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ABSTRALT

A steel containment vessel was fabricated and proot tested for use by the Los Alamos
National Laboratory at their M-9 fucility, The HY-100 steel vessel was designed w provide
total containment for high explosives tests up to 22 1b (10 kg) ot TNT equivalent. * The vessel
was fubricuted from an 11.5-R diameter cylindrical shell, 1.§ in thick, and 2:1 ellipticul ends,
< in thick, Prior to delivery and acceptance, three types of tests were required for proof testing
the vessel: u hydrostatic pressure test, air leak tests, und two full design charge explosion tests.
The hydrostatic preasure test provided an initial static check on the capacity of the vessel and
functioning of the struin instrumentation.  The pneumatic air leuk tests were performed befure,
in between, und after the explosion tests,  Atfter three smaller preliminary charge tests, the tuli
design churge weight explosion tests detnonstruted that no yielding ovcurred in the vessel at
its rated copueity.  The hlast pressures generated by the explosions and the dynamic regponse
of the vessel were mensured and reconded with thirty-three strain channels, four blast pressure
channels, two pas pressure channels, and three displacement channels.  This paper will present
an overview of the test program, & short summary of the methodology used to predict the
desipn blast louds, a brief description of the transducer locations and measurement systems,
some of the hydrostatic test strain nnd stress results, examples of the explosion pressuree and
dynamic strain datw, and some compurisons of the measured data with the design louds und
sticdses on the vessel,



INTRODUCTION

A steel containment vessel for use by the Los Alamos National Laboratory (LANL) at
their M-9 fucility was designed, fabricated and proof tested under contract by Southwest
Reseurch Institute. The HY-100 stee!l vessel was designed to provide total containment for
high explosives tests up to 22 Ib (10 kg) of TNT equivalent. At the 25th Dol Explosives
Sufety Seminar, a paper discussing the design requirements of the vessel, the design approach
and the fabrication of the various components was presented by Poleyn, et al''), The structural
design of the vessel consisted of designing the cylindrical shell, elliptical end cups, and solid
reinforced concrete floor of the vessel to resist the design blast loads. Fragment shields were
desipned to protect the shell from small high velocity metal fragments which were expected
to be generated during some of the operational explosives tests planned for the vessel,  Also,
the fatigue life of the cylindrical shell. which was considered representative of the fuwipue life
of the entire vessel, was checked against the design requirement. Simplified dynamic analysis
procedures based on single degrec-of-freedom (DOF) and three DOF "equivalent” systems were
used to calculate the elastic deflections of complex vessel structural components at critical
locations causcd by the internal blast loads. A static finite elcment analysis was used to
determine the shape function of the most complex vessel structural components and to relate
the peak stresses in the components to the peak deflections cajeulated in the simplitied dynamic
analysis. Oswald, et al®, describey in much more detail the design of the contninment vessel.
In addition. nll of the detniled design calculations and fabrication drawings are found in
Reference 3. Oswald, et al”’!, also assessed how realistic the design procedure used was by
comparing the calculated maximum dynamic stresses ot Key locations in the vessel to the
stresses ubtained fiom the strain datis recorded on the proof tests,  In addition, Reference 2
includes the results of post test dynamic finite element analysis for one of the ellipticul end

Caps,

The vessel waxn fubnicated from an 11,500 dinmieter eylindrical shell, 15 0 thick, and
J:1 elliptical ends. 2 in thick. Figure | shows two external views of the vessel. The forward
end cap contting a4 foot by 7 foot hyduulically opentted blast door. Fleven 10 inch diameter
viewports with replaceable layered polycarbonate/tempered glass panes weee provided around
the vessel  The vessel also hay several other penetrations tor cable paes-through, gax and
vacuum hiney, drainage. and air inlet and outlet.  Reference 3 provides a more detailed
description of thevessel. After tabrication and prioe to dehivery and acceptance ot the vessel
by Los Alamos. throe tvpes of tests were required for prool testing the vessel: o hydrostatic
presaore test, air leak sty and two tull design charge esplogion tests,

DESIGN BLAST LOADS METHODOLOGY

Tl Dlast pressares from a contoined detonntion of a high explosive charge consigt of bath
a shock loading phase and o quast-stutic gas loading phase.  The shoek phicie, which oceury
fiest, includey a pressure pulse from the inltial shock wave gencrated by the detonatioe and
several subsequent pressure pulses from the reflections of the shock wave off sufaces in the
vessel The shaek lnnding phase becomes quite cample < as normal and oblique retlectiona and
re-retlections load a given surface of the vemsel, In punticular, reflections nnd focuning of the
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shock wave can significanly enhance the shock pressure history on a particular section of the
vessel. The gas pressure phase becomes apparent 10 to 20 ms (milliseconds) after the
detonation when the pressure pulses from shock wave reflections decrease in amplitude. The
2as pressure is caused by the large quantity of gas products generated by the explosion into
the contained volume of the vessel and by the heat produced by the explosion, which increnses
the temperature and pressure of the gas mixture within the fixed volume of the vessel.
Generally, the peak amplitude of the gos pressure is significantly smaller than the peak
wnplitude of the shock pressure. However, in a fully contained volime such as the blast
containment vessel, the time duration of the gas pressure phase will be much longer than the
time duration of the shock loading phuse,

Figures 2 and 3 show the blast pressure histories used to design the cylindrical shell and
the clliptical end caps, respectively, of the LANL containment vessel. These blast pressure
histories were assumed to be uniform over the entire shell and end cap surfuces as u
simplifying design assumption. The design pressure histories were estimated based on blast
loads measured by Esparza and White!* in three vessels of similar geometry ar the DOE
Mound Laboratory and blast predictive methodologics including the then current version of the
engineering computer code BLASTINW!!, ‘The blast loads in the Mound Luboratory vessels
were fust predicted as best as possible with the BLASTINW code, which required that the
vessel be modelled as a rectangular box. and then these pressure histories were empirically
adjusted (0 match the meuasured blast loads. Once reasonable correlations were obtained
between the calculated und the measured data for the Mound vessels, the sume methodology
was repented for the LANL vessel, which has a smaller volume and larger design charge
weight than the Mound Luboratory vessels, The blust pressure-time history prediction for the
cylindrical shell required less adjustments as compared to the prediction for the cllipticul end
caps. This probably occurred because the required simplification of the circulir vessel cross
section ns an "equivalent™ square In the BLASTINW code caused less distortion of the
¢aleulnted shoek pressure history on the cylindrical sitell thun on the end cupy.  Av indicated
by the Mound test dnta, the eylindrical shape of the vessel couses a significant amount of
focusing ot the shock waves along the longitudinal axis of the vessel.

The gas pressure phuse of the blast load, which appliex o uniform pressine throughow
the entire vessel, was idealized as renching a peak 10 my after the detonation and remaining
constant after that time. The peak gas pressure wus detenuined (rom empitical capves in
Reference 6 that relate the gas pressure to the ratio of the I'NT-equivalent explosive weight
o confined volume, Becuuse of the short natural perivds of the vessel components (less than
10 milliscconds), and the low ratio of peak gas pressure to peak shock pressure, the pay
pressure did not conribute significantly 10 the peuak dymmiv response ot the blast tesistant
components n the veasel.  The details of the internal blast load prediction metliods ure

discusxed in Reference 3.

SUMMARY OF TENTS

Three types of wsts were required to proof’ test the continment vessel by deostatic
preasure text, nir leak tests, and several explovion teats including two tull design charge weight
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tests. Detailed test procedures were developed and followed in performing the proof tests'*!,
In addition to the step-by-step test procedures, Reference 6 also described the three types of
test required, listed all of the materials, equipment and instrumentation to be used on each type
of test, and specified the information to be recorded in the quality control and assurance forms.

The hydrostatic pressure test provided an initial static check on the capacity of the
vessel and an operational check of the strain instrumentation. This test was performed prior
to the floor being installed in the vessel. Approximately 12,400 gallons of water were used
t 11}l the chamber for the hydrostatic test. Equivalent static capacities for the shell, heads and
the door were determined f{or use in the hydrostatic test. The maximum hydrostatic pressure
used for this test was 780 psig based on the design of the door, the chamber component with
the lowest static capacity. For the other components having higher static capacity, the data
were extrapolated lincarly (elastic response) o determine the strain or stresses at higher
hydrostatic pressures than the maximum test pressure of 780 psig. The strain data were
recorded at nominal pressure increments of 0, 150, 300, 450, 600 and 780 psig, both on
pressure increase and decrease.

Three pncumatic air leak tests were performed in conjunction with the explosion proof
tests. These leak tests showed that the vessel was tghi and free of leaks {rom the guusi-static
gas pressure that is gencrated by the design explosive weight. A static internal pressure of 1560
psi. equal 10 125% of the design gus presswre, wus applied during the aic leak tests, Thig
pressure was required to be held in the vessel for four hours with no drop in pressure. [n
addition, soap bubble inspections during the tests confirmed no air leaks were present. The
first air Jeak test was performed after complete fabrication and total assembly of the vessel, and
just prior to the explosive tests. After the first of the two 22-lb,,, (10-kg) explosion proof test,
the second air leak test was performed. The third and final air leak test took place after the
second explosion prool test,  All uir leak tests were performed successtully,

Two (Wl devign charge weight (22 1h,;) explosion tests were required to show the
performance of the vessel at its ruted explosive charge capacity and to demonstrate that the
response to dhis charge was in the elustic rnge  Although not required by the statement-of-
work (SOW), three additional explosion tests were performed with smaller explosive weights
to gradually increase the dynamic loading on the vessel, to serve us operational and dingnostic
checks on the measurcment sysiems. and to obtain additional data and insight on the blast loads
and the response of the vessel.  For these three preliminary  explosion testy, two charges
equivalent to 5§ Ib (2.27 kg) of TNT and one churge equivalent to [0 [b (4,54 ky) were used
These preliminary tests were fired hetween the Girst aie leak test and the tirst tull charge
explosion prool test,

In ull three of the preliminary and the two full chagge  explosion prool tesiy spliercal
charges were located at the geometric venter of the eyvlindrical shell. The center of the charge
was 42 inches lrom the floor, 69 inches from the cevlindrical shell, and centered on the
longitudinal center line.  The high explosive  apheres were made from Composition C-d
explosive using  hemisphericnd moldy,  “The TNT equivaleney of C-d ix 11227 based on the
calculated heats of donotation ussuming the final state of the water products o be liquid.  The
actual weighty of the charges used (o represent 5, 10, sad 22 b of INT were 4 44, R 87 and



19.52 Ib of C4, respectively. The spherical charges were initiated using exploding bridgewire
detonators Model RP-83 made by Reynolds Industries, Inc.

TRANSDUCER LOCATIONS AND MEASUREMENT SYSTEMS

The blast pressures loading the vessel and its dynamic response were monitored with
an extensive array of measurements that included thirty-three strain channels, four blast
oressure channels, two pas pressure chennels, and three displacement channels. Measurement
locations were selected for cach type of measurcment and these are identified in Figures 4 and
5 which show four views of the containment vessel. The strain gage locations on these views
are identified by the labels S1-833 and include the sensing oricntation of the strain clement for
a single strain gapge. or each element for a two- or three-element strain gage rosette. The blast
pressure gages were mounted internally at the center of aluminum blanks used to caver four
of the viewports. These pressure transducer locations are labeled BP1-BP4. The two quasi-
static gas pressure locations are labeled QP! and QP2 and the three displacement (noncantact
proxitnity) transducer locutions are labeled D1-D3.

The strain gages identified by the labels S1-S33 were mounted on the outside surface
of the vessel as closc to points of peak predicted stress as the hardware attached to the vessel
would allow. Four three-element rectangular rosette stain-gages were placed on the forward
end cap near the corner of the door frame, where the finite ¢lement model had indicated a high
stress concentration; a total of eight two-element vrthogonal roselte struin-gages were pluced
on the aft end cap, the cylindrical shell, and the blast door; and five single element strain-gages
were pluced primurily on the door frame. Strain gage locations were selected based primarily
on the explosion blast design analyscs of the various parts of the chamber. The swme strnin
guge locuions were used on the hydrostutic tesc

Blast pressure measutemnents lubeled BPL-BPS in Figures 4 and 5 were made i the
middlc of the aft end cap (without the door) and at three locations on the shell including two
svinmetrical measurements along the cross section through the center of the vessel where the
explosive charge was located. The two quasi-static gas pressure measurements are not location
sensitive and for convenionce were made through two of the wop ports jn the vesuel The SOW
and the ‘l'est Plan‘did not require any displacement men:.arements. However, in the course of
preparing to perform the proot tests, a decision was made to make three displacement
measurainents on the blast deor und door frame at locationy lubeled DI-DJ.

The data {rotn cuch of the explugion tests were recorded on two, 28 track, Widebind
Il magnetic tape recordery.  T'he data were then digitized using two, four channel transient
oscilloscopes and transferted o a desk 1op computer.  Subsequently, Tinal report plots were
produced, scaled and properly Inbeled with the test number, meamurement location, and
corresponding eogineering unity,. More detaily on the transducers and instoamentation used un
the proof tests are found in Retference 7 along with all the recorded data ploty.

To obtain valid data, several gquality control and assurance procedures were followed
in instnienting the containment vessel and in performing the prool” tests, Common practice
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steps for measurement systems such as using instrumentation and transducers that were in good
working order and recently calibrated, characterizing the transient response of the measurement
system, and systematically measuring installed strain gage resistances and isolation resistances
were utilized during the entire testing sequence. In addition, other less commeonly used internal
checks were built in into the test procedures and implemented, particularly during the explosion
tests. These included the shunt calibration of all the strain gage and piezoresistive channels
to check lincarity and gain scttings, the recording the steady state noise levels for all channels
prior to transient stimuli input, the recording of amplitude levels from any undesired outputs
from some of the installed strain gages which were monitorcd with the excitation voltage
switched to zero during some of the preliminary explosives tests, and the recording the ourput
of check channels in which a similar strain gage or pressure transducer was not exposed to the
transient stimulus.

EXPERIMENTAL RESULTS AND DISCUSSION

Hydraostatic Test

As previously mentioned, strain data were recorded on the hydrostatic test al several
nominal pressure increments ranging from O to 780 psig, both on pressure increcse and
decrease.  Figure 6 shows examples of the circumferential and longitudinal suains weasured
on the cylindrical shell with strain gage elements 83 and 54, respectively. The corresponding
biaxial stresses computed  from these two orthogonal strains, a modulus of elasticity of
29,000,000 psi and a Poisson's ratio of 0.3 are shown in Figure 7 and labeled "hoop” and
“lonp * Simifarly, the strains measured with the three elements (822, §23, and 524) of a 45°
rectangular rosette arc shown in Figure 8. The principal siresses (labeled P, and P,)
caleulated [rom these strains are plotted in Figure 9.

In peneral, the measured strains trom the hydrostatic pressure test were quite repeatable,
and linear. At locations that couid respond without localized construins, the messwred straing
matched the expected amplitudes very well, The corresponding stresses, as would be expected,
showed similar behavior. For example, the circumferential and longitudinal strains and stresses
on the shell measured at locations §3 and 84 at a pressure of 780 psig compared very well
with the pretest eotimates as shown in Table 1. -

‘Table 1. Hydrostatic Pressure Test Resufts

Pretest Pretest Measured
Prossure Strain Orientation Strain Measured Stresy Biavial
(prig) Element Estimate Strain Estimute Stress
(ninin) (uirn/in) (psi) (psh)
s : x s Y
740 | H(mp 1052 oo 1S 880 16,100
54 Long. 247 R L 17,940 17,800
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The largest biaxial stress on the endcap was 33,800 psi from the duta at locations S9 and S10.
The largest calculated principal stress from the three-clement roscties was 53,600 psi trom
strain elements S31, S32, and S33. The largest biaxial stress on the door was 80,000 psi in
the horizontal dircction from strain clements §13 and S14. A symmetrical measuremen! at
locations S11 and $13 resulted an almost identical biaxial stress of 79,100 psi.

Explosion Tests

The five explosion tests vwere instrumented with 42 daw channels which included 33 of
strain, 4 of blast pressure, 2 of quasi-static pressure, and 3 of displacement measurcments. Of
the 210 total measurements attempted on the 5 tests, 96% successfully recorded complete time
histories of the tests.  An additional sixteen data traces of blas' impulse from the integration
of the blast pressure records were also obtained successfully. The recorded data were very
self-consistent and repeatable.

Analysis of the strain data indicoted excellent replication for the twe 22 Ibpg proof
tests. Comparisons trace-by-trace show not only similar amplitudes hut almost identical time-
histories. For example, Figure 10 shows the strain records for strain element S on the shell
from both proof tests. Figurc 11 is a similar set of records of the dynumic response of the end
cap at location 89, and Figure 12 shows the records from location 812 on the door.  Thess
strain data show a very definite difference in the vibration frequencies of the cylindrical shell,
clliptical head and door plate. The largest strains measured on the explosion proof tests were
2282 pin/in on the door, 1118 pinvin on the shell, und 1636 pin/in on the head. Al of these
values are well below the strain corresponding to the minimum yield stress of the HY-100
steel. Stresses were computed for soveral of the two- and three-vlement rosettes to deterniine
the ponk stresses on the veasel during the explosive tests. The measured biaxial stmina were
used to cumpute corresponding biaxiul stresses in the direction of the strain elements at
locations 83 through 814, Maximum principal strasscs as a function of time were computed
for the three-clement rosettes corregponding 1o strain elementy §25, 826, 827 and 831, 832,
833 The resulting peak biaxial and principal stresses for the two 22 thyy proof tests are
shuwn in Table 2. Again, the repeutability of the vessel response dati is vbvious, The lurgest
stresden computed from the strain gage roscttes were 77,100 psi an the door, 35,000 psi on the
shell und 63,700 psi on the heud.  All these values were well below the mininman vield suesy
of 100,000 psi foc HY 100 steel.

The blust pressure transducors produced reusonably good time histories,  Che blast
pressare records wete digitized al two simpling rates. A rate of | ps per sunple win used (o
obtain accurate peak pressures during the first 4 ps of the transiont event. A rate of 3 ps per
sample way used to obtain impalse values to 1O mx, the dme period used to estimate the deaign
loads. The blagt londs, Ip terms of presyuee und impulse histories, for one of the proof testy
measured on the vessel shell at the mid=span location BEY are shown in Figuee 13 The
impulse, which iy o measure o the towl energy in tie blast loud, iv equal o the intepral of the
arch under the pressire-time history,  Also ahown with these two data traces are the tirst 10
ms of the predicted pressure mnd impulwe histotios used in the devesn of the eylindrical shell
of the veysel (e Figure 2).  The peak dynamic rosponne of all vemel components oecurred
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well within 10 ms afler the armrival of the shock wave. The design pressure time-history is
similar in form to the pressure test data, but the durations and amplitudes of the pressure pulses
within the pressure history differ. The effect of these differences on the impulse is appureat
in Figure 13, which also shows that the impulsc mearured carly in time (during the first 5 ms)
was significantiy less than the Jesign impulse. The impulse in the predominant pressure pulse,
with the highest peak pressure, in the two measured pressure histories is between one-third and
one-half the design impulse. However, partially compensating differences between the
measured and design pressure histories later in time causcd the average of the measured
impulses of 1190 psi-ms to almost match the design value at 10 ms after the arrival of the
initial shock front.

Table 2. Peak Stresses from the Strain Data Mcasured on the Explosion Proof Tests

- Peak Siresses (psi)
Strain Gage Locations Stress Directions Jor Two Proof Tests |
03.04 Hoop 35,000 31,400
o4 | Longitudind | 15200 15400 |
05,06 Hoop 30,550 28,700
. 06,05 L.ongitudinal 20,700 20,700
07,08 Tangentinl 49,900 1T 58,200
08.07 Radial 61,600 60,700
09,10 Radinl 63,700 Q2300
100 l'angential 59,500 56,800
11,12 Longitudinul 42,700 43,900 5
12,11 Transverse 74,600 ;’.f’:.'im‘ -
| 13,14 Longitudinal 43,700 _‘~47_3()0___4
14,13 'ransvorse 15,500 AR
- 2-5-.;6?7 Sl Principnl 1 koo j-h_” 2-6(:“(! h A
3R Principal 0.400 JLov -

Ligure 14 shows the pressure und impulse histories measured at location BP4 in the
center of the At end cap (without the door) for one of the 222 by explosive testa. Also shown
in these figutes wre the first 10 my of the pressure and impulse histories used for design of the
blast vessel components on both end caps (see Figure 3). The form of the design pressure
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history is again generally similar to what was measured during the test. However, significant
differences are present for some of the amival and duration times which, in tum, cause
differences in the impulse-time histories. The impulse in the two predominant pressure pulses
of the measured pressure history, which primarily drive the structural response, are between
one-quarter and one-third the design impulse. However, since there are two significant
pressure pulses for this case, it is also notable that the amrival times of the measured pulses are
much closer together than the two corresponding pulses in the predicted pressure history. At
the 10 ms ime afier the arrival of the first shock wave, the average impulse of 1150 psi-ing
measured at ihe center of the head is almost 65% of the design value. Thus, the design
impulsive loads at 10 ms after the amival time of the first blast shock were somewhat
conservative as was planned in the design process of the vessel.

In general, the quasi-static pressure channels producid very good time historics that
were repeatable within cach test and for similar tests. For the full charge proof tests the peak
amplitudes averaged 109 psig ax compared to the design pressure of 125 psig. This again
shows the design loads to be slightly conservative. Figure |5 shows one of the gas pressure
traces recorded on one of the proof tests. The displacement transducers were added to the test
program to gain addidonal response data for the door. Peak displacements meusured ranged
{rom .049 in on the door frame to .266 in on the door plate, These data were also quite good
and repeatable.  In addition, comparisons of the displacement traces with the strain traces at
comparable locations showed identical vibrations frequencies. Figure 16 shows an example
of a displacement trace recorded on one of the proof tests.

CONCLUSIONS

All of the required prouf-tests for the LANL firing facility explosion contwinment vessel
were performed successfully. ‘Three types of tests were required:  hydrostatic, air leak, and
explusion.  All tests were conducted as delineated in the Test Procedures®, with satisfactory
results and with the containment vessel performing as specified.  On the hydrostatic test, the
laryest stress caleulated from all of the measured strains was 80,000 psi which occuered on the
door. l'lus value is well below the minimum yicld stress of 100.000 psi for the HY- 100 steel

used to fubricute the vessel,

The explosion tests were perfortmed very successfully with excellent data returmn on the
42 duta channela recarded on both of the full charge tems as well as on the three preliminary
explusion tests  The recorded data from the five explosion tests weee veey self-consiqtent and
repeatable.  Comparisons trace-by-trace showed not only similar wnplivudes fur similar test
conditions, but alimost duplicate time-histories,. The peak dynamic stresses caleulated trom the
strains measured on the shell, the head and the door were 35,000 psi, 63,700 pxi, andd 77,000
psiL respectively, All these values were also well below the minimum yield stress for HY- 100
Neel,

Fhe average blast pressures and unpulses ineasured on the shell and ou e head  the
two 22 1b.y, proof tests were buth of lewer amplitude then the design vulues. The net tesult
wat that a "watety” factor of lews than 1.1 was present on the impulse used tor the design of
the cylindricul shell und of ubout 1.5 for the impulse used tv dexign the elliptical hesds and the
door plate. Simlilarly, the average of the quasi-static preasures measured on the two full charge
proat esis were fower by about 13% than the conservative estinmtes used for Jdesign.  The
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Figure 15. Quasi-Static Pressure Measuaed on Explosion Proof Test

TEST 005 LOCO71

N L] e A S e A K

D

206 e m e e

'0.. remaree A v Ul L RPN ISR
‘ Tha! (Ml LIBR OONDT)
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displacement data for the door were quile repeatable for similar test conditions and very similar
in time to comresponding door strain records.

In conclusion, prior to delivery and acceptance, the LANL. containment vessel passed
successfully the three type of proof tests required: a hydrostatic pressure test, three air leak
tests, and two 22 by design charge explosion tests.
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