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The ET beampipe baseline: cost estimation

Scaling of the:
+ VIRGO vacuum costs to ET leads to 550 M€, 1/3 of the total proposed budget.

» LIGO vacuum costs to CE leads to 650 M$, more that 50% of the total proposed budget.

Cost of gas pipelines of equal length (lowest envisaged cost):

Cost$
« 250 M$ (estimation by Rainer Weiss) '

650 M -

I R&D in materials
and manufacturing

250 M —+

o) 0T 2022 Paclo Chiggiato | CERN-ET intemal meeting 2022-09-22 24
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Cost drivers Ou

d To evaluate the cost ==> treat
several interlinked problems
(Define WBS)

d First cost estimate ==> identify
cost drivers

Q For each unit we have to identify:

O Boundary conditions (i.e. tunnel or

surface, time) U F1=='UO
d Variables that set different scenarios . _
(i.e. material choice, thickness) One variable in a WBS can become a

boundary condition of another one

O Parameters for optimization (i.e. ==> Keep an updated global view

insulation thickness, bakeout
temperature, etc.)
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Comprehensive

o ALl life costs (evaluate
operation costs during
lifetime of the facility)

e« WBS product oriented
e« Document all assumptions

estimate

Accurate

« Based on models estimating
each WBS element

e Adjusted to inflation
e« Regularly updated
e Based on past cost estimates

29/03/2023

Well Documented

e« Documents all sources, and
methodology

e Technical baseline 1is

consistent with the cost
estimate

Reliable cost

Credible

e Includes sensitivity analysis

e Includes risk analysis (and
mitigations)

e Includes cross checks (other
methodologies)
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Cost contributions oo
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Vacuum
equipment

Bakeout

Assembly,
cleaning , etc.

Beam Pipe
Production
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WP1: WP2: WP3: WP4: WP5: WPE:
engineering production treatments transport installation vacuum

Design and Choice of Choice of Installation Choice of
engineering of materials and post- Handling and procedure and vacuum

the vacuum manufacturing manufacturing logistics interface with pumps and
chamber technology treatments other systems valves

Beam pipe production Assembly, cleaning, etc. Vacuum

equipment
@ WPT: WPS: and control
ﬁﬁxﬁ prototyping coordination
<
..-_:}"'n..
ﬁz"ﬁ Coordination
#ﬁ'} : of the different
@ Installation _
] work
N and test of a )
{° ilot sector s
PO SECLC contribution of
collaborators
';f-_'._;_'-_:}_ﬁ-'f,;' 172022 Paolo Chiggiato | CERN-ET internal meeting 2022-08-22 33
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Hot-Rolled Coil Steel
Manufacturing
facility

Beam pipe production ...~ _— o

module vessels 28% 1750
7%

1500

Boundary conditions:

Q Tunnel or surface? ==> Logistics!

1250
1000

Q In situ or remote production ==> Logistics!

750

O Tube dimensions

500

Constrains to logistic, transport and e soo1 yozs
i n s t a -l_ -l_ a t i O n vessels source: tradingeconomics.com

53%

Variables:

O Material (Stainless steel, mild steel, etc.)
O Thermal treatment of raw material?

O Production method (spiral welding,
longitudinal welding, etc.)

Parameters:

O Thickness and shape (thin corrugated, thick
with reinforcement, thick straight)
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Boundary conditions:

Storage facility

QO Tunnel or surface? t) - 0% oot o
Q In situ or remote production ?"'""':Tﬂ--r:::"""'ﬁ e
Q Pipe dimensions, material and thickness %) — e T

Q Production method 5 —

y.

Variables:

Cleaning
: facility
[ ; 15%

(]

Transport and handling in final position

Module 25
—

¥ 7 |
Mid A WACUUM TEST CHAR|OTS GO|NG BACK '

Support structure and alignment kj

Stalion & Station 8

Cleaning method

Module % Module 27

0o 0 O

Helium leak detection method k) e
{Mcﬂule 2 | Maodule 26 = "_;_‘r!_," Module 50 | i
Parameters: —— e P———
O Separation between supports Q@ s st s

. . . . . i Figure 6.22: 3D view of a pumping station: the blue objects represent the pumps and sensors, the yellow ones
D C -L e a n 1 n g C O n d 1 t 1 O n s t 1 m e 'F o 'r C -L e a n 1 n g [— i - the cabinets for pumps control and baking power supply (1 cabinet for all). A separate small room is reserved
b % for the high voltage electrical transformer.

O Leak detection strategy e

Figure 6.23: The assembly sequence of one vacuum pipe.
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BEAM TUBE BAKEOUT ELECTRICAL HEATING POWER

Bakeout

le 2K -l
I~ " "
° ° 46Tm - ATEmM » 515m LS 507m
Boundary conditions: T e woma | seama msma |
Q Tunnel or surface? -'+‘| { } ': |'+.'-
| 176p 4 de o[ #60Vdc 1750 Ade ‘ A6V de |+ 485V de |
O Pipe dimensions, material and thickness S e
e SN 10.6 mil Sl 20V de
O Maximum available heating power oome BT porotum cales < i ma
. 460 VAC, 30 | 460 VAC, 30
Variables: S e
| Type of pumping 13.2 kV from DEMCO
O Type of insulator Logond:  [oewn | PowerTransiormer—— [os] B powarsimpy
O Heating power distribution Cabling and Energy for 1
Cabling and connections bake-out

Insulation
material
33%

connectiond 3% 5%
Parameters: .
0 Bakeout time COR:;E:NA
O Bakeout temperature
O Water Pumping speed and distribution
a

Insulator thickness Bake-out

power
supply (15kv

Cost driven by insulator and power supplies @ =

41%
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Vacuum equipment and control [~ ———
q p —@— NEG strip
50 = NEG wafer 7]
Boundary conditions: : . ;j;;”dge
. . . Ry i
Q Defined by the previous units 40‘ *  Turbopump
Q Pumping layout and control are defined together 2 '
— 30} -
Variables: %,
20 .
Q Bakeout parameters
O Type of pumping and distribution (H,, CH,, CO, etc.) Lok z'*... N |
0 Valve sectorization _ 8 B oo . $ 3
O Instrumentation (type, distribution, etc.) L P T S S
Gate Gate UHV 0 500 100 1500 2000 2500
Valve Valve Pressure 1/5)
° DN150 DN40 auges ack for
ParamEters ° 21% 2% g14%4 F;evl?cfes
O Pum .n S eed e contorool
umping sp Gate 22 NEG
1 1 1 o Residual Gas o
Q Pump distribution -~ aa | Rene strips
Valve (RGA)
DN100 13%
12% // ‘\\ Connections
to
Neg Pump Neg Pump components Cabling and SW for
2100 1000 to control connections supervision
12% 4% 9% 12% 11%
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Optimization 200]

Problem: Optimization with multiple 1507
parameters

The same physical models used for % ]
the design, can be integrated for - 1007
cost optimization S

Example ==> multiparametric bakeout
optimization

Electrical cost
Insulator cost
Total cost

50

10 15 20 25 30
Thicnkess (cm)
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Example: Bakeout optimization 6 B ®

Q Thermal conductivity 35 mW/m/K s e s e
Q Tube 4 mm wall
a

For each temperature and bake-out duration
==> Optimum thickness to minimize the cost

Cost = (Electrical cost to reach baking temperature) + 8

(Electrical cost during bakeout) +

(Insulation cost) 6
E XICICSISKL
= R
e
S
o
£
= 2

0.
150

10
T(°C) 50 0 Duration (days)
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Example: Bakeout optimization 6 B ®

Q Thermal conductivity 35 mW/m/K s e s e
Q Tube 4 mm wall
a

For each temperature and bake-out duration
==> Optimum thickness to minimize the cost

Cost = (Electrical cost to reach baking temperature) + 8
(Electrical cost during bakeout) + Q
(Insulator cost) 64 ‘:\3:33“:‘::“‘:‘ \“ ““: :‘::‘ N :‘;‘:‘:&: Q§:§§§§§§:«o
S/ AN N
. . o o o (2]
Q No limit to the power consumption ==> Limited 84
to <200 W/m :
=P
0 i
150
20
10
T(C) 50 o0 Duration (days)
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Example: Bakeout optimization % @ @

Q Thermal conductivity 35 mW/m/K s e s e
Q Tube 4 mm wall
a

For each temperature and bake-out duration
==> Optimum thickness to minimize the cost

Cost = (Electrical cost to reach baking temperature) + 14 <
. . SR
(Electrical cost during bakeout) + 12 4 "’3::3" oS S0
0% 0“‘0 %65 % “‘Q Q‘.‘.Q 026%9, "" "‘$ “"“
(Insulator cost) 10 - IR
S 8.4
O No limit to the power consumption ==> Limited <
B Ws
to <200 W/m 2
4
2
0 .
150

10
T(°C) 50 o0 Duration (days)
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Example: Bakeout optimization s @ i@

O Thermal conductivity 35 mW/m/K e ome . uma  ume
Q Tube 4 mm wall
O

For each temperature and bake-out duration
==> Optimum thickness to minimize the cost

Cost = (Electrical cost to reach baking temperature) + 14
(Electrical cost during bakeout) + 12 | SN
(Insulator cost) 10 < SIS ‘:°:33§§§§§§§§$3‘

5 8

Q No limit to the power consumption ==> Limited <

@ 6

to <200 W/m 8 \

O But not all combinations are good ==> Limited <5

to max(P)<2x10-11 mbar 0.

150

O Configuration NEG cartridges 1500 l/s every
625 m and turbos every 1250 m

10

. . . T(°C) 50 o0 Duration (days)
O 1D model using Temkin isotherm
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% 5 %
[ ] [ ] [ ]
° i i i
xamp le: Bakeout optimization o ®
Bakeout duration to reach 2x10™" mbar T S
30 ; ' T ' T ' T ' T -
O
I \ ]
\
25 — \\ .
| \ i 8l
\
- 207 \\ | 6
N | \ i g
[ \ St
S 15+ \ - § 4 .
+ \ c
° \ - S
a .\ PN
10F \ -
\
i \\ ] .
51 \\. | 150
N
- \\\ -
e _ 20
0 . | . | . | . | . 5,‘—.——‘ 10
80 9@ 1@0 110 120 130 140 T (OC) 50 0 Duration (days)
T (°C)
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Example: Bakeout optimization s @ i@

. _11 1258 m 1250 m 1250 m 1250 m
Bakeout duration to reach 2x10 ~ mbar (0 0
30 : 10 Minimum duration = 1
day
25
L 14
—~ 20 B 12 RS “‘::::‘:‘?:“‘
© (R 10 & (o";(:o % :;::;;iz::‘@’:‘
~ | 6 8 .
S - S 8
— —~~ <
o o =z % 6
o | c o
5 4 © 4
[
10 5 |
I , 0
5F ® ] 150
\\
L \\ ]
0 . | . | . | . | \.55,——.——1- 0 10
80 90 100 110 120 130 140 T(°C) 50 0 Duration (days)
T (°C)
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Example: Bakeout optimization & ® ®

nnnnnn

qqqqq

. _11 1250 m 1250 m 1250 m 250
Bakeout duration to reach 2x10 = mbar
30 — 10 |Minimum duration = 1
- day T | T | T | T | T |
25 —— 95°C 20 days
10°° 4
20
n —~
3 8 ;
c (s g
o - ~
- 15 > 0 B |
o c %
>} ~— $
= 10 <
1 107 - .
5 -2
° _
\\
0] : L ' L L . 55,__|__‘ 0] 10‘12 . I . I . I . I . I . I .
80 90 100 110 120 130 140 0 5 10 15 20 25 30 35
T (°C) time (d)
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Example: Bakeout optimization

Bakeout duration to reach 2x10™" mbar

30

X

nnnnnn

qqqqq

10

25 %
reduction

25

95°C 20 days
115°C 3.1 days

=
(o)

N
o

S S =

> §) 8 ©
o)

c - E

© 15 —

-

+ | = o

© S

— __4 .C u

= N—" $

a i

10

Next step ==> include pumping speed
pump distribution as free parameters

and

10

90

29/03/2023
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time (d)
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Sensitivity analysis

d The same models used for cost
optimization can be used for
risk and uncertainty analysis

O Main objectives:

d
d

(

Identify main risks

Identify variables with high
uncertainty

Quantify the effect of input changes  **

in the final cost
Quantify the cost uncertainty

Some decisions can be neutral 1n
cost but not their risk
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Program
start

I

Cost estimate

Hot-Rolled Coil Steel

2000

1750

1500

1250

1000

2015 2017 2019 2021 2023

C

Ogy
Sst
Mafe
U-'?Ce,-ta fnty .
S high
er

feedbacks on input data and model faclors‘

Uncertainty is lower

o5
- eﬁs
ince
rogresse® oweds®
ed an

. m p
as rogral "
rtain as p e realiz

Estimate becomes more ce

|
I
|
|
i
baseline |
|
|
I
|
|
I

- —
Estimate tends to grow over time as risks

Source: GAO. | GAD-20-185G

Time ——
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Summary

AQ In the coming months we will populate the different cost units
A Identification and set priorities according to cost drivers

Qd Define a methodology for the cost assessment ==> Systematic

justification of design decisions ==> Periodic cost evaluations and

release updated information

A Cost model of the different cost units. Optimisation of some design

decisions.

O Include sensitivity and risk analysis (build budget with error bars)
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Thank you!
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