
water (>200°C)

- One remedy is overpressuring with hydrogen to
recombine with oxygen

® |ASCC

- Some stainless steels suffer radiation-induced segregation
and sensitization

- Low carbon ("L") grade material does not mitigate problem

- Aggravated by higher neutron fluxes, higher coolant
conductivities, and the presence of dissolved oxygen in
high temperature (> 200°C) water

ORNL DWG 962-3285

Summary

o ro——— o

Major compatibility issues have been identified and
R&D tasks structured to address them

® What is max T/AT for satisfactory containment of Hg
target by type 316 SS & other potential materials?

- How affected by spallation transmutation products in
Hg, or container material compositional changes to
mitigate radiation damage, etc.?

® If wetting promoters/corrosion inhibitors are needed
— What concentrations are required?

— How difficult to control?

— How affected by spallation transmutation products,
wall sputtering, etc.?

® |s LME/HE a factor?
= If yes, under what conditions?

® How are any of the above affected by radiation or
other synergisms?
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STRESS (MPa)

ORNL-DWG 892-8929A

A STRESS IN A TIGHTENED BOLT IS
RELIEVED BY IRRADIATION CREEP

DOSE (dpa)

IRRADIATION CREEP DOMINATES OVER

CREEP RATE (H")

THERMAL CREEP BELOW 500°C

TEMPERATURE (°C)
600 550 500 450 400

1072
APPLIED STRESS 100 MPa
—Cue |RRADIATION CREEP
DAMAGE RATE 11 X 106 dpa s
10-3 B - e = THERMAL CREEP _
\
\ AISI 321
10741\ STAINLESS STEEL -
\ |, 60% COLD-WORKED
101
10

11 12 13 14 15
RECIPROCAL TEMPERATURE(K'x 104)
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ORNL DWG 962-3252

Embrittilement In fcc Alloys

N Fluence
IMPORTANCE OF CREEP

Engineered stress distributions
quickly removed

» Engineered shapes and dimensions
grossly unstable

* May be beneficial in relaxing
stresses caused by differential
swelling

6-7




ORNL DWG 962-3253

Embrittiement In bec Alloys

Energy

Unirradiated
Irradiated

:I/lil |';>l..|._

Temperature

IMPORTANCE OF
EMBRITTLEMENT

» Potential for gross failure of
‘engineering structures

* Possible crack formation and loss
of vacuum or coolant integrity

* May necessitate early replacement
of components to avoid failures

6-8



ORNL-DWG 91Z-14711

DISPLACEMENTS

#

AVAILABLE POINT DEFECTS

#

DIFFUSION OF VACANCIES AND INTERSTITIALS

\

FORMATION OF ABSORPTION AT BULK
EXTENDED DEFECTS EXISTING SINKS RECOMBINATION

IN AT AT IN
MATRIX /SINKS TRAPS\ MATRIX
CONDENSATION RECOMBINATION
/AT SINKS AT SINKS
Y Y
DAMAGE DAMAGE IS
ACCUMULATES ANNIHILATED
HARDENING, NO CHANGES
SWELLING, IN PROPERTIES
GROWTH,
CREEP,

SOLUTE REDISTRIBUTION 6-9
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EVOLUTION OF MICROSTRUCTURE UNDERLIES
CHANGES IN MACROSCOPIC PROPERTIES

CAVITIES

DISLOCATIONS } ) swene

PRECIPITATES

DISLOCATIONS } ‘ CREEP
~ .

DISLOCATION LOOPS

PRECIPITATES
VACANCY CLUSTERS

INTERSTITIAL CLUSTERS ) cvrrnevenr
POINT DEFECT-SOLUTE CLUSTERS |

DISLOCATION LOOPS
GAS BUBBLES y,

DIMENSIONAL AND
MECHANICAL PROPERTY
CHANGES CAUSED
BY DISPLACEMENT
OF ATOMS

* The unit of displacement dose is
the displacement per atom (dpa)

* One dpa is the dose at which, on
average, each atom has been
displaced from its lattice position
once

» Example: Highest fast flux
reactors produce ~10-6 dpals

* In the most demanding
applications, structural materials
will see displacement doses up to
100 dpa

6-11




ORSNS WILL
BE MUCH DIFFERENT
FROM FISSION AND FUSION

» Extremely high particie energies
» Combined protons and neutrons

* High helium and hydrogen
production rates

»SNS 200 appm He/dpa
» Fusion 10 ~ "
» Fast Fission

0-2 ” "

* Production of wide range of solid
impurities

* Puised beam delivery schedule
» Pulsed radiation damage
» Pulsed pressure waves

(x 10%)

ORNL DWG 962-3280

Displacement Damage (dpa)

0 25 50 75 100
20 | B | |
16 |- Spallation —___
£
& 12 |-
=
58
s | AT
4= 7 e _ Fission\
...... Fusion
0 W 1 ; s | \
0 1 2 3 4 5

Fluence (10°'m™®)
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109
HC

ORSNS MERCURY TARGET
DAMAGE CONSIDERATIONS

. Damage and gas production depends
upon location on wall--expected to be
higher at other points

.+ He production cross-section is a
factor of 3 to 4 lower than experiment
(Green, et al.) for Fe, using HETC

* Recent calculations for 750 MeV
protons on Fe give similar (3 to 4)
discrepancies using HETC or LAHET

. Howto compare with experimental
data for H? '

. Two step reaction with thermal n's
may add significantly more He
> ®Ni(n,y)*Ni(n,x)*Fe

Hg TARGET WITH Be BLANKET,
SS CONTAINER FRONT SURFACE

SNS SPECTRUM

___———‘—'I:l
U#* FISSION SPECTRUM

1-910-810-710-610-510 410 310 210 1700 101 107 10*
‘ FHERG e (M)
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DISPLACEMENT CROSS SECTION FOR TUNGSTEN AND INCONEL
718 AS A FUNCTION OF NEUTRON ENERGY, ASSUMING THRESHOL
DISPLACEMENT ENERGIES OF 90 AND 40 eV, RESPECTIVELY.
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1E-5

1E-6

| IIIlllII ._..L..J._I_lu.lll

1E-7

1E-8

Ll —rtnal
)

1E-9

DISPLACEMENT PRODUCTION RATE DUE TO
NEUTRONS WITH ENERGY < E (dpals)

®

1E-10 T ;

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3
E, NEUTRON ENERGY (MeV)

Displacement production rate versus neutron energy

for 316 stainiess steel (Fe - 18 wt% Cr - 10 wt% Ni).

Files: c:\graf4win\ss\sskdspi4.grf, c:\graf4win\ss\sskdsp!4.dat,
and c:\excelS\ss\sskdsp&l.xis, Sheet 7.

OUTLOOK FOR MATERIALS
IRRADIATION BEHAVIOR

» Spallation Neutron Source irradiation
conditions are unusual in terms of
previous experience

* Performance data in more
conventional environments ranges
from extensive (stainless steels,
aluminum alloys) to meager (tungsten,
tantaium, .. .)

* Performance data in SNS environments
ranges from sparse to non-existent

6-16



HELIUM EXACERBATES
RADIATION DAMAGE
IN MATERIAL

e Triggers swelling
e Changes precipitation

« Causes or aggravates grain
boundary embrittlement

¢ Increases hardening that may lead
to loss of ductility

6-17
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MATERIALS ISSUES
FOR ORSNS TARGET

* Avoid component failures

* Achieve satisfactory lifetimes
» Select and qualify materials

» Obtain informed lifetime estimates

'COMPONENTS
CONSIDERED

» Target/coolant container

» Target elements and target cladding
 Beam windows

* Support structures/plumbing

* Moderator containers

 Beam tubes

e Materials irradiation facility

6-19
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MATERIALS OF INTEREST
FOR TARGETS, WINDOWS,
STRUCTURAL MATERIALS

» Stainless steels

 Ferritic martensitic steels

* Tantalum

 High nickel alloys (Inconel 718)
* Tungsten

e Aluminum alloys

e Zirconium alloys

e Beryllium

MATERIALS-RELATED
ISSUES FOR THE
CONTAINER

* Radiation damage
» Compatibility
* Pressure pulse
» Single pulse damage

T Fatigue

6-20
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Radiation Hardening in ‘Austenitic Stainless Steel
is Accompanied by Significant Changes in the
Stress-Strain Relatlonshlps

1000 e e e T Tt et r e[ Ly Ty
T - 330°C -
s i YS=848 MPa, STN=0.3% ]

- 800 -
T & SRR s
= 600 L) ! /\\ .
n - ' -
(@) [ o
£ 400 200°C - 60°C h
s | YS=758 MPa  YS5-690 MPa
()] i STN=13.6% STN=30.4% -
£ 40 °C —io.uie I
(@) 200 J316 SA ]
L STN =5. 1% strain rate=0., 0004/s

0 0.05 01 0.15 02 025 0.3 035 0.4
Engineering Strain, mm/mm
* For T<200°C: yield drop, low work hardening rates, high total
elongation, ductile failure mode
* For T=330°C: yield drop, no work hardening, rapid failure with STN <
1%, ductile failure mode .

Damage-Temperature Map Can Be Used
to Define the Regime of Low Ductility

40 1 ' 'é LA AL I AL LA DAL AL AL AL RS R L L L R L .l

35 | . e STN<1% .
g o | & 1<STN=<b%
T 30 16 overlapping ° _STN >_SA’
g o5 | points (STN<1%)
8w} |
S 15 e ]
e X A
jom | !
L 10F fop1°'3;'>2 I ° o

5F / |
i . B0
0' , A — ) , T

0 100 200 300 400 500 600
Irradiation and Test Temperature, °C

e STN>5%: ASME code rules apply

* 1%<STN<5%: "semi-brittle" ,

* STN<1%: "brittle” (zero strain hardening capacity)
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Tensile Properties of Annealed 316 Austenitic Steels,
Neutron-Irradiated and Tested at <100°C

Neutron Fluence (n * m?, E>1MeV)

1000 —rrrmoitron Fluenc: , ey 100
1 021 1 022 1 023 1 024 1 025 1 026

. 800 w ¥ |80
4] u ~
o o w ¢ s c
2 600 A 60 .S

;u y')b V ..(-6
2 400 v Wu 40 §
9 e » m
firaer) w th
P 200 | E? ST -

i
0 TP BTN DI ERPIRYIT EEPEUTITH ISR S | v B §
0.00010.001 0.01 0.1 1 10 100
dpa

AFTER MODERATE IRRADIATION DOSE, DBTT
SHIFTS IN FERRITIC STEELS CAN BE LARGE

ORXL=DNT 93~88213

20 1 [} L i i 1 1 ] ) 1
18 -
® 2.25Crv & SCr-2WwV
8 2.25Cr-1WY ® 9Cr-2wWV
16 |~ A 2.25Cr-2W » SCr-2WVTo -
v 2.25Cr-2WV < 12Cr-2WV
14 — —
3 12 - —
& 10
ad —
ot [ ]
w
=
& 8l
6 -
4
2
o

S200 -1S0 -100 -50 0 50 100 150 200 250 300 350 400
TEMPERATURE (°C)
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ENERGY (V)

UNIRRADIATED

[ EE 7 dpa AT 365°C
16 |- A——— 17 dpa AT 365°C
) v 23 dpa AT 365°C

141~ 9Cr-2WVTa SHOWS LITTLE DBTT SHIFT AFTER
MODERATE DOSE FOR LOW He LEVELS
‘ °

0
-200 -150 -100 -50 0 50 100 150 200 250
TEMPERATURE (°C)

Helium Effects are Studied by Irradiation in HFIR

* Irradiation of nickel-containing steels in HFIR produces
helium by two-step reaction of 58Ni with thermal neutrons in
mixed spectrum of HFIR

¢ 9Cr-1MoVNDb contains =0.1% Ni; 12Cr-1MoVW contains
=0.5% Ni

* 9Cr-1MoVNDb and 12Cr-1MoVW with 2% Ni were also
irradiated (2% Ni gives He:dpa ratio comparable to tokamak)

* |rradiation in HFIR has little effect on tensile behavior relative
to irradiation in a fast reactor where little helium is produced

* A larger effect on Charpy impact behavior has been observed
on steels |rrad|ated in HFIR than in a fast reactor (FFTF and
EBR-II)

. TheI Fc‘affect has been attributed to the helium generated in
HF

6-24
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ORNLDWG 90Z-14440A
'

9Cr-1MoVNb STEEL IRRADIATED IN HFIR

40 . T T T
» NORMALIZED AND TEMPERED
v 37-42 dpa, 400 °C, HFIR
30 |- .
5 A
>
9 20 A .
w
z
1]
10 | -
0 = : ! L
-200 -100 0 100 200 300

TEMPERATURE (°C)

® SHIFT IN DBTT: 204°C AT 400°C IN HFIR
® SHIFT IS MUCH LARGER THAN IN EBR-IlI

® SHIFT FOR 9Cr-1MoVNb-2Ni WAS 348°C

ORNL-DWG 90Z-9764

SHIFT IN DBTT IN EBR-Il AND HFIR FOR 9Cr-1MoVNb STEEL

210
200 -
190 -]
180 -
170 -
160
150
140
130 -
120
110 -
100 -
S0 -
80 -
70
60 -
50 -
40 -
30
20 -
10 -

o -

SHIFT IN DBTT (°C)

TEMPERATURE 40 dpa
EBR-H 390°C 35 appm He
HFIR 400°C

EBR-lI EBR-Ii HFIR

@ SATURATION OF SHIFT IN DBTT OBSERVED IN SPECIMENS IRRADIATED IN FAST REACTOR
(EBR-II), WHERE LITTLE HELIUM IS PRODUCED

@ SATURATION VALUE OBSERVED IN FAST REACTOR IRRADIATION DOES NOT APPLY TO STEEL
IRRADIATED IN HFIR, WHERE HIGH CONCENTRATIONS OF HELIUM ARE PRODUCED

@ CONCLUSION IS THAT DIFFERENCE BETWEEN SPECIMENS IRRADIATED IN HFIR AND EBR- Il
IS CAUSED BY HELIUM
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GOALS

Extend our extensive-database yet
limited-environment experience in
radiation effects to spallation
conditions

Systematic irradiations in fission
reactors for materials and irradiation
conditions relevant to SNS

Tie-point irradiations in high energy
accelerators

Special multiple-ion irradiations to
assess high dose, high-hydrogen
and irradiation cycling effects

NEW ENVIRONMENTS LEAD
TO NEW RADIATION
EFFECTS
Environment Date Discovery

Fast neutrons 1950's Irradiation
creep

Fast neutrons 1960's Swelling

Fast neutrons 1970's Changes in
phase stability

High He 1950's-  Embrittlement

transmutation 1970's

rate

Fast neutrons, 1980's "Transient”
interstitial
creep

Pulsed 1980's Changes in

irradiation microstructure,
phase stability,
swelling

Hard-{ fields 1990's Embrittlement

Ultra-high ??

transmutation

rates

Large (GeV)span ??
in neutron
energies
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Thermal Hydraulics of Heavy Liquid Metals
Schruns, Austria
March 25-28, 1996

Martensitic/ferritic Steels as Container Materials
for Liquid Mercury Target of ESS

Yong Dai

Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

ABSTRACT

In the previous report [1], the suitability of steels as the ESS liquid mercury target container
material was discussed on the basis of the existing database on conventional austenitic and
martensitic/ferritic steels, especially on their representatives, solution annealed 316 stainless
steel (SA 316) and Sandvik HT-9 martensitic steel (HT-9). Compared to solution annealed
austenitic stainless steels, martensitic/ferritic steels have superior properties in terms of
strength, thermal conductivity, thermal expansion, mercury corrosion resistance, void swelling
and irradiation creep resistance. The main limitation for conventional martensitic/ ferritic steels
(CMFS) is embrittlement after low temperature (<380°C) irradiation. The ductile-brittle
transition temperature (DBTT) can increase as much as 250 to 300°C and the upper-shelf
energy (USE), at the same time, reduce more than 50%. This makes the application
temperature range of CMFS is likely between 300°C to 500°C. For the present target design
concept, the temperature at the container will be likely controlled in a temperature range
between 180°C to 330°C [2]. Hence, CMFS seem to be difficult to apply. However, solution
annealed austenitic stainless steels are also difficult to apply as the maximum stress level at the
container will be higher than the design stress [1,3,4]. The solution to the problem is very likely
to use advanced low-activation martensitic/ferritic steels (LAMS) developed by the fusion
materials community though the present database on the materials is still very limited.

LAMS are considered tentative candidate materials for the first wall of future fusion reactors.
R&D of LAMS have been emphasized since the late 1980s. LAMS have similar physical
properties (e.g. thermal conductivity and thermal expansion) and strength as compared to
CMEFS. The mercury corrosion resistance of them are expected to be the same as or even
better than those of CMFS as there is no Ni content in LAMS.

The main advantages of LAMS are that, firstly, the long-term residual radioactivity of CMFS
after irradiation will be reduced, and secondly, LAMS have much better fracture properties in
terms of lower DBTT and higher USE for unirradiated materials and, more important, less
changes in DBTT, USE and fracture toughness after irradiation at low tempertures. The
degradation in ductility and fracture toughness after irradiation are also less than those of
CMFS. LAMS are, therefore, considered as the most feasible materials for the ESS mercury
target container. 6-27



Howevér, the definitive conclusion can be made only till a number of important issues being
clarified. Firstly, irradiation effects produced by high energy proton irradiation. As the limited
existing results on steels after high energy proton irradiation are at low doses, <~1 dpa, the
results at high doses are needed. These results will be also useful for understanding helium
embrittlement effects because high energy protons produce much more helium than neutrons in
steels, especially in martensitic/ferritic steels. Secondly, mercury corrosion in steels at low
temperatures (<~350°C) is little known though the corrosion rate is expected to be smaller or
even much smaller than that at higher temperatures. The key issues such as stress corrosion
cracking and irradiation assisted stress corrosion cracking of the material should be well
understood before the material is chosen for the container. Finally, the distribution of stress
and temperature at the beam window and other parts of the container should be known.

Above needs will be achieved partly in near future. Two PSI windows of martensitic steel DIN
1.4926 (similar to HT-9) irradiated in LAMPF to a peak dose of ~9 dpa and one 304 stainless
steel window from ISIS Ta target of similar dose will be studied in KFA Jiilich this year.
Corrosion and stress corrosion cracking tests have been started in stationary mercury in PSI.
Tests in mercury loops will be also performed this year. In long term, several kinds of
austenitic and martensitic/ferritic steels, including some LAMS, will be irradiated in Los
Alamos National Laboratory to a peak dose of about 20 dpa. The results should be obtainable
in three or four years. Irradiation assisted stress corrosion cracking tests will be also planed.

6-28



PART-I INTRODUCTION

Mechanical and Radiation Loads at the Beam Entry

Mechanical load:

e Hgflow

¢  Temperature gradient
] Stress wave

Radiation load (calculated by using HETC code):

For an Fe base alloy container
¢ The irradiation damage:
~ 0.15 dpa/day by p*
~ 0.3 dpa/day by (p* + n)

® The transmutation elements produced by p*:
~ 1400 appm H/dpa = 210 appm H/day
~ 300 appm He/dpa = 45 appm He/day

Desirable properties of materials for Hg Target Container

High heat load capability
¢ High thermal conductivity
e Low thermal expansion

Mechanical properties

e High tensile and creep strength

¢ Adequate ductility and fracture toughness
e Resistance to fatigue crack growth

High resistance to radiation effects
¢ Low swelling and irradiation creep
* Minimal losses in ductility, impact properties and fatigue lifetime

High resistance to Hg corrosion

Materials considered

e Martensitic/ferritic steels:
Conventional steels:
HT-9, 9Cr-1Mo, MANET and EM10.
Low-activation steels:
9Cr-2W, Optimax, Optifer, F82H, JLF

¢ Solution annealed 316 type austenitic stainless steel (SA 316)

6-29



Chemical compositions of some CMFS, LAMS and 316 stain_less steel

Steel Cc Ni Mn Mo W Nb Ta V C Si Fe
"HT-9 120 050 050 100 050 - - 033 002 040 bal
MANET |108 092 07 077 - 016 - 020 014 037 ba
OCr-IMoVNb | 861 009 037 090 - 007 - 021 008 011 ba
EM10 876 018 048 105 - - - - 010 037 ba
F82H 765 - 050 - 20 - 004 018 009 009 bal
JLF-1 90 - 050 - 20 - 007 02 010 005 bal
9Cr2WVTa |872 - 043 - 209 - 007 023 010 023 bal
Optimax | 924 - 056 009 09 - 008 024 009 002 bal
Optifer 93 - 05 - 09 - 007 026 0.10 006 bal
AISI316 |173 137 164 226 - - - - 005 056 ba

PART-II COMPARISON BETWEEN AUSTENITIC

STAINLESS STEELS AND CONVENTIONAL
MARTENSITIC / FERRITIC STEELS

Thermal conductivity and expansion:

HT-9- AISI 316
Thermal conductivity: 24 W m'K' 16 Wm'K
Thermal expansion coef.: 1.1x10° K 1.6x10° K
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Yield and tensile strengths of unirradiated HT-9 and SA 316

1m0 T Y T T T i T ¥ T T T T T
800 L UTS of HT-9
| "'-.J/ YS of HT-9
] ;/' Tt
2 | ......o....... .Q
M ] Q
B 400} UTS of SA 316 .
()]
%) - \ YS of SA 316
200 |- /
0 1 i [

I ] 4 1 " 1 L 1 I 1
0 100 200 300 400 500 600
Temperature ( °C)

Swelling in HT-9, AIST 316 and D9

35
Irradiation Temperature = 400-500°C
o]
30 |- A
e
¢ L4
L4
25 — “~-~ I'
- ' d
316 SS Se~eel L . v
S~
20 |- . Tees
V 4
(%) /' v
\') 18 +— I’
4
L4
4
4
10 - Do -
s p—r
HT9
0
0 6 12 18 24 30 36

Fluence (1022 nfcm?, E>0.1 MeV)
*Irradiation performed in EBR-II [5]
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Irradiation creep in HT-9, AISI 316 and D9

g

[=)
8

0.01

Creep Strain / Hoop Stress, % / MPa

0 50 100 150 200 250
Displacemer -

Normalized creep strain in HT-9, AISI 316 and D9. Data from [6-8]

Irradiation effects on tensile properties of HT-9

1500 T ' T T T T 1 ' T u 15
1 HT -9 irradiated and tegted at 25°C
e} R Yield gtress O Ultimate stress
& Uniform elongaton O  Total elongation -
© 1000 |- B 1] | ‘ 10 o\o
% y -
*
- H .S
“"’, | . o o ‘o) | <
(V) ! (=)
5 500 + o © 45 g
- |
©
o) (o]
LA . . e ]
of d 4o
(] 1 1 2 1 i 1 i (] 2
0 5 10 15 20 25

Displacements per Atom
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Irradiation effects on the fracture toughness of HT-9
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Irradiation effects on the DBTT of some CMFS
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Helium effects on DBTT in 9Cr-1MoVNDb
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Hydrogen effects in DIN 1.4914
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Mercury corrosion in different steels
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PART-III IRRADIATION EFFECTS IN LOW-ACTIVATION
MARTENSITIC/FERRITIC STEELS
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Irradiation effects on tensile properties
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Irradiation effects on impact properties in 9Cr-2WVTa and HT-9
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Charpy impact curves for 1/3 size HT-9 and 9Cr-2WVTa specimens after irradiation at 365°C
in FFTF [16,17]. Note the low DBTT and high USE in unirradiated 9Cr-2WVTa and much
less changes in DBTT and USE after fast neutron irradiation.

Irradiation effects on fracture toughness in F§2H and HT-9

4 M H b { b | b 1
: Unirr. Irr.
—0—HT-9 —R—HT-9
—O—F82H —e— F82H

£
8

)
3

Toughness K, (MPa m"?)
- N
8 8

0 50 100 150 200 250 300
Test Temperature (°C)

Fracture toughness in HT-9 and F82H before and after irradiation at 250°C to 3 dpa in HFIR
[18]. 6-37



Irradiation creep in LAMS and CMFS
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Summary:

With improved fracture properties, advanced low-activation martensitic/
ferritic steels are considered as the most feasible materials for the ESS
mercury target container.

Conventional martensitic/ferritic steels can be applied in a range from about
300°C to 500°C with relatively high stress, and solution annealed austenitic
stainless steels can be applied in a range of temperature up to about 350°C
but at low stress levels.
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Pressure waves in liquid mercury target from pulsed heat loads and the possible way
controlling their effects
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1. Abstract

In ESS project liquid metals are selected as the main target materials for the pulsed spallation
neutron source. Since the very high instantaneous energy is deposed on the heavy molten
target in a very short period time, pressure waves are generated. They travel through the liquid
and cause high stress in the container. Also, additional stress should be considered in the wall
which is the result of direct heating of the target window. These dynamic processes were
simulated with computational codes with the static response being analized first. The total
resulting dynamic wall stress has been found to have exceeded the design stress for the selected
container material. Adding a small amount of gas bubbles in the liquid could be a possible way
to reduce the pressure waves.

2. Introduction

The selection of a liquid metal target is based on convective heat removal from reaction zone
and good production of neutron ([1]). Fig. 1 shows a conceptural design of ESS liquid target
in pulsed spallation sources. The proton beam with very high power (100 KkJ per pulse) is
injected into the target during a very short period time at a high repetition rate (1 ps at 50 Hz).
About 56% of the beam energy are deposited in the target material and converted into heat,
which causes a sudden temperature increase and a rapid local pressure rise. The effects of
pressure waves on the structural integrity of the container have become the main problem from
the design point of view.

3. Simulation model (PSI-code)

As shown in Fig. 2, during the very short pulse period, the thermal expansion is strongly
prevented by the surrounding materials, as a result, the local pressure in the isochorically
heated liquid goes up rapidly. This pressure is the cause of acceleration of the surrounding
material whose velocity is obtained via an integration over time. The motion of this material
will reduce the pressure, giving rise to feedback between the volume elements in the target.
The pressure wave will thus propagate through the compressible material with the velocity of
sound. It passes through the non-heated zones of the target and reaches the wall where it
causes mechanical stress. Due to the elastic properties of the wall it will be reflected back into
the material in the liquid and the pressure waves could be either increased or decreased as the
results of superposition with the reflected waves.

The detailed modeling of this dynamic process has been reported in reference [2]. The
governing equations of the simulation are conservation of mass and energy and the equation of
motion. The pressure rise is derived to be:

Ap=K {c/c,} AV/IV, (€))
where

K=V, {dp/aV}1
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is the isothermal bulk modulus of the liquid and AV is the volume change during the pressure
wave propagation. Because of the tensile strength of the wall, the pressure gives rise to
stresses in the wall material which are the sum of the direct pressure load on a surface element
and stresses due to the influence of neighbouring elements. The bending stress is calculated in
analogy to the case of a beam with two fixed ends under lateral displacement.

In the container wall, especially on the window top centre of the target, an additional stress
wave is created through the direct heating of the beam. Also, this dynamic response could be
calculated using above model with the Youngs’ modulus and the poisson-ratio of the container
materials.

The total wall stress is therefore the sum of these two parts: one from the pressure wave in the
liquid and another from the stress wave through direct heating. The simulation code (PSI-
code) uses finite difference method and gives many possibilities of the boundary conditions and
terget geometries.

4. Dynamic response of the pressure waves in the mercury target

As an illustrative example, here we show the simulation results of a cylindrical target with an
elastic dome-shaped window, in which mercury is the target material. The cylinder has a inside
diameter of 200mm, a height of 620mm and the wall thickness of 3mm. The beam power
distribution is taken essentially as an exponential along the beam axis (or the depth of the
target) and as a parabolic in the radial direction of a beamn diameter of 110mm.

Fig 3 shows the dynamic stress distribution from the dome window to the cylindrical wall for
three different time points after the pulse. In the dome window area there are.some
complicated vibrations with high peak stresses (about 480 MPa at t=55us !). These
instataneous stresses can also be found in Figs.4 and 5. Fig. 4 shows the stress distribution as a
function of time at different depths. In contrast to the curve I=3, which presents the immediate
response of the pressure waves, curves I=16 and I=31 indicate a reaction delaying of ca. 20ys.
That means, it takes 20us for the pressure wave to reach the wall, and the pressure rise is
moderated through the non-heated zone of liquid. Therefore the stresses in cylinder wall are
smaller then that in the dome window. All results show clearly that the peak stresses have
already exceeded the design stress of about 200 MPa for the selected container material !

5. Effects of gas bubble on the pressure waves

According to equation (1) the pressure rise in the liquid is directly proportional to the bulk
modulus K. Considering the fact that gases can be compressed more easily than solids or
liquids, we may expect that a small volume of gas bubble & can be continuously injected into
the region where the interaction between the liquid and proton beam takes place. The modulus
of elasiticity for the mixture can be derived as:

Kuix = { 1/K + &/(np) [po/p]""}"

which is a function of the bulk modulus of the liquid K, the volume fraction of gas bubble &,
the initial and instantaneous pressures (po and p), and the gas exponent n. Since K is usually
very large (for mercury K=2.77*¥10" [N/m?]), the high pressure level could be moderated even
for very small values of €. Figs. 6 and 7 give stress response after adding a volume of 3%
helium gas bubbles and the results are much better. The stress level on the wall has droped
almost by two orders of magnitude, and the resulting stress is far below the design criterion
especially in the dome area. The stress rise along the depth is caused by the hydrostatlc
pressure and for the optimum volume of gas further investigation is needed.

7-2
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6. Dynamic response of the target window

Only the dome-shaped target window has been calculated since it is the main affected area by
the direct heating. For the same reason the most interesting point is the top centre of the
window. The structural response has been simulated using both the PSI-code and a commercial
code named ANSYS, the latter is a finite element general purpose code capable of performing
analyses where nonlinear and large displacement effects are involved. A good agreement of the
results from both codes has been found.

Because of the symmetry of geometry and power distribution, a quasi three dimensional
ANSYS-element (PLANE 42) was used. The static thermal stress was analized first. Fig. 8
shows the hoop stress at the dome centre area (window 1 in isolines) and the displacement
(window 2, where the displacement changes were enlarged 499 times) in which the dashed
lines presents original and the solid lines the changed structure. It can be seen that hoop stress
in the outside surface is tensile and in the inside compressive.

The dynamic analysis was done using Newmark time integration method and the results are
shown in spherical coordinate system. Fig. 9 gives the radial stress and hoop stress at the top
centre of the dome as a function of time. The radial stress is in this situation predominant and it
reaches a maximum of about 78 MPa. The radial stress distributions at two time points (,,1* for
t=1.5us and ,,2* for t=2us) can be seen in Fig. 10, which indicate tensile stresses at t=1.5ps
and compressive stress at t=2|s in the middle line. The resuits indicate a maximum hoop stress
of 39% of the design stress.

7. Conclusions

Through the simulation studies of the structure response of the target we may conclude that
the container wall endure two parts of stresses, one is the dynamic stress due to pressure
waves in the liquid and the other is the thermal stress through direct heating. In our case, the
maximum thermal stress reaches 39% of the design criterion, but the wall stresses due to the
pressure waves are much higher and could be very serious for the container design. Adding a
small volume fraction of helium gas bubble could reduce pressure level of about two orders of
magnitude.
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stress distribution on the wall
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n Modeling / Anal f Thermal-Shock Effects in SNS Targets*
by

R. P. Taleyarkhan & J. Haines
Oak Ridge National Laboratory

In a spallation neutron source (SNS), extremely rapid energy pulses are introduced in target materials such as mercury, lead,
tungsten, uranium, etc. Shock phenomena in such systems may possibly lead to structural material damage beyond the
design basis. As expected, the progression of shock waves and interaction with surrounding materials for liquid targets can
be quite different from that in solid targets.

The purpose of this paper is to describe ORNL’s modeling framework for “INTEGRATED” assessment of thermal-shock
issues in liquid and solid target designs. This modeling framework is being developed based upon expertise developed from
past reactor safety studies, especially those related to the Advanced Neutron Source (ANS) Project. Unlike previous
separate-effects modeling approaches employed (for evaluating target behavior when subjected to thermal shocks), the
present approach treats the overall problem in a coupled manner using state-of-the-art equations of state for materials of
interest (viz., mercury, tungsten and uranium). That is, the modeling framewark simulataneously accounts for localized (and
distributed) compression pressure pulse generation due to transient heat deposition, the transport of this shock wave
outwards, interaction with surrounding boundaries, feedback to mercury from structures, multi-dimensional reflection
patterns & stress induced (possible) breakup or fracture.

A preliminary model has already been developed to assess and gage the temporal and spatial phenomena arising in typical
SNS target disks (made with tungsten or uranium) for a 5-MW SNS facility. Preliminary analysis of results indicate that
central regions in the energy deposition zone quickly rise in temperature to about 800 K (in tune with adiabatic heatup, and
will remain there, as expected, because the thermal transit time is so much larger than the microsecond pulse duration).
Extremely large compression and tensile pressure pulses were noted to be developed (in the GPa range) that vary spatially
and temporally. The preliminary analysis did not include modeling of material fracture. However, it was noted that the
initial compression wave is followed by the target material (in some sections) going into significant tension, which, in some
cases may go beyond the ultimate tensile stress. This would indicate a significant propensity for material breakup either from
fracture or ductile tearing in selected locations.

Modeling and analyses have also begun for liquid mercury targets. Insightful, but simple experiments are also being planncd
for validation studies. This work includes investigation of shock wave absorption from gases introduced which could provide
for significant mitigation potential. Results obtained from on-going studies for liquid and solid target designs for the ORSNS
are presented at the SNS Workshop for stimulating discussions and intellectual partnership development with efforts
elsewhere.

(*) - Prepared by the Oak Ridge National Laboratory, Oak Ridge, TN 37831 operated by Lockheed Martin Energy
Research Corp., for the U.S. Department of Energy under contract DE-ACO5-960R226-4
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PRESENTATION WILL HIGHLIGHT

o OVERVIEW OF RELATED WORK FOR RESEARCH REACTORS

o RESULTS OF ASSESSMENTS FOR 5-MW SNS SOLID TARGETS

~ Uranium
- Tungsten

o CURRENT WORK FOR MERCURY TARGETS

- Model development for “INTEGRAL” simulations of thermal shock

- “PRELIMINARY / DRAFT” analyses & results
- Uncertainties and need for focussed experimentation

- Focussed R&D

Ol Rk HNrbnd Ladevaary . G B Codgparlioe $¢ f Hrtoas Y

EXTREMELY-RAPID STRAIN-RATES CAN
READILY:LEAD TO-MATERIAL BREAKUP

o IMPACT DYNAMICS

- Karate chop
- Hyper-velocity impact of missiles against targets

o RAPID HEATUP-INDUCED BREAKUP (Single shock or fatigue-induced)

- Past analysis of rapid heatup transients of thin research reactor U-Al plates

** TREAT experiments
** ORNL-JAERI collaborative experiments in NSRR facility (via ANS Project)

o RELATED PROJECTS HAVE HELPED TO DEVELOP IN-HOUSE EXPERTISE

- Steam explosion dynamics in HFIR and ANS (incl. fluid-structure interactions)
( in conjunction with failure envelope development)
- = Hydrogen detonation in containments (and fluid-structure interactions)

- Explosively formed projectiles

Ok ik Hatind Lborairy + R Clgparthan b f S, Y56

7-11



PARALLELS CAN BE DRAWN WITH REACTORS

Parameter Reactors Liquid SNS Targets
Fluid within Structural
Boundary Yes Yes
Cause of pressure Melt dispersion High energy beam
rise and steam formation heats up Hg, Pb,Steel, etc.
“ Time span of energy milliseconds ) microseconds
deposition
Concerns Gross failure of structures,  Structural damage
and containment integrity’
threats :
Primary Issues Safety Design / Operation

Ok Riky Hetiomd Lbvrtery - R R Cdeporiian 8¢ ] ooy Y

Relevant Past Assessments &
Insights Derived

0 As can be noted, except for mode of energy deposition
and time-scale of events the technical challenges to be
faced for assessing steam explosions and thermal-shock
phenomena in SNS targets remains the same

0 Our past work has demonstrated the importance of conducting
“INTEGRAL” evaluations which couple shock transport
phenomena in the liquid with feedback & multi-material
motion and response of restraining structures

- Important effects related to shock dissipation, amplification,focussing, and multi-
dimensional material response features may be entirely overlooked if decoupled

- We plan to conduct “INTEGRAL” assessments for ORSNS

Ok il Niotemd Rdorry - R B Cokparblan ¢ F oty YN
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Some Examples & Results

0 Research Reactor Safety Studies (ANS, HFIR at ORNL)

- Vapor explosions from hypothetical explosive interactions
of molten fuel-water in the core region of the ANS reactor

- Detailed models were developed for multi-dimensional
representation of shock generation, transport and interactions
with surrounding structures & development of failure curves

0 Sample results of assessments of steam explosion event in
HFIR (due to postulated flow-blockage-induced fuel melt)

- 50 MJ of thermal energy deposited in core region of reactor over 1 ms
- Note: -Large deformations of downcomer tube and pressure contours in system

-CTH code system utilized for this study

Ok Rl Hurnd Roborary - R R Cpabian ¢ o] St /%

HFIR EXPLOSION STUDIES MODEL
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PRELIMINARY ANALYSIS FOR 5 MW-SNS

. Tungsten or Uranium Metal disk

i A
Central Region

(energy ins@‘
. ¢ 20 mm

Im

10mm

Pulse Shape Pulse energy = 2 kJ

1 mic.sec.
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2-D AXISYMMETRIC CTH MODEL

: WATER
- DISK MATERIAL I 5mm

/ WATER
Energy
Deposition
Zone -

10mm 40 mm Smm
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TRACER POINTS
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PRELIMINARY MODELING FOR ORSNS

MODELING IS BEING DONE IN STAGES

- Start with simple geometry (cylinder with hemispherical dome filled with
mercury) ) E ]
- Use existing equation-of-statc (Mic-Gruniesen form) for Hg
- Evaluate impacts of:
- Time scale of energy deposition .
- Energy deposition magnitude and spatial distribution (Hg & Steel)
- Pressure boundary material form and thickness
- Central flow-separators / baffles in Hg
- Use insights and R&D results to develop 3-D design modeling framework

DEVELOP UNDERSTANDING FOR:

- Magnitude of thermal-shock issues for ORSNS
- Suitability of current design tools and EOS for application to ORSNS design
- Need for mitigative measures & focussed R&D plan development

Ot Rl Httand Lbvreary - . R Cgarbian &< of Sty 3%

“PRELIMINARY” MODEL

Notes:

S0mm m / 5 mm steel shell

/ Merccury (100 C)
| ]
0.65m
Vacuum (Outside)
-
0lm

1) Volumetric Energy Deposition Magnitude = 1.34 kJ / kg ** presently only in Hg
2) Time span of Energy Deposition = 0.58 mic.sec.

3) Mie-Gruniesen EOS for Hg; ANEOS for steel

4) Perfect wettability assumed

**+* | imitations of use of Mie-Gruniesen EOS form should be (and have been) recognized ***

Ol Ridy Hattnd Lbovetery - T Cbporihn I o) Hostons YN
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KEY POINTERS & CHECKS

0 SANITY CHECKS FOR 1.34 kJ/kg ENERGY DEPOSITION

= Expected Temperature Rise =~ 7 K

-- Expected Compression Pressure Rise ~ 35 M
-- Static Hoop Stress Buildup = ~ 35 x 50 mm / 5 mm =350 Ml’
-- Equivalent Strain Displacement Computations:

Elastic Modulus ~ 200 GPa

Strain for 350 MPa ~ 300 MPa /200 GPa ~ 0.15%
Lateral Displacement ~ .0015 x 50 mm = .075 mm
Yield Stress at 100 C ~220 MPa (for SS 316)

Strain at Yielding ~0.11%
Lateral Displacement ~ .0011 x 50 = .055mm

---> For yielding to take place lateral displacement should exceed ~ .055mm

***% NOTE: RESULTS ARE PRELIMINARY *##%*

@b Rl Hatind L bmary . . Ve Chgurbdeas $¢ ] Hortoms Y3

RESULTS PRESENTED

o IN FOLLOWING PLOTS WE SHOW VARIATIONS OF
HYDROSTATIC STRESS (PRESSURE) LEVELS - TOTAL
STRESS TENSOR COMPONENTS ARE UNDER STUDY

0 VARIABLES PRESENTED

- Pressures (hydrostatic) in Hg and steel
*** Note: Significant Rarefaction Waves in Hg ***

- Max. / Min. principal stresses in steel

- Temperature variations in Hg

- Density variations in Hg

- Velocity of steel material at key locations in shell

- Displacements of steel material at key locations in shell
** this parameter to be used to draw preliminary

conclusions on yielding, etc. ***

O sl Mt Lbondry : R Ve Cpparlion b ] Hortom /%6
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Tracer Point Locations

Point Co-ordinates Material
1, (0.,1.375) Hg
2 (0.,30) Hg

3 (0.,60) Hg

4 (0.,64) lig
5 (4.6,1.4) tig
6 (4.6, 30) Hg
7 (4.6, 60) Hg

8 (0., 65.08) Steel
9 (0., 65.25) Steel
10 (0.65.4) Steel
1 (5.08, 1.49) Steel
12 (5.25,1.4) Steel
13 (5.42,1.4) Steel
14 (5.08,30) Steel
15 (5.25.30) Steel
16 (5.42,30) Steel
17 (5.08,60) Steel
18 (5.25,60) Steel
19 (5.42,60) Steel

Ok il Hortond Rbvratry - R X Cidparbbim 8¢ o Hortan, YN

Location

- Centerline at base

" Centerling at mid-planc
Centerline at top of cylindrical region
Centerline right below the top steel surface
Next to steel wall at base
Next to steel wall at midplane
Next to steel wall at top of cylindrical region
Inner surface of steel dome at centerline
Middle of stecl dome at centerline
Outer portion of steel dome at centerline
Inner steel surface at base of cylinder portion
Middle section of steel cylinder at base
Outer section of steel cylinder at base
Inner steel surface at midplane of cylinder portion

Middle section of steel cylinder at midplane of cylinder
Outer section of steel cylinder at midplane of cylinder

Inner steel surface at top of cylinder portion
Middle section of steelat top of cylinder portion

Outer section of steel cylinder at top of cylinder portion

POSITION OF TRACER POINTS

K

centerline

(89.10)
4
3 7 U (17.18,19)
2 6 {14,15,16)
1 s (11,12.13)

b Gilpe Nistmd sbematary - R Coparbhan b | oot Y26
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FUTURE THERMAL SHOCK R&D WORK
UNDER PLANNING STAGES

o Pressurc-Pulse Tests (point energy deposition source)

- 2-D cylindrical geometry

- To develop key benchmarking & validation data
(shock transport at Hg-Steel & Hg-Stecl-He interfaces)

- To update EOS for g (incl. wettability effects)

- To evaluate impact of geometry

- To evaluate impact of gases

Structure
|~

P )ﬂercury

o Testing in ORELA Exploding bridge wire
- To build upon pressure-pulse tests and investigate impact of volumetric energy input
o Cyclic Shock Tests & Analyses

- To evaluate ifnpact of cyclic, short-duration pulsing on life and failure of steels

o Testing for Mitigative Features (e..g., He bubble injection)

L

IN SUMMARY

o PARALLELS CAN BE DRAWN BETWEEN PAST ORNL WORK & TECHNOLOGY
NEEDED FOR ADDRESSING THERMAL-SHOCK ISSUES FOR SNS

o MODEL FOR RAPID HEATUP FOR A SAMPLE DISK MADE WiTH
TUNGSTEN and URANIUM METAL (w/o zircalloy sheet) REVEAL

- Significant spatial gradients in compressive and tensile stresses
are noticed (as also significant temperature gradients)

- Loading stresses / strains in Uranium metal appears to be more
severe

- Significant tensile stresses are built up (beyond ultimate strength)
which implies distinct possibility of ductile tearing / void fromation
and growth (coupled with fatigue-induced fracture).

o PRELIMINARY (conservatively-scoped) WORK FOR Hg TARGET INDICATES

- Significant rarefaction potential exists for liquid Hg region
- Current EOS (Mie-Gruniesen form) needs updating for current application
- Significant tensile stresses and gradients can be expected in steel shell
- Strain & stress levels may exceed yielding conditions
- Focussed R&D is needed for benchmarking & validation of design tool
& framework for application to ORSNS conditions

©d Qe Huthond Lbrmtrry - G 12 Coeparbban 8¢ of Aoty /%%
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Generation and characterization of gas bubbles
in liquid metals

S. Eckert®, G. Gerbeth®, H. Langenbrunner?, W. Witke*

* Research Centre Rossendorf (RCR), 01314 Dresden, P.O. Box 510119
# Dresden University of Technology (TUD), Institute for Fluid Mechanics

Extended Abstract

There is an ongoing research performed in the RCR on local transport phenomena in turbulent
liquid metal (LM) duct flows exposed to external magnetic fields. In this context so-called
MHD flow phenomena can be observed, which are unknown in usual hydraulic engineering.
The field of interest covers also the influence of magnetic fields on the behaviour of liquid
metal - gas mixtures. Profound knowledge on these LMMHD two-phase flow plays an
important role in a variety of technological applications, in particular, in the design of Liquid-
Metal MHD generators or for several metallurgical processes employing gas-stirred reactors.
However, the highly empirical nature of two-phase flow analysis gives little hope for the
prediction of MHD two-phase flows without extensive experimental data.
A summary is given about our research activities focussing on two directions:
(a) Momentum transfer between gas and liquid metal in a bubbly flow regime
= to investigate the influence of the external magnetic field on the velocity slip ratio SD
(b) Pecularities of the MHD turbulence
= to use small gas bubbles as local tracers in order to study the turbulent mass transfer

Concerning point (a) a programme was performed including experimental as well as modelling
aspects. The closure of any two-phase flow model is necessarily based on semi-empirical
closure laws, which have to be validated for LMMHD two-phase flows.

Our model is one-dimensional and restricted to a bubbly flow regime. In order to describe the
motion of a multitude of bubbles in a liquid metal we partly followed and extended the papers
of KAMIYAMA [1] and MOND, SUKORIANSKY [2] which are founded on the well-known
VAN WIINGARDEN model of bubbly flow. For a detailed description of the model we refer
to [3]. The main results of the calculations can be summarized as following: The effect of a
transverse as well as a longitudinal magnetic field on the drag coefficient of a single bubble was
taken into account. As result a monotonous decrease of the slip ratio with increasing field
strength was found in the longitudinal case. In the transverse case we have to deal with two
opposite effects. The drag coefficient of the bubble will also be enhanced by the field influence,
but on the other hand the electromagnetic forces brake the liquid metal if the flow and the field
lines have not the same direction. '

The calculated outcomes were checked experimentally. Measurements have been carried out at
the sodium facility in Rossendorf (sodium/argon, transverse field) and at the mercury loops in
Grenoble (mercury/nitrogen, trapsverse field) and Riga (mercury/nitrogen, longitudinal field),
respectively. By means of single- and double-wire resistivity probes the local void fraction and

D) slip ratio S=Vgas /Viiguid 8-1



the local bubble velocity were measured. The probes are conmected with a traversing
mechanism allowing to move the probe over the channel cross section and to obtain the mean
void fraction by integration. In the case of the transverse field configuration the agreement
between model and experiment is satisfactory. On the contrary, the measurements in the
mercury/nitrogen two-phase flow passing a longitudinal magnetic field cannot confirm the
prediction of the slip reduction by the influence of the B-field. However, the reason is that due
to the low electrical conductivity of mercury (compared to liquid sodium) it was not able to
reach the parameter region, where the corresponding closure law is valid (10 < N, < 80, see
also the Table 1).

Point (b) is directed to the investigation of the features of MHD turbulence in ducts. If a
turbulent liquid metal flow is exposed to a strong magnetic field, it seems obvious to expect
that the turbulent velocity fluctuations are suppressed by the very efficient electromagnetic
damping. However, many extensive experimental studies [4-6] revealed the survival of
turbulent perturbations with a distinct anisotropy of the flow structure showing a tendency to
become two-dimensional. Because of the anisotropy of the electromagnetic dissipation term
the vortices will be scarcely damped over long distances if their axes are aligned with the
magnetic field direction [7].

For the investigation of the mass transfer in a turbulent sodium MHD flow small argon bubbles
were injected by a single orifice in the centre of the channel and further upstream the
distributions of the local void fraction were measured. Due to the bouyancy effect the gas
bubbles can be considered as passive tracers only rough approximately. The advantage of this
procedure is the relative simple measuring method. In view of the hard conditions for the
employed materials in liquid sodium (200°C) it is generally a serious problem to perform local
measurements. The obtained bubble distributions show the expected anisotropic shape. An
quantitative description of the experimental situation was given by a calculation of turbulent
dispersion coefficients perpendicular as well as parallel to the field lines.
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Generation and characterization of gas
bubbles in liquid metals

S. Eckert*, G. Gerbeth*, H. Langenbrunner#, W. Witke*

* Research Centre Rossendorf, 01314 Dresden, P.O. Box 510119
# Dresden University of Technology, Institute for Fluid Mechanics

Qutlook:

@~ Status of the work regarding liquid metal two-phase flows at RCR
(specific case: influence of an external magnetic field = MHD)

%" Competence of the RCR group to contribute to the ESS-project

RCR-Activities: LMMHD Two-Phase Flows

Goal: To study

(a) the influence of an external magnetic field on the momentum transfer
between the gas and the liquid in a bubbly flow regime

(b) the gas bubble dispersion in MHD channel turbulence

Approach:

@ simple one-dimensional model in order to predict the average
behaviour of the LMMHD Two-Phase Flow

@ measurements of the local void fraction o in order to extract
informations about the slip ratio S
the turbulent dispersion coefficients

Experimental facilities:

« Sodium loop (NATAN), Research Centre Rossendorf
=  sodium/argon, transverse magnetic field

« Mercury loop, Institute de Mechanique de Grenoble
©  mercury/nitrogen, transverse magnetic field

« Mercury loop. Institute of Physics Riga-Salaspils
= mercury/nitrogen, longitudinal magnetic field
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Dimensionless flow parameters

« Revnolds number Reb=ﬂ11
n
« Hartmann number Hab'—‘BoL \/%
2 2
« Stuart number N, =§311=9%
Re, pv
with -

L - characteristic length scale < bubble diameter

v - characteristic velocity <@ rel. bubble velocity (vgas —vliquid)
By - intensity of the extemal magnetic field

p,o,n - material parameters of the two-phase flow
(p=apg,, +[1-a]pyquq)

a - void fraction

Bubbly flow model I: geometry and assumptions

electrodes

— z z
il L/L B® L L;

figure 1: considered MHD generator configuration

Assumptions:

» The flow is:- isothermal (large heat capacity of the liquid metal)
- steady
« The gas phase:- is an ideal gas.
" -consists of spherical bubbles of a mean radius 1(x).
- no aggregation or breakup of bubbles
« There is #0 muass transfer between the phases (i.e. no evaporation or
condensation).
« The induced magnetic field is assumed to be neglegible.
« The electrodes in the both sides are perfect conductors.

8-4



(085IN501 *501 $'Z=%US01)

Pioy onsuduuw [euprySuoy

p(o=1) wQUn QU € 49 03 Supepas Ay

2 S
1001 £ TIN70 zul 5 Sy =og)
(s'159N50 ‘¢01 9°85%YS¢01)

NS TS+ =05

P[a1} onsuBew asidAsuer)

S .

a7 a1qqnq S3uls e Jo JUSIOLF200 Feip

Infeso="

(moy¥ d.L 34 3O Jua1dyJa0o Seip) 45 - SwSSeip [erogjro)un
:31qQqnq 3[3UIS € JO uonow Jo uonenbs (q

(03~ 1fnfg’o-=*(gx 1)
2 R

(Ogin+ 2g)lo= 2 (0g'¢ -)dxo Lo =10 aoyppmag

(me] sunjO) Asuap JuoImd + AIBH.MMN =% HEL S
...‘NQMN: NNQ%;I QN? 9y
e 7 Tg \’
A 10 mO[J aseyd-om] ay; jo

I03oe] PEO] 91 JO UOHIULSP  AJANIONPUOD [BILIS]S Judtedde
(S )

(a1 .

Sur[[aporu IjPunIR-HR00] € ¥ - SuiSelp jem -

‘uonenbs WNUIWOW (€

SMUD] 2418010 T 12pout moyf Ajqgng

3y
ISUOD = q

:9Je3S JO uonenba pue uoEAIaSUOD SSBW S,.9]qqNnq

$ ISU0D = MLMQ

P 8ulyens AA
§0=
[ 0y

9010} SSeUl [eniIA o

9010] 3eIp _Nzl %a_lxl MQQUN.ENQM:QH Qk alaym

Wa. d Q.3 %
d— S48 4°d-( \\Tx

:9[qqnq 9{3uls & Jo uojout Jo uoyenbs
Ngx )+ M\lw?\«ul 1)+3 QBH_.. mw.lu ~|=M\~ nld(0- Q.\.«.ﬁ\wzw Jo
:uorjenbs wNjuaWIOUI PIUIGUIOD

xp . o

TEEawr - lp

:inunuod

suonyvnba fo wasds :[I jopow molf djqqng




(Kumoey s JO $3{LOS INSLIIDLIEYD 3Y) OF PIIL[DL SJL Sdlourered [PUOISTIUNPUON 31 219 )

(00£6 =90) 0080 =N

‘0$LT°0 = 2H < Lsyo™g
wu )Z¢ ‘pSud] ‘pay onoudet sIsAsURY) o
006.2°°00€6 =4 G SWEQTI0  ANOO[PAUmIpos e
((0+°0)F0=9)
sungar mop £[qqnq & 1'0>¢  Ayjenb omoumjoa

wwt 06z :9qoid - 10303fun soueysip ‘10303fin sed s o
(zur ggxgp) UONOas $SO10 IeIUe}odl M [AUURYD [BOIISA o

N

‘uolem3yuos [elsunadxo syl Jo yojaos ydnor .

(faopuassoy) dooy wnipos juauriadxsy

s/t 1°0 ="SA M mopy uoSre/umipos e 10§ pajenojes ‘Ajpanoadsal
*piaoly ououSew [eurpn)iSuof ay3 pue 3s12ASURL aY) JO uonouny e se § onel dijs

{1] p3usns pjag onsudew
sl c“_ n“o c.oo._
A A A A a , Tl
A 5 A
A Lyl @
: !
= b And Lo )
4\4\4 v QJ o' g
v AN\ )
-V v .
-~V -8
-~V
4 O
Y PiPy popmBue] A A -
PIoL) OSDASTRI] ——yp— 0T

8uays ploy Suisearour Yim dijs a1 JO 95BIIIPP SNOUOIOUOW ¢
JN920 JOU SI0P MO[J UBIW Y} UO Py onauTew ay) JO 1034 Uy q

‘Pjoiy onauSew [euipnisuo] o

(€ ~) 599 1ua101y200 FeIp o1p saoueyus poy-g (T
(79 ~) 1e3ow pibyy 2y uo 1032 Sunjerq ue sey pfey-g (1

S100jJ0 0M1 (o ‘pl2y onaudew asiaAsues} o

SIINSa4 Ul : 4y jopout moyf Ajqqng



void fraction o [%]

void fraction o [%])

Experimental results: sodium/argon flow

6,0 65T
5,5 60¢ Vigag = 0-1 705 l
5,0 55F
4,5 ™ 5’0-
4,0k 4,5
Uo) - calculated
3,5 i *?S 4,0 i B  measured
301 a 35t
251 4l calculated @ 3,0
2'0—. N  measured 2,5
1,5? 20| ;
1'0 . | 2 ! . 1 L 1’5 M i1 2
0 200 400 600 800 0 200 400 600 800
Ha number Ha number
5,0 40
s ;)2 /! l ﬂ
3 Yy uid = V.. S o 1
40} 5 35 Viqua = 0-2 m/s I
3,50 o 30,
3,0 '8 calculated
- g B measured
2,5 225
" calculated -
2,0k ®  measured
20} T
1,5 I.!.
l,o 1 1 i 1 1 1 2 1’5 3 1 J‘ 1 i ] 1
0 200 400 600 800 0 200 400 600 800
Ha number Ha number
v l-a Q
. . S . : as
slip ratio S= —& =B [1-a] ; volumetric quality B=-= L
liquid a[l —B ] ans + Qliquid




Experiment: mercury loop (Riga-Salaspils)

« scheme of the facility:

Gy Rownseter
msin}
SOt e
t
" Veolvo
tothe )
pressne
. [ Separator
Gastank
Hg flowmeter

« vertical tube (@ = 0.1 m, L =4 m) as test section
« injection of the bubbles through a single orifice
« distance injector - probe: 0.5 and 1 m
« mercury velocity 0..0.09...0.18 m/s @  Rey, = 163000
« longitudinal magnetic field, By,x =0.9 T =  Hap,,, = 2300
. variations of the mean liquid velocity, the gas flow rate, the magnetic field
strength as well as the installation positions of the injector and the probes
. twovarants: (a) one single probe moveable along a cirular line in the
cross section
(b) array of 16 sensors (rotatable mounted)
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Experimental results: mercury/nitrogen flow
(longitudinal field)

serie (a)  (moveable single-wire probe)
- results show the same qualitative tendency as predicted
by the calculations

0O S(le.) « (calc)
~~——S(meas.) A o (nxss)

slip ratio S

=
4o
{o5] © wonowy proa

]
solid symbols: repetition of the measuement ot B-0.9T

1 L L] L ] n 1 2 1 L 13 a L] 2 1 1 0’ ‘
0,0 02 04 0,6 038 10 12 14 1,6

magnetic field strength B [T]

serie (b)  (multichannel measurements, 16 single-wire probes)
- disagreement between model and experimental results

0,50
045 |-
040 |-
035
3 33 ———B=0.015, calculated
‘;’ 030" = ® B =0.015 measured
£ & = '
fé 020 N
o 015
2 W
0,I0F L] B = 0.005, calculated
0,05 R H B =0.005, measurcd
0'00 [ s L 4 1 1 t "
0,0 05 . 1,0 15 2,0
Stuart mumber N
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Table 1:

comparison between the experimental situations of the

mercury/nitrogen facility (Grenoble) and the sodium/argon
facility (Rossendorf) with respect to the main material
properties and resulting nondimensional parameters

mercury/nitrogen sodium/argon
facility of IMG facility of RCR

temperature [°C] 20 200

oy [kg/m3] 1.36 104 9.05 102

wy [N/sm?] 1.50 103 4.57 10+

o [1/Qm] 1.00 106 7.46 106

p (channel inlet) [Pa] 5.40 10° 2.20 10°

b, [ke/m?] 6.24 242

B =Q,/Q 0.24 0.015

dy [m] 0.0175 0.0474

Re 240000 104...105

Rey, 65000 1500...5500

Ha 0...350 (B4=0.77T) 0...2750 (B4=0.45T)

Ha,, 0...120 0...350

N 0...0.5 0...800

No 0..0.22 0...80

Some features of the MHD turbulence in ducts

o Agreement between friction measurements and the law for a laminar flow

above a critical ratio Ha/Re

. Persistence of turbulent fluctuations for Ha/Re > (Ha/Re);
very slow decay on large distances

« Energy spectra with a characteristic k-3-slope (enstrophy cascade)

d

Two-dimensionality of the flow (Vl < v, Bi << 5—);
1 L

Flucmations become highly correlated along the direction of the field lines.
Elongation of the vortices in field direction: L =JN-L,

Crucial role of the boundary conditions perpendicular to the field:
Electrical conductivity of the wall material influences the closure of the

electric currents ©  minimizing of the electromagnetic damping if the
walls are insulating

Origin of the wrbulent fluctuations by entry effects or the use of urbulence
promoters
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a) Ha = 300, N = 10

b) Ha= 845 N=77

c) Ha =1505, N = 244

PR e it e

e) Ha = 2710, N =790

d) Ha = 2410, N = 625

—> direction of the B-field —

Experimental results of the
void fraction distributions

at Re= 9300

transverse field, single injector
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a)Ha=0,N=0 "b)Ha=600,N=19

c) Ha=1200,N=78 ' d) Ha=1505,N=122

PN N+ erecerame s emine rhae ke aady

—> direction of the B-field —

Experimental results of the
void fraction distributions
at Re = 18600

transverse field, single injector

e) Ha = 2110, N = 239
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Experimental results: void fraction distributions

mercury loop, longitudinal magnetic field, single injector
Viiquig =0-09m/5, Q,, =2.66-107m?/s =  B=0.015
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RCR-Competence

« Measuring techniques for pure LM and LM-Gas Flows
(own developments, only few techniques on market)

+ Modelling and / or numerical simulation of LM and LM-Gas Flows

« Controlled influence of LM and LM-Gas Flows by external magnetic fields

Options:

& LM stirring not by bubbles, but by altemating magnetic fields

& Magnetic stirring in addition to bubbling in order to avoid safely

any local overheating

\

& Contactless handling by magnetic fields

Local measuring techniques

- potential probe

- measuring quantity:

liquid velocity

- work only with external magnetic field

- selfmade

« single-wire resistivity probe

- measuring quantity:

- selfmade

+ double-wire resistivity probe

- measuring quantity:

- selfmade

- micromagnet probe

- measuring quantity:

« optical fibre probe

- measuring quantity:

void fraction a

interface velocity
(bubble velocity and size)

liquid velocity

temperature (silicium, galiium)
pressure ?
void fraction o (mercury, sodium)

- problem: probes based on electrical measurements can show
considerable errors in strong temperature gradients
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Probe construction.
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Fig. 2.
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Probe construction of electrode.

U
(V ‘Cx ‘cxl
steel 4
E Nel
8
[ %]
5 T
T
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i i['

»:
[ e

Fig. 3.

Distribution of time intervals.

N 10° : ;
075 L eiiiiienrencaanecessd f ‘ ............ R : enensanasees ceseeenes .
R
IO TR S A
0
0 5 10 Tms

Fig. 4.
R=4mm; Q =32ImM; Qg = 31.8nlh;
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Distribution of bubble velo

city.

N 10” : .
1S freeereeeeeeieeeeaenans et e
R R PR .........................
().5 --------------------------------------------------

0 - ;
0 1 2 vm/s

Fig. 5.
3
R = 4mm; Q. =3.21m /h; Qg = 31.8nl/h;
Distribution of chord .
N 107
| S S PP U
VR G L . I  teerecseeseeraernnnonnd
0.5 AL v eeneeeeedieeeeiieenerreerteneecedereceecraseseoscsncancnns
0
0 2.8 53 Cmm
Fig. 6.
3
R = 4mm; Q. =3.2lm /h; Qg = 31.8nl/h;
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Automated Working Plase (A.W.P.)
for research of the two-phase flow structure

A.W.Pis designed for automatization of collection and
experimental data initial processing on research of  two-phase flows
structure with using electrocontact method of gas phase fixing.

Electrocontact conductivity gauge is used as a first measuring
transducer. Gauge transforms aggeregate condition of the medium to
closed or open state of contacts managing the electrical circuit. Electrical
circuit opens and produces voltage impulse, when a bubble gets to the
sensitive  element of gauge. Bubble dimensions and flow rate determine
duration of the voltage impulse. :

Two-channel gauge allows to determine bubble rates using the time
of base distance passing.

Range:

of measured time intervals _ _0.025-400 millis
of_measured bubbles rates_ 0.00625-10 m/s
of measured bubbles chords_ _0.125-200 mm

Tecnical facilites of A.W.P. allows to get the following two- phase
flow characteristics:
time intervals distribution of gauge sensitive element being in gas;
time intervals distribution of bubbles passing of electrocontect
gauge base distance;
distribution bubbles rates in the flow;
distribution of bubbles chords dimensions.

Package of applied programs developed provides the following
possibilites of A.W.P.:
definition of local volume gas content;
graphic presentetion of measurement results;
output of experimental data and results of processing onto the

several carriers. 821



International Workshop on the Technology and
Thermal Hydraulics of Heavy Liquid Metals
Schruns, Austria
25-28 March, 1996

Comments on the Possibility of Cavitation in
Liquid Metal Targets for
Pulsed Spallation Neutron Sources

J. M. Carpenter
IPNS, Argonne National Laboratory

Abstract

When short pulses of protons strike the volume of a liquid target, the rapid
heating produces a pressurized region which relaxes as the pressure wave
propagates outward. Skala and Bauer[1] have modeled the effects of the pressure
wave impinging on the container walls of a liquid mercury target under ESS
conditions. They find that high pressures and high wall stresses result if the
medium is uniform, nearly incompressible liquid. The pressure and the stresses
are much reduced if the liquid contains bubbles of helium, due to their high
compressibility. However, according to the calculation, the pressure still reaches
an atmosphere or so at the surface, which reflects the compressive wave as a
rarefaction wave of the same magnitude. Even such modest underpressures can
lead to the growth of bubbles (cavitation) at or near the surface, which can
collapse violently and erode the container surface. It is necessary to avoid this.
Leighton[2] provides a wide ranging discussion of pressure waves in bubbly
media, which may provide insights into the nature and control of cavitation
phenomena. The paper surveys some of the relevant information from that
source.

References
1. K. Skala and G. S. Bauer, ICANS XIII, p 559-576 (1995).

2. T. G. Leighton, The Acoustic Bubble, Academic Press, 1994.
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Why Liquid Targets?
Heat removal by mass transport

Material cycling enables removal of
spallation products

Self healing aginst -
Radiation damage

Material failure due to stress or shock ...
OR?

Figure 5.50 Jet formation during the collapse of an oscillating gas—vapour bubble at low pressure
(0.04-0.05 bar) in a 60-Hz sound ficld. The bubble size is approximately 0.2 cm. (Photograph courtesy
of Professor LA Crum, University of Mississippi, previously published in réference [362].)
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It is easy, up to a point, to compute the
pressure on the liquid container due to rapid
deposition of thermal energy. Skalaand
Bauer calculated the stress due to an ESS
pulse in a liquid Hg target and found that the
stress in the container wall would exceed the
allowable stress in the steel vessel. Adding
a small volume fraction of gas bubbles
might be a way to suppress the generation of
pressure waves, they found.

Sound Speeds
c=4B/p ; B=_l_

Gas: pV*= constant
K = polytropic exponent
B=xp

C =
gas Pru

. ‘- — |By
Liquid: ch. =\

Bubbly liquid:

= |_KP
CBub Py {VF} large {VF}

2

1. P
e, J1-—{F}—4 24} small {VF}
lig|” 5 xp

i 2 7
' /€, .
c =c,. J1+ml"7_pl’q

Bub ™~ Clig not -so- small {VF}
N

(BUT these relationships apply only for LOW o!)
{VF} = void fraction
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ENERGY RELEASE, BEAM ATTENUATION
RADIATION DAMAGE, GAS PRODUCTION
AND ACCUMULATION OF LONG-LIVED ACTIVITY
IN Pb, Pb-Bi AND Hg TARGETS

Yu.N.Shubin, IPPE, Obninsk, Russia
ABSTRACT

The calculation and analysis of the nuclei concentrations and long-lived residual
radioactivity accumulated in Pb, Pb-Bi and Hg targets irradiated by 800 MeV, 30 mA
proton beam have been performed. The dominating components to the total
radioactivity of radionuclides resulting from fission and spallation reactions and
radiative capture by both target nuclei and accumulated radioactive nuclei for various
irradiation and cooling times were analyzed. The estimations of spectral component
contributions of neutron and proton fluxes to the accumulated activity were carried
out. The contributions of fission products to the targets activity and partial activities
of main long-lived fission products were evaluated. The accumulation of Po isotopes
due to reactions induced by secondary alpha-particles were found to be important for
the Pb target as compared with two-step radiative capture. The production of Tritium
in the targets and its contribution to the total targets activity was considered in detail.
It is found that total activities both targets are close one another.

The problems connected with the energy release and beam attenuation in the
accelerator-target window for various materials were analyzed for incident proton
energies 800 MeV. The radiation damage of the window and “accumulation of
Hydrogen and Helium was considered also. It seems that titanium window is
preferable as compared with stainless steel or tungsten due to less energy losses.

The analysis performed permits to make following conclusions: ‘

1. Main contribution to the target activity is due to not Po isotopes, but other isotopes
that are formed in spallation reactions. -

2. Total activity of Pb and Pb-Bi targets are close one another.

3. The dominant contribution to the target activity is due to high energy (>20 MeV)
parts of neutron and proton spectra. It is in this energy region thorough analysis of

nuclear data is needeed.

4. The contributions of fission products to the target activity comprize 10-15% of total
activity, well known long-lived isotopes make the largest contributions.

. The contributions of (a,xn) reaction to polonium activity of Pb target may be a few
times higher than that of double neutron capture.

6. Tritium accumulation is approximately equal in all targets and its contribution to
the total activity is as high as 50% for lead target at cooling times from 3 till 30
years and 2 times lower than the same figure for lead-bismuth target for the same

time interval.

7..Calculation and analysis of the activatiion of mercury target showed that at cooling
time interval up to one year the mercury target activity exceeds that for lead and
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lead-bismuth target. The activities of all targets are close at cooling times up to
5000 years. For larger cooling times activity of lead and lead-bismuth targets is 2 or

3 order of magnitude higher than for mercury target.

8. It should be noted that to total activities of mercury, lead and lead-bismuth targets
contribute different radionuclides.

The comparision between targets shows that the use of mercury target enables to
diminish the long-lived activity as compared with lead and lead-bismuth targets
considerabley

9. Main part of the energy released by the beam in a thin window is connected with

jonization losses. Nuclear interactions increase ionization losses by some 10-15%.
Attenuation of the intensity of proton beam per cm of window thickness is
approximately equal for both materials: 6.5% for steel and 3.9% for titanium.
The analysis demonstrated that replacement of stainless steel by titanium results in
decrease of energy release by a factor of 1.7 for the same window thickness.
Estimates of energy release done by various groups agree within the accuracy of
calculations which is 15-20%.

10. Significant discrepancies exist in published evaluations of radiation damage of

target windows. In particular, the estimates carried out in JAERI and BNL for
designs with comparable integral proton fluxes differ by more than an order of
magnitude. There is no detailed description of operating experience with the
dividing windows of the accelerator LAMPF in available publications. The main
reason of differences in radiation damage evaluations is the discrepancy in calculated
spectra of secondary particles produced in nuclear collisions. Considerable work is
needed to remove the discrepancy and test calculation results by comparison with
experimental data.
There is difference of a few times between the evaluations of hydrogen and helium
accumulation in the window. To improve the situation more reliable evaluations are
needed of the cross sections of the emission of all hydrogen and helium isotopes in
the material of the window.



INTRODUCTION

Various properties of hybrid electronuclear systems that can be used to utilize
plutonium or to transmute long-lived radioactive waste, in a large degree depend on
target characteristics: safety, lifetime and productivity as neutron source. This part of
the system was investigated less in comparison with already existing accelerators and
blankets of various types. That is why the analysis of characteristics such as energy
release, beam attenuation, radiation damage and gas production in the target window
and, at last, the accumulation of various elements, other than target material, and
activity of target due to produced various isotopes is necessary for the feasibility
investigation to construct the system as a whole. Below we analyze the status of the
problem and estimate the target characteristics for concrete examples of Pb, Pb-Bi and
Hg targets. The target has cylindrical form: 100 cm length, 50 cm diameter, filled
with liquid lead or mercury (natural content) or lead-bismuth eutectics: 44.5% lead
and 55.5% bismuth. The target is separated from ionguide by window having 20 cm
diameter, constructed of stainless steel or titanium and having 2-5 cm thickness. The
proton beam is distributed uniformly on the window surface.

1. ENERGY RELEASE AND BEAM ATTENUATION IN THE WINDOW

Main part of the energy released by the beam in a thin window is connected
with ionization losses. Nuclear interactions increase ionization losses by some 10-15%.
Total energy release in steel or titanium is shown in Table 1.

Table 1. Energy release in the target window.

Beam Energy release, kWt/mm

Energy, MeV | Current, mA | Stainless steel Titanium
800 30 45.0 25.4
1600 60 79.2 45.5

Attenuation of the intensity of proton beam per cm of window thickness is
approximately equal for both materials: 6.5% for steel and 3.9% for titanium.

The analyses demonstrated that replacement of stainless steel by titanium results
in decrease of energy release by a factor of 1.7 for the same window thickness. -
Estimates of energy release done by various groups agree within the accuracy of
calculations which is 15-20%.

2. GAS PRODUCTION IN THE WINDOW

The evaluated cross sections for the (p,xp) and (p,xo) reactions on Fe can be
taken from ENDF /B-IV and MENDL-2 [1] cross section data libraries for the energies
up to 1000 MeV. The difference of evaluated cross sections for alpha-particle
production is about 20%. Keeping in mind this accuracy and taking fluence 1.85-1022
p/cm? year we get for alpha-particle accumulation the value of 0.98-102 o/ atom-year.
According to proton yield evaluation the accumulation of hydrogen is approximately 6
times more than alpha-particle accumulation. For thin window approximately one half
of alpha-particles and 2/3 of all protons will escape the window. On the other hand
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other particles such as deuterons, tritons and helium-3 will be accumulated also. The
cross sections for these are evaluated with considerably larger errors than alpha-
particle emission cross section. Taking into account the uncertainties noted one can
take as an evaluation for hydrogen and helium accumulation the values given above.
The uncertainties of such evaluations are probably not less than 50%.

When we go to the proton energy 1600 MeV and to doubled fluence one should
expect the increase of hydrogen and helium accumulation by factor four.

10 *

10°

Cross section, mb

(T T B N |

5%Fe(p.xp)

MENDL—2
— — ENDF/B-Vi

10°?
]

TVTT]
10 10
Proton energy. MeV

Figure 1. Cross-section for S6Fe(p,xp) reactions.
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Figure 2. Alpha-particle production cross section for S6Fe(p,xa) reactions
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Table 2. Gas production in the window

Ref. | Rem | @,,1015 [ H, 103 He, 103 | He’, 103 | He”, 103
appm appm appm appm
[2] 23 0,146 10 3 2.7 11
[3-4] 8 0,312 35 3.5 6 1.1-1.6
10 0,5 10
10 1,2 25

3. RADIATION DAMAGE OF TARGET WINDOW

The experimental data on target window radiation resistance for high energy
protons are reviewed and analyzed in the paper of Ireland J.R. [5]. On the base of
these data conclusion was made that the replacement of the window in the project of
transmutation installation will be necessary only in a half of a year (if it will be
necessary at all). This conclusion is not so evident due to some reasons:

1. The technology requirements to the window, cooled by liquid metal, and to the
window in front of beam trap, that was the base of the conclusion, are different
(the thickness of the window was not given).

2. The linear dependence of the window lifetime on the intensity of the processes
occurring (heat release, radiation damage, gas production) was assumed. It was
proposed to compensate the threefold intensity increase by fourfold decrease of the
lifetime (for the same window design).

The results of the radiation damage calculations, that are defined by the values
of the displacement per atom and hydrogen and helium accumulation, are shown in
Table 3, where the results of Ref. [2] (OMEGA project), Refs. [3,4] (BNL project)
and also the estimates on the base of Ref. [6] are given. The thickness of all windows
was taken 0.5 cm, structural material was stainless steel. In the last column of Table 3
the values of displacements per atom in a year are given that were calculated using
relation: dpa'= 4@, T, where o4 - the displacement cross section, was taken equal
3200 barn [6], T is the number of seconds in a year. The authors of paper [2] used the
NMTC/JAERI codes, in Refs. [3,4] the LAHET and HTAPE codes were used. We see
that the results of estimations not only are different, but contradict each other: to
twice as larger fluence corresponds smaller (by order of magnitude) value of the
displacement per atom. Our results are given in the last two lines. We see that the
discrepancies between different gas production estimates are not so large as compared
with the values of dpa but are not negligible. Thus, the calculations of the radiation
damage of the target window, that is important for technology problems, are rather
sensitive to be a touchstone for the intercomparison of various approaches and codes,
for the test of validity of the assumptions used in calculation and analysis.

Table 3. Radiation damage evaluations for window.

Refs. | R,cm | E,GeV | ILMA | ®,,10!5 | dpa/year | dpa'/year
[2] 23 1,5 39 0,146 60 15
[3-4] 8 1 10 0,312 6,07-8.8 32
10 1 25 0,5 51
10 1 60 1,2 123
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4. THE ANALYSIS OF LONG-LIVED RADIOACTIVITY
IN LEAD AND LEAD-BISMUTH TARGETS

Lead and lead-bismuth are considered as most probable target materials for
intense neutron source in accelerator driven transmutation problem. The analysis of
radioactive nuclei accumulation was performed in a several papers [5,7,8]. The results
of the calculations reduced to the same irradiation conditions differ some-times by a
few orders of magnitude. In particular, in paper [8] the activity value for dominating
isotope 219Po (T /5 = 138 d) in lead-bismuth target has been obtained that exceed the
results of other authors more than 10 times. Such significant discrepancies can be due
to cross sections used for some channels of isotope accumulation. That is why it is
important to have reliable tested libraries of evaluated data on the one hand and to
clear. up the reasons of discrepancies in calculations on the other hand. We have
carried out calculations of activity accumulation for lead and lead-bismuth targets
irradiated by 800 MeV, 30 mA proton beam. Main component were determined of the
long-lived residual radioactivity of lead and lead-bismuth targets and dominating
channels were investigated of the reactions producing those activity components. We
founded out the reason of discrepancies in calculation results. Analysis was made of
the contribution of fission products to the target's activity and partial activities of
main long-lived fission products were evaluated. The accumulation of Po isotopes due
to reactions induced by secondary a-particles has been estimated.

4.1 METHOD OF CALCULATIONS AND DATA

The nuclides concentrations in the targets have been defined by solving the
system of differential equations:

W S +18)- M- +2)-Ney, @

where Ni(t) is the concentration of i-th nuclide at time t, A} and Ad are nuclear
reaction and decay rates, consequently, resulting in the transmutation of k-th nuclide
to i-th, A} is the rate of transmutation of nuclide "i" in nuclear reactions, Ad, is the
radioactive decay rate of this nuclide. The nuclear reaction rates Ay and A} in equation
(1) are defined as follows: (

% = 2P ®)- P E)E, @
J N
% = [t (B)- oV (E)E, 3)
J

where ©UW(E) is the type "j* incident particle spectral current density, o is
formation cross section for nuclide "i" when nuclide "k" is irradiated by particles of j

type. cg{-,)s,i is the cross section equal to the difference of total nonelastic cross section

and inelastic scattering cross section for particles considered on nuclei of "i* type.

The spectra of neutrons and protons calculated in papers [8,9] were used. The
neutron cross sections for reactions at energies below 20 MeV have been taken from
ADL library [10]. For neutron reactions at 20-100 MeV and for proton reactions up to
100 MeV the data of MENDL library [11] have been taken. The cross sections at
energies higher than 100 MeV have been defined using the Silberberg-Tsao

approximate relations [12]. 9.6



4.2 RESULTS AND DISCUSSION

4.2.1 DOMINATING COMPONENTS OF THE LONG-LIVED ACTIVITY OF THE
TARGET.

The results of calculations of the total activity and activities of some most
important nuclides for the lead and lead-bismuth targets are shown in Figs. 3, 4. For
one year irradiation of the target without heat exchanger 210po (T =138 d)
concentration is 3.1-107 g/kg for lead target and 5.9-103 g/kg for lead-bismuth
target which is about 1000 times lower than the results obtained for this isotope in the
same conditions in earlier calculations by the INPE group [8]. We found out that this
discrepancy, as well as less important differences for other Po isotopes, are due to the
use in INPE calculations of cross sections of 209Bi(n,y) reaction overestimated by a
factor of 1000. The use of correct cross sections removes the discrepancies in the
results for the accumulation of radioactive isotopes of Bi and Po. From Figs. 3, 4 one
can see that various isotopes of Pt, Au, Hg, Tl, Pb and Bi make more significant
contribution to the long-lived (Tj/,>100 d) activity than 2!%Po isotope for both
targets. The activity accumulations were calculated for both lead and lead-bismuth
targets and the nuclides with atomic number Z=72+84 and half-life T; /,>6 min. were
taken into account (about 170 nuclides). The nuclides making main contributions to
the total activity of the targets after different cooling times were identified. The
resulting long-lived activities of the dominating isotopes are presented in Tables 4 and
5. The isotope 19Au (half-life T;,,=186 days) provides main contribution in the
cooling time range 10 days 1 year together with the isotope 204T1 (half-life T;,,=3.78
years, begins to dominate after 3 years). The 193Pt contribution becomes significant
later. For lead target the 21%Po contribution is by a few orders of magnitude lower
than the contribution of those isotopes.

Alternative isotopes dominate also in lead-bismuth target activity for the same
range of cooling times. The 21%Po activity is only 2.5 times lower than the activity of
195Au. After three years the total activity is determined by 207Bi nuclide (T;,/,=32.2

years).

Table 4. Total and partial activities (Ci/kg) in lead target for primary proton beam energy
800 MeV and current 30 mA after a year of irradiation for cooling times indicated in the

Table.

Cooling time 180 days 2 years 20 years 100 years

Total activity | 1.037-102 2.699-101 1.987 5.960-101
Po-210 6.076-10-4 3.910-10° 2.772-107 2.306-108
Bi-207 1.652-10-1 1.607-10-1 1.157-101 2.690-10-2
Pb-202 5.404-10°3 5.404-10-3 5.403-103 5.397-103
T1-204 1.922-101 1.469-101 5.899-10-1 -
Hg-194 1.306-101 1.304-101 1.273-101 1.144-101
Au-194 1.306-10-! 1.304-101 1.273-10°1 1.144-10°1
Pt-193 1.297 1.270 9.899-101 3.268-10°1

The comparison of the activities of lead and lead-bismuth targets irradiated by
800 MeV protons for one year demonstrates that the total activities of the targets
begin to differ significantly only after one year. They are determined by the formation

9-7




of long-lived bismuth isotopes in the (n,2n) and (n,3n) reactions in lead-bismuth
target (207Bi and, for very long times, 2%8Bi). In the targets irradiated for a month
total activity after 1 day of cooling is significantly lower than in the targets irradiated
for a year, but relative contributions of individual isotopes remain the same.

Table 5. The same as in Table 4 for lead-bismuth target

Cooling time 180 days 2 years 20 years 100 years
Total activity | 1.087-102 3.438-101 1.240-10! 3.042
Po-210 1.119-101 7.117-101 9.349-106 7.778-107
. Po-208 1.578 1.101 1.497-102 7.573-10°11
Bi-207 1.573-101 1.530-10! 1.102-101 2.561
T1-204 9.201 7.030 2.824-101 1.761-10°7
Hg-203 2.201-10! 6.150-10°> - -
Hg-194 1.059-101 1.057-101 1.032-101 9.276-10°2
Au-195 4.815-101 6.206 1.032-101 -
Pt-193 1.096 1.073 8.362-10°1 2.761-101

4.2.2 ANALYSIS OF THE CONTRIBUTIONS OF THE PROTON AND NEUTRON

SPECTRAL COMPONENTS TO THE ACCUMULATING ACTIVITY

To evaluate correctly the possible uncertainties of the calculations and the
influence of cross section data errors on the results it is necessary to analyze the
spectral contributions of neutrons and protons to the accumulating activities.

The components of the long-lived radioactivity in lead and lead-bismuth -targets,
accumulating due to the (p,xn) and (n,xn) reactions, are presented in Tables 6 and 7
for the case of incident proton energy 800 MeV and 30 mA current. The activities
induced by the soft part of neutron spectra with En < 20 MeV are also presented.
These results indicate that the dominating long-lived activities determined by
platinum, gold, mercury and thallium isotopes are formed by hard components of
proton and neutron spectra with the energies above 20 MeV.

The soft component of neutron spectrum with the energies below 20 MeV
corresponding to 96.6% of the total neutron flux makes some 103-104 times lower
contribution ‘to the total long-lived activity (T;,; > 1000 days) than protons and
neutrons from the hard part of the spectra comprising less than 4% of the total flux of
the particles. ' : : ,

" It must be pointed out however that the accumulation of long-lived isotopes
207Bj (T; /53=1.39-104 days), 208Bi (T;,;=1.34-10% days) and 210po (T, /,=138-days) is
due to the (n,y) reaction on soft neutrons. The total activity of those isotopes is more
than 1000 times lower than that of gold, mercury and thallium for lead and lead-
bismuth targets for cooling times longer than 1 year.

Our analysis demonstrates that the possible uncertainties of the results of
calculations of the long-lived activity of the targets are determined by the errors of the
cross sections of the threshold reactions at intermediate energies of protons and
neutrons (20-100 MeV). The new version of MENDL library has been developed in
IPPE [1]. Working out the MENDL-2 library we took into account the preequlibrium
emission of clusters, the pair correlations, shell and collective effects in nuclear level
density on the base of the unified superfluid model. The library has been. tested on
experimental data for the threshold reactions. ‘
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Table 6. Total and partial activities (Ci/kg) produced by various spectral components in lead
target for incident proton beam of the energy 800 MeV and current 30 mA after a year of

irradiation for cooling times indicated in the Table.

Cooling
time Spectral component
(days)
<{MeV| <20MeV | <100 Mev | Totalm Total p
activity activity
10 1.094:10-3 1.497 7.835-10! 1.609-102 2.251.102
30 7.065104 | 1.519-10! 2.065-10! 6.685-101 1.740-102
180 3.243.104| 6.178-10°2 8.878 3.152:10! 7.214-101
730 2.23510% | 4.686-102 6.452 1.297-10! 1.399-10!
18500 1.122.106| 2.901-10-3 1.255-102 2.206-101 7.667-101
36500 |9.562:107| 2.519-10-4 8.467-103 1.385-101 4.580-10°1
Table 7. The same as in Table 6 for lead-bismuth target
Cooling
time Spectral component
(days)
<1 MeV | <20 MeV < 100 Total n- Total p
MeV activity activity
10 2.526-101 3.710-10! | 3.689-102 4.755-102 2.980-102
30 1.805-10! 2.370-10! 1.235-102 1.704-102 1.665-102
180 8.343 1.358.10! | 2.936-10! 4.661-10! 6.198-101
730 5.307-101 2.995 1.721-10! 2.194.101 1.250-10!
18250 1.756:105 | 9.408-10! 5.496 6.026 1.148
36500 1.751-10 | 3.793-10! 2.212 2.462 5.885-10°1

4.2.3 CONTRIBUTION OF THE FISSION PRODUCTS INTO LONG-LIVED
ACTIVITY

To take into account the contribution of the fission products into targets
activity it is necessary to include a lot of additional nuclides into kinetic equations. In
our calculations we considered only the nuclides with half-lives longer than 5 hours..
The empirical Zilberberg-Tsao [12] formulae were used to determine fission product
yields for fission induced by high energy protons and neutrons. The resulting total
long-lived activities are given in Table 8 as well as total activities of lead and lead-
bismuth targets irradiated for a year by the beam of 800 MeV protons. The results
demonstrate that fission products increase the activity of both targets by 10-15% for
cooling times under 2 years and less than by 10% for longer cooling times. Well
known long-lived isotopes 90Sr,137Cs,98.99Tc and 2] make largest contributions.

Table 8. Fission products activities and the total activities (Ci/kg) produced in lead and lead-
bismuth targets by incident proton beam with the energy 800 MeV and current 30 mA after a

year of irradiation for various cooling times.

Lead target Lead-bismuth target
Cooling Fission Total Fission Total
time products activity products activity

9-9
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(days) (Z<50) (Z<50)

- 30 7.545-101 3.505-102 8.108-10! 4.496-102
180 2.255-101 1.386-102 2.458-101 1.449-102
365 1.065-101 7.405-10! 1.172-10! 7.996-10!
730 4.925 3.401-10! 2.937-101 4.084-10!

18250 1.087-101 1.117 1.129-10! 6.948

36500 4.261-102 6.491-101 4.518-102 2.960

Figures 7, 8 show the contribution to the target activity due to fission products
for lead and lead-bismuth targets, consequently. It should be noted out that the
contributions to-the activity due to light nuclides have been calculated taking into

account the formation of tritium up to 20 MeV only. The 3H contribution due to high
‘energy neutrons and protons can change this result. ‘

4.2.4 EVALUATION OF POLONIUM ACCUMULATION DUE TO PB(o,xn)
REACTIONS. : :

The equilibrium intensities and spectra of alpha-particles produced in the target
were evaluated as well as the accumulation of the polonium isotopes in the reactions
induced by those particles. The results of calculations are presented in Table 9. The
results indicate that the contribution of this channel of the polonium isotopes
formation by Pb(o,xn) reactions may be a few times higher than that of double
neutron capture. It is necessary to point out that those processes are induced by high

" energy particles formed due to the preequilibrium emission which is usually not taken

into account in the models of intranuclear cascade. So further investigation of the role
of this mechanism seems to be important for the reliable evaluation of the polonium
activities accumulated in lead target irradiated by high energy protons. The calculation
results indicate also that taking these processes into account may lead to the
reassessment of relative contribution of various polonium isotopes into the total
activity which may be important for the estimates of residual heat, the contamination
of accelerator beam tract and for designing of on-line cleaning of liquid targets.

Table 9. Long-lived Po isotopes yields (g/kg) due to the (a,xn) reaction for lead target
irradiated by 800 MeV, 30 mA proton beam for various irradiation times.

Isotope yield Sample irradiation time
g/kg 10 days 30 days 6 months 1 year 2 years
208po 4.5107 1.4-10°6 7.8106 | 1.510°3 2.7-10°
209po 2.8-10°7 8.5-107 52100 | 1.010° | 2.1-10°
210pg 9.6-108 2.8.107 1.2.10°6 1.8-10°6 2.0-10C
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Figure 3. Total and partial activities of lead target as a function of cooling time.

ACTIVITY OF TARGET

10* 3
- Pb—Bi target (50x100)
10 7y Proton energy 0.8 GeV
10 * 3 I = 30 mA
10 _;:;, YYYYY === "‘u One year irradiation
13 A% .
]0-";. oy 0\—p-00-00 aa - S0
g0 R
S 103
(=] -
10 °! — ;l;g]gal -—».\
10 ~° % p—emgoaB?
. 08B},
17§ T
10-’} 206D
-0 O 104 194
10 E 202p :zoz%l
10 "%y scssemn 206pp
10 -

10 " 10 * 1010 1 10 10% 10% 10* 10° 10° 107 10°* 10° 10"
TIME OF COOLING (DAY)

Figure 4. The same as in Fig. 3 for lead-bismuth target.
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Figure 5. Activity of lead target due to various spectral components.
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4.2.5 ANALYSIS OF TRITIUM ACCUMULATION IN THE TARGET

Tritium accumulation in the target requires special consideration due to special
ecological dangers associated with this isotope. Tritium production in the reactions
induced by the soft neutrons was analyzed in earlier reports. To determine its
accumulations in the reactions with high energy protons and neutrons it is necessary to
have reliable enough evaluations of tritium production cross sections for nucleon
energies above 100 MeV.

Experimental data available for lead and bismuth isotopes [14-22] were analyzed
together with different evaluations of tritium yields. ENDF /B-VI evaluation describes
observable tritium production cross sections about 800 MeV satisfactorily but is in
sharp disagreement with the experimental data available below 100 MeV. Semiempiric
approximation of tritium production cross sections for high energy neutron and proton
reactions [13] on lead and bismuth isotopes was developed on the base of experimental
data and ADL-3 recommended values for the neutron energies below 20 MeV.
Comparison of various evaluations with experimental data for neutron and proton
induced reactions are shown in Figs. 9-12.

The results of the calculations of the total activities of lead and lead-bismuth
targets as well as tritium contributions to this activity using this approximation are
presented in Tables 10 and 11 tritium accumulation is approximately equal in both
targets and its contribution to total activity is as high as 50% for lead target at cooling
times from 3 to 30 years and is 2 times lower than the same figure for lead-bismuth
target for the same time interval.

Table 10. Total activity and tritium activity (Ci/kg) of the lead target for 800
MeV, 30 mA primary proton beam after a year of irradiation for cooling times
indicated in the Table.

Cooling time 180 days 2 years 20 years 100 years
Total activity | 1.530-102 4.723-101 7.112 7.021.10!
H-3 1.443-101 1.326-101 4.821 5.370-102
Table 11. The same as in Table 10 for lead-bismuth target.
Cooling time 180 days 2 years 20 years 100 years
Total activity | 1.584-102 5.319-101 1.629-101 2.853
H-3 1.450-10! 1.332-101 4.843 5.395-10-2
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5. THE ANALYSIS OF LONG-LIVED RADIOACTIVITY
IN MERCURY TARGET

The another perspective material for target that is analyzed in various
laboratories is mercury. The calculations and analysis of the target activity for the
same irradiation conditions was carried out. The concentration of 658 nuclei with
atomic number Z>1-82 and life-time T;,5>5 hours was taken into account in the
calculations. The high energy fission and tritium production processes have been
considered also. The resulting long-lived activities of the dominating isotopes are
presented in Tables 12, 13 and 14.

The activities of mercury target and also the activities of lead and lead-bismuth
targets are compared in Fig. 16. One can see that mercury-target activity exceeds that
for lead and lead-bismuth targets at cooling times up to one year by factor 3-10. At
cooling times up to 5000 years the activities of all targets are close one another. The
long-lived activities (T>5000 years) of lead and lead-bismuth targets are 2-3 orders of
magnitude higher than for mercury target. Fig. 17 shows the activities of radionuclides
produced in nuclear reactions except fission, that give highest contributions to total
mercury activity for various cooling times. The activity of most important fission
products is shown in Fig. 18. At cooling times up to 1 year the contributions of 203Hg
and 195Au are dominant. Next 10 years the activity is determined by tritium and for
larger times is determined by 194Hg and daughter nuclei. At cooling times more than
106 years the activity is due to long-lived fission products: %¥Tc, 93Zr etc..

It should be noted that to the total activities of mercury, lead and lead-bismuth
targets contribute different radionuclides. At an exception the contributions of 1%5Au
and 194Hg(+194Au) to the total activities for all targets are important. '

The comparison of various target activities shows that the use of mercury target
enables to diminish the long-lived activity as compared with lead and lead-bismuth

targets considerable.

Table 12. Total and partial activities (Ci/kg) in mercury target for primary proton beam
energy 800 MeV and current 30 mA after a year of irradiation for cooling times indicated in

the Table.

Cooling time 180 days 2 years 20 years 100 years
Total activity | 7.433-102 5.570-10! 8.682 1.695-10°!
Hg-203 4.559-102 1.274-10! - -
Au-195 1.708-102 2.202-101 5.190-10-10 -
Pt-193 3.626 3.551 2.767 2.286-10-1
Au-194 3.809-10°1 3.790-10- 3.700-101 3.333-10!
Hg-194 3.809-10-1 3.790-10! 3.700-101 3.333-10!
Re-185m 1.158-10°! 1.158-10°! 1.158-10-1 1.158-10-1
Re-186g 1.158-101 1.158-10°1 1.158-101 1.158-101
Pt-190 2.100-10-9 2.100-10° 2.100-109 2.100-10°9
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Table 13. Fission products activities and the total activities (Ci/ kg) produced in mercury
targets by incident proton beam with the energy 800 MeV and current 30 mA after a year of
irradiation for various cooling times.

Cooling time 30 180 days 2 years 20 years | 100 years
Total activity | 4.921-103 | 7.433-102 5.571-101 8.682 1.695
Z<50 6.306-101 2.879-101 1.617-101 5.001 8.084-102

Table 14. The same as in Table 10 for mercury target.

Cooling time 180 days | 2 years 20 years 100 years
Total activity | 7.433-102 5.571-101 8.682 1.695
H-3 1.449-101 1.331.10! 4.84 5.39-102
CONCLUSIONS

1. Main contribution to the target activity is due to not Po isotopes, but other isotopes
that are formed in spallation reactions.

2. Total activity of Pb and Pb-Bi targets are close one another.

3. The dominant contributior/ll to the target activity is due to high energy (>20 MeV)
parts of neutron and proton spectra. It is in this energy region thorough analysis of
nuclear data is needeed.

4. The contributions of fission products to the target activity comprize 10-15% of total
activity, well known long-lived isotopes make the largest contributions.

5. The contributions of (a,xn) reaction to polonium activity of Pb target may be a few
times higher than that of double neutron capture.

6. Tritium accumulation is approximately equal in all targets and its contribution to
the total activity is as high as 50% for lead target at cooling times from 3 till 30
years and 2 times lower than the same figure for lead-bismuth target for the same
time interval.

7. Calculation and analysis of the activatiion of mercury target showed that at cooling
time interval up to one year the mercury target activity exceeds that for lead and
lead-bismuth target. The activities of all targets are close at cooling times up to
5000 years. For larger cooling times activity of lead and lead-bismuth targets is 20r
3 order of magnitude higher than for mercury target:

8. It should be noted that to total activities of mercury, lead and lead-bismuth targets
contribute different radionuclides.
The comparision between targets shows that the use of mercury target enables to
diminish the long-lived activity as compared with lead and lead-bismuth targets
considerabley -

9. Main part of the energy released by the beam in a thin window is connected with
ionization losses. Nuclear interactions increase ionization losses by some 10-15%.
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Attenuation of the intensity of proton beam per cm of window thickness is
approximately equal for both materials: 6.5% for steel and 3.9%: for titanium.

The analysis demonstrated that replacement of stainless steel by titanium results in
decrease of energy release by a factor of 1.7 for the same window thickness.
Estimates of energy release done by various groups agree within the accuracy of
calculations which is 15-20%.

10. Significant discrepancies exist in published evaluations of radiation damage of
target windows. In particular, the estimates carried out in JAERI and BNL for
designs with comparable integral proton fluxes differ by more than an order of
magnitude. There is no detailed description of operating experience with the
dividing windows of the accelerator LAMPF in available publications. The main
reason of differences in radiation damage evaluations is the discrepancy in calculated
spectra of secondary particles produced in nuclear collisions. Considerable work is
needed to remove the discrepancy and test calculation results by comparison with
experimental data.

There is difference of a few times between the evaluations of hydrogen and helium
accumulation in the window. To improve the situation more reliable evaluations are
needed of the cross sections of the emission of all hydrogen and helium isotopes in

the material of the window.
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Polonium problem in lead-bismuth flow target.
D.V.Pankratov, E.I Yefimov, M.I. Bugreey
State Scientific Centre of Russian Federation-
Institute of Physics and Power Engineering
249020 Obninsk, Russia.

Alpha - active polonium nuclides Po -198 + Po - 210 are formed in a lead-bismuth
target as results of reactions Bi 2% (n,y) Bi 210 — Po 210 | Bj 20 (p,xn) Po 210 — Po 210-X
(x=1+12), Pb 208 (a,xn)— Po 210-X+2 (x=2-14). The most important nuclides are Po-210
(T2=138.4 day), Po-209 (T2 =102 years) and Po-208 (T2 =2.9 years). Polonium activity
of the circuit for SINQ - conditions is about 15,000 Ci after 1-year operation.

Polonium radiation hazard is connected with its output from the coolant and
formation of aerosol and surface alpha - activity after the circuit break-down for repair
works or in accidents.

The experiments carried out in SSC RF - IPPE and analysis of available literature
information demonstrated that polonium evapora.tion from lead-bismuth takes place in the
chemical form of Pb Po which volatility at temperature interval 200 - 800 °C is as much as
10,000 + 100 times less than the one of metallic polonium. At 200 °C polonium evaporation
rate into vacuum is 2 x10 -8 (Ci/m? s)/(Ci/kg), at 800 °C it is as much as 106 times higher.

Possibilities of polonium removal from a target circuit were analysed by means of
vacuum sublimation and alkaline extraction. The first way requires creation of high
temperature potentially dangerous devices. The data on high efficiency of alkaline
extraction when the coolant was passing through melted mixture of NaOH and KOH were
obtained in SSC RF - IPPE. ’

One of the important issues of polonium removal system creation is containing and
storing polonium removed. Its storage in solidified alkaline is not expedient because of -
secondary neutron formation as a result of (o,n) - reaction on oxygen and sodium nucleus.
The estimations carried out demonstrated that by polonium concentration ~ 100 Cifl
neutron current on the container surface can reach ~ 10 4 n/cm?2s.

Concentration and storage of polonium in solidified lead-bismuth seems the most
convenient. The calculations demonstrated that in a 100 | container 50,000 Ci of polonium
can be stored (as much as 3 times more than l-year polonium product in SINQ-conditions)
under temperature in the container less than melting point of lead-bismuth (the wall

temperature is about 100 °C).
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Experimental installation schemt for determining
polonium and mercury evaporation rates by heating
of lead and lead-bismuth samples irradiated.

NOTATION:
quartz vessel, @~ 40 mm, h ~ 240 mm, .
cooler,
input and output of cooling water,
copper foil screen,
electric furnace thermal isolation,
furnace heater,
sample in the quartz glass, g ~ 20 mm, h ~ 40 mm,
hot thermal junction to control temperature,
vessel lid,
lid valve,
electric furnace control device, definition of
temperature and time behaviours,
e m f thermocouple meter, mV,
high pressure gas balloon,
gas flow rate controller,
liquid-nitrogen trap for moisture and condensed
admixtures,
trap for oxygen with heated copper oxide,
trap for moisture and oxygen with alkaline,
forevacuum pump,
pressure-gauge and thermocouple vacuum gauge,
protective chamber,

transfer drawer.
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Vapor pressure, Pa

Po (metall) lg P, = 9.3543 - 5377/T (438 - 745°C)
lg P, = 0.46 - 5440/T (368 - 604°C)
PoPb lg P_ =8.06 - 7270/T (640 - 850°C)

q, = (4.38:10"2-K(T)*P_(T)-a'M) / V MI

q, - evaporation rate in vacuum, Bg mes1
K(T) - accomodation coefficient, K = 1.5, t = 300°C
K=0.1, t =1550°C
P_(T) - vapor pressure, Pa,
a - activity of coolant, Bq kg™’
Mo - molecular mass of coolant,
M - molecular mass of evaporative.
qQ, =q, B
q, - evaporation rate in covergas (Ar, He),
8 - shielding coefficient,
(B~ 2:10"%, P_ = 760 mm Hg - R.Tupper et al)
(B~ 1073, P_ =760 mm Hg - Feuerstein et al)
0oy = 9g; € (Ershova et al)

PbPo + HZO —> Pb’+ PoH2

. (1.5 - 2.00-10° 1% cicCi-s)T

q
PoH2

Cair hymidity x =90 %, t =20°C, V=5cms™ "
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International Workshop on the Technology and Thermal Hydraulics of Heavy Liquid Metals
March 25-28 1996, Schruns, Austria

Needs and Opportunities for CFD-Code Validation

B.L. Smith
Thermal-Hydraulics Laboratory
Paul Scherrer Institute
Wiirenlingen and Villigen
Switzerland

The conceptual design for the ESS target [1] consists of a horizontal cylinder containing a lignid metal —
mercury is considered in the present study — which circulates by forced convection and carries away the
waste heat generated by the spallation reactions. The protons enter the target via a beam window, which
must withstand the thermal, mechanical and radiation loads to which it is subjected. For a beam power of
SMW, it is estimated that about 3.3MW of waste heat would deposited in the target material and associated
structures. It is intended to confirm, by detailed thermal-hydraulics calculations, that a convective flow of
the liquid metal target material can effectively remove the waste heat and avoid any threat to the structural
integrity of the target and its components due to overheating.

The present series of Computational Fluid Dynamics (CFD) calculations has indicated that a single-inlet
Target design leads to excessive local overheating [2], but a multiple-inlet design, Fig. 1, is coolable [3].
With this option, inlet flow streams, two from the sides and one from below, merge over the target window,
cooling the window itself in crossflow and carrying away the heat generated volumetrically in the mercury
with a strong axial flow down the exit channel. The three intersecting streams form a complex, three-
dimensional, swirling flow field in which critical heat transfer processes are taking place. In order to produce
trustworthy code simulations, it is necessary that the mesh resolution is adequate for the thermal-hydraulic
conditions encountered and that the physical models used by the code are appropriate to the fluid dynamic
environment. The former relies on considerable user experience in the application of the code, and the latter
assurance is best gained in the context of controlled benchmark activities where measured data are available.
Such activities will serve to quantify the accuracy of given models in the code and to identify potential
problem areas for the numerical simulation which may not be obvious from global heat and mass balance
considerations. The basis and outline of a series of tests which will serve this purpose are given in the
accompanying oral presentation, and some salient points are included below.

The main objective of the COVE (COde Validation Experiments) programine is to provide high quality
experimental data for use in validating the CFD calculations undertaken in the context of the design and
safety case of the ESS Liquid Metal Target. It should be emphasised that the experiments in the COVE series
should not be regarded as prototypic scale model tests, which would be of limited value for general code
validation purposes. Rather. they are simplified tests where conditions are chosen to isolate, and magnify,
the physical phenomena the experiment is designed to examine. In this way the test sequence can proceed
without being subject to minor design changes originating from the ESS project, though an awareness of
major changes should be maintained by periodic review of the test programme.

The simulant materials to be used for the tests will be: water, liquid sodium and, possibly, NaK. Tests will
be conducted cold and with (electrical) window heating. All tests utilize existing facilities at PSI. The water
tests are aimed at providing visual information regarding the fluid dynamics of the intersecting input streams,
to quantify the role played by turbulent heat transfer from the heated window to the fluid in the absence
of heat conduction effects (high Prandtl number), and to evaluate the turbulence models in the code. In
liquid sodium heat conduction effects in the boundary layer over the window are exaggerated compared to
mercury because of the higher thermal conductivity (lower Prandtl number), but experimental conditions can
be arranged so that this effect may be investigated in isolation from, or coupled with, turbulent boundary
layer heat transfer. The role of the buoyancy force on fluid flow and heat transfer over the window is also
magnified compared to mercury because of the large coefficient of volumetric expansion in sodium, so this
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effect can be examined. .

From the code point of view, the tests will aim towards simplicity and unambiguous modelling rather than
towards a high degree of realism in regard to the latest ESS design. There should be as few ‘adjustable
parameters’ as possible, otherwise the validation process is degraded. Experiments will proceed on a step-
by-step basis such that each new feature is examined first in isolation, but later in combination with other
(validated) models where feed-back effects are suspected. In addition, the test programme should not be
regarded as inexorable; that is, defined and carried out in isolation from the accompanying analysis. Rather,
it will be the responsibility of the COVE project co-ordinator to ensure that experiments and analysis proceed
in parallel, providing a foruam for interaction, so that the tests can be modified where indicated. Finally,
active liaison with the ESS project management will be maintained with a view to steering the COVE tests
in the direction of a final prototypic experiment using mercury or NaK (intermediate Prandtl number).
Since the tests in the COVE series are intended to provide high quality data for code validation purposes,
numerical simulation of each test in the series will form an integral part of the study. Data from the
experiments will be used to test whether the simulation code basically copes with the various fluid dynamic
processes encountered. Flow deceleration over the curved window may induce boundary layer separation.
instabilities, Gortler vortices and, in extreme conditions, local flow reversal. Such behaviour will be evident
from the measured temperatures on the window surface and from the visual data from the water tests.
Buoyancy effects can be assessed by varying the window heating rate, particularly for the sodium tests where
more power may be used. The expansion from the inlet channel exits over the window, the convergence
of flow streams from the sides and the sharp changes in direction could create flow instabilities. Combined
with heating, these could also affect the structure of the boundary layer over the window, and hence the heat
transfer across it. Overall heat exchange between window and coolant will only be adequately predicted
by the code if the detailed structure of the boundary layer is correct. If points of discrepancy are noted, it
might be necessary to carry out more basic tests in order to isolate the problem areas. Overall, the validation
process is aimed at increasing the degree of confidence in the ESS simulations being carried out in suppon
of the design work and safety case.

If a 1-1 scaling is maintained between the actual window design and the COVE test section, once a com-
putational mesh has been assembled it can be used with minor modifications for the analysis of all the
experiments in the series. It is anticipated, therefore, that a pre-test calculation can be performed for each
experiment. Such mesh adaptation as proven necessary from post-test analyses will become inherent for the
pre-test calculations of succeeding experiments, so that by the end of the test programme a highly refined
mesh, capable of resolving the thermal-hydraulic processes encountered, will have evolved. This experience
will pass over directly to the final analysis of the ESS target proper. Parallel, semi-analytic work to scope
the basic phenomena and increase understanding will also be carried out.

The goal of the validation programme is to confirm that the CFD tools can reproduce the overall flow
characteristics, identify local hot-spots, and predict adequately the temperature and velocity distributions
observed in the experiments. If points of discrepancy do arise, these will be itemised, and underlying causes
identified and rectified, where possible. Any unresolved discrepancies will be noted and kept in mind during
the CFD analysis of the ESS Target. There should be sufficient flexibility in the experimental programme
definition to allow for some repeat tests to be carried out to clarify problem areas in the modelling.

1. Bauer, G. S. (ed.) ESS-Liquid Metal Target Studies, 2nd Status Report, Oct. 1995.

2. Smith, B. L. Thermal Hydraulics of the Liquid Metal Target, Paper T-14, Proc. ICANS-XIII and
ESS-PM4, Weinfelden, Oct. 16-19, 1995.

3. Dury, T. V. & Smith, B. L. Theoretical Investigation of the Thermal Hydraulic Behaviour of a Slab-Type
Liquid Metal Target, Session 3 of this Workshop.
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ESS Thermal Hydraulics
Code Validation Tests
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Schematic of ESS Liquid Metal Target Components
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Necessary to demonstrate coolability of target
configuration to avoid:

e boiling of the mercury;

¢ overheating of the structures.
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ESS Thermal Hydraulics
Code Validation Tests

Multiple-Inlet Target Design

Detailed thermal-hydraulic calculations are being performed
to:

e demonstrate target coolability;
e provide pressure and temperature data for structural analysis;

e optimize design.

Phenomena to be investigated:
¢ Complex fluid dynamic interaction of converging inlet streams;
e Turbulent heat tranfer from window to coolant;
¢ Bulk fluid heating by proton beam;
¢ Recirculating flow regions;
e Pressure drops;

e Boundary layer development and stability.
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ESS Thermal Hydraulics
Code Validation Tests

Principal analysis tool: CFDS-FLOW3D.

SIDE VIEW
Tg( = Baffle
— :
Window '
l
]
= Qutlet =
Side Inlet E=¢ = JE—] Side Inlet
Lowes T
END VIEW
Typical Mesh Layout for ESS Simulation
Questions:

1. Is the computation mesh independent?

2. Are there other numerical errors?

3. Are the physical models appropriate?

Answers:

1. User experience; use different mesh layouts.

o

. Vary BCs, FD schemes, convergence criteria,

cross-check with a second code (ASTEC).

)

. Comparison with controlled validation experiments.
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The CFDS-FLOW3D Code
(AEA Technology)

Description

‘@ Transient or Steady-State Fluid Flow

e Heat Transfer and Buoyancy
~ Conduction in Solid Regions

o Single- and Multi-Phase Models

e Particle Transport Model

e Compressible or Incompressible

e Combustion - |

e Temperatures, Velocities, Chemical Species

e Laminar or Turbulent Flows |
(Large Re k-¢, Low Re k-¢, RSM, ASM)

e Complex 2-D and 3-D Geometry
e Finite Element Mesh

e Finite Volume Solution Algorithm
(After Transforming to Rectangular Grid)

e Implicit Time Differencing
e Multi-Grid Linear Equation Solver -

e Own Pre- & Post-Processors |
SOPHIA-2, JASPER-2
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The ASTEC Code|
(AEA Technology)

e Transient Single-Phase Thermal Hydraulic Code
e Finite Volume Solution Algorithm

e Complex 3-D Geometry

e Compressible or Incompressible Flow

e Calculates Temperatures, Velocities,
Concentrations

e Laminar or Turbulent (¥ — ¢ Model) Flow
e Full Tensor Porous Medium Model
e Fully Implicit Time-Differencing

e Hybrid, Skew Upwind Differencing for
Advection terms (Reduces Numerical Diffusion)

e Free Surface Tracking Algorithm

e Radiation Effects inclﬁded for
Heat Transfer Calculations

e Parallel (Transputer) or Vector Versions
e Own Pre-Processor (SOPHIA)
e Own Post-Processor (JASPER)
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ESS Thermal Hydraulics
Code Validation Tests

Necessary to distinguish between Prototype and Validation
experiments.

PROTOTYPE EXPERIMENTS

e Dynamic and thermal similarity (Re, Pr, Gr, Pe, etc.);‘

e 1-1 scale using actual materials (Hg);

e Useful as confirmatory test
Such tests are generally not useful for code validation pur-
poses since all phenomena are intermingled. If code simula-

tion is not satisfactory, it is very difficult to trace the origins
of the modelling deficiencies.

VALIDATION EXPERIMENTS

e Series of simple, structured tests of increasing complexity;
o Relevant phenomena are first studied in isolation;
e Measurable effects are amplified, if possible, to provide good data;

e Phenomena combined in a step-by-step manner, increasing realism.

At each stage of the validation procedure on additional phe-
nomenon is added and the consequences examined. Short-
comings in code modelling are more readily traced by this
method, and the appropriate action taken (change, modify or
develop new models). The series ends with a final, prototype
experiment. At the end of the validation exercise the code
can be used with confidence in further simulations, parameter
studies, etc.
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ESS Thermal Hydraulics
Code Validation Tests

RATIONALE OF EXPERIMENTS:

e 1-1 scale in the appropriate geometry;

¢ Dynamic Similarity (same Re);

e Isothermal and heated tests;

e Water tests (large Pr) for visualization purposes;

e Liquid sodium tests (small Pr);

e Final confirmatory test using Hg or NaK (intermediate Pr);
o Water tests utilize existing WALO facility at PSI;

e Na tests utilize existing NALO facility at PSI;

e NaK test possible with minor modifications to the NALO loop; -

e Hg tests may need to be done elsewhere (or a new loop built).
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ESS Thermal Hydraulics
Code Validation Tests

WATER EXPERIMENTS

1. Laminar, Isothermal

¢ Simple physical models;
e Modelling deficiencies are numerical in origin;
¢ Optimization of mesh, FD schemes, BCs, convergence criteria;

e Transient studies if flow instabilities occur.

2. Laminar, Heated

¢ Low power only (no subcooled bailing);
e Influence of (weak) bﬁoyancy forces;

e (Weak) heat transfer by conduction only.

3. Turbulent, Isothermal

e Study of turbulent flow phenomena: stagnation,
BL separation and reattachment, recirculation,
swirling, mixing layers, wakes;

e Evaluation of turbulence models;

e Curvature effects on turbulent BLs.

4. Turbulent, Heated

e Heat transfer by turbulence only;

e Mixing of hot and cold streams, plumes;

¢ Buoyancy effect on turbulent BL.
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ESS Thermal Hydraulics
Code Validation Tests

SODIUM EXPERIMENTS

1. Laminar, Isothermal

e Calibrate velocity measurement devices;

e Otherwise, covered already by water tests.

2. Laminar, Heated

e Medium power tests;
¢ Influence of buoyancy forces;

e Heat transfer by conduction only.

3. Turbulent, Isothermal

¢ Evaluation of turbulence models;

e Curvature effects on turbulent BLs.

e But, only useful if good velocity measurements available.

4. Turbulent, Heated

e High power tests;

e Heat transfer by turbulence and conduction;

¢ Effect of (strong) buoyancy forces on BLs;

¢ Evaluation of turbulence model with buoyancy effects.
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ESS Thermal Hydraulics
Code Validation Tests

PROTOTYPE EXPERIMENT
¢ Final, confirmatory test;
e Correct combination of phenomena;
e Validated models;

e Strengthens safety case for target.
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Assessment of the Neutron Cross Section Database for Mercury for the
ORNL Spallation Source

L. C. Leal, R. R. Spencer, D. T. Ingersoll, and T. A. Gabriel
Oak Ridge National Laboratory
Bldg 6011, MS 6370
P. O. Box 2008
Oak Ridge, TN 37831
Phone: (423)-574-5281
Fax: (423)-574-3527

ABSTRACT

Neutron source generation based on a high energy particle accelerator has been considered as
an alternative to the canceled Advanced Neutron Source project at Oak Ridge National
Laboratory. The proposed technique consists of a spallation neutron source in which neutrons
are produced via the interaction of high-energy charged particles in a heavy metal target.
Preliminary studies indicate that liquid mercury bombarded with GeV protons provides an
excellent neutron source. Accordingly, a survey has been made of the available neutron cross-
section data. Since it is expected that spectral modifiers, specifically moderators, will also be
incorporated into the source design, the survey included thermal energy, resonance region, and
high energy data. It was found that data of individual isotopes were almost non-existent and
that the only evaluation found for the natural element had regions of missing data or
discrepant data. Therefore, it appears that to achieve the desired degree of accuracy in the
spallation source design it is necessary to re-evaluate the mercury database including making
new measurements.

During the presentation the currently available data will be presented and experiments
proposed which can lead to design quality cross sections.
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" Neutron Cross-Section Data for Mercury

Background

The use of a high energy particle accelerator to generate neutron sources is being considered
as an alternative to the canceled Advanced Neutron Source project at Oak Ridge National
Laboratory. The proposed technique consists of a spallation neutron source in which neutrons are
produced by allowing high-energy charged particles to interact with a heavy metal target. A key part
in the analysis and design of such a device is the choice of the target material. Preliminary studies
performed at ORNL indicate that liquid mercury provides an excellent neutron source and has
several thermo-mechanical advantages over solid target materials. To assess how the neutrons
collimate in various directions, it is necessary to accurately determine the neutron flux in the
surrounding target and moderator areas, which will require calculations involving neutron-mercury
interactions.

Comments on the Available Nuclear Data for Mercury

The isotopic abundances of natural mercury (Hg) are given in Table 1, which shows that
natural mercury has seven major important isotopes. As a general rule, materials with atomic mass
number, A, greater than 80, as is the case of mercury, have resonance structure in the neutron cross
sections starting in the energy range of a few eV and extending all the way into the keV range. In
order to properly characterize the neutron flux, it is necessary that the resonance effects are
accounted for in the energy dependence of the cross sections. The approach that best provides a way
to characterize the resonance effects is the evaluation of the neutron cross sections to determine the
resonarice parameters which can be used to reproduce the very detailed structure of the cross sections
in the resonance region.

A survey of the neutron cross section data for mercury has been recently performed. It was
found that there are no total cross section data available for the individual mefcury isotopes. A major
benefit from this effort could be the determination that the most effective spallation target is one in
which certain isotopes of mercury have been either enhanced or separated out. There are total cross
section data for natural mercury from an evaluation performed about 25 years ago tailored for
particular applications at that time. The available data are not continuous and not consistent, when
different data sets are compared. In addition, the capture cross sections of the individual isotopes
were measured for neutron energies above 2.5 keV; however, these data could not be analyzed since
transmission data were not available from which neutron widths could be derived.
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Proposed Tasks

To achieve the degree of accuracy demanded in the design of the spallation neutron source,
it is proposed that a new evaluation of the neutron cross sections for mercury be performed. The
proposed tasks will consist of (1) measuring the transmission and capture cross section for the
mercury isotopes using time-of-flight techniques, (2) analyzing the experimental data to determine
resonance parameters, and (3) using the resonance parameters to generate pointwise and multigroup
cross section libraries.

1) Neutron Cross-Section Measurements

The time-of-flight technique is undoubtedly the most powerful method available today to
measure neutron cross sections. It allows one to identify resonance structures which are fundamental
properties of the cross sections. The Oak Ridge Linear Accelerator (ORELA) provides a world-class
cross section measurement capability. It is based on the time-of-flight method and is a unique
machine in the sense that it provides the best resolution neutron cross section data in the world.
Highly qualified ORELA personnel provide the expertise to perform cross section measurements.

2) Nuclear Data Analysis and Evaluation

Neutron cross section evaluations at ORNL are performed with the computer-code SAMMY.
SAMMY is a multilevel multi-channel R-matrix resonance analysis program based on the Bayes
approach. SAMMY is responsible for about 40 % of the neutron cross section evaluations in the
latest version of the Evaluated Nuclear Data File, ENDF/B-VI. SAMMY was written at ORNL and
has been frequently used by ORNL personnel in several areas.

To represent mercury cross sections with resonance parameters, SAMMY will be used to
analyze the seven mercury isotopes listed in Table 1. For each isotope, the analysis will be
performed by evaluating the experimental transmission and capture data.

3) Cross-Section Libraries Generation
The new evaluated mercury data will be processed for application in neutronic calculations

of the spallation neutron source. The effort will include the data generation in multigroup and
pointwise form for use in deterministic and Monte Carlo computer codes.
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ISOTOPE ABUNDANCE (%)

Hg'% 0.15
Hg'® 10.1
Hg'® - 17.0
Hg2™ 23.1
Hg?! 13.2
2 29.65
Hg™ 6.8

Table 1. Mercury Isotope Compositions.
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reflector
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Target, moderators and the beam channels as
viewed from the bottom
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Neutron Spectrum
Cryogenic Moderator
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Neutron Spectrum
Ambient Moderator
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Fig. 1. Comparison between the MCNP Evaluated Total Cross Section (sulid line) and Experimental data
(crosses) in the Energy Range 1.0* eV to 10 eV.
Hg
srae, Pss00sel i
] 2 ’ . 5 10?
10 . Energy lev) |

Fig. 2. Comparison between the MCNP Evaluated Total Cross Section (solid line) and Experimental
data (crosses) in the Energy Range 10 eV 10 100 eV.
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Fig. 5. Comparison between the MCNP Evaluated Total Cross Section (solid line) and Experimental
data (crosses) in the Energy Range 1000 eV (o 2000 eV.
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Fig. 7. Comparison between the MCNP Evaluated Total Cross Section (solid line) and Experimental
data (crosses) in the Encigy Range 10 keV to 100 keV.
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ISOTOPE ABUNDANCE (%)
Hg" 0.15
Hg'"® 10.1
'; Hg" : 17.0
Hg™ | 23.1
Hg™ 13.2
Hg™ 7 2965
Hg™ . 6.8

Table 1. Mercury Isotope Compositions.
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MERCURY TARGET R&D
FOR THE OAK RIDGE SPALLATION NEUTRON SOURCE

J. R. Haines, J. DiStefano, K. Farrell, T. A. Gabriel,
L. K. Mansur, S. Pawel, P. Rittenhouse, M. Siman-Tov, R. P. Taleyarkhan
Oak Ridge National Laboratory

The conceptual design for the Oak Ridge Spallation Neutron Source (ORSNS) incorporates
liquid mercury as its reference target material. A flowing liquid target was sclected mainly
because of the increased power handling capability possible with the convective transport
process. The major reasons for choosing mercury as the liquid target material are because
it: (1) is a liquid at room temperature, (2) has good heat transport properties, and (3) has a
high atomic number and mass density resulting in high neutron yield and source
brightness.

Since liquid targets are not widely utilized in presently operating accelerator targets and
because of the challenges posed by the intense, pulsed thermal energy deposition

(~ 20-100 kJ deposited during each 1-10 s pulse), considerable R&D is planned for the
mercury target concept. The key feasibility issue that will be addressed in early R&D
efforts are the effects of the thermal shock environment, which will include development
and testing of approaches to mitigate these effects. Materials compatibility and ES&H
issues associated with the use of liquid mercury are also of major importance in early R&D
efforts.

A brief description of the mercury target design concept, results of initial evaluations of its
performance characteristics, identification of its critical issues, and an outline of the R&D
program aimed at addressing these issues will be presented.

* QOak Ridge National Laboratory, managed by Lockheed Martin Energy Research Corp. for the U.S.
Department of Energy under contract number DE-AC05-960R22464.
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Why Use a Liquid Target?

- High heat removal capability - convective transport
with a flowing liquid

* No structural radiation damage to the target material
- target material is reusable

>

Why Mercury?

 Liquid at ambient temperatures
 High neutron yield (high atomic number)
» High density leading to high source brightness

» Some materials compatibility information exists
 Should not be a limitation at low temperatures

« Easy to purify
» No extremely long-lived isotopes
« High thermal neutron absorption

« May be an advantage for the type of experiments proposed for
a pulsed source

oml
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Critical Issues for the ORSNS Mercury Target

Thermal shock

» Pressure pulse in Hg

* Thermal shock of structural material

* Need for He injection and if needed, how do we inject the He?
Steady state power handling

« Hot spots caused by recirculation zones

« Cooling of target wall/window material
Radiation damage to structural enclosure materials
Compatibility between Hg and other Target System materials
Helium and hydrogen solubility in Hg
Wetting of Hg

Low-energy cross-sections for Hg

SNS Hg Target Heating Profile
* 1.2 GeV protons

T - 1 MW Average Power
E 140 —I ] LI L L L N I B | L L LI llll-
= - :
= 120 | /Z‘\ ]
® %100 | \ ]
o ol \ X
o o 80 [ |
> o i -
- \v :
o 9 i ]
E N :
= 0 N ]
g 5 f \E\ :
= N \E ]
E 0 -I 1 13 1 1t 8 Lt 3 1 L1 1 1 gﬁ‘rﬂ ] I—

0 100 200 300 400 500 600
Distance into Hg Target (mm)
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- Thermal Effects During a Single-Pulse

* Mercury target volume ~ 20 L

» Repitition rate = 60 Hz

Power Density Energy Density Temperature
Proton Beam MW/m3)- (MJ/m3) Rise (K)
Power (MW) Ave Peak* Ave Peak* Ave Peak*
1 50 195 0.83 3.25 0.44 1.72
2 100 390 1.67 6.50 0.88 344
5 250 975 417 16.25 220 8.60

* Includes an additional peaking factor of 1.5

"Thermal Shock" Is Caused By
the Intense Heating Pulse

Let's examine some characteristic time scales:

Speed of sound for Hg = cngr~ 1,450 m/s
« Characteristic time for a compression wave to travel through the target
=ts ~ 0.05 m / 1450m/s ~ 50 ps

Residence time for Flowing Hg ,
« Flow length ~ 1 m, Velocity ~ 2 m/s
* Residence time = t.~ 0.5 s --- Hg is in the target for ~ 30 pulses

« Time scale for heating = t,5, << t; = Hg is essentially static during the
. heating process

Since ton << t; or ts, the fluid cannot expand during the heating process =
isometric process = volume remains the same, pressure increases

Pressure wave propogates through the mercury
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SNS Mercury Target System Design and Fabrication

Task

FY 96

FY 97 | FY 98

FY 99

FY 00

FY 01

FY 02

Conceptual Design

Preliminary Design

Final Design

Procurement and Fabrication

Installation and Checkout

!
P
|
|

Mercury Target System Development

R&D Tasks

FY 96

FY 97 | FY 98

FY 99

FY 00

FY 01

FY 02

Thermal-hydraulic tests and analysis

CFD Simulation of target

Create central mercury handling facility

Develop Hg diagnostics and instrumentation

Flow distribution tests (water)

Mercury thermal hydraulic parameter tests

Full-scale mercury tests (no pulsed heating)

Thermal shock tests and analyses -

Pressure Pulse Tests

Thermal Shock Tests on ORELA

Benchmark model analyses of mercury target

Cyclic Shock Evaluations

Thermal Shock Mitigation Tests and Analyses

Erosion/corrosion tests and analyses

Planning and design of corrosion tests

Procure/Install corrosion loop

Shakedown/Startup of corrosion loop

——ni———-———l—-— s | s (e s Sttty dheme] s fe— e, et — —

Perform corrosion tests
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Near-Term Hg R&D Efforts

» Pressure pulse tests - benchmark thermal shock
models

» Thermal shock and power handling tests on ORELA

 Start thermal-hydraulic calculations in preparation
for testing '

» Materials compatibility tests can easily be included
as part of these efforts

Hg Pressure Pulse Testing

 Create localized pressure pulse
+ Use an existing ORNL/FED gas gun to create a pressure pulse in a
Hg containing vessel
wone(Jf ===
 Use an exploding wire

« Use strain gauges to measure response of the vessel and pressure
transducers to measure response in Hg

e "Benchmark" with thermal shock models (ORNL & ESS?)

« Rationale for these tests:
« Establishes credibility of models and verifies Hg equation of state
» Hg handling experience
« Simple, fast, and inexpensive - takes advantage of existing
equipment
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ORELA Experiment

A small experiment (~ 1/10 scale) at ORELA may provide insight on many
of the critical issues for a Hg target

ORELA parameters

Electron energy ~ 150 MeV
Energy per pulse ~ 30 J

Pulse duration ~ 30 ns

Beam size ~ 5-10 mm diameter
Rep rate ~ 600 pulses per second

Effective range of EM cascade for 150-MeV electrons in Hg is ~ 100 mm

A Hg target with dimensions of 10 mm x 10 mm x 100 mm can be used in
ORELA

Parameter ORSNS ORELA
Target* Target
Volume (L) 20 0.01
Energy per pulse (J) 3.3x104 30
Energy density (MJ/m?3) 17 2.3
Avg. Power Density (MW/m3) 100 up to 1,800
Pulse Duration (us) 0.5 0.03
Charschoritiig Fon for smicspend (sl 35 2.5

* 2 MW average beam power

Conclusion:  We can achieve the desired temperature rise per pulse (thermal shock) and

steady state heating conditions

Concern:

* Reduced scale size makes extrapolation to the SNS difficult - must use this experiment to
improve understanding of physical processes and "benchmark" models

Concluding Remarks

Liquid mercury is an attractive ORSNS target material
+ Liquid at room temperature
« High heat removal capability
» High neutron yield and source brightness

A mercury target design concept and its associated R&D issues are being
identified

Thermal shock of the mercury and its resulting mechanical loading of the
target wall is an especially critical issue

An experiment in ORELA or high energy electrical discharge testing are
under consnderatlon as means for simulating the intense heating

If required, injection of helium bubbles must be examined as a means for
mitigating the thermal shock effects
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International Workshop on the Technology and Thermal Hydraulics of Heavy Liquid Metals
25.-28. 9. 1996
Schruns, Austria

Heavy Liquid Metals : Research programs at PSI
Y.Takeda PSI

R & D programs at PSI under way for thermohydraulics, thermal shock and material test for
mechanical properties. In the presentations the following two parts were focused:

A : SINQ LBE target

B : ESS Mercury target

SINQ LBE Target : The phase II study program for SINQ is planned. A new LBE loop is
being constructed. The study has following three objectives:

Pump study : In order to ensure a flow of LBE inside the double tube container, especially for
a higher flow velocity around the window, and to maintain a continuous flow during the beam
interruption, an Electromagnetic pump is considered to be integrated into a SINQ target. Due
to its relatively low efficiency, various types, shapes and configurations of EM pump are to be
tested.

Heat pipe performance test : An idea to use heat pipes in the target cooling system is for
decoupling the primary liquid metal circuit and the secondary water cooling circuit, which may
be beneficial to attain a larger safety margin for the radioactive system in the event of water
lackage into a high temperature liquid metal. The theoretical study of construction of the heat
pipes are under way and the prototype heat pipe will be fabricated. The performance test is
planned in the test loop.

Mixed convection experiment : In order to find an optimal configuration of the additional flow
guide for window cooling, mixed convection around the window is to be studied. The
experiment will be started using water and then with LBE.

ESS Mercury target : For ESS target study, the following experimental studies are planned,
some of which are exampled by trial experiments. This includes following studies:

(1) Flow around the window : Flow mapping around the hemi-cylindrical window will be made
for optimising the flow channels and structures,

(2) Geometry optimisation for minimizng a recirculation zone behind the edge of the flow
separator,

(3) Flow induced vibration and buckling problem for a optimised structure of the flow
separator and

(4) Gas-liquid two-phase flow will be studied by starting to establish the new experimental
method of measuring various kinds of two-phase flow characteristics.




R & D Programs at PSI

Thermohydraulics
Numerical ASTEC, FLOW3D T. Dury, (B. Smith)
Experimental Water, Hg, Y.Takeda

Thermal shock ANSYS + DYNA . L.Ni

Material study - Mechanical properties

Hg, Stationary, with Flow  Y.Dai

Diam : 200 mm
" Height : 400 mm

Hex (25kW)
Overflow tank
with heater (25 kW)
m 0t
NNNN
| I
tim EM pump " ' Test section
1 Heat pipe
Chiller 2:uw
(ca. 20 kW) ——
05m 0sm | | . |
l | .
05m .
{
. . Presss Gy
Pipe diameter = 50 mm - |
: ' Total inventory of LBE
. in loop =33 Ltr
Rese’."‘:]." tank in reservoir = 60 Litr
‘ (,ex's na) -> Test sectiton <30 Ltr

An illustfation of the planned LBE loop for the phase 11 study of SINO target.

(BL00P4 n1d
foo e
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SINQ liquid metal target
with integrated EM pump

EM Pump is a linear induction type. /\

A coil section might be designed as two
cylindridal shells, which are detachable
to the side. A retum path is by two

connecting legs between the top

plenum and the lower section. AR

By this configuration, the EM pump ADOOOTRRONE
can be integirated into the SINQ LM i
target without immersing this component . \/
in the radioactive liquid.

AN

l | 1
R R I WEVAVYAY,
? RN
i /\“( \‘.'/\ \,“" \‘:‘.
AVAVAYS .
! A= T )f‘( ¥ A
Detachable coils : e _\ \J \_

N\

- \\_.: N—, -—
£ :_‘\\ -
A - \Y
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il i
4 Jar
VoY AN N
VAN A
Ty
L
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An example of a flow mapping on the recirculation in a water model for ESS horizontal target,

He-Hg Two-Phase Flow

Objective : To realize a homogeneously dispersed flow (He in Hg)

What have to be done:

Method of bubble generation
Metliod to study a distribution of bubbles
Influence of flow geometry on the distribution

Strategy :
Water experiment : Visualization + Ultrasound method
Hg experiment : Ultrasound method
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Echo signals reflected by bubbles in a bubbly sheet. Top to hottom at various heights
above the bubble generator. The bubbly sheets is widened as rising.

11-7




PIS104TIN

(7 02< : swnjoA)

Jauigluoa dnyoeq aaippiea

sef uafionAN

1d a:sms_

W04 AUl BH Sl

wogy WheH | == h
worgl ‘welq Sngeallyvidanguidie

(egn) epinB seuur yum “qoid) o e oy

laUejuoo |88}s SSejulelS et

"a[qeAour A[[BOTHIA ummm —H

‘pinbiy 8 ojui sed joafur o) - =t ..Awmﬁ i
diy seueyas snosod v ===t

18)l} UOGIBD PBJBAO. : B8N ==
ybnos pasj yum .
ajejd sejbixa|d :
dex Jodea By m
Bunayiy au| }sneyx :
03pIA Jo ojoyd Aq papiodal
aqn} BuipinG ym UONEAISSqO |eNsIA
HIN apisino o} pajjadx3
3590 se9)

WOONI)Suo) Jopun
“JUSWIAINSEIW AO[J OSBY

H-9H 10 djos [euomridxd
Yy} Jo uone.Lsnyx

11-8

SjuawnJjsul Jluoselln

[e)9uw pibiy Suimopy ur

INOIABYA( d[qqn( S&3 Jo UONBAIISq()



LM-Research opportunities and
activities at Beer-Sheva

S. Lesin

Solmecs (Israel) Ltd/Center for MHD Studies
Ben Gurion University of the Negev
P.O. Box 653
Beer Sheva, 84105, Israel

For the
Workshop on the Technology and Thermal
Hydraulics of Heavy Liquid Metals
March 24 - 28, 1996
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EXTENDED ABSTRACT

Energy conversion concepts based on liquid metal (LM) magnetohydrodynamic
(MHD) technology was intensively investigated at the Center for MHD Studies (CMHDS),
in the Ben-Gurion University of the Negev in Israel.

LMMHD energy conversion systems operate in a closed cycle as follows: heat
intended for conversion into electricity is added to a liquid metal contained in a closed loop
of pipes. The liquid metal is mixed with vapor or gas introduced from outside so that a
two-phase mixture is formed. The gaseous phase performs a thermodynamic cycle,
converting a certain amount of heat into mechanical energy of the liquid metal. This energy
is converted into electrical power as the metal flows across a magnetic field in the MHD
channel. The thermodynamic working fluid after separation from the LM is reversed to
initial conditions by cooling, pumping and heating.

Those systems where the expanding thermodynamic fluid performs work against
gravitational forces (natural circulation loops) and using heavy liquid metals are named
ETGAR systems. '

The development of the ETGAR technology, which began in 1980 at the CMHDS
and supported by Solmecs Israel Ltd., includes the following R&D activities:

1. Investigation of Physical Phenomena, mainly two-phase flow (liquid-gas), mixing,
separation, wetability, boiling, MHD and turbulence.

2. Development of a Universal Numerical Code for the Two Phase flow data analysis,
Parametric Studies, Optimization and Design of the systems.

3. Material studies, mainly corrosion in liquid lead.
4. Building and testing small and medium-scale systems.
A number of different heavy-metal facilities have been specially constructed and

tested with fluid combinations of mercury and steam, mercury and nitrogen, mercury and
freon, lead-bismuth and steam and lead and steam.

The pipe diameters vary from 2.7 cm to 20.3 cm. Since the experimental
investigation of such flows is a very difficult task and all the known measurement methods
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are incomplete and not fully reliable, a variety of experimental approaches have been
developed. In most experiments, instantaneous pressure distributions along the height of
the upcomer were measured and the average void fraction was calculated numerically using
the one-dimensional equation for the two-phase flow.

The research carried out at the CMHDS led to significant improvements in the
characterization of the two-phase phenomena expected in the riser of ETGAR systems.
One of the most important outcomes is the development of a new empirical correlation
which enables the reliable prediction of the velocity ratio between the LM and the steam
(slip), the friction factor, as well as of the steam void fraction distribution along the rizer.

In view of the importance of reducing the size of the bubbles for maintaining a
small slip ratio, a number of studies have been undertaken, investigating a means to
influence the liquid-gas interface phenomena (surface tension, stability, etc.). The studies
convincingly demonstrate the possibility of substantially influence the interface and thus
lower the size of the bubbles.

The three hey components, the mixer, separator and MHD generator, have been
intensively tested regarding their performance characteristics, prediction and optimization of
design. .

Mixers of different design were tested with a variety of working fluids. Two main
questions have been addressed: (1) the possibility to influence the size of the bubbles along
the height of the upcomer, and (2) minimizing pressure losses in the mixer. It turned out
that no substantial differences in bubble size occurred when completely different mixer
designs were used (mixers with injection in the opposite directions, etc.). It is possible to
say that the two-phase flow has a very short "memory" about the conditions of its
inception. The resulting conclusion was that preference should be given to a mixer design
which minimizes the possibility of plugging by impurities. The jet mixer best fits this
condition.

The separator of an ETGAR system has to provide a complete separation between
the two phases while simultaneously preserving a maximal possible fraction of kinetic
energy. Different types of separators were tested and analyzed. These include designs
based either on gravitational forces or centrifugal forces (in which the flow rotates in a
stationary structure). New separator designs which offer attractive performance were
developed.
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Several engineering problems regarding the handling of the liquid metal have been
solved in the CMHDS together with selection of construction materials solutions resulting
from the operation of the mentioned experimental systems. ,

As a conclusion it can be said that great R&D opportunities are existing in the
CMHDS by using the existing experimental systems and the wide experience gained in
handling heavy liquid metals.
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GENERAL SCHEMATIC OF THE ETGAR LMMHD POWER CONVERSION PLANT
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Thermodynamic Cycle: '

(a) A Conventional Turbine C
(b) A Combined LMMHD/Stea

(c) All LMMHD Cycle
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Main Research and Development Activities
performed in the Center:

Investigation of Physical Phenomena , mainly:

*

sk

L3

Two Phase Flow -
Mixing (liquid - gas)

Separation (liquid - gas)

Liquid Metal Wetability

Direct Contact Boiling (Vapor Explosion)
MHD

Turbulence

Development of a Universal Numerical Code for the Two Phase flow data

analysis, Parametric Studies, Optimization and Design of the systems.

Material studies, mairily corrosion in liquid lead.

Building and testing smali and medium-scale systems using the following fluids:

Mercury, Water-Air, Mercury-Nitrogen, Mercury-steam, Lead Bismuth-steam and

Lead-steam.
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LEAD-BISMUTH/STEAM
TWO-PHASE FLOW

LEAD-BISMUTH

T

et e———ttt=]
no

Trace Heating |-

MERCURY

Pressure Measuring System at ETGAR 3
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MERCURY FREON SYSTEM -R 113
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Main Parameters of the Mercury Freon System |

Liquid metal Mercury
Volatile fluid Freon
High temp. in cycle 900C
Mixer Pressure 2.5 bar
Effective height ' 2 m
Upcomer diameter 20 mm

11-20



2000

FLOW CHANNEL

VENTURI FLOWMETER
/ HONEYCOMB

RARARERREERRARRRRARRAR

* ‘ COOLING WATER

FILTER

\ j1 1
CQT)
oy
I

P OVERFLOW TANK

CENTRIFUGAL
PUMP
TN\

o

<
>
[
<
m
Soo \ ilh

|

|

i

l—SUMP TANK

-} MERCURY

4400

i
-~y

=
Ol 77077 7777777777777 7777 7777777777777 77777777

HORIZONTAL MERCURY LOOQOP

Main Parameters:

Liquid Metal -
Max. Flow Rate -
Max Working Temp. -
Magnetic Field -

t

Electromagnet Pole Lenght

Mercury

24 liter/min.
80 o°C

0 to 1.1 Tesla
09 m

11-21

PSS 77T ITTITT7




d0lvYVvd3as TVONJINLN3ID

IDioW PinbiT]

3

sDg «

‘€'v *9l4

T ednyxIg
880Yd-0M ],

d3xXinN L3ar

« pinbq

moj4
aseyq om)

=]

juswalg pajeiojlad

MOl4 aseyq omy

SHIXIN

juswaly snolod

Mo)4 aseuyd oml

11-22



A 1 1
MIST ELIMINATOR
N D7 N
A \
N,
F.
E
H
A
B > t
lls—
|
INLET D
A
y —— a
A g
Y / H
\ OUTLET I ]
A B c D E F t H
STAGE-1 500 1000 650 900 250 500 31 3550
STAGE-2 550 1100 700 1000 300 500 - 18 3750
STAGE-3 550 1100 700 1000 300 500 8 3750

SEPARATOR-ETGAR 7

0.200
- & gravitational separator
g O centrifugal  ssparator
2 .
(&) b . o,
c o O o0
S - X
) ts
= 0.1001
Q
ol
[&]
<
ol J
(3
5 o RSO
>
0.000 7 —r v v

¥ v 1] ] 1
0.0 0.2 04 06 08 1.0 1.2 1.4
SUPERFICIAL LM VELOCITY (m/s)

Comparison of performance between gravitational to centrifugal separator
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COMPARISON BETWEEN THE EXPERIMENTAL RESULTS
AND THE PROPOSED VOID FRACTION CORRELATION

Ni/(N-Ax)

P(x)

Facility Diamete;;  Vip Investigator | Number | RMS value |RMS value |RMS value
and Fluids [sn) [nvs] of Data Proposed | of Serizawa of Sudo
Poiats corr.
% % %
Viater-Air4] 0.044 | 0.273-1.6 | Presentwork | 6292 177 26.29 77.15
ER-4 + 0.078
Etgard 0.203
Etgar3 0.203 0.6-1.6 | Presentwork | 3458 10.87 22.98 33.43
Lead
Bismuth
-3team
ER-< 0.078 | 0.43-1.02 | Presentwork | 1118 14.94 32.98 173.21
Mercury
Steam
Water-Air 0.04¢ | 0.273-15 | Presentwork | 1716 11.14 3116 35.30
Mercury 0.0515 | 0.6-2.58 | Ungeretal 138 17.46 16.95 39.29
-N; . asa7)
Mercury C.019 | 0.48-0.34 ; Usgeretal. 333 14.35 14.49 41.75
-R113 (1987)
Water-Air 0.016- | 0.26-0.87 Govier & 46 12.47 21.68 10.00
0.0635 L. Shont
(1958)
Water-Air 0.07 | 0.09-0.3 Smissaent 139 1.57 123 6.76
(1963)
R113-N, 0.07 | 0.09-0.3 Smissaent 35 11.35 872 21.04
(1963)
Mercury G.0508 | 0.09-0.3 Smissaert 46 10.79 1433 164.00
-N; (1963) .
Total 0.016- | 0.09-2.58 Al 7029 11.97 21.36 1715
Data Bank 0.203
4
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CALCULATED BY THE PROPOSED CORRELATION
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Dynamic Surface Tension Measuring Apparatus

0-30 psig
50 psig
Stablilizer Stablllizer
an a
ON/OFF 1,8..4.% )
Vent A Vent B
Orlfice
\
MN\NMM\N“

- Y R

Bubble Growth and Minimum Radius (R')

The Yaung-Laplace Equation :

20
PzP +P —
R
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SURFACE ACTIVE ADDITIVES INFLUENCE ON THE
SURFACE TENSION OF MELTED LEAD-BISMUTH

500

450 1

400 -

350

300

SURFACE TENSION (dyne/cm)

A PbBIi+ZnCl , (1.0%)
250

PbBi+ZnCl , (0.5%)

200

0 1 2 3 4 5 1]

- FREQUENCY
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Schematic layout of the test facility
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Figure 1 Schematic layout of the test facilities. 1-liquid lead,
2-sample, 3-crucible, 4-heater, 5-thermal insulation, 6-energy
supply, 7-thermoregulator, 8-thermocouple, 9-screw rod.

Figure 1 EPMA (wt %) of SS316 exposed to Pb at 500 °C for
800 h: cross-section with depth profiles of Ni and Cr.

Fe Cr Ni Si
Position (£2%) (£0.3%) (20.3%) (£0.3%)
1 68.5 16.9 11.0 0.7
2 70.1 17.6 10.0 0.8

11-30 Figure 2 Microstructures of coating: before test: (a) unetched
(b) after test (Murakami solution) (X350).



Steels

Ferrite-martensite ferromagnetic steels

Low nickel concentration; the steels contain: 9-12% chrome, 0-0.8%
nickel (HT-9,T-91).

The rate of dissolution in circulation lead test facilities at 6509 is 0.026 gm2hr- |,

L.e, thickness decreasing about 90 pm at test duration 35000 hours.

Austenitic nonferromagnetic steels

These steels, e.g., SS304,316,317, etc. nonferromagnetic and contain up., to
18% Cr and 10-12% Ni.

At low oxygen concentration, e.g., in Pb-Li eutectic, selective nickel
dissolution occurs.

Consequence: porous ferritic layer formation with weak adhesion and
low stability in the liquid metal flow

Even low oxygen partial pressure in the system result in oxide film

formation on the surface of steels. These films completely preclude

the interaction of steel with liquid phase.
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Direct Contact Boiling Studies

* A tabletop experimental system for studying
the microscopic phenomenon - first stage.

* A liquid metal natural circulation system (OFRA)
for studying the influence of D.C.B. process on the
system performance - sccond stage.
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Schematic diagram of the experimental system.
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Ambient pressure effect on the bubble pressure puls.

SUMMARY

From Phase I of the research program it can be concluded
that the ambient pressure can totally suppress the explosive
nature of the D.C.B. process.

The applicability of water injection into the hot lead of a
LMMHD system has yet to be verified in detail in Phase II of
the program by using the "OFRA" system.
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OFRA Facility - Research Targets::

Studies of water DCHT and direct boiling phenomena in lead at
temperatures up to 480°C (there is no experimental data on DCHT
with water and lead in multi-bubbles bed, reported on in the
literature. |

Separation studies, mainly on carry under of vapour with LM to the
downcomer and carry over of LM with vapour to the condenser.

Influence of different additives (surfactants, foaming materials, etc.)
dissolved in the lead on the two-phase flow characteristics, mainly
void fraction distribution and phase velocity ratio, flow
configuration and overall system performances.

Studies of water reaction with molten lead over a large range of
temperatures, pressures and flow rates.

Test of the lead reaction with the construction materials in the
presence of liquid/vapor water.
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The Experience of General Electric with
Mercury for Electric Power Generation

* @General electric found that at elevated
temperature (400-500°C) Hg attacts the
boilers steel tubes which became
plugged with iron crystalline deposit

— After more than 300 tests they found
that Titanium and sodium additions
improve wetting and prevent iron
solution (the sodium removes oxides
on steel surface and Titanium builds
on surface a protective microscopic
layer)

— But, they also found that the reaction
between sodium, iron oxide and

oxigen led to plugging the tubes by
balls of hard sodium ferrite

The solution:

magensium at concentration of about 0.01 %
Titanium at concentration of about 0.001 %
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LM -RESEARCH OPPORTUNITIES AND ACTIVITIES AT THE LATVIAN
ACADEMY OF SCIENCES .

O.Lielausis
Institute of Physics of Latvian Academy of Sciences
Latvia

Abstract

In my first report (see, O.Lielausis “DESIGN ...”) the experience of our
Institute, regarding mercury as a very suitable material for LM-experiments was
described. In the given presentation selected examples will be considered
characterizing the breadth of our interests in LM applications.

So, InGaSn eutectic was used as a modeling liquid for investigation of MHD
effects typical to some LM-blanket configurations. LM coatings proposed for the
protection of divertor plates were considered too. Experiments were performed on a
superconducting magnet providing a 5.6 T magnetic field in a 30 litters bore.

In a large vacuum chamber (12 m®; 6.65 10 Pa) lithium cooling system for
high temperature reactors was examined. Electromagnetic pumps and flowmeters able
to work at lithium temperatures up to 960 °C were tested.

The experience with sodium can be characterized by a large scale stand for the
calibration of flowmeters which allows to supply the produced flowmeters with a
formal certificate. A second rather specific Na loop can be mentioned too, where two
mounted in line electromagnetlc pumps are delivering a 25 atm. pressure. The main Na
loop equipped with em. pumps is based on d=10 cm tubing.

LM devices were installed in the Latvian 5000 MW nuclear research reactor
IRT-5000 too. First, a equipped with conductive e.m. pumps loop, where InGaSn
serves as a y-carrier from activity generator (placed close to the core) to two outer 20
Mrad/h irradiators. Second, a LM system for rector control, where contained in
InGaSn indium is used for neutron absorption and reactivity control. A closed
- cylindrical LM container was installed in the core instead of a traditional control rod.
The container is divided in two chambers by means of elastic membranes. The one
chamber contains InGaSn, the second GaSn (without In). By means of e.m. pumps the
proportion between InGaSn and GaSn in the active zone can be changed ensuring a
posibility to control the amount of introduced in the core absorbing material. Long
term tests of the system were performed on a zero-power assembly . But for a shorter
time the system was inserted in the core of the acting main reactor too and the
efficiency of the control was confirmed. This type of design could be used, for
example, in high seismic regions, in the absence of gravity, at non constant acceleration
etc.

The room temperature non toxic alloy InGaSn is widely used in
physical experiments too. With InGaSn loop a large electromagnetic (1.5 T in a
3x0.5x0.15 m® gap) is equipped. The total amount of InGa SN in different stands
equals 180 kg. A technology for its purification is developed.

11-38



£3ojosjout pue
Splepue}s Jof anjuod uelaje] 3y Aq patjieo usaq sey jueld ayy

e'0 uoljeiAsp piepuejs —
£'0 jusuoduiod d1jeld}sAs —

% ‘10419 JUSWIAINSEIW 3)B1 MOJ] — ,
0L wur ‘suof)ods §sa} ulew! JO IdJOWBIP MO[j [BUOI}IPUOD — ,r
1o sw ‘Ayoedeo payldiom jo awmnjor — ‘
gI'o ¢l jue} 3uidned jo awnjoa —
00S—0¥1 D, ‘oduelt ainjeradurd) —
0£—2'0 09s/3) ‘a3ueds ajel moO[] —

SO1)S1I9)ORIRYD [BIJUYDI} URW

11-39

‘spiepue)s 0} s3ulp
-eat 4jay) urtedwod siojuwImolj 159) 0} spwsad d3r)s puodds g,
"Suol}ipuod uoljetado
Jopun Jutydtam Aq pOUILLIDPOP SI SSBW D)) ‘SUOIIPUO) [elUioU Jopun
pajenpeusd st yue) 3uidned oy Jo awnjoa oy "Juij|ty s}t jo dwi oY) 0)
(ssew wngpos Jo) yuey duidned ay} jo dwn(oa dy) Jo onjed ay} £q £
-}09J1pUl pOULLLLIdIOP SI a3e)S }S41] DU} Ul WNIPOS JO el MO[} dYL
"pade)s-0M] St 1N d}R1 MO|] DU} JO PINSIID JdjSuRI} DU
"SIDJOWIMO|} Wwilp
-0s pinbi| jo 3uisd) pue uorenpesd ayy Joj poudisop si jueqd oy

uondiidsag

|
H
'

LNYId YILIWMOTd WNIAOS )



PRESSURE METERS FOR THE MEASUREMENT
OF LIQUID METAY. HEAT-TRANSFER AGENTS
AND HIGH TEMPERATURLE MEDIA

gk

h YR PR ‘s . .. PRTRS
.,.,,An‘e\,;}c'ﬂ-,-‘.. _’"-S.{t':“.'.' L e e n. NEPRA
. E T S

Description

The meler is designed jor e measurement of liguid metal heat-
transier agents and olher media al high teanperatures.

The operations principle of the meter is hased on the delermination
of the relalion ol dilicrence and s ol vollage indoeed in lwo inler-
counveted eleetrie cirenils sifuated in the allernaling magnelic field
atd whase arcas change mutnally proportional Lo the pressure value
as a resull of linear movement of the ifexible element.

The device has the following advantages:

- small lemperalore error;

— inlerchangeabilily of the sensor and measuring device;

— possibilily lo make (he exit wilth an expanded scale relalive
to lhe operalion pressure;

- standard currenl exil;

- Jonr-digit digital presentation,

Main lechnicad characleristics

— tenperalure of the measured maedia, "G {o 100
— measured pressures, mPa lo 25
- hasic crror, nol more than, Y, 0,3
— adiilional temperature error, for 107 not more, % 0,035
e no-linearity, nol more han, % 0,4
~~ hyateresis, nol wore than, %, 03
— sensor mass, by 1—1,8
— sicea ol measuring device, mm 150 1803200
11-40



ELECTROMAGNETIC CONTACTLESS
FLOWMETER/DOSER FOR LIQUID METALS

sereer  smgemes e ep eppeemsesemye = o e r eme ey :-‘-’.....,,... TN"'?'T"

Descriplion

The Tlowmeler is designed for the measuring of fow rale, volume
of liquid sodium and for its dosing. Modifications of the flowmeler
ean be used for other wedia (mereary, gallinm, lead and ils alloys).

The operation principle of the anil is based on the delermination
of the ralio of velocily and vorlicily components of signals of the se-
condary magnelic fieht indoced in liquid melal moving in the external
magnelic field.

The unil has The following advaniagres:

— readings are independent of {he wellability dearee of measu-
ring channel walls by Hgoid melal wnd ils conduelivily:

-~ high reproducibilify of remlings;

— reafed gradualion.

Main {echnical characlerislics

— lemperaline of controlled medinm, (C 120---300
— [low rale measuring range, l/sec 0.1—1
— measurement range ol el dose and quanlity, | H =409
— hasic relalive measurement error, not more than, %
— raled gradoation 2.5
— Mow graduation 1

Arecas of application

The deviee can be nzed in ehemical industry and nuelear power.
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EXPERIMENTAL ALKALI METAL STAND AND FACILITIES

: g@//// iy, ”""“.‘h"'m.'

L]
’a,,’ .
v
’

EMP channel
at temperature in the liquid
mectal loop (Li) up to 1220 K.

EMERGENCY CASE

Leak in the channel of EMP
(liquid metal temperature in the
loop was about 1000 K)

HIGH TEMPERATURE SPACE
SIMULATION TEST CHAMBER
— .
e length, min . 4000
» diameter, mm 1200
e pressure. Pa 2:10*-6.65-10"
o dissipated power, kW 300
o medium gas (Ar, He), vacuum
* heat- transfer agent temperature, K up to 1200

{uscd for investigations of EMP and different MHD-
devices [flowmeters, pressure meters, throttles ctc.]
for cooling systems of space nuclear reactors under
conditions close to real)

HIGH TEMPERATURE LIQUID METAL LOOP

« neat transfer agent Li

« structural material of LML Nb-Zr alloy
» vestigation objects EMPs
« opcrating temperature, K up to 1200

MULTICHANNEL HIGH TEMPERATURE EMP

e liquid metal Li
¢ number of the channcls 6
e flow ratc, I/s 2x6=12

11-43 ® pressure in the channel, Pa 1.5-10°




'LIQUID METAL INSTALLATIONS IN THE NUCLEAR REACTOR

NUCLEAR RESEARCH REACTOR (UPT-5000)

s power, kW 5000

e neutron flux in the core, Wem’ s s-10"
® cooler distillate water
o nuclear fucl enriched **U
e peutron reflector beryllium

1- cooling pipe-linc; 2- control channls; 3- coolant dclay tank;
4-dry assemblics for radioactive samples storage;
s. servodrives of control rods; 6-gate drives;
_7- ventical experimental channels; 8- reactor corc; 9. horizontal
expenimental channels; 10- heat shicld

RADIATION CIRCUIT FOR
NUCLEAR REACTOR 1- reaclor core
. N 2- activity gencrator
3- alloy (InGaSn) collector
/‘ 4--irradiator -1
2 . §- irradiator -2
-~ 6- clectromagnctic pumps

y - carner - InGaSn
Level of y - radiation - 20 Mrad/h

(high-power gamma radiation Vi (
source, used as sources of radia-

tion in scientific research or in {
industrial radiation process - _& _:____ S
chemical, physical and biological).

EXPERIMENTAL LIQUID METAL CONT-

ROL SYSTEM FOR NUCLEAR REACTOR
UPT-5000 —_—

g
o
£ GENERAL VIEW
2
PRINCIPLE SCHEME
——

1, 2, 3, 6 - measunng services

S- compensation clement;

7- MHD-drive; 9- protective housing;
11- reactor core; 13- operation clement

THERMOIONIC NUCLEAR REACTOR (scheme)
e gbsorber InGaSn

. e replacer GaSn
. opycrating temperature, K up to 650

1- turning cylinders; 4- operation clement; 5- MHD drive;
6- compensation chamber (liquid metal control systems is
combined with turning cylinders) .- 1.




LIQUID METAL REACTOR CONTROL SYSTEM IN THE ZERO

POWER REACTOR
PRINCIPLE SCHEME OF THE LIQUID
METAL REACTOR CONTROL SYSTEM
compensation clgment bellow

opcrating
element

e ncutron absorber  InGaSn (red)

ZERO-POWER REACTOR RKS-25

o displacer GaSn (grey)
o heat power, W upto 25
o ncutron flux in the core, v/em’ s
» nuclear fuel enriched 2*U
e neutron reflector C,.Be

(uscd for modcling and studying of physico-
technical characteristics for reactors, for
measurcments of opcrating parameters of their
clements and units; for studying and checking of
control systems (including a new type liquid
metal reactor control system))

GENERAL VIEW

(hiquid metal reactor
contro! system)

FUEL CORE OF THE RKS-25

. . pil)
. 223:::; f::;:cctor enriched BL:: LIQUID METAL CONTROL SYSTEM
D distiled Hy0 11-45 UNDER OPERATION IN THE NEUTRON

REFLECTOR ( C ) OF FUEL CORE

{model of operation element of liquid
metal control system inscrted in the core)




Curtain of ffée-flying
LM jets/droplets

LI filn over a Light conatruction cooled

; . 4 the lower gide
conducting substrate by Li _from s

Iti PROTLCTED DIVERTCR PLATES

S
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SUPERCONDUCTING MAGNET FOR 5.6 T FIELD IN 30 LITRE SPACE
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MAGNETIC FIELD DUE TO TIHIERMOELECTRIC CURRENTS
IN A FAST BREEDER REACTOR
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2 - heat exchangers. 3 - pumips,
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Summary Session A

Different Target Materials: Corrosion and Corrosion Control

Coordinators
Y. Takeda, L. Mansur, Y. Dai, and J. DiStefano







Workshop Session on Pros and Cons for Different Target
Materials/Corrosion and Corrosion Control

Y. Takeda, L. K. Mansur, Y. Dai, and J. R. DiStefano

Two of the originally planned workshop sessions, indicated by the titles on each
side of the "/" in the above title were combined. The session was structured into four areas
in which target material attributes were considered: nuclear properties; physical properties;
compatibility; and liquid metal engineering/safety. Short presentations were either
volunteered by participants or requested by the session organizers to help establish a
background and stimulate discussion. G. Bauer, J. Takeda, T. Gabriel and S. Wender
covered the first two areas; J. DiStefano, Y. Dai and Y. Orlov made presentations in the
third area. O. Lielausis and R. Dressler spoke on the fourth area. L. K. Mansur served as
moderator for the combined session.

Although there was much discussion and some difference of opinion, the overall
recommendations, considering all available factors, as distilled by this session's
organizers, are as follows. Choose Hg as the prime candidate target material to which most
resources should be devoted. A strong alternate candidate is considered to exist in Pb-Bi
eutectic. Other candidate materials such as Pb, Pb-Mg eutectic and Bi are weaker choices
for various reasons, with Bi being the weakest.

(A table, listing quantitative factors where available, for the various options can be
found in G. Bauer's presentation.)

Nuclear Properties

Hg appears to offer a 20-30% advantage in overall neutron production in
preliminary calculations. High energy cross-sections for Hg, Pb and Bi are mainly based
on nuclear models and are known to a similar level of accuracy for all three materials. Low
energy cross-sections are well known for lead but relatively poorly known for the other
materials. The high thermal absorption cross-section for Hg, Hg (~ 4000 Pb), isa

potentially significant advantage for Hg in a short pulse source However, tlus may be a
disadvantage for Hg in a steady-state source, or in a long pulse source. The high , of Hg
eliminates the need for a separate decoupler. The distance between the target and moderator
may then be reduced, leading to a higher efficiency in neutron production. Again, this is
applicable only for pulsed sources.

Needs in this area are to examine available data (and p0551bly to make new
measurements?) for Hg absorption cross-section at low energies (kT < EIl <20 MeV), and

at higher energies as available to confirm that there are no surprises that would reduce
neutron production. In addition, total cross-section at high energies needs to be
determined.

Low energy cross-sections will be examined at ORNL. High energy cross-sections
can be determined at Los Alamos, PSI, Juelich and possibly at other laboratories. Further
discussions will be needed to determine the where, how, and who of this work.

Physical Properties
Mercury is a liquid at the temperatures of interest. This leads to several

consequences that are considered favorable. A liquid Hg source can operate at the lowest
temperature. This, in turn, allows consideration of austenitic stainless steels as container
materials, which may show better irradiation performance than ferritic/martensitic steels.

At high temperatures, austenitic stainless steels would not be favored because of the
probability of mass transfer of the nickel component of the alloy from hot to cold regions of




the liquid Hg system. On the negative side, Hg does have a high vapor pressure. In
addition its high thermal expansion coefficient may aggravate thermal shock problems,
however, this is somewhat counterbalanced by the higher thermal expansion coefficient of
Hg.

Lead-Bismuth eutectic melts at a higher temperature than Hg (125 vs - 39 C). In
practice, Pb-Bi eutectic systems may be operated as low as about 200 C. It has a lower
vapor pressure but slightly higher corrosivity than Hg. Pb-Bi increases the possibility of
requiring the use of a ferritic/martensitic steel container.

Lead—Magnesmm eutectic melts at higher temperatures (250 C). It has somewhat
higher corrosivity than Hg and Pb-Bi, and may require the use of a ferritic/martensitic steel
container. Bismuth is not considered a viable choice.

Many needed physical properties for the liquid metal targets Hg and Pb-Bi are
considered to be known. However, a number of properties for Pb-Mg are considered to be
unknown. R&D work on physical properties for Hg and Pb-Bi is not considered needed at
this time. One exception is that the measured thermal expansion coefficient of Pb-Bi
eutectic in the liquid state is not in hand, and will need to be measured over the temperature
range of interest if it is not available in the literature.

Compatibility
As the operating system temperature is increased, above 100-200 C, then Hg loses

some advantage over Pb-Bi. It is known that Ni is much more soluble than Fe or Cr in
these liquid metals. Most of the data available is for temperatures above ~400 C. At lower
temperatures, based on this information, Ni would still show a tendency to transfer from
hot to cold portions of the system, depending strongly on the T. However, this
temperature gradient mass transfer may be at a low enough level for austenitic stainless
steels to be viable container materials.

Needs identified in this area cover the need for specific information relating to target
design conditions for
- Temperature gradient mass transfer
- Liquid metal embrittlement (a type of cotrosion associated with grain boundary attack

of liquid metals)

- Effects of simultaneous irradiation on corrosive behavior
- Cavitation and erosion/corrosion associated with prototype fluid flow.
Both ORNL and PSI are carrying out bench-scale programs to investigate liquid metal
embrittlement and temperature gradient mass transfer. Both laboratories plan larger loop
studies where more typical flow effects on corrosion can also be studied. ORNL is
planning low dose irradiations of specimens in Hg, in connection with & larger irradiation
program being carried out at the LAMPF. Fission reactor irradiations should also be
considered as a way to obtain higher dose irradiations of specimens of container materials
in Hg. A joint program was proposed among PSI, ORNL and the Institute for Nuclear
Research near Moscow. INR a high energy proton accelerator is available where they
would be willing to 1ncorporate a mercury target for irradiation/corrosion/spallation product
studies. :

Liquid Metal Engineering/Safety

At both RIGA in Latvia and Ben Gurion University in Israel, muiti-ton loops of Hg
and Pb-Bi have been operated successfully for a decade. Except for short times at relatively
low temperatures, these systems have operated near room temperature. However,
austenitic stainless steel has been used in all these applications and has performed
satisfactorily. At IPPE in Russia it was found that corrosion resistance of stainless steel
was obtained by oxidation of the Cr arising from O in Pb-Bi. However, too much oxygen
must be avoided to avert clogging the system. If wetting is not required, oxygen could .
substitute for Mg/Ti additions in Hg, which may not be practical at low temperatures.

A-2



Safety issues discussed covered the production of 210Po in the Pb-Bi target and the
question of public concern over the use of these heavy metals. Hg may have the worse
public concern, although lead also has had some very negative press coverage in past
years. These loops have operated mainly in the range of 80 to 170 C. Based on the
experience cited above, the point was made that both Hg and Pb-Bi will work in the
"balance of plant" outside the target region, and the task should be to focus on which liquid
metal is better for the target region.

Needs identified in liquid metal engeneering centered around thermal hydraulic
testing at prototype conditions

O. Lielausis offered the possibility of attaching a prototype target container
configuration to an existing Hg loop at RIGA. G. Bauer and Y. Takeda plan to visit and
determine whether to conduct thermal hydraulic testing there. S. Lesin suggested the
possibility of fundamental studies at Ben Gurion, such as the measurement of heat trransfer
coefficients of Hg and Pb-Bi as well as gas-liquid two phase flow studies including bubble
generation and bubble dynamics.







Summary Session B

Heat Removal

Coordinators
T. Dury and M. Siman-Tov







* Much encouragement was received from the
rich experience presented in this workshop by our
guests from Obninsk, Riga and Beer-Sheva

* Additional evaluation of this information is
required

Prediction capabilities in the CFD code
* Bubbles behavior in mercury (if used)
* Cross stream turbulence (ESS only)
* Wetting/non-wetting effects

Cooling of Beam “Window”

* Concentration of local heat deposition at
center, especially if beam is of parabolic profile.
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How can we generate the critical data, where, and
by whom?

—h

Mercury flow and heat transfer tests including wetting, non-
wetting and additives issues

* Facilities are available in Riga, Obninsk and Beer-

Sheva
* Perform full scale mercury target tests in the existing

facility at Riga.-

* Perform specific tests for heat transfer, friction factor,
and effects of gases and additives in the existing facility
in Beer-Sheva.

* Exchange information on past studies made at the
Obninsk Institute on mercury heat transfer.

2.  Mercury components and Instrumentation testing

* Same as above plus work by Dr. Takeda from PSI

3.  Flow distribution and CFD benchmarking.

* Full scale experiments using Water should be
performed before and simultaneously with the
mercury experiments.

* Those experiments can be done at both PSI and
ORNL (existing facilities from work for the ANS
project are available at ORNL for that purpose).
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Full scale mercury target loop should be planned (later
stage) for both ORNL and ESS. This is required for final
confirmation tests and for operational experience.

Improved capabilities of the CFD code

* Integrate prediction capabilities in the widely used
code FLOW-3D in cooperation with the code
developers (AEA Technology Engineering Software,

Inc.) for:

- bubble behavior (if used)
- cross stream turbulence (ESS only)
- wetting/non-wetting effects

** Should be guided by both PS| and ORNL

CFD code simulation of the mercury target

* Should be performed by both ESS (PSI) and ORNL
as a basis for design and analysis of the various
concepts considered and for planning of
experiments.
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ATTACHMENT

Discussion on Feasibility and Uncertainty Issues in
SNS Hg Target T/H and R&D required

Categories in parentheses are as follows:
A - Requires analysis & Engineering
B - Requires development but “can be worked out”
C - Requires confirmatory R&D
D - Critical or feasibility issue
(requires R&D to prove feasibility).

Proper flow distribution in target, addressing:
* Flow reversals (B)

* "Stagnation" points (B)

* "Hot spot” (B)

* Cross stream turbulence (ESS design only) - (C)
* Inclusion of non-wetting effects in CFD (C)

Proper Target structure cooling addressing -
* Hot spots (B) ,

* “Window" cooling and deterioration (C)

* Qutside cooling of the walls? (B)

CFD Code benchmarking and validation

* In water (B)

* In mercury (C)

* Analytical (B)

* Experimental (B)

* Scaling water for mercury? (B/C)

* Available facilities (B)

* Interacting streams (C)

* Evaporation at sharp corners (cavitation) - (C/D)
* Cavitation resulting from thermal shock (C/D)
* Bubbles behavior in CFD (C/D)

Mitigation of thermal shock

* He bubbles (under "static" and pulse conditions if used) - (C/D)
- How to inject (back-pressure under pulse conditions)
- How to maintain proper bubble distribution
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- How to maintain proper bubble diameter
- Agglomeration, coalescence
- Experiments
* Vibration from thermal shock (C/D)
* Other mitigation methods (walls displacement? Cavities?) - (C/D)

Mercury heat transfer coefficient and friction factor

* Nominal correlations (B)

* Effects of non-wetting and how to investigate (different in SS than HT-9?) - (C/D)
* Effects of other depositions (C)

* Effects of gases (02, He, etc.) - (C)

Uncertainty in energy deposition, shape and distribution (A)

Diagnostics and instrumentation for mercury (B)
* Visualization issue (bubbles detection and measurements)
* Other unique problems

Full scale mercury target tests for confirmation (B)
* Is it necessary?

* What scale?

* Where can or should it be done (existing facilities?)

Decay heat removal during shutdown (B)
* Natural convection cooling
* Special wall temperature gradients (cool mercury - hot wall)

Failures and Safety issues (A/B)

* Mercury pump

* Water pump

* He injection pump

* Mercury or He leaks

* Intrusion of water into Mercury system
* Others?

Non-nominal operations (A/B)
* Startup

* Transients

* Others?




Specific comments made during the discussions include:

1.

As long as there is no gas in the mercury, heat transfer is not affected by
whether there is wetting or not (specifically said that the Lyon-Marinelli
correlation is OK without wetting, t00).

. Prof. Lielausis said that they had found that they needed good wetting for all of

their electro-magnetic pumps. They used chemical and mechanical means to
create good wetting, before use. :

. There was a question raised as to whether cavitation could occur as a result

of the thermal shock process.

Concern was raised about vnbratlons resultlng from the repeated thermal
shocks.

. Prof. Yury Orlov stated that the Nu number for mercury heat transfer was not

affected much by non-wetting unless there was a good amount of gas in the
mercury (see attached figure).
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Summary Session C

Effects of Pulsed Operation

Coordinators
T. Gabriel and L. Ni







International Workshop
on the Technology and Thermal Hydraulics of Heavy Liquid Metals
Schruns, Austria, March 24-29, 1996

rkin mmary R r ff 1

Tony A. Gabriel, Oak Ridge National Laboratory, TN 37831-6364, USA
Liping Ni, Paul Scherrer Institute, CH-5232 Villingen-PSI, Switzerland

In a short pulsed spallation neutron source, extremely high energy (21 GeV) proton beam

pulses are injected into a liquid metal target in a very short period of time (~1 psec) at a
high repetition rate (~50 Hertz). The beam energy will be deposited in the target materials
(such as mercury or lead) and converted into heat. It caused a sudden temperature rise and
resulting pressure wave. This pressure wave travels through the liquid, reaches the steel
container wall and may possibly lead to material damage due to induced stress.

Two reports were given at this workshop on the numerical simulation of pressure waves
and thermal shock in the liquid and target window. A paper by R. P. Taleyarkhan and J.
Haines described the integrated ORNL’s modeling of thermal shock effects in liquid and
solid target designs using the CTH-code. The results indicated that it is unlikely that
thermal shock becomes a serious problem for the case of a 1 MW flat beam profile.
However, a systematic study will be necessary for a parabolic beam profile for all power
levels, i.e., 1 to 5 MW. The presentation of K. Skala and L. Ni showed a PSI-code which
models the pressure waves in the liquid and their effects on the wall stress. Results
showed that the wall stress for a 5 MW ESS target will exceed the allowable stress and
adding a small volume of helium bubbles, i.e., 3%, might reduce the stress level by more
than two orders of magnitude.

Concerning the gas injection and the liquid metal-gas mixture, detailed worked on modeling
and experiments were presented. These presentations included the influence of an external
magnetic field on the mixture and bubble distributions (S. Eckert, et al.), two-component
flow structure of Pb-Bi-gas (B. F. Gromov and Y. 1. Orlov) and dynamic characteristics
(S. Lesin, et al.). J. Carpenter presented a view in a discrete model of two-phase flow
where bubble frequency might play a role in preparing for a two-phase field.

Almost all participants agreed that the shock problem due to the short pulse operation in the
liquid metal target could be serious and could present a challenging problem. It was
determined that the following points need to be addressed:

- equation of state for mercury

- code validation and benchmark experiments
- shock effects on the entire target system

- two phase flow by gas injection

All these investigations should be carried out in the framework of international co-
operations. Two small scaled Hg pressure pulse tests are planned at ORNL to provide
insight into the pressure wave propagation and thermal shock effects. One experiment will
use exploding wires to generate the pulse pressure, the other the electron beam at ORELA.
Also PSI, LANL, CERN (ISOLDE facility), INR and IPPE could contribute to the
experimental methods for producing shock. The necessary R&D for bubble injection might
be performed at PSI, RIGA, ORNL or Ben-Gurion University. All of the above
experiments can possibly yield benchmarking data which is absolutely necessary for code
validation.






Summary Session D

Process Technology and Effects of Spallation Products, Circuit Components

Coordinators
B. Sigg, J. Haines, R. Dressler, T. McManamy
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Working Session D
- Process technology and effects of spallation products
- Circuit components, maintenance, and handling

Coordinators: B. Sigg, J. Haines, R. Dressler, T. McManamy

Working Session D.included an assessment of the status of the technology and components
required to: (1) remove impurities from the liquid metal (mercury or Pb-Bi) target flow
loop including the effects of spallation products, (2) provide the flow parameters necessary
for target operations, and (3) maintain the target system. A series of brief presentations
were made to focus the discussion on these issues. The subjects of these presentations are
listed below and are followed by a brief summary of each.

Spallation products and solubilities - R. Dressler
Spallation products for Pb-Bi - Y. Orlov
Clean-up/impurity removal components - B. Sigg
"Road-Map" and remote handling needs - T. McManamy
Remote handling issues and development - M. Holding

Rugard Dressler pointed out that we have already defined the spallation product distribution
and the solubility of all elements in mercury. He then pointed out that we still need to
understand the behavior of intermetalic compounds, Hj, carbon, O3, and N> in the liquid
mercury system. Dressler concluded by indicating that we need to improve the
model/calculations to include the effects of the target loop structural materials.

Yuri Orlov presented an assessment of the influence of spallation products on the Pb-Bi
target for SINQ. He concluded that taking into account the comparatively small amount of
all spallation products and the subsequent low concentration of these elements in the
coolant, the admixture generation by the proton beam will not influence the coolant
properties or the coolant processing technology.

Beat Sigg presented a schematic diagram, as well as a simplified layout, for the ESS
mercury target circuit identifying all major components necessary to fulfill the basic
operational, safety, and availability requirements. He raised the question of whether a gas
and impurity separation system was required and presented a diagram for such a system
that serves as a reference approach if such equipment is found to be required.

Tom McManamy presented a "road-map" for the target R&D and design activities,
emphasizing the interactions between the various elements of these two programs needed to
successfully meet programmatic requirements. He identified the main target maintenance
and handling issues including handling paths, shielding requirements, removal of spallation
products from the mercury loop, mass transport and subsequent plugging of the heat
exchanger passages, and recovery from failure modes. He also identified the reference
target system layout and removal approach being developed for the SNS project.

Mike Holding identified remote handling issues that are based on his experience with the

ISIS program. His major points included (1) the need to consider the remote handling and
waste disposal needs in view of the many years (~20 years) of operation and final
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decommissioning, (2) identifying circuit components and modifying them for remote
handling, (3) defining the R&D to develop special purpose remote handling equipment
where absolutely needed, (4) creating a separate remote handling cell for servicing active
components and dealing with waste, (5) providing adequate space to store components
during maintenance activities, (6) considering location of some components in regions that
are available for hands-on maintenance (requires ~ 2 m of shielding for ISIS), and (6) the
use of attachments and fittings that are made for remote handling, e.g. captive nuts and
valves on each side of joints to be broken to reduce contamination releases dunng
maintenance.

Conclusions
(a) The overall conclusion of this session was that, with the exception of

(1) spallation product related processing issues,
(2) helium injection and clean-up, and
(3) specialized remote handling equipment, -

the technology for all other circuit components (excluding the target itself) exists.
Operating systems at the Institute of Physics in Riga, Latvia (O. Lielausis) and at
Ben-Gurion University in Beer Shiva, Israel (S. Lesin) have demonstrated that
other liquid metal circuit components including pumps, heat exchangers, valves,
seals, and piping are readily available and have been reliably used for many years.

(b) In the three areas listed in item (a) above, the designs and analysis are not judged to
be mature enough to determine whether and what types of technology development
are required. Further design and analysis of the liquid metal target system is
therefore needed to define flow circuit processing and remote handling equlpment
requirements and thereby identify any development needs.
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Summary Session E

Discussion of R&D Needs and Opportunities to Broaden the Data Base on Materials
and Technology for Liquid Metal Spallation Targets

@G. Bauer







International Workshop on the
Technology and Thermal Hydraulics of Heavy Liquid Metals

Schruns, Austria, March 25-29, 1996

Summary on the discussions on

R&D-Needs and Opportunities to Broaden the Data Base on
Materials and Technology for Liquid Metal Spallation Targets

- A Challenge for International Collaborations-

G.S. Bauer, Paul Scherrer Institut, Switzerland

Liquid metals have so far only been used to a very limited extent as spallation targets, notably at the
ISOLDE-facility at CERN (Pb and La) to produce radioactive isotopes. Virtually no systematic studies
have been carried out so far. The available data base is by no means sufficient to answer
conclusively very important questions such as predicting reliably the service time of medium-to-high
power target systems or determining precisely what technological measures are required and
appropriate to maintain an optimum coolant quality, to mitigate the effects of pressure waves in short
pulse sources and others. During the workshop several areas have been identified, where there
exists an urgent need for improved knowledge and reliable data and opportunities have been
presented to acquire such knowledge and to generate such data.

Opportunities to do such research and pertinent know-how, although scarce, are spread over
institutions in several countries, and efforts to use these opportunities often require substantial
resources both in man power and money. The workshop participants therefore unanimously
supported the view that a coordinated and internationally concerted effort should be undertaken
to make the best possible use of existing opportunities and available resources in order to
develop the knowledge and technology necessary for the deployment and safe operation of
target systems suitable for pulsed spallation neutron sources in the multi-megawatt range of
beam power.

The following list summarizes needs and opportunities for such research.

A The areas, where more information is needed include:

A1 Reliability of predictions obtained by the use of computational fluid dynamics (CFD)-codes.
Meaningful code validation experiments must be performed before these codes can be used to
optimize the target configuration.

A2 Reliability of other software used to predict operational characteristics of liquid metal target
systems, such as neutronics, the generation and effect of spallation products, intermetallic reactions
etc.

Prototypical experimental work is required in this field.

A3 Heat transfer from solid to liquid metals and the effect of wetting and flow.
Such data may be strongly dependent on the configuration in question and must be measured for
relevant geometries and materials.




A4 Experimental verification of predictions relating to pulse-generated pressure waves and their
effect on the target structures.

A5 Possibility and technology of injecting gas bubbles in suitable distribution into Mercury to mitigate
the effect of heat pulses and methods of measurement.

A6 Effect of gas injection on the heat transfer between solid and liquid metals under different flow
configurations. It has been observed that the heat transfer between solid and liquid metals may be
strongly reduced by dissolved gases in the liquid. This could affect the possibility to cool the target
beam window and to remove heat from the liquid metal.

A7 Eftect of irradiation on intermetallic reactions (corrosion, embrittiement, interdiffusion, wetting).
A8 Effect of strain on intermetallic reactions.
A9 Effect of simultaneous irradiation and strain on intermetallic reactions.

¢
A10 Effect of Hydrogen and Helium production in a radiation field characteristic for spallation targets
on structure materials candidates at different temperatures.

A11 Assessment of needs and methods to maintain the liquid metal quality (purity and Oxygen .
content, etc.) in well defined limits.

B Ongoing Activ{ties and Existing Opportunities for International Collaborations

In the following mainly those installations and activities are listed, which require special equipment to
make them possible or which are of sufficiently large scale to make their duplication elsewhere
impossible or at least a difficult to justify expenditure. They have all been declared available for
internationa! collaborations. Smaller test rigs and equipment in use at various laboratories for
supporting research have not been incorporated in the list in detail (see Fig. 1).

B1 PSI and ISTC-supported construction of a 1 MW PbBi-pilot target for irradiation in a proton
beam.

PSI has awarded a contract to IPPE, Obninsk to study the needs for constructing a 1 MW PbBi-pilot
target system to be tested in a proton beam. As a first result, IPPE has submitted a proposal to ISTC
for support to design and construct such a target system. This system is planned to be tested in the
LAMPF proton beam at Los Alamos. An altemative option would be testing in the proton beam of the
Moscow Meson Factory at Troitsk, where the desired power density could be realized, but not the full *
1 MW. When completed, the current IPPE-study will aiso serve as a basis for the construction of a
prototype target system for SINQ. >

B2 Heat transfer, corrosion and gas separation experiments at Beer Sheva (Israel).

The Ben Gurion University at Beer Sheva operates several liquid metal installations that have

been offered to be used for collaborative test experiments, in particular in the fields of liquid metal-
solid metal interaction, surface tension measurements and liquid metal-gas separation, where a large
body of experience has been accumulated in the ongoing MHD-research program. These facilities
are available for immediate use on the basis that any new equipment required will be provided by the
user. ' '

Local contact: S. Lesin (Beer Sheva)




B3 Proton and neutron irradiation of test specimens at the LANSCE-facilities in Los Alamos.
A large number of test specimens have been prepared and are due to be irradiated in a mixed
proton and neutron field representative for the target region in a spallation neutron source, starting
August 1996. Specimens have been provided by several different laboratories, including ORNL and
PSI/KFA for the ESS-study. In addition, high pulse load experiments are being discussed.
Coordinator: W.F. Sommer (LANL).

B4 Irradiation of test samples in the target of SINQ at PSI, Switzerland

The SINQ-target will be a solid rod target initially. This opens up the opportunity to design and
construct a certain fraction of the rods as materials test capsules in which specimens can be
irradiated in the mixed proton and neutron spectrum characteristic of spallation neutron sources. The
test capsules proposed would have identical outer diameter as the solid target elements and would
be enclosed in a tube of the same material as the target elements are made from. Inside the tube the
test specimens will be embedded between aluminum (or Zircaloy) segments in which also a
dosimetry package and a thermocouple would be placed to be able to determine the irradiation
conditions as precisely as possible.

After the workshop interest has been expressed in active participation in this program by
representatives of LANL, ORNL, KFA, and CEA.

Operation of SINQ is expected to start towards the end of 1996 with a target not containing any test
specimens. The earliest date for insertion of a target with test capsules will be mid 1997.

Coordinator Y. Dai (PSI).

B5 Pressure pulse experiments at ISOLDE (Cern)

ISOLDE is a radioactive beam facility at the CERN-Booster synchrotron which occasionally uses
liquid Pb or La targets to generate the desired isotopes. Such targets have failed in the past due to
the effect of pressure pulses, while they had survived much larger doses on the continuous beam of
the previously used cyclotron. The proton pulses at the CERN-booster consist of 4 subpulses wit a
total of up to 1013 protons per pulse. It was observed in the past, that, as the number of protons in

the pulse was increased from 5x1012 to 1x1013, release of the radioactive isotopes became much
more rapid but the target container was destroyed after a short period of time. This was attributed to
the onset of pressure waves in the target. Although the ISOLDE-team has come up with ways to °
mitigate this problem by extending the proton pulses in time, interest to accomplish this by other
means continues, in particular, since bubbling Helium through the system might also enhance
spallation product release.

If the present activities at PSI to develop a method for controlled injection of gas bubbles into liquid
metal are successful, a proposal will be made to the ISOLDE-committee to conduct such tests
ORNL has expressed interest to be partner in this activity.

Coordinators: G.S. Bauer (PSl) and J. Lettry (CERN). . -

B6 High power pulse tests at the AGS-beam (BNL)

(This opportunity is included in the present report, although it came to the author’s attention only
shortly after the workshop.)

The AGS at Brookhaven National Laboratory is capable of delivering proton pulses of up to 100

kJ energy content with a duration of 2.4 ps at a proton energy of 7 GeV. Although this energy is
higher and the pulses are longer than envisaged for pulsed spallation neutron sources, this could
provide an excellent opportunity for full-scale verification of predictions on the effect of such pulses
on the container of a liquid metal target and the effectiveness of mitigation methods. The experiment
can be set up in a presently unused section of the former neutrino beam line. In order to get the full
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beam intensity there at the "low" energy of 7 GeV (relative to AGS’s final energy of 28.5 GeV), a full
aperture kicker should be developed and a section of the beam line previously dismantled will have
to be rebuilt. The initial test experiments would relate to the response of the target system to
individual pulses and would therefore not lead to significant activation of the system or the
environment. These experiments are, nevertheless, of prime importance in validating the computer
codes used to assess the loads resulting from the short power pulses. The setup might afterwards be
used for further investigations relating to neutronic performance. ,

Discussions have been initiated between BNL, ORNL and ESS. Technically it should be possible to
start experimental runs in October 1997, if the prospects for funding are clear by October 1996.
Contact : J. Axe (BNL) G. Bauer (ESS; PSI)

1

B7 Dual and triple beam irradiation facilities at HMI and ORNL

HMI (Berlin) is operating a dual and ORNL a triple beam facility which allow injection of Hydrogen
and/or Helium simultaneously with the generation of dpa-damage by matrix ions (Iron in the case of
steel). Although only very thin specimens can be irradiated in these facilities, they provide a
convenient way to do series of experiments which can be correlated to the results of other
irradiations. Both institutions have embarked on test series on materials relevant for spallation
targets.

Relevant parameters:

Dual beam facility at HMI
acceleration voltage: up to 350 kV for heavy ions (Fe” etc.)
up to 70 kV for light ions (H,", D,*, He*..)
displacement damage rate  5x10™ - 5x102 dpa/s
Helium implantation rate 0.5 - 50 appm/s
© - diameter of He-beam ~4mm o
temperature range RT - 550 C (FIM-specimens)
RT - 800 C (TEM-specimens)
Contact: E. Camus (HMI)

Triple beam facility at ORNL*
acceleration energy 1.0 - 5.0 MeV (Van de Graff) for heavy ions (Fe™, Ni** etc. )
o ' (typically 2A on target)
2.5 MeV (Van de Graff) for gaseous ions, in particular He*
(up to 100A on targert -

0.2- 0.4 MeV (Van de Graff) for gaseous ions (H*, He*,0",N*...)
(up to 50 A on target)

homogeneous irradiation of up to 1 cm? achieved by beam wobbling
maximum damage depth in steel about 1m (range of heaviest particles)
Contact: L. Mansur (ORNL) ,

* after M.B. Lewis, W.R. Allen, R.A.Buhl, N.H.Packan, S.W. Cook and L. Mansur: Triple lon Beam Irradiaton Facility, Nucl.
Inst. Meth. in Physics Res. B 43 (1989) 243-253 -
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B8 Proton irradiation facility PIREX at PSI (**)

This facility allows irradiation of thin specimens in a Helium atmosphere with protons of 530 MeV. It is
currently mainly used for fusion related materials programs which includes irradiation of low
activation ferritic-martensitic steels that are of interest also as container material for liquid metal
spallation targets. Other irradiations can be accommodated.

Relevant parameters:

maximum current 20 pA
amount of material that can be placed in the beam =5¢
minimum beam cross section (4 x 40) 4x4 mm2
maximum wobbling amplitude 5mm
temperature range 30 - 350 °C.

Contact: Y. Dai, PSI

(**) see, e.g. M. Victoria and D. Gavillet: ,An Overview of the PIREX Proton Irradiation Facility and its Research
Program“ AIP Conf. Proc 334,(1995) pp 891-902.

B9 Heat transfer and flow experiments in a Mercury loop at Riga (Latvia)

The Latvian Academy of Sciences operates a large liquid metal laboratory whose installations

have been proposed to be used for full-scale tests on questions of flow distribution, window

cooling and the effect of gas injection on these phenomena.

The main parameters for the big Mercury loop which has been proposed to be used for target testing
are:

total volume 0.35m3
mass of Hg 4.7x103 kg
diameter of pipes 10cm

outlet pressure of pump 5x105 N/m2
flow rate 5x103 cm3/s

The circuit could be modified to include either a full scale or a reduced scale model of the liquid metal
target to be tested (Fig. 2).

Experiments could be performed relating to:

- mechanical stability and vibrations

- code validation / optimization of internal baffle structure

- heat transfer for different flow conditions

- gas injection, bubble distribution and effect on heat transfer

- gas separation from the liquid

Planning for such experiments involving ESS (PSI, KFA) and ORSNS is in progress with the goal
to establish a possible work program, schedule and a cost estimate by mid 1996.

Persons involved: G.S. Bauer (PS!), J. Haines (ORNL), O. Lielausis (Riga)

B10 Irradiation of specimens under stress in liquid metals

The beam stop at the Moscow Meson Factory (Fig. 3) in Troitsk has been found suitable to install an
irradiation facility which would allow proton irradiation of specimens in contact with liquid metal.

The liquid metal container could be rotated periodically to minimize damage at the beam entry
window while the specimens to be irradiated would be kept stationary to accumulate the maximum
dose.

A liquid metal flow suitable to cool the window would be established which would also provide for
liquid metal circulation past the specimens in order to generate a situation relevant for a flowing liquid
metal target. Although the pulses are too long to generate heating rate effects, there would be




enough thermal cycling from pulse to pulse to simulate its effect, if any. Specimens under stress and
unstressed specimens could be irradiated in a mixed proton-neutron field and.in a pure neutron field
simultaneously. S :
Presently the linac is capable of delivering 100 pA of 450 MeV protons. The final specifications are
600 MeV and 1 mA. >

Even at the present linac rating this would be one of the most crucial tests of.the whole program.
Studies towards such a facility have been initiated.

Coordinators: G.S. Bauer (PSI) and S. Sidorkin (INR)

B11 Supporting test rigs at participating laboratories

Several test installations are available at various laboratories, which can be used for supporting
research and initial trial experiments. In particular, corrosion experiments are going on at ORNL and
at PSI. ORNL has a big water loop available and traditionally carries out neutron irradiation
experiments in HFIR. High heating rate experiments are possible at ORELA, and pressure wave
experiments are planned, using the exploding wire technique. PSI, on the other hand has an ongoing
development program in liquid metal flow diagnostics and fluid mechanics and is operating several
small PbBi-installations and a Na-loop.

Correlation Matrix

The following matrix shows, which of the research opportunities listed under B1-B11 can be
expected to yield results relevant to the topics listed under A1-A11. M
Topics in bold print are considered key issues regarding feasibility and life time of targets above
1 MW beam power. :

X means principal investigation; x means supporting investigation.
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Figure 3 Sketch of the beam stop irradiation facility at INR, Troitsk, as presently built. Test

irradiations are possible in the inner thimble or by replacing the beam stop module with a liquid metal
container with forcibly cooled beam window and sample inserts.
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