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Radiation Chemiscry of the Three Mile River Accident

The bubble formed during the accident contained 1000 f:’ of hydrogen
at 1000 .ps{ at around 400°F. This gas vas above (and assumed to be nearly *
in equilidrium with) 10000 ftJ of cooling water at nearly smeutral pH,
about & of which vas in the reactor. The vater vas being irradiated by
dissclved fission products and by y-rays from inside the fuel rods. The
question vas vhether or not hydrogen and/or oxygen would continue to be
formed by wvater radiolysis.

Nearly all the radiation was absorbed in the wvater phase, consequently
it vas only necessary to consider the coocling vater itself. The concentra-
tion of hydrogen in the cooling vater wvas about 0.046 moles per liter, based
on the pressure over the sclution. In addition, the water aight comtain
fission product {odine at & conce.:ration as high as 0.] ppz and several
other fission products at comparable concestration. Part of the Zirconium
cladding was oxidized to Zro2 vhich {5 essentially insoluble in vater at
neutra! pH. Ferric and ferrous ircnm could conceivadbly be present froz
reacticn with the core vessal, dut ferric solubility is rather lizmited,
prebably about 1 ppm, and anyway there should have been nc more iren
present than i{s there during normal operating conditions. It vas assuzed
that there wvas nc copper present, other than fission product amounts.
Consequently it would appear that the total concentration of dissolved
species vhich wvere very reactive tovards the free radicals produced in
wvater radiclysis wvas about ! ppm, certainly nc more than 10 ppm.

Water radiclysis by fission products produces msolecular hydrogen
and hydrogen peroxide in small quantities and larger amounts of the hydroxyl
radical, OH, and reducing radicals. Consider first the msclecular bydrogen
and the bydroxyl radical. They are formed ia yields of 0.4 and 2.8 molecules
per 100 ev, respectively. The hydroxyl radical reacts with hydrogen

OH + 32 - N+ !20

and this {s the only reaction vhich needs cousideration in determining
whether or not more hydrogen will be produced. If 1/7 or more of the
OH radicals reac: this vay, then no more hydrogen will be produced.




The rate coefficient for this reaction is

koo 9.2 x 107 exp/ 21620 ]
. ¢\ 3
8 -1 -1 ° °
or 3.0 x 10" M ~ sec " at 200°C (4OO°F). The maximum possible rate

constant (diffusion-limited) for any OH reaction would be about 3 x 1010

at this temperature. The rate of the reaction {s the product of the rate
coefficient and the concentrations of the reactants {(k x C(CH) x C(!z)].

so the fraction of OH radicals reacting with hydrogen {s at least

3 x 10% 2 0.0us

- 108 x 0.046 + 3 x lOlcC

vhere C is the concentration in wmoles per liter of reactarts wvith saxisus
possible rate constants. This fraction {s greater than 1/7 {f C is less
than 2.8 x 10™° M. For an atomie veight of 107, this would be 280 pp=.
With less than 10 ppm of reactive impurity presest, essentially all of
the hydroxyl radicals reacted with hydrogen to produce vater and nydrogen
atoms. Thus all radicals produced by radiclysis will end up as reducing
radicals, and whether they are all hydrogen atoms or half of thez are
hydrated electrons (as initfally produced) is {mmaterial. Both react vith
oxygen at diffusion-limited rates. Oxygen could be produced by decomposi~
tion of the hydrogen peroxide with a yileld of abcout 0.3 molecules per
100 ev and a steady state concentration i{s determined by r;ac:ian vith
H atoms. The total radical yield is 6 radicals per 100 ev. Pour hydrogen
atoms are required to reduce one oxygen mclecule to wvater, so the steady
state of 0, will be reached when 202 of the H atoms (or electrons) react
vith 02. Izpuricies vhich vould compete with the oxygen are ferric loms,
and many oxidized fission products. As before, the sum of their concentra~
tions vas at most a2 few parts per :illion in the reactor, so the steady-
state of 02 should have been about ! ppm or less. This was about 10.‘ of
the hydrogen present in the wvater and since the distridbutions of 02 and 32
between solution and gas are nearly the same, there ghould have been less
than one part in 10‘ of 02 in the hydrogen gas at steady-state.

1f significant 02 vas present initially 4z should have beex reduced

to vater with a yield cof one molecule disappearing for every four radicals



produced, or with a yield of ~1.5 molecules per 100 ev. Based on a
dose rase of 6 x 10‘ rads/hour given for Sunday, April 1 (vhich seems
very lov to me) about 1.8 pounds of oz per hour, or 0.5 !t’ at 1000 psi,
would disappear, until the steady-state level vas reached.

In the above analysis which has the benefit of checking scme
literature references, one figure is different from those given you
over the phone, namely that the OH + '2 reaction proceeds at 1T the maxisus
theoretical rate at LOO°F. not 10T as stated. 1 did not resember the
correct value for the activation energy. On the other hand, a safery
facter of 10 vas included, so the ansver, that one or two hundred parts
ver million of oxidizable {mpurities would be required to prevent the
back reaction vas the same.

- The above analysis is based on vhat is actually dissolved in the
vater, but the radicals could possidly diffuse to the surface of a solid
and reac:. Most of the solid s Zroz and so the hydroxyl radicals would
find nothing to react with. The hydrogen atoms could diffuse up to 0.01 e=
in their lifetime (though impurities probably limit this distance to
about 10“ c=). One might expect some reduction of zzoz. perhaps to a
hycride of scme sort, in which case hydrogen could slowly disappear.

Most of the parameters used in this analysis are accurately (2102)
known in the region of 0°C to 100°C. Extrapolation s required for 200°¢,
but should i{nvolve lit:le error, certainly oo vorse than a factor of twe.
Lack of knowledge about impurity levels is the most doubtful par:.
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MEMORANDUM FOR: File
FROM: Saul Lavine, Dirsctor
Office of Nuclear Regulatory Resaarch
SUBJECT: PRINCIPAL CONTAZLY MADE WITH EXTERMAL ORGANIZATICH®

OURING ™I 2 ACCIDENT

1. I spoke with Robert Ritzmann of Science Applications concerning and
‘ 0y generation rates in ™I 2 vessal in the period March 31 - April 1,
He informed we that, although an Increase without considerations of
4 reformation rate of Hy and O, due t bubble back pressure, that the
1 percent rate was probably too high. Me also said that he felt the
rate was probably mo higher t'un 0.1 percent per day and could be zerv,
but that he did not have the data to calculate an axplicit rata.

2. 1 spoke with James Proctor of the Maval Surface Weapons Centar about
the effects of a Hydrogen explosion on vessel intagrity. He said
the cylindrical position of the vesse’l would be subjected to about
6 percent strain, which should not break 1t, and t 1t would also
be subjectad to a 11fting force of about 1.5 X 10° 1bs. He could mot
calculate whether the min Toop piping could hold the vespel dowm
when subjectad to this force, since he did not have detailed iaformation
on plant layout.

Qri-iral Signed 8)
Saul Laviae _~

Sayl Levine, Director
Offica of Nuclear Regulatory Research
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MEMORANOUM FOR: Saul Levine, Director
Qffice of Nuclear Regulatory Research

FROM: Rotert J. Budnitz, Deputy Director
Office of Nuclear Regulatory Research

SUBJECT: INFORMATION ABOUT INDIVIDUALS AND ORGANIZATIONS
CONTACTED 8Y ME DURING FIRST FEW DAYS AFTER THE
TMI ACCIDENT

I am responding to the memcrandum of May 31, 1979, from £. K. Cornell,
“Request for Information from Presidential Commission.” [ have gone

over my lo? book for that period, and have found seven outside individuals
with whom [ had substantive contact. In each case, my contact was the
only or the priuary NRC contact. Besides these individuals, there is a
large number with whom [ spoke but for whom the primary contact was you
or T. Myrley. 1 assume that you and he are assembling your own lists,
similar to mine, and that you will cover those other individuals.

For each individual, I will indicate their organizational affiliation,
dddress and telephone number, as well as a brief description of what
information was furnished. >

1. Dr. Richard L. Garwin (I1.B.M., Yorktown Heights, NY 10538, (914)
343-2555). 0n Saturday morning, March 31, I was called at home by
Or. Garwin, an old friend, and he provided a number of ideas to me
about things that one might attempt to do to eliminate or reduce
the pressure from hydrogen within the primary system of the TMI
reactor. His ideas included putting a snake-like tube into the
vessel, and using chemical means to combine hydrogen with other
substances. He also gave me some insight into how important tne
back reaction is in calculating the shock pressure in a fast burn
or detonation of hydrogen in a vessel like the TMI reactor vessel.
He referred me to Or. Harry Petschek of AVCO (see below) for cssistance
on the hydrogen combustion problem. Later that date, and again on \
Sunday, April 1, I talked with Dr. Garwin by telephone, t2 follow \-
up on his understanding of pressure shock waves, something about
which he had extensive advice. :

2. Dr. Harry Petschek (AVCO Everett Reiearth Laboratory, Everett, MA
02139, E§|75 385-3000). On Or. Garwin's suggestion, I called
Or. Petschek on March 31, finally reaching him at home in late




Saul Levine 2

morning. He responded immediately by indicating that he and <cme
colleagues could assist in understanding the issue of hydrogen
combustibility and combustion kinetics in a reactor vessel such as
at TMI. Later that day and through Sunday, April 1, I spoke,

two or three times, to Or. Petschek and one or two of his colleagues.
They worked on the questions of what concentration of oxygen in
pure hydrogen would be the threshold for combustion, particularly
3t the temperatures and pressures thought to be present at T™I
(about 1000 psi at many hundreds of degrees F), and he reported
back sometime Sunday on those. Or. Petschek also referred me to
Or. Bernard Lewis in Pittsburgh, who turned out to be a highly-
regarded expert in just these same issues.

3. Dr. Bermard Lewis (Combustion and Explosives Research, Inc., 1016
iver Buiiding, Pittsburgh, PA 15222, (412) 391-3633). I finally
reached Or. Lewis, on referral from Dr. Petschek, on Sunday morning,
April 1. He acknowledged expertise on the combustibility of hydrogen

and oxygen; indeed, he is the coauthor of the definitive textbook

on this subject. He and an assistant, reached at home on Sunday
morning, worked through that day and part of Monday, April 2, and
gave important advice on the {ssues tha* governed the physical
behavior of hydrogen and oxygen burning in conditions such as were
thought to exist at TMI. He gave information abou® the mixture of
Oxygen in pure hydrogen that would be a combustion threshoid,

talked at length to me about the physical difference between combustion
anad explesion, and what would be the impact of gaseous impurities.

He reported back his preliminary conclusions sometime after midday

on Sunday, April 1, and his final conclusions in midmerning of
Monday, April 2. He calculated pressure ratios (pressure within a
fast burning situation vs. starting pressure), detonation thresholds,
heat release, flame temperatures, and ather parameters. His insight
was valuadle in precviding a perspective on which parameters were,

and which were not, important in medifying the result of what was
calculated using approximations.

4. Or. Harold A. Schwarz (Brookhaven National Laboratory, Upton, NY 11973,
@1, 060-4220). Or. Schwarz was referred to us by Or. H. J. Kouts

of BNL, who called several times during the TMI incident to provice
advice. Dr. Schwarz worked much of the weekend of March 31 and
April 1 on calculating the production and recombination rates of
oxygen in the TMI primary coolant water. He did these calculations
at home mostly, I think; telephone contacts with him during the
weekend were at his home. Ha repcrtad on the considerations that
were inveived in his calculations, and showed definitively that
Oxygen generation from radiolysis woild not result in much oxygen
fn the gas pnase, decause of the recombination reaction with the
assumed large hydrogen gas overpressure and the associated dissolved
hydrogen. 4Se were apprised of the preliminary results of Or. Schwarz'
work early on the morning of April T, in my memory, but it was nct
firmed up unti’! sometime shortly after midday on that day. Or, Schwar:
continued with his work for several days afier Sunday, April 1, anc
filed a description of his calculation with NRC on April 24.
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Or. Heinz Heinemann (Lawrence Berkeley Laboratory, University of
CaTifcrnia, Berxaley, CA 34720, (415) 486-5000). I telephoned

Or. Heinemann in early merning of Saturday, March 31 to follow up 2
suggestion of Or. Garwin that the oil companies might have expertise
fn snake-1ike methods for extracting hydrogen from a pressure
vessel like the TMI reactor vessel. Or. Heinemann is a chemical
engineer at my former laboratory in Berkeley and s a colleague and
friena there, who spent most of his 1ife working for Mobil 01)
Corporation. OCr. Heinemann referred me to Or. J. Penick of Mobil,
whom [ called subsequently. Or. Heinemann alsc discussed with me
the question of addition of catalytic chemical agents to reduce the
hydrogen in water solution. Or. Heinemann gave me the names of
several catalysis chemists who might have expertise in this matter,
and also enlisted in advice of two Berkeley colleagues. We talked
several times over the weekend of Marzh 31-April 1, but | turned
over the entire problem of chemical hydrogen removal to others in
MRC, and did not concern myself with the issue directly.

Mr. Joseph £. Penick (Mobil 011 Corporation, 150 E. 42 Street,

ork, NY » (212) 628-3757). 1 contacted Mr. Penick on
Saturcay morning, March 31, on referral from Or. Heinemann. He
said that he thought Mobil could assist NRC with advice on the
availability of snake-like devices to extract gas from a TMI-like
pressure vessel. He called back later during the weekend (I recall
his return contact as occurring on Sunday, April 1) and indicated
that devicas such as we sought were not resdily available in the
Mobil Corporation, and unlikely to be available elsewhere in the
petroleum industry. The problem was that the path into the reactor
vessel from the outside to the upper dome was toc tortuous for the
use of the devices that did exist, and the fabrication of a special
device would be quite difficult.

Or. Laura Cherubini (17 Pandover Road, Eillerica, MA 01821, (617)

- - dr. Cherubini called me on her own on Saturday, March 31,
with a suggestion of chemical means to reduce or eliminate hydrogen
dissolved in the reactor coolant water. | do not know how Or. Cherubini
recefved a refarence to me. The method was to use algae that trap
hydrogen from solution by presence of free electron acceptors. Since
[ was not expert in this matter | turned it over to others at NRC for
follow-up. However, by the time anything more could be done with this
suggestion, the perception of the impertance of a “hydrogen Subble” had
dimiaished, and I think that no further follow-up occurred.

ﬁ:é.’{: £~—}\:7¢

Robert J. 3udnitz,Deputy Director
Office of Nuclear Regulatory Research
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MEMORANDUM FOR: The Files

FROM: Thomas E. Murley, Director
Division of Reactor Safety Research
SUBJECT: RECORD OF ACTIONS, THREE MILE ISLAND ACCIDENT

MARCH 28 - April 6

This memo records my major activities and lists the individuals with
whom [ had substantive contact during the Three Mile Island Accident
and its immediate aftermath, March 28 - April 6, 1979.

On Wednesday, March 28, [ learned about 9:30 a.m. that there had been

an accident at TMI. Not much was known of the details except that

there were high radiation levels fn the plant and a general emergency had
been declared by the utility. On Thursday morning [ attended a briefing
of the Commission by NRR staff where [ gained the impression that the
situation was generally under control, although the high radicactivity
Tevels in the plant clearly indicated extensive fuel damage. On Friday,
March 30, while on annual leave, [ received a call from Saul Levine at
4:00 p.m. asking me to come to Tony Buhl's office to get some tests
started to help resolve some problems at TMI. On the way to the office
I heard a bulletin on the car radio that NRC had announced there was

2 danger of core melting at the Three Mile I[sland Nuclear Plant.

The following activities are listed by topic and are generally in
chronological order.

Removal of the Hydrogen Bubble

Upon arrival in Tony Buhl's office I was informed that measurements

at the site indicated there was a noncondensible hydrogen gas butble in
the reactor vessel having a volume of 1000-1500 cu. ft. at 1000 psi and
280°F. There was scme concern that the bubble was growing and might
lead to uncovering the core and potentially to fuel melting. One
option being considered was to open the relief valve on the pressurizer
and try to vent the hydrogen bubble out the valve to the containment
building. It was recognized this would be a tricky maneuver since it
would mean that the cne pump operating at the time would have to be
shut off and there was no assurance that it or any of the other three
pumps could be restarted if they were subsequent)y needed .



h 3 1
The Files S JUN 13 1879

At about 5:30 p.m., we called INEL (Larry Ybarrondo, Nick Kaufman,

Hank Ziele and others), described the problem to them and asked if

there were meaningful tests that could be done in the Semiscale facility
to help decide whether and how to vent the hydrogen bubble. We described
the TMI primary system layout and gave them the important plant dimen-
sfons and elevations. Later in the evening on Friday, they called back
with the following information and suggestions:

® A test could be run in Semiscale using nitrogen gas to simulate
the hydrogen venting maneuver in TMI.

They recommended against such a maneuver in TMI, suggesting it
was better to keep the plant in its then stable operating mode
(this suggestion was reliyed to the NRR personnel in the Incident
Response Center).

After working all night to set up the Semiscale facility, the INEL
staff rar a test on early Saturday morning (Enclosure 1). The results
showed that the Semiscale system could be depressurized by opening the
pressurizer relief valve and turning all pumps off but about half of

the nitrogen gas in the bubble remained in the primary system -- princi-
pally in the steam generators. The electrically heztad rods remained
cooled during this maneuver. This information was passed on to the

IRC and to B&W.

Ouring the remainder of Saturday and Sunday, Wayne Lanning of the RES
staff worked with B&W engineers and INEL to establish conditions for a
second test using a larger helium gas bubble and injecting coolant

from the High Pressure Injection System. This second test was run early
Monday morning, April 2 (see Enclosure 2).

The Semiscale tests provided the following general information:
° They showed that the noncondensible gas in the bubble would not all
vent out the relief valve -- in fact about half of the gas would
remain in the primary coolant system.

They showed that it would be difficult if not impossible to remove
the gas from tne orimary system by subsequently restarting the
primary pumps, Since ihe precarce of gas in the high peints of the
steam generators could prevent natural circulation ccoling, this
fnformation was a strong argument for leaving the gas bubble in
the %op of the vessel.

They provided useful data for 3&W in establishing the appropriate
APIS flow rate for their proposed emergency procedure in the event
111 primary pumps were lost.
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Oxygen Production Rates

On Saturday, March 31, we received a question from the staff at the IRC
whether there could be sufficient oxygen gas in the primary system to form
an explosive mixture and thereby constitute a threat to the reactor
pressure vessel. The answer to this question proved to be elusive.

1 discussed this guestion with staff members from INEL (Sid Cohen,

Ron Ayers and Jack Liebenthal). Concurrently, Saul Levine called

Bob Ritzmann of Science Applications Inc., and we understood that B8ob
Tedesco of NRR was contacting staff at KAPL. The information [ received
from INEL was based on reported data from the Cooper plant (a BWR) and
was scaled down to the power level of 25 MWt. Their conclusions, which
they stressed were extremely conservative, were that the hydrogen bubble
contained about 2.2% oxygen and that it would take at least 4 to 5 more
days to reach 5% oxygen concentration. [ was later given some data

from the Advanced Test Reactor (ATR) that was purported to support the
data from the Cooper plant.

I found it very difficult to piece together all of the information inte
a consistent story. The Cooper BWR data were not directly applicable
to ™I (a PWR) although there was some boiling in the TMI core.
Similarly, the ATR is a Tow pressure (150 psi) reactor and was also

not directly applicable to TMI. Late on Saturday evening I received a
call from Rob Ritzmann who reported that he was not having much Tuck in
calculating the oxygen concentration, although he believed it was below
the flammability limit,

Some time after midnight on Sunday morning, ! went to the Incident
Response Center where Roger Mattson asked what we were finding. I told
him that the picture on oxygen concentration was confused, but that a
conservative estimate seemed to be that tne uxygen concentration in the
hydrogen bubble was increasing at the rate of i% per day after reactor
scram.

Later that morning (around 9:00 a.m.) Roger Mattson met with Saul Levine,
Bob Budnitz and me at the IRC prior to leaving for the TMI site.

Chairman Hendrie, Commissioner Gilinsky and Commissicner Kennedy came

and went throughout this short meeting as I recall. Mattson summarized
the following information as the distillation of all of the input he

had received:

Flammability Timit 2 5% 02 in pure H2

Detonation limit 2 12% 02 in pure H2
Compustion limit 2 18% 02 in H%/%team
02 production rate = 1% 02 per day in Hz bubble

Current 02 concentration = 5% 02 in H2 bubbie
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After this meeting, [ spent little further time on the oxygen concentration
question.

Potential Pressures from Hydrogen Explosion

On Sunday morning someone suggested that [ collect information on what
pressures could be generated if there were a hydrogen explosion in the
pressure vessel. [ found that Vince Noonan of NRR was the focus in NRC
for these analyses and [ therefore was involved only peripherally.

I received information that Or. Norman Slag of Picatinny Arsenal had

made calculations showing a sharp peak pressure of 12,60V psi for the case
of a detonation of a 1000 cu. ft. bubble containing a mixture of 83% Hp,
12% 02 and 5% steam. This pressure appeared to be consistent with
information received by B8ob Budnitz from DOr. Bernard Lewis of Pittsburgh
that pressures could reach 5 Po for deflagration and 13-14 Po for
detonation (where Po = 1000 psi is the pressure of the bubble and the
system initially).

This information was passed on to Vince Noonan and [ had little further
involvement after Sunday afternoon.

Hydrogen Gas EBehavior

From the beginning of my involvement in the TMI accident one of the tasks
being investigated,principally by Bob Budnitz, was how to eliminate

the hydrogen bubble by mechanical or chemical means. Ouring Saturday
and Sunday [ received a number of unsolicited suggestions from people
calling in to NRC. One of the most novel suggestions came frrm

Roger B8i11ings, President of B8111ings Energy Co. in Provo, Utah.

8111ings specializes in hydrogen research and technclogy, and they had
done work for DOE under a contract from OOE-Idaho. His suggestion was

to inject into the primary coolant a large number of 2-4 micron diameter
evacuated glass microspheres. The idea was that the hydrogen in solution
would diffuse easily through the glass and be trapped in the spheres,
thereby gradually deplenishing the hydrogen in the system. B8illings
claimed to have experience with these microspheres.

[ felt the idea was worth 2 look, so I authorized INEL on Sunday night

to have 81111ngs start an experimental program on hydrogen behavior.

The Billings staff began work on Sunday night and ran their first hydrogen
solubility tests on Monday morning. Although the microsphere idea

proved to be not feasible, 8111ings did some very good work over the follow-
ing three weeks that proved very helpful in understanding hydrogen te-
havior in TMI (see EScnlosure 3 for a complete raport of their work).
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Some of *the conclusions reached from their work were the following:

® Adding nitrogen gas to TMI coolant to try to form ammonia
(r,m; and remove hydrogen wuuld not work (reaction was too
slow

® Adding microspheres to trap hydrogen gas would not work
(takes weeks)

Adding hydrogen peroxide (H202) as a source of oxygen to combine
with hy?rogtn in solution would not work (07 gas evolved within
minutes

® Measured Hy solubility at TMI conditions
Measured H2 evolution rate if TMI were to depressurize

Provided a means for determining the pressure at which Ho
saturation was reached if TMI were to depressurize (pressure
rebound effect)

Ouring the week of April 2-6, 8i1lings was put in direct touch with
the NRC team at the TMI site, and they continued to provide information
to NRC during the following weeks.

Hydrogen Degassing

On Monday, April 2, I was asked to calculate how Tong it weuld take to
remove hydrogen from the coclant by degassing through the letdown system
and through the pressurizer spray system. [ called Glen Jenks of ORNL
for information on hydrogen removal through pressurizers, and he pro-
vided me with some useful data and several references to look up.

My calculations showed that it would take from 1 to 2 weeks to reduce
the hydrogen in solution from 1600 scc/k3 (saturated concentration at
850 psi and 280°F) to 300 scc/kg (saturated concentration at 300 psi
and 140°F). These calculations also showed that it would take nearly

3 week 0 reduce the hydrogen bubble by degassing through the letdown
system. The only way the hydrogen bubble could have been reduced from
1000 cu. ft. to zero in 2-3 days is by assuming high flow rates through
the pressurizer spray line (15 gpm) and a hign efficiency for hydrogen
removal in the pressurizer (90%). I am skeptical that these flows and
efficiencies were attained in T™I. [ have not heard a convincing story
gf how the 1000 cu. ft. hydrogen bubble was reduced to nothing in

b-3 d&yS.
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Measurement of Water Level in Pressyrizer

On April 5, I received a call from Tony Buhl to help with one of the
instrument problems he was working on. The problem concerned

what would happen 1f all the water level indicators were lost in

TI. Buhl was considering whether the resistance temperatyre device
could be used as a backup level indicator by running a high current
thrcugh the RTD and observing the change in temperature when the water
level drops below the RTD in the pressurizer. [ called Hank Ziele at
INEL and put him in touch with Bob Shenard of ORNL to get the details
of the RTD design. The INEL staff then ran a scoping test in an
autoclave and determined that the technique could be used in principle
to indicate water level in the pressurizer. | subsequently learned
:hat t?ort were practical problems at TMI that made this approach not
easible.

Foliow-on Work

S nce April 6, my staff and [ have been involved in extensive analyses
of the TMI accident. These activities are documented in the formal
transmittals from RES to EDO.

Thomas E. Murley; tor
Oivision of Reactor Safety Research

Enclosures:

1. "“Semiscale Pressurizer Relief
Valve Venting from Three Mile
Island Tyne Conditions" 3/31/79

2. "Second Semiscale Relief Valve Yenting
test from TMI Conditions" 4/2/79

3. "“TMI Reactor Simulation Final Report,"
8i11ings Energy Corp., 4/20/79

cc: S. Levine
R. Budnitz
K. Cornell
J. Cummings
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A. sissuny

On March 30, 1979, NRC Ranagesent perscnnea! requested EGAGC ldaho
personne! to help avaluate Altarnative coursas of dction for securing

the Three-Mila Island Plant (TM1). We conductsd our evaluation. Amon

Several recommendations, we Proposed conducting a vantiag tast of the

primary relfef valve (PRY) fa Semiscale from present THI conditions to
Check the accuracy of calculations we perforsed on the reasponse of TH!
to such & venting condition.

We conducted the proposed test from 6:55 a.m. to 9:47 4.8, on
Merch 31, 1979, Two-hundred forty channels of data were recorded. Th
tusl was successful. WNe belfeva th, test r.su’ts‘lay be of usa to NRC

In evaluating the probable TAI! plaat response if venting from prasant

conditions 1 dttempted.

The remainder of this report 1s divided 1nto three sectfons.
Section B presents a ccmparison of THI and Samiscale significant
bavametars 4s best we know them. Section C providas the sequence of
experimental events and significant pehncaena correlatad with the tise
&t which they occurrsd. Sectfon D prasants the calculatad TMI plant
Fespunse during venting from the PRY from the inftial conditions

provided Ly NK(. Section £ presants our conclusfons from pressurizer

relief valve tasts in Semiscala.
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8. COMPARISON OF SEMISCALE AND THREE MILE ISLAND (TMI)

SIGNIFICANT PARAMETERS

1. VOLUME RATIOS (:—:{-5—:1"%;-'.&)

BaW Semiscale $S /BN
Pressurizar 0.374 0.454 1.2
Cold Leg (one side) versus broken locp 0.118 0.255 2.16
Hot Leg (one side) versus broken loop 0.122 D.144 1.18
Total Loop (beth stdes) 0.974 1.596 1.63%

2. ELEVATIONS (from £ Mozzle ML)
8iN Seniscale

Top of upper plenum 14 ft - § 1n, 13 fi « 2172 1n.
Top of coras N %t - 0 in, -8 ft_- 0 in,

Surge line connection to ML

Surge line vartical drop (not
frum nozzle ()

Piping vertical height (total)
(1ncluding pump suctiun

£ Muisle to top of tube (or pipe)

Surge 11na belcw top of core

6 ft - 2-1/2 1a.

12 .".. . ‘n.

68 ¢ - 0 in.

46 ft - 0 in.

3 ft - 3-1/2 1a.

4 1t - 0 in. &—
11 2 - 0 4n.
§1.3 ¢ (3L)
1.3 ¢ (IL)

41 ilL

17 e (IL

2 2 - 0 1n.




J. SIGNIFICANT DIFFERENCLS

88w Semiscale

Cald Leg 2 ¢o1¢ Yegs / s1de 1 cold leg/ s1de

(1 st1de scaled for

3/4 fiow)
Noi Leg 1 per side 1 per side
Upper Plenum Yent Yalves No Yent Yalvyes
Mot Leg / Cold Leg
Elevation Difference None 8-1/2 in. (Hot Nigher)
S5G Elevations (diffarence) Rone IL® V)Y ft -« 0 1n.

BL ®# 41 ft - 0 in.

"




AR

1A‘

o wre

/‘T;—*‘ L 4o N

C. EXPERIMENTAL SENUEMCE AND SIGHIFICANT EYENTS

A description of the nftia) conditions for the T plant response
test and a table of signfficant events follows. Also fncluded 13 »
description of the sfgnificant Semiscale system configuratinn or operating

conditions that may not be typical of the THI plant.

Inftia) Test Conditions

8. Nitrogen bubble 1nftially established at s Tevel of &3 fn, shoye
hot Teg pipe upper fnvert (sbout 0.5 723). The elsvation n¢ the
bubble 15 higher than expected for the full scale plant.

b. No secondary side water was added to the stsam generator. This
Tack of water would cause a lesser smount of energy to be transfarrad

Lol Ao
A0 the primary Nytd,
€. Pressurfiir steam dome was established at 30% of the prescurizer volume,
d. Lesk rate of the System was established since the flow out the
siwulated pressurizer relfef valve flow was 0f the ssre ragnitude

as possible Teak rate.

. System was heated to 470°( wtil12ing the core and an 1nitial pressure

of 7.24 P2 was estab)ished.




o

Inftia) Test Conditions (Contd.)

f. Pumps were cossted down and an Initia) power of 7.64 ¥V was established,

This power was about 2 kW above the scaled value to allow for anerqy

Tosses to the structure.




JABLE OF SIGNIFICANT EYENTS

Time Event

0 Experiment {nftfated (pressurfzer steam bubble venting starte
Inft1al clad temperaturs - 420°k (295°r)
Inft1al core outlet water temperature - 4)1% (280°F)
Inftia) pressurizer pressure - 7.6 WP (1100 psi)
Inftfal fnert gas / water interface at .35 m sbove (83.15 1n.
cold Yeg centerline
Inftial hest flux 4.1 WW/m? (1300 Btu/hr-r2?)

0 - 1000 gec Ritrogen bubble in upper head expands dowmward, pressuri{zer
water Teval rises as steam 1s formed and vented. Pressure
falls, temperatures rise slightly, P

1000 sec Pressurfzer watar level resches vent connection

Clad tempersture - 435°x (323°F)

Core outlet weter temperatyre - 420°x (29%°r)

Pressurizer pressure - 4.7 MPa (680 psi)

Gas /water interface - 0.36 m (14,17 in.) sbove enld Teg
centar!ine.

1000 - 3800 sec Nitrogen bubble continves downward expansion, pushing water
Out pressurizer vent conneztion. Temparatures cont Inye
Increasing, pressures fall.

3800 sec Nitrogen / water interface resches top of hot leg opening
0.25 » (9.84 1n.) above cold Teg cantar)ine
Clad temperature - 442°x (336°F)
Core outlet flytd temperature - 427°% (309°r)
Pressurizer pressure - 2.5 MPa (380 pst)

2 Il — I R e g e p—
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JABLE OF SIGNIFICANY EYENTS (Contd.)

Tine Event : .
3800 - S000 sec Nitrogen expands Into Toop piping. Steam generator drains

through cold leg and downcomer forcing cool water iInto
Tower part of core. Clad temperatures generally decrease
s well as pressure,

$000 sec Stesm generator tubes empty completely.
Peak clad temperaturs - 456°K (361°F)
Core outlet Mufd temperature - 474°x (330°r)
Pressure - 2.2 WPa (319 pst)

$000 - 7000 sec Clad temperatures Increase as core flow stagnates, flufd
temperatures rise as pressurs continues to fall.

7000 sec Fluid temperature resches ssturatfon sod huld boiling
begins 1n core. .
Core outlet fluid temperature - 452°r (1%4°r1)
Peak clad temperature - 456°XK (381°r)
Pressure - 0.8 NP2 (116 pst)

7000 - %000 sec Low void fraction fMuid rise: tn core, clad Lerperature
decrease, fluid temperatures rewain at saturstion as
pressure falls,

9000 sec Test Shutdown,
Nitrogen has expanded Into stees generator but pressurizer
sppears to stil] bde filied with 1iquid or very low veld
fraction fuid.
Pressure - 0.34 MNPy (49 psia)
Clad tamperature - 426°% (307°r)
Flufd temperature - 423°K (302°r)

Core bulk bofling occurred when saturaicion conditions were resched, Max ¢lad
temperature - 456°x (361°F)




parating
conditions were not typical of the ™1 Plant, The most stonificant
instances Include:
(1) Potentsa? for structures ¢ Provide excessiye €00ling nf the
MNutd,
(2) Lack of

sirulation of the

PHR vent valves.
(3) core elevation effects,

(¢) Possible typicality or Power operatad relief valye fMow

due to offects of size,
(5) Use or charging pumps to dccownt for leakage froe PUmp genls .
(8) Lack of

Steam generator

secondary water,
The Structures 1n the

Semiscale Mod-

ares which win Cause atypica) energy tra
temperityre transfent,

J system have RAxcessive surface

transfant the

fncrease the

by 1ncronsinq the core Power level by aboyt 38%

dbove the scale valus which
at by dotarrfning

was arrived the rate of energy transfasr to the vesse)

of elevation differences be tw

*en the hot and cold legs,
!ncbtl!ty does not

strongly 1nfluence the Semfscale
the Influence of the vent valves

Timitad due

ﬁowpver. thie
test results since

on the ™ plant ¢ald Teg behavior s
to the cold Teg geomatry. Mo

ddverge effects on test results
8Te axpectad in

Semiscale Pressurizer relfer vilve drain testing because
of the Yack of a vent valve simulation,




A particularly cignificant diffprence betwaen the Ze- 10 <% a1 10,

and the ™I Plant s related to the Tocation of the top of the core

relative to the versel moziles. In the THI plant the top of the core is

spereninataly st the elevetion of the vessa! mesales. In the Remiacnles

syttem, howaver, the tap of the co. ¢ s aprroximataly 10% cm bdensath

She vyeesse' set's Yee meeste., WMIAN Sheee Seemetry @Y PrYareances . 1Y e
FRreANe T AnIe ARet SEre uneYevery Sewid e stcernypl TeaNhed mere wesestty Tn

the ™I plant than 1n the Semiscale Mod-d system,

Flow through the Sermfscale pressurizer relfef valve sirulation 1s
not expected to completely duplicate, on » scaled basis, that which might
occur in the THI Plant. Critical flow through small ordifices (e.a., the
0.030 In, diameter Semfscale flow ares) has deen shown to he different
from that experienced in 2-1n. diameter pipes, so that vent flow/pressure
relief characteristics might reasonably be eapected to differ somewhat
between the two Tacilities. il "

Because of considerabie Teakage of pump seals (and other miscullancous
small Teaks) 1t was necessary to provide makeup 1iquid to the system, The
HPIS pury was run for brief perfods at fixed Intervels throughout the test
to supply the additional 11quid necessary to account for the pimp sesl
Teakage rate, Although the makeup rate was small compared tn the
discharge rate through the simulated pressurizer relfef valve, the tutal
amount of HPIS Ti{quid Injected Into the syster over the duration of the
test wes & substantial amount. Thus, considerable additirnal cnbconlin
was added to the primary system liquid fnventory through use nf the U
purp. As a result, the core thermal response mey have been lect severe

than would have otherwisa occurred,

n
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The secondary sfide of the stesm generstor was €ry, f.e., no motive
fluid for heat transfer, This condition minimized the {nfluence nf
secondary heat transfer on the course of the PPY transfent in Somiccale,
If the temperature on the secondary sfide of the stesm gensrator s
Tower than the primary system temperature the subcooling on the pump suction
Teg will be increased, thereby fncreasing the subcooling to the core.
Conversely, 17 the secondary side temperature 1s higher than the primary
~side temperatuyre the purn suction density will be reducesd thershy reducing
the core inlet subcooling. For s PRY transfent the secondary «ide
temperature should be less then or equal to the primary side terperature.
Based on previous experimants conducted 1n Semiscale, stenr qgenerator hest
transfer 13 not expected to have a signfficant fnfluence on the presurtizer

rellef drain tests.




0. PRELIMINARY ASSISSMENT OF THE TMI PLANT g
RESPONSE DURING VENTING

Analysts
Simplified calculations were performed to evaluate expected response
of THI to the PRY release mode of depressurization. First, the hestup
rate of the core flufd was calculatad to be 480°*F/hr 1f no circulation
occurred (heating the core 11quid volume only) and 170°F/hr 11 the tota)
reactor vessel flufd volume were to be heated. (Mefther calenlation
included fuel or wetal mass hest capecity). From this 1t was concluded
that makeup should be provided to assure core COversge as heat s removed
by stesming. About 60 gpm wee calculated as the required rate to meet
the stesm generation needs. The expansion of the (then assumed) 1500 rtJ
of gas to 7111 the hot leg, steam generator, and pressurizer 30 resch the
point of gas venting and more rapid depressurization would resch this
point at about 300 psi. At sassumed Viquid relief rate of &N0 9P™ and
Stesm rate of 110,000 #Thr, this wes calculated to take about one hour.
The Semiscale system deprassurized slower; reaching about 350 psi
in one hour with & smaller relative ges volume. Integrating the high
valocity "gas® relfaf showed that the hot Tiquid In the pressurizer
flashed to steem and separated ylelding a Targer total volume of steam
to be relfaved prior to the time of 1iquid relfef, The dats alse
$howed that the pressurizer and surge 1ine remained Tiquid fu11, thus
not making that volume avaflabla for gas expansfon., These festures

are being added to & more corplex model. Inftial fadicatione are thet

8 reasonabdble description of the pressure transfeant and volume changs wil)

result from this model, and 1t should bde applicable to TMI.




E. coNcLys Tons

(1) The Semiscale System can be depressurized via the proposed method
to & Teve! st which the mR PUMPS can be activated and ysed to
Fenove resfdual heet from the core.

(2) In the Semiscale system Roncondens fble gas did not vent sasily or

et W

uniformly with the Proposed method, The noncondens 1hle gas buhhle
entered the hot leg at irproximately 3090 seconds.

(3) Ccore URcnvary 1n the Semiscale facility d1d not octur until after

LA RS R " L

® point fn time at which the RHR pumps could have been sctiveted §f

desirad (thus preventing core uncovery), »

(4) The Semiscale results suggest that ¢ fCc fluid 1s injected 1nto
the system at & rate comparable to that 4t which the system 14
being vented, significant benefits in the overal? syster response

and core cooling may be realized,

(5) The heatsr rods 1n the Semfscale test remained 1n a made of gond
to01ing during the Proposed transfent and rod temperature rigses

wers minimal,

(6) Deprassurization from 1050 psfa to 49 Psfa was accomplished in
the Semfscale tast 1n spproximately 3 hours. Bo111ng in the core
d1d not occur uyntil dpproximately 600" seconds after the vent

relfef transient was Inftiated.

e R~ et e
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Results from the faftial Semfscale Mod-) tast conducted at condfticns  °
simflar to the Three Mile Island (THI) plant provided significant fasignt
fnta the growth and movesent of an upper planua bubble during continuous
prassurizar rellaf valva (PRY) oparation. On Apri) ¥, 1979 XRC managesment
requestad a second tast to be conducted at conditions similar to the 1nftiy}
tast axcept for a larger gas bubbla volume and fnjection of a scaled smount
of coolant from the MPIS,

The tast was conductad between 1:18 a.m. and 4:35 a.m, on Ap~11 2, 1979,
The tast appedrs to Ba 2 succass although some Toss of data was sxperfanced
as & result of a malfunction 1n tha data acquisition system, A preliminary
avaluation iv results fndicatas the tast behavior was sfmilar to the faftial
test. Inja.tion of coolant from the NPIS maintafned cooling 1a the core
region, Prassurizer relfef flow was tarminatad and recharging of the sy3ten
with a Aigh HPIS flow was {nftiatad when the systen prassurs reached about

( 270 pefa. The iyites was returned to a2 stable stata where tha priuary
coolant pusp could be used o circulata flow within the primery systam about
one hour aftar tarmination of prassurizar rellef flow., -~




8. INITIAL TEST CONDITIONS AND SEQUENCE OF EYENTS

A dascription of the fnft1al conditions for the second TNI plant responss
"tast and & table of sfgnificant avant follows. A table of ihe faitial )
operating conditions Table I, and a description of significant Semfscale
operating conditions are 8130 Included. A description of the systaa

configuration that say not be typical are documantad in the report ea
the Inftial Semfscale pressurizer realfaf tast,

INITIAL TEST CONDITIONS

a) A Nelfum dubble was inftially establishad at & lave! of 61 cu above
the Mot Teg pipe upper favert (eaquivalent to 0.6 e of Na! fum).
Haliuo was chosen for this tast since 1ts propertias are relatively
¢lose to Mydragan. The bubbla s$12e wes chosan to provide 2 larger
bubble volume than usad on the faftfal tast,

B) The dimetar of the orifics used to simulata the relief valve was
0.091 ca. This diametar was slightly larger than the diasetar used
fn the faftia) tast (0.079 cn) end was adjusted based on results
fror the inftial tast to provide a steas flow sors typical of the
speacifed relief valve flow for the THI plaat,

) The NPIS system was inftfatad at rupturs at a constant rata of 12,6 al/s
(0.20 gpm). This rata was scaled to an average 1njecticn reta which
was being consfdared for the ™I plant over a pressure range of 300 t
1000 psi. Additional fajection was included to maka wp for tha norwal
laakage from the Semiscale systam.

d) The staam genarator in the same loop as the pressurizer had a water
lave! squivalent to 2/3 the total tybe elevation. The faftial stasm
genarator fluld tsmperaturs was 416 K. The second staam generator was
run with a dry sacondary sida dus to d1fficulty 1a detarsfaing a
consfstant sat of Inftial conditions,




)

f)

¢

)

1)

The pusps wars coastad down and the nitfal power was established.

An orifica was Included 1a m’uua Toop Mot leg to unauu 'or = "..3
the diffaranca in s12e, and hanca elevation of the top {avert (Figure 1),
of the fntact and broken Toop pipes. This elavation d41fferenca was - '
belfaved to have caused the fntact and brokan loops to behave “".M!'

— ‘ ..."F .:- . -

The core power was held constant at 21.5 ki throughout the tast, Tals + <.
fs substantially above the 3.9 k¥ level necassary to sfmulats the kncwm
THI conditions. The additional 17.6 k¥ was included to maka wp fer
ambient and structural heat Tosses which are 1n excass of the THI heat
losses. The Semiscale heat losses were datarmined axperimentally

wsfng faitial CLast conditons. It f3 expectad this excass powar woyld
Cause the Sesfscale cors red and fMuid t-pcuturu u [ umoruﬁnly
Righ compared to the THI plaat. . | b B o

. TS - — -
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The fnftial pressurizar staam dome was about S50 of the pressurizer
volume. . .

The systam was haated to 416 K ytili21ng the core and am initial pnum‘.
of 7,24 VP was established,

’

it
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Figurs

1 Schematic of the intact and brokan Toop hot legs,



TABLE OF SIGNTFICANT EVENTS %
Tise Lvang w—
) O Cxpariment fnfcfatad (pressurizer staam bubble venting started

Inftia) peak clad tasperaturs - 442 X (336 F)

Infttal core outlet watar tasperaturs - 436 X (325 F)

Inftia) pressurizer pressure - 7.3 WPa (1058 psi)

Inftial fnert gas / water fntarface at 0.92 m above (36.4 §s.)
cold Teg cantariing

Infitia) core power - 11,5 &

- 200 s Melfus bubbla 1n upper head expands downward, pressurizar
O' ZOO S watar lTavel rises as steam 13 formad and ventad. Pressurs
falls, tamperatures risa slightly.

00 s Malium / watar intarfaca reaches top of Mt Teg 09«1“
2' ol®) s 0.25 » (9.84 1n.) above cold Teg cgnurllu
Clad temperature - 442 X (336 F)
Core outlet fluld tamperaturs - 438 K (325 F)
Prassurizar pressurs - 8.0 NPa (370 psi)

'00 - 700 s Nelfum continuas to expand pushing watar into pressurizar
and f1111ng fntact and brokan Toop stsem ganarators with
206 0-7005 ’
gas.
00 s Pressurizar watar laval reaches vent connaction
Clad temperaturse - 465 K (378 F)
70 O 6 Core outlet water temparaturs - 463 £ (373 ¥)

Pressurizar prassure - 4,45 KPa (640 psi)




JABLE OF STGNIFICANT EVENTS (Contd.)
1ne ) Lvent ;‘*
Q - 2200 8 Nelfum bubble continues downward expansion, pushing water

T00- 22005 oeut prassurizer vant connectfon. Temgerstures cantiave
fncreasing, pressures fall,

L J
00 -~ 2800 s Intact and brokan Toop staam genarators draim through cald
2200-2800S Yeg: and downcssar forcing cool water fato lower part of
cors. Clad temperatures geanarally dacreass as well as pressury

00 = 4800 g Data acquisition system malfunctioned during this perfed. A1)
2%00- P00 s data was lost. During this time tha steas generators complets)
drafned but some watar resafned ia the bottam of tha hot leg

piping.
00 s Data acguisition systam back on 1iae,
4g60 s Recarding of data coatinued. )
60 - 8800 s Temparaturas continue to decreasa as systss pressurs decreases,
H%00- 5300
300 « 6700 » Clad tempearatures {acrease as core fMow stagnates, Muid

5F00- 67205  temparatures rise a3 prassura continues to fall,

00 s Tast tarminatad when vent valve was closed. HPIS lajection ryg
b? 005 increasad to 0.6] grm causing systes pressurs {acrsase.

100 s Systam prasiuras peakad at 1050 psfa. At maximue system prassur

< ? / 60 S tha brokan Voop pump was slowly brought wp to spead and faftia)

condftions wars re-established. Nallum was forcad sut af broks
Toop but collactad 1a fatact Tocp. It appearsd {mpossidle 9
restart and achieve full flow from both pumps sfaca Haltum woul,
collect 1a one pusp when the othar pump was being startad,
praventing the second pump from establisiiag 4 set posizive
suction haad.
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( TABLE I - LIST OF INITIAL CONOITIONS
CONQITIORS FOR SEMISCALE TEST MI2
PRIMARY SYSTEM
Pressure - 7.29 WPa (1058, psia)
Terparaturs - 416, X (2089.4 F)
, PRESSURIZER
Pressurs - 7,29 Wa (1058, psta)

Tesparaturs - 560 X (S48.8 F) Top
400 K (260.6 F) Boltom

( Lavel - NI

Neatars « Turnmed off aftar pressurizar coadftions .sf&b!lslcl _

L L4

TEAM ERAT

Intact Lsop
Lave! « 0, (Ory Sacondary)

Srokan Loop
Lavel! - 1/3 - 2/3 Al
Tesperature - 416 X (290 F)

CORE POMER
Dacay Meat - 3.9 ki .
( Heat Losses - 17.5 ki

Total - .S WY



i TABLE I = LIST OF INITIAL COMDITIONS (Contd.)
UPPER PLENUM / UPPER WEAD
Mellum Yolume - 1.67x10% + 567 o’ (0.59 s 0.02 ne?)
Mater volume above hot Teg mozzles - 3400 ca? (0.18 n’)
GM_PRESSURE ! 10N
Location « Intact Loop Cold Lag
Rate (constant) « 12.6 ml/s (0.20 gom)
oR HPERATUR TR
TOP - 436 K (325.4 F)
RIDOLE - 430Kk (N4.67TF)
SOTTOM - 420 Kk (296.6 F) -

4 AXT P

$tandby conditions (power off)

10



c.

1)

2)

3)

4)

§)

concLUSI0NS

The additional ges volume and the anlirgument of the sfze of the ta.hl
relfef valve area 187 venced system response somewhat dut d1d sot change
the genaral conclysfon that tho system could ba depressurizad to a Tevel
where the RHR systes cauld be activated without significantly shocking
the ystam,

The wsa of the HPIS pump durisg the eerly part of the axparizent csused
cold watar to be suppliad o the core. This additicnal cold wmtar
safatained high density fluid Tn the core and contributed ¢o sustained
effective coaling of tha veds.

Based 52 8 comparison of subcooled flow ratas the sfeulated relfaf valve
flow in Seniscale 13 70 %0 90 percent of the subcooled fow caloulatad
for tha ™I plant valyas. This lower fMlow may be dua to the presencs
of noncondensable gases or to orifica siza. The possibility of reduciag
the subcooled relfaf valve fMow when moncondansabdle gasas sre prasest
should be considared 1a calculations pearformad for tha TMI valves.

The aeed for higher cors powers to maka up for additional ‘systam heat
Tosses resultad fn Nighar rod 2emgeratures and fluid temperatures fa
Seniscale than would be expectad 1a the THI plant, Thesa Mghar
temperatures would Influence the deprassurization rate lata ia the

tast when the pressurs reached saturation levels,

Aftar complation of the aystam depressurizatioa, attampls were made ¢
repressuriza the systes and re-estailfah faftfal eperating conditions
with both Semfscale pumps sparating. It was discovered that when gither
one of the pumps was startad gos was forced through the Toops fata the
othar 100p pump and the remaieing pusp cculd not be startad and matatained
at full fMow bacausa 2 nat positive suction head could mot Ba estadlisied.
Therefors, 1t appecrs that oncs Meliuam s prasant s tha Semiscale loeop
piping 1t 13 unlfkely that the gas cam ba ramoved from the system By
oparatiag both pumps sivultaneously.

n




§)

7)

In Semfscale Test IMIT, differences Betwean the fntact and broken Toop
pipe sfzas allowed the axpanding Nellum bubbla to resch the top favert
of the larger intact 100p plpe carly fa the transfant. TH{s producad
prafarsntial disparsion of tha gas fato the fntact Yoop, which was falt
to be atypfcal of & PHR, In Test MI2 an orifice was added ta the
intact loop Mot Teg nozzle to producs equel top favert elavations ia
the tvo Mot Tegs., This gecmatry change producad more unffore gas
dispersion 1ato the hot Tags and an incraased venting of the gas

out the pressurizar which s balfeved to be more typical of the ™I
plant,

Senfscale resyults are deffaitaly iIaflyenced by such scaliag distortions
as geomatric siza, onu-dimansfonality, structural heat traasfer arsa,
and elavation influences. Caution should be exercised 1n the fatar-
pretation and extrapotation of thase results €3 any other siza facilisy,
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1.0 EXECUTIVE SUMMARY

Billings Energy Corporation was contracted by the Nuclear
Requlatory Commission to run various tests *+o provide information
regarding (1) methods of predicting the maximum amount of
hydreogen in the water circulating in the damaged reactor at
Three Mile Island, Pennsylvania; (2) methods of scavenging
gaseous hydrogen from the reactor system; and (3) che deter-
dinaticn of the most efficient and also the safest means of
depressurization.

This section contains a brief summary of the results
of the experimental effcr+t launched by scientists and engineers
-f Billings Energy Corporation to help solve the problem with
a2 nuclear reactor at Three Mile Island, define depressurization
procedures, and indicate possible alternatives to aid in the

shut-down of the reactor.

Solubility of Hvdrogen in Water (Theoretical Svaluation)

Calculations were made to determine the maximum ameount of
gascous hydrogsn that could theoretically be dissolved in water
at various temperatures and pressures. These computations
gave an indication of the pctential hydrogen bubble growth
in the reactor during depressurization. I+ was estimated
that the maximum bubble growth in the Three Mile Island
Reactor would be 1037 cubic feet at 300 psia (9% of the total
volume), assuming the water in the reactor was completely

saturatecd with hydrogen gas.



Solubility/Pressura Drop Tests

An experimental test apparatus was develcped on a bench
scale %o investigate the solubility of hydrogen in water under
conditions anzlagous %0 the Three Mile Island Reactor.,
Depressurizations of the test unit were performed for two cases:
(1) continuocus discharge, and (2) fast discharge with intermeciate
stops. Although the results were higher than the thecretical
calculations (a Subble growth of 1781 cubic feet, 15.5% of
total, and 1884 cubic feet, 16.4% of total, for the Continuocus
Discharge Test and the Fast Discharge with Intermediate Stops
Test, respectively), the bench scale tests established a base
for the Reactor Simulation Tests, as well as aiding in the

definition of the experimental testing procedure.

Sclubility Tests - Depressurization vs. Time 3

Using the bench scale test apparatus, the hydrogen bubble
growth during depressurization was experimentally determined
as a function of time at a constant temperature. The results
of this test showed that a large pressure rebcund could be

an indicaticn of saturation.

Catalvtic Svstem

Several differont schemes were considered for catalytically
causing the gaseocus hydrogen in the reactor o react with
oxygen to form water and thus reduce *the Pressure in the reactor

vessel as well as recduce the hydrogen gas volume.



The first consideraticn was to analyze the materials in
the reactor vessel itself and lock at the possibility of these
materials catalyzing a reacticn between the gasecus hydrogen
and oxygen. It was concluded that, although possible, it weuld
be highly unlikely that s'gnificant reaction would take place.

A literature search identified some substances that could
POssibly be used to catalyze this reacticn. This survey indicated
that hydrogen forms complexes such as Reaz, HCo(CN)5 and
HPtBr[?(C;BS>3]2- Four cther materials that would pessibly
catalyze the reaction of hydrogen with oxygen are: (1) colloidal
dispersion of sodium borohydride reduced nickel (or platinum);
(2) a finely ground alumina-supported nickel (or platinum);

(3) a hcmcgeneous Co(CN)g- complex; and (4) catalvst coated
7lass microspheres.

To define the identified catalysts more cdequately,
several experiments were conducted.

Of the several catalyst systems considered, only the
cataly+ic reducticn of oxygen with hydrogen underwater on a
platinum catalyst, and the colloidal nickel boride system showed

positive experimental results.

Microschere Test

Ancther alternmative that was considered which might
reduce the amount of hydrogen in the reactor vessel was the
Possibility of introducing glass microspheres to the circulating

water system. The specifications tha*t wers received cn the



microspheres indicated that the’ would have a hydrogen
Sscavenging effect. The experiments on the hench scale test
apparatus indicated that there was a 10.5% decrease in pressure.
The results did indicate that although the microsphere
scavenging effect would not be an immediate solution to
depressurization, the long term effects of the microspheres

would have a significant result on the pressure of the system.

Reactor Simulation Tests

A pilot plant unit was constructed o simulate the reactor
at Three Mile Island. The simulated reactor system consisted
cf the following major components: the steam generator, the
high pressure circulation pump, the reactor vessel. and th
pressurizer vessel. The pilot plant was fully instrumented
to allow the monitoring of temperatures, pressures, flow
rates, and volumes.

The purposes of the reactor simulator tests were: (1) %o
determine the effects of Pressure and temperature reductions
upon the behavior of the reactor system filled with water
containing various amounts of hydrogen up £2 and including
being saturated; (2) o cbtain a model of these characteristics
so that the degree of hydrogen saturatiosn ané bubble size
might be ascertained through pressure and temperature and
(3) to determine the mest efficient and safest method for
cold shut-down of a nuclear reactor system beliéved to contain

a hydrcgen water solution.



The various tests that were conducted defined the most
critical condition which could exist for +he reactor vessel
&t various temperatures and Pressures. These results are
plotted in graph form in Secticn 8.0 of this repcrt.

It was concluded that the most efficient and safest
procedure for cold shut-dcwn was first to reduce the temperature
of the reactor system. As shown in Figure 2 in the text, as
the temperature is decreased there is simultanecusly a
decrease in the amount of hydrogen in solution, or, ia other
words, hydrogen evolves from the water. Since unsaturated
water is added to the system during this period the actual
amount of gaseous hydrogen dces not increase significantly.

TWo phencmena cccur during =his pericd: (l) hydrogen is coming out of
solution because of the decrease in temperature; and (2) hydrogen

is going into solution because of the addition of unsaturated
makeup water, After the temperature of the system has been

decreased, the pressure can then be reduced.

Hydrogen Peroxide Test

An experimental apparatus was set up to evaluate the
feasibility of introducing hydrogen percxide into the reactor
system which, upon decempesition, might react with the hydrogen
and thus reduce the pressure sf +he systen.

The experiment conducted indicated thas <he deccompesition
©f the peroxide takes place at a much more rapid rate than
the combining of the oxygen and Aydrogen in the system. The
results showed a net increase in pressure rasher shan a de-

CIlease 1n grassure,



0 INTRODUCTION

As a consequence of the failure of a nuclear power
reactor at Three Mile Island near Harrisburg, Pennsylvania,
technological expertise was sought to assist in defining
and solving the problem of safely cooling the reactor as a
necessary step prior to shut-down, clean-up, and repair.

Based on the premise that a bubble of hydrogen existed
above the water in the reactor, Billings Energy Corporaticn
was asked by the Nuclear Regulatory Commission to investigate
means of removing the hydrogen so that the reactor could be
safely cooled and depressurized.

Information supplied to Billings Energy Corporation by
the Nuclear Regulatory Commission relative to the damaged
reactor indicated that the reactor contained approximately
12,000 cubic feet of highly radicactive and slightly acidic.
water, which was circulating at the rate of 95,000 galleons
per minute. Apparently some debris (presumably from the damaged
core) was also circulating with the water. The pressure and
temperature inside the reactor were 1000 psig and 280°F,
respectively. Various estimates of the size (as of April 1,
1373) of the bubble above the liguid in the reactor ranged
from 3350 to 1500 cubic feet with scme indicatigns that the
bubble was slowly decreasing in size.

It was presumed that the hydrogen bubble resulted “rom

2 reacticn of zircalloy and water at the elevated temperatures



e B R ¥ I S N N I
L

Relief Valve
Reactcor Vessel
Steam Generaszcr
Letdcwn Ccoler
Pressurizer
Conzainment Vessel
Injecticn Systenm

cf the Nuclear Reac=>

ie
“Tee Mile Tsland Nuclear

St



which are thought to have been produced when a portion of the
core was expcsed.

It was considered possible that the bubble contained not
only hydrogen but also oxygen, and there was concern as +o
whether or not there existed or could exist an explosive
gasecus mixture during depressurization. I+ was also possible
that the bubble contained no hydrogen.

The reactor vessel was inaccessable, because of high
radiaticn levels in the containment area. Compounded with
inaccessability of the reactor was the lack of or unreliable
reactor instrumentation. Consequently, there was some diversity
of opinion as to the nature of the problem and the possible
solution. A quick solution was necessary to minimize the danuer
t0 the surrounding area and inhabitants.

Resolution of this problem may prevent similar orcblems from
recurring or, at least, may provide a quicker soluticn should
the same problem occur elsewhere.

Figure 1 shows a schematic diagram of the nuclear reactor
and containment vessel.

A bubble of a gasecus hydrogen/oxygen mixture in a
feactor chamber presents two major problems: (1) If the void
Space at the top of the reactor increases sufficientl; to
@XPcse the reactor core %o =he gasecus mixture, coeling will
Se lost to the expcsed serticn of the core, resulting in possikble
damage to the core with Possible release of radicac-ive

material into the ccoling water; (2) The secoud major



concern with a hydrogen/oxygen mixture above the liquid in

a reactor chamber is the potential for an explosion of the
hydrogen/oxygen mixture.

To delineate the prcblem and provide possible
soluticns, the following statement of work was drawn up:

Task 1. Calculaticns of Hvdrogen Solubility

Using known data determine the solubility of hydrogen
in water at conditicns similar to the reactor's cresent
operation and proposed depressurization program.

Task 2. Laboratorv Test Unit

Develop a2 laboratory bench scale test unit to
investigate the sclubility of hydrogcen in water under
conditions analagous to the Three Mile Reactor i.e. 1000
psig to 300 psig at 280°F.

Task 3. Hydrcgen Solubility Continuous Discharge _

Determine, using the bench scale test unit, the
hydrogen solubility in water for a range of pressures
from 1000 psig to 300 psig at a coenstant temperature
of 280°r (13a8%).

Task 4. Hydrocen Solubility - Fast Discharse with

Intermeciate Stoos =

Determine, using the bench scale test unit, the

hydrogen sclubility in water for a range cf pressures f£r

1000 psig to 300 psig at a constant temperature of 280°r.

-

Task 3. Depressuriz:ticn anéd 3ubble Growth vs Time

Determine, using the bench scale =est unis, =he

-

hydrcgen bubble growth during depressurizasicn a= constans

-

temperature.



gggk 6., Catalytic Systems

l. Investigate catalysis of the hydrogen-oxygen
reaction by stainless steel.

2. Undertake a literature search for other possible
catalytic systems.

3. Assess using material balances 2nd a thermo=-
dynamic study, the present reactor conditions.

4. Investigate the catalytic reduction of oxXygen
with hydrogen under water using a platinum
catalyst.

$e Investigate the catalytic reduction of oxygen
with hydrogen under water using nickel based
catalysts.

Task 7. Microscheres

Investigate, using microspheres, the possibility of
scavenging hydrogen in the reactor.

Task 8., Pilot Plant Units

Cevelop a pilot plant unit %o simulate the reactor-
Pressurizer-steam generator systems for cperation under
Pressures and temperatures analagous to the Three Mile
Island Nuclear Zlant. Install all eguizment necessarv to
measure and record full data requirements ané o simulate
Present reactor conditions ind standby cocling conditions;
i.e., Pressure, Temperature, Flow Indication, etc.

Task 9. Simulation Tests

Using the pilct plant undertake a series of tests
to simulate reactor conditions during the depressurizaticn

of the reactor-steam generacion system.



Test A. Hydrogenate system to simulate saturation
at a pressure of 300 psig. Lower reactor pressure
frem 1000 psig to 300 psig by discharging water medium
maintaining constant temperature.

During discharge lower system pressure by
increments of about 100 psi and correlate discharge
pressure, bubble volume (water volume extraction)
and time.

Test B. Hydrogenate system to simulate saturation
at 1000 psig. Lower reactor pressure frem 1000 psig
to 300 psig by discharging water medium maintaining
constant temperature.

During discharge lower system pressure at
increments of about 100 psi. Plot and correlate
discharge pressure, bubble volume (water volume
extracticn), and time. Cbserve pressure rebgund
following each incremental discharge.

Test C. Calibrate differentisl pressure gauge.

Test D. Lower reacticn pressure frem 1000 psig to
300 psig by discharging water medium maintaining
constant Cemperature. Partially hvdrogenate system.

During discharge continucusly lower reactor
Pressure maintaining an even wazer flow from =he
system. Plot and correlate discharge ?ressure.
Subble volume and time.

Test Z. Lower reactcr gressure “ram 1000 psig %o

300 psig by discharzing watar medium maintaining



constant temperature of 230°7, System to be fully
saturated with hydrogen at 1000 psig and 230°r,

During discharge continuously lower reactor
pressure maintaining an even water flow from the
system.

Plot and correlate discharge pressure, bubble
volume, and time. Compare bubble volume in reactor
and steam generator.

Test F. Repeat Test D discharging water from pres-
surizer as an alternate to discharge from vessel.

Plot and correlate discharge pressure, bubble
volume, and time. Compare bubble volume in reactor
and steam generator.

Test G. Install a Bailey Differential Pressurs
Gauge from central reactor locaticn to reactor
discharge line.

8ring system up to a temperature of 240°¢
and 40 psi, release pressure and degasify system.

Pressurize system to remove vapor bubble.
S8ring total system up to 1000 psig pressure and
280°r temperature,

Depressurize system using depressurizer dis-
charge. Measure discharge volume %o reduce svstem
pressure to 300 psig. |

This test to be undertaken without hydrogenation

cf the water medium.



During the test the following data are to
be recorded: Time, System Pressure, System Temp=-
erature, and Differential Pressure (ins. W.G.).
Appropriate plots are to be made for comparison with
prior data and observations are to be made regarding
the differential pressure reading against temperature
changes and pressure changes. Differential pressure
i3 to be recorded cn a strip chart recorder to
observe and document noise signals.

Test H. The depressurized and unsaturated system
following Test G will be saturated using measured
volumes of hydrogen. The system will be maintained
at constant tcﬁpczaturc of 280°F.

Follewing each pressurization step the pressure
decrease will be observed to establish degree of
hydrogen saturation.

During Test H the following data are to be
recorded: Time, System Pressure, System Temperature,
and Differential Pressure.

Appropriate plots are to be made for comparison
with prior data and the differential pressure
recording plotted against & erature and pressure
S0 assess any changes. Differential pressure shall
be recorded on a strip chart recorder.

Test I. The proposeld sequence of reactor temperature

and pressure changes to bring the reactor down %o



standby cooling condition is to be simulated on the
pilot unit.

The seaquence of testing will be as follows:

1. 3ring the pilot unit up to pressure and

temperature to simulate the system at
1000 psig and 280°7,

2. Saturate the system with hydrogen.

3. Drop the temperature from 280 o 13¢°F

at a constant pressure of 1000 psig.

4. Drop the pressure from 1000 psig to 300

psig at constant temperature.

During the above seguence the following will
be recorded: Time, Pressure, Temperature, and
Differential Pressure. The results will be recorded
and the approgpriate graphs charted.

Task 10. A full report will be made on the above tasks.
The report will document equipment used, tests
undertaken, calculations and graphs made, cbservations,

conclusicns, and recommendations.

The following sections summarize the specific experiments
conducted by BILLINGS, as cutlined arove., The cbiective,
experimental procedure, experimental apparatus, results, and

discussion for each secticn are inclucded.



3.0 THEORETICAL EVALUATION OF HYDROGEN SOLUBILITY IN WATER

3.1 Obidective
To determine the maximum solubility of hydrogen in
water at different temperatures and pressures based on Henry's

Law.

3.2 Results
The results of calculations are shown in Figures 3 and 4{. The
tabulated values are shown in Tables I and II. Corresponding

results are shown in Figures 3 and 4 respectively.

TABLE I

Pressure Temperature Moles Hz/kg 820 LaM Hz/£t3 azo
1000 psia 280°p L0714 .00891
. 200°F .0551 .00698
- 130°p .0482 ,00604
250 psia 280°¢ L0179 .00224
. 200°F .0138 .00173
" 130°F .0121 .00151

Reference: Dr. Angus 3lackham

|}
=
m
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TABLE II

Thecretical Calculaticns of Hydrogen Solubility in Water
Based on Henry's Law
3

(All Gas Volumes are :t3 Based cn 12000 ££° of
Liquid Volume in 3 M.I, Primary Svstem)

VOLOME OF
GAS EVOLVED
AT LOWER PRES3URE
VOLOME CF AND 280°p
VOLTME CF GAS ZVOLVED
PRESSCRE DISSOLVED AT ST? AV PER AV FRCQM
PSIA GAS AT STP AV PER STE? STE?P 1000 PsI
1000 1.97 E4 Sase
2.00 E3 §l.7
200 1.77 E4 $1l.7
2.00 E3 58.0
800 1.57 24 116.1
1.90 E3 62.9
700 1.38 24 195.2
2.00 E3 76.9
600 1.18 £4 303.9
1.96 E3 90.0
SQ0 9.84 E3 453.0
1.97 E3 112.2
4C0 7.87 23 674.6
1.97 E3 148.0
300 $.90 E3 1037

RETIRENCE - WARD T™M 6132
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4.0 SOLUBILITY TESTS/PRESSURE DROP TESTS, CONTINUOUS

4.1 Objective:

To determine experimentally the amount of gaseous hydrcgen
that comes out of a saturated water soluticn during depressuri-

zation.

4.2 Introduction

Experiments were conducted to determine the amount of
hydrogen that would dissolve into water at various temperatures
and pressures. An apparatus was constructed which allowed
monitoring of the following temperatures and pressures: (1) the
temperature of the hydrogen gas in the veoid space above the water,
the temperature of the water, the ambient temperature, the pressure
inside the vessel, and the barcmecric Pressure. The exrerimental

procedures used for Tests 1 and 2 are described in Section 4.4

4.3 Assembly of Bench Test Apparatus and Data Accuisition System

See Figures 5, 6, 7, 8.

4.4 Experimental Procedure - Test 1

Test 1 was set up to give Pressure/temperature information
for continuocus discharge. The experimental procedure is
outlined below:
Le Fill vessel chambter with deionized waser.
- Drain water from vessel. Measure in graduated cylinder.
3. Fill vessel chamber again with deicnized water. DOrain
cut 50 =l.

-O‘.
4. BEeat to l377C.
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Madal Resctor Apparatus -1

Figure 5

Experimental Setup to Model Hydrogen
Solubility in Water pa.

. | i

9.
10.
1.
12.

13,

heaction Chamber

Haximum Working Fressure 6000 psis
Internal Voluwe 1095 wml
Material - 316 S8

Length - 34 csloutside dimension)
Plameter - 9.5 cm (outslde dimension)

Bournes Pressure Transduces
Model 12900

Input Pressure 0-2000 paia
Maximum Pressure 4000 psia
Input Voltage 10.0 vde

EN3vIeCaY ISBL Z'y

Output Voltage 100.0 mude

. Thermocouple |)

type J - lron-Constantan
1/8 inch stalnless steel probe
Manufacturer-Loune Controls

Thermocouple 2
type J - lron-Constantan

1/86 inch stainlses eteel probe
Manufacturer-Loue Controls

. Thermoc le 13

type J - Yron-Constantan
1/8 !nch stainless sinel probe
Manufacturer-Loue Controls

. belonlzed Water

Hydrogen Bubble

. Neater

Input voltage 0-110 volis
Output 0-1500 watte

. Kaowool Insulation

5/8% thick ;
Hiydrogen Inlet .
Wedrogen Outlet to mass flow meter

Hater Inlet

Water Outlet - to drain

Support

(Billing=)



/A

@)

—
)
)

h___.(gDT__“_-

J

I
®

il’

iy
T
)
[
Y
(s 2

L. Reacter Cham.c- (see Tigure 5)
2. Theracccuple Swiszha
Lcue C-n sols Corperaszicsn
Model No. 101
3. Digital Pyrcmezer
Vcwcc** Co.
Mcdel Ye.

&
.

w
-

» O
o

O

9]

u

0

n

L

- 1 e - e
3illings Computer “orsoraszien
1% Wiw
- - - ——

3---;:gs csmputer

Mcdel 3-100

= R el b
I - - ——— -
30".— SrRvisem g Masen s e
---.oga U RS Se evarvascawis
-
Mocdel 701
- - - -
- - M - - -~ —-— -
3. Iatexacsive Digis=al Plco==e:
- - - I — - - -
Texzoenix Ceorzeraszisn

Atrems i way
- ———— -.‘

LA
(8]
"
!
|
1
n

-~ : & - - - - g
sCaemat.s &< Caza ACSULSLSaCR S7stean
Ta

-9



- Wy P -

- s . g -
- -0 - 4 by - = e e -
e - > SN~ o -y e St =7 e T
' > *

- - or
> oj-?'- Prosiagre: " oy -
3

Sy .
- . S ey
», -~ -
P SR
3 ~ Liben, W 2, i
2 T L P ags Teda S

e e %&&«ft}ﬁﬁﬁc’&‘é
o A4 ‘-'L( A‘ <

¥ & ol R S o T
e~ :{:?-.;.,. Sl AN I

S

-~ -
- -



23
g B
P Toky

Photograph of Test Apparatus with

1]

Figure

Instrumentation Equipment



- Pressurize vessel with hydrogen to 1050 psig.

6. Rock vessel =0 help saturate water with hydrcgen.
Adjust pressure to 1050 psig.

7. Segin pressure drop tests by cpening hydrogen ocutlet
valve which is connected to a mass flow meter and then
to a water displacement vessel. Allow pPressure to
drop slowly.

8. Record temperature, pressure, time, and volume of

displaced water at 50 psig increments.

Experimental Procedure - Test 2 = 4/4/73

D

Test 2 was set up to give Pressure/temperature information
for a fast discharge with intermediate stops. The experimental
procedure is indicated below:
) 9 Retain water in vessel from Test 1.
2. Maintain temperature at 137°C and pressurize with
hydrogen to =1050 psig.
3 Rock vessel to help saturate water with hydrogen. Adjust
pressure to =1050 psig.
4. Segin pressure drcp tests by cpening hydrogen cutlet
valve. Rapidly drop pressure to Sredetermined value and

held for several minutes (until pressure is stable).

w
.

Reccrd temperature, lcwest pressure achieved, pressure
at end of hold pericd, hold time, time, and volume of
displaced water a:t 100 psig increments.

At conclusicn of test drain waser fro vessel. Measurs

[+
.

in graduated cvlinder. Measure temperature ¢f the water.
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23:02
23.03
23:05
23:06
23:07

Pressure

(psia)

—y

1033
1000
950
900
450
goo
750
700
650
600
550
500
450
400
150
300

RUN 1.

Temp
(°C)

136
136
136
136
136
136
136
137
137
137
138
134
138
134
139
1134

—-TARILE I1I

|

olubility bata - Continuc

V Bubble
3
(fr )

'
*The ratio of the Volume of gas at Istandard conditions leaving

of solution.

/3/719 . Discharge
M Gas V sample
2 (1bu2) (ml) ce uz/kg.
a ' ]
1.034364 000 0 0
1.033344 .0002528 10 -36(0)
1.031795 .0002405 125 -9(0)
1.030219 .0002282 230 10.1
1.028670 .0002159 415 95.6
1.02711 .00020135 650 222.5
1.025534 0001910 904 365.0
1.023915 .0001782 1150 49a.2
1.022327 000157 1429 661.13
1.021732 .0001532 1785 868.3
1.019102 .0001403 21348 1285.5
1.017489 .0001277 2769 1566.3
1.01586 .0001152 3129 1796.1
1.014225 . 0001025 3469 2009.1
1.01256 . 0000896 jgi2 2239.8
1.010899 L0000771 4160 2443.5
il
1

solution to the mass



Time

————— ——r-

24:
24:53
24:56
1:113
1:18
1:41 ,
1:50
2:04
2:14
2:24

TABLE 1V

KuN 2 u2 Solubility Test - Fast Discharge with Intermediate Stops
Pressure Temp M Gas V sample V Bubble
(psia) (“c) Z (1bu,) (ml) ce N,kg (tt3)
1055.0 136 1.035042 . 00026613 0 0 0
978.5 136 1.032678 L0002475 225 83.3 62.7
9313.2 136 1.03127 .0002364 690 408.6 307.2
799.6 137 1.02705 .0002029 1160 613.9 459.6
755.7 137 1.0256714 .0001920 1690 994. 77 7413.7
645.1 137 1.02217 .0001644 2359 1398.9 1042.3
543.1 137 1.01890 .0001389 2993 1784.8 1325.6
146.1 137 1.01575 .0001144 3582 2139.5 1584.1
jj1.0 137 1.01205 .0000860 4207 2501.9 1845.7
306.0 137 1.011107 .0000788 41320 2556.4 1684

— ——— . o —_— . -



4.6 Discussicn

The results of Tests 1 and 2 seem to indicate that more
hydrogen can be dissclved in water at 1000 psi and 280°F than
suggested frcm cheoretical calculations. This difference may
be due in part to certain experimental conditions which might
have contributed to the high results ~btained. Those

conditions were:

i. Deicnized water was used, but no effor: was made to
degasify it pricr to hydrogen absorption.

2. Scme air bubbles could have remained in cavities
in the pressure transducer and gauges.

- A small amount of water was retained on all inside
surfaces of the vessel and tubing during- velume
measurement.

Since the water was not degasified by boiling and since
air is more scluble in water than is hydrogen, more gas would
evolve from solution than if# hydrogen had been the only gas
in solucion.

Any air bubbles initially trapped in any of the small
tubes would be evolved during the tests, =hus giving high
results. Trapped air bubbles would resul:s in the assumption
that the vessel has a lcwer vclume than is actually has.

Water retained in the vessel during a volume determination
would indicate a lower vessel violume =han ac=ual thus contribu-

ting to high results.



It is estimated, however, that these experimental errors
can account for probably not more than 20% of the difference
between the experimental and thecretical calculations for the

solubility of hydrogen in water.



5.0 SOLUBILITY TESTS - DEPRESSURIZATION AS A FUNCTION OF TIME

S.1 OQbiective:

To define the parameters and general characteristics
associated with the depressurization of water saturated with

hydrogen.

5.2 Introduction

The experimental apparatus, used to determine the solubility
of hydrcocgen in water, was modified such that depressurization
and bubble growth could be measured as a function of time.
(Compare Figures 5 and 10).

Summarized below is the operational procedure carried out
under controlled experimental conditions in order to determine

solubility rates of hydrogen in water.

5.3 Experimental Apparatus

See Figure 10.

S.4 Experimental Procedure:

) 1 Fill test chamber with boiled, deionized water through
Valve L with make-up water unit disconnected.

2. Rock chamber until water £ills all spaces. Tils
chamber Zrcm side to side and upside down.

3. Repeat steps 1 and 2 until only water ccmes out of

chamber.

4. Heat chamber toc test condisions (137°C).

wn
.

Pressurize to 1070 psig with hydrogen tarough Valve L.

‘O



Model Heactor Apparetue - il
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' (9)4%
X (@
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1
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® @ @

(&)
iUk . Mo il bt Muactos Bxpos st el Apatatus - wsod fos
detuimining tise jesponse of hydiogon dissola bon

n watuer,

hall B N

Vene Valva

Gauyu Frussui e Transducar

Hunufacturver - Wouins
Ingan Frossure 0-1000 paiy
1060 Gim

Pivasure Transduoeos
Panulactures - Bouine
Bodel Ho. 2%

Tuput Pressuro 0 2000 paila
Moximum Prossure 4000 paila
Tnput Voltage 10.0 vde

Oulput voltage 100.0 swde

Thormucouple 1

Nanufacturer - Love Controle Corp.

Typo J - leon-Conutantan
/0 lach statnluss stes) probe

Thermououple 12

Manufaciuier - Love Contsule Corp.

Type J - lvon-Conet antan
1/8 luch statnlous st ) probe

Wydiogyon bBubblile
Botled Dolonlzed Watur

Thermocouple 31 - (kooe Tompotature)

Hanufacturur - Love Controle Corp.

Ty J - len-Const ant an
I/rtuu stainlons steol probe

Support Strecture

Mahoup Wator Unile

Hoatur
fuput Voltage 0110 vole e
Output 6-1500 watew

Indot Makoup Matoer Valve

Out het Valve

wm

ESUSTIZIecy

.

eoCY

SToED

Hoter  appasetus te made such that the dyntem Can

bo dlsconnected botveen B and ¥

Cytladue Wator Dilsp)acomont Sample Cylinder (weod
tor muasuring the maus of waler loav NG Feactur vesscl. )

Diain Valve
Inlet Mydrogen Prosuwelzer Valve

Fiosnus bzod Hydiogon Gas

Begasifiod Mydioyon Saturatcd Makeup Wat oy

Kaomwoul Tusulat 1on

(Billings)



lo.

1l1.
12.

13.
14.

1S.
l6.

Sleed hydrogen through Valve L into chamber at 1070
Psig controlling bleed rate and pressure with Valve A.
Periodically stop flow of hydrogen and rock and shake
vessel.

Repeat Steps 6 and 7 until pressure remains constant
after rocking and shaking. (Hydrogen saturation point).
Disconnect hydrogen pressure line and connect to make-up
water unit J. (J ccntains hydrogen saturated water).
Pressurize system through Valve Q to force water into
test chamber through Valve L while bleeding hydrogen
through Valve A. Continue until water discharges from
Valve A.

Close all Valves.

Cennect water displacement sample cylinder O as shown
in Pigure l0.

Begin PRESSURE DROP TESTS.

Open Valve P and crack cpen Valve M allowing pressure
to drop.

Cocl ccnnecting line between vessels.

Disccnnect water displacement sample cylinder ard
weigh cylinder with water sample.

Repeat Steps l4 through 16 until 300 psig is reached.



-r[-

PRESSURE DROP TEST (WATER SATURATED WITH M2, @ 10876 PSIG, 280 F)

Yy 1 e ' I f T e Y T ' T 1 T
1100 ol -
1000 | ‘ Final 12 bubble volume -
- (at 300 psig pressuce & 200°F),
o 000 |- = 4.57% of ini’ial water volume .
:,' : Approx.Saturation
0 6800
:'(; 700 -
v 600 -
g)) ’
i 500
Y
0 400
=
gi 300
W 200 -
100 $ " ;
0

~10 0 10 20 30 40 SO 60 70 60 00100110 120130140 150 160

TIME, MINUTES

Figure 11. Pressure - Time Trace Showing Changes and Subsequent
Pressure l(ccovurylua llydrogen Comes Out of Solution.
\ i |

l
\
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TABLE V

Numerical Values for Step Changes in Pressure
as Recorded by Computer

Tize
o Taan Ly P2 23 §;§,§;’;§

(Min) (Psiz) @Psiq) ®sig ozan
11.159 801.6 . §39¢.5 733.0 44,4%
¢1.783 733.0 §03.3 Tal«$ 11.5%
43,346 737.5 §0S.3 702.43 28.6%
$8.18% 702.4 389.6 §78.4 23.3%
73.483 §678.4 60L1.8 §34.6 §7.2%
83.016 §34.8 4%86.0 334.3 36.3%
103.633 $84.3 402.0 +83.4 §3.2%
118.4833 455,42 386.1 428.8 $5.8%
129.5 125.3 303.3 342,12 53.4%
140,317 342.2 293.3 233,43 32.68%

o
H
.

AP achieved

. i °

L)
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5.6 Discussion:

This test represents the reactor depressurization procedure,
in that a liquid-full system is depressurized By venting water.
In the experiment the water was apparently not initially 32
saturated. Once saturaticn was reached, a large pressure recovery
took place after venting. 10 to 20 minutes were required for
the pressure recovery to line out.

Four attempts to reach 600 psi, depressurizing frem 2750 psi,
brought the pressure to =630 psi after about an hour. This slow
response indicates that attempts to reduce pressure and infer
reactor level from pressure are uncertain.

Two items seem apparent:

(a) The sacuration point appears o be at about 770

psig at the start of the test instead of 1076 psig,
the pressure at which hydrogen was bubbled through
the liquid.

(b) The 600 psig and 300 psig data seem =o fall on a
line connecting the saturation pressure with the
target pressure for the step change. This is not

entirely substantiated by the 400 psig and 500 psig

data although they are bounded tv the ccher data.



6.0 CATALYTIC SYSTEMS

6§.1.0 Catalysis of the Hydrogen-Oxvgen Reaction bv the Reactor

-

Vessel

6.1.1 Objective:

To consider the possibility of the 82-02 reaction being
catalyzed by the stainless steel tank or reactor contents in

contact with the hydrogen bubble.

6.1.2 Observations Regarding the Possibility of Reaction of

82 in the Reactor Vessel.

(a) The stainless steel head in contact with the gas

‘ with

dees not significantly catalyze oxidation of 32

02 because

1. The stainless steel was previously passivated
and the surface consists primarily of FQZOB,

NiQ, and Crzo3 which exhibit low catalytic

S

activity (r = 6 x 10™° moles/m’h) based on

data from Boreskov et al. [Adv. Catal., 153,

285 (1964)].

r 58 The surface area is low (100-300 mz) depending
upen the size of the 32 Subble. Naturally, this
conclusicn should be verified experimentally.

(b) £ is not possible to quantitatively assess =2

extent of Hy=0, reacticn that mighr cccur in the lisuid

phase catalyzed by minute particles (of Ni, 2=, CO,, etec.)
-

produced during the temperasire transient. The ext-en=

of reacticn derends upon (i) the amouns, (ii) particle

- 38 =



size, (iii) chemical state, and (iv) amount of avail-
able 02. Unfortunately, ncne og these factors is
known quantitatively. It is speculated that most of
the particulates are oxides of low catalytic activity
produced by reaction of steim with metals having
diameters greater than 50-100 microns. However,

a significant depletion of H2 via catalysis by these

particles cannot be ruled out.

§.2.0 Literature Search for other Catalvtic Svstems

6.2.1 Objective: : o P

The cbjective of the literature search is to explore the
poessibility of catalyzing a reaction that will remove hydrogen
gas either by adding oxygen or scme other reactants in additiocn
to the catalyst or by utilizing species already availakle in

solution.

6.2.2 Discussion of Literature Search Findings

A literature search was made for information concerning
the catalytic activation of hydrocen. Information in "Heme~
jenecus Catalysis by Metal Ccmplexes” by Rhan andéd Martell
indicates that hydrogen forms complexes such as Reaz. ECo(CN)s,
and HP:Br[P(CZHS)J]Z. This indicates that hydrogen might
Se activated by metals which could be added “c =he ccoling water

Qf the reactor cor which are already there because of the damage

"

tCc the fuel rods in the reactor. PFfer example, if rhenium forms

a hydride ccmplex such as ReH4, then technetium, with properties

similar ¢o rhenium, may alsc form a complex hydride.



Catalysts which might be added to the reactor to induce

reaction of 32 were considered as follows:

(a)

()

Four alternative catalyst systems were considered

(and are listed in order of preference):

N A colloidal disgersicn of sodium borohydride
reduced nickel (or platinum) [R. C. Wade, Catal.
Rev., 14, 211 (1976)].

2. A finely ground (micron size) alumina-
supported nickel (cr platinum).

3. A homogeneous Co(CN)g' complex. [8. DeVries,

J. Catal., 1, 489 (1962)].

4. Catalyst coated glass microspheres.

Advantages and disadvantages of each system are

listed in Table VI. Colloidal nickel boride is

recommended as the leading candidate because (1) it

has been used successfully in liquid phase hydrogena-

tion reactions, (2) since the nickel metal crystallites

are submicron, they will be uniformly distributed
throughout the liguid with negligible settling or
clegging of the system, and (3) the mersal crystallites
are stable toward thermal cegradation to 350-400°C.

Mcrecver, the chance of explosion with +his catalyst is

very small and the rate of the liguid phase reaction is

easily controlled by the rate at which oxygen is addei
to the nake water. Last, but not leass, because heas
of reacticn is absorbeé by the liguid, formation of

2Ct spots accompanied by Tunaway reacticn is preventad.

- 40 =



Catalyst

colloidal
nickel boride

supported
nickel powder

1-3
Co(C.l)5
Catalyst coated

glass
microspheres

TABLE VI

advantages and Qisadvantages of
Four Qi

ferent Catalyst Systams

Advantages

Extremely well dispersed,
active, will not settle,
controlled 1iguid phase

reaction
minimal‘chance of explo-

sion

well dispersed, active,
commercially available,
minimal chance of explo-
sion

Soluble, homogeneous
reacts directly with H,,
relatively stable comp?ex.
very little chance of
explosion

stay afloat

Disacvantages

preparation complex
and slow

may settle,
may plug portions of
system

reacts with H,O.
rate of reacticn
with HZQ catalyzed by
acid.

HCN?

could initiate
explosien,
relatively inactive,
difficult to recover



Catalyst

Ni-A

The use of finely ground Ni/:u.zo3 is a viable

2nd choice alternative to nickel boride.

It has

essentially the same advantages as mentioned for the

nickel boride. However, it may tend to settle and

Flug porticns of the reactor system,

TABLE VII

Catalysts Prepared by Na884 Reduction

Scolvent Used in Chemical

Reduction

820

Ethanol

Isoprecpenal

Physical
Characteristics

Initially black;
turned green because
of hydrolysis:;
coarse precipitate

Black; reascnably
fine precipitate

Initially very

fine, black ppt.
Turned to grav-black
and mederately fine
precipitate when
water was added

and the soluticn
was beoiled

Same as for

ethanol; precipitate
was initally finer
than all other
catalysts

Heavy black flakes:;
prezared from
aguecus soluticn

of H,P:Cls

-

Reascnably fine
black precipitate;
srepared from Pt

S en Teend
DNS plating socluticn



(e)

The last two alternatives are not reccommended,
3-
5

water as well as Hz in acid soluticn and catalyst-

the Co(CN) complex because it reacts rapidly with

cocated microspheres because they could possibly
initiate an explusion in the gas phase, but would do
little to remove 82 dissolved in the liguid.
Estimates of catzlyst requirements:

Reliable kinetic data for 32 oxidation in the Hz-

rich regicn are available only for P+ [Hansen and
Boudart, J. Catal., 53, 56(1978)]. However, work by

Boreskov et al. [(J. Chim. Phys., S1, 759 (1954)]

suggests that Pt, Pd, and Ni are "the best" catalysts
and reascnably close in activity. However, Ladachi
et al. [J. Catal., 4, 239 (1965)] obtained data showing
Ni to be 10-100 times less active than Pt. Leder and
Butt [AIChE J., 12, 718 (1966)] studied the H,-0, reac-
ticn on Pt in the oxygen-rich region. Their data shcw
reascnably strong inhibition by the product water.
Accordingly, the reaction in aguecus phase will be
significantly lower because of the high PHZO and because
of slow diffusional rates in the liguid.

The specific initial gas thase rate of the - P je)

- Wi |
reacticn con Pt (see attached calculations) is 5.5 x

2 gmo : A
10 1——553. The gas phase rate on Ni is 5.3 =o
hm

= SMoles %3 . " . i
55 =5~ and fcr liguid chase l-2 oréers of magnitude
hm

: S rL 2 - & 4
lecwer in rate.  If it is assumed =hat 35 x 10" gmcles

. . . . -‘ » .
are present in the reactor waszar and subble and it is



desired to rem.ve the hydrogen by reaction in 5% o2

) over a period cof 8 hcours, the nickel boride catalyst
requirement is estimated at 27 lbs. (12,500 g/ (see
attached calrulations). Since this figure could be
high by a factor of 10 and low by a facto.s of 10-100,
it was recomrmended that the rate be deterained exrer=-

imentally so closer estimates could ke made.

6.3.0 Material Balance and Thermodvnamic Study

A rough calculation was made as to how much uranium had
undergone fission since the plant started. This was calculated.
to be 3 x 105 grams. 3Six percent of the uranium that undergces
fission ends up as technetium=99. Similar amounts of palladium
and rhodium are formed. £ it is assumed that 10% of the core
was damaged accessing water t. the fissicn preoducts and that
10% of these products is carried into the water in dissolved
or finely divided form, there <3 uld be approximately one
pound (600 g) of technitium, palladium, and rhodium circulating
with the cocling water. As indicated in the previous section,
chese elements are knewn to intaract with hydrcgen ia catalytic
reactions. Perhaps these elements are in part resconsible
for the reduction of the hydrogen bubble in a reacticn secuerce
in which hydrogen forms a complex with these meta.s and
these complexes slowly reduce scme of the metallie cxides %o
the metals and water. If a high temperature resac+tion converted

water and matals to hydr.gen and metallic cxiles, then at lower

temperatures there wouléd be a thermodynamic tender for hydroge
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t0 red'ce the metallic oxides. The technetium, palladium,
and rhodium way have provided a catalyeic path with favorable

kinatics for “his reducticn.

6.4 v Catalytic Reduction of Oxvgen with Hydrogen under Wa:er

6.4.1 Objactive:

T obtaln empiricil evidence as to whether or not plazinum
2nw/or nicka:l catalysi§ added to the reactor system might assiat

in the removal >f£ hydrogen by reduction of oxygen.

6.4.2 Catalytic Rndug;iongp! Oxygen with Hydrogen under Water

¢n_a Platinuw Citalyst _

Experiment No. 1. 54 mg of . ¥eie added to 425 ml of
water in a 500-m. glas$ zeaction bottle and placed in a Parr
low-pressure hydrogenacisn system. Tas~kfcre, 75 mls of air
At on€@ a‘mosphere Dressur€ were trappes in +he bottle. Hydrcgen
was added to give 1 gauge pressure ~f 30 Psi. Therefore, the
relative pressure due %o C., 82, and 82 are, respectivelv, 3,
12, and SO units. If all cf the Qsygen ~<cmbines with hydrogen,
there will be a 9 psi pressure drop. Tie hydrogen necessary
to reduce the Pt0, should jive a 2.4 psi pressure drop. Shaking
of the reacticnbottle wss star-ed and +h pressure drcp during
cne honr was coserved as ndicated in Figure 13. The drop of
11.7 psi cémpares closely with what was predic=ed. Hcocwever,

solnblilicy of hydrogen in water was not considered.
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Time, (minutes)

FPigure 13 Presaure~Time Plot for the Catalytic
Reducticn of Oxygen with Eyérogen Under
Water on a Platinux Catalyst

Experinent No. 2. A similar run wish enly water indicated
a pressure drop of 2.5 psi due o solubility of the hydrogen.
Experizment No. 3. A similar run was macde wizh 10 grans
of catalytic zellets *hat had heen impregnaced with a glazinum
plating sclution and heated at 500°F. I2 10 minuces the Pressure
had dropred 4.3 zsi. Since the platiaum had alrsacy seen
reduced, tais pressure drop was due =5 solubility and to the
reaction of Ez—cz cn the pellets which recained on =he sc===m

cf the reacticn beottle even when i was Deing shaken.

Zxzerinent No. 4. The water was zcured ofZf and =he condis=isns

L

ef Zxperizent Tereated. In 10 ainutes the sressurs drsc was

7.3 28i. Thi~. means =haz 3§% of =he Sxvsen nad react=eé caca-
Lytically on the .ellets az =ne zct=2m oFf <he TeACEOT.



Experinent N¢. 5. Another run similar to ZIxperiments
3 and 4 was run for ly hours wish =he same sellets. A pPressure
drep of 3.2 psi was cbserved. Overnight, witicut shaking, =he
pressure Jdropped an additicnal 2.3 psi.

The 82-02 reacticn on a Pt catalyst underwaser is =hus

shown £o Qcsur.

6.4.3 Nickel Catalvzed Reactions

Four different Ni catalysts preparad Sy sedium bozchydride
reducticn of nickel nisrate and =wo 2+ catalysts prerared v
berohydride reduct.icn of chloroplatinic acid anéd P+ DNS
(plating sclution) are briefly descritbed in Table VTI. Zach
catalyst was prepared in a well-stirs flask centaining the
metal salt soluticn to which Nasa4 (selid) was added slewly.
The reacticn rate was controlled by cceling the flask in an
ice bath. In the case of cazalys:s Frepared. in ethancl and
iscpropancl, the solvent was parcially 2oiled cff afier =2
reductica was complese; then water was added and soiling
ccntinued to a temperature of 9a°c.

TwWwo of the Ni catalysts, N.-3 and ¥i-D, wers =ss-ad in
4 300-ml stainless steel reac=or for activis=y in acuecus
rhase oxidation cf hydrogen Y cxysen (3% oxygan in aydrcgen)

at 23 and 140°C and 700 an¢ 1000 psia (50-73 asm).

§.4.4 Results - Nickel - Catalvzed Reac=icn

- .
*asts and rasul

s o2 the NI cazalyst exgerizenss ara

sSTacsized i Table vVIoo. chrcmasogragiais analvsis 2ar catalrss
3 indicated tiaa: essenzially all 22 =A cxX7een (originally
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TABLE VIII

Results of Activity Tests for Borohydride Reduced Ni

Conditions: 25 or 140°c, 600-1000 psia (50«75 atm)
Apparatus: 300-ml stainless steel bombd

. snitial

Catalvst Time at 25°% Time at 140°¢ Pressure
Ni-B 3.5 hours 1.5 hours 675 psig
Ni-D 2 hours B hours 675 psig

Chromatographic Analysis of Products after reaction Catalyst A:
about 5% Oxygesn
about 5% Nitrogen

remainder Nitrogen

present in a concantration of =5%) was still present in the
reactor following reaction for two hours at 140°C and eight
hours at 25°C. 1In other words, the Ni catalyst did not catalvze
the reaction of hydrogen and oxygen in agueous shase. 3Based
on the limited data available at this point, two possible
reasons for this behavior are suggested:

1. The finely dispersed nickel particles are passivated

or oxidized by hot water.
2. The surface reaction is strongly inhibited bv water

and the product or reaction

- 48 =




Evidence that collcidal Ni was oxidized was obtained during the

preparacicn of catalysts. The catalysts prepared by additicen

of water followed by heating %o remove the nonagquecus solvent

were a gray-black color, characteristic of nickel oxide, rather

than dark black which is characteristic of finely divided metals.

6.5.0 Apvendix

Calculation of Rate of 82 - o2 Reaction ¢of Pt, Fe, Ni Metals

l.

Pt at 410K (138°C) and 75 aem

0.1 cm3
k = =—s— [Hansen and Boudart] N e
o .
re R G where C = P _ /RT
0, 0, 9
3 %
re=lfom S aca = 1.52 x 107% 9 goles
em” § cuB o cm”® §
82 Y amole Smole (400K)
= 5.5 x 102 & moles
m" h
If reactor were made of P+
R -5.5x10° 8O (100 0?) « 5.5 x 10% ¢ moles/n
hnm

No. moles of Hz in reactor is 4.7 x 104 = 1 hour to react

Ni at 410°K and 75 aem

According to Ladachi %he rate of Ni is 102 lower than Pt.

R = 5.5 (100) = 500 cmoles = 20 hours to react at the
! wall



NOTE:

These are initial rates. There will be stronc

inhibition b H.O (see Leder and But:). Moreover, the

-
passivated surface is probably szoz, NiO, and FQZOJ.

Calculation of Catalyst Reguirement:

l.

Nuclear reactor with 5 x lo‘ gmoles 82

Assume rate for Ni is 1-2 orders of magnitude lower
in liquid phase:

les
hm

' = 0'05 - OQS

Ni SA = 10 m®/g (lower limit)

Allow 8 hours for reaction; upper limit

Amt. of Cat. = § x lo4 gmo les x lJEZ = 12,500g ]
10m (27 pounds)
0.05 359i§!fe hours)
hm

Lab reactor with a ldcc vapor space:

75 atm (10 cms)

C!ll3 atm

K gmole

Nn =
RT

82 (800 K)

amt. cat, = .02 gmoles il w 0.1 ¢

0.08 ggo%es (0.8 &y 0 m?
hnm




By Dr. Rcbert J. Teitsl (Consultant - Microsphere Specialist):

.
-

2.

SI Grade

Ratio of Diameter %o thickness of wall is 3%5.2
Thickness of wall is 1.9 micrometers
Thickness of Diameter is 67 micrometers

The pressure requirement of the misros=heres

bed is Immaterial., Example: 21000 2si, then in

10.1 hours the microsphere bed will be at 300 esi,

Then at room temperature the microsphere bed

would lose 1/2 its charge in 1200 hours.

3 M Grade B38/4000

(a) t same pressure conditions, it would “ake
59 days to build up to the same pressure as
referenced above. Thus, 1000 psi would resuls
in a microsghere bed of 500 psi.

(B) At room temperature the microsphere bed would

locse 1/2 its charge after ten (10) vears.

7.3 Experimental A-oaratus (See Ficurs 14)

7.4 Experimental Pracedurs
e ——————————————————————————————— e

The nicrospheres test was performed aceording to the

follewing procedure using SI grade microscheres:

Place 150 al microspgheres ia 300 =l oressure vessel.
Fill with boiled, deionized wazer.
Pressurize with hydrogen sthrsuch sottsm valve oFf

-

vessel. Cisplace scme water from vessel tarough

Sor valve £2 create "bubble."



7.3 Experimental Assarasu
M

Microspnere Test Agparatus

Pressure Gauge
0=-1800 o8I

3

300 mil Vessei

i

Valve

P
I - - M2 Supply
53 =

Thermocoupie

Cljix=3

Tigure 14 Microsphere Tast Agparaczus

Gasecus Area; Scme Waser
and Microspheres

%5 Packed Microsshere
% Layer wich Water

Water Slurry with
Microspheres




TABLE IX

Pressure Data for Microsphere Test No. 2

Temperature Pressure Time and
(“C) (psig) Date
286 990 12:10 am April 5

- 280 97S 12:12 am
279 97S 12:14 am
277 97S 12:16 am
277 97s 12:20 am
282 97s 12:25 am
281 975 12:30 am
280 970 12:45 am
278 950 1:45 am
278 910 8:25 am
275 S00 9:00 am
278 900 9:30 am
274 895 10:30 am
274 895 11:30 am
273 885 2:00 zm

= 600 12:00 om




This was done to see if the amount of hydrogen absorbed

could be detected from the weight difference between constant

weight at 220°F and the weight after heating to 600°F. The

following data were recorded:

Drying Time 2600°F

30 min 90 min 3 hrs 6 hrs After
Outgas
(gm)
Sample A
(Gaseous Area) 9.2903 9.2893 9.2886 9.2867 - 9.2723
Sample B 9.3730 9.3707 9.3700 9.3683 9.3414
(Packed Microsphere
Layer with Water)
Ssaple C 10,2011 10.1883 10.1832 10.17%9 10.1098

(Water Slurry
with Microspheres)

The data indicated that a significant larger amount of

hydrogen was absorbed by the microspheres in the water slurry

than the microspheres in the gaseous area of the test apparatus.

It was concluded that additional tests would be required to

fully define the characteristics of hydrogen absorpticn in

the glass microspheres.

It was however concluded that the

S.I. grade responded much more rapidly than did the 3M micro-

spheres.

Hydrogen
(gm)

.0144

.0272

.0536



8.0 REACTOR SIMULATOR TESTS

8.1 Obiective

The objectives of the reactor simulator “ests are (1) ¢o
determine the effects of pressure and temperature reduction
upon the behavior of the reactor system filled with hydrogen
containing water of varying degrees of saturation. (2) To
obtain a model of these characteristics so that the degree of
hydrogen saturation and bubble size might be ascertained through
pressure and temperature measurements, (3) To assist in the
eventual cold shut-down of a nuclear reactor system believed

to contain a hydrogen water solution.

8.2 Introduction

——

A reactor simulator was constructed so that the chara=-
teristics of hydrogen bubble formation in the reactor and steam
generator might be observed as a function of Pressure, tempera-
ture, and hydrogen concentration. Marnipulation and documentation
0f these parameters in accordance with conditions current or
anticipated at the Three Mile Island Reactor were expected
to reveal means of controlling the effects of hydrogen gas in
the reactor system ané to forewarn engineers as to what to
expect given any set of circumstances relative to changes in

temperature, pressure, and hydrogen concentration.

8.3 Experimental Arparatus and Da+a Acguisition Svstem

A schematic of the simulated reactor agparatus is zresented
in Figure 13, followed v a cdescription cf the components.

Flgure 16 shows the completed reactor simulasor system in service.

w87 e

i e



The s.~ulated reactor and data acguisition instrumentation are
Pictured in Figure 17. Figure 18 is a shotograph of the simulated
reactor system under construction, wherein the maior elements

of constructionare visible prior to being covered with insulaticn.

No commercial pumps could be obtained, within the time
constralints of this project, which could withstand the pressures
anticipated. A Grunfos #25-42 s¢ Pump was therebyv encased in
a2 heavy steel shell and immersed in hydraulic oil. The pump
casing oil was then pressurized or depressurized in concer:t with
the reactor system through a large diaphram to which was attached
a lead line from the pump on cne side and a lead line from the
reactor on the other. The encased pump is shown in Figure 19.

The data acquisition system is shown in Figure 20. A
Billings B-100 computer with 48K memory and dual floppy disk drive
system was used to access and store data from the various thermo-
couples and pressure transducers of the system as a function of
real time. In addition, the data were printed on paper with a
Billings 701 printer. Further backup redundance was accomplished
by printing the time and temperature readings on paper tape via

a model 9300 data logger by Monitor Labs.

3.4 iscussion - Reactor Simulation Tests

8.4.1 Experimental Procedure
-—-“
For the experiments reguiring saturation or varving decrees
cf hydrogen saturation the following procedure was common:

1.

Nj

ill the system with tap watar from the hot water
heater through V 14 with V1, V2, V4 and VS8 open.

(See Figure 15).

!
o
w

I



10.

Close V2, V1, and V4, respectively, when water begins
to flow out.

Manipulate pump and valves o dislodge and remove bubbles
from the system.

Heat to boiling at ambient pressure with circulating
pump on.

Remove bubbles from system Dy opening and closing valves
V1l and V2 intermittantly.

Pressurize through V4 to 1200 psig. Relieve 1/8 - 1/4
volume cf pressurizer, PV, through V7.

While proceeding to heat 4o the desired temperature
(280°P) , release hydrogen bubble from PV through V4
while admicting ) to R at V13. Hydrogen bubble
forms in R.

Saturate with hydrogen through V13 with V8 closed and
ve, V1o, V11, V12 cpen. Vent hydrogen slowly at V2
during hydrogen charging.

Pressurize PV to 1100 psi and release hydrogen bubble
in R slowly ‘m intaining at least 1050 psi) through V2.
Test saturation by reducing pressure at V7 in 100 psig
incremeats. Look for pressure rebound. Repeat until
Pressure rebound is observed. Saturation will have
Deen achieved for the pressure at which rebound first
occurs. .

Water and/or gas samples removed frem the system batch-
wise Or continuocusly according =o the intent of each
individual tests. The sampling pors differeéd alsc

accerding to the design of individual seess.

- 59 -



Figure 15

Schematic of the Simulated Reactor Apparatus
VA

8GS8 - Steam Generstor SBimulator
HEB- Heat Band

P - Pump

PV- Proessurizer Veseol

00D~ Ol Diaphram

PRV~ Pr.clcu.-. Rellef Valve

CT- Charging Tank

HC - Heating Coil

G - Geuge

PTG - Presuure Transducer Gauge
T - Tharmocoupies

66 - SBight Glasa

R - Roactar

HE - Hoat Exchangor

V - Valves

HE, - Houting Eloment

U - Unlon Pipa Fittings
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Description of Components:

SGS =~ Steam Generator Simulator

Description:

Dimensions:
Function:

HB - Heating Band

Description:
Function:

P - Pump

PV -

oD

Model:
Description:
Encasement:

Punction:
Function:

Pressurizing

Descripticn:
Dimensicons:
Function:

0il Diaphram

Description:
Dimensions:
Function:

Government surplus pressure vessel
0.D. = 16" Length - 48" x .87S5 wall thickness.

Simulate conditions in and represent the actual

steam generator

750 watt 110 volt heating band
Heat water contained in the steam generator

Grunfos #25-42 sf
15-20 GPM delivered flow rate
BILLINGS injhouso constiuction 1000 psi design

TEncasement) pressurize outside of pump %o
equalize pressure pumping conditions

(Pump) water system circulation
Vessel

Luxfer 2,000 psi pressure vessel
0.D. = 7" Length = 15"
Simulation of total system pressurization

BILLINGS in-house construction
O0.D. = 10" Length 3"

Prevent pump pressurizing oil from entering
water system

PRV - Pressure Relief Valve

Model:
Description:
Function:

Charging Tank

Description:
Dimensions:
Function:

Consclidated
Standard relief valve 3,000 psi capacity

To allow pressure escape beyond cecntrecl sressure

Steel cylinder
Q.D. 4" Length

2,000 psi capacity

24"

Heat exchange, decreased heating time for warer,

also sample and material addition



HC - Heating Coil

Description:

Function:
G - Gauge

Description:
Function:

6,000 watt, 220 volt heat coil
General water heating

Standard gauge - range 0-4,000 psi
Monitor reactor temperature

PTG - Pressure Transducer Gauge

Description:
Function:

T = Thermocouples

.- Description:

t-a Function:
t-b Punction:
t=-¢ Function:

SG - Sight Glass

Description:
Dimensi-us:
Function:

R = Reactor

Description:
Dimensions:
Function:

HE - Heat Exchanger

Description:

Function:
HE‘
-

Description:
Function:

Standard gauge - range 0-3,000 psi

Monitor reactor temperature and interface
with Billings T-100 computer

Standard type J-iron constantan 1/8" stainless

Steel

Monitor water temperature in steam generator
Moniter gas temperatures in reactor

Monitor water temperatures in reactor

1,700 psi capacity; ligquid level style
width: 4" thickness: 3x" length: 13"
Monitor liquid level ia reactor

Government surplus pressure vessel
0.D. 16" length 48" x .875 wall thickness

To simulate conditions in and represent
actual reactor

B8illings in-house constructicn; coil 3/4"
finned stainless steel tuning

Cool samples

- Heating EZlement:

4,500 watt 220 veclt heating element

Hdeat water contained in reactor and simulate
actual core condisions



U - Union Pipe Fittings

3/4" union pipe fittings (2 req)
To afford a disconnection of the charging tank

from the main system.

Description:
FPunction:
Valves
V-l Description:
Function:
V=2 Description:
-Function:
V-3 Description:
Function:
V=4 Description:
Function:
V-5 Description:
Function:
V-6 Description:
Function:
V=7 Description:
Function:
V-8 Description:
Function:
V-9 Description:
Function:
V=10 Descripticn:
Function:
V=-1ll Same as V-9
V=12 Same as V-1l0
V=13 Description:
Function:
V=14 Descripticn:
Function

4" ball valve
Venting for steam generator simulatcr

7" regulator valve
Venting for reactor

X" regulator valve
Venting and £filling valve for reactor

" ball valve

Venting and £filling valve for pressurizing
vessel

k" ball valve
Isolation valve for pressurizing vessel

k" regulator valve
Purge valve for reactor sample line

%" Regulator valve
Sample isolation valve

1" ball valve
Bypass valve for charging tank

k" ball valve

Isclation valve from charging tank

" ball valve

isclation valve for charging tank

2" regulater valve

Bleed valve for charging tank
1" ball valve
System drain and £ill

valve for charging tank
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8.4.2 Test A - April 6, 1979

The system was pressurized to 1000 Psig (nominal) and
heated to 280°F uUsing a primary heating element simulating the
core and a secondary heating elemen: around the Pipe leg.

A band heater on the steam generator was also used.

During test, the secondary heater was disconnected. The
Primary heater was used to maintain 280°F. This heating element
was controlled manually in an on/off fashion. Th - data plo=
shows pressure ripples tha: are coincident with the temperature
variation associated with the heating cycle.

Water was drawn from the base of the reactor vessel in an
amount that produced approximately 100 psi pressure drops. The
water sample rassed through a heat exchanger inm an ice bath to
cool prior toc measurement. Tﬁc mean temperature of the water
exiting in the heat exchanger was 86°F. The volume of water
was measurecd directly with graduated glassware.

The plot of Tess A (Figure 21) shows graphically that the
water was not saturated with hydrogen until a Pressure of
approximately 300 psig was obtained. At this point a definite
pressure rebound, characteristic of saturation, was cbserved.
The fact that the soluticn was not saturated at 1000 psig was
due to some procedural difficulties exper.enced in setting up
for this first test. The data show, however, that in
accorcance with the laboratory pressure drop tests, the
pressure at wilich saturation occurs can be determined by watching

for pressure rebound after an aliguct is ex=racted.

- 6% -
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The hydrogen bubble volume to system water volume ratio

corresponded to 0.4 percent at 300 psig. By dropping the
pressure further (to 100 psig) the bubble volume grew toc 6.3%.
(Note that hydrogen bubble volume is inferred from measurements
of water removal). No correction has been made in the calcula-
tion for volume contraction of the pressure vessels as pressure

is decreased. This effect wili oe examined in Test G.

8.4.3 Test B - April 6, 1979

Test B was performed similarly to Test A with the excepticn
that the core simulation heater was controlled via a variable
power transfcrmer rather than an on-off switch. As a result,
the pressure ripple due to heating variation was no lenger in
evidence.

Step changes in vessel pressure were again caused by
taking incremental volumes of water from the base of the reactor.

The plot of Test B (Figure 22) shows pressure rebound after
the first increment of water was removed. This indicates that
aydrogen saturation was achieved at a pressure in excess of 1000
pPsig. Accordingly, the fraction of bubble volume to water system
volume was much greater than in Test A. At 300 psig, fcr instance,
the bubble volume comprised 9.55% of the total system as compared
with 0.4% at the same pressure in Tes:t A.

t the conclusion of the test, the size of the bubble in
the steam generator was measured by exhausting the gas through
a heat exchanger and measuring the vclume oy displacement of water.

At rocm temperature and atmospheric PTessure, reabscraticn of

~)
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hydrogen in the displacement water was assumed minimal. The
bubble at the top of the steam generator was cbtained by
maintaining the final pressure with the pressurizer valved
into the system. The valve at the top of the steam gererator
was then opened slightly and the fluid passed through the
heat exchanger. When ligquid was obtained, sampling was
discountinued. The gas volume in the steam generator adjusted
to 280°F and 300 Psig, conditions which existed at the end

of the test, was very small compared to the hydrogen bubble
contained in the total system. Of the total hydrogen bubble,
96% was in the reactor and 4% in the steam generator.

Although the steam generator is physically higher than
the reactor, there are three effects that may- contribute to
the placement of the major portion of the bubble in the reactor.
These effects are related to (1) localized pressure drop in
the reactor, (2) preferential removal of hydrogen in the
reactor due to heat effects at the core simulator heater, and
(3) sweeping action of the water flow which convects hydrogen
bubbles from the steam generator to the reactor where they
collect in the upper half volume above the exit pore.

Figure 23 shows the relationship of the pressure re-
bound verses the target pressure for water saturated with
hydrogen. This figure compares to Figure 12 in section 5.0.
During a depressurization period, if the water is saturated,
as the pressure is reduced an increased amount of hydrogen

will evolve thus resulting in a pressure recound,
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A delta 2 me*@r was supolied by E.G.4G. with the intent
of measuring the change in puessure differential as additional
data for efsuing tests. Tle meter sumplied was identical to
the meter used in the Harlisburg, Three Mile Island Reactor,
and was therefore oversized for the simulated reactor system.

Measurements taken for the purpose of calibration of the
meter revealed that the meter Qould not meet the reguirements

of the simulator tests and the calibration test was terminated.

8.4,5 Test D -« April 9, 1v79

Test D was similar to test B with the exception that the
water withdrawal rate was continucus instead of periodic.
Although the water had been previously saturated with hvdrogen,

the hydrogen saturation pressure had decreased prior to start

of test, as is evidenced by the data plot (see Pigure 24). Bubble

growth was only 3% of the system water volume.

8.4.6f Test E - April 9, 1979

The continucus sample method of Test D was reopeated in
Test E after re-establishing hydrogen saturation at 1000 psig.
Figure 25 shows a much more.dramatic growth of bubble size
with pressure decrease,

As in all previous tests, the water tempera:ure was held

at 280°F during depressurization.

8.4.7 Test F - April 9, 1979

Test F was a repeat of test E with continuous water

removal., The only chance made was that the water was drawn
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from a tap at the base of the pressurizer instead of at the
base of the reactor vessel. This change was made to more
closely simulate the withdrawal of water from the pre. surizer
and also to see if a greater percentage of the hydrogen bubble
would form in the steam generator.
Results we:s similar to test I. A slightly greater
hydrogen bubble was created in the sys.em at 300 psig in test
E than in test F (See Figure 26). The amount of hydrogen
volume present in the steam generator was still small in comparison
to the total bubble size indicating that the location of the

water withdrawal tap was not a significant factor.

8.4.8 Test G

Part l: Using unsaturated water the system was brought
Up t0 temperature while measuring delta P. Pressurization
above the boiling point was accomplished by applying hydrogen to
the pressurizer., It was assumed that the surface area of
contact would k- sufficiently small and the volume flow from
the pressurize- sufficiently low that the amount of hydrogen
going into soluticn would be slight.

Part 2: The system was depressurized as in Tests D,
Z, and F. This run established the system volume decrease
with pressure reduction as the vessels contract. Results of
test C are plotted in Pigure 3J, in which the relationship of
tests A, B, E, F, G, and I is shown.

Measurement of delta p was taken in both rarts. The peak
to peak nocise level of the delta P signal was noted on a

Strip chart recorder. No difference in noise level was cbserved,
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8.5 Interrelationship of Tests A, B, E, P, Gand I

Figure 30 shows the pressure vs. bubble volume relationship
for tests A, B, E, F, and I. Test G is also shown, which
indicates volume correction to be made for vessel system
contraction with pressure recaction.

Figure 31 presents a semi-logarithmic plot of vessel
pPressure drop versus hydrogen bubble size for tests A, B, E
and F. The slope of each line is represantative of +he rate
of bubble growth with pressure drop. The intercept at the
ordinate roughly estimates the hydrogen saturation pressure.

The bubble for test I is obviously smaller than would be
expected in comparison with tests B, E, and F and the rate
©f bubble growth is lesser. The reasons for this include
the following:

(a) The starting saturation pPressure was less than Zor

tests B, £, and P,

(b) Decreasing the temperature while holding the pressure
constant required that approximately 6% additional
water be added to the system from the pressurizer
to compensate for the water volume decrease with
temperature decrease. The additional water was
unsaturated and therefore decreased the saturation
pressure of the system.

(c) When the pressure was dropped it was at a constant
temperature of 130°F. The size of the hydrogen
bubble formed was smaller for a given amount of

hydrogen leaving the solution because of the lowered
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temperature of the gas bubble.

Figure 30 shows that tests 3, E, and F had roughly the
same saturation pressure and that even though 3 was a stepwise
depressurization test while T and F were continuous, the rate
and extent of bubble formation was comparable. Water was
withdrawn from the system from the base cf the reactor simulator
in tests B8 and £, whereas water withdrawal was from a connection
bDelow the pressurizer in test F. The difference in withdrawal
POrts apparently has little effect upcn bubble formation.

Test A had a beginnir, saturation Pressure of approximately
300 psig at 280°F, vet exhibited the same rate of hydrogen
bubble growth as tests 3, Z, and F, Test I had a saturation
Pressure of approximately 700 psig at 130°F ana demonstrated
a2 significantly lower rate of bubble growth with depressurization.
The difference of bubble growth rate can be attributed to the
@ifference in depressurization temperatures. The advisability
of first reducing temperature and then reducing pressure for
minimum bubble growth is demonstrated,

Test G (See Figure 30) shows the extent of apparent
hydrogen bubbl.e growth for the system upon depressurization.
This apparent bubble growth is in actuality the volume decrease
of the system seen as a volume of water that is taken from

the system as the vessel contracts with decreasing pressure.

b

Points alcng line G in figure 29, for anv given cressure, should
Se subtracted from the indicated bubble growth for a given

t2st as compensation for vessel contraction.

- 87 =



Deltz P measurements revealed changes with temperature
but no change in either level or peak to peak nocise with

change in hyvdrogen content.

8.6 Observation During Set-up and Procedures

During the final procedural steps before becinning Test
A, a fortuitous "accident” occurred. The information cbtained
is important encugh to be included here.

The sequeaice of events is recounted below. No data were

being taken at the time.

1. Hydrogen was being bled through the system from below
and bled ocut the top of the reactor vessel,

F The pressure was near 1100 psig and the temperature
was in the range of 110 %o 115°C and increas.ng
preparatory to test.

3. The pressurizer was connected to the system so that
the system was "soft" with a gas volume in the
pressurizer. No gas volume was being maintained
in the reactor simulator.

4. Workmen were installing another heating element on
.the outside of the water circulation leg (HC in figure
15) when the system pressure began to rise out of
control. The hydrogen supply was turned off.

S, Pressure continued to rise and the sight gauge
showed the appearcnce of a hydrocgan bubble in
the reactor vessel that was growing in size. System
pressure had reached 1400 psig and the liguid level

indicator was falling rapidly,




5 -2e vent was opened at the top of the steam generato
This caused the bubble to grow more rapidly, and the

pressure would rebound whenever venting was stcpped
Te The heater was turned off, This permitted a stable

oresst

o

re to De reached at about 1416 psig, but the bubbl
remained.

8. Some venting from the top of the bubble was tried.
The pressure dropped during venting but reboundeé when
the valve was shut.

9. A workman noticed that he had no power to his drill
anc it was found that the power plug %o the circulatien
pump had been inadvertently pulled from the wall.

1A "~y 3 b
o

" ater circulation was reestablished.

Ty

2de As the systam temperature was observed to be falling,

-

the heater /as again turned on. When the auxilliary heater

-

was ready, it too was turned on.

) 9748 he
3 1 ) 1957/ -
in e 1100 and 1200 psig range.

& P Heating with circulation caused the bubb.e to stabi

inued rise in temperature caused the bubble %o

- - = - - - - 3 - - - PR
ahotler TWO Nlours at which &Lime +he -8ST temperature

e mmead ~ ~ - - - S . Y A -
was Qootaineq. The test was —ien carried out uncer +the
< e b - - S -~ ~ -~ ras
salse assumption that saturation had been reachiesved.
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8.7 Appendix

INSTRUMENTATION LIST

1

Bailey Differential Pressure Transducer - Type B

Accuracy: 0.25% of span + 0.01% of upper range limit
per °r,
Less than .N05% per volt chance of Power
supply.

Sargent Welch Strip Chart Recorder - Model XZ=2

Accuracy: 0.5% of full scale.

Billings A to D board

Accuracy: + LSB, approx. 0.025% of full scale reading.

Monitor Labs Data Logger - Model 9300

Accuracy: For temperature measurement - ,1° * 0.54%F
or 0.3°C compensation error assuming no
temperature gradient on the iso-thermal
block (connection block).
For voltage measurements - 0.055% total
error.

Bourns Indicating Pressure Transducer - Model 2053126050

Accuracy: + 3.0% of full icalo.

Bourns PSIA Transmitter - Model 2900

Accuracy: 0.5% of full scale (+otal non-linearity &
hysteresis).

Omega J & K Type Thermocouples - ANSI Standard

Accuracy: 4°p, conformity error in the range of
32 - 530°F

Instrumentation -« Calibration

Prior to running any tests on the simulated reactor

apparatus the various instruments were calibrated and checked

for accuracv. Shown below is the calibration of the nressure

-

transducers.



PRESSURE PSIA OR PSIG

PSIG = A_ V_ + B PSIA = A, V, + B

3 s g E
Aq = 648.789 psig/volt .'\. = 612.595 psia/vols
Bq = 35.0 psig B‘ = +10.86
] | ‘ b
Dead Weight Tester l % '
< PSIG gage ’
1000 : : \,
© PSIA gage
800
l
g 600‘ ' ===
400 \ i |
Pressure Transducers
for Reactor
Simulation Tests
200 ' - -yt
0‘. } , ) ! ! sl
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Pigure 32 Calibration of Pressure Transducer
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9.0 HYDROGEN PEROXIDE TESTS

9.1 Objective
The objective of this experiment was o examine the

feasibility of introducing hydrogen peroxide into an
experimental apparatus which, upon dacomposicicn, would react
with the hydrogen in the test cell and thus reduce the pressure

of the system.

9.2 Introduction

Tests were rformed by introducing hydrogen peroxide
into hydrogen saturated water at 1000 psig and 280°%. 1t
was felt that the oxygen resulting from the decomposition
of the peroxide would possibly react with the hydrogen to
produce water, thus reducing the reactor pressure. Theoreti-
cally this reaction may proceed without the use of a caﬁalyst,
but a catalyst may increase the rate a:t whizh reaction occurs.
Two tests were performed (noted as Test A and Test B
in the text). In Test A, no catalyst was used, and in Test.
B a platinum catalyst was used (5 grams of catalytic pellets

impregnated with Pt DNS plating solucion and heated at 600°F).

9.3 Experimental Apparatus

The experimental apparatus used for the hydrogen peroxide
test is illustrated in Figure 33. The instrumentation and
data system used is shown in Figure 34. The 3illings Energy
Corporation's Autohydrider was used because of i=s heat controlled,

instrumented sample chamber.



2.3 Experimental Avmaratus
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HMydrogen Peruxide Test Apparatus
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9.4 Exverimental Procedure

9.4.1 Test A
The uncatalyzed hydrogen peroxide test was performed
according to the following procedure:

i, Till Vessel I with boiled, deionized water.

2o Pressurize Vessel I to 1000 psig with hydrogen.

Je Remove 50 ml of water throuch Valve 2.

4. Pressurize to =750 psig with hydrogen.

S. Periodically heat and shake Vessel I adding hydrogen
to maintain pressure at 1000 psig and temperature
at 280°F,

6. Place in insulated heated chamber with digital
temperature readout. Heat to =.80°F.

Te Add 100 ml =10% hydrogen peroxide o Vessel II and
pressurize with argen.

8. Connect Vessel II to Vessel I as indicated in
apparatus drawing.

9. Open Valves 2 and 3 with Valve 4 cpen and connected
to argon at 1050 psig.

10. Reduce pressure in Vessel I to 925 psig by cpening
needle valve (Valve 1) thus allowing some peroxide
solution to enter Vessel I through Valve 2,

p I Close all valves.

.
18]

o

. Record pressure and temperature measurements as a

function of +ime Deginning immediately after addision

- 100 -



of hydrogen peroxide.
13. At conclusion determine volume of unused percxide

solutior..

9.4.2 Test B
The catalyzed hydrogen percxide test was performed
according to the following procedure:
1. F.ll Vessel I with boiled, deionized water. 2add
5 gm. Pt treated catalytic pellets.

2 Pressurize Vessel I to 1000 psig with hydrogen.

A

3. Remove 50 ml of water through Valve 2.
4. Pressurize to =750 psig with hydrogen.
e Periodically heat and shake Vessel I adding hyérogen
to maintain pressure at 1000 psig and temperature
at 280°r.
6. Place in insulated heated chamber with digital
temperature readout. Heat to =280°F.
’ 7, Add 100 ml =10% hydrogen peroxide to Vessel II and
pressurize with argon.
8. Connect Vessel II to Vessel I as indicated in apparatus
drawing.
9. QCpen Valves 2 and 3 with Valve 4 cpen and connected to
argon at 1050 psig.
20 . Reduce pressure in Vessel I %o 810 psig b
neecle valve (Valve 1) thus allowing some peroxide

b Y 5 % E -
sc.lution to enter Vesszal I through Valve 2.




