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Introduction
Long-Baseline Neutrino Facility at Fermilab
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Introduction: Hadron Absorber

» Located directly downstream of the decay pipe —made up
of actively cooled Aluminum and Steel blocks surrounded
by concrete.
* Provides radiation protection to people and keeps
soll/groundwater activation levels to below allowable limits.
« Designed for the worst case condition at 2.4 MW
operation:
Shortest possible decay distance [221m from MCZero to end of decay
pipe].

- Helium filled decay pipe.
For a 1.5-m RAL style target.

- Designed to sustain 2 successive beam accident pulses —interlock system
limits the accident pulses to 1.
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Energy deposition, temperatures, and stresses in the core

« The energy deposition in the Absorber strongly depends
on the target design.

« Several target designs have been considered, the current
target is the 1.5-m RAL target.

Sergi Striganov, Dune-doc-17064
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Energy deposition, temperatures, and stresses in the core

« The power deposited in individual Absorber components
(KW):

150 cm RAL target ; 220 cm RAL target  NuMI-type target

]

Al central E 228.7 i 2138 2719
Steel core E 4.0 i 29 33
Steel others E 240 i 96.8 115.7
Concrete E 3.0 i 24 3.0
Others E 1.5 i 14 0.2
Total E 477.2 i 317.1 400.1

- ]

Sergi Striganov, Dune-doc-17064
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Energy deposition, temperatures, and stresses in the core

* One of the main considerations in an Al core design is keeping its
components at temperatures below 100 °C.

« At elevated temperatures, 6061-T6 undergoes creep.

« Steady state thermal/structural analysis was done on:

«  Aluminum spoiler
« First three Aluminum core blocks

« First steel block
« Steady state energy deposition was for the 2.4-MW operations, 1.5-m

RAL target case.

Steel block
Ang Lee, Dune-doc-17082

Al Spoiler Al block
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Energy deposition, temperatures, and stresses in the core

« Analyses done on previous designs.
e Spoiler temperatures below.
« Water inlet temperature is 10 °C.

Reference Design: 1-m Target Optimized Design: 2-m Target
ANSYS ANSYS
NCDAL SOLUTICN R15.0 NCDAL SCLUTICN R18.1
STEP=20 PLOT NO. 1 STEE=1 FPLOT NO. 1
SUB =5 SUB =1
TIME=6000 TIME=1
BFETEMP  (AVG) BEETEMP  (AVG)
ESYS=0 RSYS=0
DMK =.228F-03 DME =.192F-03
SMY =11.3974 SM =10.8075
SME =60.4265 SME =34 .5291
L . AR O Max: 35 °C
Max: 60 °C
11.3974 22.2927 .0835 54.9788 10.8075 16.079 21.3504 26.6219 31.8934
16.845 27.7404 49,5311 60.4265 13.4433 18.7147 23.9862 29.2576 34.5291
LENE ABSCRBER SFOILER IEBENF UNIFORM ABSCREER SPOILER STEADY STATE

Brian Hartsell, Dune-doc-6602
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Energy deposition, temperatures, and stresses in the core

« Analyses done on previous designs.

« Spoiler stresses below.

« Water inlet temperature is 10 °C.

Reference Design: 1-m Target

Optimized Design: 2-m Target

ANSYS

R15.0
PLOT NO. 1

1
NODAL SOLUTTICN

(AVG)
CME =.228F-03
SMY =213286

SME =.339E+08

> Max: 34 MPa

213286 OE+0 27E+08 2E+08

LTT 7 .30
. 396E+Q7 L 114F+0 . 264F+08 L 339E+08

LHNE ABSOREER SPOILER

1
NCDAL SOLUTICN

STEP=1
SUE =1
TIME=1
SEQV (AVG)
DMY =,192F-03
SMN =T0482

SMY =.245E+08

70482

7 .109E+08 .
LB20E+07 . 136E+08

.549E+0
L2T8EAHDT
LENF UNTFORM ABSCREER SPOILER STEADY STATE

163E+0

ANSYS

R18.1
PLOT NO. 1

Max: 25 MPa

L217E+08

=
. 190F+08 L245F+08

Brian Hartsell, Dune-doc-6602
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Energy deposition, temperatures, and stresses in the core

« Analyses done on previous designs.

» First Al core block temperatures below.

« Water inlet temperature is 10 °C.

* In the reference design, the core blocks were sculpted.

Reference Design: 1-m Target Optimized Design: 2-m Target
ANSYS| BT MO, 1 ANSYS
R15.0| NODAL SOLITTCN WCDAL SOLUTTCH A
STEP=1
SUB =1 STER PLOT WO, 1
TIME=1 TIME=1
RT?%:O (AVG) BFETEME  (AVG)
. RIYS=0
PowerGraphics MK —. 890FE—04
Pt SMN =10.9793
SV 120956 ML =27.633
o 170058
B 20.4753
O 29857
= 5123
= 15.6184
= 53.9991
O 62.3798
B 70.7605
791412
87.5219
oo Max: 28 °C
Max: 88 °C
10,9793 14,6802 18,381 22.0818 25.7826
12,8297 16.5306 20.2314 23,9372 27.633
LHNE ABSCREE] IENF UNIFCRM ABSCRBFR BICCK 1 STEADY STATE

Brian Hartsell, Dune-doc-6602
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Energy deposition, temperatures, and stresses in the core

LENE ABSORBER EBL{

Reference Design: 1-m Target

Analyses done on previous designs.
First Al core block stresses below.
Water inlet temperature is 10 °C.

Optimized Design: 2-m Target

ASYS 14.5.7
oCT 20 2014 NCDAL SOLUTTCN
09:17:51

PIOT WO, 1 ol

NODAL SCLITICH b =L

STEP=20
SUB =5 vt egoE(Agi)
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EFACET=1

IECCEAO

.103E+09
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131F+08
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IENF UNIFCRM ABSCRBER. BLOCK 1 STERADY STATE

L153F+

08

PLOT NO. 1

Max: 20 MPa

175K

+08

ANSYS

R18.1

.197E+08

Brian Hartsell, Dune-doc-6602
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Energy deposition, temperatures, and stresses in the core

« Analyses done on previous designs.
» First steel core block stresses below.
« Water inlet temperature is 10 °C.

Brian Hartsell, Dune-doc-6602

Reference Design: 1-m Target Optimized Design: 2-m Target

ANSYS

R18.1
PLOT NO. 1

ANSYS| pLorno. 1
R15.0| NCDAL SCLUTICH NCDAL SCLUTICH

STEP=20 STEP=1

SUB =5 SUE =1
TIME=25000 TIME~1
EFETEMP  (RVG) BFETEMP  (AVG)
R3YE=0 RSY5=0
PowerGraphics MY =.158F-03
EFACET=1 SMY =10.0226
AVEES=Mat SME =17.7925

10.1866
34.0738
57.961

81.8482
105.735
129.623
153.51

177.397
201.284
225.171
10.1866
34.0738
57.961

81.8482
105.735
129.623
153.351

177.397
201.284
225.171

BECCRECEN ERCCEGOAN

s E—
10.0226 11.7493 13.4759 15.2026 16.9292
10.8859 12.6126 14.3392 16.0659 17.7925

IHNF UNIFCRM ABSCREBER 15T FULL STEEL BLCOCK SS

LENE ABSCRBER. FULL STERL ELOCK AGQCIDENT

Max: 225 °C Max: 18 °C
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Energy deposition, temperatures, and stresses in the core
Temperatures for 1.5-m RAL Target, 2.4 MW operations

Al Spoiler Al core 1 Al core 2

- 24.684 Min

Al core 3 Steel core 1 « Cooling water inlet
temperature: 25 °C.

» Heat transfer coefficient
of 7000 W/m?-K applied to
all cooling channels.

327975
31.903
.01
30159
20,287
28415
27.543
26,671
25,798 Min

» Cooling water flow per
gun-drilled channel: 20
Gpm.

Ang Lee, Dune-doc-17082
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Energy deposition, temperatures, and stresses in the core

Stresses for 1.5-m RAL Target, 2.4 MW operations
Al Spoiler Al core 1 Al core 2

Customn

foc 1 Custom
il Max: 83827
:'}}'191/335 12:51 PM Min: 0.84352
. 11/19/2019 2:14 PM 11/15/2019 11:04 AM
:22;; 83827 6242.0
12453 74515 55404
10675 6520.2 4855.9
8995.7 5589 21624
n 46577 34689
37265 27754
5338.2 sl
35594 2795.2 ¢
1864 13883
1780.6
1.8156 932.7 694,82
1453 1.3054

» Restrained at the pinned
connections at the top.

Time:

gl i « All other surfaces free to
Min: 0.91915 Min: 0.98126
11/15/2019 1:06 PM 11/18/201910:34 &AM m Ove .
5507.9 5448.1
4896.1 4842.8 ] )
S i  Yield of 6061-T6 at 92 °C is
e e 232 MPa.
1837 1816.8
12252 1211.6
606.35
?1531;: 11329 Ang Lee, Dune-doc-17082
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Energy deposition, temperatures, and stresses in the core

« Max Al temperatures and stresses simulated are 80 °C and 110 MPa
for the current target case. It must be noted that the 110 MPa value is
a stress concentration occurring in a small region at a sharp corner.

« Conservative operations predictions are that during a 20-year
operation of the Absorber, there will be 5 cooldowns/day. This is
3.6x10% cycles.

« For 10° cycles, the fatigue strength of 6061-T6 is 165 MPa at 150 °C.

Cantilever-Beam Fatigue Strengths of
Aluminum Alloys at Elevated
Temperatures Following Stabilization at
the Test Temperature

Cantilever-B froaiofle o i )
r-Bear Streagths m:_ievated Temperatures (Stabilized) (continued)

Fatipue strengths af indicated cycles

- S —
Testing temperature B

104 eyveles 107 eyeles 1ot
) 5 5 cycles T eve
Adboy Temper Product form =p o t_”nldlng Mo of o o ‘3"" -
i " - ime, davs smmples Ksi MP, ) .
A E ; n ksi AMPa busi WY [ T kexi
: | mpk : I MFPa
GG | Té Rolbod rod amd 75 15 18 R
shapes, plae., 0 o = e e e
forgimgs, extrusions -
Rolled rod and shapes 30 150 30D I l 2d I
0 1 ol . 6% [ 125
500 >2: 20¥) ] 24 63 T T 15 tos 1 o
501 Z6) 106 I RS 50 75 52 p "4 i
: 59 s 2 5 41 5.5 ﬁ"?

Researched by Brian Hartsell,
Properties of Aluminum Alloys,
Kaufman (1999)
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Energy deposition, temperatures, and stresses in the core

« Also, average stress to produce 1% creep at 100 °C over a
10-year period is 172 MPa.

« Also, the average stress necessary for a 0.1% creep at
100 °C over 1,000 hours is 250 MPa.

- - B - g T A . s o . : . .
TABLE 13-4 6061-T6, -T651, -T6511 (Except for T6 Sheet and Rolled-and-Drawn Products): Creep and Stress-Relaxation Properties
Creep Factors for Aluminum Bus Conductors Temperature Rupture stress ~ Stress at 10% creep  Stress at 0.5% creep  Stress at 0.2% creep  Stress at 0.1% creep
=" Time under
(Average stress required during a 10-year period to produce F °C  stesh ki MPa ki MPa ki MPa ki MPa ki MPa
0, o .
1.0% creep at 100°C, assuming well-designed bolted 15 25 01 45 310 45 310 44 05 4 295 { 290
connections.) 1 5 30 45 310 43 295 4 290 0 290
10 45 310 “ 305 4 295 9 290 4 290
; 100 s 310 4 305 1 290 b 290 4 285
stimated 1,000 45 30 3 25 42 290 al 285 1 285
Alloy and Average Stress : ; " b 0 o
Temper PSI 202 100 01 4l 285 40 275 40 275 39 270 38 260
A S | 40 215 39 20 39 20 38 260 3 260
1350-H111 2 10 39 270 38 260 it 60 18 )60 £y] 258
1350-H12 5:380 100 B 20 3 260 " 260 i 255 ] 255
,000 1,000 7 255 37 255 i 25 j 255 3% 2
1350-H17 and 6101-T61 6,500 ‘ e ’ ‘ L ! °
6101-T6 18’000
6063-T6 24,000 172 MPa
6061-T6 55 600 /
T Researched by Brian Hartsell, Properties of
Researched by Brian Hartsell, Aluminum Alloys, Kaufman (1999)

Aluminum Electrical Conductor
Handbook, Kirkpatrick (1989)

16 6/25/2020 A. Deshpande, V. Sidorov|LBNF Hadron Abs Core and Surrounding Steel Analyses LBNF



Accident condition

The Absorber needs to survive 2-accident pulses.

Two accident conditions that are evaluated: On-axis and Off-axis.

An accident condition is when the beam hits the Absorber directly without
interacting with the Target; a conservative assumption.

The target is surrounded by the baffle and the bafflette; which make the accident
conditions studied extremely unlikely; actual energy density will be much less.

In order to understand these two conditions, an older design of the Absorber
(RHA) will be discussed. A comparison between the two designs is below:

Jim Hylen, Dune-doc-10806

Reference Hadron Absorber (RHA) | Uniform Hadron Absorber (UHA)

Longer target of optimized beam design
plus bafflette around target

reduces energy deposition in absorber;

sculpting no longer needed, core uniform;
also open mask region for uniformity

Reduced density of material in core
by sculpting out some aluminum
spreads out shower energy
reducing temperature and stress

-1.80x103 -
-1.75x103 -

- x103 -
o0 -2.10x10%

-2.40x103 _ I
-2.45x103
1.7 m
-2.70x103 —
-2.80x107 |
-3.00x103 -
v 1] ) ) - cIm
2 zzx10d 2.25x107 2. 2ax10% 2 2ox10 2 zax10? 2 2axiof
Mask blocks were designed for 1.7 m wide uniform profile of core implemented
equal power deposition in each block to simplify understanding of muon monitoring
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Accident condition

« Also, the RHA off-axis peak energy deposition value is higher than
that of the UHA on-axis case:

UHA Accident Compared to RHA Accident Conditions
.. ﬂ ® UHA
_ e & ® RHA Off-Axis Peak
% 108 * ; ® RHA On-Axis Peak
S N .
™ ® ®
<E 1 ® e e
— | ® |e
= ‘ L
=
S
g 107
& 1
o
>
=
<8
[ =
i
+ -
k3 °
10° A <
] %
221 222 223 224 225 226 227
Absorber Z Dimension (m)

Jim Hylen, Dune-doc-10806

* RHA off-axis accident condition temperatures and stresses were
shown (previous design review) to have no detrimental effects on
the Aluminum blocks, Brian Hartsell, LBNE DocDB: 10992.
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Accident condition, Off-axis, RHA

End of first pulse. Max End of second pulse. Max After first pulse - 286MPa Max After two pulses - 429MPa Max
temp~116 °C temp~170 °C i S

ANS!

ANSY:

| LR ARSCREER BLOE

* The accident pulse happens at the end of steady
state. 1.5e14 protons, 10 us pulse, 1.2 sec cycle
time—a conservative assumption.

Plastic strain after 2 pulses — 0.7% Max

* Area of stress is limited to very small volume and is
highly dependent on where the beam strikes.

* Heating material up to ~170 °C for a short time is not
an issue.

* Maximum energy deposition in sculpted Al block 2. .
Some localized yielding occurs after two pulses, but Jim Hylen, Dune-doc-10806, TechBoard 2018
plastic strain to failure is 16%--simulations predict
0.7%. No melting possible after 10 pulses with
maximum temperature of 360 °C.
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Accident condition, On-axis, UHA (Current)

« CFD simulations were done to predict temperatures in the aluminum
block for the on-axis accident condition.

« 120 GeV beam, 10 us pules, cycle time: 1.2 Sec, and total pulses: 2.

« Steady state energy deposition for block 1 and accident energy
deposition for second Al core block was used—a conservative
assumption. Water temp: 25 °C. HTC~7000 W/m2-K.

Abhishek Deshpande, Dune-doc-9670

E&geoﬂ\f/z:; End of second
temp~il6 oC pulse. Max
temp~172 °C
—_—— —
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Accident condition: Max temperature summary

Condition

TMaximum
temperature
in #2 UHA Al
block, CFD
simulation,
oc

2Maximum
temperature
in #2 RHA Al
block,
ANSYS
thermal

simulation,
0C

Ambient air
and water
temperature
in CFD
simulation,
o

Ambient
water
temperature
in ANSYS
simulation,
L

After first accident
pulse

116.38

116.48

25

10

At the end of 1.2s cool
down

91.33

80

25

10

After second accident
pulse

172.3

170.43

25

10

Notes:

1. CFD simulation includes air flow on the Al surface at 15 m/s. This is a no-target, on-

axis case for the UHA.

2. The ANSYS simulation probably did not include the air flow. This is a no-target, off-axis
case for the RHA (sculpted). See

Jim Hylen, Dune-doc-10806, TechBoard 2018
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Beam interlock hardware system

« Three independent systems provide redundancy to pull

beam permit quickly in non-normal condition .

Three independent systems provide redundancy
to pull beam permit quickly in non-normal condition

EXISTING ELEV. 751% —\

Beam position monitors upstream of
target

— Pull beam permit after 1 beam spill if
e i o e e o e w PEOLQRL RIS GHOLYLiSOFE, DiSSING tREQGL

- | Thermocouples in absorber core

|
I - with thermocouple on-axis in shower, provides fast |
| response (detect Energy deposition in thermocouple 1
L itself

. Mﬂon monitor after absorber combined with Toroid proton monitor before target

— Can pull beam permit after 1 beam spill, if muon response is not proportional to

number of protons in spill - =

Jim Hylen, Dune-doc-10806, TechBoard 2018

Scope of this review
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Beam interlock hardware system
Jim Hylen, Dune-doc-10806, TechBoard 2018

Thermocouple array Thermocouple array-front view  J-type thermocouples
*The “Time Constant” or “Response Time” is defined
Thermocouple tip as the time required to reach 63.2% of an instantaneous
locations temperature change.
/ ! IS I R M J
1 o 0 s,
2 0 o \
steel |/ . ” ] \\
shielding || ‘ O O \‘
" ' oo
f I 0 0
1 1
\ n| 0 i D+ \/ \/
\ O 0 o/ =D« DU~ +[ D |-
\ . BAREWIRE GROUNDED  BEADED-TYPE UNGROUNDED-
/ X Mo O | ’ Buft Welded Juncticn Thermocouple TYPE
v / Ve . P Fig.#1 Fig. #2 Fig. #3 Therr_nowuple
I/’il_/" / — ~.\"«--_EI..-”’ Fig.#4
Core block WThermocoup[e bar Thermocouples in —
sssss blies bar slots
 Thermocouple array installed in Al core block 2, 3, and 4.
°

Permit is pulled on absolute temperature limits and also on comparison
of temperatures before and after two pulses.

« System designed to pull the beam permit after 1 accident pulse.

« Ungrounded, 1/167, J-type thermocouples used in NuMI will be
specified. They have a 0.3 sec response to dT in surrounding material.
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Surrounding steel cooling

» The surrounding steel is air-cooled. The air cooling system is a closed-loop
system.

* An air cooling system, designed by CF, delivers 25,000 CFM of air which
blows in on top of the absorber blocks and passes through the 5-mm gaps
between the blocks. Collects in the air channels at the bottom and enters the

_at the back of the Absorber. Air handling unit

retu rAI;J,E dASH QSB

18in. X 36 in.
s

outlet duct
. \a

=
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Surrounding steel cooling

« CFD simulations show the velocity profiles in the 5-mm
gaps between Absorber components are uniform.

« Sensitivity analyses to show that air velocity is adequate if
the air gap sizes become non-uniform were also done.

Air gap velocities with a 3 mm gap for the 9th sheet
25

T T T T T T T 7 T T T T T T
0 100 200 300 400

X[cm]
—— Sheetl —— Sheet2 —— Sheet3 —— Sheet4 ——— Shest5S Sheet &
= Chegtf === GSheetd9 == Sheetl0 == GCheetll === Sheetl12 == Shes
=== cheet15 == Sheetld ==== Sheet17 ==== GSheet18 =--- Shest19 =-=== Sheet20
Sheet22 ---- GCheet22 ---- Sheet24 —-— Sheet2S —-— Sheet2o

eeeee

Velocity [ ms~-11]

Air gap velocities with a 7 mm gap for the 9th sheet

257

o et N o P e =

=
&l
|

—— Sheet 1

=== Sheet 15

— — T T — T T T T T T T T
100 200 300 400 500

X[com]
— Sheet2 —— She — She — She She — She
8 == cheetd == cShe —— She = She —— She Sheet 14

== Sheetlf ==== Sheetl? ==== SheetlZ =--= Sheetld ==== Sheet20 ==== SheetZzl

Abhishek Deshpande, Dune-doc-431
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Surrounding steel cooling

« MARS simulations show that the steel surrounding the first
Al core block gets the maximum energy deposition.

« CFD simulations predict the maximum steel temperatures
for the 1.5-m RAL target case and other cases.

The geometry of the first Al core

. . i |
block and surrounding steel is Air flow channe

modeled.

cm
Top steel
-1.80x103
Beam Left steel
-2.10x103
Beam Right
steel
-2.40x103 _
250"
-2.70x103
Aluminum core
block with
water channels
-3.00x103 -
] ] | cm Bottom steel
L 2.22x107 2.25x107 2.28x107

Z
yiz = 1:7.556e-01

26 6/25/2020 A. Deshpande, V. Sidorov|LBNF Hadron Abs Core and Surrounding Steel Analyses LBNF



Surrounding steel cooling
2-m NuMI Target @ 2.4 MW 1.5-m RAL Target @ 2.4 MW

Abhishek Deshpande, Dune-doc-6005, 19797

<1 ‘
Air max: 84 °C _
i Air max: 111 °¢ .,

Maximum allowable steel and anti-rust paint tembmeratufé is 260 °C.
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Radiological protection

« One of the requirements of the Absorber is to provide radiation
protection to people in compliance with FRCM.

« Residual dose rates in Beam OFF areas need to be less than
20 mrem/hr. Max is 10 mrem/hr as shown below.
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« Beam ON prompt dose rates in the Absorber service building

do not exceed 5 x 10> mrem/hr—the facility is designed for
0.25 mrem/hr.
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Summary

The design of the absorber for the most conservative case,
2.4 MW beam and 1.5-m RAL Target, is well understood.
Aluminum temperatures, stresses, and deformations are
within allowable limits.

The effect of fatigue loading (20-years of continuous
operation) and creep on Al components have been
addressed.

The accident condition simulations reveal that it will not have
a detrimental effect on Absorber operations.

The accident pulse interlock system has been developed.
The water cooling system for the core is over-sized—there is
room for value engineering to reduce costs.

The installation of the stainless steel pan that will capture
RAW water from a catastrophic leak in the core has been
addressed.
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Summary

« The surrounding steel air cooling system’s feasibility has
been addressed—this is actually CF’s scope.

« The air cooling system design flow rate, temperature, and
heat load have been established.

 The maximum operating temperature for the surrounding
steel has also been determined.

« Absorber provides adequate radiological protection to
public in beam ON areas.

« The residual and prompt dose rates in the Absorber
complex are within the limits specified by FRCM.
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Questions and discussion
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