TD Note 99-041

Backup Documentation for the Installed Cryogenic Capacity Requirement included
in the LHC Inner Triplet Functional Specification, rev 1.0

J. Kerby, 1 November, 1999

This note collects the information used to generate table 5.0-1 in the LHC Inner
Triplet Functional Specification. It is expected that the cryogenic requirements will
change as the design of the system becomes more refined, for instance as the DFBX
design 1s updated. As appropriate, the table and the Functional Specification release will
be updated to show these changes. This note is simply to summarize the current inputs
used in the creation of the table, such that a baseline is available for comparison when
future changes are included. Rob vanWeelderen, Tom Peterson, and Nikolai Mokhov,
among others, have provided inputs and checks important to completing the table.

Needless to say, this is not ‘publication’ quality, instead a note such that we can
recreate the trail a year from now when we need to.

Reference documents, locations and files include:

Rob’s heat load web site, http://home.cern.ch/~vanweeld/heatload/himagnets.html, the printed
version of which went into this table is included here.

Nikolai’s most recent dynamic heat load calculation for the high luminosity IP’s.

Tom’s summary of the heat load in the triplet, and cooling through the collars and
iron yoke to the cryo system, a current version of which is included.

Jim’s excel file for the heat load per 2 of each IR, and the file which calculates the
installed capacity per LHC Note 140, and generates the table which has the calculated

numbers rounded up and displayed to the nearest integer. The files can be found on the
tdpc59 C: drive in the TripletES folder.
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IPlor5 Q1 LorR Heat Load

calculation results obtained from hlmagnets.cgi

author: R. van Weelderen
date: Wed Aug 25 15:33:09 CEST 1999

source files: LHCparameters.src, hlcryostat stat.src, IPlorS Q1 LorR.src, hlIPlor5 Q1 LorR _dyn.sre

i

** Breakdown for IPlor5_Q1 LorR,
values based on local photon flux information available on June 1999,
values in [W/m], for two beams,
Ib=beam intensity, SR=synchrotron radiation
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IPlor5_Q1_LorR Heat Load

http://home.cern.ch/~vanweeld/cgi-bin/hl..

** Breakdown for IPlor5_Q1 _LorR,
default configuration
operating temperature: 1.9 K,
actively cooled beam screen: no

values elther in [W} Or in [me

for two beams,

15_0Q1_LorR&temperature=1.9&beamscreen:
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IPlor5_Q1_LorR Heat Load
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IP1 or5_Q2_LorR Heat Load http://home.cern.ch/~vanweeld/cgi-bin/hl...r5_Q2_LorR&temperature=1.9&beamscreen=

IPlor5S Q2 LorR Heat Load

calculation results obtained from hlmagnets.cgi

author: R. van Weelderen
date: Wed Aug 25 15:26:49 CEST 1999

source files: LHCparameters.src, hlcryostat_stat.src, IPlor5_Q2 LorR.src, hlIPlor5 Q2 LorR dyn.src

s

** Breakdown for IPlor5S_Q2 LorR,
values based on local photon flux information available on June 1999,
values in [W/m], for two beams,
Ib=beam intensity, SR=synchrotron radiation
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l-Flt}r%}_QE_LDI'R Heat Load http://home.cern.ch/~vanweeld/cgi-bin/hl...r5_Q2_LorRé&temperature=1.9&beamscreen=

** Breakdown for IP1or5_Q2_LorR,
default configuration
operating temperature: 1.9 K,
actively cooled beam screen: no

values either in [W] or in [W/m], for two beams,
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IPlor5_Q2_LorR Heat Load
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IP1 or5_Q3_LorR Heat Load http://home.cern.ch/~vanweeld/cgi-bin/hl...r5_Q3_LorRé&temperature=1.9&beamscreen=
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IPlor5 Q3 LorR Heat Load

calculation results obtained from hlmagnets.cgi

author: R. van Weelderen
date: Wed Aug 25 15:27:08 CEST 1999

source files: LHCparameters.src, hlcryostat stat.src, IPlor5 O3 LorR.src, hlIPlor5 O3 LorR dyn.src

** Breakdown for IP1or5_Q3_LorR,
values based on local photon flux information available on June 1999,
values in [W/m], for two beams,
Ib=beam intensity, SR=synchrotron radiation
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1P or5_Q3_LorR Heat Load http://home.cern.ch/~vanweeld/cgi-bin/hl...r5_Q3_LorR&temperature=1.9&beamscreen=

** Breakdown for IP1lor5_Q3_LorR,
default configuration
operating temperature: 1.9 K,
actively cooled beam screen: no

values euher 1n [W] or in [W/m], for two beams,

[50-75 K[4.520 K[4.5 K 1. 9K
|static heat loads, [W]:
§Suppun posts 32 50_0 _2_2_50 | 0 ____é;mo_uf
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Heat Load and Temperature Summary for the LHC Interaction Region Final Focus
Superconducting Magnets

Tom Peter

501

21 September 1999

Heat loads 1n Table 1 come from Jim Kerby’s 10 Sep 99 summary spreadsheet
(IRCryoCapacityKerby990910.exe). Base heat loads in Kerby’s spreadsheet are taken from Tom
Peterson’s interaction region summary table (IRSysHeatload990830.exe, 30 Aug 99) updated for
Mike Lamm’s splice heat calculation (total change -0.6W to 1.9K)

Tom Peterson’s baseline heat is based on Rob Van Weelderen’s heat load website

(http://home.cern.ch/~vanweeld/heatload/hlmagnets.html). The major difference is in total
dynamic load (using the Mokhov updated calculation, Table 4, for heat from secondaries) and scaling

to ultimate using 2.5.

Static heat loads are 2nd estimates by Jim Kerby, 10 Sep 99. D1 and DFBX (draft2) inputs are
updated in Jim Kerby’s summary spreadsheet.

Current lead flow assumes 0.079 g/s per kA for CERN HTS leads and for conventional leads
(difference is conventional lead flow comes from 4.6 K rather than 20 K). 1 pair 8 kA HTS leads
plus 1 pair 5 kA HTS leads plus 5 pair 600 A conventional leads plus 7 pair 60 A conventional leads.

Table 1. Estimated inner triplet heat loads (30 m)

Jh rev /2y
70K 4.5K-20K 1.9K
IP1 Nominal 530 #8489 168.7 1814
IP1 Ultimate K30 1849 202.1 4169
IP2 Nominal vy 84277 128.3 58.4
IP2 Ultimate s¢y 842:1 139.0 933
IP5 Nominal S 3o 7849 168.7 1814
IP5 Ultimate 580 7849 202.1 416:9
IP8 Nominal 58% 8421 122.5 65.7
IP8 Ultimate 58y 842:1 122.5 1116

q |
Ruw Y24 4 i siatic 1.9K Static
180, 117.8 26.8
Wit 4

122.6 34.0
Q4,6
181 117.8 26.8
T

122.6 34.0
(e

Table 2. Helium flow rates for nominal heat at IP5 at each temperature level. 50 K — 75 K flow assumes
a 66 K to 75 K temperature rise. 4.6 K —20 K flow is heat divided by 17.7 J/g (vaporization of 1.4 bar
liquid). 1.8 K flow is heat divided by 20 J/g.

Temperature levels 50to 75 K 46K- 18K Current lead flow
(actually 66 20K (in heat  (g/s)
to 75 K rise) exch)
Standby (static) flow (g/s) 6713 6.7 I3
Additional dynamic flow (g/s) 0 | 0.5 79
Total flow (g/s) 167 1.3 7/ 9.1 2.6
IR Heat and Temperature Summary 09/23/99 1




Below, 1n Figure 5, is the output from a spreadsheet that calculates temperature drops through the
inner triplet system from the center of the holes in the iron yoke to the end of the pumping line at the
DFBX. The input is the heat load profile shown above in Figure 1 for IP5, nominal heating, totaling
181.4 W, and the use of four 60 mm holes in the iron yoke. Other pipe dimensions are as indicated in the
figure. This spreadsheet includes an estimation of the location of the “neutral plane” from which heat
flows to the Q1 magnet ends in each direction, as described above.

The chart shows a comparison with an “internal”” heat exchanger consisting of two heat exchange
tubes, in two of the four holes in the iron yoke. One can see that for the internal heat exchanger, the

benefit of not having a temperature drop through the superfluid channels is approximately offset by the
pressure drop of the smaller tubes.

Figure 5. Temperature drops with estimated heat loads to 1.9 K

‘Summary of estimated temperature drops from the center of the holes
in the Q1 iron yoke to the end of the pumping line at the DFB
| ?
DT1: from the Q1 magnet thermal center to the end within t Q(W)=/181.4 |
pressurized He II thru holes in the iron yoke, 4 x 60 mm holes |
DT2: within.the connecting pipe, L=125 cm, D=11 cm. 40.0 - S —
B External HX 1X8.5/9.6 cm
DT3: between connecting pipe and He II heat exchanger, |
=1y oD e, on a0 | Mintenal HX 2X4.9/5.7 sl
. B
DT4: within the pressurized He Il side of He II heat
ﬂhanger,wl;%ﬂ cm, D_in=9.6 cm, D_out=16 cm. -
3
DT5: across the He I heat exchanger wall. = 20.0
, B
DT6: due to the vapor pressure drop. E [
i
el 100
External HX| Internal HX
1 X 85/96 mm! X 49/57 mm ‘| ;
DT1 (mK) 1 0.0 .
DT2 (mK) 4.2 0.0 0.0 +HHE— B = = : -
D13 Emlg LT gg DT1 DT2 DT3 DT4 DT5 DT6 Total |
mK)| ; ;
& mK) (mK) (mK) (mK) (mK) (mK) DT
= e T2 (H}(](H)()K
DT6 (mK) 45 183 (i)
tal DT (mK) 34.0| 36.6 J : 1 - |
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Figure 6 1s a summary of estimated temperature drops from the center of the holes in the Q1 iron
yoke to the end of the pumping line at the DFBX in IR5 with the entire heat load (static plus dynamic,
used 1n figure 5) scaled up by 1.5 to 272 W total.

Figure 6. Temperature drops with 1.5 times estimated heat loads to 1.9 K.

summary of estimated temperature drops from the center of the holes
in the Q1 iron yoke to the end of the pumping line at the DFB

| L

.- | ; ‘ E

|

DT1: from the Q1 magnet thermal center to the end wfthin ' Q (W) =|272.1
pressurized He II thru holes in the iron yoke, 4 x 60 mm holes
DT2: within the connecting pipe, L=125 cm, D=11 cm. 80.0 —_— _
| e | B External HX 1X8.5/9.6 cm
DT3: between connecting pipe and He II heat exchanger, 70.0 -
Sl onand e Hem ) | gop.  Minternal HX 2X4.9/5.7
DT4: within the pressurizeﬁ He 11 side of He II heat & : e
exchanger, L=450 cm, D_in=9.6 cm, D_out=16 cm. | 50.0
3
DTS5: across the He I1 heat exchanger wall. E—* 40.0
e D [
DT6: due to the vapor pressure drop. 30.0
20.0
External HX| Internal HX '
1 X 85/96 mm! X 49/57 mm 10.0 I
DTI1 (mK) 3.8 0.0 F
DT2 (mK) 14.3 0.0 0.0 +HL - i = 1 =
D5 (mik) 5.7 0.0 DT1 DT2 DT3 DT4 DT5 DT6 Total
DT4 (mK) 252 0.0
= . mK) (mK) (mK) (mK) (mK) (mK) DT
DT5 (mK) 32.7| 21 (}(}{]{){)(){K
DT6 (mK) 0.1 372 mK)
ftal DT (mK) 67.8 64.7 I i I
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Figure 12. Plot of delta-T through the collar pole tip region
versus fraction of pole tip area open for heat transport
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Fraction of pole tip area open
Figure 12 assumes (like figure 8) a 0.7 cm wide pole tip and 1.6 cm distance for heat transfer
radially outward. In order to have only a 3 mK temperature rise through the collars in Q1, where the local

heat load could be between 15 and 20 W/m, one can see from Figure 9 that the pole tip area must be 0.06
open, or 6% open.

Figure 13. Heat carried axially along the MQX beam pipe with 1 mK delta-T
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Heat carried distance with 1 mK delta-T

Figure 13, above, assumes a 1.2 mm annular space around a 62 mm tube. Heat is plotted which
can be carried with a 1 mK delta-T over a given distance. This plot shows that a local “spike” of 2 Watts
will not spread axially very far, but “spikes” of 0.5 Watts or less will be spread over a meter or more.
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Below, in Table 4, is a summary of all the delta-T’s through the cryogenic system from the
pressurized superfluid around the magnet beam tube, in contact with the magnet bore, to the cold
compressor. Heat load is 272 W, 1.5 times nominal for IP5. Note that this does not include delta-
T’s 1nside the magnet coil.

Table 4. Temperatures and pressures from magnets through transfer line to cold compressor

System temperature or pressure location Pressure Temperature
......................................................................................................................................................................... (mbar) | (K)
Pressure at cold compressor (flow thmugh header B is n{}nnnally at 3.5 15.0 (1.776)

K saturation temperature corresponding to pressure is shown in

prentheses) - B R Ll Bl e 0 b
Pressure at tunnel feedbox after addmg the pressure drop due to flow 18.6 (1.836)
through header B in the 3.3 km of transfer line == s - )
Pressure at tunnel feedbox after adding the pressure drop due to 19.2 (1.845)
elevation change through header B in the 3.3 km of transferlipe | |
Pressure and temperature in saturated He II at the feedbox end of the 19.6 1.851
triplet after adding the pressure drop through the JT heat exchanger | |
Pressure and temperature in saturated He II at the Q1 end of the triplet 19.9 1.860

Hf‘[EI‘ adding the pressure drop through the corrugated pipe along the

e reres s s ey P e e L L L L I

Temperature in the pressurized He II after acldmg the temperature dmp 1.893
across the heat exchanger wall to the saturated He Il (DT5) e A A
Temperature in the pressurized He II in the iron yoke after adding the 1.919

temperature drop through the pressurized He Il from the magnet center
to the He II heat exchanger (DT1+DT2+DT3+DT4)

Temperature in the pressurized He II around the beam pipe, in the | 0" |
magnet bore, after adding the temperature drop through the collar and

ynke ]aminations Based on 1-inch spacing of pi}lE: tip gaps in collar

TrEnT I semrerene T [T TE T

Temperature in pressurized He II at warmest point alc}ng the bore tube 1.953
in Q1, including regulation margin

Figure 14, below, illustrates the bottom line of the above table versus various total inner
triplet heat loads.
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Figure 14. Temperature in the pressurized helium II at the warmest position in the iron yoke
holes in Q1 in IP5-left versus total inner triplet heat load to 1.9 K.
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Conclusion.

Assuming the gaps around the beam tube and through the collars and yoke to the holes in
the iron add only a few more mK to the total delta-T, the temperatures shown above in Figure 14
are approximately the temperatures between the beam tube and coil at the warmest point in Q1.
The question 1s then what temperature is required to support heat transfer out of the coil and
prevent quenching. We know from our tests of magnets in the vertical dewar that the magnet
quench performance 1s fine in a 1.90 K bath. This corresponds, however, to just the heat load for
nominal luminosity with no safety factor. We will try some tests at 1.95 K, which corresponds to
the magnet temperature at 1.5 times the estimated heat load for nominal luminosity, and at other
temperatures in order to define more precisely our temperature limits.
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[Fwd: Update on heat load to the IP5 components]

Subject: [Fwd: Update on heat load to the IPS components]
Date: Tue, 24 Aug 1999 11:35:03 -0500
From: kerby @fnal.gov (James Kerby)
Organization: Technical Division, Fermilab
To: Peterson Tommy <tommy @fnal.gov>

EYlE: I think we =scale for ultimate (see bottom) .

———————— Original Message --—----—--

Subject: Update on heat load to the IP5 components

Date: Tue, 24 2Aug 1999 11:12:30 -0500. (CDT)

From: Nikolai Mokhov <mokhov@fnal.gov=>

To: Jim Kerby <kerby@fnal.gov>

CC: strait@fnal.gov, lamm@fnal.gov, tnicol@fnal.gov,Tanaji Sen <tsen€fnal.gov>,
Bill Turner <wcturner@LBL.gov>,Ranko Ostojic <Ranko.Ostojic@cern.ch>, Nikolai

Mokhov <mokhov@fnal .gov>

UPDATE ON POWER DISSIPATION IN THE LHC IP5 COMPONENTS
DUE TO PP-COLLISIONS AT THE BASELINE LUMINOSITY
OF 10234 CMe-2 5¢=1

N. Mokhov
August 24, 1999

S —————E S g e R e e

Component P(W) Peak (W/m) Peak location/averaging Q t.[:: N!'-LEL.:,EW-:
I L el M U Sl o i S S e e e s e [ e S e e S Rl e i e ke i  —— - -
TAS-1 2.5 % MxLojmxt_
1.7<r<25 cm 256

Q1 : w/

=235 icm 36 267 9.98 Last meter E{E i?*bj ﬁfl
TﬁS—E F;‘;_L.id-f./"_?_‘c;[ i

2 .5<r<6 cm 10.46 oSS Fuall: 138 m : e

Vessel 0.47 ;5}1ﬁ{ wf [ ey DOV
et 132. 10 W im Wit
Q2A -_

>80 Em 17 .84 4.79 First meter
LT S ORI S e T s e e (8 ”‘-‘/11 ©33 m
MCBX-1 1.98
e e e e e e e e T e s R e T e e e et i H5.9 W

02B = e )
Rl cm 2604 B Last meter %
——————————————————————————————————————————————————————————————— .bil"i-'f::' ""’f'rr'r_-
e .03 W 4
3.0<r<6.05 cm 4.74 331 Full 1.43 m i o |
Other sEute

between

D2B and Q3 200 e

Q3

r=3.0 cm R e First meter

MCBX-1 3.85

DFBX 11.6&«"“"’"‘\‘\‘:‘*‘-' Say 3 S wh [,9K

*) Scale linearly to the ‘ultimate’ luminosity
**x) Disregard the ’98 numbers of the previous message.
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IRSysHeatload990830.xls

Inner Triplet + Heat Load Summary

Operation - Nominal Beam Current

30-Aug-99

Vapor flow

JSK excess

IR1(incl DFBX spec, Rev 2) 70K 4.5K-20K 1.9K 20K leads 5K leads toline D
\Warm to Cold Transition 102.0 8.0 0.3
Inner Triplet 205.9 30.9 173.9
Q1 51.6 8.1 48.9
Q2 98.8 13.6 63.3
Q3 55.5 9.2 61.7
TAS2/3 0.0 18.8 0.0
DFBXA 375.0 103.0 o) 2.2 0.3 3.0
Warm to Cold Transition 102.0 8.0 0.3
TOTAL 784.9 168.7 182.0 2.2 0.3 3.0
Lisatia SK excess
IR2 (incl DFBX spec, Rev 2) 70K 5K 1.9K 20K leads 5K leads tolineD
Warm to Cold Transition 102.0 8.0 0.3
Inner Triplet 205.9 10.9 43.9
e R TR e
Q3 55.5 3.2 14.5 ( 0 b
DFBXB 375.0 92.8 Bral N a3 1.2
D1 52 8.6 6.3 @Iy cooled heaﬂr-nasm'?
Warm to Cold Transition 102.0 8.0 0.3 //)
| TOTAL 842.1 128.3 59.D| 3.1 0.3 1.2
i & et B oK excess
IR5 (incl DFBX spec, Rev 2) 70K 5K 1.9K IEDK leads 5K leads toline D
Warm to Cold Transition 102.0 8.0 03
Inner Triplet 205.9 30.9 173.9
Q1 51.6 8.1 48.9
Q2 98.8 13.6 63.3
Q3 55.5 9.2 61.7
TAS2/3 0.0 18.8 0.0
DFBXA 375.0 103.0 12D 039 0.3 3.0
Warm to Cold Transition 102.0 8.0 0.3
TOTAL 784.9 168.7 182.0 2.2 0.3 3.0
e g 5K excess
IR8 (incl DFBX spec, Rev 2) 70K 5K 1.9K 20K leads 5K leads toline D
Warm to Cold Transition 102.0 8.0 0.3
Inner Triplet 205.9 10.9 45.2
Q1 51.6 3.2 12.1
Q2 98.8 4.6 18.2
Q3 55.5 o F 14.9
DFBXB 375.0 92.8 8.3 3.1 0.3 1.2
D1 57.2 2.8 12.1
Warm to Cold Transition 102.0 8.0 0.3
| TOTAL 842.1 122.5 66.3 3.1 0.3 1.2




IRCryoCapacity.xls

Installed Capacity Required (W)
70K 4 5K-20K 1.9K
IP1 Nominal 785 170 182
IP1 Ultimate 785 205 417
IP1 Installed Capacity 1180 300 424
|IP2 Nominal - 845 130 59
IP2 Ultimate 845 140 94
IP2 Installed Capacity 1265 240 L 02
IP5 Nominal 785 170 192
IP5 Ultimate 785 205 417
IPS Installed Capacity 1180 300 424
IP8 Nominal ' 845 130 59
IP8 Ultimate 845 140 94
IP8 Installed Capacity 1265 240 102

o o

r.g:‘,} /;O

Table5.0-1
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