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ABSTRACT

At the request of the Division of Systems Safety of USNRC, a proisct %o
svaluate the potential of condensation-induced water nammer in pranea: - oe
steam generators was undertaken at 3%L. The results of this project ars ara.
sentad in this report.

A review of iestinghouse 1/2-scale water hammer tests and data analysis was
carried out. BNL has concluded that water hammers occurred in the feedwater
line during many of the 1/8-scale tests. These events were probably caused by
:team bubble entrapment and collapse in the partially-filled feedwater line.
Recorded vessel pressure pulse activity under two-phase operating concitions was
rare and, in those cases where pulses were recorded, the pressure pulse ampli-
tudes were small. Zither void collzpse water hammers 2r2 unlikely svents under
these two-phase concitions, or events that 4id occur wers attenuated fn magnt.
tude Dy the two-pnase meaium ana internal structures before the pulse reached
the pressure transducer. Pressure nulse attenuation in two-phase air-water
meaia was stuaied experimentally at 3NL. It was found that nc significant at-
tenuation could be detected in tuc-phase ficws over distances of approximately
1-2 ft. The effacts of internals, ncwever, were not considered.

The “estingnhouse scaling laws have also been critically reviewed. An
independent ZNL analysis was carried out to verify the Westinghouse scaling
Taws. [t has been found that the present state-of-the-art on the condensation
heat transfer and the mechanism of vapor cavity formation precludes us from
deriving any credible scaling criteria. However, it was found that under cer-
tain operating conditions the condensation-induced void ccllapse could be an
oscillatory process. This may partially explain the apparent randomness of the
water hammer phencimenon seer in most axperimental studies.

The full-scales preheat type steam generators of both the Westinghouse and
the Combustion Engineering design have been reviewed from the viewpoint of
condensation-induced water hammer. [t is recommended that each plant should be
reviewed separately to identify the worst situation(s) for the condensation-
induced water hammer, and the appropriate verification test(s) should be per-
formed in plants. In addition, basic research should be sponsored in order to
enhance our understanding in this area.
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The USNRC became concerned at the introduction of these new designs. It was
not known a priori whether cold water could be injected into the preheater re-
qion by design or inadvertantly. Therefore, questions regarding the possibility
of having a damaging water hammer in the preheater region were raised. In re-
sponse, Westinghouse conducted a high pressure water hammer test program in a
1/8th scale mode! of their split flow preheat steam generator (Carlson, 1978a).
They have also advanced scaling laws to extrapolate the results of the 1/8th
scale test to the full-scale steam generators. From these studies, Westinghouse
concluded that "the occurrence of water hammer during normal and abnormal plant
operating conditions is very unlikely". Combusticn Engineering also expressed a
similar position strictly from the design features of their preheat steam gen-
erators.

8rookhaven Mational Laboratory (BNL) was requested by the Division of
Systems Safaty of 'RC to evaluate the possibility of having a condensation in-
ducad water hammer in the preheat steam generators of both the Westinghouse and
the Compustion Engineering designs. The task includes: (a) evaluation of the
Westinghouse 1/3th scale test and their scaling criteria; (b) suggestions for
additional testing and analytical studies; (c) evaluation of both the Westing-
house ind tha Combusiton Engineering full-scale steam generators; (d) sugges-
tions for any <tesian changes; and (e) recommendation regarding any need for con-
firmatory testing in full-scale steam generators.

The purpose of this report is toc present the results of BNL evaluation of
the work done at '/estinghouse and Combustion Engineering, independent experi-
ments and analytical studies done at BNL and to make recommendations regard-
ing the full-scale preheat steam generators. %o design change has been recom-
mended. However, need for confirmatory testing in full-scale steam generators
has been stressed.

1.2 Qutline of the Report

In Section 2 of the report, detailed evaluation of the Westinghouse 1/8th
scale test is presented. Several questions regarding the interpretation of the
test data were raised. Subsequently, additional tests were done at Westinghouse
and BNL. The 3NL study on the pressure pulse attenuation in two-phase flow has
been described in Appendix A and summarized n Section 3.

In Section 4, the Westinghouse analytical work and the scaling criteria have
neen reviewed critically. Additional independent studies, done at BNL, have
been described in Section 5. It is concluded that the present state-of-the-art
precludes us from deriving any credible scaling laws for condensation induced
water hammer.

In Section 6, a West i nghouse plant, namely the McGuire plant, with preheat
steam generator has been scrutinized to see under what circumstances cold water
might be introduced into the oreheater section. Finally, a confirmatory test
for the plant has been suggested.

In Section 7, attention is shifted to the Combustion Engineerina design.
Since Combustion Engineering did not conduct any experiment or transient




inr3lyels *n tre oreheatar regicon, their arquments were mainly Sased on the de-
$73n features and intyition. Therefore, the evaluation of the Combustion Ene
1t jaering 2esign 3 more qualitative in nature,

“inally, in Section 8, we summarize the results of our evaluation and inde-
pendent studies done at BNL. It is emphasized that because of the lack of pre-
dictive tools, each power plant should be scrutinized separately to find under
what situation(s) cold or significantly subcooled water might L. injected into
the preneater reqgion with steam voids. Confirmatory testing for these situa-
tions are recommended. Further basic research is needed to enhance our under-
standing of the conacensation-induced water hammer and to develop predictive

tools.
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Z.4 JOTrocuction

sestingnouse designed an experiment tc investigate tne potential for genera-
tion of camaging pressure forces resulting from steam voic collapse during Coig
sater injection into steam generators containing integral preheaters. The ap-
oaratus was a 1/8th scale model of the preheater section of the steam generator.
The flow facility, test vessel, instrumentation, experimental procedures ang
test results are described in detail by Cariscn (1%78a). The objectives of the
analysis presented nere is to provide SNL's interpretation of the sestinghouse
experiments. A Drief description of the scope of the Westinghouse tests is
presented ‘n Section 2.2. Section 2.3 discusse: the adecuacy of the instrumen-
tation, <ata recoraing anc playback procedures jsed in the experimerts, judged
primarily “rom the point of view of detection of pressure pulses arising out of
steam voic coliapse events. Section 2.4 proviges Sil's interpretation of the
test cata. Section 2.5 discusses the effect of nonconcensiblies on the results.
Finally, Section 2.6 presents conclusions based upon 3NL's analysis of the
sesTincnouse tests.

- A

2.2 Scope of the Westinghouse Zxperimental Sreocram

[f 2 steam Dubble is surrcunded Dy coi¢ water injected inte the steam gener-
awr, then "ncensat1on—1"cucec steam void collapse couic occur. If tie event
sccurs ranidly, then liquid-ligquia impact could leag to generation of a pressure
culse wnich «c, 3 propagate tn roLgn the system andg interact with structural nem-
zers. nis steam void collapse “water hammer” has Deen coserved in operating
steam generators and has Seen the subject of recent axcerimental investigaticns

’\ecx ;J .

The casic objective of the .estingnouse experiments was tC observe the ap-
searance of pressure pulses within the model preheater under conaitions covering
2 selectec range of temperature, flow rate, initial praheater pressure, power

Tevel, liquid Tevel and feedwater injection mode {downcomer or feedwater civel.
In addition, the tests were interpreted to attampt to cetermine lhe influence of
non-condensable 2as content on the magnitude of recorced pressure events.

Figure 2.1 is a schematic cdiagram of a Westinghouse steam generator contain-
ing an integr a’ sreneater. Feedwater is normaliy introduced intd the preheater.
nder apnormmal conditions, cola feedwater may De introduced either through the
auxiliary feedwater nozzle located adbove the ncrmal ievel or tnrough the feeag-
water nozzlie. Figure 2.2 shows a schematic diagram of the Dreheater region.
/nder normal flow conditions, water entering the preneater splits, anc a frac-
tion flows upwards and the remainder flows down, mixes with domncomer flow and
passes up through the hot leg.

ic diagram of the test vessel is shown in Figures 2.3 (a) and (D)
ind tamperature instrumentation ioccations indicated. A1l pressure
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transducers are mounted on the walls of the test vessel. Cold feedwater fiow
can be introduced through either the feedwater nozzle, or through a simulated,
external downcomer line. The Westinaghouse tasts addressed cold water flow into
the preneater under two distinct sets of conditions:

(i) The test vessel is st~am-filled, simulating abnormal operating
conditions during whicu the water level is below the feedwater
nozzle.

(ii) The test vessel is filled with two-phase fluid, simulating the
“normal” operatioral condition of the preheater.

The potential for generation of damaging void collapse water hammer was investi-

gated under the above conditions. Section 2.4 contains a more detailed descrip-
tion of test conditions.

2.3 Adeguacy of Instrurentation, Data Acquisition and Playback Systems

Pressure and temperature were measured at various locations around the oer-
iphery of the test vessel, as shown in Figure 2.3. Also recorded were initial
vessel pressure and temperature, cold4 feedwater flow ratz and Tiquid level. 2
crerequisite for interpretation of test results is the demenstration that ores-
sure pulses generatad within the test vessel w~ere measuraa zccurita2ly and unam-
biguously. In the BNL review, therefore, 2mpnasis was 27iac24 on determination of
the adequacy of the pressure measurement system, inciudina the transducers,
transducer mounting techr.iques, and recording and ~’-~“~~' squipment.

Pressu~e pulse events were monitored with fransducsrs mounted along the ner-
iphery of the test vessei. It is conceivable that z pressure 2ulse which orizi-
nates within the steam generator would be attenuated by intaraction with the
two-phase fluid before it is detected by the pressure transcucer. This effect,
not evaluated by Westinghouse, was investigated by BNL in a series of separate
effects tests. These experiments are described in Appendix A and summarized in
Section 3.

2.3.1 Instrumentation and Data Acquisition

Figure 2.2 schematically represents the data acquisition system. Of par-
ticular concern are the dynamic pressure measurements, made .ith 2C3 pizzoelec-
tric pressure transducers. These transducers have a speciriied range of 0-5000
psi, and were used with a manufacturer's supplied calibration over this range of
pressure. Linearity of 1-2% of full-scale was specified by the manufacturer,
The rise time was specified as | 1'* The observed pressure pulse widths were
roughly | . The time response characteristics of the transducer was,
therefore, adequate, based upon manufracturer specifications.

The charge output of the transducer was amplifiad and converted to a OC out-

put using Unholtz-Dickie Corporation Hocal 722 siznal ccnaitisning amplifiers.
The instrument bandwidth was | l. The ou%zut 3F the charte amplifier was
further conditioned by passage through a Dyr:f':: 1.8 Immlifier,

*Information in [ ] is proprietary to westingnouse £lzctric Corporat °n

8
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This amplifier, with a [ 1, was usually op-
erated with 3 jain of unity. The dc signal was recorded on a Sangamo FM tape
recorder at 30 in/s, with a bDandwidth of 10 kHz. The tape recorder saturation

voltage was 1.5 volts RMS (2.1 volts peak-to-peak).

The sensitivity of the charge ampiifier was adjusted, during most of the
iestinghouse sxperiments, tc generate an output signal of 1 volt per 100 psi,
for transmittal to the tape recorder. This implies that dynamic pressures ir
excess of 200 psi would exceed the saturation voltage of the tape recorders.

At the request of 3NL, separate "Vater Hammer Data Acquisition System Re-
sponse Tests” were conducted by Westinghcuse (Carlson, 1972b) to evaluate the
range of nressure pulse magnitudes that would have been recorded during the
water hammer tests. The test results showed the positive amplitude pressure
sulses were “clipped" at 400 psi and negative pulses were “clipped” at -200 psi,
iue to saturation of the FM tape recorder. [t was concluded that during the
jater nammer tests, the maximum poeitive pressure pulse amplitude that coul< be
recorged was 400 psi. Similarly, a limit of -200 psi was found to apply to
neqative prassure pulses.

asur:ng positive oressure pulses with amplitudes up to 400 psi in mag-
nc neqgative pulses up to -200 psi, with an accuracy of not less than
50-100 psi. The system bDandwidth was adequate for recording approximately

1 msec width puises. [t should be noted that the maximum amplitude positive
pressure pulse recorded in any of the Westinghouse tests was | l. Thuys, the
saturation voltace (positive amplituce) of the tape recorder was probably not
exceeded in ary of the tests.

is concluded that the pressurs measurement and rescording system was capa-
3

2.3.2 Playback Technigues

The cata was originally recorded on FM tape at 30 in/sec. The tape was
nlayes cack at 1 7/8 in/sec and digitally sampied at 900 samples/sec. The
factor limiting the bandwidth of the resulting output is due to Nyquist
aliasing. Using the Myquist frequency criterion, the sampling rate of S00
samples/sec implies a bandwidth of the digitized data of 450 Hz. With a tape
speed turndown ratio of 30:1 7/8, the corresponding effective bandwidth of the
recorded data is 7.2 kHz. This is judged adequate for the water hammer ex-
periments, in #hich minimum pulse widths were approximately | T



2.3.3 [Interpretation of Pressure Pulses

Interpretation of the observed pressure pulses is ambiguous. Westinghouse
has identified three experimental "artifacts" which may lead to cbserved
pressure pulses:

(1) Thermal effects - Cold water contacting a hot transducer can gener-
ate a signal which looks like a pressure pulse, but is actually
due to contraction of the transducer case and resultant stress on
the crystal. Signals of up to | ] amplitude and | ] in
pulse width were observed in bench tests.

(11) Cavity water hammers - Some transducers were mounted within cavi-
ties or within standoffs. Westinghouse suggests that cold water
entering the cavities could lead to collapse of the void within
the cavity or standoff, leading to a "localized water hammer."

o test program was identified to evaluate this phencmenon,

(111) Transducer ringing - This was characterized by an oscillatory sig-
nal which was superposed on presumed water nammer events. In many
cases the true shape of the pressure sigrnal caused -y :ome avent
within the test vessel was obscured by the oscillatory behavior.

Westinghouse feels that introduction of purged-cavity mounted transcucars
aliminatec problems (i) and (ii). Some of the early tests (Type A) are diffi-
cult to interpret because of the possible artifacts discussed above. This os-
cillatory behavior was characteristic of all the tests, and was eliminated by
the puirged-cavity mounting technique. It is felt, in agreement with desting-
nouse, that the purged-cavity procedure leads to the most reliable data. These,
tcwever, were introduced in the later stages of the tast orogram.

The basic source of the ambiguity in identification of "true" water hammers
is the lack of a "signature,” or characteristic pulse shape associated with a
well-defined vapor collapse pressure pulse which originates in the steam gener-
ator or in the feedwater pire. [t is not possible, therefore, to directly dis-
tinguish a void collapse pulse from other experimental artifacts.

2.4 Analysis of Westinahouse Test Data

The Westinghouse test results were analyzed by 2ML in order to make an inde-
pendent evaluation of the appearance of void collapse pressure pulses, and to
thereby evaluate the validity of the conclusions drawn by Westinghouse from
their own analysis.

Table 2.1 briefly describes the test tyvpes which were executed bv liesting-
house. They are, basically, of two categories:

(1) The Type A series of tests simulate conditions where the water

Tevel in the steam generator falls below the feecwater nozzle,
Refill with cold water is initiated.

11



Table 2.1 Westinghouse Test Typ:s

Test Description Test Type

A - Feedline Steam-filled vessel. Refill from feedline.

A - Fill/Drain Steam-filled. Rapid on-off flow.

A - Downcomer Steam-filled. =22fill from downcomer,

8 - No Downcomer Two-phase. Cold water injected from
feedline.

8 - With Downcomer Two-phase. Cold water injected from ’
feedline.

C = With Downcomer Two-pha.e. Split flow ramp.

12



(11) Types 8 & C simulate conditions which could occur during two-
phase operation (shell-side) of the steam generator during which
the liquid level is near nomal. Cold water is injected intz the
preheater under various operating conditions.

The Westinghouse anal sis of the test data focused on the magnitude of de-
oressurization events. In the BNL analysis, it was assumed that a depressuri-
zation event was an indication of the condensation heat transfer resulting from
cold water injection. The actual water hammer event would be detected by a pos-
itive pressure pulse event resulting from either liquid-liquid, or 1iquid-solid
impact.

2.4.1 Type A Tests: Steam-Filled Conditions

- 2

A. Type A Fil1l/2rain Tests

These tests were run in order to examine the potential for a water hammer in
the feedwater line. The test vessel was steam-filled. The fiow in the feedline
~as auickly rampec up to fil' the pipe, then immediately ramped down. It was
thougnt that steam bubbles would be trapped in the feedline and, surrounded by
cold water, would ccllapse and induce a water hammer event. The SNL effort fo-
cused on an attempt to isolate water hammer events in the feedwatzr line. The
response of pressure transducer PT2, which was mounted on a stanaoff tube on the
feedwater line, was examined.

Figure 2.5 shows the magnitude of both positive and negative pressure pulse
events recorded from PT2, obtained and plotted from Table 1-32 of Carlson
(1978a). Positive pulse magnitudes of up to [ ] (above system pressure Po)
~vere recorded. The pulse magnitude appears to be a random variable. There ap-
nears to be no system pressure threshold for the appearance of pressure events
in the range of pressure up to 1000 psi. Table 2.2 summarizes these observa-
tions.

The pressure events recorded by PT2 are, as discussed in Secti.n 2.3.3, dif-
ficult to interpret. Figure 2.5(a) shows a trace characterized by a long de-
pressurization | ] followed by a series of oscillations with a peak of ap-
proximately | ] above initial system pressure. The signal appears clipped
at -150 psi. Wwhile the trace definitely indicates that a pressure event oc-
curred, the physics of the event is obscured due to the uncxplained oscillatory
benhavior. It is not clear whether the oscillation is due to mechanical vibra-
tion of the transducer, or due to pressure pulse propagation within the PT2
stand off tube, or due to an electrical mode of oscillation. The actual width
of the water hammer pressure pulse is ambiguous as well. Is it Tess than |

1, as determined by the width of the individual pulses, or is it several mil-
liseconds with the signal modulated by the higher frequency oscillation? Fur-
ther ambiguity is shown by comparison with Figure 2.6(b), a trace from PT8, from
the same experimental series. PT8 was located in the third pass below the
feedwater nozzle [see Figure 2.3(a)]. This trace is similar in magnitude and
shape to the event in Figure 2.6(a). However, the Fill/Drain test series was
conducted with the vessel filled with steam only. The flow was ramped up, then

—
¢
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NO. TESTS

PRESSURE PULSE MAGNITUDE (psi)

| T— et

INITIAL SYSTEM PRESSURE , Pq (psia)

Figure 2.5 Pressure pulse magnitudes: Type A fill/drain tests.
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immediately down to zerc. Under these conditions it is di1fficult to imagine how
2 steam bubble woulc be trapced by cold liguid in the thira pass ,e ow Tne
feedwater nozzle. Most 1ikely the event of Figure 2.5(b) is an artifac: of the
experiment, and does not represent a true water hammer pulse within the steam
generator. Comparison of Figures 2.6(a) ana (5] demonstrate that some degree of
subjectivity is involved in interpretation of the pressure traces.

Figure 2.6(c) is another trace from PTZ showing the occurrence of some
pressure event. The event, nowever, is obscursd Oy the oscillatory behavior
whose origin is unknown.

It appears to us that water hammer events diag OCCur in the Type A - Fill/
Jrain tests. These events probably criginated in the feedwater line due to
steam bubbie entrapment and r>ilapse in the cold feaduater The events probd-
ably occurred during 2 *ar’va’1/-f~1’.4 configuration of the feedwater pirve.

The maximum positive pressure pulse magnituce .as | !« Observec \muitipl
Duise-widths were approximately | i It is notec, howevar, tnat tonsiderapie
ambiguity exists in identification of the physical source of the measured pres-
sure traces.

8. Type A - Feedline Injection

This series of tests were cesigned to examine the potential for water ham-
mers during refill of a voided prehcater. The vessz] water level was initially
well below the feedwater pipe and full of saturatsc steam wnen cold feedwater
flow was initiated. Flow of cold feedwater was continued until the water level
rose to the top of the preheater.

Table 2.4 summarizes the observaticns of tne aaximum magnitucges of positive
ind negative pressurs events which were recorded “or d0th the faesdwater Dipe
(t:ansaucer PTZ) and the inlet pass of the preneater [transducers °74, 276, and
PT6A). Figure 2.7 1ﬂa1cates that observation of pressure events in the pre-
hﬂater was limited to initial vessel pressures of less *han | i, Figures

2.8(a) and (b) show the traces from two of the higher magnitude oressure events
{ 1, respectively) observed from the preneater transducers. The
ﬂhySlcal origin of these events is highly ambiguous. The interpretation of the
signals is even more difficult in the light of Figure 2.3(c) which shows a trace
from PT3. A pulse of nearly | | magnitude is observed, well below the inlet
pass. The origin of their pulse, whether it be an instrument artifact, or real
vapor collapse impact pressure, is not clear from the trace.

It appears t0 us that water hammer pressure pulses occurred in the feedwater
Tine, with positive pulse magnitudes up to | ! {as summarized in Tadble 2.2).
Pressure pulses were also obse.ved in the pre-heater, with magnit uaes up to |{

| in the preneater inlet pass. Pulse magnitudes to | | were observed in
the lower passes. These (lower pass) pulses are thought %o De artifacts of the
experiment, and do not represent void collapse water nammers initiating in the
test vessel.

o
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Figure 2.6 Typical pressure pulses: Type A fill/drain tests.
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Tyce A - Downcomer Injection

In this series of tests, feedwater was introduced into the test vessel
throuch an 2xternal pipe which fed the bottom of tne steam-filled vessel. The
inlet nozzle at the bottom of the vessel was covered with water at the onset of
the axperiment. !o pressure events were recorded using this mode of refill.

Since the feedwater nozzle was not used, feedline water nammers were not
possible in this series of experiments. Furthermore, the refill mode ensured
quiescent rise of the liquid level. Hence, steam vapor entrapment was unlikely.
[t is reasonable, therefore, that no collapse events were recorded.

2.4.2 Two-Phase Conditions: Types 8 and C Tests

A. Type B Tests (With i Without Downcomer Flow)

These tests were run to simulate conditions wherein the steam generator
water level is somewhat below normal, but yet well above the oreheater. Power
was supplied to the heater rods to generate two-phase operating conditions,
Cold feedwater flow was injected through the feedwater nozzle. Flow was con-
tinued until beiling was completely suppressed. The shiect of thesa tests was
to observe void collapse pressure pulses in the steam jenerator model.

A nortion of the test results for positive pressure pulse amplitudes in the
feedwater pipe is presented in Figure 2.9. The results indicate siagnificant ac-
tivity below | , system pressure, and little activity above. The largest
amplitude pulse in the entire water hammer series of tests was ricorded. This
oulse, f j in amplitude, is shown in Figure 2.10(a). The trace actually
sicws 3 series of pulses of | ! in amplitude, and approximately |

} in oulse width. The signals are apparently clipped at approximately -100
psi. The reasons for the multiple pulses are unknown.

Very Tittle positive pressure pulse activity was observed within the test
vessel. Out of all the runs for which data is shown in Fiqure 2.9, only 9 runs
showed some positive pressure pulse ac’.ivity. Of these, only 2 pulses were
above | ! in amplitude. The largest positive amplitude pulse observed was [

l, the trace of which is shown in Figure 2.10(b). This trace does show some
indication of activit,, but the nature of the event is not clear. It is assumed
that the pulse was driven by void collapse within the test vessel.

The results for the Type 3 experiments are summarized in Table 2.2. It
appears that water hammers occurred within the feedwater pine. Peak positive
pulse amplitude was | !. Within the preheater itself, nowever, very little
pressure pulse activity was observed. Those few pulses that were observed were
of very low magnitude. It is concluded, therefore, that cold water injection
into the test vessel at simulated two-phase operating conditions did not lead to
significant water hammer activity, as observed by transducers located on the
walls of the test vessel. Cither vOid collapse water nammers are unlikely

events under these two-phase operating conditions, or pressure pulse events that
4id occur were attenuated in maanitude by the two-phase medium and the internals
between the collapsing void and the pressure transducer.
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Figure 2.3 Pressure pulse magnitudes: Type B tests.
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Figure 2.10 Typical pressure pulses: lype B tests.
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Figure 2.11 Pressure pulse magnitudes: Type C tests.
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3. Type C Tests

These tests were conducted to investicate the potential for void collapse
water nammers in the situation during which the feedwater flow increases from
"Tow" to "high" flow rate. Flow through the preheater is initially upwards dur-
ing Tow flow operation. As the feedwater flow rate increases, the feedwater
flow splits in the inlet pass, such that part flows up and the remainder flows
down. The Type C tests were conducted to evaluate the potential for void col-
lapse water hammers in the lower passes of the preheater, as cold water begins
to flow duwnward into the two-phase fluid in the lower passes. It was expected
that at the instant of flow splititing, stagnation conditions weild exist in the
lower region of the preheater. It was speculated that this could be a time
period favorable to void collapse water hammer devalopment.

Positive pressure pulses were observed, as shown in Fiagure 2.11, in the
faedwater line, with magnitudes up to | 1. These pulses occurred during
“Tow acceieration or deceleration, when the feedwater pipe may have been par-
tially voided. Within the preheater, however, the maximum positive pressure

f

oulse observed was | l.

The evidence suggests that void collapse water hammers occurred in the
feedwater nipe during partially-full operation. Mo significant activity was re-
corded by the pressure transducers mounted at the wall of the preheater. A
mechanistic understanding of the lack of water hammer activity under the Type C
test condition is not available.

2.5 Effect of Noncondensibles

Cteam bubble condensation rates and, hence, collapse velocities, can be in-
fluenced by the presence of noncondensibles. Operating plant main steam lines
contain noncondensible gas mass fractions of [ ]. Steam sampled from the
iestinghouse test facility showed noncondensible fractions of between |
and I [Carlson, et al (1978a)]. The experiments, therefore, were charac-
terized bv laraer fas contents than operating plants. In principle, therefore,
the potential for lamaging water nammers would be greater in operating plants
than in the Westinghouse experiments.

Aestinghouse sought to show from their test data that the effects of noncon-
‘ensibles are negligible below mass concentrations of [ 1. The data, they
.Taimed, for which this condition was satisfied would te directly applicable to
operating plant conaditions. The Westinghouse contention is based upon the data
shown in their Table 3-7 [Carlson (1978a)], reoroduced here as Table 2.3.

Jur analysis of the data of Table 2.3 leads to the conclusion that the re-
sults do not support the contention that the effects of noncondensibles are
nealigible (in terms of macnitude of depressurization) below gas fractions of

I. It is felt that the data are too meager *0 base any quantitative con-
clusion. There is a lack of sufficient data to judge the effects of noncondens-
ibles on the magnitude of observed water hammer 2vents which occurred during the

+estinghouse tasts.

no
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TABLE 2.3 - EFFECT OF NONCONDENSIBLES*

westinghouse Proprietary Class 2

WEST INGHOUSE TABLE -/

STANDARD TYPE A TESTS: MAXIMUM DEPRESSURIZATIONS

] ’ Depressurization
Test Noncondensible Gas Mass Feedwater Flow Rate | on PT6
Seres/ Run Fraction n Vapor (gpm) psii
100 Psig Nominal Test Pressure
I ™ - - - -
55 S ’ E- j | <
34 : < w t ' _
: f l 7 | | e '
200 Psig Nominal Test Pressure
-~ r 3 o B
A | | | |
22 9 : J | | l
54 2 ! | | :
543 A | =
54 1 5 f» ‘ ! | ;
&d & | ] , E ]
s | = ™ - | " 2 T Ay
r -
| J
*Table reproduced from Carlson (1978a)
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Thus, the effect of noncondensibles is one of the major uncertainties of the
experiment. This uncertainty also precludes a clear extrapolation >f the 1a*a
to operating plant conditions.

2.6 Conclusions

The major objective of this 3NL analysis of the Westinghouse 1/5th scale
test data was %0 determine whether or not water hammer events occurred during
tre test series. Tne analysis led to the following ocdservations:

(i) A water nammer event is expected tu “e preceded Dy 3 depressurization
event, which is indicative of the condensation process. The water
hammer event, however, is indicated Dy a positive pressure pulse aris-
ing out of a l1iquid-liguid or Yiguid-soli- impact.

i1) Interpretation of this cbserved pressure pulse is ambiguous. a2
basic source of the ambiguity is that it is not possible to di~vctly

distinguish a void collapse pressure pulse from other experimental
"artifacts.”

Tadle 2.2 summarizes our observations of maximum pressurization and depres-
surization magnitudes wnhich were recorded in the Westinghouse tests. The ful-
Towing conclusions were drawn from our analysis of the Westinghouse test data:

(i) Feeawater line water hammers prodadly occurred curing the tests
throughout the entire range of initial pressures and for all of the
test series except Type & with downcomer injection. These events
srobadbly occurred during a partially-filled configuration of the
‘eedwater Dipe.

(i1) In-vessel pressure pulse activity was recorded during the Type A
series of experiments. The origins of the pulses are, however,
ambiguous. It is felt that, because of the turbulent flow condit-ons
characteristic cf the inlet pass, that observed pulses in this region
may de indicative of true water hammer activity. The pulses re-
sorded in the lower passes, on the other hand, are felt to more
Tikely be "artifacts™ of the experiment.

i) Im-vesse] pressure pulse activity was also recordec during two-phase
conditions within the steam generator under Type S and Type C tests.
“owever, the aobserved cressure npulses were relatively few in number
and small in magnitude. The origin of the signals, #hich were re-
corded at the periphery of the test vessel, is uncertain. Their
source, however, may hive Deen water hammer svents.

v) The effects of noncordensibles con the magnitude of observed pressure
culses are uncertain,

¢} The effect of press.re pulse attenuation (see Section 3 and Appendix

1) on the magnitude of pressure pulses recorged at the doundary of the
test vessel 1s also umcertain.
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3. PRESSURE PULSE ATTENUATION IN WESTINGHOUSE PREHEATER TEST VESSEL UNDER
TWO-PHASE CONDITIONS

3.1 Introduction

The concern was raised in the previous section that a prassure svent which
occurred withi- the Westinghouse test vessel could be attenuated by the time it
reached the coundaries of the test vessel on which the pressure transducers were
mounted. Two basic mechanisms can be identified which would lead to at-
tenuation of a pressure wave generated within the test vessel:

(1) A pressure wave generated by a sudden derosition of a finite amount of
energy at a given point will be attenuated geometrically as it spreads
out as a spherical wave front. For the case of Westinghouse test ves-
sel, this mechanism is complicated by the presence of internal
structures, making analysis of the effect difficult.

(i1) Irreversible Tosses in the two-phase medium, which may contain internal

structures, may lead to attenuation of the strength of the pressur-
waves.

3.2 Geometric Attenuation

A pressure pulse generated near the center-line of the Westinonouse tast
vessel would have had to travel up to approximately 8 inches befara it would he
sensed Dy a transducer (half the diameter of the Westinghouse test vessel).

If
(i) the disturbance occurred at a point in the flow field,

(i1) there were no internals,

then a pressure pulse which would have Jriginated at a distance of 3 inches “rom
a transducer would have been attenuated by a factor of 54 greater than an equi-
valent pulse originating at a distance of 1 inch from the transducer simply un
the basis of geometric attenuation. The presence of a dense array of intarnals
(heatar rods) nould modify the attenuation characteristics significantly. It is
possible, however, that geometric attenuation alone may have significantly re-
ducea rec ‘ded pressure pulse magnitudes. This effect was not examinea in
greater detail in BNL work.,

Positive magnitude pressure pulses were observed within the test vessel
under Type A conditions and under the two-phase conditions of Test Series B8 and
C. The physical origins of the events which triggered these signals are not
known, It is not possible, therefore, to estimate the extent of Jecmeiric
attenuation suffered by pressure pulses enroute to the triansducer. This
represents one of the uncertainties of the experiment.




3.3 Irreversible Losses

Attenuation due to irreversible processes within the preheater may have oc-
curred as a result of two mechanisms:

First, the two-phase medium could attenuate the pressure pulse and, second,
the presence of the preheater internals (tubes, baffle plates, support struc-
ture) could also influence the attenuation.

In order to obtain an order-of-magnitude estimate regarding the potential
for significant attenuation of the strength of shock waves in two-phase mix-
tures, a two-ghase shock tube experiment was devised and undertaken at BNL for
both bubbly and slug flow conditions. One-dimensional propagation of plane
waves in a cylindrical pipe is not subject to geometrical attenuation &nd the
attenuation by irreversible processes may be singled out. A one-dimensional ex-
periment, performed using a circular pipe as a shock tube, was therefore chosen

for the study.

The JNL experiment is described in Appendix A. The results and conclusions
are summarized below.

. the basis of the two-phase experiments described in Appenaix A, and
witnin “he experimental errcr in pressure mesurement, it is judged that pres-
sure pulse attenuation in two-phase flow (in a tube with no internal structures)
is negligidble over tfistancaes of approximately 1-2 feet. Certainly, crder of
magnitude attenuat on ic not to be expected on the basis of the experimental
~asults. This conclusion is meant to apply to flows with void fractions up to
approximately 0.30, ana to the bubbly-and-slug-flow regimes. It applies to low
pressure (near atmospheric) conditions.

The above conclusion is difficult to extrapolate to the conditions existing
W“ithin the Westinghouse preheater vessel. The major uncertainty is judged to De
the affect of the internal structures (tubes, baffles, supports) on the attenua-
tion characteristics. 4hile the results of the BNL experiment suggest that
pressure pulse attenuation in two-phase flow is small over distances on the
orcder of 1-2 feet, the possible effects of internal! structures cannot be dis-
counted. Further experimental investigation is required in order to determine
the effects of internal structures on pressure pulse attenuation in two-phase
media.

3.4 Conclusions

The influence of pressure wave attenuation on the magnitude of recorded
pressure pulses in the Westinghouse water hammer tests is one of the unresolved
uncertainties of the experimental test program. The following conclusions are
drawn from SML aralysis and experiments:

(1) BNL experiments, on the one hand, indicate that attenuation due to
irreversible 1csses in the absence of internal structures is smail.

28



(i)

(1i1)

On the other hand, the effect of inter. 1s ~n attenuatio~ by irre-
versible losses is not known.

Geometrical attenuation is potentially significant. However, the
presence of the internal structures and a lack of knowledge of the
origin of the event which triggers the observed pressure pulse,
precludes guantitative evaluation of this mode of attenuation.
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4., EVALUATION OF WESTINGHOUSE SCALING LAN

In order to axtrapolate the results obtained from the Westinghouse 1/8th
scale test to the full-scale situations, Westinghouse supported three different
analytical studies to derive scaling laws for condensation-induced water hammers
in steam generators. These are:

(a) Simulation of transients using the TRANFLO code,
(b) Derivation of scaling laws from the conservation equations,
(c) Parametric study of a vapor cavity collapse.

T5e Westinghouse conclusions from these studies are the following:
(a) The magnitude scale factor is 1. That is tc say that the water
hammer pulses have the same magnitucde ia a geometrically-scaled
test mode! and a full-size steam conerator when operating under
identical conditions of pressure, temperature and the like.

(b) The time scale factor is 8, That s %2 cay that the time dura-
tion of the Jressure nulses is 2i:nt times longer for a full-
size steam gJenerator than for a 1/ 5tn scale test model under
equivalent operating conaitions.

The YWestinghouse studies will now be avaluatad 29 check the above conclusions.
For the sake of brevity, only the essential faaturss will be focused on.

4.1 TRANFLO Code Approach

The TRANFLC code is a transient thermal hydraulic analysis computer program
which has been used to study postulated accidents and flow transients in the
1/8th scale test apparatus and the full-scale steam generators. The proaram
divides the steam generator primary and s2congary sides into a number of control
volumes or nodes. Equations for conservation of mass and energy are written for
2ach of these nodes. The momentum equation is used between the node centers to
calculate flows between the nodes. The i‘nnerent assumptions in the equations
used in the TRAMFLO code are: (i) the flow is homogeneous in each node, i.e.,
there is no relative velocity between the Tiguid and %he vapor, and (ii) the
phases are in themal equilibrium in 2acn node, i.e., the 1iquid and the vapor
are at saturation temperature. Althouagn the assumption of homogeneous flow may
be azcepted as a first approximation, the assumption of thermal 2quilibrium is
clearly in error for the case of cold water ‘niecticn into a steam generator or
the 1/8th scale test madel.

Westinghouse has argued that the issumption of thermal equilibrium is ex-
pected to produce an overarediction € arassure pulses resulting from vaoor con-
djensation. This notign *s Zorrect si7c2 1 an actual or nonequilibrium situa-
tion, the rate of condensation is finita . rarsag in the equilibrium model a
complete mixing (or condensatisn' *: issume~ %2 accur instantaneously. This ime
piies an infinite rate of hea: ind mass :t-2n3%2r 'n the equilidbrium model and

(]
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an associated rapid drop in pressure. It is interesting to note that lesting-
house has not reported any comparison between the water hammer test data ob-
tained from the 1/8th scale test and the oredictions obtained from the TRANFLO
code. Instead, they have shown code calculations for an excess feedwater trans-
ient for both the 1/8th scale model and a full-size steam generation. This
transient does not have any relevance to the question of condensation-induced
water hammer that miqght occur in the preheater type steam generator during emer-
gency cold water injection. Therefore, the calculations of the TRANFLO code
cannot be accepted as a verification of the Westinghouse scaling laws. And, as
mentioned earlier, the code does not contain the essential element of nonequili-
brium phase change rat2 to be suitable for analyzing condensation-induced water
hammers.

4.2 Generalized Conservation Laws Apoproach

The use of conservation equations for deducing scaling laws is, in general,
a valid approach. However, in the Westinghouse study, the conservation equa-
tions are written at a given point without any time- or volume-averaqing. As
such, the 2quations resemble the local instant formulation (Ishii, 1975) for
gach phase. However, because of the lack of time- or volume-averaging, the
equations do not contain any term representing the mass, heat or momentum trans-
fer at the vapor-liquid interface.

It has been noted earlie* that the condensation rate of vapor at the vapor-
Tiquid interface is a goverring parameter in determining tne decrease in ores-
sure in the vapor pocket. "his decrease in pressure is the driving force which
may accelerate a liquid sltg rapidly and finally result in a damaqging water ham-
mer. Thus, the derivatior of a scaling criterion for condensation-induced water
hammer must start from the governing equations containing interfacial heat and
mass transfer. As the '.estinghouse conservation equations do not contain inter-
facial transfer terms, they are not the proper governing equations for studying
the phenomenon of condensation-induced water hammer. Therefore, the scaling
laws derived from them cannot ' ' accepted as the scaling laws for the situation
of interest, i.e., the condensation induced water hammer in preheat steam gener-
ators.

4.3 estinaghouse Parametric Study

The Westinghouse parametric study assumes that a steam volume or cavity is
somehow trapped in the preheater region and is condensed by the incoming sub-
cooled water. The presence of the primary tubes and the perforations in the
baffle plates are neqlected to keep the model simple. It is also assumed that a
slug of water with a constant mass, M, is accelerated towards the vapor cavity
as the cavity collapses due to condensation (as shown in Fig. 4.1). The pres-
sure at the other side of the water slug is kept constant at the initial pres-
sure, Py. The momentum equation for the liquid slug and the energy equation
for the vapor cavity are written. [t is shown that the thermodynamic process
within the vapor volume may be approximated by an isentropic expansion or de-
pressurization. A nonequilibrium condensation rate was postulated, and finally,
the set of governing equations were nondimensionalized. The nonaimensionalized
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Figure 4.1

)

Hestinghouse Pooprictary Class o

Westinghouse model of entrapped steam cavity.




pressure in the vapor cavity, 2/Pgs is shown to depend on a single parameter,

, wnich is a function of initial pressure, p,, initial steam volume, Vos
mass of water slug, M, the effective area over which the pressure difference
acts on the slug, A,, the effective area for condensation, A., and the
condensation rate, It is shown in Fig. 4.2 that as the value of 2 is increased,
or the value of condensation rate is decreased, the maximum depressurization of
the steam volume started tn decrease. This agrees with our physical intuition.

The parameter : is then re-written as a function of initial pressure, feed-
water temperature and a parameter, K, such that

- ;
(4.1)
L -
wnere - -
(4.2)
L _

In the above expressions, h is the condensation heat transfer coefficient, Vo/M
is the ratio of initial steam volume to the water slug mass, Ap/A. is the

irea ratic, .T is the subcooling of the feedwater, Po is the init$a1 system
sressure, 4 is the initial specific volume of steam and h¢q is the latent
neat of condensation. For a given feedwater temperature and”a given value of K,
the maximum depressurization in the vapor cavity were calculated as a function
of initial pressure. Such calculations were also performed for various values
of <, and the results are shown in Fig. 4.3. The nature of the curves (ipmax
vS. Dg) did not change with K. However, for any value of K, the value of the
maximum depressurization, ;pTax, reaches the thermodynamic maximum of p, up

to a certain value of initial pressure, p,. Beyond that, the value of lppa,
starts to decline with an increase in the initial pressure and eventually
reaches a positive non-zero asymptotic value. This is in contrast to the ex-
perimental observations in the 1/8th scale model where, as per Westinghouse, a
threshold pressure existed beyond which no depressurization was observed.

To reflect this experimental observation of a threshold pressure in their
theory, Westinghouse argued that if the volumetric rate of feedwater addition is
greater than or equal to the volumetric rate at which the vapor is removed, then
there will not be any depressurization. This led to the following criterion for
no depressurization:

(4.3)

The criterion depends on the feedwater Stanton number, system pressure, feed-
water temperature and an area ratio, A./Ag, where A. is the effective area

(OW)
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for condensation and Ag is the feedflow cross-sectional area. 2y chcosing the
feedwater Stanton number as 0.0105, which is valid for free turbulent shear
layer (Zckert and Drake, 1972), and an empirical value of [ | for A./Ag,
sestinghouse showed that this theory could predict a thresnold oressure in
agreement yith their experiment, However, one should keen in ming that the re-
sults of the experiment were used in choosing the value for A./Ag. There-

fore, the 2004 agreement Detween the theory and the exoermencal results is of
no surprise. It was found later at BNL, and is shown in Fig. 4.4, that the West-
inghouse pressure threshold criterion is very sensitive to the croduct of the
Stanton number 2nd the area ratio. This means that if there is a small error in
either the Stanton number or the area ratic, the predicted threshold pressure
could be affected significantly. «e shall discuss more about the Stanton number
and the area ratio later in this section.

Anyway, the original :-theory, discussed at the b“eginning of this section,
w35 then moaified to include the effects of feedwater flow rate. This combinea
thegry rosuited in a set of nondimensionalized equations witn Two parameters,
namely -~ and :°. The parameter 7", similar to I, controls the threshold and it
is comprised of a feedwater Stanton number equal to 0.0105 and an empirical
value of [ | for A./A¢ chosen from the experimental results, as discussed
sarlier, The parameter :° is similar to the earlier parameter -, and is written
3s a product of the initial system pressure, p,, and a parameter K. The
parameter X, is defined as:

where ug is the feedwater velocity at the feedflow cross-sectional area of

Ag. It is seen that X, is composed of the variables which are aifficult, if

not impessible, to predict individually. A parametric study with various values
of Kp showed that the parameter X, does not affect the threshold pressure at
all, but it has some effect in determining the maximum depressurization if the
operating pressure is below the threshold pressure (see Fia, 4.3, It was alsc
found that a suitable value [ ] of Ky can indeed bound the most of the de-
pressurization data obtained from the Westinghouse 1/8th scals model type A
tests, as shown in Fig. 4.6.

In summary, according to the Westinghouse parametric study, the maximum de-
preSSurization during the ccilapse of a steam volume depends on three unknown oOr
“unpredictable" parameters. These are: (i) the feedwater Stanton number; (ii)

the area ratio, A./Ag¢; and (ifi) the parameter X» which contains another

area ratio A/ Af, the initial vapor volume to water slug mass, V,/M, and

the feedwater velocity at feedflow cross-sectional area As. 1est*nahouse
argues that the Stanton number is either a constant or 3 weak function of feed-
water velocity, and in two geometrically similar apparatus 'i.e., in the 1/8th-
scale model and in the full size steam generator) the area fat‘os A. Ag, and
the ratio V./M will be the same. Therefore, if the feedwater velocity is kept
scale-independent, the depressurization magnitude will de the same in both the
scala model and the full-size steam jenerator. This is the ~asis of the West-
inghouse scaiing laws.

(5]
o
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Figure 4.4 T versus Po as a function of St(AC,’Af).
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Figure 4.6 A comparison of Westinghouse type A test data and
Westinghouse parametric study anmalysis.
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Considering the complexity of the problem, the above sestinghouse stucy is a
reasonable first approach. In contrast to the TRANFLO code or the conservation
law approach, this parametric study includes the effects of nonequilibrium con-
densation which is an essential ingredient for determining the opressure inside
the vapor cavity. Unfortunately, the studv restricts itself to the depgressuri-
zation aspect only, and does not extend itself to the slug impact or the over-
pressurization stage of the transient which is really the major issue. However,
it is true that a depressurization is needed %0 cause 2 complete collapse and
sudbsequent overpressurization, This s orobably the reason why the study was
Timited to the depressurization stage only.

Apart from a number of simplifying assumptions (e.g., constant mass for the
accelerating water slug, a constant condensation rate, etc.) whi.h were employed
to keep the model tractable, the following criticism and comments are in order:

(a) The value of 0.0105 for the feedwater Stanton numuer may not be appli-
caple for condensation of steam entrapped 2y 3 water mass Decause it
was obtained for the case of a free turbulent shear layer downstream of
a step, and the two situations are completely different. MNot much in-
formation is available in the literature regarding the condensation
neat transfer coefficient for vapor pockets. Of the 1imited experi-
mental results available, there are large 4ifferences in the heat
transfer coefficients. Fur example, in the study of Brucker and Soar-

oz (1977) the condensation heat transfer coefficient on the order of
10 - OC has been reported. 0On the other nand, Bankoff and
“ason (1962) has_reported condensation heat transfer coefficients as
nigh as 1.8 x 108 W/mé . °C for steam bubble collapse in highly
subcooled water. Cumo, et a] (1978) has al1so reported very high

(on the order of 3 x 10° W/m¢ . °C) condensation heat transfer
cofficients for condensaticn of steam jets {1 subcocled water pool.

The question of whether the feedwater Stanton number is scale-
independent is even more difficult to resolve. 3y definition, Stanton
number is h/-gCn suge where ug is the 1igquid velocity at or near

the vaoor-1iau1d gnterface. Since vapor pockets may form anywhere in
the preheater bdox or in the feedpipe it is virtually impossible %o
assign a value of us from the feedwater flow rate. Even if the
feedwater mass-flux is kepiL constant in the scale model and in the
prototype, there is no guarantee that us in the two systems will de
the same. Thys, even at the same operating conditions of pressure and
temperature, the heat transfer coefficient, which usually depends on
the water velocity, might change and so could the Stanton numper.

(b} An empirical value of [ | for the area ratio A./A¢ where, A. is
the effective area for condensation and A¢ is the feedflow Cross-
sectional area corresponding to the velocity ug is chosen from the
experimental information of a threshold pressure in Type A tests in the
1/8th scale model. destfnghouse arques that they axpect to have the
same value for A./Ag in both the small-scale model and the full-
size steam generator. This is hard to justify. First of all, the
value of A./Ag chosen by Westinghouse does not have any ohysira1
reasoning and it depends on the choice of the Stanton number value



(c)

(d)

which has been criticized in the previous paragraph. Secondly, the
mechanism of vapor pocket formation is not well understood even in a
simple geometry like circular pipe or rectanqular channel, and we are
not aware of any quantitative study of vapor pocket formation in the
complex preheater region of a steam generator. Therefore, one has to
stretch cne's imagination too far without any theoretical and/or ex-
perimental evidence to suggest that the ratio A./A¢ is scale-
independent.

The Westinghouse study suggests that there is a threshold system pres-
sure above which no depressurization can occur. Under the same oper-
ating conditions of initial system pressure and feedwater temperature,
this threshold pressure depends on the product of the feedwater Stanton
number and the area ratio, A./A¢. As mentioned earlier, Westing-

house expects both of these parameters to be scale-independent., Thus,
Hestinghouse expects the same threshold prassure for the 1/°th scale
test model and the full-scale steam generator.

Simple calculations at BNL ~Yowed thuat the criterion for the threshold
pressure suggested by Westinghouse is very sensitive to the value of
St(Ac/A¢). Thus even a small change ir the values of St and

Ac/A¢ can make an appreciable difference in the value of threshold
pressure. It is also found that the higher the value of St(JC/Af),
the higher is the threshold pressure. This sugaests that the water
hammer phenomenon may not be restricted to the low system pressure if
the value of St(A./A¢) increases with size. The reverse is true if
St(Ac./Ag) decreases with an increase in sze.

Below the threshold pressure, the maximum deoressurization is con-
trolled by a parameier K» which is a function of the area ratio
Ap/Ag, the initial vapor volume to the accelerating water slug

mass, V,/M, and the feedwater velocity at or near the c~ndensing
interface, ug. Westinghouse has chosen a suitable value for K

from the depressurization data obtained from Type A tests in the 1/8th
scale model and expects it to be the same in the full-scale steam
generator. It should be mentioned that the lower the value of Kp,
the higher is the value of maximum depressurization. Let us ncw ex-
amine the terms in the parameter Kz and judge if it is scale-
independent.

Like the problem of vapor pocket formation, the probliem of determining
the mass of the accelerating water slug is a difficult one. This is
particularly true in the preheater box region, and we are not aware of
any experimental or theoretical study which has tried to quantify (he
mass of water slug that will be accelerated should a vapor pocket form
in the preheater reginn or even in the faedpipe. Thus, there is no
Justification in assuming that the ratio Vo/M 13 scale-independent.

20 is the case for the area ratio (A3/As) and the feedwater veloc-

ity at or near the condensing surface, us. Therefore, there is no
guarantee that the parameter K, is scale-independent.
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2 view of the above déscussion, it s concludéd at 3NL that aithough the
inghouse nDarametric study was 2 reascnable and useful first attempt to anal-
ally study the behavior of 2 ¢ollapsing vapor pocket in 2 preheat steam gen.
or, it is not syffizient for establishing the scaling laws suggestecd By
ingroyse, This is not due %o any deficiancy of the analysis, Sut rrimarily
iue to the lack of knowledge 2nd understanding regarding severa! phenomena 2550-
ciated with the condensation-induced water hammer. These are: (2] condensation
neat transfer coefficient and its dependence on system variadbles, (D) mechanism
of formation of vaper pockets, and their shapes and sizes, [¢) mass of the ac-
celerating water slug, (4] interfacial area for condensation and its relation.
snip with the area ovar which the pressure difference acts on the water slug.
/nt1] one has better knowledge regarding these 'tems and how they vary with the
size of the sguipment, no credidle scaling laws can de cerived.
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n the €31lowing section, the aralytical work incependently done a2t SNL o
3f lUest nghouse will De descrided in detail.

-
-
-

V8r1Ty The parameiril stugy

t.5 Conclusions

11thoudh the Kestinchouse par wetric study was a reasonable and usefy!
jttampt to analytically study “he sahavior 2f a2 collapsing vapor poecket in 2
srangat staam jenerator, ne credidle scaling laws can be derivec unti] cne has
better kndwledge regarding the effect of equipment size on the governing
anvsical parameters.



5. B8MNL AMNALYTICAL STUDY
3.1 The !Model

In order to verify the results of the llestinghouse parametric study de-
scribed in the rrsious section, an independent analytical study was conducted
at BHL.

The aeometry of concern is shown in Figure 5.1 where it is assumed that a
cylindrical water sluqg of lenqgth MD has been formed at rest in a pipe of diar.
ster 0. Initial watér temperature is generally taken to be at room temperature
and the instantaneous steam terperature is taken as the saturation value for the
viven pressure. Condensation is assumed to occur at the steam-water interfaces
‘ncatad at 2+ and 2» anly, Compressidility of the 1iquid is ignored, and
the pipe wall is assumed to be adiabatic.

iater Slug
The conservation 2quations ~¢ mass, momentum, and enerqgy are
3»
W r
1 . “ + 3.1 .
ass Y s Tl (5.1)

2
um. 36 o 3 (G ) .. 30 _f6i6 (5.2)
momentum: Y3 - 3z (:1 ) 32 - ?b-c—;-. \
39 39 ;
AR TP i S B |
energy: 3% * p, 2 " Tp, dz " 3t (5.3)

where the notations are explained in Section 5.2.

Since the wall is adiabatic, the axial heat flux term has been retained in
‘5.3). The constant liquid density assumption . lows Equation (5.1) to be
integrated to give

<G>, = Gys = Gy (5.4)

where < > symbols represent volume averaged quantities.
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220 (D SUBCOOLED WATER SLUG
(2) vAPOR CAVITY
(3) SUBCOOLED FEED WATER

Figure 5.1 BNL model for slug inpact water hammer analysis.
(8NL-11-800-79)
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Integration of the momentum equation spatially, including application of
Leibnitz rule results in
!
it QA e et Lk

T 5 T " Weepy Eep

Similarly, the energy equation is integrated with the assumption of uniform
temperature in the liquid, (i} = <i>1), so that

dei> <G> qy
1 1 ) b
= - (1 4 = <i>,) = - (5.6)
dt 0,3y ' © 1 2.2

unere the heat flux is qiven as

q;‘- h:1[<T>1 - Ts(<p>2)] , (5.7)

Eaquations of state are used to calculate the density and temperaturs of tne
liquid slug from the liquid enthalpy and the average slug pressure.

vapor Cavity

The prassure and enthalpy in the vapor cavity are assumed to e uniform,
This implies uniform density distribution inside tr cavity. Should two-phase
mixture form in the vapor cavity, the liquid (or droplets) are assumed to b2 in
thermal equilibrium with the vapor. The momentum equation for the vaper cavity
is not required because the inertia and the friction terms are neglected, re-
sulting in 2 uniform pressure distribution inside the vapor cavity. Therefore,
the conservation 2quations for the vapor cavity are:

3p
) m , 3G
mss: == +me (5.8)
anaray: Hopiy- P . 3136 .. 23" (5.9)

at 32 3z
Intearati~n of (5.8) for the vapor cavity yields

d<cm>,
(2; - 2)) —gg— * Gp. = Gy = 0

o

)

while the anergy equation inteqrited over the steam cavity volume using La‘:nitz
rule results in
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.

- paL b
(2 - ) G¢ [Swowz = P2 * (Glgdpm = (Gpfghys = 8 - @3- . (511

ow the ass'rp'xon of uniform enthalpy in the vapor cavity results in i~
fme = <y .+ Alseo, the net heat flux out ¢f the vapor cavity is ex-
pressed as

2 A5ue T A3~ - 3fe = (hyy 4 hy) [‘T’z . Ts(“”z)] - (8.12)

"2 anuattan of ¢t3te for the mixtyre density in terms of enthalpy and pressure

$on2 (_‘;."l\ w2 +( ) waz . (5.13)
dt - 4 ~‘,<p>2 dt 3p (1"",2 -
irmasr tibination of Tquations (5.10), (5.11), and 5.13) gives two coupled
yraingry 2ifferential ea¢at1ons in terms of pressure and anthalpy given by

[
dein (Gpe = Gye)eo ’2\ Z“out

::2 @ z’.\ I% - = (31"') (5.14)
<p > —_— -1
2 ap <3m)2

d<i >, (2, = z.? d<p>
e m < 2 2 2 :
ot S zl) A e >3 dt qout ! (5.15)

Interface Equations

r compatidbility between the water slug and the vapor cavity, the following
arfice jump eguations are used:

(5.16)




72por mass jump: [C(G - Dmil)}l“ - [C(G - cmzlﬂl' + ?il

where ¢ is the vapor mass concentration or static quality.

ow c1= = 0, and ¢34 = <c>p, while 21, = 2z;- = 2; so that these two
relations yield
dzl ; <G>1 :.il
——— B L
dt 1

31- - <C>201-

y L +(ii) (a5 + i)y (- - <opd)
ind G514+ = —.1—.-— b s 1 <c>2;;1'fg o1-

. ,( Ai) (a3 + ay4)q
"1 7r'1 2gq

Jnera

(5.17)

(5.18)

(5.19)

(5.20)

Equation (5.18) shows that the interfacial motion is due to the slug velocity
its21f plus the added effects of evaporation or condensation mass transfer he-
tween the vapor cavity and the slug. Similar relations for the feedwater-vapor

interface include

We . B T
*

z2 ° £ <C>2 Po+

w2 Ai) (ag; + 974)p (og, = <op>5)
fw \ A -

and G, =
: ° fuw <c>Zﬂfg ° fw
T e (Ai) (ay; * 934
- “j2 TZ “fg

(5.21)

(5.22)

(5.23)

lote that condensation acts to affect the interface velocity in opposite manners

on the two interfaces. The interface heat fluxes are expressed as:
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paTS = - \

94 hi(Tz Ts) (5.24)
ana

Qg = NAT, - T,) . (5.25)

Motice that the heat transfer is predominantly from the interface to the cold
liquid, i,e., negative of q,;. The heat transfer from vapor cavity to the in-
terface, q ;, is zero unless the vapor is superheated.

Solutiun Method

The model of vapor cavity collapse with water slug motion is now formulated
by Equations (5.5)-(5.7), (5.14), (5.15), (5.18)-(5.23). For the present calcu-
lation, the temperature rise in the water slua is fcncred so that Equation (5.5)
is replaced by

<i>, = constant . (5.26)

T™his is done for the sake of simplicity. The temnerature of the incoming feed-
water is also held constant, and the feedwater velocity is specified to effect
closure. At the other end, i.e., behind the water slug, the pressure is held at
the initial value of p,. The entire system starts at rest.

The system of five ordinary differential equations, namely Equations (5.5),
(.. ‘5.15), (5.18) and (5.21), are solved by using the Hamming's modified
nredictor-corrector method. These equations provide the five major variables,
1amely the mass-velocity of the water slug, <G>y, the oressure and enthalpy in
the varor cevity, <p>p and <in>», and the nositions of the interfaces,
z1 and 2p. The rest of the algebraic equations inciuding the constitutive
equations (e.g., 5.24) are then solved in a straight-forward manner.

5.2 MNomenclature for BNL Model

English

RY Cross sectional pipe area
£l Sonic velocity

¢ Vapor mass concentration
) Diameter

¢ Friction coefficient

G Mass flux

h Heat transfer coefficient
i Specific enthalpy

:ifg Latent heat of vaporization
D Pressure

Q Total heat input rate

a" Heat flux

T Temperature

t Time

v Velocity

z Axial location
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Greek

r Areal vapor generation rate
0 Fluid density

Subscrigts

Interface "0" or initial value
Int2rface "1"

Interface "2"
Liquid-to-vapor difference
Feedwater

Interface or impact

Into the section considered
Liquid

Mixture

Jut of section considered
Saturation

Vapor

L.H.S. of an interface
R.H.S. of an interface

WO I = h N0
 — 3 E el
-

<

+ )

5.3 Results of Calculation

For parametric evaluation, the conditions shown in Table 5.1 were investi-
gated. The effects of water side heat transfer coefficient, h,, initial pres-
sure, p,, relative lengths of vapor cavity and water slug, (22-21}0/21 s
and feedwater mass-flux, Gg,, were thus determined over a range o congitions.
The feeawater temperature was kept at 27°C for all cases. The vapor side heaj
transfer coefficient, h,, which was not a dominant factor, was kept at 1 kH/mZ
-°C. The interfacial area, A, , at both 2z; and z; was assumed to be equal
to the pipe cross-sectional ar=a, A. The chosen pipe Jiameter was close to the
feedwater pipe diameter in the Westinghouse 1/8th scale model. Furthermore, a
Rlasius-type friction factor was used in Equation (5.5).

Effect of Condensation Heat Transfer Coefficient

The liquid side heat transfer coefficient was varied over a range of 20 with
a maximum of 2 MW/m2-°C. The corresponding case numbers in Table 5.1 are 1
through 5. This type of high heat transfer coefficients has been reported in a
number of experimental studies (e.g., 3ankoff and Mason, 1962). The results are
shown in Figures 5.2 through 5.5. It is seen from Figures 5.2 and 5.3 that the
nigher the value of the heat transfer coefficient, the faster is the rate of
cavity depressurization and the cavity collapse. This is to be expected. More-
over, at very high heat transfer coefficients, the process of vapor condensation
and the water slug motion is basically inertia controlled, and the steam volume
collapse is monotonic. This is similar to inertia controlled collapse of a
spherical bubble (Florshuetz and Chao, 1965). However, as the heat transfer co-
efficient is lowered, the cavity pressure, cavity length and the water slug vel-
ocity (Fiqure 5.4) start to oscillate. This is due to the coupling of the
inertia of the water slug and the thermal limitation for condensation. In




Table 5.1: Conditions Chosen for BNL Parametric Study

(Pipe diameter, D = 4.3 cm, Water temperature = 27°7)

CASE  INITIAL WATER  INITIAL VAPOR  INITIAL PRESSURE h, Ve
NO.  SLUG LENGTH  CAVITY LENGTH (bar) MW/m-°C  m/sec
1 a0 20 21.7 2.0 0.9125
2% ap 20 21.7 1.0 0.9125
3 4D 20 21.7 0.5 0.9125
4 4D 20 21.7 0.2 0.9125
5 4D 20 1.7 0.1 0.9125
11 ap 20 4.48 1.0 0.9125
12 4D 20 7.93 1.0 0.9125
13 ap 20 2.4 1.0 0.9125
14 a0 20 70.0 1.0 0.9125
21 5.50 0.50 21.7 1.0 0.9125
22 50 10 21.7 1.0 0.9125
23 30 30 21.7 1.0 0.9125
24 20 Eh) 21.7 1.0 0.9125
31 4D 20 21.7 1.0 0.0912
32 40 20 21.7 1.0 9.125

*Reference run



CAVITY LENGTH, mm

o 10 20 10 a0
, msec

8

Figure 5.2 Effect of heat transfer

WATE R SLUG VELOCITY, m/s

coefficient on cavity length. (BNL-
11-801-79)
25 B
H
.
20~ || .
A
s/ || -
| i
| |
! | 3
10 1
i
1 .
5/ /*\ A | -
- / 2
A Al
- 0 20 0 a0 50

TIME, msec

Figure 5.4 Effect of heat transfer
coefficient on water slug v~locity.
(BNL-11-798-79)

51

100

[
(]
I

o
o
I

CAVITY FRE SSURE, bor

o 10 20 30 40 S0
TIME, msec

Figure 5.3 Effect of heat transfer
coefficient on cavity pressure.
(BNL-11-799-79)

103
-
v‘
- ,A-
-]
2 ,’
- ’
w 7
x /
- V 4
»n /
) ’
S < -
z'0 =
a rd
-5 /
< / .
a 7/ : 4
= ¥ —==MAXIMUM
" > ACTUAL
x -
~N
10

i0
HEAT TRANSFER COEFFICIENT, Mw/m® -t

«

Figure 5.5 Effect of heat transfer
coefficient on slug impact pressure.
(BNL-11-805-79)



other werds, condensation heat transfer is not high enough tc ccmpencate for the
inertia of the accelerating water slug. This causes pressure in the vapor cav-
ity to go up which increases the condensation (due to an increase in saturation
temperature) and the subsequent drop in pressure. [f sufficient time is avail-
able before a complete collapse of the vapor cavity, the process repeats itself
~ith an ever decreasing time period due to the increasing stiffness associated
#ith the decreasing steam volume. S3Similar behavior has 21so been seen for col-
Tapse of a spherical bubble by Florschuetz and Chao (1965).

The over-pressure due to liquid-liquid impact at complete cavity collapse is
calculated as (8lock, 1977)

o; = alov)/2 = a <G>, /2

where 3 is the sonic velocity in liquid and <G>; is the mass velocity of the
water slug at the moment of impact. Figure 5.5 shows the maximum impact pres-
sures by a dashed line calculated from the slug velocity envelope. Notice that
for lower values of condensation heat transfer coefficients, where the process
of cavity collapse is oscillatory, the actual value of impact oressure is lower
than the maximum decause of the lTower instantanecus slug velsocity at impact.
However, since no twe slugs will form and behave exactly the same way even in
the same operating conditions, there will always be an inherent randomness in
the magnitude of impact pressure when the void-collapse nrocess is oscillatory.
This may be cne of the reasons why the water hammer phenomenon is so random and
non-reprocucible in the Westinghouse and “reare experimental studies.

Effect of Initial Pressure

The initial ssstem pressure was varied from 4.48 dar (.50 2sig) %o 70 bar
(12000 psig) keep.ng other variables constant. The corresponding case numbers in
Tadble 5.1 are 2 and 11 through 14. As the system pressure is increased, the
driving potential for condensation, T¢ae - T,, 1s also increased for the same
feedwater temperature. Also, the latent heat of condensation decreases wit! in-
creasing oressure. BZoth of these effects cause a faster collapse of vapor cav-
ity at the beginning for higher initial pressures. This is in agreement with
Equations (5.18) anad (5.21), and is seen more clearly in Figure 5.6. However,
this faster collapse rate results in a faster acceleration of the water sluag,
which causes an overpressurization of the vapor cavity. This triggers an oscil-
tatory void collapse process (at higher initial pressures) as seen in Figures
5.7 and 5.8, The impact pressures at compliete void collapse are shown in Figure
5.9 which indicates that at higher pressures the magnitude of maximum impact
pressure starts %o decrease. Also, the water hammer phenomenon could become
random at higher pressures. This may explain why water hammer phenomencn is
relatively scarce at high pressures in the Westinghouse and Creare studies.

Effect of Relative Initial Vapor Cavity Length

The inftial length of the vapor cavity, (2p-2;),, and the initial
length of the water slug, 215, 3re the two most uncertain initial conditions.
Therefore, the relative initial vapor cavity length, i.e., the ratic of the
initial cavity length and the initial water slug length, was varied from 0.09]
to 2.

i
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The corresponding case numbers in Taole 5.1 are 2 and 21 throuagh 24. Notice
that the total initial length of the vapor cavity and the water slug was kept
constant. The results for the above case are shown in Figures 5.10 through
5.13. As the relative vapor cavity lenqgth was decreased, the mass of vapor to
be condensed was also reduced. This led to a faster depressurization of the
vapor cavity and a faster acceleraticon of the water sTua as shown in Fiqure 5.11
and 5.12, respectively. However, because the time for complete collapse is re-
duced with the reduction in the relative initial cavity iength, the impact pres-
sure decreases in spite of faster water slug acceleration. 0On the other hand,
as the relative vapor cavity length is increased, the rate of depressurization
decreases because of the larger vapor mass to De condensed). Still, a shorter
initial water slug length can cause an over-acceleration of the water slug and a
resultant overpressurization of the vapor cavity as seen in Figure 5.12 and
5.11, respectively. Therefore, there could be an optimum relative initial
cavity length which would produce the maximum slug impact pressure, as seen in
Figure 5.13.

Effect of Feedwater Velocity

The feedwater velocity was varied by two orders of magnitude in case numbers
31, 2 and 32 of Table 5.1. The results are shown in Figure 5.14 through 5.156.
It can be seen that the affect of increasing the feedwater velocity is the same
as collapsing the vapor cavity at a faster rate by force. This is implied
through Equation (5.21). However, the feedwater velocity must be very high or,
at least comparable to the water slug velocity to have any aporeciable effect on
the cavity pressure and the water slug velocity. Such high feedwater velocity
may not be realistic in practical applications. Moreover, if the relative vel-
ocity at impact is used instead of the water slug velocity for the calculation
of impact pressure, the feedwatsr velocity s2ems to have 2nly 2 small effect on
the impact pressure.

Effect of Geometric Scale

In order to verify the Westinghouse's scaling laws, calculations were done
for a pipe diameter ten times that of the reference run (i.2., Case 2). The
initial slug length and the vapor cavity length were also increased by ten
times. However, the initial system pressure, feeawatsr temperature, feedwater
velocity and the condensation heat transfer coefficient are kept constant. This
is the same as keeping a constant Stanton number and a constant relative initial
vapor cavity volume. Note that in the 2NL model, there is no ambiguity resard-
ing the area ratios.

The computed result confirmed the notion that if the heat transfer coeffi-
cient and the initial ratio of vapor cavity volume to water slug volume {(or
nass) are scale-independent, the depressurization magnitude in the full-scale is
the same as in the small-scale model. It is also true that the time duration of
depressurization is increased proportionally in the large scale. Therefore, if
the cavity pressures for the two runs are plotted slong a reduced time, i.e ,
t¥ = t/N where N is the linear scale factor, no ﬂ*suvnctxon can bYe made be-
tween the two curves (see Fig. 5.17). The water slug velozities at th: time of
impact are also virtually identical (e.g., 33.34 m/sec for the 1/10th scale and
34.0 m/sec for the full-scale). This leads to almost the same impact pressure.

Ut
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7% nust Ye kent in ming that no analvtical or experimental evidence ex-
£0 'ﬂe guestion of scale-independence of the condensation heat trans-

far coerficient and the initial ratio of the vapor cavity and the water slug

volume.

This is the major unresolved issue even in a simnle geometric configur-

izion assumed in the BlL mocel.

5.4 Conclusions

Tne following conclusions can be drawn from the BNL analytical studies:

{a)

o

The condensation heat transfer coefficient, the initial system pressure
and the initial relative volumes of the vapor cavity and the water slug
are all important parameters in determining the course of the cavity
collapse and the resultant impact pressure. The feedwater velocity, on
the other hand, does not seem to he that important for following the
void-collapse transient. owever it mizrt be important in determining
the initial volumes of the vapor cavity and the water slug, and the
value of the condensation neat transfer coefficient. This aspect of
the problem has not been studied at SNL.

In certain operating conditions ana circumstances, the process of vapor
cavity collapse can be an oscillatory one. This couid introduce a
large degree of randomness in the water slug velocity at the time of
impact, and thus, in the impact pressure. This might explain the
randomness and the non-reproducibility of water hammer tests conducted
At Westinghouse ana Creare, Inc.

Westinghouse scaling laws are correct, at least for the simple geomet-
ri¢c configuration assumed in the 2MNL model, if the heat transfer coef-
ficient and the initial ratio of vapor cavity length to the water slug
are scale-independent. However, this is still an open item because of
the lack of theoretical or experimental evidence.
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8. EVALUATION OF WESTINGHOUSE FULL-SCALE PREHEAT STEAM GENERATOR

in view of the inconclusive nature of the Westinghouse 1/8th scale tests and
the scaling laws, the Westinghouse steam generator for McGuire plant was ra-
riewed in a NRC-BNL-llestinghouse-Duke Power meeting on October 31, 1978. The
purpose of the meeting was to critically review the feedwater piping and control
systems of the McGuire plant to determine the worst possible condition {from the
/iewpoint of condensation induced water hammer) for this particular plant.

[t was found that the “cGuire plant employs Westinghouse split flow preheat
steam generators (Model D2/D3) with Westinghouse-suggested modifications. These
modifications require that the cold ’room temperature) auxiliary feedwater be
injected through the top-feed nozzle located at the upper section of the steam
generator and not through the main feedwater nozzle located at the preheater
saection. The lestinghousa nersonnel stated that the suggestion for modification
4as related to economics, and not to the question of safety of the nonmodified
iesign. Zased on the small-scale water hammer tests, ‘estinghouse felt that
there could be commercial damage, i.e., loss of effectiveness of the preheater,
outage or even baffle deformation due to small amplitude pressure pulses if the
cold auxiliary water 1s injected through the preheater box area. However, *here
could be plants, other than 'icGuire, which may not implement the !lestinghouse
sugjested modifications. Anyway, the following major aspects of the McGuire
areneat steam generator/feecdwater system were observed from the discussion at
the above meeting.

{a, Because the Yestinghouse-suggested modifications have been implemented,

the cold (room temperature) auxiliary feedwater is injected through the

top-feed nozzle. A failure of the check valve in the pipe con-

necting the auxiliary f2ed pipe and the main feedwater pipe can cause

injection of c:1d auxiliary feedwater through the main feed nozzle (see

Fig. 6.1). Even in that case, an alarm systam will be expected to

alert the plant operators.

(5] Westinghouse personnel stated that uncovery of the main feedwater noz-
zle, due %o boil-off of the secondary side of the steam generator, can
occur only due to feedwater pipe break, steam line break, or during a
loss of off-site power, a combined failure of an electric and a steam-
driven auxiliary feed pump.

c. During start-up and shut-down the feedwater is introduced through the
top-feed nozzle for loads below 25% of full load. Outage of feedwater
heaters, coupled with operator error of opening the main feedwater
valve, can cause introduction of highly subcooled water through the
main feed nozzle. HHowever, the alarm system should alert the operator
if the temperature of the feedwater is below 250°F.

'4)  Above 25% of the full power, the feedwater is introduced into the steam
generator through the main feedwater line. Outacve of several feedwater
heaters is required %o increase the subcooling of the feedwcter sig-
nificantly. Also, the alarm system should be activated if the
feedwater temperatur2 fal1ls below 250°F.
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(e) In both the main and the auxiliary feedwater pipina, down-turned elbows
are placed immediately after the nozzle pieces. Thus the horizontal
lengths between the steam generator and the vertical run of the pipings
have been minimized as per Westinghouse and Creare recommendations.

With the above information, it appears that the cold (room temperature)
water can be injected through the main feedwater nozzle into a voided steam gen-
erator only if the failures mentioned in items (a) and (b) occur simultaneously.
NRC staff has stated during the meeting that they would consider such a combined
failure to be improbable and thus would rule out the possibility of cold wate:
injection through the main feedwater line into a voided steam generator for the
McGuire plant. In addition, an operator error of opening the main feedwater
valve coupled with outage of several feedwater heaters is required for injection
of highly subcooled feedwater through the main feedwater nozzle during start-up
and shut-down at loads less than 25% power. NRC staff stated that plant ooera-
tion with cutage of several feedwater heaters would not be 2xpected because of
limitations placed by the plant Standard Operating Procedure and thus need not
be considered as a realistic condition for verification testing. However, at
approximately 25% of full load, the feedwater is switched from the top-feed
nozzle to the main feed nozzle. It is 21s0o known that at low loads, there will
be vapor voids at the preheater section of the steam generator. Therefore, the
following verification test is suqgested for the McGuire plant to ensure trat no
damaging water hammer will occur in the steam generator and/or the feedwater
system:

] Run the plant at approximately 25% of full power Sy using feedwater
through the top-feed nozzle at the lowest feedwater temperature that
the plant Standard Cperating Procedure (SOP) allows. Switch the feed-
water at that temperature from the top-feed nczzle to the main feed
nozzle by following the SCP. Observe and record the transient that
follows.

We, at BNL, feel that a review of the type presented in this report of the
feedwater system is needed for each and every plant with Westingnouse preheat
steam generators. Out of these reviews, the worst orobable situation(s) for
water hammer will evolve for each plant, and the specific situation(s) should
then be tested in full-scale steam generators in actual plants. This is narticu-
larly important since the other plants with Westinghouse preheat steam genera-
tors may not implement the Westinghouse suggestion regarding the injection of
auxiliary feedwater. Besides, the feedwater piping and control systems may vary
from plant to plant.

[ 2}
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7. EVALUATION OF COMBUSTION ENGIMEERING DESIGN

Three meetings were held among NRC, BNL and Combustion Zngineeri~~ /7E)
personnel on Septemper 28, 1977, October 7, 1377, and June 28, 1973, <2 review
the desiagn of the CE preheater steam qgenerators from the standnoint 27 :nnden-
sation induced water hammer. A schematic of the CZ preheater s*eam tenerator is
shown in Figure 7.1. Notice that there are two feeawater nozzles. ne at tne
economizer or the preheater section at the lower part of the steam generatcr,
and another at the top or the downcomer section of the steam generator. CE rep-
resentatives stated that the cold auxiliary feedwater in CE system is designed
to be injected only through the downcomer nozzle at the top section. The down-
comer nozzle is connected to a feedring which is provided with "J"-tubes or Tees
and also a loop seal. Moreover, there are 90° downward sloping elbows immedi-
ately off the downcomer as well as the economizer nozzle. In short, the recom-
mendations for the feed-rina type steam zenerators have been incornorated in the
feed-ring for auxiliary feedwater, and therefore, CE :laims to have 2iiminated
the possidbility of naving any 2amacing water hammer.

Other relevant design features of CE preheat steam generators are the fol-
Towing:

(1) A1l feedwater to the aconomizer nozzle is ceased when S. 5. water level
falls selow 26 feet from the tube sheet. Thereafter, the feedwater
and/or =mergency feedwater is fed only through the downcomer nozzle.

(2) Two check valves need to fail for cold emergency feedwater to 20 to
the econcmizer section. This is shown schematically in Fig. 7.2.

Therefore, introduction of cold emergency (2uxiliary) feedwater throuah the
economizar nozzle can be considered to be a low-probability event.

A reviev of the CI feedwater flcw control system revealed that from zero to
15% of full lecad, feedwater is injected only through the downcomer nozzle. At
around 15%, he feedwater is switched from the downcomer nozzle to the econo-
mizer nozzle. A CE representative mentioned that the initial gush of water into
the economizer at this switchover point could be at ambient temperature (~70°F).
Results from CE computer code HELIOS (a three-dimensional, steady-state, homo-
geneous 2equilibrium two-phase flow code) indicated that at 15% operating power,
significant amount of voids (15-20%) can be expected near the preheater (distri-
bution) box before the fuedwater starts to flow through the economizer nozzle.
Therefore, at the switchover point, i.e., at 15% of full load, a condensation-
induced water hammer in the preheater box region is a definite possibility.
However, the severity of the water hammer, if it occurs, cannot be predicted
with the current state-of-the-art.

Unlike Westinghouse, Combustion Engineering has not conducted any experi-
ment, even in small scale, to study the condensition-induce water hammer in
their preheat steam generator. Nor have they reported any analysis for the pre-
heater region. Some analysis was done for the pipe geometry. However, the

re

results transmitted to NRC and 8NL do not contain any description of the CE
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model and the assumptions used in the analysis. The analysis appears to be
parametric in nature and was able to produce results similar to the experimental
results obtained at Tihange and Doel plants. Figures 7.3 and 7.4 serve as 2x-
amples. llotice that different values of condensation rate, Ke, initial slug
lengths and horizonta! runs are used. Yo justification for the numbers used ‘or
the analysis are given. As such, the analysis dces not seem to be more sophis-
ticated or powerful than those of Westinghouse or ZHNL.

In view of the above findings, it is concluded that in the CE design, under
Tow power (~15% of full power) condition, highly subcooled water could be intro-
duced into the preheater. The preheater could contain significant amounts of
voilds and thus could be susceptible to water hammer. As no experimental or an-
alytical results are available, verificatiun tests in actual plants are needed.
The test should be similar to that suggested for the McGuire plant with the
exception that the plant be run at around 15% of full load during the switch of
feedwater from the downcomer nozzle to the econcmizer nozzle.
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8. CONCLUSIONS AND RECCMMENDATIONS

The following conclusions can be drawn from the CNL evaluation of the work
done at Westinghouse, Combustion Engineering and BML, and the review of Vesting-
house and CE preheat steam generators:

(3)

(&9
b

“™Mil1d" water hammers were recorded in the feedwater pipe of the West-
inghouse 1/3th scale test facility. No significant magnitude pressure
pulses were recorded at the periphery of the preheater section. How-
ever, the uncertainties in the pressure attenuation characteristics of
two-phase media with internals, together with the uncertainties in the
effects of nonconden:ibles, precludes a clear conclusion that no sig-
nificant water hammer activity occurred in the interior of the pre-
heater.

destinghouse scaling laws cannot be substantiated because of the uncer-
tainties in the condensation heat transfer coefficient, intarfacial
area for condensation, initial sizes of the water slug and the vapor
cavity, and the effective area over which the oressure difference acts
on the water slug. Westinghouse assumed without substartiation, that
these parametefs are scale-independent.

Condensation-induced void collapse could be an oscillatory orocess.
This can cause the water hammer phenomenon to be random at certain
operati.g conritions. This is seen from the BNL analytical study as
well as the "arge scatter in the Westinghouse and Creare experimental
results.

3acause of the lack of definitive experimental and analytical results,
the full-scale verification tests are needed to ensure that no
damaging water hammer will occur in any part of the steam generators
and the connecting feedwater pipings. Because of the possible random-
ness of the water hammer phenomenon, a "sufficient" number of tests
should be performed.

In view of the above conclusions, the following recommendations are made:

(1)

(11)

The feedwater system of each plant with Westinghouse and Combuction En-
gineering prenheat steam generator should be reviewed carefully. This
is important in understanding the flow path of the cold auxiliary feed-
water and the worst condition(s) for having a possible water hammer in
the preheater area.

[f NRC is convinced that the probability of introducing the cold auxil-
iary feedwater into the preheater area is very low because of the de-
sian of the auxiliary feedwater system, attention should be focused to
the condition when the most subcooled feedwater might be injected into
the preheater with significant voids. Such is the case in the McGuire
plant and in the Combustion Engineering design. Verification tasts in
full-scale steam generators must be done for trese conditions.

[f the cold auxiliary feedwater is designed to be injected into the
oreheater area, as might be done in some plants with Westinghouse steam

-

0/



{iv)

(vi)

generators, app-ropriate verification tests must be performed. This
means injecting room temperature water into a completely or partially
voided preheater.

For the Combustion Engineering design, the feed-ring for the auxiliary
feedwater should he tested in accordance with the NRC requirement for
feedring type steam generators.

Each verification test should be performed several times. This is
important in view of the random nature of condensation-induced water
hammer.

Research should be sponsored in order to enhance our understanding in
the area of condensation-induced water hammer. This includes experi-
mental nroarams directed at measuring condensation heat transfer coef-
ficients, interfacial area for concdensation, initial vapor cavity vol-
ume and tne mass of accelerating water slug in simple geometry like
round tubes. The mechanism of vapor cavity formation and Tiauid slug
motion in a more complex geometry like tube bundles must be understood
before we can 2ven attempt to analyze water hammer phencmencn in the
preheater region. Finally, the question of possible pressure oulse at-
tenuation in a two-phase medium with internals, and with or without
phase change, should be resolved.
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APPENDIX A

BNL EXPERIMENTS: PRESSURE PULSE ATTENUATION IN TWO-PHASE YAPOR-LIQUID MEDIA WITH
NO INTERNALS

A.1 Introduction

The Westinghouse experiments were instrumented with piezoelectric pressure
transducers located on the walls of the preheater test vessel. Pressure events
which occurred in the test vessel were sensed with these transducers. The in-
side diameter of the vessel is 15.56 in. A pressure pulse which originates
~ithin the preheater test vessel had to travel approximately 8 inches before it
could be observed by a transducer. Tne possibility exists, therefore, that a
oressure pulse could be attenuated by a combination of mechanisms before it
re3ached the transducer location.

A pressure wave generated by a sudden deposition of a finite amount of en-
ergy at a given point will be attenuated simply because the wave spreads out as
it progagates into the undisturbed medium. Geometrical attenuation of waves
with spherical wave fronts follows an inverse-square liw with distance from
origin. In adaition, irreversidble processes in the two-phase medium may also
lead to significant attenuation cf the strength of the pressure waves.

Attenuation due to irreversible processes within the preneater may have oc-
curred as a result of two mechanisms:

First, the two-phase medium could attenuate the pressure pulse and, second,
the presence of the preheater internals (tubes, baffle plates, support
structure) could also influence the attenuation.

In order to obtain an order-of-magnitude estimate regarding the potential
for significant attenuation of the strength of shock waves in two-phase mix-
tures, a two-phase shock tube experiment was devised and undertaken for both
oubbly and slug flow conditions. One-dimensional propagation of plane waves in
a cylindrical pipe is not subject to geometrical attenuation and the attenuation
by irreversible processes may be singled out. A one-dimensional experiment,
performed using a circular pipe as a shock tube, was therefore chosen for the
study.

The basic objectives of the experiment were:

(i) To create a two-phase flow of known and controllable void fraction in
which a pressure pulse could be generated and,

(i) To measure the attenuation of the pulse as a function of distance from
a reference location.

[t is the purpose of this saction to describe the experimental apparatus and
the results obtained. In the experiments described nere, the attenuation
characteristics of the two-phase flow were investigated. The impact of internal
structure on the attenuation mechamisms were not studied due to limitaticns in
available time and resources.

~4
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A.2 Experimental Apparatus

A.2,1 Test Section
The apparatus consisted of two major parts:
(i) A shock generator or driver tube, and,
(ii) A test section.

As shown in Figure A.1, the shock generator consisted of a length of 2.5 cm
I.D. stainless steel pipe with a rupturable diaphragm at the bottom end, and an
ability to measure the internal pressure. The test section consisted of a
length of Lexan plastic pipe having 31 norcus plate at the bottom through wnich
air could be injected into the iiquicd column above., 2 funnel-snhaped devicas was
mounted at the top of the test saction to focus the shocks into the test sec-
tion. Fast response piezoelectric pressure transducers were Jocated at 3.31,
13.97, 26.67, and 39.37 c¢m from the top of the test section. The porous plate
was located in a union approximataly 14 cm below tha lowes: transducer, 53 cm
from the top. Figure A.2 shows tne entire test apparatus, including the tast
section and the instrumentation. ~igure A.J presents the Lexan plastic pipe
with the four transducers mcunted along its length. The funnel and the lower
portion of the shock generator ares also visible. The test column is shown under
bubbly flow conditions. Fiqure A.4 is a closeup view of the test section show-
ing a bubbiy flow. The porous plate is located in the union at the bottom of
the photograph.

A.2.3 Instrumentation

The instrumentation used in the axperiments to measure the pressure pulses
consisted of

(1) Four piezoelectric pressure transducers,
(i1) Charge amplifiers, and,
(i11) A stcrage oscilloscope.
These are shown in Figure A.2.
The transducers and amplifiers were supplied on loan by Yestinghouse to BNL.
The transducers are PCC Model 112AC4 High Tewperature Pressure Transducers.
Their range, according to vendor specifications, is 0-5000 psi. The charge out-
put of these transducers was converted to voltaze output using Unholtz-Dickie
Model D22 charge amplifiers. The amplifier output voltage was recorded on a
Tektronix Mode! 7633 memory-type oscilloscope, operated in the external trigger
mode. Photographs were taken of the stored pressure traces.

Also shown in Figure A.2 are
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Figure A.2 Overall view of shock attenua- Figure A.3 View 0! test section: Pressure
tiun apparatus: Test section and instru- transducer, focusing cone, tip of shock gen-
mentation. (BNL-6-1076-79) erator. (BNL6-1075-79)
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(1) The pressure gauge used to monitor the pressure in the shock
generator, and,

(i1) The valving, flow meter and pressure gauges used to monitor the flow of
gas to the test section.

A.3 Experimental Procedure

The experiments were carried out in two parts. First, the transducers were
calibrated using an in-situ procedur2. Then, the two-phase pressure pulse at-
tenuation measurements were carried out. These two steps are described below.

A.3.1 Transducer Calibration

The pressure transducers were calibrated using a modified version of the ap-
paratus shown in Figure A.3. For this purpcse, the funnel was removed from over
the Lexan test section. A flange was placed over the top test section flange,
~#1th a rupture diaphragm sandwiched between them.

The transducers were calibrated by first pressurizing the test section
statically and recording the pressure. The diaphragm was then ruptured, and the
resulting series of pressure traces was recorded. The transducer nearest the
upper flanges was used to trigger the oscilloscope. The three lower transducer
outputs were recorded on the scope. The pressure pulse propagates down the
Lexan tube as a rarefaction wave. The pressure in front of the wave is the ini-
tial pressure in the tube, and the pressure behind the wave is atmospheric pres-
sure, This is true because the outflow from the test section is subsonic
(Rudinger, 1969). The presence of the tail of the expansion wave in the test
section as observed in the pressure traces assures that the outfiow is subsonic
in the calibration runs.

Figure A.5 shows a typical calibration signal respcnse from the three lower
transducers. The zero level of all three signals is at 5 psig. The zeros have
been slightly shifted to provide readability. The lower plateau level corres-
ponds to atmospheric pressure. The calibration was performed by measuring the
recorded voltage magnitudes on the scope photographs and recording the corres-
aonding pressure prior to breaking the diaphragm. Calibration results are
oresented in Section A.4.

1.3.2 Pressure-Pulse Attenuation

The attenuation measurements were carried out using the test section as
shown in Figures A.2-A.4 and the instrumentation discussed in Section A.2.3.

A test was initiated by first creating a two-phase flow with the desirad
void fraction. This was accomplished by filling the Lexan tube with water to
some Tevel H,. The 3as flow was then adjusted so that the mean liquid pool
level rose to a new position H. The average void fraction, @, in the test
column is then computed as

-4
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Figure A.5 Calibration pressure traces.



ilvgd (A.1)
Liquid was then pour2d into the column, to raise the level up to just within the
funnel. The gas flow was kept constant during an experiment. It was assumed
that since the gas and liquid velocities were not changed upon addition of
water, then tha average void fraction was not affected.

A diaphragm was then positioned in place at the base of the driver tube.
The driver was then lowered until the diaphragm was submerged in two-phase
fluid., The driver tube was then pressurizaed to the desired level.

The driver tube pressuce was recorded, along with the initial and final
Tiquid levels. A photograph of the two-phase flow field was taken to give a
visual indication of the flow regime. The diaphragm was then ruptured manually
by insertion of a sharp object. This initiated the pressure pulse which tra-
/ersed the test section. A pressure transducer located in the driver section
vas used to trigger the oscilloscope. The lower three transducer signals were
stored on the scope, and were subsequently photographed.

A.4 Experimental Results

A.4.1 Transducer Calibration

Typical calibration experiment pressure traces are shown in Figure A.5. The
calibration data were extracted from the traces as described in Section A.3.

Figures A.6-A.8 present the transducer calibration results. The data are
compared with the manufacturer's calibration curve for each transducer. The
in-situ calibration at BNL covered the range 0-20 psig. It was in this range
that the two-phase attenuation measurements were made. The calibration data are
scattered + 20% around the vendor-supplied calibration. This scatter corres-
ponds to less than 0.1 % of full scale of the specified range (5000 psi) of the
transducers. The accuracy of the pressure measurements reported in this work,
therefore, is taken to be + 20%, since the calibration uncertainty is the
largest source of error.

A.4.2 Pressure Pulse Attenuation in Two-Phase Flow

The initial experiments were performed in single-phase media, in order to
develop an understanding of the behavior of the experimental system. Single-
phase shock tube behavior is discussed in many textbooks [e.q., Rudinger
(1969)]. These initial experiments, therefore, permitted comparison with known
analytical results. They were used to check the performance of the overall
measurement system before initiation of the two-phase experiments.

Figure A.9 presents typical pressure traces showing shock wave propagation
in single-phase air and single-phase water. Looking first at the air resu'ts, a

--
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observed heforae the nrassure wave reaches the “ransucer measure-
. Calculations inaicate that these delay times correspond closely
the . or 3 sonic disturbance to traverse the distance bDetween trans-
lucers. Foliowing the pressure rise due to the arrival of the shock wave, a
small r2qucticn in pressure is cbserved. The reason for th’, reduction is not
<nown. A nlateau region is then observed in all three traces, albeit with dif-
farent time scales. This is then followed by another pressure rise. This be-
navior is explained by the fact that the compression wave traverses the length
of the test column, reaches the porous plate and is reflected back. This re-
flection of a compression wave from a solid surface is accompanied by a pressure
rise. This second pressure rise is observed in all transducers as the re-
flected compression wave traverses up the column. The relatively slow rise in
pressure following the arrival of the reflected wave cannot be accounted for at
preserit. A generally similar behavior is observed for the case of water, as
shown in Figure A.9, ‘llo significant attenuation in pressure is observed in the
single-onase excerimental data.

The singie-phase measurements described above are explained by classical
shock theory, at least qualitatively. The sianals, however, are not “clean” and
some of their characteristics ire not understcod. If time had permitted, %
would have been desirable to 2:tempt several system modifications which may have
led to "Cleaner” signals and 2i3ier interpretation of the single-phase signals.

it was deciaced, however, that 2 sufficient understanding of the system had been
ittained, and that two-phase measurements could proceed.

Two-pnase oressure pulse attenuations were carried out at two void fraction
ranges. [n the first 0.16 < « < 0.19, and in the second 0.26 < 2 < 0.29, The
first range is in the bubbly flow regime, the second in the slug flow regime.
Tyofcal oressur2 traces, tocether with ohotographs of the flow field, are
presented in Figures A.10 and A.11.

The pressure pulses observed in Figures A.10 and A.11 are "noisy" and diffi-
cult to interpret in detail. The first pressure rise is observed in all cases,
as in the case of the single-phase results. In some cases, however, and in
particular in the uppermost trace, a pressure drop is observed before the sharp
rise in pressure. The reason for this behavior is not understood. This makes
it difficult to judge the magnitude of the pressure pulse in the uppermost
measurement station. Foilowing the sharp rise in pressure due to the arrival of
the shock, a fluctuating pressure response is observed, instead of an expected
plateau region indicative of constant pressure conditions. - The reason for this
behavior is also not understood. This behavior also makes it difficult to es-
timate the magnitude of the pressure pulses.

The above-menticned difficulties notwithstanding, a judgement had to be made
#1th respect to whether or ncot, and how much pressure signal attenuation was ob-
served in the two-phase shock tube tests. The poorly-understood details of the
pressure traces were, therefore, overlooked. The pressure traces of Figure A.10
and A.11 are representative of a total of 14 two-phase experiments. It was con-
cluded that, within the experimental error in pressure of + 20 %, attenuation of
pressure pulses in the two-phase experiments was not detectable.
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Figure A 10 Pressure pulses

(BNL-7-802-79)

of waves in two-phase bubbly flow.



WAVES IN SLUG FLOW

6/27-8
26 psig
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A.5 Conclusions

On the basis of the two-phase experiments described above, and within the
axperimental error in pressure measurement, it is judged that pressure pulse at-
tenuation in two-phase flow (in a tube with no internal structures) is neali-
gible over distances of approximately 1-2 feet. Certainly, o.der of magnitude
attenuation is not to be expected on the basis of the experimental results.

This conclusion is meant to apply to flows with void fractions up to approxi-
mately 0.30, and to the bubbly-and slug-flow regimes. It applies to low-
pressure (near atmospheric) conditions.

The above conclusion is difficult to extrapolate to the conditions existing
within the Westinghouse preheater vessel. The major uncertainty is judged to be
the effect of the internal structures (tubes, baffles, supports) on the attenua-
tion characteristics. While the results of this experiment suggest that pres-
sure pulse attenuation in two-phase flow is small over distances on the order of
1-2 feet, the possible effects of internal structures cannot be discounted.
Further experimental investigation is required in aorder to determine the effects
of internal structures on pressure pulse attenuation in two-phase media.
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