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I.

1.0

BSC P PE MECHANICAL FABRICATION

INT DUCTION AND SUMMARY

As of the proposal for the LIGO Vacuum Equipment, PSI included a prototype BSC

vessel to validate fabrication and testing techniques.

The
treati

) prototype was built in conjunction with Ranor, Inc. which provided the heat

and machining to complete the vessel. During the fabrication, fixtures were

RqO
vug-l.l19
Prgcl -!l

and optimizedto control distortion and interface dimensions.

was then returned to PSI, inspected, cleaned, baked out and tested.The B

Next first article LN2 80K pump reservoir was fabricated and installed inside the

e BSC (used for the vacuum vessel). The 80K pump was instrumented with

vibrati sensors and run with LN2 and a heat load. The resulting vibration spectrum was

and analyzed.

ts of the inspections and testing are contained in this report.

96:Se.l-LIGO/Oct



The

Summary

The prototype
1996.

techniques.
vessels. This
vessels.

After
vessel
methods were
details).

During
stress pomt.
developed by

PROCESS SYSTEMS

INTERNATIONAL,INC,

was mechanically completed in July 1996 and tested during Aug/Sept/Oct

fabrication phase was completed with minor rework to refine fabrication

prototype fabrication provided valuable insight into building the complex LIGO

knowledge has been incorporated into the production design of all the LIGO

the critical dimensions of the BSC vessel were measured. In general, the

was a success. Minor deviations to the design drawings were noted and

modified for the production units. (See Section I (2), and I (4) for additional

testing of the prototype BSC, vacuum wall deflection was measured at a high

deflection measured was consistent with the BSC finite element stress model

(see Section I (3) for additional details).

Rcv O
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SECTION I

FABRICATI

Summary

The BSC
fabrication was

This section
fabrication pri

#; PROCESS SYSTEMS

INTERNATIONAL, INC.

RESULTS

was inspected and measured at various stages of it's fabrication, after
(at Ranor) and after it was transported to PSI Westborough, MA.

the results of the various inspections. The target dimensions (from

) are shown in boxes for reference.

Red
v049-t-t l9
Pr4ct'B
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Summary

The prototype
following

Step

l.

2.

aJ.

4.

5.

6.

WELDMENT INSPECTION DURING
FABRTCATION (AT RANOR)

I.D. (target 104.5 in.) at various stages of fabrication was shown in the

were taken as follows:

Condition

60.5 In. Nozzles Tacked On (Not Welded)

60.5 In. Nozzles With Only A Root Pass

60.5 In. Nozzles First Plasma Pass

60.5 In. Nozzles Second Plasma Pass

Before Last Heat Treatment (10000F)

Before Flange Fitup (Spider Relaxed)

RwO
v(X9-l-ll9
Prgcl -*
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PROTOTYP

Summary

BSC INSPECTION AT RANOR

The BSC half was placed on the inspection table. The inspection table base was used as

a reference to the relative locations of the BSC nozzle faces and centerline dimensions.

RwO
v049-l-l 19
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-I

RANOR)

270 DEG. DEG.

7.270 Iml
180 DEG-

IT{SPECT I OATE OI'I THE LO}IER SHELL
0l'l A 3 P0Il.lT SET-UP. USIl.fGFERF
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ALL RAW

OATUMS
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SECTION ONE

2.0 FABRICATION RESULTS

e to flange measurements before and after transporting to PSI Westborough

RwO
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SECTION ONE

2.0 FABRICATION RESULTS

60.5 inch nozzle measurements at PSI

Rcv O
v049-t-l l9
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BSC 60.5' TD NOZZLE MEAST]REMENTS

TERMIN

References to , horizontal, up, down, etc. are used with reference to the vessel in
operatlng

Orientation of

Orientation of
outside.

Measurements

Bars were bol

is clockwise from top (0, 90, 180,270).

nozzles is clockwise from top as viewed looking toward the nozzle from

APPROACH

60 inch were measured across in both the horizontal and vertical axes. Straight through

and diagonal were made between opposite 60 inch nozzles. (Attachment A)

Centerline were made to determine vertical displacementof nozzfe pairs.

External strai edges were used to establish dimensions of the four sides and diagonals of the

quadrilateral i horizontal plane formed by the nozzle faces.

Measurements
(Attachment A

the D nozzles were taken from the corresponding 60 inch flange.

TECHNIQ 60 INCH NOZZLES

diameters were made using a72 inch scale and a vernier.

to the flanges with holes located at the nozzle centerpoints. Fish line was

pulled opposite nozzles. Feeler gauges indicated that the axis of the 90-270 nozzles was

.032 above the is ofthe 0-180 nozzles.

Straight measurements were made using a single bar for all measurements and a vemier.

Diagonal were made using a fixture to establish a difference between diagonal

dimensions.

Raw data for , straight through measurements, and difference of diagonal lengths were

c)recorded. (

RoO
v049-l-l l9
Prgct F 1$
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Computational
straight
centerline (cl

TECHNIQU

Straight edges
differences of
centerlines. A
from
(Attachments

fll'
PROCESS SYSTEMS

INTERNATIONAL.INC.

iques were applied to the data (diameters-nl rA, delta of diagonals-dl d2,

measurements-l l 12) to produce centerline length and angle of flange face to

angle a angle b). (Attachment D). Results (Attachment E & F)

EXTERNAL STRAIGHT EDGES AND DIAGONALS

the nozzle were used to establish vertices from which, using a bar and vernier,

diagonal lengths could be measured in the horizontal plane of the nozzle

dimensions from straight edges to nozzle outside diameters were taken. Data

per Attachment D to produce dimensions and representation.

&H)

R*O
v049-l-l l9
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FIGURE A
BSC VESSEL RqO

v049-l-l l9
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FIGURE B
INCH NOZZLE DIMENSIONAL REQUIREMENTS
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3.0

The
taken at the
area of
dial gauge
was taken.
stiffener.

Figure III-2
a)OS

this plot,

Similarly, at

Therefore,

A plot of
mocimum
deflection
deflections.

Deflection Predictions and Results
PROCESS SYSTEMS

INTEHNATIONAL,INC.

BSC was pumped down to -14.7 psig. Measurements of the radial deflection were
stiffener between G-nozzles on the 104.5 ID shell using a dial gage. This is the

deflection as predicted by the finite element analysis. As shown in Fig.III-l, the
mounted on the support bracket that is below the area where the measurement

the measurement gave the relative deflection of this support point and the

the displacement contour plot taken from the finite element results for the y-
. Due to symnetry of the quarter model, the z displacements are similar. &om

marcimum radial displacement at the lower stiffener is

a: (0.1062 + 0.1062)12

A = 0.15 in

he area of the support bracket connection the radial deflection is

6: (0.05622 + 0.05622)tn

A = 0.08 in

relative deflection predicted by the FE analysis is

0.15 - 0.08 : 0.07 in

measured deflection versus the BSC internd pressure is shown in Figure III-3. The
ding of radial deflection at -14.7 psig was 0.061 in which compares to the predicted
.07 in. Hen@, there is good correlation between the predicted and measured

Rcv O
v049-t-l t9
Prgc I i af
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SECTION I

4.0 F

Asa
been
units.

The
units

a

a

a

a

o
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TION TECHNIQUES ANALYSN
of the prototype BSC vessel program, various fabrication techniques have

ified to improve dimensional control and manufacturability for the production

is a list of significant items that were incorporated into the production
gns:

ll nozzle welds were reduced in size to minimize distortion of the nozzle (i.e.

I penetration 60" nozzle welds reduced to a fillet vacuum weld on the inside
stitch welding on the outside).

I conflat flanges will be purchased with nipples welded on (special lengths) by
conflat vendors.

large door assemblies (60"/84"), the head will be welded to the flange before

machining of the flange sealing surfaces.

ew stronger fixtures will be used during machining to prevent vessel vibration.

special flange assemble fixture will be used at PSI to accurately install all spool

cryopump flanges.

treating will be used on the BSC and HAM vessels prior to machining and

ange installation.

ixtures will be used to install critical vessel nozzles (BSC - *D"A{AM - "E").

welding will be used on critical nozzles and seams to minimize heat

2 cleaning will be used prior to all vacuum boundary welds.

I bars have small continuous welds vs. stitch to avoid dirt traps.

ised angle of o-ring groove to improve machineability.

ifting lugs on door covers revised, now 4 per door instead of one; this will aid all

lifting of covers.

RwO
v049-t-t t9
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SECTION II

BSC P

1.0

1.1

1.2

1.2.1

VACUUM PERFORMANCE

and Summary

The
was
and all to cool to ambient temperature. Partial and total pressures were measured

after down.

was then back filled to atmospheric pressure and soaked for 24 hours with
generated from LN2 boiloff. The vessel was than repumped and the pressures

after 100 hours.

ing rates were calculated, and the resulting rates used to project the probable
achievable in an isolatable volume. The measured outgassing rates are

with the design outgassing rates.

Addi testing was done on the 10" chamber to establish 100 hour outgassing rates for
an all configuration, and for an o-ring configuration. Outgassing rates were

for various reexposure conditions.

Detai results are found in the body of the report along with calibration procedures.

Sum

Outgassing

rtype BSC was assembled, cleaned and tested in accordance project procedures.

baked under vacuum for 48 hours at 1500C using the prototype bakeout system

:d hydrogen outgassing rate varied considerably depending on the test method.
from the high l0-12 to the low l0'll torr-l/s-cm'. The most credible data was

lwhen pumping with the turbo pump. The hydrogen outgassing for this,case is in
I 0 ''' torr-l ls-cm' which is less than the design outgassing rate of I xl 0-' ' torr-l/s-

It

The
nitrr

The or
partial
compa

The
Rates

the

"'.
Table 4.1-3 in section 4.1 for details. ( Note: This is only a sample of 1 lot out of

30-40 ill runs of stainless steel.)

1.2.2 Clean and Baking

The ing and baking procedures were very effective. There was little evidence of
contamination after the bakeout. Partial pressures of hydrocarbons heavier
were 3 to 4 orders of magnitude less than hydrogen. See RGA scan cycle2
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1.2.3 Gas after Reexposure

gas loads after the 24 hour nitrogen soak are hydrogen, water and nitrogen.
are of approximately equal magnitude. While the gas loads for hydrogen

are consistent with the design basis, the 100 hour gas load for nitrogen after a24

Sec

steel

the

hour ni
that al
may be ieved, the results of this test indicate that there is very little design margin.

Addi testing performed on the l0" chamber has identified the viton o-rings as the
source the nitrogen. The nihogen outgassing rates and decay exponents for viton have

been ined for reexposure times of I hour and24 hours. The viton outgassing rate
on the reexposure time. By limiting the reexposure time to I hour, a decade

in outgassing rate can be achieved.

Table 4-l in section 3.4 shows the predicted partial pressures in the largest isolatable
after 100 hours when re exposed to nitrogen for I hour and24 hours, and compares

these ues to the LIGO partial pressure goals.

Partial Pressures Vs LIGO Design Goals

The
The
and

and the

soak exceeds the LIGO goals by a factor of 10. The rate is sufficiently high
the total pressure goal of less than 2x10-8 torr after 100 hours of pumping

4.3 of the LIGO sp"ecification requires that each vacuum section shall attain a total
, of less than 2xl0-" torr after 100 horns of pumping. If the hydrogen content of the

:nts attainment of this value than the total pressure of all gases other than
and water shall not exceed 6x10'e ton. The LIGO specification also states that
pressure goals shall be adjusted to be consistent with the prototype test results
;ign margins required for consistent implementation.

Since stainless steel mill runs will be used in the fabrication, the hydrogen
ng will vary from batch to batch and attainment of the total qressure may not be

l. In this case the secondary requirement of achieving 6xl0'' torr for the other
gases ll apply.

The
esta

pressure goal of 6xl0'e torr for all gases other than hydrogen and water was
during contract negotiations and provided a design margin of approximately 3

expected pressures as determined by calculation for outgassing rates taken from

Rev o
v049-l-l l9
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this design margin to be consistent with the BSC prototype test results and as
by additional data obtained from the l0" chamber for a I hour nitrogen

re, the goal for the sum of the partial pressures for the other gases should be
to l.7xl0'8 torr.
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down
on the

Ihe ter

the loc
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fr. PRocESS sYSTEMst*DI INTERNATT0NAL, tNc.

ber was baked under vacuum to 150"C and soaked for 48 hours at l50oC. Cool
ured over a period of 2 days. The main turbomolecular pump was used to pump
mrber during the bake. Figure 2.1 shows the test setup for the bakeout.

:ratures measured for the zones were betweenl2ToC to 152oC. Figure 2.2 shows
rn of the temperature zones. Low temperatures occurred where the blankets fit

ZONI TEMPERATURE
oc

ZONE TEMPERATURE
'c

ZONE TEMPERATTIRE
OC

I 152 t7 144 40 r45
2 r47 18 133 4l t27
J t44 t9 t42 42 t37
4 150 20 t47 43 142

5 t47 2l 131 44 154

6 149 22 138 45 148

7 152 23 130 46 149

8 148 32 r43 47 t48
9 147 33 .t33 48 138

10 145 34 147 49 r47
1l 148 35 148 50

12 148 36 51 138

t3 t45 37 131

t4 146 38 136

l5 r39 39 135

t6 r49

96:DMcW:BSCDA Rev
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3.0

3.1

BSC V Measurements

Vacuu Measurements After Bakeout Prior to Reexposure

The
indi

Based

Based
is esti

nant gas species at the end of cool down was hydrogen. The total pressure

on the iongauge was about 7Xl0-e Ton.

the calculated ion pump speed and.ion gauge reading the total gas load was

at lXl0{ Torr-liter/sec, or 2X10'tr Torr-liter/sec-cmt

the calibrated hydrogen leak sensitivity determined after the 100 test, the gas load

sd to be l.6xl0-ll Torr-liter/s"c-c-'.

3.1.1 Table 1-1 After Bake Data

Table 3 gives the RGA ion current data for the most dominant peaks. The 2nd column
RGA data. The 3rd column contains the total current for the mass indicated

by intensities based on cracking patterns obtained from the RGA sensitivity
calib against the ion gauge. For those species that do not have a calibrated pattern,

the rer's theoretical values were used.
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3.2

Table 3

shows

3.2.1 Table

Table 3

column
indi
sensiti

PROCESS SYSTEMS

INTERNATIONALINC.

Measurements After Reexposure and 100 Hours of Pumping

I shows a log of the test activities after completion of the bakeout. Figure 3.2-l
pumpdown curve after reexposure.

TABLE 3.2-I

.l-l 100 hr pumpdown test

-1 I gives the RGA ion current data for the most dominant peaks. The 2nd
ins the RGA data. The 3rd column contains the total current for the mass

by matching intensities based on cracking patterns obtained from the RGA
ty calibration against the ion gauge. For those species that do not have a calibrated
the manufacturer's theoretical values were used.

Rev O
v049-r r 19

Page'rF - l4

The BSC was back filled to I atmosphere with nitrogen gas from
a liquid nitrogen dewar.

9lt7196
12:00 PM

The BSC was then soaked

The chamber was then evacuated using the QDP80 to a pressure

of 0.5 Ton.
l:00 p.m.

The turbo pump was started and allowed to pump for the next 20
hours.

The 500liters/sec ion pump was started at a pressure of about
5Xl0-7 Torr. The turbo oump was isolated.

l:00 p.m.

Close calibrated nitrogen leak

End of pumpdown test
Shut ion pump and do rate of rise for 70 minutes
Re pump with ion pump to base pressure

4:00 p.m.
5:10 p.m.
6:15 p.m.

Take RGA data with calibrated N2 leak
Do rate of rise test with calibrated nitrogen leak

Close nitrogen leak and re pump.
Take RGA data.

into BSC to check ion gauge

Take RGA data
Open leak
Take RGA data with calibrated N2 leak

7:50 am
8:35 am

BSC Volume calibration
Take system data with Calibrated hydrogen leak.

96:DMcW:BSCDA
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3.3

The I
loosely
viton.

o All
o All

I
a

for
o

for

Figure
I hour
case.

Figure

Table

RGA

10" Chamber Test Results

chamber was tested in an all metal configuration and with a 10" o-ring placed

the chamber. The following tests were run to establish the characteristics of the

, 24 hour reexposure and soak with 0 grade nitrogen. Re pump for 100 hours.
24 hour reexposure and soak with cryotrapped 0 grade nitrogen. Re pump for

hours.
viton, 24 hour reexposure and soak with cryotrapped 0 grade nitrogen. Re pump

00 hours.
viton, I hour reexposure and soak with cryotrapped 0 grade nitrogen. Re pump

00 hours.

.3-1 shows the relative performance for the various cases. Note that the viton with
is approximately midway between the24 hour case and the all metal

.3-2 shows the decay exponent for the viton with I hour and24 hour reexposure.

.1 shows the 100 hour outgassing data for four cases in tabular format.

for the four cases are also included.
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3.4 System Pressures

Table I give the predicted partial pressures after 100 hours of pumping for the largest

section based on the BSC data and on I hour reexposure data from the 10"
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4.0 Ca

The R
h

4.1

4.1.1

Data

and the ion gauge were calibrated after the 100 hour pumpdown for both
and nitrogen.

PHOCESS SYSTEMS

INTERNATIONAL,INC.

Rev
v049-l-l l9
Page l!-!'7

Ca ted N2 Leak and H2 Leak Date Reduction

Data (See TABLE 4.1.1)

A 3.8x Torr-liter/sec calibrated nitrogen leak was used to calibrate the systems nitrogen
gas

TABLE 4.I.I
DESCRIPTION
Calibrated nitrogen leak test 1. The nitrogen leak was introduced and the
change in current intensity at mass 28 was used to determine gas load
sensitivity. The system gas load was computed from using the ion current at

T:l00hr.
Calibrated nitrogen leak test 2. The test was repeated about 2 days later. The
nitrogen leak was inhoduced and the change in current intensity at mass 28 was

used to determine gas load sensitivity. The system gas load was computed
from usine the ion current at T:l00hr.
Using the calculated pumping speed for the ion pump and partial pressure

mass 28 for the current intensity at T:100 hr (converted with the calibrated
RGA sensitivity), the system gas load was determined from this information.
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Data
TABLE 4.I-2

CASE DESCRIPTION
HI Calibrated trydiogen leak test. The current intensity is lower compared to the

value at T:100 hr. This could only be explained by an increased in hydrogen

pumping speed that occurred after the rate of rise tests. Due to operation at higher
pressures the pump was able to clean itself up. The system H2 gas load was

computed using the ion current at T=100hr.

H2 @mH2gasloadsensitivityincaseHlbutthesystemgasload
was computed using the current intensity measured during the calibrated leak test.

This assumes that the hydrogen outgassing rate remain almost constant over time.

H3 @ pumping speed for the ion pump and partial pressure of mass

2 for the current intensity measured during the leak test (converted with the

calibrated RGA sensitivity) the system H2 gas load was determined from this

information.
H4 Usingl[e ca-tcutated pumping speed for the ion pump and partial pressure of mass

2 for the current intensity measured T:l0Ohr (converted with the calibrated RGA
sensitivity) the system H2 gas load was determined from this information.

H5 @foiere.exposure.Usingthecalculatedpumpingspeedforthe
ion pump and partial pressure of mass 2 for the current intensity measured after

bake (converted with the calibrated RGA sensitivity) the system H2 gas load was

determined from this information.

H6 @taken during pumpdown. Using the calculated pumping

speed for the turbo pump and partial pressure of mass 2 for the current intensity

measured during the pumpdown (converted with the calibrated RGA sensitivity)

the system H2 gas load was determined from this information. The ion current

was practically constant during the turbo pump operation.

Calibr

The lei
than th
minim
leak in
small <

h

The

The

The
gas

:BSCDA

ied Leak

was adjusted to give an intensity on the RGA that was about three times larger

BSC base hydrogen intensity to be able to measure a current difference with
n error. The hydrogen leak was calibrated by doing a rate of rise of the hydrogen

a small calibrated volume using the Baratron 698 to measure the pressure in the

librated volume.

.sured intensity difference due to the leak was 2.75x10-e ampere.

. was measured at 1.7x10-5 Torr-liter/sec.

rogen intensitywithout the leak was 8xl0-10 ampere this would give a hydrogen

of about 5x10-" Torr-liter/sec.
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PROCESS SYSTEMS

INTEHNATIONAL,INC,

Calibration

ionization gauge used was a factory calibrated Series 360 Granville-Phillips Stabil-
The hot ion gauge was checked by expanding a known amount of mass into

. The amount of gas was measured by filling a calibrated volume (0.994 liter)
in the range from 0.01 Torr to 0.05 Ton using a 0.1 Ton range high

capacitance manometer (MKS 698 Baratron) to measure the pressure. The
was then expanded into the BSC and allowed to equilibrate. No surface

measurements were made of the BSC's wall. The environmental control was
and the room temperature was between l80C to 240C. Temperature difference

the calibrated volume and the BSC should be minimal.

expansion pressure over ion gauge reading gives a ratio of 1.3. The Ion gauge

to read a bit low in this pressure range against the PV expansion values.

the pressure in the BSC accurately the volume of the chamber needs to be

. This was done by filling the BSC chamber with nitrogen. Mass input was
using a mass flow meter and elapsed time. The pressure was measured using the

manometer. The measured volume was about 25000liters +1700 liters.

gauge was also checked against the Baratron between the pressure of 2Xl0a Ton
04.

pressnre over ion gauge pressure was about l.l2 inthis pressure range.
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4.3 RGA Species Sensitivity Calibration

The R used in the test was a Balzers Prisma QMS200. The RGA's sensitivity for
vanous was determined against the Granville-Phillips Stabil ion gauge with the
pump and by bleeding in gas in through the variable leak valve.

was changed to obtain data over a pressure range from low l0'7 Torr to low 10-6

from

The
Torr.

The R and ion gauge were mounted on a l0 inch diameter by l8 inch long spool piece

on one of the BSC 10 inch nozzles. The RGA was mounted at 90 degree angle

ion gauge. The gauges were not in line of sight of each other. The gauges were

located 5 inches from the entrance to the BSC nozzle.

The was introduced at the far end of the 10 inch spool piece.
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Test at End Of 100 Hr Test
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RATE OF RISE
BSC lOO HR TEST

RATE ( FRI SE RATE OF RISE

NO LC \K WITH CALIBRATED N2 LEAK
TIM PRES TIME PRES

Mn TORR MIN TORR
o 4.76E-08 o 5.03E-O8
1 5.26E-08 1 5.83E-O8
2 5.86E-08 2 6.70E-08
3 6.40E-08 3 7.57E-08
4 6.96E-08 4 8.43E-08
5 7.59E-08 10 1.33E-O7
6 7.97E-O8 11 1.41E-O7
7 8.49E-O8 12 1.50E-07
I 8.98E-08 13 1.58E-07
9 9.47E-08 14 1.66E-07
10 9.96E-08 15 1.75E-O7
11 1.O4E-07 16 1.82E-O7
12 1.O9E-07 18 1.98E-07
13 1.14E-47 19 2.06E-07
14 1 .19E-07 20 2.14E-O7
15 1.24E-O7 2',\ 2.23E-O7
16 1.29E-O7 22 2.31E-O7
17 1.35E-O7 23 2.39E-O7
18 1.41E-O7 24 2.47E-O7
19 1.46E-O7 26 2.70E-O7
20 1.52E-O7 30 2.95E-O7
24 1.74E-O7 32 3.12E-O7
26 1.84E-O7 36 3.44E-O7
27 1.89E-07 38 3.59E,07
29 1.99E-07 40 3.77E-O7
30 2.O5E-O7 45 4.'.t6E-O7
32 2.15E-O7 47 4.33E-07
33 2.20E-47 48 4.41E-O7
34 2.25E-O7 49 4.49E-O7
35 2.30E-O7 52 4.73E-O7
36 2.40E-47 54 4.90E-07
37 2.45E-O7 57 5.1 3E-O7
38 2.49E-O7 59 5.29E-O7
39 2.54E-O7 60 5.37E-07
43 2.69E-O7 61 5.45E-07
44 2.73E-O7 63 5.60E-07
46 2.83E-O7 64 5.69E-07
48 2.93E-O7 65 5.77E-O7
50 3.02E-07 66 5.85E-07
53 3.17E-A7 67 5.93E-O7
54 3.23E-O7 68 6.01E-07
56 3.31E-O7 70 6.18E-O7
58 3.40E-07
60 3.49E-07
62 3.59E-07
68 3.85E-07
72 4.O4E-O7

REV ()
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{f', PROCESS SYSTEMS

INTERNATIONAL. INC.

1.0

SECTIO

80K ( sHoRT) LN2 VTBRATTON TEST

DUCTION AND SUMMARY

of the most critical considerations in the design of the LIGO vacuum
ing system is the degree to which vibration is transmitted to the

meter. The 80K pumps in particular are of the utnost concern, since they
on a continuous basis. While a great deal of attention has been paid to the

p's isolation system during the project's design phase, there has been high
in obtaining measured data on an actual purnp in a normal operation

iguration. In order to obtain this datq a vibration test was conducted using
the iquid nitrogen reservoir of one of the short 80K pumps, filled with a full

of liquid nitrogen, and suspended on its isolation system.

the long and short pumps have isolation systems which are essentially the
The pump is suspended on four rod hangers, each of which incorporates an

ion spring approximately half way up the length of the hanger. At the
end of each hanger is a viton isolator arrangement. The springs for the both

have spring rates which have been sized to produce fundamental
ies (ignoring the viton isolators) of less than l0 l:.r". The pumps are

ined laterally against a postulated seismic event with a similar arangement
softer springs.usl

2.0

thermal loading on the 80K pumps vary with time, since a light frost buildup
on
liq

pumping surface will make it behave as a blackbody, and increase the
d nitrogen boiloff rate. Given time and budgetary pressures, a vibration test
lating a o'clean" pump couldn't practically be run, and so the test was

ured to simulate the thermal load on a frosted short pump (approximately
watts). This translates into a nitrogen boiloff rate of about 4 SCFM.

SETUP

beam splitter chamber served as a vacuum space in which to hang the pump
ir. Several of the ports on the chamber were fitted with flanges having

feedthrus for power, nitrogen, instrumentation, and a relief valve to
the chamber. The pump reservoir was suspended on its isolation system,

in turn was supported by a test frame constructed of structural angles and

. Liquid nitrogen was supplied to the reservoir via a ll2" NPS supply line,
boiloff was vented via the l-112" reservoir vent line. The supply line was

ly flexible, but contained no flex hose. (The actual design incorporates a

hose in the supply line vacuum jacket.) The vent line did have a flex hose.

RryO
v049-l-199
Prge lll- I
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In
by

to simulate the heat load on the reservoir, an aluminum pipe, supported

angle, was placed within the resevoir vacuum space. Two 500 watt
heaters attached to the pipe provided the heat source. A VARIAC power

was used to vary the power, and therefore the heat load emitted from the

During the test it was decided that due to the slow thermal response of
pipe to changing heat loads, the vacuum level in the BSC chamber

be varied to produce additional thermal loading. This allowed several

tests to be quickly run, with nitrogen boiloff rates ranging from
y 2.5 SCFM to approximately l0 SCFM, thus allowing vibration to

over a heat load range of about 4 to 1.

of the pump reservoir took several hours. The temperature of the

ir was monitored during this process by a thermocouple attached to it. The

liquid level in the reservoir was monitored by means of a photohelic
which mesured the differential pressure between the top and the bottom of

roir. The nitrogen boiloff during the test was vented to an ambient air

, and the flowrate was measured with a flowmeter downstream of the

ion in the reservoir resulting from the boiling liquid nitrogen was measured

attached to the supporting lugs on the shell of the reservoir.

levels passing through the isolation system was measured via an

mounted on the structural angle at the warm end of one of the rod
The accelerometer was placed immediately adjacent to the rod hanger

diagram of the test setup is shown in the attached figure.

Rwo
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SECTION III
3.0 VIBRATION RESULTS
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fDF,rc PROCESSSYSTEMS,u \, or INTERNATIoNAL,lNC.

ASSOC]ATES, tNC.
r 5IIUCIUtAt t f LUtD DYNAMICS

RIDGE ACOUSTICAL
G lN ACOUSI|CS r NOISE A vtAtAftON

1996

' ""h''. B oitrtt"a?at - t brr-r prrr to.ralr . ror rcr4 ,orao,

Systcrns latcnratimal, Inc.
Drive

ME 0l5El

Ridud Baglcy

rrc accclcratioo Eeasunencots of tbc cryopuurp rourcc c.haraclcrizrtioo-
osretcls wcre loc*cd on thc cold sidc oftbc cryoprrp spring support in thc
aad lacral dircrtion urd iD thc trrticrl direcrion o thc warm si& oftbc

. Thcre also was an aocelcromctcr in tbe vcrticat direction at the base of the
iner, tbc cbanbcr fu thc cryoprnp, to q/aluatc gound vibration ido tbc lystcfii.
lncats wcrt madc forvrior.rs heat loads or cxhawtvapor flowrate. Bac&grouud

witb the systcm at room t€mperatur€ (oot opcnring) wcrc rccorded. Tbe
rumnurizc arc conclusions:

I accelerometcr Bcasur"Ecots m the cold side of the spriag had sutEcicnt signat+o-
and arc assumed to be gpod measunem€nts (sce Fig. I urd z). Tbc mcasurcrncnrs

did t show a dcpcadcncy oa flow ratc rs lvrr anticipacd. For a quick conparisocr, the
rycc. is qproximatety -160 dB bcfirc.o l0 aad 1000 Hz coepsrod ro thc -100 dB

A tnnsfcr firmioo rnd cobcrcocc ptc bcrra thc two old mcasncmeots is
in Fig. 3.

2:1
thc

roelcrmctcr Ecuurcocsa oo rhc wrrm si& oftbc ryring wcrt tbc ramc in boli
aad oon+pcrrting cmditioos. Tbe scasitivity ofthc accclcocraer wes aot

to mca$tE the lorv tcvels. A scparatc tcst will bc pcrformcd ootbc spring to
is tansfcr funcrioo.

3.A gb sensitivity aocclcromaer was used at ttre basc of rhe bcanspliacr. The vibration
thc cryopump boiting was Dot widcnt in trc mcasurqlcos.drc
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Bt,BBLE-GENERATED FORCES AND RESI.'LTING

STRUCTTJRE.BORNE NOI SE

'I\n/|J-2392-2041

ABSTRACT

ofvapor bubbles in the boiling liquid nitrogen between the two

ical tanls and the resulting force spectnrm exerted on the outer tank are

ly, the resulting acceleration spectnrm level of the outer tank wall is

DYNAIUICS

acnoss the outer tank surfaces causes the liquid nitogen to boil. The

bubbtes rise vertically with a velocity U(0 untit they collide with the

or outer tank (Fig. l). This analysis deals with the stnrcture-borne

by the bubbles colliding with the outer tank wall. The strongest impact

by bubbles emerging from the greatest vertical path length d,viz a Path

gnzngalong thc inner tank wall.

bubble is subjected to three forces: The buoyancy B, the inertial force

ined mass ofwatcr, and drag DU associated with the liquid's viscosity.

parameter values, drag is by far the smallest of the three forces. It will be

Stokes's simple expression for low-Reynolds numbers. Thc drag

D = 6nvpa 0.la)

RwO
v049-t-t l9
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where v : kinematic viscosity = 1.9 x l0'3cm2/s for liquid nitrogen,
for water at room temperaturecompared to l}-2cmzls

ity=0.8Iglcmr
bubble radius : 3164n = 0.12 cm

Consequently

D 
= 

3.48x l0'3dyne's/cm

Though this was derived for constant flow vclocity, it provides a good

as drag only becomes predominant when the bubble velocity has

approached asymptotic value Bq. I.6a belowl.

The is the entrained mass of a translating sphere small in terms of

wavelengths, half the displaced mass of liquidz:

p:
a:

The crror

liquid surfacc

'j

where g is

Q.tul

11[ - 2na3p13

: 2.93x l0'3 grams

from the assumed constant bubble volume is small, because

pressure at shallow depth is primarily a frrnction ofthe gas pressure on the

than of depth. Thc buoyant forcc is the weight of displaced liquid:

,: 4r.alPg
3

acceleration of gravity, viz 980 cm/s2. Consequently,

(r.2)

0.3a)

(r.3b)

RryO
v049-l-l 19

P|8c tll - l?

B : 7.09 dynes

motion therefore becomesThe equation



At early times,

volume:

At late times,

asymptoticallY

The solution

s;
AcouSTlcAl.

PROCESS SYSTEMS

INTERNATIONAL.INC.

CA ,TBRIDGE ASSOCIAIES, INC.

UU + DU-B=0, 0<tcto (1.4)

divide rhis equationby M and to express the ratios Dl M and BIM

-OrO*" U'2s=0 (l'5a)

a2

bubble rises at twice the acceleration of gravity, irrespective of iS

U

o
-29
- zgt

= 1960r

I (9v la') U..2g

, .. t: 0.84s
9v

(r.sb)

drag predominates over the inertia force, the bubble velocity tends

u_-_I

:
*, 

t>>

1.65 x l}tcml s

a2

9v
: 59.4 lsnlhr (I.6a)

Eq. l.5a is (Figs. 2a and b)

RwO
v049-t-t l9
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imum unimpeded vertical path of a rising bubble, viz.

CA^AERIDGE ACOUSTICAT ASSOCIATES, INC.

0.6b)

0.6c)

(I.7a)

| ,(-a)l, : Urll -ex;'t |. "'/JO :2gexp(- zgtlUr)
,

u(t) : I uat
0' o:[,-"*nt'-g'l]: urt-it 

\ u, )J

, the terminal velocity and acceleration are

U(t) = 500 cmls: lS lanlhr I
0G): l.4I xl13cmlsz I to:0-279s

= r.44g J

relatively small, approximate values of rise time and velocity are

to - (dlg)rtz = 0.26s I
I ou tt u0 G'7b)

U(t) - z(dg)ttz = 5lScmls J

F:MfroQ) l.
= uioo(r) , o<o(0. tl o<r<r

UM LEVEL OF THE IMPACT FORCE E)(ERTED BY A BUBBLE ON
SHELL

colliding with the outer shell exerts a time dependent vcrtical force

0I.l)

again the entrained mass of liquid anached to the rising bubble (Eq. I.2)

Rcv $
vo49-t-l l9
Prgclll -r$

where M is



and fiD is the

absencc of

place in a time

cqual to its di

where U(t) i

This velocity i

information on

portion of the

assumed that

f'D nrtnnFn^ 
^\r^TFrr^r:rcr PR0CESS SYSTEII4S
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CAAABRIDGE ACOUSIICAT. ASSOCTATES, INC.

deceleration sensed by the bubble during a time interval r. In the

or of a detailed analysis, it will be assumed that the dcceleration takes

cqual to the timc in which the bubblc rises through a distance

2a

u(t)
_ 0.24cm : 4.g r l0-as

500cmls

(ri.2)

the terminal bubble velocity where it reaches the shel! surface (Eq. l.7a).

cancelled as the bubble is brought to a halt. In the absence of detailed

process and in view of the primary interest in the low frequency

where the time history is relatively unimportant, it will be

deceleration displays a semi-sinusoidal time dependence:

o(r):'r(+) ,osr<r 0r.3)

to a halt when

u(t) : ooi ,r" (+ ) dt
0

:+oo
(tI.4)

RwO
v049-l-t l9
Prgc ltt. -ll,

deceleration amplinrde,Solving for
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and II.5b in Eq. l:

This is plotted i

whose absolute

(tt : Ptnau(t)|2
6

CA^^BRIDGE ACOUSTICAI. ASSOCIATES. tNC

(ll.5a)

0r.sb)

,0slsr (rr.6)

RqO
vo49-t-l l9
Prgc lll. - l'?

;i nU(t)
rJD - ?,

_ n0'Q)
4a

= 1.64 x 106cmlsz

by the bubble san now be expressed explicitly by substimdng Eqs. I.2

'' (+)

Figs.3a and b.

er transform of the normalized deceleration history is3

6(') : / ttT 
"bt 

41

0

t2 - to2t2

- Znrcos(ar12) 
"iott2t2 - to2t2 (rr.7)
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(rr.8)

0l.l0a)

PROCESS SYSTEMS

INTERNATIONAL.INC,

(2.10b)

Rcv O
v049-l-l l9
Plgcltl.-t!

*,

6(rll - 2ntl:os(ort12)l

I n2 -ro2r2 |

-2" I rtt)"'Ir(1r
= 3.I r l0-.s | 6t n4, .. (4 r 103)2

can now be computed. It is first noted that the radial force is (Fig. l)

Ft : Fsin Q,

= F dlLRo

: 0.45 F 01.9)

.1.2,11.1,2,8 and 9, the spectrum of the radial force is formulatedCombining

explicitly:

. = . MU(t)d
;F^(co)l : --il

o

a2 t2 (( n2

parameter values,

f4trlf = 0.66 dyne's, -f'..(4rl03Hz)2

f^Fn(Gr)f : - 3.6 dB re(dyne's)2

It is recalled selecting the terminal vclocity U(t ) corresponding to a bubble rising

depth avoiding grazing the inner tank is one more conservativefrom the
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assumption.

m.A TION SPECTRUM LEVEL OF TI{E OUTER SHELL

. The drive-point velocity ri' of a cylin&ical shell driven by a radial harmonic

force is in terms of the shell's admittance:

I"(tt) =
(lll.la)

to the radial acceleration

ltt(r.,)l = ,o lf"(r) F"(o)l (rrr.lb)

{ is the seri of modal adminances which peak at the lower natural frequencies of the

predominantl radial family of the three families of modes of a cylindrical shell. These

resonances, I ified by the circumferential wavenumbet nl Ro are in the mid-frequency

range (Ref. 4,

admittance is

.225,Fig. 7.6; I s n < 5 ). Since cven the approximate calculation of the

@ef.4, p.226-227, Eqs. 7.99 and 7.101), an estimate of the shell

acceleration be based on the admittance vs. frequency Sraph in Ref. 4,p-228,Fig.

in this report as Fig.4. This gfaph is for a shell ofthickness-to-radius

0'2 and an aspect ntio Ll2Ro:2,both ofwhich fall close to the

rt(ot)

F"t')

PROCESS SYSTEMS

INTERNATIONAL.INC,
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7.7

nifro ft/Ro:

LlzRo= 2.4

corresponds

xo= Llz.
force, while

ied forces.

values ofthe present shell for which h I R = l-34. l0'2 and

. A possibly more serious discrepancy arises from the fact that Fig.4

simply supported boundary conditions, and to a midspan drive-point

this situation, even modes are associated with their maximum generalized

odd modes are not excited. These two effects partially cancel for

highly conservative approximation is the neglect of the radiation loading

randomly
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cxerted by the quid-filled annular space between the concentric shells. Unless the

noise spectrum level predicted by this simple analysis exceeds the

specifications, is no incentive to perform a more rigorous study.

In this frequency range, the admittance in Fig. 4 is described by the equation

loglY,lYol =15dB+20 logO, O<0.03 (rrr.2)

where the ionless &equency formulated in terms of the dilatational plate velocity

cr(= 5.4 r l0 cmls for steel and aluminum) is

O = aRolcp

= 8.80x lO-a flHz

INTERNATIONAL,INC.

ASSOCIATES, tNC

(rrI.3)

It, is the ad

Yo: 3rrz14 prcoh2

where p, is density of the platc material

the plate thi h=318 in.=0.95 cm.

obtains

of an infinite plate of the same material and thickness as the shellt:

(=2.8glcm3 for aluminum), and where

Substituting these parameter values, one

(rrr.4)

(ru.5)
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20 log Y, = 20log [3.16 x !A'7 (cmls)/dyneJ

: - 130.0 dB re (cmls'dyn")'

The shell admi level corresponding to Eq. III.2 finally becomes

20 log I ,l dB re (cmls'dyne)2 :'176 dB
+ 20 log(flHz) , f s30 Hz (u1.6)

y range, the simply supported shell can therefore be modelled as aIn the low-
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spring of sti

It is notcd that . III.6 is not conservative in the resonance frcquency range

30 Hz <f< Hz,wherc the enor does not however exceed 7 dB for the assumed

structural loss of Ir:0.1. The resonance response is cvaluated in the last

paragnph of section. Eq. III.6 is highly conscrvative at higher frequencies.

acceleration spectrum level can now be formulated in terms of the

convolution . From Eq. III.lb the spectrum level generated by iV bubbles per

second colli with the tank is

6=-9-
lY"a

: 4.0x lOe dynelcm

20 log (2n a)l : 31.9 dB + 20 log(f I Hz)

numerical values from Eqs.II.lOb and III.9 in Eq.III.8, the low-

0rr.7)

(rrr.e)

0II.l0a)

(ru.l0b)

L*"dB re ( l s2)2l Hz : 20 log fltc tol4trl Y"(alJ + l0 log il (lll'8)

Noting that

Sqtistituting

frequency

L*,

r spectnrm level becomes

dB re f(cml s272 tnzl I
dB re l(1tg)z l Hzl' 1 

. losf+ 10 logiv
- 148

-88

+15 dB re [(p g)2 t Hzl, f : 30 Hz , JV: 26,000s'r

The value is associated with the resonance peak in Fig. 4 at O - 0.058,

Eq. III.6 is approimately 7 dB too low. The highest spectrum level is

Rcv @
v049-l-l t9
Prgc llt,-Zl

f- 66 Hz,



therefore obtai

7 dB. This

The

40 lrig dB(2

-128 dB re

coworker

-t!/f
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by substirutingf:66 Hz in Eq. III.l0a and raising the result by

ts in a resonance acceleration spcctrum level of 36 dB re [(p g)z I Hzl.

ing displacement spectrum lcvel is obtained by subtracting

): lOq dB, resulting in a rcsonanoe displacement spectrum level of
2lHz.

: Numerical results in Figs. 2 and 3 were generated by the autho/s

Rudzinsky.
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Hydrodynamics,6th ed. (Dover, 1945), p; 598, EQ. 15.

124, Eq.3.

A Short Table of Integals,3rd ed. (Ginn, Boston 1929),p. 54,

14, with a: i@..

and D. Feit, Sound- Strucrures- and Their Interaction,2nd. ed.

1986, reprintcd by Amer. tnst. of Physics 1993), p.225-228.

12, Eq.7.68.

is, The Fourier Integal and lts Applications, (Mc Graw-Hill, New

pp.26-28.
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Liguid Surface

Ro: zg2 n. = 7s.6cm
4

26 ! in. - 67.3 cm
2

2l in. : 53.3cm

z!R:-n,tttt2 - 27 in. = 68.7cm

tan'r dlLRi : sin'tdlzRo: 27"

.R,

H

d

0,

-t RwO
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of concentric shells.
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Fig. I
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