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I INTRODUCTION

present
This report reviews the/state-of-the-art and probable future

course of sodium cavitation research with particular application to
FBR programss in Burope and Britain as understood by the author., The

to a large extent
information has been gleaned pxim=xrity/from conversations and other
unpublished documentation resulting from the author's visits dmring
the past summer to atomic energy léboratories in TFrance, England,-and
Holland. This extended visit in Europe was primarily as a Fulbright
to the French atomic energy laboratory in Grenoble (CENG{, ag well
as a week spent at the French laboratory at Cadarache, Iater and
shorter visits were zmkk also made to the fast reactor pump groups at
Risley and at Neratoom (Holland). The contact with the French has
been extended over a periodiof 5 = 10vyears, starting with a Sabbatical
to Electricité de france (EdF),6;7§2§38 to the French private hydraulic
research company in Grenoble (SOGREAH), and firally the Fulbright to
CENG, In addition for several years my laboratory at Michigen has
been_engaged in a series of sodium cavitation tests under contract
from Cadarache. These tests are pQ?fcomplete,and have exemined the
effects upon damage rates of var;fggjgggperatures and pressures on a
variety of materials of interest including 55-316. The final report is
not as yet written, and the data is not yet cleared for release,
In connection with this work primarily I have been a consultant to the
French AEC for several years. The present report will cover the
pertinent work in all these countries as I know it, and will list

published references where possible, It will start with the work in

Francg)since this is the most extensive,

#* Ceuvtre "l"im;ew-gj\'e Nucleore o Qrencble
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1. General Background

In both Trance and England, the FBR program, ags compared to that
in the U.S., has advanced rapidly toward the production and use of
"demowreactors"™, so that, in my view, 3‘high1y practical problems

such as cavitation acheived early prominence and attention. As far as
serious regsearch on this problem '
I know,tkix/seems to have started probably sooner in France than in
potential
Britain. In any case the/problems with cavitation lie primarily under

the following headings:
codd

a. Cavitation Ircentlon -~ Can ordinary/vater tests on pumps and

other components adequately predict inception performance of the game

componentsx in reactor temperature sodium?

b, Cavitation Damage - Can limited cavitation be tolerated in

a sodium reactor system without prohibitive demage,as it normally is

in water systems?

c. Acoustic Performance - In some mumesmR FBR systems (such as

French Rapsodie and Yhenix, and British'PFR) it is expected that acoustic
instrumentation arouﬁd the core will be utiliaed to detect boiling as
¥a an important part of the safety system. Since the acoustic signature
of sub-cooled boiling and cavitation bubbles is essentially very much
the same, the use of such acoustic boiling detection pre-supposes the
complete absense of cavitation during normal operation., This imposes

a much more stringent requirement on the design of pumps and other types
of components such as flow restrictions than has been faced: previously

almos®t
in other flow systems, andmx in fact may be/beyond the present state of

the art,
- (gu “) (TT~M)
2, Electricité de I'rance and University of Mlchlman Progranm
“Cavitation R A

/Bests have been conducted with tunnel systems, mostly on venturis,

in our labdratory at the Unlvor31ty of Michigan, in both water and

o fncliowr e v
mercury, to determine the werkmtiew of cavitation inception sigma wisth
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such parameters as velocity, Reynolds number, diameter, temperature,
starting in the early 60(s).

gas content, etec/ This work has been extensively reported {1, eg.),
and hence provided a basis for comparison for later French tests using
precisely the same venturi geometry. Tests were thus made by LEdRF in
choperation with Cadarache, and ourselves in prbviding the detailed
drawinzs of the venturis used and the data obtained. The French tests
were in both water and sodium, the data including the dependence upon
vélocity and Reynolds number #m agreeing quite closely with our own.

.....

This agreement was only for the cases of air-saturated water, which was
swhere air content was not memftftesred i COSWEIG -
the situation in the French tests/ Our data, including a wide variatior
in air content, showed a substantial difference in trend with velocity
between low and high =zir content. The pertinent curves are here
(g =4
attached for conveniencie and were also attached to my letter o
Dr. Hoppenfeld of October 12, The following major conclusions result
from this work in my opinion.
a. Inception sigma depends substantially on velocity and/or
Reynolds number,and there is considerable experimental acatter for
both fluids. However, water and sodium fall within the same scatter
band. The variation with velocity (or Reynolds number) = m for either
fluid is more important than any difference between sodium and water.
be From an engineering viewpoint all the scatter and variations

mentioned above are relatively small, in that the design of -=sueh-

components such as punmps would not be substantially affected,

The results of the sbove tests are reported in various references in the
open literatuwe starting in 1971x (Z-&,eg.), including a 1972 ASME paper
4).
sand similar ones at Cadarache,
A summary of the result of these tests/from the French viewpoint
is found in ref. (7), 1970 ASHE Cavitation Forum. To quote, "Presently
available results seem to indicate no difference (between water and

sodium), within measurement accuracy, but other tests will be performed

to check whether factors such as argon content in sodium, its purity,



ANL Trip Report -4 - TH - 10/26/74

L

and its temperature level may influence inception of cavitation.”

These later tests at Cadarache will be discussed in the following.

=

3. Cadarache Soflium Cavitation Research

Approximately parallel time-wise with the venturi sodium and
water cavitation inception tests of EAF with the U-M venturis discussed
aégizj goiimilar program was undertaken by Cadarache. Rath Neither
EdF nor Cadarache tests involveé the building of special loops for
cavitation studies, but rather the attachment  existing large loops
éf/gmaller cavitation bypass loop, into which venturis, orificesy etc,
could be installed. In all thesm cases (as in our own mercury tests)
cavitation inception was determined acoustically, kmixk being the only
feasible method. The Cadarache tests included orifices and other
components as well as venturis, and I believe the comparative water
tests were déne in well-established water tunnel facilities at SOGREAH
in Grenoble. These tests also iﬁcluded investigating the differcuce
between argoh and helium aé pressurizing gas, and surprisingly it was
found that there yas a substantial difference between inception sizgmas
obtained with these dif&rent gases., This may be due to different
solbubilities of the two gases in sodium. It is somewhat,reminiscent of

Pelasgitea
resu;ts obtained with an EMApump loop at Oak Ridge (8), where dﬁiiiiiﬁf
indeption results were obtained depending upon vhether argon or ﬁ@é%@a
vapor were used for pressurizationmCt&&TLSQL“N““ i HUis Canal),
' sodium and water
To my knowledge the results of the above/cavitation inception

tests at Cadarache® have not been published in the open literature,
In a letter to myself in 1970 (in translation), "it seems that the
threshold of cavitation for an orifice depends upon the operating
’conditions of the loopﬁ, i.e., the type of pressurizing gas, and perhaps

other factors of which I am unaware, In any case, tiese results were

considered sufficiently unsatisfactory and unsettling, that Cadarache
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decided to build a new large sodium tunnel especially for the investie
gation of cavitation (designed by SOGREAH T believe)., This facility
is now complete, and its operation is expected to commence this asutumn,
It will be used for both inception and damage tests, It is expected
that entrained gas microbubble spectra. will be measured acoustically

in a‘cooperative program with the gfoup at Risley. Their work will

be described later, The Risley instrumentation for determination of
entréined gas contexnt in sodium- has already been used in a cooperative
endeavor with the French on a‘heat‘traﬁsfef boiling loop at CENG
(Grenoble ), and the entrsined bubblés were successfully measured. These

results have not yet been published to my knowledge.

4. French and U-IM Cavitation Damsge Research

In the T, Se,liquid metal cavitation demage tests in vibratory

factkities have been made by NASA (Lewis Research Laboratory) ( 9 ),

at Hydronautics Inc. (10), and by our own laboratory (11, etc.) over the
past decade. Tests have been with 1ithium,s=meslead—bismith alloy, and
mercury (11), sodium % and mercury (9), and sodium (10). Iuch of this
early work was financed by NASA fér the SNAP-50 program. Sodium o

kali liquid metal ' and

/cavitation damage tests were also made in the T.S, by CANEL/ Oak Ridge,
This work is summarized in a report by myself wggzggglfor AL @2) ,
and in the open literature (6).

The only recent sodium cavitatibn damage tests to my knowledge
are those contracted to ourselves by Cadarache, conducted in a vibrator:
facility over ranges of pertinent temperature and pressure. These
results are not yet cleared for publication, but hopefully will be in a
few months. However, the general trends found are similar to those (2

also.found by NASA (9), and generally applicable to all fluids (?éifZg)j
For all fluids, damage rates decrease very substantially at high temper-
ature (even though materials may also be substantially ﬁeakened) due

: on bulble colic) se ] L -
to "thermodynamic" restraintsAyhich become operative adk high vapor
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densitice existing at hizh temperature. As a result, cavitation damage
: pumps or other
does not appear to be a very prevalent phenomenon in/moreE components
’ . cold water
handling water under PWR or B'R conditions, as compared to/puinps .

However, the results presently available do not indicate that the same
resctor temperature

will be true »f/sodium components, since reactor temperature sodium

much

is/more nezarly comparable to cold water than to PUR temperature waters

5, TFrench Acoustic Work

. I believe,
As previously mentioned the Rapsodie and Thenix reactors have,/

been instwumented, as part of the safety systenms, for %SS?EZ%Zrmination
of boiling in the core. Such instrumentation, however, probably cannot
distinguish with certainty_between such sub=cooled boiling and cavita- .
tion., I believe that cavitation has recently been detected ky such
instruments?izrthe outer fuel elements of the Phenix core, and apparent-
1y the pumps do in fact operate im xhx with complete absense of
cavitation. Smxh muker It may be recalled that cavitation also occurre:
in the seals at the bottom of the fuel elements in the Fermi reactor,
and did p:odu?e pfnsiderable pitting efter relatively short exposure.
In this cggfgéggystainless steel mfw inserts were th;neggglaceé by
gtellite, but no later observation of the stellite was/possible.

As a result presumably of these acoustic instrumentation require—
ments, en acoustic group has been built up at Cadarache, and has
worked @n the development of imstruments for the measurement acoustical
1y of entrained gas in sodium (or other gEfluids) by measuring either

as weltl aw-

velocity of soundmx or attenuation effects due to the gas, Ehey=hawe

of course also beégﬁactive in the development of high~temperature

transducers for use in sodium. Similar developments have &EE-ecewss®
also been made at Argonme and at Risley (to be discussed later). The
French instrumentation for entrained gas measurement does not seem

equal to that developed at Risley, so that the Riéley instruments have

been used in cooperative programs in France, and I believe this coopexr-
ation is now continuing.
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PIB Sodium Cavitmtion Research at Risley

1. General Background

The writer visited the group of Mr., C. Rzmmsar Boorman at Risley
in September, #8 1974 after the I. Mech. E. Conference on Cavitation
at Herriot-Vatt University in Idinburgh. I mmve been in m¥m fairly
close contact with this group forzlm about 5 years since the visit to

pertinent
U-M of Mr. Boorman, and hence have been exchanging/reports with them
about
31noe/that date, which is probably about the time of the commencemen®:
of a serious effort on cav1tatlon pertinent t the FBR program at this

(Risieq).

location, ~ Their eLfort at first was 11m1ted to cavitation in station-
ary components as venturis, erifices, etc., and involved very careful
work in a water tunnel with highly sophisticated acoustic instrumenta-
tion for the oounting of individual cavitation bubble collapse pulses,
as well as the develophent of a system for measuring the entrained

gas size and population densities. The initial work in water has later
been compared with sodiun cavitation results fn the same components.
This‘has lately been extended to pump tests. In general I believe they
have done th%most sophisticated and éuccessful wokk in the field so

far available. As a result,they are now iﬁle to"commercialize" their
instruments, end use them in joint programs,with the French. I have

in fact recently determined that they are willing to sell the instru-

mentation for entrained gas microbubble spectrum measurement to ourselg

2. Cavitation Tests in Vater

Fhexwerkxm® Mr. Boorman's group at Risley (Englneerlng Technology ,
consists of at least Messrs: R. F. Taylor, C. Betts, and A. Collinson,
and Has develomped a water-tunrel ¥acility for the cavitation-inception
testing of various stationary components. They work closely with the
Acoustics group of Mr. Burton, which includes Messrs: B. Gray, ¥EciEx

McLeod, McKnight, and othess., The cavitation inceptiong measurements
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are now made both visually and acousticallye The acoustic apparatus
at present involves the counting of individual bubble collaﬁse events,
as shown in Fige‘§7>aﬁtachedfr At constant velocity, for example, it
is found that as UPSH is reduced from a very high Yalue, the nunber of

({ rerAcftea tn Clu Q lU(‘-‘ { J’ TLAN (\ ; i’-Lv‘(\(;&/‘#'”‘(;‘}))
such counts per second invreases at s fixed ra beﬂas thee conventiona

cavitation incepticn point is approached. Vhen "visible inception®" is

reached,it is found that the slope of the counts ve. NPSH curve incresge
nroxnmgtely
/as a step to a higher and constant value., Thus a very precise
2V WO NNV, TR AN Phe u ] ' _
definitiomﬂpf cavitation inception is afforded., This seme approach
has been used at the University of IMfinnesota in water tunnel tests (1%).
To my knowledge this work at Risley has not vet been publishedx in the
opren literature,
In addition, acoustic methods for measuring entrained gas nicro-
bubble content in liquids were developed by the Risley group using both

chenges in velocity of sound and sound scattering effects. Again nothir

f"»\

is apparently published in the open literature, and they are not willi
to disclose the details of these struments, since they are considered
to have commercial potential and hence are mopiiletary. As already

mentioned, thege instruments can apparently be erch0~ed for vse in

our own laboratories. As already mentioned bﬂ@f aré be¢np/u~ed in
cooperative programs with the French at Cadarache and at Grenoble (UENG)
Tor boiling and cavitation tests in sodium,

Total gas content is also measured in a conventional manner in the
water cavitation tummel at Risley. A very effective deaereator is used
in conjunction with this loop, so that total air content is about 10”6
by volume (saturation is about 10"2)o Even so)there are apparently
enough entrained particles that cavitation occurs with relatively
conventional sigra values., Thus conventional deaereation)even dovn to
very low value§)Wi11 apparently not appreciably suppress cavitation in

water (or perhaps in sodium). OFf course no data to verify this is as

— . —— P P e, — — ———— — p—

yet publiched. | 3 3 Y. Y Sl oo o ue A G\/\&&_ T esalta Coo
- T T FL& 2 (oo,
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%« PPFR Pump Development and Sodium Cavitation

After development.of the acoustic techniques for bubble pulse
measurement and entrained microbubble spectrum measurement at Risley,
the same techniques have been applied to sodium cavitation tests of
some components such orifices, etc., and are being applied, according
to my understanding,to ywmm testsm of the PFR pumps (both in water
and sodium). A description of the pump tests in general has been
published (14), but no detailed results concerning hﬁbble:collapse

some of these
counts and entrained gas content spectra as yet. I believe/iime tests
and data reduction are still in progress.

Data from these tests, and also those at Neratoom for Ikl the
German-Dutch work on SIR~300 (to be described later),can be used,

: already
along with other data sources/available, to generate a normalized
curve comparing acoustic, visible, and head fall-off cavitation
(ovalk e\ Wy < (TRl a um\(d onC e o, X5 d)
inception points for centrifugal pumps, toﬁ be used perheps 4o specify
and laboratory N
vendor/pump tests and degign for reactor sodium pumps. A crude form
of such a curve vas attached to my letter to Dr. Hoppenfeld of October
12, 1974. Hopefully it will be possible to produce a later document
‘ data :
incorporating all available/imferzgiiom into such = curve, and from
this specifying probable cavitation-free NPSH for given cases from the
steandard Head vs, NPSH curve,

Additional gkt sophisticated cavitation pump work to support the
group at Risley is being continued at National Engineering ILaboratory
(NEL). The group at NEL (Dr. I. S. Pearsall) has long experience wi th,
and are world leaders in, cavitation pump wmmskx resesrch and design (15,
16, eg«)s To quote Dr. Pearsall (17) concerning pump cavitation incep-—
tion scale effects, i.e., variation of inception sigma with model size,

e e OAT e et covbie La . (WG TH W)
speed, etcR; "On cavitation inception there is so l1ltttle information
that no reliable conclusions can be drawn. There is some evidence that

air content alters the trends of mz=mm scale effects., lMost of the tests
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on pump performance breakdown have shown an improvementrwith higher
speeds and larger sizes ( - - - i.e., higher suction specific speed).
Some tests,howevey, show the reverse effects.".

It thus appears to the present writer that very careful model
tests are necessary to achieve a given objecwvive regarding cawvitation
performance, and that the possible differences between model and
prototype due to speed and size changes, etc.,, are much grester than

acougtically
the uncertainties between water and sodimm. In any case,/instrumented
prototype tests are clearly necessary to verify the cavitation perfor-
mance of the reactor pumps. Damage testing, on the other hand, is
much more difficult,in that model tests where velocity and/or size are
modelled are almost meaningless, even over extremelyg%wgzlong test
periodse. Of course if zero caV1tatlon.:ﬁs%%%%ﬁégfxac is apparently the
case in the Phenix and PFR designs, dsmage should not not occur, If
limited cavitation is allowed (very slight v181ble)évs in the SNR-300

desiign, to be discussed next, damage is certainly a good possibility.

Presumably the present lack of damage in EBR pumps is due to the fact
that the pump design Was very conservative, so that in fact, zero

cavitation was achieved,

C. Neratoom and SHR Tump Development and Test

1. General PBackground

After my visit to Risley described above, I visited (1-day)

Neratoom at the Hague, and in company with some of the Neratoom pump
Engineering Vorks, Hewnge (o) Fletlona
group engineers, the Stork/ﬁgmpam}, whére the sodium pumps for SNR-300

have been manufactura§ and designed, The sodium tests were conducted
,JRTt LY I AN \2Ln ¢

in West Germanyﬁ\ This proaect is quite well documented in the pub31shed

literature (18-2@), and the Dutch group is quite willing to discuss
Lut'-*“

the pump desggns in detail. The leader of the group £ \ H., Pakkel,

but it appears)that he has been incapacitated for some timg, and it

— b;a llviess.
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Sonamrcommereem

may be that he will be transferred to other work when he retums.

C. J. Hoornweg seems to -be prominent as a replacement at the moment.
Thﬁ; group is# also using acoustic techniques for the detection

of cavitation inception/as vell agigh indication of gas contentm,both

in water and sodium (21)e I did not discuss this part of the work =

with anyone familiar with it, but have the general impression that it

is much less advanced than that at Risley.

2, BNR=300 Pump Design

The SNR-300 pumps, desigrel primarily by the Stork Engineering
Works, who have long experience in the design of large drainage pumps
where suction heads are low and cavitation a problem, are designed %o
accept minimum visible cavitation (zk a plume of about 1 mm length on
blade leading edses according to water model tests) during noxrmal
operation.* They are convinced by their experience with the drainage
punps that this will not create important cavitation erosion. A 6000
hour test of the sodium profotype pump for SNR-300 convinces them that
this is the case. Apparently no cavitation pitting ves observed in
these tests, though there was some relatively smooth erosion ih
apparently non-cavitating regions,which they attribute to some sort
of chemical effects, They state that this erosion (19) is a result of
"washing out" of silicon particles originally embedded in the metallic
skin of the impeller,

The SNR-300 pump development (18-21) was started with model tests
in water in a 1/2 scale model, and using transparent windows such that
cavitation could be observed and correlated with the acoustic detection

detailed
The necessary/changes in impeller design were made in this model to

attain the desired cavitation perfomance. A rather similarg?method was

-.————~_—.——--~————————
- m s em e e mm = W  em  ew = em em =S

*¥This changed design philosophy from the French and British designs
appears to indicate that SIR-300 does not expect to use acoustic boilim,
detection as a portion of the safety system.
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employed in the design of the Risley pumps, and seems to me to be
necessary in general,if the final product is to be reasonably suited
to the conditions, i.e., neither too conservative, nor vice versa.
Once the impeller design had been.settled, a full-scale model
was built and tested in water using acoustic detection of cavitation,
as well as the measurement of the normal flow parameters. The full-

: the already discussed was
scale model was then tested in sodium, and :/6000-hour endurance ron/
made. Acoustic instrumentetion was used to verify the performance with
regard to cavitationy inception,and the full head vs. NPSH curves run.
Thus a direct comparison in a prototype machine of cavitation performans

cold resctor temperature (19)

in/vater and/sodium is afforded/ I believe that this is the only

presently publéshed comparison for reactor prototype-size pumps.

>3
>4

A slightly greater WPSH (about 10%) was required for the sddium%
than for the'water’test. The authors believe that this was due
primarily to detsiled differences in the/igigs and experimental error.
To quote their second conclusion (19): "There is no deviatiogfin NFSH
behavior between water at room tepiperature and liquid sodium at 580°CH,
However, this of coufse does not mean that there is no difference in
cavitation damege potential between these fluid conditionsg Present
evidence in fact does indicate that the damage potential of cold water
and resctor temperature sodium may be of the same order, b%gagiat this
is a great cdeal greater than the cavitation damage potential of PVR
temperature wstery* |

significant

The above result, that there is no/engineering difference in NPSH
behavior between cold water and reactor &emperature sodium,ismz isthe
same as that reached from previous tests in the TW.S. for pumps at
CANEL and at Oak Ridge. Thess results were reviewed in a previous
report by the present author (22). |

%¥To provide sodium closer in properties of gmif PiR-temperature water
with regard to cavitation damage, and thus reduce substantially_ cavita-

tion éamage potential, it ig likely that thex sodium pumps should be
located in thehot leg of FBR reactors.

+* My U €y | (V\KV\%,
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